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FOREWORD

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

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

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

order to promote international uniformity, IEC Natiohal Committees undertake to apply IEC Publica
ansparently to the maximum extent possible in their_national and regional publications. Any divergence bet
ny IEC Publication and the corresponding national '6f regional publication shall be clearly indicated in the |

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

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

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

ttention is drawn tothe Normative references cited in this publication. Use of the referenced publicatio
dispensable for the torrect application of this publication.

ttention is drawnito the possibility that some of the elements of this IEC Publication may be the subject of p
ghts. IEC shal~not be held responsible for identifying any or all such patent rights.

main~task of IEC technical committees is to prepare International Standards. Howevd
nical-committee may propose the publication of a technical report when it has colle
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ofva different kind from that which is normally published as an International Standard

for

example "state of the art".

IEC TR 61000-4-40, which is a Technical Report, has been prepared by subcommittee SC77A:
EMC - Low frequency phenomena, of IEC technical committee TC 77: Electromagnetic

compatibility.

The text of this Technical Report is based on the following documents:
Enquiry draft Report on voting
77A/1055/DTR 77A/1065/RVC

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
compatibility (EMC), 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,

e Wwithdrawn,
e feplaced by a revised edition, or

e amended.

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

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

General considerations (introduction, fundamental principles)

Definitions, terminology

Part 2: Environment

Desfcription levels
Classification of the environment
Compatibility levels

Part 3: Limits
Emission limits
Immunity limits (in so far as they do not fall under the respa@nsibility of the product committ¢es)
Part 4: Testing and measurement techniques
Megsurement techniques

Testing techniques

Part 5: Installation and mitigation guidelines
Instpllation guidelines

Mitigation methods and devices

Part 6: Generic standards
Part 9: Miscellaneous

Each part is further subdivided into several parts, published either as International Standafrds,
Technical Specifications or Technical Reports, some of which have already been published as
seclions. Others are and will be published with the part number followed by a dash and a sedond
number(dentifying the subdivision (example: IEC 61000-6-1).

Thlc doctumant aivac tha rats
S—CoCumeHt v eo—thc—rat

Y ies—RMS
-stationary conditions. It explains and
compares two digital methods that can be used in digital measurement instrumentation to either
average or filter the signals when measuring fluctuating loads, and algorithms for the realization
of both methods. The examples relate to 50 Hz or 60 Hz power systems because power quantity

assessments are predominantly required for these systems.
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The digital averaging or integration algorithm is evaluated for fluctuating, or non-stationary,
conditions, as is a digital filtering algorithm that emulates the traditional analogue power meter.

This document aims to illustrate the application of the two measurement algorithms given above
to characterize existing, and commonly found, non-stationary loads, which have been selected
to help interpret the measurement results obtained using both algorithms.
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ELECTROMAGNETIC COMPATIBILITY (EMC) -

Part 4-40: Testing and measurement techniques —
Digital methods for the measurement of power quantities
of modulated or distorted signals
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part of IEC 61000, which is a Technical Report, deals with the assessment of 'elect
er quantities (RMS voltage, RMS current and active power). It explains and cempares
al algorithms suitable for power quantity measurements in fluctuating or non-periodic lo
examples are from 50 Hz or 60 Hz power systems.

document does not attempt to cover all possible digital implementations of the algorit

bssment described in several IEC documents. Rather, it compares averaging with on
filtering algorithms. This document aims to highlight some eéxamples of applications

illugtrate how the presented algorithms work. Further, guidance is given for quantifying
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Normative references

following documents are referred to in the textiin such a way that some or all of their con
stitutes requirements of this document. For dated references, only the cited edition app
undated references, the_latest edition ¢f-the referenced document applies, including
ndments.

br in single phase systems under non-sinusoidal conditions

Terms and definitions

[eSSesS:

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

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

ical
two
hds.

nms

i for power quantity assessment in fluctuating loads, for example inthe context of the EMC

e of
that
the

itent
ies.
any

TR 61000-1-7:2016, Electromagnetic compatibility (EMC) — Part 1-7: General — Pgwer

the purposes of.this document, the terms and definitions given in IEC TR 61000-1-7 agply.

and |EC maintain terminological databases for use in standardization at the following

4

General

IEC TR 61000-1-7:2016, 3.1, defines the root-mean square (RMS) value of a time-dependent
quantity as a positive square root of the mean value of the square of the quantity taken over a
given time interval.

IEC TR 61000-1-7:2016, 5.1.4, further states that the RMS value of the voltage U (current 1) is
defined as the positive square root of the mean value of the square of the voltage u(?) (current

i(1))

taken over an integer number of periods kT of the AC power supply system:


http://www.iso.org/obp
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- iTTT[u(t)]z dt (1)
kT
I= iTTT[i(t)]z dt (2)
kT

T

where

T |is the reciprocal of the reference fundamental frequency;
k |is an integer number;
7 |is the time when the measurement starts.

Simjlarly, the active power is defined in IEC TR 61000-1-7 as the mean valu€, taken ovef an
integer number of periods kT, of the instantaneous power p(¢) = u(t) i(?):

T+kT

1
P= 3
T ! p(y) dt (3)

In djgital instrumentation, the assessment of the RMS valug of voltage or current is performed
by f|rst obtaining the squares of the sampled values ofthe signal. Similarly, for the assessment
of gctive power the products of each pair of the instantaneous voltage u(#) and currenf i(z)
samples are obtained. Then the instrument performsthe integration of the squared or multidlied
san|ples over the measurement time interval. To-adhere to IEC TR 61000-1-7, the measurement
timg interval is normally set to an integer multiple of the period of the power system fundamegntal
frequency, but many instruments permit the.user to select arbitrary time intervals. Further| for
AC power systems, such as 50 Hz or 60-Hz public supply networks, the values of non-agtive
power and apparent power can be defived from the obtained RMS values of current, volfage
and|active power.

For|a sinusoidal signal, the multiplication of voltage and current, or the squaring opera:Lion,
givgs a function whose pefiod is half of the period of the sine wave. This function contaifps a
zerg-frequency (DC) component that is equal to the active power or the square of the RMS
valye. In addition to the\desired DC component, there is also an AC component at twice| the
frequency of the sine\wave that it is essential to remove, or at least heavily attenuate, to retrleve
the PC value.

Historically,(instruments for the measurement of power quantities were implemented ir] an
analoguesform, using certain characteristics of thermal, magnetic or electrical componentg. In
moVing iton meters, for example, the squaring step is realised through a magnetic force apglied
to g 'vane made of iron. This magnetic force, proportional to the square of the current, is
generated by a current flowing in a coil. When measuring a sinusoidal signal, the force oscillates
at twice the frequency of the sine wave and causes the vane with its attached pointer to vibrate
at the same frequency. To produce a stable reading, the assembly is mechanically damped (a
smoothing function). The damper is analogous to a low-pass filter, decreasing oscillations
caused by the alternating current. The measured RMS value is indicated on a non-linear scale
devised according to the electromechanical properties of the meter.

Since the RMS value of an electric signal represents a heating effect, another analogue
approach, implemented using thermal converters, is to heat a resistor (heater) with a voltage
or a current applied across its terminals. The heater temperature is then measured with a
thermocouple producing a DC voltage proportional to the square of the RMS current passing
through the resistor. The thermal medium of the thermal converter smoothes the temperature
measured by the thermocouple. Thus this thermal smoothing effect also behaves like a low-
pass filter.
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Further modifications of these techniques, with two coils (electrodynamic wattmeters) or two or
more thermal converters (thermal wattmeters and thermal power comparators), enable the
measurement of active power in stationary conditions.

In analogue devices the processed signal is smoothed with the internal time constant of the
meter, which allows for a steady reading of the result to be made for stationary input signals.
Even with fluctuating loads, when the needle of the meter is not completely stable, it is often
possible to determine the average value by observing where the variation is centred.

To obtain a similar result, the manufacturers of digital instruments usually add digital filtering
to their measuring algorithms, which helps stabilize and/or average the readings. In the simplest
fornr, the filtering is based on averaging over multiple periods of the signal. As the power sydtem
frequency is usually quite accurate, digital measurement instruments often use a constant
megsurement time interval corresponding to a multiple of the nominal period of the "pgqwer
system. For example, the 200 ms time interval specified in IEC 61000-4-7 correspond$ to
10 gycles of a 50 Hz signal and 12 cycles of a 60 Hz signal. Further filtering canbe obtained
by Using a digital implementation of the low-pass filter function. For example, in<lEC 61000t4-7
a loy-pass filter with a 1,5 s time constant was selected, partly because it reproduces the typical
behpviour of a moving coil instrument.

Wth the period of the signal does not correspond to the nominal 50yHz or 60 Hz power sygtem
frequency, readings from instruments that use a constant measurement time interval often show
fluctuating results. For example, multi-cycle symmetrical contrel (MCSC) used in water healters
produces current waveforms with periods that are longer than{the fundamental frequency period
of the power system voltage feeding the device. Additionally, these MCSC controls can yary
the control cycle from one instant to another as required,'t0 maintain water temperature umder
diffgrent flow conditions. Another example is fluctuating loads, such as refrigerators, where
compressor motors can be energised at random times, producing non-periodic currents. (It is
alsq noted that supply voltage frequency variations.are common, for example, in isolated pdwer
systems having no electrical connections to a large interconnected system, such as is common
in remote communities served by small genefation sources.

To gharacterise the performance of variods devices, many documents require the determindtion
of reference current or power. Additionally, for various voltage quality assessments, spegific
megsurement time intervals have been defined by IEC documents, such as half-cycle, 1D or
12 gycles for 50 Hz or 60 Hz power systems, 3 s, 10 min and 2 h.

Stable readings are often a prerequisite in order to obtain comparable results. In the casp of
fluctuating loads these are sometimes difficult to achieve using conventional voltage, curfent
and|power meters. In these situations the current and voltage can be recorded by data loggers
and| post-processed _Jusing, for example, spreadsheet software. Smoothing functions
corresponding to the fluctuation rates can then be implemented as required. As data logger
recardings are.often limited in their duration, fast-settling filters are desirable.

Thig document compares one averaging and one filtering algorithm used to assess the pdwer
quantities,for four typical groups of waveforms. For simplicity, the amplitude of the curfent
waviefarm used in the study was adjusted to give an RMS current of 1 A. The voltage was also

d' atad ot tha onneaneiotas 1oyl + abioin an ot n ~eaaar ~F ANN \AJ
a JLoLUu ar T appTropratcIeveT o ootanmT alrr aoctuv e pUwWCeT O ToU VvV,

5 Modulated sine waveforms used in this document to compare measurement
algorithms

5.1 General

For an ideal sine wave with constant amplitude and frequency, most measurement algorithms
would produce accurate results within the capabilities of the measuring instrument. The
situation becomes more complicated if the sine wave is randomly modulated and/or contains
distortion, as found in uncontrolled environments. Some examples of current waveforms
produced by real-life equipment that challenge the assessment of power quantities are
described in Clause 5. There exist even more complex situations that are not addressed in this
document.
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Half-wave rectification

020

Half-wave rectification occurs when the equipment is connected only during one polarity of the
cycle (e.g. the current of a hair dryer, illustrated in Figure 1). In this case there are, in principle,

two

possible measurement time intervals of interest.

The half-wave rectified current waveform is asymmetrical with a period of around 16,667 ms in
a 60 Hz power system. Therefore, the first appropriate measurement time interval to select is
one or more whole cycles of the power line frequency. If the current varies, a stable
measurement can only be obtained, if desired for the application, by the use of a measurement

time

interval containing a larger number of periods.

Sec
flick]
med
pow
the

5.3

Full
inte
pea
nuni

For
full-

pndly, to assess instantaneous voltage fluctuation d(z), as required by IEC 61000=4-11
er assessment, the measurement time interval should be equal to one half-cycle. W
surement of the power of this waveform in half-cycle intervals is not usually usedfor gen
er quantity assessment, the analysis of this waveform over a half-cycle interval can high
heed for correct synchronisation for the averaging measurement algorithm
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Figure 1 — Typical resistive load current and supply
voltage 'waveform of half-wave rectification

Full-wave rectification

Lwave rectification.is used in DC power supplies of various common electronic devices
resting feature ‘of these power supplies is the concentration of current conduction near
k of the voltage. When the energy is concentrated in a small part of the period, a la
ber of samples covering that part is required to reduce the instrumental errors.

the ‘purposes of this document, voltage and current in a real item of equipment baseq

for
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wave rectification were measured using a 100 kHz sampling frequency. The results vy

then normalised to give an RMS current of 1 A and a power of 100 W (see Figure 2).
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Multi-cycle symmetrical control

IEC

Figure 2 — Typical full-bridge rectifier current and supply voltage waveforms

multi-cycle symmetrical control (MCSC) technique enables).regulation of the pdwer
ered to a load. An MCSC circuit connects or disconnects the load for one or more
s of the power system frequency. Two basic patterns, which can be combined to give other
form patterns, are illustrated in Figure 3. In the first pattern the load is connected dufring

alf-

one| half-cycle per each three consecutive half-cycles of the mains frequency. This pattern is
called 1/3 MCSC. Conversely, in the second pattern.the”load is connected during two half-

cycl

s per each three consecutive half-cycles. This i§'the 2/3 MCSC pattern. Other commpnly

usedl patterns are 1/2 MCSC and 1/5 MCSC. Here“'symmetrical" means that there is an equal

number of half-cycles in the positive and negatjve\parts of the repeating waveform pattern;
is necessary to avoid direct currents (DC), which“are undesirable for distribution systems.

this

Each of the two patterns illustrated in Figure 3 is periodic, with a period equal to three cyfles
of the mains frequency. Equipment coftrolled by MCSC can produce varying currents haying

lond

periods, up to several seconds, with intermediate constant power levels for fractions of the

overall control cycle. As patternsiatre combined to maintain the desired temperature, control

cycles can vary from one second to the next. Only the two basic patterns are studied in

this

document with the aim of\ishowing how these signals can be assessed with var|ous

megsurement algorithms.
A --- Voltage) * — Current A --- Voltage — Current A
800 4 200 : a
600 | \ ~ e - 3 150 {1 B
I ; Ly N S I P PN P o : :
_ |400 +; e a— T S 2 _ 00 [ AT A T AT A 0
Sheo N T L S S AN NN L EE
0 A Y N T L ) Qv AU IR O U A U g
2| 0 —t— 0g 2 O — — T D&
%_200 \ / ." I" \ / 1 g % -50 / L % ¥ / \‘ ," \ "_1 ’:CS
> 1/ ;L \/ o > /i /. /|10
=400 V U, L -2 —=100 '.I ; T i —
-600 o - “1-3 -150 \’ , -3
-800 ‘ ‘ ‘ : ‘ 4>  -200 : ‘ ‘ : ‘ 4
0 002 004 006 008 01 012 0,02 004 006 008 01 012
y Time (s) y Time (s) y
IEC IEC
1/3 MCSC 2/3 MCSC

Figure 3 — Current and voltage patterns in an MCSC circuit,
(left) 1/3 MCSC and (right) 2/3 MCSC
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5.5 Random on-off control

Some control circuits, such as those used in thermostats, turn equipment on and off during
several seconds as required by their application. For example, a high-pressure die-casting
machine in an industrial environment would typically turn its motor on for approximately 20 s
during the moulding process and then disconnect it until the start of the next process. Other
examples include refrigerators and older air conditioning systems with motors energised at
random times.

When the application requires the measurement of an average power, or current, of such
devices over a long period of time, the 10 min averaging technique suggested in
IEC|61000-4-30 to obtain the power quantities at the point of common coupling (PCC) eca be
sufflcient. To illustrate both algorithms described in Clause 6, a 50 Hz current with!per|ods
randgomly varying between 1 min and 2 min was artificially generated. Figure 4 shows the RMS
valyes of a signal alternating between 0 A and V2 A, the average of which gives aresult of{1 A
when evaluated over 30 min intervals, assessed using 10-cycle contiguous RMSWwindows.

L A

1’4 —f— m e 1 — — ™ ey ge— — — — — —L;— — —

0123 456 7 8 9 10111213 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Time (min)
IEC

Figure 4 — Amplitude of 50 Hz current with on and off periods varying
within a 1 min to 2 min range

6 |Measurement algorithms

6.1 General

The| focus:is set on two very commonly used groups of smoothing algorithms, averaging jand
filtefing ‘algorithms. Numerous filtering algorithms exist, but it is not the aim of this document to
covenall of them. Instead, the aim is to explain the limitations of the two major aIgothhm
categories.

6.2 Averaging algorithms
6.2.1 General

Digital measurement systems approximate the integral in the definition for active power in
IEC TR 61000-1-7, by summing the instantaneous power samples obtained during the selected
measurement interval. The sum is then divided by the number of samples N contained in the
measurement time interval NAz. The result is a time-dependent function which is the average of
the instantaneous power samples over the selected measurement time interval. A similar
algorithm is used for calculation of the RMS values of voltage and current.
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averaging algorithm returns a constant reading. In many other-cases, when the en¢
ained within each measurement interval is not constant, the averaging algorithm refl
by returning fluctuating readings.
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mple, by insufficient number of samples N, the ‘averaging algorithm always returns a
e of the average energy contained in the measurement period. Therefore, when the si
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a sliding window, applied with different measurement time intervals and var
chronization with the measuréd ' signal. Generally, an instrument based on the avera

e instrument contains equidistant samples taken from the curves shown in Figure 5.

re 5 shows how_the*averaging algorithm calculates the RMS current values of a 5(
and then falling’to a peak value of 1,13 A (RMS value of 0,8 A). When the measuren
A in a half-cycle. It also reduces from 1 A to 0,8 A in a half-cycle. Similarly, when Forn

s used:o’compute the RMS values over 1 cycle and 10 cycles, the rise and fall times
ectively 1 cycle and 10 cycles.
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rithm produces only one value per assessed measurement time interval. Thus the ouftput
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Fval, contaifing N samples, equals one half-cycle, the output of Formula (6) rises from zero
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Figure 5 — Step response of an algorithm in Formula (6) with a half-cycle,
1-cycle and 10-cycle measurement interval

As g¢an be seen, averaging is very accurate for the determination of the-RMS value of a peripdic
and|sinusoidal waveform provided the samples contain an integer nUmber of cycles. The reqults
are pvailable immediately upon completion of the measurement interval (10 ms for a half-cycle,
or 200 ms for the 10-cycle average).

Thelmeasurement time interval equal to one half-cycle is Gsed to analyse the fast fluctuation of
voltages in the context of the directly measured parameters d., d(t), dyax and T, When

performing flicker assessment. For this reason) YEC 61000-4-15 specifies a half-cycle
megsurement between zero-crossings of the voltage.

In the extreme case, when the measurand is~a-half-wave rectified waveform so that a half-cycle
megsurement interval is mandatory, the synchronization of the measurement interval with|the
zerg-crossing of the signal is very impgortant, as the measurement interval is only half off the
actyal period of the current. If the m&asurement time interval is exactly synchronized to start
and|end at the zero-crossing of the(voltage, the calculated values of the RMS current and agtive
power alternate between 0 A and™1 A, or 0 W and 100 W, respectively, for the consecytive
valyes calculated at the end-of\the measurement interval. The sliding average shown in Figure
6 giyves these values at time_instants indicated by circles.

In cpntrast, if the measurement time interval is synchronized to end at the positive and negdtive
peaks of the voltage, then the RMS current and active power calculations produce consftant
valdes of 0,707.A.and 50 W, respectively; this can be seen, for example, at time instants of
5 mp and 15 ms-which are indicated by triangles in Figure 6. Between these two extreme cgses
of synchronisation, fluctuating values that are neither zero nor 1 A or 100 W are observed.

Thefefore, when measuring signals based on half-wave rectification, a measurement intgrval
equ%mm%mbﬁ_.
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Figure 6 — RMS current and active power for half-wave rectification

selection of the measurement time interval becomes even more(critical for assessing

ces with a heating element such as water heaters. As shown in 5.4, the 1/3 and 2/3 M(
erns have a period of three cycles of the fundamental ,mains frequency. Therefore,
gy consumed over one cycle is not constant. Selecting a\tm€éasurement interval of one ¢

esponding to the average power of the device ovetrthe MCSC period. MCSC devices
e different patterns within one device. For example, for a ceramic hob with a six-pos
rol, the control period can be longer than 3 cycles. When the selected measurement
(val is not equal to one or more of the control periods of the current, fluctuations in

bss pure 1/3 or 2/3 patterns can have about 15 % peak-to-peak variation; see Figure 7
re 8.
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Figure 7 — Sliding average RMS current and active power
of a device controlled with a 1/3 MCSC circuit

NOTE Figure 7 shows the different results for 1-, 3- and 10-cycle measurement intervals.

If all consecutive results from the sliding 10-cycle average measurements are smoothed with a
1,5 s low-pass filter, the peak variation of the filtered active power estimate is less than 0,03 %
from the nominal value of 100 W. IEC 61000-4-7 recommends that the signal to be filtered is
not the sliding average that is calculated after measuring every new sample but the average
value updated after each measurement time interval, that is, one measurement per ten periods
of 50 Hz or twelve periods of 60 Hz. When these values, having a 200 ms averaging interval,
are filtered by the 1,5 s low-pass filter, variation up to 1 % is possible as shown in Figure 8.
Therefore, the sliding average with a 1,5 s smoothing filter is more appropriate for the
measurements of MCSC waveforms.
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Figure 8 — Worst case 1/3 MCSC circuit active power calculation variation

situation with the 2/3 MCSC is similar to that with 1/3 MCSC-but the variations wi
ycle measurement interval are about half of those in the 1/3"MCSC case. Table 1 sh
calculated power values for consecutive measurement windows for the 2/3 MCSC in a 5(

sysfem. As the name implies, the control turns the power "otfor 2 out of every 3 half-cyd

So,

non
diffe
app
theg
med
med
half
the

the

for a 30 ms measurement window, consecutive windews show the exact same value.
tmultiples of 30 ms, consecutive measurement windows show different values, with
rences decreasing as the measurement window becomes longer. When averaged
roximately 10 s, the calculated power value“shows negligible differences versus
retical average power, irrespective of ,the* measurement window. For the 200
surement window in accordance with IEC-61000-4-7, the power over two consecy
surement windows differs by 7,692 % simply because one 200 ms window includes
Lcycles that are "on" while the next one includes 13 half-cycles that are "on". Much like
1/3 MCSC, the 1,5 s smoothing filter'would largely remove the differences, approximg
power over the MCSC period.

Table 1 — Calculated power of 2/3 MCSC for different measurement windows
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Power calculationfor 2/3 MCSC pattern with nominal 100 W (100 % "on") power

hdow time T power power consecutive (difference %) time windo
(ms) (W) (W) windows between over 10 s|

(W) consecutive (W)

windows

pasurement Minimum Maximum Average of two Delta Average ofFII

30 666,667 666,667 666,667 0,000 666,667

50 600,000 800,000 700,000 33,333 666,700

60 666,667 666,667 666,667 0,000 666,667

100 600,000 700,000 650,000 16,666 7 666,700

180 666,667 666,667 666,667 0,000 666,667

200 650,000 700,000 675,000 7,692 666,675

300 666,667 666,667 666,667 0,000 666,667

1000 660,000 670,000 665,000 1,515 666,670

3 000 666,667 666,667 666,667 0,000 666,667

All examples presented so far assume that a constant period of the signal exists, allowing the
selection of the measurement time interval to be exactly one or more control periods to assess
accurately the values of power quantities by averaging the samples. When the control circuit
randomly switches the load on and off, no particular period can be identified. One approach is
to calculate a 10/12-cycle interval average and process the obtained power quantity values
using the 1,5 s low-pass filter as recommended in IEC 61000-4-7.
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When the operation sequence of the device contains several states, the value measured with
the averaging algorithm in 10/12-cycle intervals simply follows the variations illustrated in Figure
5 with a time constant of about 83 ms. If the goal is to estimate short-term values, then the 1,5 s
filtered or a non-filtered measurement can be suitable. However, this time constant is not
sufficient to average the effect of equipment that has a longer time constant. In this case, a
longer measurement time interval is required. In the context of EMC, IEC documents propose
to use a time interval between 10 min and 2 h, depending on the relevant type of equipment.
For example, refrigerators with a variable speed drive, tested according to IEC 61000-3-2,
require an observation time of 1 h. Whilst this is done mainly to accumulate sufficient statistical
data on the harmonic emissions, longer time intervals also help in averaging the power.

Consider a current continuously fluctuating with a period of 92 s. The 10 min interval(w

con
suc

N 10 min intervals varies within £7,3 % of the average value over the 92 s period,depen

on the synchronization of the measuring interval (see Figure 9).

If th

Figyre 4, the 10 min measurement time interval can include fractional\fluctuating peri
Subisequently, the measured active power values produced by this fluctuating current are likely
to dlso fluctuate up to about +10 % of the average value calculated‘over the whole 120

buld

ain about 6,5 of these periods. In this situation, the average of the samples contained in

ling

e period of the RMS current fluctuates randomly between 60 s and 120 s, as showp in

hds.

min

intefval (see Figure 10). Thus, in the worst case, two 10 min measurements could diffef by
20 %.
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Figure 9 — Example of a 10 min sliding average
power calculation for a load having a 92 s period
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Figure 10 — Active power of randomly fluctuating
load averaged over a sliding 10 min interval

To assess the power produced by the fluctuating current shown in Figure 4, the measurement
timg interval for the averaging algorithm needs to exceed 15 min toyensure that the measyred
actiye power variation is within 5 % of the average value calculated over the whole 120[min
intefval.

6.2.3 Instrumental errors of the averaging algorithm

In all examples so far, the frequency of the power supply voltage was assumed to be nonjinal
and| the measurement time interval was selected according to this value (i.e. negligible
instrumental errors). In practice the period of the mains frequency varies slightly over time.
Accprding to IEC 61000-4-7, the total measurement time interval for assessing harmopics
neefs to be matched to the period of the peweér system with an error of less than 0,03 %,| but
such tolerance is not required for power guantity assessment. For that reason, this document
verifies the impact of imperfect synchronization when assessing power quantities.

When the sampling frequency is‘constant, the number of samples in the averaging ig, of
necessity, adjusted in order toloebtain the precise measurement interval. This process |can
reqyire a high sampling frequency to provide sufficient resolution to keep the interval durgtion
errgr below 0,03 %. For example, a sampling frequency of 200 kHz, giving one sample per § ys,
is aflequate to assess _an interval of 16,667 ms with an error less than 0,03 % (5 pys/16 66} us
= 0,03 %). When power quantities are assessed over longer intervals such as 200 ms,|the
sampling frequency ¢an be reduced. This allows up to twelve missing samples for a samgling
frequency of 200%kHz or one missing sample for a sampling frequency of 16,667 kHz.

Zero-crossings of the signal are often used to synchronize the samples in the searched intefval.
Other, more complicated algorithms such as a best fit of a sinusoidal function, are also common.
The| zero-crossing technique works well for a pure sine wave. Distortion in the signal,
particy A Lctuating amplitudes alters the «Wa

finding the exact location for the measurement time interval. For this reason, filters can be used
to reduce distortion prior to finding the zero-crossing. Unfortunately, these filters also add
delays. A zero crossing found after the filtering step gives a correct duration of the measurement
time interval but the start time of this interval is no longer correct due to the delay.
Consequently, the start of the measurement interval is not necessarily synchronized with the
real zero-crossing of the fundamental frequency signal. In some cases, this delay can affect the
assessment of power quantities, particularly with half-wave rectification as shown earlier.

Another approach is to use a phase-locked loop (PLL) multiplier to maintain a constant number
of samples in each measurement interval and adjust the sampling frequency to match a whole
number of periods. The PLL multiplier multiplies the incoming fundamental frequency by a given
ratio, and allows synchronous sampling, although the synchronicity is not necessarily
guaranteed on a cycle-by-cycle basis. In real life situations, when large distortions or phase-
shift jumps take place during network disturbances such as short circuits, even a perfectly
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designed PLL can sometimes fail to ensure synchronization. In the worst case the PLL can "lose
lock", thereby causing the obtained data to be erroneous until synchronization is successfully
restored.

In the case of the full-wave rectifier current waveform shown in Figure 11, the measured values
of the RMS current and active power are 1 A and 100 W, respectively, when the measurement
time interval is exactly equal to one or multiple cycles; see the case of 3 329 samples shown.
However, the error in the assessment of power quantities increases when the time interval
differs from the period of the assessed signal. This error is more pronounced in the assessment
of active power. If the measurement interval of the instrument is within 0,03 % of the S|gnal
peri
made over several cycles, this error becomes smaller as the absolute number of unwanted
samples remains constant, and the average is taken over a larger number of samples-

— RMS of 3 329 samples * RMS of 3 328 samples = Active power of 3 329 samples (period ertor = 0 %)
- - RMS of 3 327 samples --- RMS of 3 326 samples Active power of 3 328 samples (period’error = 0,03 [%)
— Current -- Active power of 3 327 samples (period error = 0,06 [%)
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Figure 11 — Sensitivity of the full-bridge-rectifier RMS current and active power
measurement to time interval error.ef.single-cycle sliding average calculation

6.3| Smoothing filter algorithm
6.3.11 Frequency and step response

Thelsmoothing filter algorithm.differs from the averaging algorithm by its filtering stage. Instead
of calculating the average ‘of the obtained samples, the filter algorithm aims to decrease|the
varigtion of the measurement results by applying a digital low-pass filter to each consecytive
samnple, smoothing themrsimilarly to the mechanical damper in an analogue meter. While a well-
des|gned smoothing ‘algorithm, adapted to the application, gives practically the same valug for
a cgnstant periodicsignal as the averaging method, there are significant differences when| the
signal is not constant or periodic. However, the smoothing filter is not suitable for measuring
rapid fluctuations in the observed signal.

The|traditional moving-iron meter requires several seconds before the reading settles. For gasy
visuahreading of the output of the meter, a damper with a time constant of about 1,51s is
sufficient. As shown in Figure 12, it takes 10 s for a first order filter with a 1,5 s time constant
to reach 99,88 % of the step value. Further, about 0,1 % peak-to-peak ripple due to the high-
frequency components of the squared sinusoid is still present in the output of the filter.

Modern instrumentation, implementing higher-order digital filter algorithms, makes it possible
to achieve a stable output within a few cycles and substantially attenuate the unwanted
frequency components, as demonstrated by the time-response curve of a 10th order filter shown
in Figure 12.
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Figure 12 — Comparison of the first and the 10th order filters
used to estimate RMS current of a step signal
A properly designed low-pass filter has sufficiently low attenuation of the signal below the [cut-
off frequency, whilst above this frequency the attenuation rapidly increases. One frequently-
usefl type of low-pass filter is the Butterworth filter. The frequency response of a 10th ofder
Butierworth filter with the =3 dB cut-off frequency set t6,10'Hz is shown in Figure 13.
As ¢an be seen from Figure 13, the 10" order. Butterworth filter has very rapid attenugtion
beypnd its cut-off frequency. However, the step response of a Butterworth filter contains
oscillations, as shown in Figure 14 for a Butterworth filter with a cut-off frequency of 60 Hz
- - Smoothed low-pass filter — Butterworth low-pass filter th )
______ 40 ms average ——— Butterworth 10™ order filter (cut-off frequency 60 Hz
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Figure 13 - Filter frequency responses Figure 14 — Filter step responses

To obtain a step response that is more suitable for smoothing fluctuating signals, a filter with a
smaller overshoot in the step response is needed. The frequency and step responses of one
such filter, having the same cut-off frequencies as the Butterworth equivalent, are also
presented in Figure 13 and Figure 14, respectively. This 10t order smoothing filter is studied
further in this document and its detailed description is given in Annex A.

The cut-off frequency of a smoothing filter has a similar role to the measurement time interval
in the averaging algorithm. In order to get fast settling and stable readings, the cut-off frequency
is selected according to the period of the measured signal.
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However, the selection of the cut-off frequency is not as critical as the selection of the
measurement interval. This can be seen from Figure 13, where the frequency response of an
averaging algorithm with a 40 ms measurement time, which has roughly the same cut-off
frequency at -3 dB, is also shown. Although the averaging has excellent attenuation for signals
with a period equal to an integer fraction of the measurement interval, the attenuation is quite
poor between these frequencies. On the contrary, the attenuation of the low-pass filters is high
for all high frequencies. Thus low-pass filters can give stable readings for both fluctuating and
unsynchronized signals. However, in doing so, the filter method deviates from the definitions in
Formulae (1) to (3) in that the integration time is not a discrete period. Therefore, the filter
algorithm can only give an approximation of the measured power quantity, albeit the uncertainty
of this approximation can sometimes be low. Furthermore, in the case of fluctuating and
unsynchronized signals, the filtering is only effective in assessing the average values of-tHese
sigrlals and not the fluctuation itself. This is examined in detail in 6.3.2.

As a guide for selecting the cut-off frequency f, of the smoothing filter under congideration | the
follqwing formula has been used, where T is the period of the measured signal:

s 8
f‘"’S3T (8)

Thug, for example, in the case of sinusoidal 50 Hz signals the cut-off frequency for RMS value
and| active power determination should be less than or’equal to 16,667 Hz. For spme
applications, very different values of cut-off frequency are:required. For example, some off the
resylts presented further in 6.3.2 were obtained with & much lower cut-off frequency, such as
0,091 67 Hz in Figure 21. Therefore, as in the case<of,the averaging algorithm, knowledge of
the measurand helps in selecting the most appropriate filter parameters and in interpreting| the
resylts.

6.3.2 Verification of the smoothing filter-algorithm

With the 50 Hz sinusoidal signal showngin'Figure 15 the active power calculation smoothed with
a 10th order filter described in Annex"A, designed for fs = 100 kHz sampling frequency |and
16,8667 Hz cut-off frequency, folléws closely the amplitude change in the current. The step
response of this filter has about'a one-period delay time and about a two-period response fime
to 9D % of the steady state yalue, as illustrated in Figure 16. The settling time to 99,95 % of| the
stegdy state value is about three periods.
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Figure 15 — Output of the 10th order smoothing filter used
to calculate the active power of a signal with a step change
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Figure 16 — Delay and response time of a 10th order filter used
to assess the sinusoidal current of a sinusoidal waveform

When compared with the results of the averaging algorithm shown_in(Figure 5, it is clear fthat
with perfect sinusoidal signals the averaging algorithm is able to giveexact results much faster
than the smoothing filter, as the averaging time can be set as low as half the period of| the
current without violating the power quantity definitions. Of codrse, if the averaging period i set
to 1|0 cycles, such as is the case for the 200 ms measurement interval in IEC 61000-4-7 [ the
averaging is significantly slower than the filtering.

Further, even though the 10t order smoothing filtet’attenuates the ripple of the instantandous
power considerably, it still leaves a frequency component with about 0,025 % amplitude for the
cas¢ shown in Figure 16. The averaging wouldtheoretically, remove all fluctuations.

The| above rule to choose the cut-off frequency to be the inverse of three periods assumgs a
symmetric waveform that, once squared, has twice the frequency of the input signal. [The
squaring of the half-wave rectified curkent does not double the frequency. Consequently, fol the
halffwave rectification case the scut-off frequency should correspond to at least five bpsic
peripds. Thus for a 50 Hz power-system the cut-off frequency could be less than or equal to
10 Hz. As shown in Figure 17,-the active power values obtained using the filtering algorithm
withl the 10 Hz cut-off frequency oscillate around the average value with an amplitud¢ of
10,06 %.
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Figure 17 — Measurement of the current and power of a half-wave rectified
signal using a smoothing filter with a 10 Hz cut-off frequency

In case of full-wave rectification, the power quantities can be successfully assessed using a
16,667 Hz cut-off frequency. The remaining unfiltered signal gives an oscillation up to £0,05 %
of the average power over one cycle, as shown in Figure 18. Since the filter needs several time
constants to settle, the filter algorithm is not ideal for assessing signals that vary within the
cycle.
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Figure 18 — Power quantities in full wave rectification assessed using'a
smoothing filter with 16,667 Hz cut-off frequency
The| MCSC waveform is similar to the full-wave rectified waveform excepf*that the period is
of

threle times longer. The period of the current is 60 ms, thus requiring a.cut-off frequencly
oximately 5,556 Hz. When selecting this frequency, the measured"values of active pqwer

appr

remgpin within £0,05 % of the average (see Figure 19). It is important'to note that this level of

accuracy can be reached regardless of the variation in the mains<frequency and without|t
neef to synchronize the measurement. By slightly decreasing the cut-off frequency to 5 Hz

he

the
the

fluctuation of the filtered active power result can be further reduced to about £0,02 % but af
expense of a slightly longer delay.
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Figure 19 — MCSC 1/3 pattern power quantities filtered
with approximately 5,556 Hz cut-off frequency

vas the case'with the 10-cycle averaging algorithm, the deviation produced by a smooth
- also reduces by half when the MCSC has the 2/3 pattern.
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same as a sliding average of 10 cycles.
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For signals with very long periods, the cut-off frequency can be decreased accordingly.
Figure 20 shows an example of the fluctuating power of the 92 s periodic load, shown earlier in
Figure 9, smoothed with a 0,001 67 Hz cut-off filter. As can be seen, the response time of the
smoothing filter is similar to that of the 10 min sliding average. However, the variation of the
power calculated by the smoothing filter is only 0,015 W. For comparison, the worst case
difference in the successive average values of power, computed for each 10 min interval, can
be as high as about 13 W. At the same time, the average power values of the same signal
calculated over a 30 min period is constant.
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It is important to note that although the averaging algorithm with a 92 s measuring time interval
would give an exact average value without any fluctuations, the increase of the time interval to
10 min (600 s) still gives fluctuating results in spite of the approximately six times longer
averaging time. Thus, if the period of the load variation is not accurately known, which is rather
common, it is usually not practical to increase the averaging time interval to such extent that it
reduces the variation of the measured results. Minimizing the fluctuations by finding an optimum
measuring time interval by trial and error is usually tedious. With the smoothing/filtering
algorithm demonstrated here, decreasing the cut-off frequency always reduces fluctuations and
no accurate knowledge of the period is needed.

— Filtered power - Sliding average power = = 10 min average power
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a rgndomly varying load it is quite straightforward to select such a cut-off frequency that
mple, preserves low frequency load variation but filters away the higher frequencies cau
andem, on/off control. With the averaging algorithm, the measured low-frequency
hgés-are significantly influenced by the random higher frequencies when they are
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Figure 20 — Active power of a load having a 92 s period
measured with different algorithms

re 21 shows the fluctuating-signal of Figure 4, with periods randomly varying between 1
2 min, smoothed with\an 0,001 67 Hz cut-off filter. For comparison the sliding 10
age value from Figure 110 is also shown. As can be seen, the peak-to-peak fluctuations
roximately halved-

lighted by Figure 13, not located close to frequencies that are the inverse of

measurement time interval or a multiple of it.
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each a more_ stable value, the cut-off frequency can be decreased further. Thus, in case of
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Figure 21 — Active power of randomly fluctuating load measured
using different algorithims

3 Instrumental errors of the filtering algorithm

n the case of the averaging algorithm, the implementation of the filter algorithm can

rise to instrumental errors. The parameters-of the filter depend critically on the preci
e calculation. If the size of the digital word’is too small for the required precision, the er
to rounding can become significant. “They can result in slight changes in the cu
uency or, more importantly, in a wrong value of the DC component, which directly aff
result.

se effects happen, particularly, when there is a high ratio between the sampling freque
the cut-off frequency.” In the filter described here this ratio can re
kHz/0,001 Hz = 1 x 108:

refore, to obtain.the maximum benefits of the filtering algorithm, its practical realization
ire significant ‘hardware investment, such as an advanced processor with 80-bit flog
bers. Simpler‘devices with a 32-bit floating arithmetic or, worse still, an integer or f

hlso
sion
rors
t-off
ects

ncy
ach

can
ting
xed

t arithmetiC can cause dramatic instrumental errors. Annex A addresses this issue in mpore

7

IConclusions

The averaging algorithm measures the power quantities according to the definitions in Clause
4 and always returns the value of the average power over the chosen measurement period. It
is particularly useful when the measured signals are perfectly periodic, such as the voltages
and currents usually measured in 50 Hz and 60 Hz power systems and when the measurement
window includes one or more integer cycles of the fluctuating power. With such signals the
averaging method is able to give exact results and the averaging time, i.e. the measurement
window, can be set as low as half the period of the measured current and voltage without
violating the power quantity definitions.
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020

In practice the measured electrical power quantities often contain distortion and load variations
that are not synchronized with the power system frequency, thus they tend to cause fluctuations
in the measured values. For that reason, many applications, such as those for harmonic
emissions in accordance with IEC 61000-4-7, require attenuating these variations and specify
additional low-pass filtering. The drawback of the additional low-pass filtering is the long
response time due to the time constant of the filter.

The higher-order smoothing filter described in this document does not need to be synchronized
to the power supply frequency, but, for best performance its cut-off frequency is adapted to the
modulation frequency and other parameters of the measured signal, as highlighted

The

eve a response time that is similar to the time used for the average calculation. How
smoothing filter is not suitable for measuring rapid signal variations. Strictly speakin
5 not comply with Formulae (1) to (3) of Clause 4 because it does not allow the assess
ower quantities over a given measurement interval. Nevertheless, even without the e
vledge of the period, the method can produce an accurate estimate of the power quan

implementation of the averaging according to Formulae (4) to (7), requires the avera

to match closely one or more cycles of the signal frequency as defined.in IEC TR 61000-
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sequently, the measurement instrument needs to accurately assess the mains frequs
continuously adjust the sampling frequency or the numbger<{of samples to obtain

ires more complex and, generally, more precise calculations. For example, the smoot
r algorithm presented takes about 20 times more memory and requires the calculatio
ut 40 times more arithmetic operations than the calculation of the average.

ough the proposed smoothing filter algorithm i’ more complicated to implement than
ulation of the average, it does not require exact knowledge of the signal period and
5 not need phase locked loops or other mé&ans to synchronize with the measured sign
refore, the higher order smoothing filtet> method can be used to assess signals
omly fluctuating signals. Generally, the-filter method is appropriate and helpful, when
pff frequency of the filter can be specified for the actual application. If the switc

freitjency of the load or the disturbance frequency is three or more times higher than the

equency of the filter, reasonable results can be expected.

hchieve optimal results, the’selection of both the measurement interval for the avera
surement and the time econstant of the filter depends greatly on the parameters of the si
e measured.
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Annex A
(informative)

Smoothing filter studied in this document

Algorithm

Several low-pass filter types can be used for attenuating the AC components and obtaining the
DC level of a signal. The main criterion for the measurement of power quantities is the ability

of tH
siny
verq

The
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prog

The
resf
stag
app
freq
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soidal signal. Annex A gives one version of possible filter implementations, however-o
ions can also perform well.

-programmable measuring systems, or, when used to post-process measured data,

uced by spreadsheet calculations.

proposed 10t order low-pass filter with additional damping représents an infinite imp
onse type (lIR) filter. The version presented takes advantage of cascaded second-o
es to compose a multi-order filter. This type of filter is vefy popular in real-time proces
ications as it reduces the computing resources required,”particularly for demanding

nd the sampling frequency f; as input parameters.

Formulae (A.1) to (A.5) give the formulae for the-cascaded stages filtering the input signal
Thig signal can be the squared value of the voltage or the current or the product of each sample

of v
of e

ach stage being the input for the next stage. The last formula describes the filtered ou

signal X(z). When the input is the squared voltage or current, the square root of the output

give
the

putput X(z) directly gives the active power.

bltage and current. The same formula js~used for each second order stage, with the oultput

e filter to respond without oscillation to an amplitude step from 0 % to 100 % of a squared

ther

smoothing filter algorithm can be implemented in the firmware of measuring*instruments,

na

puter program or spreadsheet calculation. The examples shown inthis document Were

Lilse
rder
5ing
ow-

uency cut-off requirements. The filter coefficients are(Calculated with the cut-off frequgncy

().

put
X (1)

s the RMS voltage or RMS current. When the input is the product of current and voltage,

Thig recursive process computes the output X(z) for each sampling interval 4¢. The progess

star]
pre

The

ts with all W(t) values equal to zero. At each step, each consecutive formula re-uses
ious values of W(t) te compute the filtered signal X(z).

formulae are

Wot) = A, x(t)+2x (¢ - At)+x(1—2A1) |- (B, (1 - At)+ C, (1= 2A1)) ¢

the

A1)

Wy (1) = Ay | W, (1) +2W, (1 = At)+ W, (1 = 2A8) | = (B, (1= At) + C 7, (1= 2At))  (A.2)

Wy (1) = Ay | Wy (t)+ 21, (1= At) + W, (1 = 2At) | = (B, (1 — At) + C7, (1= 2A¢)) - (A.3)

W (1) = A, [ Wy () + 20, (1= At)+ W, (1= 2A8) | = (B, (1 = At)+ C, I, (1 —2Ar))  (A.4)

X (t)=As[ W (6)+2W, (1 = At)+W, (1= 2A1) |—(Bs X (1 - At)+ Co X (1 -2A1))  (A5)
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where
At = sampling time interval (s): Af =—
S
x(t) = input value at time .
x(t-At) = input value at time ¢-4¢
x(t-24¢) = input signal at time ¢-24¢
Wi, Wa(t), Wa(t), Wa(t) = intermediate values at time ¢
Wi(1-4t), Wy (t-At), Wy(t-At), W4(t-A1) = intermediate values for W(t) at time -4t
W\ (-241), Wy (1-241), W5 (1-241), W,(t-24t) = intermediate values for (1) at time ¢-241
X(1) = filtered value at time ¢
X(t-{1t) = filtered value at time ¢-4¢
X(t-RAt) = filtered value at time ¢-24¢
The| coefficients of the algorithm are defined by the following
27[\/§fc
=tan| —= (A.6)
/s
1
b= (13-2i) "
2 4 Dydin| LoD 14
4 Yy 20
_ 2
A =y°D, (n.8)
B,=2(y*-1)D, (A.9)
C((13=-2i)x
Cz‘ = V’z —ZW/SIn —( ) +1 D. (A}10)
20
where
i = running integer number between 1 and 5
y = additional damping factor = 1,036
J. = cut-off frequency (Hz)
fs = sampling frequency (Hz)
As an example of the calculation of the coefficients for the Formulae (A.1) to (A.5), let us

assume a 50 Hz signal sampled at 100 kHz. The fundamental signal period T is then 20 ms. In
order to obtain sufficient attenuation, a cut-off frequency corresponding to at least three signal
periods should be selected. Thus f, should be less than 16,667 Hz. With a 16,667 Hz cut-off

frequency, the filter parameters for a 100 kHz sampling frequency are computed as follows:
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