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INTERNATIONAL ELECTROTECHNICAL COMMISSION

ELECTROMAGNETIC COMPATIBILITY -

Part 1-8: General — Phase angles of harmonic current emissions and

voltages in the public supply networks — Future expectations

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization_comp
al| national electrotechnical committees (IEC National Committees). The object of IEC_is to pr
infernational co-operation on all questions concerning standardization in the electrical and electhonic field
thl]s end and in addition to other activities, IEC publishes International Standards, Technical Specificg
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter(referred to as

rising
mote
s. To
tions,
“IEC

Pdblication(s)”). Their preparation is entrusted to technical committees; any IEC National€ommittee intefested

in| the subject dealt with may participate in this preparatory work. International) _governmental and
gqvernmental organizations liaising with the IEC also participate in this preparation» IEC collaborates ¢
with the International Organization for Standardization (ISO) in accordance~with' conditions determin
agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, @s nearly as possible, an interng
cqnsensus of opinion on the relevant subjects since each technical/committee has representation frd
inferested IEC National Committees.

non-
osely
bd by

tional
m all

IE[C Publications have the form of recommendations for international use and are accepted by IEC Ngtional

Committees in that sense. While all reasonable efforts are made to ensure that the technical content g
Pdiblications is accurate, IEC cannot be held responsible for) the way in which they are used or fo
m|sinterpretation by any end user.

In| order to promote international uniformity, IEC National Committees undertake to apply IEC Public
transparently to the maximum extent possible in their” national and regional publications. Any diver
bgtween any IEC Publication and the corresponding‘national or regional publication shall be clearly indica
the latter.

IEC itself does not provide any attestation of<conformity. Independent certification bodies provide conf
agsessment services and, in some areas,,access to |IEC marks of conformity. IEC is not responsible fd
sdrvices carried out by independent certification bodies.

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

f IEC
I any

htions
jence
ted in

rmity
r any

N¢ liability shall attach to IEC ar.its directors, employees, servants or agents including individual experts and

members of its technical committees and IEC National Committees for any personal injury, property dama
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feeg
ejpenses arising out of the “publication, use of, or reliance upon, this IEC Publication or any othe
Piblications.

Aftention is drawn to the Normative references cited in this publication. Use of the referenced publicati
inflispensable for the correct application of this publication.

Aftention is dfawn to the possibility that some of the elements of this IEC Publication may be the subj
pdtent rights. IEC shall not be held responsible for identifying any or all such patent rights.

ge or
) and
I IEC

ns is

bct of

er, a
cted

example "state of the art".

, for

IEC TR 61000-1-8, which is a Technical Report, has been prepared by subcommittee 77A:
EMC - Low frequency phenomena, of IEC technical committee 77: Electromagnetic
compatibility.

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

Draft TR Report on voting
77A/1002/DTR 77A/1012/RVDTR

Full information on the voting for the approval of this Technical Report can be found in the
report on voting indicated in the above table.
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This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts in the IEC 61000 series, published under the general title Electromagnetic
compability, 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 "http://webstore.iec.ch" in the data related to
the specific document. At this date, the document will be

e reconfirmed,

. thdrawr,;

—

bplaced by a revised edition, or

e gmended.

A biljngual version of this publication may be issued at a later date.

IMRORTANT - The 'colour inside' logo on the cover page 6f,this publication indicqdtes
that it contains colours which are considered to‘be useful for the corgect
understanding of its contents. Users should therefore 'print this document using a
colpur printer.
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INTRODUCTION

0.1 Series overview
IEC 61000 is published in separate parts, according to the following structure:
Part 1: General

General considerations (introduction, fundamental principles)

Defirluitions, terminology

Part(2: Environment
Desgription of the environment
Claspification of the environment
Comipatibility levels

Part|3: Limits

Emigsion limits

Immupnity limits (in so far as they do not ‘fall’ under the responsibility of the prqduct
committees)

Part|4: Testing and measurement techniques
Test|ng techniques

Part|5: Installation and mitigation guidelines
Instgllation guidelines

Mitigation methods_and devices

Part|6: Generic standards

Part|9:dliscellaneous

Each part is further subdivided into several parts, published either as international standards
or as technical specifications or technical reports, some of which have already been published
as sections. Others will be published with the part number followed by a dash and a second
number identifying the subdivision (example: 61000-6-1).

0.2 Purpose of this document

This part of IEC 61000 documents measurements at a number of public supply networks in
Germany, and explains the analysis of the obtained data. Data were acquired under certain
conditions. These conditions include categories of different network structures, load
structures and power generation structures, especially including a review of networks with
varying degrees of renewable energy. The loads in various networks include mainly
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consumers, office buildings, and retail/shopping centres, and thus represent several
categories of technologies in the input circuit of the electrical devices.

This document provides statistical evaluations aimed at quantifying the level of diversification
of the prevailing harmonic current phase angles, and, where possible, to identify methods to
reduce the overall emissions of dominant harmonics in the network.

For that purpose, the existing prevailing phase angle in the network at this time is analysed,
and the type of prevailing phase angle expected in the future is evaluated. In particular, the
potential changes in phase angle that can be expected, because of new technologies and/or
netwark structures, are of interest This would mean determining what harmonic
compensation, if any, can be expected from various products. The goal is to determirle or
verify the existing phase angle (mainly of the 5t harmonic) and to assess the-poskible
influences of future developments — such as changes in lighting types and othefr)electfonic
equipment.

This[document is exclusively applicable to public low-voltage electricity supply networks.
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ELECTROMAGNETIC COMPATIBILITY -

Part 1-8: General — Phase angles of harmonic current emissions and

voltages in the public supply networks — Future expectations

1 Scope

The
and
harm
num

This
pote

posifions of selected current harmonics.

This
also

Ther

3

For fhe purposes of this document, the\following terms and definitions apply.

ISO
addr

Terms and definitions

pbjective of this part of IEC 61000 is to provide information about the current condit

onic currents, on public supply networks. This objective is accomplished by monitori
ber of networks, and efforts to forecast the effects of changes in technologies:

document presents information to guide the discussion about the-effectivenes
ntial mitigation techniques and the generalisation of effects ofy 'the prevailing §

contains information about other harmonics.

Normative references

e are no normative references in this document.

and IEC maintain terminological databases for use in standardization at the follo
£sses:

EC Electropedia: available at http://www.electropedia.org/

50 Online browsing platform: available at http://www.iso.org/obp

3.1
pha

phade anglelof the 5th harmonic current determined as described in Figure 1

[SOYRECE: IEC 61000-3-12:2011, 3.16, modified — the reference to Figure 2 has
removed-}

e angle of'I; related to the fundamental phase-to-neutral voltage Up1

ons,

broject future developments, of prevailing phase angles, predominantly for the 3'd"and 5th

ng a

s of
ngle

document mainly deals with the phase angles of the 3™ and“5th harmonic currents| but

wing

been
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y

IEC
Higure 1 — Definition of the 5" harmonic current phase anglé(/5 leads Up1, a5 > Q)
3.2
prevailing vector
X, =x, e (1)
Zpv aqm
whelle the quadratic mean of magnitudes is
1.& 2
Xgm = _Z (5) (2)
n-i—
with ‘(L )2‘ as the magnitude (absolute value) of the complex value x,
and here the phase(ofithe vectoral sum is the phase of the prevailing vector:
"Im(x,
xvs_Ph = tanq 22_1 ( ) (3)
2..Re(x)

Note 1 to entry: The phase of the vectoral sum is different from the definition of the vectoral mean: this is the
arithmetic mean of the real-part and the arithmetic mean of the imaginary-part.

Note 2 to entry: See 6.2.3 for details.

3.3
in-phase factor

X
_ “tvs_mg
}/i'n_phase - (4)
as_mg

where the magnitude of the vectoral sum is:
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Xummg = [Z::Re(xi)jz +(glm(xi)b]2 (5)

and the arithmetic sum of magnitudes is:

xas_mg = Z |L| (6)
i=1

Note [l to entry: See 6.2.3 for details.

3.4
dispersion factor

deviption factor

subtraction of the in-phase factor from digit 1:

—1— xvs_mg
rdisp_phase -
xas_mg

Note || to entry: See 6.2.3 for details.

3.5
total harmonic current
THC
total[RMS value of the harmonic current comp@nents of orders 2 to 40:
total harmonic distortion

40
THC= Y12 (8)
h=2
THD

ratio| of the RMS value of the sum of the harmonic components (in this context harmonic
currgnt components:~7, of orders 2 to 40) to the RMS value of the fundamental component:

3.6

—

THD - ﬂl_ﬂ (9)

h=2. 4
Y 4

4 Summary of field measurements and data analysis

4.1 Field measurement methods and concepts

All measurements reported in this document have originated from an initiative by Forum
Netztechnik/Netzbetrieb (FNN) and within the scope of a research assignment financed by
FNN and assigned to the University of Technology of Dresden. The network operating
authority N-ERGIE (today MDN) was involved, along with several other network operating
authorities in the realisation of the measuring campaign. Data have been handed over to the
research partner, but the network authorities could carry out their own analyses as well. Apart
from the task of the research partner, additional test sites have been examined by N-ERGIE
and data analyses continue, with emphasis on correlation aspects.
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This document is based primarily on the results of the N-ERGIE investigations which are
consistent, nevertheless, with the results of the larger FNN studies. The data pool of FNN
offers the big advantage of a large number of random tests (within Germany). The enormous
amount of data necessitates substantial compression for a meaningful presentation, and
admittedly leads to a less-detailed consideration of the results. More detailed analysis has
also been carried out, however, particularly concerning correlation, and that analysis is
presented as well.

Test sites were chosen according to criteria from [1]1 with regard to network structure, load
structure and generator structure. These diverse test sites, representing various topologies
and load types in the network area of the N-ERGIE are listed in Table 1.

Thug, eight residential area networks (e.g. “A1” and “A2” in the column “Category” of. Tabjle 1,
see Table 9 for definitions) and four networks that include commercial offices, trade} and fetail
storgs, were examined. Additionally, one of the last four networks was a repetition of M9
conderning the phase angle of the harmonic voltage instead of the phase. angle of the
harmonic current, listed as M17. At the test sites M1 to M8, measuremenis \were made [from
the middle of December 2012 to the middle of January, 2013, with a duratioh of 35 days {o 40
days|. The measurements at the test sites M9 to M12 followed in May 2013. These Wwere
repepted at the same test sites in July 2013, listed as M13 to M16, with a modified intgrval
time|of measurement (60 s instead of 1 s) at M10 to M12, respectively M14 to M16. These
test pites (M9 to M12) are listed as M13 to M16, mainly as a means of differentiation. With a
choige of the measuring period, the opportunity was consciously taken to measure, on thg one
hand, during the winter months and summer months and te_measure, on the other hand,|in a
time|lwindow with varying users' behaviour (work times ‘and holidays about the turn of the
year). The background is to identify network parameter dependencies, specifically| the
prevpiling phase angle of harmonics, resulting from<th€ users' behaviour and load structure.

As fgllows from Table 1, the 16 measurement sites are representative of a good cross seftion
of the public supply, and as follows from the“more detailed data review, the analysis inclphdes
a stgtistically meaningful sample set thatican be extrapolated to the 220/230 V 50 Hz ppublic
supply networks in general. No attempt’js made to extrapolate the findings to other network
topologies, but given that the load structures are similar in 120 V 60 Hz networks, the finqings
of thjs document can apply to some.extent to those other networks as well.

The ffield measurements ingltuded exclusively the public low-voltage network at the termtlnals

e local network transformers. Current and voltage were measured in each of the three
phages, and included magnitude and phase. The measurement window was 200 ms wjth a
sampling rate of 100(kS/s. The measurement repetition rate amounted to 1 min, except|with
M10([to M12 where {data were acquired with 1 s intervals. The measuring instruments usgd by
N-ERGIE recorded the harmonics up to the 50th order and the basic electrical parameters,
including phase~angle information for current and voltage. The harmonic currents phase
angles are -measured with reference to the zero crossing of the fundamental of the voltage
according to 61000-3-12 [3] (positive zero crossing).

In 425 ; nary
review of the potential future impact of technologies and societal developments. The data are
then analysed in detail, and technology and economic factors are analysed in more detail, to
further explain the summary findings.

1 Numbers in square brackets refer to the Bibliography.
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Table 1 — Structure of test (measurement) sites

T?St Network Load Generation Category? T2
site of days
M1 Mid-sized network SFH, small residential No renewables N2 A1S E1
area 40
M2 Large-sized network SFH, small residential Sporadic renewables N3 A1S E2
area 40
M3 Large-sized network SFH, Mid residential Sporadic renewables N3 A1M E2
area 43
M4 Large-sized network SFH, Mid residential A few renewables N3 A1M E3
area 36
M5 Large-sized network SFH, Large residential A few renewables N3 A1L E3
area 36
M6 Large-sized network MFH, Mid residential No renewables N3 A2M E1
area 41
M7 Large-sized network MFH, Large residential  No renewables N3-A2L E1
area 43
M8 Large-sized network MFH, Large residential A few renewables N3 A2L E3
area 41
M9 Mid-sized network Office No renewables N2 A4 E1 10
M10] Small-sized network Stores No renewab)és N1 A3 E1 1P
M11 Small-sized network Stores A lot of renewables N1 A3 E4 1P
M12 Mid-sized network Office A lot.of'renewables N2 A4 E4 1b
M13 Mid-sized network Office No’rénewables N2 A4 E1 27
M14  Small-sized network Stores No renewables N1 A3 E1 26
M15 Small-sized network Stores A lot of renewables N1 A3 E4 27
M16 Mid-sized network Office A lot of renewables N2 A4 E4 26
M17] Mid-sized network Office No renewables N2 A4 E1 12
a The description of 'Category' is given in Table 8, Table 9 and Table 10.
b For these measurements, an aggregation time of 1 s was used instead of 60 s.
4.2 | Summary of measurement results, analysis, and conclusions
Harmonic emission/standards, such as [2] and [3], are based on past analysis by vafious
expgrts and institutions. It was found, through a number of measurements and longitime
monftoring on¢the networks, that the lower order harmonics H3 and H5 are dominant| and
represent the)highest impact on voltage distortion. Consequently, network operators|and
authpritiestare mainly concerned with emission levels at H3 and H5, and to some extent H7.
Duri ife] the last 10 years several IFC wnrking groups considered that it mighf he passiblle to

“‘guide” developments in technology or network topology and structure, to achieve
compensation of emissions, in the sense that the emissions of one product group or specific
technology might compensate for the prevailing harmonics on the network. If, therefore, the
prevailing phase angle on the network can reliably be established, and is sufficiently
consistent, it might be possible to devise products or product technologies with power input
topologies that — if any — generate harmonic emissions that oppose, i.e. compensate for, the
distortion on the networks.

The results of the measurement campaign explained in 4.1 appear to dispel the possibility of
“‘guided compensation” of prevailing distortion in the network. Figure 2, Figure 3 and Figure 4
with the measurement results from 3 of the 16 measurement sites, M1 — M7 — M16, are used
to illustrate this initial observation.
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Prior to the measurement campaign, it was assumed that harmonic emissions were such that
the lower order harmonics (H3 and H5) had a relatively narrow distribution, such as shown for
the test site M16 below (Figure 4). The measurements at other test sites, however, show a
broad dispersion of emission phase angles and amplitudes. High dispersion for H3 and a
moderate level of dispersion for H5 are observed at test site M1. A very wide distribution of
emissions, both in amplitude and phase for the 5th (and 7th) harmonic is observed for test site
M7. In addition, the prevailing phase angle for H5, with moderate dispersion at test site M1,
opposes the prevailing phase angle with narrow dispersion at M7. Likewise, the main
amplitudes of the highly dispersed H5 emissions at test site M7 oppose the narrow distribution
of H5 at test site M16.

Similar conclusions can be drawn when comparing other test sites, such as M15 and [M16
(see|Annex A).

IEC

Figure 2 — Polar diagrams with prevailing vector for each of the three phases of the|3rd,
5th and 7th harmonic currents at test site M1
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Figure 3 — Polar diagrams with prevailing vector for each of the three phases of the 3rd,
5th and 7th harmonic currents at test site M7
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Figyre 4 — Polar diagrams with prevailing vector for each of the t%ée phases of the|3rd,
5th and 7th harmonic currents at test S|te

Whefeas the harmonic current phase angles show a wi C}lrlety, the 31d, 5t anq 7th
onic voltage phase angles vary by measurement site ell. This is depicted in seyeral
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Calculated in-phase factor of the 5 harmonic current
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Note |l to entry: The term in-phase factor is defined in 3.3. The term prevailing ratio is not L%d in this document.

Figure 6 — Computed in-phase factor of the 5th harmon@ic\Qurrent

IEC
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IEC

Figure 8 — Prevailing vectors of the 5th harmonic current (three phases, all test sites)
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Figure 9 — Prevailing vectors of the 7th harmonic current (three phases, all test sit¢s)

As ip already evident from the foregoing figures, “guided compensation” in the form of
recommending specific technologies, or network topologies, appears to be a very difficult —if
not impossible — task. The voltage (and current) distortionvat various measurement gites
vary(ies) so much, that what “compensates’ for one site, can exacerbate distortion at ang¢ther
site.

In other words, to achieve compensation of certain® products for the emissions of othefs or
compensation for global distortion levels in the.hetwork does not seem to be a possibility,
excelpt perhaps for very much localized situations.

To numerically quantify the measured data, that data are analysed in substantial detail| and
evalliation of various calculated parameters is performed. The methodology and anglysis
techpiques are explained in Clagses 6 and 7. Subsequently, somewhat more detpiled
condlusions are presented.

Befofe going into great detail on the technical and data analysis aspects of the survey||it is
apprppriate to evaluate economic and societal conditions and assess whether or not a major
shift| in electricity demand and/or type of loads is to be expected because of econpmic
reaspns, such as disrupting new technologies and/or widespread adoption of products|that
significantly alter power demand.

5 Criticakappraisal of potential economic impact

5.1 | _General

Electricity consumption and demand is relatively stable in the developed nations. Even though
new technologies, such as solid state lighting, can have some impact, lighting represents less
than 10 % of the electricity consumption, and solid state lighting is just a part of that
percentage. Similar considerations apply to renewable energy and the effect of energy
efficient motor drives. Because each sector represents only a fraction of the total demand,
and changes in each sector represent only a small part of the applicable sector, no significant
shift in either consumption of electricity or emission patterns in developed countries is to be
expected. A possible exception could be the widespread adoption of electrical vehicles, and
associated battery chargers, but any such development will take at least 5 years to 10 years
to even emerge. Even if such developments take place, industry plus household electricity
consumption will still dominate, and thus no significant change in harmonic current emission
patterns is anticipated.
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While electricity consumption in the BRICS countries has increased rapidly in the last 20
years or so (see Figure 10), electrical products consumption patterns mimic those of the
developed nations, and thus few differences in harmonic emissions are to be expected in
those countries.

Economic impact factors will be reviewed in more detail later in this document.

5.2

Dependencies on electrical parameters

Thus far, economic factors have not been considered with respect to their potential impact on
the phase angles of the harmonic current. For example, if economic factors lead to a major

shift
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Dependencies on non-electrical influence quantities
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Development of economic sectors and demand of energy
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2 Source of data: U.S. IEA.
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RICS: Brazil, Russia, India, China, South Africa.

4 EU-27: BE, DE, FR, IT, LU, NL, DK, IE, UK, GR, PT, ES, FI, AT, SE, EE, LV, LT, MT, PL, SK, SI, CZ, HU, CY,
BG, RO.
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Figure 10 — Development of demand of energy

Labour market

x|
80 \T
70
60
50
40 " o -~

e ——
30 >
\ \—~
20
\\

10 —

0 — |

1950 1960 1970 1980 1990 2000 2010 2020

=== Primary sector === Secondary sector Tertiary sector

Data source: Destatis
IEC

Figure 11 — Development of economic sectors in industrial countries

Indugtrial countries régister a movement of the production between the sectors 4
decqdes. The primary-sector (agriculture) lies stable with a relatively small share of 5 %.
secondary sectorq(industry) with a share of 15 % to 25 % is shrinking in favour of the gro
tertigry sector (service) which is growing towards 80 % (Figure 11). The sub-sectors o
tertigry sectorspread as follows:

In

health and education (20 %), increasing,

ttade, hotel business. gastronomy. culture and recreation industry (20 % to 25 %).

ince
The
wing
f the

enterprise related services, consulting, accounting, design, IT, real estate, financial sector,

insurance and logistics (20 %),

national jurisdiction and security, general administration, judiciary, police and army

(10 %).

these sub-sectors, increasing numbers of electrical equipment are required, and

technologies to improve productivity are continuously introduced, in particular:

lighting
IT
consumption electronics

motor drives

new
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— cooking machines

— white-goods household appliances (washing and kitchen machines)

— heating appliances/air-conditioners

- E

-mobility

What trends are expected in the growth rate?

a) Lighting:
high innovation driven by competition in the industry (supply side)
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[ and consumer electronics:

xample, for the sector 'household', with theyhelp of statistical evaluations in Germnj

mation and telecommunication technology (Table 3) and entertainment electrq

elasticity of demand: € (x,Y) < 1
change, especially substitution, is going relatively slow

high innovation driven by competition in the industry (supply side)

elastic demand by consumer, because it is a superior/novel good,\income elastic
demand: € (x,Y) > 1

change, especially expansion, is going relatively fast
Consumer durables

for the equipment of customer durables (durable goods in the sense of economics
ken from the database GENESISS [4].

ty of

can

rates of growth of electrical and electronic products in the LV network are indicated, as

power consumption (electrical energy) in, the household sector in developed indu
s amounts to approximately one third ef.the whole electrical energy consumption.

degree of product ownership (market penetration) is analysed on the basis of sele
umer products and is divided~into the categories of household appliances (Table

e 4).

e tables show, for each of the above-mentioned categories, in the upper part, the de
oduct ownership-~of* consumer products per household in percent. With regard td
hted number of Jeonsumer products per 100 households, which is a measure of
ple productstin;one household, the total number of consumer products was compute
rojected households. The total number of consumer products is shown, for each o
e-mentioned categories, in the lower part of Tables 2, 3 and 4 in millions of pieces.
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statistical survey. These above-named methods are better suited for long

term

consideration than the illustration of the development of the annual growth rates of two
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ential years.

Figure 12, Figure 13 and Figure 14 show, for each of the above-mentioned categories, the

movi

ng-averaged growth rates of the selected consumer products.

In the analysis, the saturation in the degree of product ownership in consumer products
always shows at a certain level after newly-introduced technologies, which is demonstrated by
sustained near-zero values of moving averaged growth rates.

5 st

atistics for German national economy.
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The diagrams show exactly which new technologies are discontinued in terms of market
penetration and which still continue. Further mathematical predictions can be estimated for
the numbers of pieces of selected technologies, which permit again an evaluation of the
influence on the development on the contributions to reactions of the network, particularly in
terms of harmonics and their phase angles.

Table 2 — Product ownership of electrical household appliances

Electrical household appliances and others (EHA) 2000 2001 2002 2003 2004 2005 2006 2007 2008
Households projected (1 000) 34 390 34777 35 009 35192 35 375 35528 35 555 35887 36 175
Share of the households in percent (equipment rate)
Refrigerator 992%| 993% 98.8% 99.1% 98.9% 994%| _98,6%
Freeze 66,0% 63,3% 60,6% 57,8% 55,1%. 52,4%
Dishwgsher 48,3% 51,3% 52,3% 56,6% 56,7% 59,1% 61,6% 62,4% 62,5%
Microwpve oven 56,1% 58,2% 58,7% 62,7% 62,3% 67,0% 68,0% 68,7% 69,6%
Washirlg machine 94,1% 95,1% 93,5% 95,5%
Dryer 31,8% 33,3% 33,3% 36,5% 36,8% 39,3% 34,5%. 40,0% 38,5%
Hometfainer 21,6% 24,3% 26,6% 27,3% 28,4% 28,9% 27,5%
E-Bike
Numbef of the goods in millions
Refriggrator 39,5 40,5 40,6 41,0 41,6 42,4 43,4
Freeze 25,9 25,0 24,0 23,0 22,1 21,2
Dishwgsher 16,8 18,0 18,5 20,1 20,3 24,2 22,2 22,7 22,9
Microwpve oven 19,6 20,7 211 22,5 22,6 24,4 24,9 25,3 25,8
Washirjg machine 32,9 33,8 33,5 34,4
Dryer 11,0 11,7 11,7 12,9 13,1 14,0 12,3 14,4 14,0
Hometfainer 8,5 9,8 1074 11,0 11,6 12,0 11,9
E-Bike
Electriqal household appliances and others 2009 2010 2011 2012 2013 2014 2015 2016 017
Houselpolds projected (1 000) 36 462 36 521 36 640 36 701 36 522 36 343 36 650 37 207 37 381
Share ¢f the households in percent (equipment rate)
Refrigdrator 98,7% 97,8% 99,1% 99,4% 99,7% 99,8% 99,9% 100,0% 99,9%
Freeze 54,1% 54,0% 57,2% 57,2% 50,5% 50,8% 50,8% 50,3% 51,6%
Dishwgsher 64,8% 65,7% 67,0% 68,3% 67,3% 68,3% 69,5% 69,8% 71,5%
Microwjave oven 71,9% 72,9% 72,0% 72,4% 71,1% 72,9% 73,3% 73,3% 73,9%
Washir)g machine 95,0% 96,0% 94,5% 95,6% 93,9% 96,2% 96,4%
Dryer 38,6% 39,9% 39,7% 40,0% 39,1% 40,3% 39,5% 41,1% 42,2%
Hometfainer 30,1% 29,7% 30,3% 28,7% 24,6% 26,0% 26,3% 25,6% 25,3%
E-Bike 3,4% 4,2% 5,1% 6,1%
Numbdfr of the goods in millions
Refrigdrator 43,8 43,8 444 44,6 44,5 44,6 45,2 46,4 46,7
Freeze] 22,0 22,1 23,4 23,7 20,5 20,7 20,9 21,1 21,7
Dishwgsher 23,9 24,4 24,9 25,4 25,1 25,3 26,0 26,5 27,3
Microwpve oven 26,9 27,5 27,2 27,3 26,8 27,5 27,8 28,2 28,6
Washirjg machine 35,5 36,0 35,5 35,8 35,4 36,9 37,2
Dryer 14,1 14,7 14,6 14,8 14,4 14,8 14,6 15,4 16,0
Hometiainer 13,1 13,1 13,4 12,8 10,3 10,9 11,1 11,0 10,9
E-Bike 1,6 2,0 2,5 3,1
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30 m2003
25 m 2004
59 m 2005
15 m 2006
l m 2007
10 = 2008
5 i 2009
T 0 == hl:ll:”l:l i= mi:jle w2010
5 mr =2011
2012
e S N N N N 2013
' o ¥ & é‘\@e’ & & 3¢ 2014
R <@ & @ & &8 < 2015
¢ & @ o S 2016
N © & S < 2017
N
Data source: Destatis.de
IEC

Figure 12 — Growth rates of product ownership of electrical household appliances
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Table 3 — Product ownership of information and communication technology

Data source: Destatis.de
IEC

Figure 13 — Growth rates of product ownership of ICT

Information and communication technology (ICT) 2000 2001 2002 2003 2004 2005 2006 2007 2008
Households projected (1 000) 34 390 34 777 35 009 35192 35375 35 528 35 555 35 887 36 175
Share of the households in percent (equipment rate)
Telephone 98,2% 98,5% 98,7% 98,7% 99,3% 99,4% 99,4% 99,0%
Telephone, fixed 96,4% 96,4% 94,5% 95,1% 95,9% 95,2% 95,4% 89,7%
Telephone, mobile 29,8% 55,7% 69,8% 72,5% 72,1% 76,4% 80,6% 81,8% 86,3%
Fax machine 14,9% 16,0% 16,2% 20,7% 17,2% 18,7% 18,9% 18,6% 20,7%
Personal computer 47,3% 53,4% 57,2% 61,4% 63,6% 68,6% 71,6% 72,8% 75,4%
PC, fixed 45,6% 51,6% 54,1% 58,2% 58,7% 62,9% 64,5% 63,8% 62,1%
PC, mobile 5,5% 6,1% 7,9% 10,7% 13,3% 17,2% 21,3% 25,1% 34,7%
Internet access 16,4% 27,3% 36,0% 46,0% 47,1% 54,6% 57,9% 60,0% 64,4%
Car napigatior 44 7 42-3% 20,7%
Number of the goods in millions N
Telephpne 47,6 63,3 82,6 78,7 85,7 92,9 95,8 97,1
Telephpne, fixed 35,4 354 42,4 38,1 40,8 441 45,2 41,4
Telephpne, mobile 12,2 27,9 37,0 40,2 40,6 44,9 48,7 50,7 55,6
Fax mgchine 5,2 5,6 57 74 6,2 6,7 6,8 6,7 7,6
Personl computer 20,9 241 26,4 29,9 31,7 35,0 38,0, 39,8 44,0
PC, fix¢d 18,8 21,8 23,4 25,8 26,5 28,2 29,4 29,6 29,0
PC, mqbile 2,1 23 3,0 4.1 52 6,8 85 10,2 15,0
Internef access 6,2 10,2 13,2 16,9 17,5 20,3 21,4 22,5 25,0
Car nayigation 1,6 2,8 4,6 8,1
Informdtion and communication technology (ICT) 2009 2010 2011 2012 2013 2034, ~ 2015 2016 017
Houselpolds projected (1 000) 36 462 36 521 36 640 36 701 36 522 36343 36 650 37 207 37 381
Share ¢f the households in percent (equipment rate) £
Telephpne 99,5% 99,4% 99,6% 99,7% 99,8% 99,9% 99,9% 99,9% 00,0%
Telephpne, fixed 91,5% 91,6% 92,7% 93,4% 90,5% 91,5% 91,5% 91,0% 90,9%
Telephpne, mobile 86,7% 88,9% 90,0% 90,3% 92;7% 93,6% 93,5% 95,1% 95,5%
Fax mdchine 19,2% 20,1% 19,0% 18,8% 23,8%
Persorfal computer 78,8% 80,8% 82,0% 83,5% 85,2% 87,0% 88,3% 88,6% 90,0%
PC, fixg¢d 62,9% 63,1% 61,1% 59,6% 53,3% 54,0% 51,3% 49,4% 48,6%
PC, mdbile 40,0% 45,5% 51,9% 57,5% 65,2% 68,3% 73,5% 75,4% 79,0%
Interne} access 68,9% 72,9% 75,9% 79,4% 80,2% 78,8% 88,2% 89,3% 91,1%
Car nayigation 27,0% 33,2% 38,9% 42,7% 46,3% 48,3% 49,7% 50,8% 50,6%
Numbe} of the goods in millions N
Telephpne 98,7 99,8 102,7 102,8 108,2 108,3 109,1 111,3 112,9
Telephpne, fixed 41,5 41,0 42,0 42,0 45,5 44,8 45,3 45,7 45,9
Telephpne, mobile 57,2 58,8 60,7 60,8 62,7 63,5 63,7 65,7 66,9
Fax mgchine 71 79 7,1 6,9 8,9
Persongl computer 47,1 50,6 53,2 56,8 60,2 62,8 71,9 76,1 80,3
PC, fix¢d 29,6 29,5 28,5 27,7 24,4 24,2 23,1 22,9 22,7
PC, mdbile 17,4 21,1 247 29,1 35,8 38,6 48,8 53,2 57,6
Interne} access 26,7 28,3 30,5 40,9
Car nayigation 10,6 13,3 15,9 17,6 19,8 20,1 20,9 22,1 22,2
) m 2001
< Moving growth rate p.a. of ICT =2002
. = 2003
m2004
100 = = 2005
‘ m 2006
\ m 2007
| i 0 = 2008
) i = 2009
| o W W
\ | \ i i i 1l =201
1 Il L. 2012
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Table 4 — Product ownership of entertainment electronics

Entertainment electronics (EE) 2000 2001 2002 2003 2004 2005 2006 2007 2008
Households projected (1 000) 34 390 34 777 35 009 35192 35375 35 528 35 555 35887 36 175
Share of the households in percent (equipment rate)
MP3 player 14,7% 22,8% 29,0% 37,3%
Flat-screen TV 5,0% 9,3% 15,7%
Sat receiver 31,5% 31,7% 33,2% 36,8% 36,7% 39,0% 40,3% 39,1% 39,1%
Pay-TV decoder 4,4% 4,7%
DVB-T decoder 11,9% 16,2%
Video recorder 65,9% 68,6% 68,9% 67,8% 69,7% 70,1% 69,4%
Camcorder 18,0% 18,2% 21,9% 19,8% 19,4% 19,7% 20,0% 19,5%
Camcorder, digital 4,7% 7,0% 6,1% 6,6% 7,5% 8,6% 9,7%
DVD reeoreet 4t 2F4+% 36:4% 56:4% 59:3% 62-9% 69,1%
Digital famera 19,4% 31,9% 41,8% 48,7% 58,3%
Gaming console 14,4% 14,9%. 19,4%
Numbey of the goods in millions —~
MP3 plpyer 6,6 111 14,9 20,0
Flat-scfeen TV 2,0 3,6 6,3
Sat recgiver 11,6 11,8 12,4 13,7 13,7 15,0 15,3 18,7 18,9
Pay-T\| decoder 1,8 1,8
DVB-T |decoder 5,1 6,8
Video rpcorder 27,7 29,3 30,3 28,6 29,9 30,1 29,7
Camcofder 6,5 6,6 9,0 7,6 74 7,6 7.9 7,7
Camcofder, digital 1,8 2,7 2,2 25 2,8 3,2 3,7
DVD refcorder 5,6 11,1 18,0 22,5 26,9 30,2 39,5
Digital famera 7,5 12,8 17,4 21,3 26,5
Gaming console 6,5 7,5 10,9
Entertginment electronics (EE) 2009 2010 2011 2012 2(1-3‘ 2014 2015 2016 017
Houseljolds projected (1 000) 36 462 36 521 36 640 36 701 36522 36 343 36 650 37 207 37 381
Share ¢f the households in percent (equipment rate) ¢ \4
MP3 plpyer 39,8% 41,2% 42,3% 42,2% 45,3% 44,0% 41,4% 40,3% 37,7%
Flat-scfeen TV 25,8% 36,7% 48,7% 58,9% 67,1% 76,4% 81,3% 84,4% 86,9%
Sat receiver 39,9% 41,0% 42,1% 43,0% 44,6% 42,9% 45,9% 47,3% 47,0%
Pay-T\] decoder 5,3% 4,7% 5,2% 6,3% 17,7% 17,6% 17,9% 19,1% 19,0%
DVB-T |decoder 19,9% 21,4% 24,6% 27,2% 18,1% 17,9% 16,7% 15,8% 15,1%
Video rpcorder
Camcofder 20,4% 20,0% 21,6% 22,0% 18,8% 19,0% 18,3% 17,8% 17,3%
Camcofder, digital 10,9% 11,4% 12,8% 14,0% 12,4% 12,5% 11,9% 12,0% 11,5%
DVD refcorder 71,6% 70,8% 71,3% 72,2% 70,8% 74,7% 67,0% 65,3% 64,5%
Digital famera 64,1% 67,7% 71,7% 72,8% 73,3% 75,6% 75,1% 73,6% 72,1%
Gaming console 20,3% 22,5% 23,9% 25,5% 27,8% 26,7% 25,3% 25,8% 26,1%
Numbe} of the goods in millions N
MP3 plpyer 22,8 23,9 25,0 24,7 26,8 24,6 22,7 22,2 20,7
Flat-scfeen TV 10,9 16,3 23,3 29,2 34,0 40,6 45,3 49,3 52,5
Sat recgiver 20,3 214 22,3 22,8
Pay-T\| decoder 21 1,9 21 2,6 8,0 7,8 8,1 8,7 8,6
DVB-T |decoder 8,6 94 11,0 12,1
Video rcorder
Camcofder 8,3 8,2 9.1 9,2 7,8 7.9 7,6 7,6 74
Camcofder, digital 4,1 4,3 4,9 54 4,8 4,9 4,7 4,7 4,6
DVD refcorder 41,6 34,5 34,5 34,6 32,9 35,5 33,4 32,9 32,8
Digital pamera 31,0 33,5 36,9 37,9 38,1 39,6 39,3 39,1 38,1
Gaming console 12,3 14,3 15,5 16,8 17,3 16,9 16,1 17,3 17,2
. m 2001
QA Moving growth rate p.a. of EE = 2002
100 m 2003
m 2004
m 2005
m 2006
W 2007
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Figure 14 — Growth rates of product ownership of entertainment electronics
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5.3.4 Capital-income ratio in rich industrial countries

A measure of prosperity and development is the market value of the private capital national
income ratio according to [5]. It describes the relation of private capital stock K to national
income Y per year according to Formula (10). In the rich industrial countries® the private
capital national income ratio in the last decades amounts to approximately 600 %. That is the
private capital stock which corresponds to six times the annual national income
(see Figure 15). The annual national income, equal to the national output Y of the economy is
the sum from investments I, consumption C, government expenditure G and the net export
EX./IM according to Formula (11). The national output from capital K and labour L is
generated by a production function according to Formula (12). The drivers of the development
Of C p;ta: atuulr\ 1'\ alld ;IIL;UIIIG } dalrc dll ;IIVGOtIIIGIIt |atc (OGV;IIHO latU .)) (ﬂIIClI yIUVVth |atc g Of
the qutput Y. Hence, the development of the private capital national income ratio corresppnds
in the long term B also to the relation of savings rate s to growth rate g according to\Formula
(13){ The level of the savings rate s in the countries studied varies between 10 %-to 14 %] The
annyal growth rate g of the economy, taking into account the population, is in thetorder off 2 %
per year. Accordingly, therefore, the aggregated private capital stock K is from 5 times|to 6
time$ the annual national income Y. The capital share a of the national ineeme is calculated
from| the capital income return » and the private capital national income-.ratio B according to
Formula (14), represented by the capital income national income ratioTypically the long{term
capifal income returns r lie at approximately 6 %, which corresponds to a private cqpital
natignal income situation B of 5 to 7 to a capital share a of approximately 30 % to 6 %
(see|Figure 16). With an assumed Cobb-Douglas production_function with a substitption
elasficity between capital and labour of =1 the capital incomeé national income rate a would
becdme and remain steady, i.e. a sinking capital income return » would become compengated
propprtionally by a rising private capital national incéme rate . Nevertheless, labour|L is
edgdd out in the long term by a steadily rising level .of automation by capital K. Therefore|, the
time|[series according to [5] also show a substitution elasticity of e>1which is due to thg fact
that the capital income return » sinks more slowly‘\than the private capital national income]|rate
B risles. In the outcome of that model and empirical evidence, the private capital natlonal
income relation rises consecutively.

K
= — 10
A== )
Y=I1+C+G+(EX./.IM) 11)
Y=f(K,L) 12)
p== (13)

g
a=r-f (14)

6 AU, US, CA, JP, UK, FR, IT and DE.
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The conclusion from the indicated development is that economic growth development has an
impact on technology movements. At first, growth generates private and national
consumption. In addition, the capital stock grows, which generates production again.

Therefore, a steady but moderate increase of the numbers of pieces of electric appliances can
be expected. Further this can be expected from faster growing technology movement (shorter
development times) on grounds of the increasing level of automation.

Finally an increased diversity of electrical products and technologies can be expected,
because spill-over effects again produce innovations. Observing, however, that many new
(electrical) technologies employ established methods to convert AC power to the electricity
needed to drive the new technology products, it is unclear as to how much these|new
techpologies will affect the aggregate phase angles of harmonic emissions.

Congidering the impact on the prevailing phase angle from certain technologies,| the
devdlopment of new technologies will always be driven by capital and.markets. Ag the
foregoing analysis clearly shows, these developments have been rather gradual in the lagt 10
years to 20 years. Therefore, no major shift in patterns is expected in the_next 10 years, pven
though economic recessions can temporarily cause what appear to be-significant changgs or
trangitions.

= | Private capital / national income
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Figure 15 — Capital income ratio [5]
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Figure 16 — Capital share of national income [5]
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6 Data evaluation concepts and principles

6.1 Concept of data evaluation

The measurement data from a total of 439 measuring days (aggregate from 16 locations)
contain approximately 1 million single measurement data sets. The measuring process with
time stamp and local information includes a single measurement set along with non-electric
characteristics of the particular measurement site. These characteristics are taken from rather
detailed databases that are maintained by the network operating authority. Therefore a
complete picture is formed of the network structure, size (distance from distribution
transformers) and load characteristics.

From the native data (three-phase single measurements of current and voltage)~a.set of
valugs is derived (calculated):

. hase-neutral voltage (RMS)
. hase current (RMS)

ctive power

e reactive power

pparent power

ower-factor

sine ¢ (fundamental oscillation of voltage and current)

. easurement values of the 2"d harmonic up to thé 50t harmonic

amplitudes of the harmonic voltages (RMS)

amplitudes of the harmonic currents (RMS)

phase angles of current harmonics.(referenced to the positive zero crossing of the
voltage — fundamental).

—

btal harmonic distortion of the voltage in percent (V-THD in %)

—

btal harmonic distortion of the*cdrrent in percent (I-THD in %)

—

ptal harmonic distortion of\the current in ampere (I-THC in A)

All measured and derived data (1 million single measurements x number of derived quantities
in the set) were transfermed into a data format compatible with imec7 and were stored|in a
datapase. By means‘\of an imc specific script language, modules can be accessed in the
whole data pool and“analysed/presented in various ways. Analysis methods were develpped
to pfesent the darge amount of data in a comprehensive format, identify abnormalities,| and
process data~statistically. The objective, of course, is to be able to derive meanipgful
condlusions:

The fdata analysis essentially includes:

a) time series
— diurnal (daily) cycle in time windows of 24 h for all days of the whole measuring period
— minima and maxima envelopes curve of all diurnal cycles in a 24 h time window

b) histogram

c) cumulative frequency distribution

7 imc is an example of a suitable product available commercially. This information is given for the convenience of
users of this document and does not constitute an endorsement by IEC of this product.

The data analysing software was used with one’s own application-specific modules in scripting language.
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d) spectra including frequency

e) prevailing angle in polar co-ordinates

f) prevailing vector

g) correlation factors

h) sliding correlation

i) correlation of complex values

The data stream (magnitudes or phases angles) was visualised as a time series in time
windows of 24 h in each case. As a rule the measuring duration at individual test sites varies
1;1rrc1)cringenerator structure, can be identifiea and/or co;'related against time o,f day and/or-d
the week. The different users' behaviour can therefore clearly be identified betwegnyworking

days| and holidays/weekends from the time-variation curves. The information, therefore,|may
be used to identify causality between harmonics and users' behaviour in the load'structure.

In addition the minimum and maximum values are accurately determined:from all 30 days to
45 dpys measurement data (level or phase angles) and envelope curves-were calculatefd for
every daily measurement set (1 440 points). The advantage of this method is that (extfeme
cases of) user behaviour can be identified from the time-of-day infortnation.

The representation in histograms delivers the information of.the frequency distributions of the
measured or calculated values. On the abscissa the absoluté values (level or phase angles)
are phown. The ordinate shows the frequencies of the-occurrences of specific valugs in
percent. Thus it is possible to directly determine~which values occur with the highest
freqdencies and whether the occurrences of different variables are similarly-distributgdd or
show different central values.

The | representation of the sum frequency” delivers the additional information of| the
accumulated frequency of the measured or’calculated values compared with the histogram.
On the abscissa the absolute values (leyel or phases angles) are used. The ordinate shows
the gaccumulated frequency of the ocecurrences in percent. This method provides an easy|way
to agsess the cumulative distribution up to specific values. For example, 60 % of all values
are gmaller than 230 A, or values-greater than 320 A appear only as 10 % of all values.

The [harmonics amplitudes afe also presented in spectrum format, generally up to the|50th
harmonic (2,5 kHz). The\spectral values are colour coded to include information aboug the
cumulative distributionfor each of the harmonic amplitudes. The dark blue colour idenfifies
the lpevel that is present 50 % of the time. The red colour identifies values that occur 5 [% of
the fime, the orange bar applies to the distribution frequency of 1 % and the light blug bar
idenfifies valués-that occur 0,1 % of the time.

Given the,detailed data with time stamps for each parameter, it is possible to compute
corrglation factors between amplitude and phase of a given harmonic (H5 mainly) or between
H5 & = ; i ; ; i i tors
are displayed in the classical manner on a scale from -1 to +1.

If one lets a time window of the same length of two time series run in defined time steps, one
receives a sliding correlation factor, like a sliding average value. This process was carried out
in steps of 1 h and in steps of 1 day. A calculation of the correlation factor about the whole
time series of, for example, 20 days to 30 days reveals a result that is not easily interpreted
nor provides useful information.

6.2 Principles of statistical survey
6.2.1 Correlation

Correlations and correlation factors can be calculated easily from two time series of the same
length. If the time series consist of complex numbers, the calculation of the correlation factor
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with only one component is problematic as a substitute for the scalar time series. The
amplitudes can vary, and this can affect the phase angle values, but not always. Thus, for the
purpose of the correlation factor calculation, both parameters need to be taken into
consideration.

Furthermore there is a problem with the phase angle having a discontinuity — i.e. a jump —
from 360° to 0°. Even though two consecutive phase angles may be 2° apart, from 359° to 1°
numerical processing will show a large transition. These apparent jumps in the phase angle
therefore complicate a sensible interpretation of calculated correlation factors. A secure
interpretation of the correlation factors is possible only in temporal segments of the time
series in which no change of 360° takes place to 0° or vice versa. An approach to resolve
these problems is to transfer the application of the generally-known arithmetic processé¢s to
the Yariance, covariance and correlation factors for scalar time series as a complex'|time
serigs.

6.2.2 Review of correlation coefficient calculation with complex numerical series

In general the variance of an array of scalar elements can be calculated according to
Formula (15), provided that the time series of the scalar numbers has a'Gaussian distribufion.

var(X) = E[(X—yﬂ 15)
_ 1
Ho=Xx=—=2% 16)
n-io
1 2
Var(x):—Z(xi—,ux) 17)
n-13

o, =,/var(x) 18)

The mathematical expression u, of a time series corresponds to the arithmetic average value

of the diime series with » elements according to Formula (16). Therefore the varipnce
calcxmmmwmmmm rati the

observed values x; and their mathematical expectation x, according to Formula (17). The

standard deviation of the time series is defined according to Formula (18) as the square root
of the variance (17).

Similar to the calculation of the variance, the covariance calculates from the average value of
the deviations between the observed values x; and y;, as well as their respective
mathematical expectation. Instead of the square of the deviations, the product of the

deviations from two different time series x and y is used, see Formula (19). The variance can
be also interpreted as a covariance with itself.
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1 n

n—1

cov(x,y)= (x,«—ﬂx)'(yi_/‘y)

i=1

2019

(19)

The correlation factor as an absolute measure of the correlation is, according to Formula (20),
a general manner of writing the ratio of the covariance and the product of the standard

deviations.
cov(x,y
p,., =corr(x,y) :M 20)
o -0
x Ty
2 ﬂx) (v-n)
corr(x,y) = 21)
n 2
\/Zz =1 x ﬂx Zi: (y’ 'Lly)
If Formulae (17) and (19) are used in Formula (20), the. correlation factor follows for dis¢rete
valugs according to Formula (21). Formula (21) ¢anbe significantly simplified, if the |time
serigds are transformed to time series with zero average value. The average value of the|time

seriq

The
simp

s is subtracted from each term of the seriesj).see Formula (22).

Xzero_meag5- X — X

mathematical expectations™ 4, and ¥ of the time series become zero. Thus the vari

22)

Ance

lifies to the quadratic mean (average of the squared values) of the observed valugs of

Formula (23) and thexeovariance simplifies to the average value of the product off the

obsd
the
(24).

rved values ofFermula (24). The simplified Formulae (23) and (24) in Formula (20
simple form of the correlation factor for discrete observed values according to For

use
mula

23)

cov(x,y)=——> %", (24)
n

i=1
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Assuming that a time series x; consists of n complex vectors x=a_+ jb_,

DY
VXY

corr(x,y) =

(24)

the vectoral

average according to Formula (25) applies to the complex mathematical expectation 4 . This

vect
the i

After
time
simp
acco
serig
dete

bral average value is calculated from the arithmelfic average values of the real paris
maginary parts of the time series.

Xzero_mean — X

transformation in Formula (26) of the time serie€s’ with complex measured values
series adjusted by subtracting the average value calculated with Formula (25)
lified approach results in the variance according to Formula (27) and covari
rding to Formula (28). Now the complex variance is the square average value of the
s with complex observed values. Analog, to this approach, the complex covarian
'mined from the average value of the complex products.

var(x)=

n

> (a,+jb,);

n-13

Z (a +]b) (ay+jb))l_

corr X y

and

25)

26)

to a

the
hnce
time
Ce is

27)

28)

29)

\/z a +]b Z:':1(ay+jby)i2

Formulae (27) and (28) used in Formula (20) then result in a simplified method of deriving the
complex correlation factor (29) which shows the ratio of the complex covariance and the
product of the complex standard deviations. Because the complex correlation factor (29) is
impracticable for interpretation purposes, this is transformed into the mathematical expression
shown in Formula (30).

corr (Ea Z) = ny + jdxy = \/m Jtan” d“ ey _ =K ,e./f/)K (30)
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Finally, the real part, imaginary part, magnitude and angle can be separated from the complex
correlation factor and used for a comparison of correlation factors from different time series,
each with complex observed values.

To obtain a scalar value as a correlation factor, compare either the real part (31) or the
imaginary part (32) of the complex time series x; to the time series y,, which consists of

scalar observed values. Both correlation factors (31) and (32) should deliver similar values.

I = WA |
CorrTRe(X ;7 = 31)

corr[lm 32)

).y ]= )
\/Zsz(fi )2 27:1)}12

Furthermore the comparisons between the real parts andlimaginary parts of the time sgries
X; |n combination with the real part and imaginary/part of the time series y, also dgliver

=

usefpl scalar correlation factors (33), (34) and (35).

X Re(x)-Re(y)

corr| Re(x),Re = -
[ (Z)] \/z Re( 'Z, Re (X,—) 33)
corr[Re( Z (Zi) - 34)
\/Z Z;’m(%)
A = Z;Im()—ci)'Re(yi) 35)

o, [\
COTMr T M (X, REe(y = 2
i /] \/Zf1|m(£ )2 .ZLRG(Z')

6.2.3 Prevailing phase angle and prevailing vector

The vectoral sum (36) of a complex value series is derived from the sum of all real parts and
the sum of all imaginary parts. Therefore, the angle (37) of the vectoral sum is calculated from
the arctangent of the quotient of the sum of all imaginary parts and the sum of all real parts.
Also, the amplitude (39) of the vectoral sum is calculated from the square root of the squared
sum of all real parts plus the squared sum of all imaginary parts.
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n

X5 = 2Re(zc,»)+jZIm(zc,») (36)

i=1

L=t A7 (37)

From the definition of an averaged vector, a prevailing vector can bé said to exist i

arith
imad
som

mag

the
of th

ever

o

metic average value of either all real parts or the arithmetic~average value ¢
inary parts is non-zero. Nevertheless, the application of this_’definition can result
bwhat less representative outcome than the use of the quadratic mean value (38)

hitudes (RMS value of the magnitudes ‘(x )2‘) and the application of the angle (37)

=

ectoral sum. This above mentioned angle is the prevajling phase angle. The square
e quadratic mean value is generally according _to' Formula (38), and is applicabl

y current harmonic [, =1, -e’” of the order hdetermined according to Formula (39)

1 2
3w

(38) I, = ;i(,ih )2
i=1

j xvsiph

Xy = Xgm €

Fro

calcylated according to Formula (40) and represented graphically. However, for such a s
of vectors thathare diverse in phase angle, the prevailing vector amplitude is only a 4
fractjon of indiyidual vector amplitudes. One can set a minimum ratio per (43) as a measu
detefminesthat the prevailing vector is deemed representative for a given situation. Also
dispgrsion/factor in accordance with (44) can be considered as weighting factor. The in-p

a series of n.vectors (harmonics of a certain order) a prevailing vector X, ca

39)

the
f all
in a
pf all

from

root
e for

39)

40)

n be

pries
mall
re to

the
hase

factgriaecording to (43) is the ratio between the magnitude of the vectoral sum (39) ang the

arithmetic sum (41) of the magnitudes of all observed vectors. This ratio can be computed for
any harmonic 4 according to Formula (42).

- Xag mg =Z1\(ze ) (41) I o =;1f (42)

xvs_mg

nn_phase = (43)

as_mg
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—1- xvs_mg
rdisp_phase -
xas_mg

(44)

The value of the dispersion factor according to Formula (44) is merely the value of the in-
phase factor subtracted from unity (43). This ratio therefore might have a value near 1, for a
situation where vectors in a time series have a large variation in phase, but the ratio is near 0
where there is very little diversity between the vector phase angles in a time series.

Figufe 17 shows a theoretical example where four observations (vector dots)~ere
suminarised to a prevailing vector (arrow). In this case the prevailing vector is representdtive,
i.e. if indicates that the individual vector values are in the same general phase range. On the
othef hand, Figure 18 shows an example with a wide diversity between four individual véctor
valug¢s. The prevailing vector is not representative, if we assume a decisioncriterion whgre it
is rgquired to have an in-phase factor greater than 0,9 or — differenily expressed|- a
dispersion factor smaller than 0,1. The weighting factors are compared.in Table 5.

Table 5 — Example of weighting factor for a prevailing vector

Example according to Figure 17 Example according to Figure 18
In-phase-factor 0,955 9 0,289 6
Disgersion factor 0,044 1 0,710 4
Intefpretation representative unrepresentative
I, pvHO3L1_m2 S8 fo e
80° — pfv.i

@ pagi

IEC

Figure 17 — Representative prevailing vector
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Figure 18 — Unrepresentative prevailing vector

Detailed analysis of data

Overview

All measurement data, initial conclusions, and additienal details were introduced in
succgssive reports. For M1 to M8, the report was [B])for the test sites M9 to M12 the r

was

7.2

The

delii
strug
betw
from
dem

that of [7] and for the test sites M13 to M16 the report was that of [8].

Time series analysis of electrical basic parameters and concept of statistical
survey

ture. The different users' hehaviour can be clearly identified from the diurnal cycle

08:00 to 16:00, with (a,small midday deviation, and then a distinctive evening
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calculated envelope curves for voltage and current, which determine the minimum
mum from all measuring days precisely for every measuring time of one day (1

een working days and holidays. The residential areas typically show a steady pa
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time series of voltages and curretits, visualised in time windows of 24 h in each dase,
ered typical diurnal (daily) cycle patterns according to the load structure and gene
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bnd followed by a “valley” in amplitudes during the night hours. The profiles for officg and
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S), identify time-of-day points of extreme values, which in turn allows conclusions about

the users' behaviour. In the voltage curves, increases of photovoltaic feed are identifiable. In
the current curves, the behaviour is confirmed according to the different load structures in
residential areas, trade and office.

The diurnal cycle for active reactive power and apparent power, as well as the courses of the
envelope curves of the minimum values and maximum values, show the behaviour patterns as
similar, i.e. they correlate to those of the currents. Identification of the different load
structures between residential area, trade and office is unequivocal. Only the diurnal cycles of
the reactive powers show little correlation to the load structure and are more or less
consistently at low levels. At test sites with high photovoltaic shares, the energy recovery
system, i.e. the effective power flow, can easily be identified in the diurnal cycles.
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The diurnal cycles of the power factors show minimal fluctuations and lie close to unity, in
particular in residential areas. With trade and office, the diurnal cycles are more volatile than
observed in residential areas. Only test sites with high photovoltaic contribution register a
movement in the power-factor from +1 through zero to -1 and back, during the hours of the
changeover from energy consumption to energy feed-in.

The time series of cosine ¢ show similar results as those obtained for the power-factor.
Typical values lie between 0° and 20° for residential areas, for office and trade between 0°
and -20°, and for locations with high photovoltaic contribution the values are typically between
30° and 180°. All observations of the volatility in the diurnal cycles and envelope curves are
similar to the power-factor. The histograms follow the normal distribution and the sum
frequencies run near the ideal S-curve.

The |histograms of the voltages correspond to a classical normal distribution. Thérefore| the
cumbtilative frequency curves for the voltages show an ideal S-curve. Typically;ytwo central
valugs appear in the frequency histograms of the current, which points to the users' behayiour
in residential areas. With the load structures of trade and office there is-as) a rule only| one
centfal value, following a normal distribution. Therefore, the cumulative(frequency curveg for
the qurrents differ from an ideal S-curve.

7.3 | Time series analysis of selected harmonics

Initidlly, the diurnal cycles of the levels of selected harionics (3, 5t and 7th) Were
obsgrved. The amplitudes of the harmonic voltages -are referred to the fundamental
component of the phase-to-neutral voltage. The amplitudes of the harmonic currentg are
shown as absolute values, as well as relative values'referred to the fundamental cufrent
component.

The [representation of the time series per . day and per week allows the assessmenpt of
depgndence in the context of the time-ofs:day or related to specific days in the week.| The
menfioned time windows permit to draw ¢onclusions about specific consumer behaviour and
operpting technologies in the network:

Figure 19 for example, shows the-daily pattern during a work day, for harmonic order|5 in
percent (for three phases) at ¢est site M1. The relative percentage levels are higher |- as
expgcted — during the night"heurs with low load compared to the hours of higher load in the
afterhoon and evening. A-similar diurnal pattern is shown for the same location and day, for
the gmplitudes of the 5th\harmonic voltages (Figure 20).
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Figure 19 — Diurnal cycle of magnitude of the 5th harmonic current at test site M1
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Figure 22 — Diurnal cycle of total harmonic voltage distortion in percent at test site M1
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If one looks phase-selectively (Phase-1 or THDI1_m1 and THD1_m1)) at the time series of
the total harmonic current distortion (Figure 21) and the voltage (Figure 22) in the same work
day, somewhat similar trends can be seen.

The calculated 5t" harmonic phase envelope curve (Figure 23) of the minima and maxima in
the 24-h representation show an inverse correlation with the harmonic current level envelope
(Figure 24). The 5th harmonic current level envelope (Figure 24) and the 5" harmonic
voltages envelope (Figure 25) also show some correlation for the test site M1. This was
observed not only for work days, but over the whole measuring period as well, including when
just analysing the 5th harmonics.

Thefame also applies to the calculated envelope curve of the minima and maxima in the [24-h
repr¢sentation for the total harmonic distortion in the current (Figure 26) and in the ‘voltage
(Figure 27) where some correlation is visible.
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Fligure 23 — Minimum-maximum envelope of the 5th harmonic phase angle curve at
site M1
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Figure 24 — Minimum-maximum envelope curves of the 5th harmonic current level at
site M1
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Figure 27 — Minimum-maximum envelope curves of the total harmonic voltage disto
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and the corresponding cumulative-frequency functions of all harmonic current p
bs (Figure 33), harmonic currents (Figure 34), andtharmonic voltages (Figure 35) sh

tion

histograms of all 5t harmonic current phase and magditude (level) measurenients
re 28 and Figure 29) and 5th harmonic voltages (Figure~30) for test site M1 are relafjvely

nase
DW a

radient in the S-curves, which points in general\io a large dispersion of the amplitydes.
same also applies to the histograms of the“total harmonic distortion in the cufrent

total

and

(Figuyre 31) and in the voltage (Figure 32), and the cumulative frequencies of the
harmonic distortion in the current (Figure 36) and in the voltage (Figure 37).
All sfatements in 7.3 refer to residentiallarea networks. In comparison to the load struc{ures
for dffice and trade, there are no resemblances. In the office and trade load structures| the
temgoral dependence of the levels, strongly follows the business hours of the offices
shops.
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Figure 28 — Histogram of the 5th harmonic current phase angle at test site M1
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29 - Histogram of the 5th harmonic current level in percent at test site M1

Figure

I, HO5Uhist_m1

[

IEC

Figure 30 — Histogram of the 5th harmonic voltage level in percent at test site M1
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Figure 31 — Histogram of total harmonic current distortion in percent at test site N1

Figure 32 — Histogram of total harmonic voltage distortion in percent at test site N1
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Figure 33 — Cumulative frequency of the 5th harmonic current phase angle at site M1
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Higure 34 — Cumutative frequency of the 5th harmonic current level at test site M{l
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Figure 35 — Cumulative frequency of the 5th harmonic voltage level at test site M1
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re 36 — Cumulative frequency of the total harmonic current distortion at test sit¢ M1
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Figure 37 — Cumulative frequency of the total harmonic voltage distortion at test site M1

7.4
7.4.1

An d

Phase angle of selected harmonic currents

Time series analysis of phase angle

velview has been made of the time series of the phase angles of the 3rd, 5th ang 7th

current harmonics in each electrical phase, in time windows of 24 h.

Figure 38 illustrates an example for the test site M1 of the time series of the phase angle
position of the 5t current harmonics during a work day. The corresponding harmonic current
magnitude (level) is shown in Figure 39. During most of the day the phase angle remains
relatively stable at -30° in all three electrical phases. Only from the late afternoon (winter
month) is a distinctive change peak shown in phases L1 and L3, a little more than -60°. It is
assumed that the addition of lighting or other quasi-linear loads in L1 causes this rotation of
the phase angle, which returns to about -30° as the evening progresses.
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illusfrated in Figure 44:-Figure 42 and Figure 43 which show the 3, 5th and 7th harm
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system of<the phase angles (Figure 41). Therefore, the phase angles of the 3 harn

curre

site M1

‘e 40 on the 24-h representation, the assumed users'sbehaviour at test site M
rmed. The median over all three phases and all megasured days lies within +20°.
ersion rises in the evening hours by +60° relative te the median value.

histogram (see Figure 28) for all phase angle measurements for test site M1 is

ions.

the load structures for trade and\office, a temporal dependence of the phase angl
usiness hours is recognizable.

Phase angle in polar.coordinates

phase angles of the.harmonic currents can be visualized in polar coordinateg

nts for test site-M4'.

test site M1,>a low-voltage network with single-family dwellings, shows for the 3rd cu
onic a _fpoint cloud” that is predominantly in the third quadrant of the polar coord

n¥lie“on average at 210° with a dispersion of approximately +30°.

igure 40 — Minimum-maximum envelope of the 5th harmonic phase angle curve at

g to
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very

narrgw and the corresponding cumulative-frequency function (Figure 33) shows a large
gradTent in the S-curve which points in general to a small dispersion of the phase ¢

ngle

, as
onic

Frrent
nate
onic

For the 5t current harmonic the dominant part of the “point cloud” lies in the fourth quadrant
of the polar coordinate system of the phase angle (Figure 42). This signifies that the average
of the phase angles of the 5th harmonic current lies at -30° with a dispersion of +30°.

An unequivocal point cloud also exists for the 7th current harmonic between the second and
third quadrants of the polar coordinate system of the phase angles (Figure 43). Therefore, the
phase angles of the 5" harmonic current lie at -30° with a dispersion of +30°.

As already mentioned — and illustrated in Clause 5 — the above statements regarding
“predominant values” cannot be generalized for other test sites. If one compares Figure A.1 to
Figure A.12, several of the “point clouds” of the phase angles show a much wider distribution
in terms of phase angle and also show different prevailing phase angles for the prevailing
vector.
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The calculated prevailing vectors are shown, so a strong deviation is recognizable between
the test sites. In particular the load structure has a large impact on the position and form of
the point clouds of the phase angles. This applies for all three orders of the observed
harmonic currents. For residential areas with single-family dwellings the dispersion is less
prominent. In addition, a trend towards a preferential range from about 30° to -60° is to be
observed with the 5t harmonic current. This trend is not so visible with the 34 harmonic
current and is not present at all with the 7th harmonic current.

The results of the dispersion factor calculations for H3, H5, and H7, are shown in Figure 44,
Figure 45 and Figure 46. Therefore, the dispersion is smallest for the phase angle of the 3rd
harmonic current compared with the higher harmonics. However, for the phase angle of the

5t f
0,2,
phas
the

It ca
netw

armonic current and the 7" harmonic current nearly all values are generally less
which would normally be sufficient as satisfactory measure to establish a preve
e angle position for each of the measurement sites. It needs to be stated, however,
revailing angles differ greatly between various sites.

h also be noted that the dispersion factors for residential areas are Ig§s) volatile tha
orks with trade and office load structures.
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Figure 41.=Phase angle of the 3'd harmonic current at test site M1
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Figure 42 — Phase angle of the 5th harmonic current at test site M1
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Figure 45 — Dispersion factor of the phase angle of the 5th harmonic current
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Figure 46 — Dispersion factor of the phase angle of the 7th harmanic current

Harmonic spectra

For all test sites, the amplitude spectra of the harmonic voltages ‘@and harmonic currents (

ton

For

= 50) including the frequencies of their amplitudes (levels) are calculated.

interpretation, the dark blue colour represents theyharmonic level in percent f
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al increase around.the 35t harmonic. Further, the behaviour pattern of the levels o
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Higure 48 — Harmonic voltage spectrum including level distribution at test site M|l

Wheh comparing the spectra of measurement site M1 with spectra from other test sites|load
strudtures, a‘big difference is observed for networks for trade and offices (i.e. compared|with
resicential areas). Furthermore the spectra of networks with photovoltaic installations differ

generallsatlon is dlfflcult because the resonance frequenmes are very dlfferent for the various
networks. This can, of course, be explained as it directly results from different network
structures.

The principle of the representation of amplitudes of harmonics as a spectrum is transferable
also to the phase angles of harmonics. Figure 49 shows an example for test site M1. All
harmonic phase angles as well as their occurrence frequency are shown. The result
corresponds to the other representations in Figure 47 and Figure 48 for single harmonics.
Thus a phase angle of around 135° can be seen for the 3" harmonic with 50 % frequency.
The 5t harmonic current phase angle appears at 190° with 50 % frequency, and the 7th
harmonic at about 200° at 50 % frequency. Further, a quick overview is easily obtained of the
dispersion by means of the frequency of occurrence. As expected the volatility in values
strongly increases with harmonics of higher order.
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For the comparison of the phase angles between the various load structures, generalisation is
conceivable only to some extent for the low-frequency harmonics.
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Figure 49 — Harmonic phase angles including phase distribution at test site M1

Correlations

All the results of the calculations of correlations forthe test sites M1 to M8 were introd

in[7
pres

The
with

and those for the test sites M13 to M16 were introduced, in detail, in [8]. In [9
entation of the complex correlation was presented.

calculation of the correlation factors and the sliding correlation as well as the applic
complex numbers were treated in 6:2.1 and 6.2.2.

In thle following the dependence is.determined, as an example, between the phase ang
the §th harmonic current in phagé-2 (PA05L2) with selected electrical parameters by mea
the dorrelation factor.

Figu

re 50 shows the correlation factors with regard to the levels of the 5th harmonic cu

for gl test sites and_fon the whole measuring period. Clear causalities, i.e. reasonably si
corrglation factors,‘\are identifiable in the residential areas (M1 to M8). With factors bety

-0,5

and -0,8, this‘means that with rising level in the 5" harmonic current the phase ar

becdme smaller;-so are left-rotary. Only at the test sites M4 and M7 do the phase angle
corrglate with_the levels of the 5th harmonic current. In the office and trade load structures

caugfalities,\i.e. correlations, are evident even more strongly. This is especially pronouncg
est site W|th an electronics store (M14). The reversal of the S|gns in the correlati
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rotation d|rect|on of the phase angles For M13 the phase angles become b|gger W|th the
rising level of the 5t harmonic current level, and are left-rotary.
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Figure 52 — Correlations between the 5th harmonic current phase angle and THDI

A very similar causality exists between the phase angle of the 5t harmonic current and the
level of the 5th harmonic voltage (Figure 51). In total the factors are a little smaller than with
the 5th harmonic current, so there is a slightly less pronounced correlation. In other words,
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current harmonics are more strongly coupled than voltage harmonics to the time series of the
phase angle position. Furthermore, the relationship is similar between the level change and
rotation direction of the phase angle between the test sites.

Similar causalities are shown by the correlation factors between just the 5th harmonic and the
total harmonic distortion factor of the current (Figure 52) and the total harmonic distortion
factor of the voltage (Figure 53). From that it can be concluded that the higher harmonics
participate in the correlation factor but to a lesser extent. Finally, the correlation factors
between the phase angle of the 5t harmonic current and the apparent power (Figure 54)
show a direct dependency between the current level (power) and the rotation direction of the
phase angle.
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Figure 54 — Correlations between the 5th harmonic current phase angle and apparent
power S

An example of the sliding correlation factor over a time period of 24 h is shown for the test
site M14 (trade with electronic store). In this case the correlation factors indicate a near
perfect correlation between the phase angle position of the 5t harmonic current in phase 1
(PAOSL1) and the total harmonic distortion factor. This is true for each of phases 1, 2 and 3
(Figure 55). Exactly the same strong causality can be deduced from the correlation factors
between the phase angle of the 5th harmonic current with the active and reactive power in the
electrical phases 1, 2 and 3 (Figure 56). The same figure also shows the high correlation
between the 5t" harmonic phase and apparent power.
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8 Empirical evidence

8.1 Inductive versus deductive approach

The answer to the question of whether the combination of different technologies, each with
their specific prevailing angles for selected harmonics, produces compensation, can be
studied from both a deductive and an inductive reasoning viewpoint. This applies in particular
to the 5t harmonic current as compensation between different product categories which could
lead thus to a general reduction in the harmonic voltage distortion. Following the deductive
method, one would assume compensation to be present between different product categories,
and if the assumption is correct, one therefore expects specific patterns to be found.

Contrary to this, inductive reasoning is based on specific observations, with these
observations leading one to predict or expect certain patterns, for example compensation
between different products or categories.
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Following the inductive approach, empirical data have been obtained by methodical collection
from laboratory measurements. These data led to a hypothesis that certain technologies, in
particular certain lamps, lead to the partial cancellation of the 5t" harmonic current from some
other products. From the laboratory measurements, prevailing phase angles can be
determined for certain technologies. In addition, measurement experience indicates some
compensation effect between diverse (different) technologies. This encourages the hypothesis
that this compensation can contribute to a reduction in harmonic emissions, by virtually
diametrically-opposing prevailing vectors, and thus accomplish an improvement in power
quality, i.e. reduced voltage distortion.

Thus, abstracting a general conclusion from observed phenomena corresponds methodically
to the inductive approach.

If thtﬁ hypothesis created from the inductive approach is right, the empirical evidénce should
inevitably be found in field tests. If prevailing angles are really bound to certain{technolqgies
and [the diversity of the technologies is really reached in a measure aceording to the
hypdthesis, compensation of the 5t harmonic current would in principle be confifmed
empfrically, by field observations.

Thenefore the conclusions from the observations would be the lggical consequence tq the
theoretical model. This corresponds methodically to the deductive approach.

8.2 | Laboratory tests

In a(laboratory investigation [10]8 the harmonic currents were surveyed in selected elecfrical
product types in terms of magnitude and phase angle position. The laboratory measurenjents
conslidered 109 energy savings lamps (ESLs) and %61 electronic devices (EDs). The energy
savimgs lamps included compact fluorescent lamp (CFL) and solid state lamp (SSL) types.
The |electronic devices were distinguished, in ‘addition, between devices with and wiihout
power-factor correction (PFC). The power férthe surveyed devices was provided by an |deal
sinugoidal voltage source, thus no harmanic contribution came from the power source.| The
initigl analysis concentrated on the- 8 and 5th current harmonics. The purpose of the
meagsurements was to identify prevailing phase angle positions for certain technologies. Also,
groups of technologies with proven’/preferential phase angles were overlaid to demonsjrate
theirf compensation effect in the-laboratory. For this purpose, operation was differentjated
between concurrent operationvand individual operation of two product groups, on the|one
hand electronic devices in“~eombination with energy-saving lamps, and on the other hand
elecfronic devices without €nergy-saving lamps.

Comjpensation of_harmonic currents means that the vectors of individual current harmgnics
from| two products are partially or wholly opposite. Therefore, a critical measurp of
compensationlis both the magnitude and phase angle of a specific harmonic, in partigular
whether the\phase angles are directed close together or are more or less opposed.

The resulting change in the magnitude of the aggregate prevailing vector, when the prodqucts
are operated together, IS a measure of the degree of the compensation.

From this general context, the study for the assessment of the compensation effect uses two
definitions, the summation exponent a (quantification of summation effect) and the in-phase
factor k. The summation exponent® a is a derivate (see the formula in the footnote). Both

8  This investigation was ordered and paid for by the association FNN (Forum Network Technology/Network
Operation in the VDE).

n
9 Example for 5™ harmonic and n devices: E [ = %/La" +12a5 +... +l:5
1
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