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Abstract — The paper is focused on the problem ofThis standard determines the basic structure ofsumésy

insufficient synchronization of measurement timendaw

with actual duration of integer number of cyclesimbut

signal and its impact on accuracy of harmonic soigs

measurement. It is analyzed in the wake of chief/igions

of IEC Standard 61000-4-7. Particularly, the hariven
order, their phases and the synchronization acgunave

been considered. Numerous simulations has beeieadaut

and their results are graphically presented. Thalt® have
been confirmed by experimental research of chossting

signals, generated by arbitrary waveform generator.

device as follow [2]:

e input circuit with anti-aliasing filters (mandatofgr
Class A measurements and optional for Class S
measurements [5]),

e sample-and-hold and A/D converter,

e synchronization unit if

necessary,

and window-shaping

e DFT processor providing the Fourier coefficients.

According to the standard, the measurement time

Keywords: harmonic subgroups, fast Fourier transform, IEQvindow should be synchronized with duration of Eipds

Standard 61000-4-7
1. INTRODUCTION

The assessment of actual power quality is arguabéy
of the most frequently discussed topics in thedfielf
metrology of electrical quantities. It requireseatatining of
quite a number of various parameters including:.g.m
values of voltages (sometimes currents), frequenclfage
unbalance and waveform distortions under variousatmon
conditions of power systems.
regarding the phenomena description is laid in |E&iH
IEC standards. In this context especially |IEEE Géad
1159-2009 [1] has to be mentioned, whereas the arym

of input signal for 50 Hz systems or with duratioh12
periods for 60 Hz systems with maximum permissérier
+0.03%. In order to perform on-line calculation a$atete
Fourier transform (DFT), algorithm of fast Fourier
transform (FFT) is usually implemented, at leagtcsi
eighties of last century [6]. So, typical solutioof
measurement time window adjustment is synchrowisaif
sampling frequency with actual input signal frequenThe
disadvantage of the method is obvious, namely ldidoe
heavily affected by input signal frequency changes.

The basic frameworklowever, another solution is currently feasibleniédy, the

progress in the field of digital signal processersables
application of asynchronous sampling and adjustnadnt
number of considered signal samples to actual iduraf

agreed recommendations regarding methods of theifteger number of cycles of input signal. Subsequen
measurement and required uncertainty are laid i€ IE calculation of Fourier coefficients can be carrieat for

Standard 61000-4-7 [2], IEC Standard 62586-1 [B];

arbitrary number of samples by, e.g. chirp z-tramafCZT

Standards2586-2 [4]and IEC Standard 61000-4-30 [5]. The [7], which is less computationally efficient thaRFbut still

latter standards are usually related to by manufact of
measuring instruments dedicated to power qualiaysis.

more efficient then traditional DFT.
According to IEC Standard 61000-4-30 [5], the basic

It has been above mentioned that the assessment gasurement of harmonics for Class A measurements

power quality requires measurement of
parameters. For this paper aim, the problem of feaxe

numeroushould be performed in accordance with IEC Standard

61000-4-7 [2] provisions for class | accuracy reguoients.

assessment has been selected, particularly detagnin Particularly, harmonics subgroups are to be detexchiup

harmonics content of voltages or currents. Argualhe
waveform distortions becomes more and more noteriou
nowadays power systems, consisting of numeroudinear
loads and renewable energy resources, like e.gt pahels.
The problem of harmonics assessment has been eoedid
in the wake of IEC Standard 61000-4-7 chief pravisi[2].

to at least 50 order harmonic [5]. The class | determines
accuracy requirements for current, voltage and powe
measurements [2]. For example, if measured value of
voltage harmonic is equal to or greater than 1%arhinal
voltage, the maximum error should be not greaten #5%

of the value of considered harmonic. If the measwaue

is less than 1% of nominal voltage, the maximurnorerr



should be not greater thai®.05% of nominal voltage [2].
The errors refer to single frequency and steady signals
[2].

There are numerous factors which impact upon efor
the harmonics determining, but arguably, the mogtirtant
would be insufficient synchronisation of time me&suent
window, which lead to notorious spectral leakagk [Bis
commonly recognised problem in the case of FFTrélgn
application, but it impacts traditional DFT algbrit as well,
especially if to low sampling frequency is appliethwever,
the resulting uncertainty of harmonics measurememnild

depend not only on the synchronisation accuracy of

measurement time window but harmonics charactevedis
i.e. their r.m.s. value, order and phase shift.s€hgroblem
have been investigated by authors and describethisn
paper.

Finally, the basic assumptions and the results
extensive simulations and experimental researcle leeen
presented in Section Il of this paper. The measargsnof
real signals parameters has been carried out ieraa
confirm the validity of the simulations. Final cdusions are
laid in Section lll. It has to be added that theolghresearch
has been carried out for rectangular window. It
recommended in IEC Standard 61000-4-7 [2],
synchronisation with aforementioned accuracy hasnbe
achieved.

2. RESULTS OF SIMULATIONS AND
EXPERIMENTAL INVESTIGATION

It has been mentioned above that for Class %

measurements, the assessment of voltage harmonmiento
requires determining harmonic subgroups. The cdnazp
harmonic subgroup consists in calculation of squaot of
the sum of squares of harmonic component amplitute
amplitudes of two spectral components immediatel
adjacent to it. The result is considered as thelitudp of
harmonic subgroup. In fact, “subgroup of output
components of the DFT is obtained by summing trexgn
contents of the frequency components directly adjato a
harmonicwith that of the harmonic proper” [2]. The idea
behind the concept is to account for energy of laaim
component spreading out to adjacent frequency thiatsis
due to signal magnitude fluctuation [2].

Therefore, the calculation of each harmonic subgrou
requires calculation the magnitudes of there fraquébins.
From practical point of view, it requires determigithe
three definite integrals over domain which showdgdresent
integer number of fundamental component cycles. Th
definite integral for harmonic component calculatiof h
order can be written as follow:

7+M g

v<fh>:M2HODf O zmRm ()

where: Ty — fundamental periodhy - harmonic orderM —
integer.

Assuming that measurement is to be carried oubiR5
system, the definite integral is to be calculatearol0
cycles of input signal, as required by standard If2ineans
thatM is to be equal td0. So, the two spectral components

I.?distortion assessment, if common DFT or FFT alpari

immediately adjacent to harmonic component are ¢o b
calculated as follow:

2 T+MDTO ) _o1
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Finally, harmonic subgroup can be calculated adngrd
to the formula:

SOV (1) =V (fr00)? +V(Fn)2 +V(Frro)? (@)

From practical point of view, the domain of intetipa

would differ more or less from integer number cgcter in

nother wordsvl value would not be integer. Chiefly, it is
due to inaccuracy in fundamental perigddetermining or it
is due to impact of applied sampling frequency.
shorthand, the product of number of acquired sasnaled
sampling period would differ from duration of assdn
integer number of input signal cycles. Nevertheldssth
sources of uncertainty impact upon accuracy of faave

In

are used for the definite integrals calculatione Tasulting
effect would depend on a number of factors, but esom
should be pointed out, like: the actudl value, harmonic
order and magnitude as well as phase shift of densd
harmonics.

Finally, the simulation research has been carriatl o
sing formulae (1-4) for signals containing fundataé
omponent and single harmonic, in accordance WHG |
Standard 61000-4-7 provisions [2]. It has beerofedld by
experimental research for chosen cases of testgmals,
which have corresponded to the signals assumedgluri
simulations. These signals have been generateddidgm

%35228 arbitrary waveform generator and subsequentl

recorded by the controller NI PXle-8106 equippethvtivo
data acquisition boards NI PXle-6124. The obtained
samples has been processed by mean of FFT algorithm
(2048 samples per measurement time window). Samplin
frequency has been synchronised for 50 Hz and lesityrzal
frequency slightly varied, accordingly to assumed
synchronisation error, determined in relation te tluration

of 10 rated cycles, i.e. 200 ms. So, the produc@48
samples and sampling period has represented timeowi
that has been slightly above or slightly below diora of
input signal 10 cycles.

It should be added that the paper is focused saely
fiarmonic subgroup measurement. But similar analgses
be carried out for other power quality parametersaall.

The impact of the discussed phenomenon on unbalance
factor measurement has been investigated and thétge
described by authors in ref. [9].

The investigation has started from analysis of ichpd
inaccurate synchronisation on accuracy of harmonic
magnitude measurement as a function of considered
harmonic order, depending on harmonic relative exnin
relation to assumed nominal value). The results
measurement error assessment for the synchromsatior
OT equal to -0.016% are shown in Fig.1. So, it metias

of



the actual duration of 10 cycles has been equatdduct of of influence quantities is limited to only small
2048.32 and sampling peridd synchronisation error.

Initial phase of each harmonic has been equalrw aed
the content of analysed harmonic has been equg¥eta2%
and 5%.
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S Fig. 2. Relative errordU, of respective harmonics content
measurements for synchronisation er@requal to -0.03% and
+0.03% and each harmonic content equal to 1%, teg®esent
results of simulations, whereas bold points reprssesults of
actual measurements, h- harmonic order.

Fig. 1. Relative errorgU;,, of measurement of harmonic
components for three given harmonic contents: 1%, 3% and
synchronisation error -0.016%, lines representliest
simulations, whereas bold points represents regtitistual

measurements, h- harmonic order. Similar research has been carried out for harmonitts

content below 1% of assumed nominal voltage. Ferctse,
he value of considered harmonic content equal36&6thas
een chosen, since it is maximal acceptable vahfes

voltage harmonics of 15, 21 and 6...24 orders in ipubl

Analysis of results presented in Fig. 1 lead to th
conclusion that the most affected are harmonicsowker
order. For these harmonics the greater relativergrare o UYE . h
observed for the harmonics with lower harmonic eant distribution networks [10]. For other harmonics top25

Next, in the case of higher order harmonics theaichpf order the permissible values are above 1%. It hesnb

considered harmonic content on relative error af itaforementioned that for this case the error shdoddnot

measurement becomes negligible. It can be notedltiea 9reater thant0.05% of voltage nominal value [2]. The

relative error value is more or less similar forrhanics obtained results are presented in Fig. 3.

above 2% order. Of course, the observation is valid for the

assumed inaccuracy of synchronisation of measurin{ oo
0,04
0,03R

window with actual duration of 10 cycles. Howevéor
higher synchronisation errors the resulting impstdt will
be lower for higher order harmonics in comparisoithw 002
lower order ones. Moreover, the errors’ sign change| £ **
depending on harmonic order. Obviously, these &ffec
result from spectral leakage due to fundamentalpmorant,
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which affects chiefly the components in proximity tbhe o3 / ST =003 %
fundamental one. Taking into account the above imead _0:04 4
observations, the following research has been ezhrout 13 5 7 9 1113 15 17 10 21 23 25 27 20 31 33 35 37 30 41 43 45 47 49
chiefly for harmonics with content equal to 1%. "o

Subsequent research has been carried out for hasnon
with content equal to 1% and synchronisation ef@od3% Fig. 3. Relative errordU,, of respective harmonics content
and +0.03%. The choice results directly from IEGrsiard measurements (in relation to assumed nominal vﬁlme)
61000-4-7 provision [2], which requires applicatiaf synchronisation erroST equal to -0.03% and +0.03% and each
Hanning window if the error is outside range #ff.03%. harmonic content equal to 0.5%, lines represendteesf
Within the range the rectangular window is to bedusThe simulations, whereas bold points represents restiistual
obtained results are shown in Fig. 2. Initial pha$each measurements, h- harmonic order.
harmonic has been once again equal to zero. ) ) ]

It should be stressed that for all considered calses The results shown in Fig. 3 confirms that for the

absolute value of measurement error is below 5%hef Considered cases the absolute value of measurements
considered harmonic value, i.e. the maximal peeditt P€low 0.05% of the assumed nominal voltage, i@ bslow

measurement error for harmonics with content equadr e maximal permitted measurement error for haromni
grater than 1% of nominal voltage (according to IECVith content lower than 1% of the nominal voltageg
Standard 61000-4-7 [2]). However, the value of¢her is  Standard [2]).

above 4% for second order harmonic, which seemge qui  Further, the impact of changes of the synchromsati
significant value, if one takes into account the humber €rrors on results of measurement of chosen harmdris

been analysed. They are presented in Fig. 4.
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Fig. 4. Relative error of respective harmonics conte
measurements for various synchronisation errof} é&el each
harmonic content equal to 1%, lines represent tesil
simulations, whereas bold points represents regtitistual

measurements, h- harmonic order.

It should be noted that the sign of relative erodr

Finally, the extensive simulation research reveahet
measurement errors would be above maximal perngéssib
errors laid in IEC Standard 61000-4-7 [2] for tleddwing
cases:

e second harmonic with content 1% if synchronisation
error would equal to -0.036% or +0.04%,

e second harmonic with content 0.5% if synchronisatio
error would equal to -0.035% or +0.044%,

e« second harmonic with content below 0.14% if
synchronisation error would equal to +0.03%.

4. CONCLUSIONS

The papers concerns the problem of accuracy of
harmonics estimation considered in the wake of IEC
Standard provisions [2]. It has been found thatuiregl
accuracy of measurement time window synchronisaison

respective harmonics content measurements depends sufficient to attain required uncertainty of resdpet

considered harmonic order and synchronisation effor
some harmonics the error changes its sign if symibation
error increases. Once again, the impact of spelgaiiage

harmonic estimation for class | measurements, fiir a
possible combination of harmonic order, their alipphases
and content. However, if lower uncertainty would be

due to fundamental component is to be pointed suna required the requirement of the synchronisation hwit

reason of the observed phenomenon. It means thaivier
synchronisation errors the measurement resultaffeeted
chiefly by long-range spectral leakage due to fumeiatal
component, whereas in for higher synchronisatioarsrthe
results are affected by short-range spectral leakaf
considered component energy to adjacent frequeinsy b
Furthermore, the impact of harmonics initial phase

maximum permissible erra0.03% would be insufficient.
Moreover, the chief source of uncertainty in hariosn
content measurement is synchronisation error of
measurement time window with integer number of
fundamental component cycles. It is confirmed bgy\good
agreement of simulation results with actual measergs.
Finally, it must be firmly stated that synchronisat

the respective harmonic measurement accuracy hes beerror below +0.03%, does not ensure that errors of

analysed as well. The results obtained for chosemabnics
are depicted in Fig. 5.
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Fig. 5. Relative errorgU;, of respective harmonics content
measurements for various initial phases of consitieBarmonics
and each harmonic content equal to 1%, lines reptessults of

simulations, whereas bold points represents restiistual

measurements, h- harmonic order.

Analysis of Fig. 5 leads to conclusion that thetiahi
phase of considered harmonic clearly impacts theoouwe
of its measurement. Obviously, it is related

synchronisation error and Fourier transform of &gupl

window (rectangular in the considered

equal to zero still remains the worst case.

measurement of all harmonics will be below the meati
errors for class | measurements. Simply put, if enor
harmonics would occur concurrently there is theatge
impact of long-range spectral leakage. For examplthe
considered voltage would contain second order haigno
with content equal to 1% as well as third ordermtramic
with content equal to 11% and initial phagethe error of
measurement of second harmonic magnitude would be
above permissible 5%, even if synchronisation ewould
be not greater than 0.03%. Similarly, the respec#isror of
measurement of second harmonic content would bgeabo
permissible limit, if investigated signal would ¢aim
concurrently: third harmonic with content 7% andthfi
harmonic with content 10%, even for synchronisatoror
slightly below 0.03%. Therefore, it is at least izdble to
reconsider amendment of discussed IEC Standardoe44a0
[2]. It means that including more complex testingnals is
necessary for better assessment of accuracy ofumiegs
instruments, like e.g. high grade power quality lgsers.
These testing signals should be commonly agreed apd
standardised but first of all they should mimic lrea
measurement situations.

Other problem would be estimation of accuracy of

tointerharmonics subgroups measurement. In this thse

similar influence factors should be taken into actdike in

research)the case of harmonics, completed by impact of their
Nevertheless, the case of second harmonic witlalimhase

frequency. In fact, relation of their frequencyftmdamental
one.
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