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Abstract: This paper presents an analysis of the effect of the sampling rate on the calculation
by a digital flickermeter of the flicker severity caused by phase jumps. The new edition of the
IEC 61000-4-15 standard includes an innovative test aimed at verifying that a flickermeter
works properly during a phase jump event. Since phase jumps are rapid angle changes, it
seems that a high sampling rate should be used by a digital instrument. This requirement
could be too demanding, so we have studied this hypothesis by defining three analytical signal
models. One is based on the characterization of ideal phase jump sequences and the other two
are based on the definition of realistic band-limited signals containing phase jumps. We found
that the minimum sampling rate necessary to pass that test is not as demanding as expected.
Practical experiments made by an actual generation and acquisition system confirm this
conclusion. A typical sampling rate of 3200 S/s, usually used in commercial flickermeters,
becomes clearly sufficient to pass the test. However, we give notice that passing this test
could not guarantee accurate results when the phase jumps are different from those specified
by the standard.
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Abstract—This paper presents an analysis of the effect of the
sampling rate on the calculation by a digital flickermeter of
the flicker severity caused by phase jumps. The new edition
of the IEC 61000-4-15 standard includes an innovative test
aimed at verifying that a flickermeter works properly during
a phase jump event. As phase jumps are rapid angle changes,
it seems that a high sampling rate should be used by a digital
instrument. This requirement could be too demanding, so we
have studied this hypothesis by defining three analytical signal
models. One is based on the characterization of ideal phase
jump sequences and the other two are based on the definition of
realistic band-limited signals containing phase jumps. We found
that the minimum sampling rate necessary to pass that test is
not as demanding as expected. Practical experiments made by an
actual generation and acquisition system confirm this conclusion.
A typical sampling rate of 3200 %, usually used in commercial
flickermeters, becomes clearly sufficient to pass the test. However,
we give notice that passing this test could not guarantee accurate
results when the phase jumps are different from those specified
by the standard.

Index Terms—Power quality, Flicker, IEC flickermeter, Phase
jumps, Pg.

I. INTRODUCTION

HE voltage of the electrical grid may change under the
influence of load variations or the generation system.
When the voltage variations are sudden and repetitive, they
are called voltage fluctuations and cause flicker phenomena
in lighting equipment. Flicker is understood as the sensation
experienced by the human visual system due to changes in the
illumination intensity of light sources caused by the voltage
fluctuations. A persistently varying illumination can cause
irritation in people and may lead to complaints. Therefore,
flicker is a perception problem and consequently it is difficult
to quantify. A flickermeter quantifies the discomfort suffered
by the human eye when subjected to a luminous fluctuation
of a reference incandescent lamp. The IEC 61000-4-15 stan-
dard [1] establishes the functional and design specifications for
a flickermeter, and defines the short-term flicker severity Pg;
as the fundamental parameter used to evaluate the discomfort.
Actually, the implementation of an accurate IEC flick-
ermeter is not an easy task and has recently generated a
large number of research works [2]-[4]. The IEC 61000-4-15
standard includes a performance testing section to evaluate the
implementation of the flickermeter. However, several works
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showed that different commercial flickermeters, designed ac-
cording to the IEC standard, provide different measurements
for the same input signal [5]. The CIGRE/CIRED WG2 on
voltage quality defined a protocol [6] based on a previous
work [7] to test the design in order to obtain reproducible
results in every flickermeter. From that protocol, the TF1
group belonging to the WG2 (voltage fluctuations and other
low-frequency phenomena) of the IEC SC77A subcommittee
has recently been working to update the IEC 61000-4-15
standard. The new IEC standard has been approved and is
due for publication in 2010 [8]. This new standard requires
more exhaustive operational tests to guarantee a consistent
design and obtain reproducible results in every implemented
flickermeter.

One of the new tests is intended to verify that the flick-
ermeter functions properly during a phase jump event. Phase
jumps can appear during the operation of an AC arc furnace;
at the switching of the power source and also due to a fault
in the feeder [6]. According to this new test, the flickermeter
should be tested with a sequence of phase jumps. As phase
jumps are rapid angle changes, a proper phase resolution, and
therefore a high sampling rate, seem to be unavoidable features
for a digital flickermeter. There are several previous works
analyzing the influence of the phase jumps on flicker [9], [10].
However, the sampling rate has not been a key factor in those
studies. Only a recent publication [11], used as the reference
work for this new test, established a minimum sampling rate of
36% for 230 V/50 Hz systems in order to provide an accurate
P,; measurement for flicker caused by phase jumps.

In view of the publication of the new edition of the IEC
standard, it is relevant to explore the sampling rate required
by the phase jump test for a commercial IEC flickermeter.
The current work details the minimum sampling rate needed
to obtain accurate results for this test. The results were ana-
Iytically and experimentally obtained. We used an analytical
band-limited signal model for the sequence of phase jumps that
characterized the actual signals that a calibrator could use in
a very accurate way. From this model, the minimum sampling
frequency required for this new test is not as demanding as
essentially defined by [11] for flicker caused by phase jumps.
Nevertheless, when the minimum sampling rate provided by
our work is used for phase jump events different from those
specified by the standard, the results are not so consistent.

In the remainder of this paper, Section II briefly introduces
the IEC standard [1] and the definition of the new operational
tests, detailing the main specifications and requirements for
the phase jump test. This section also describes the imple-
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Fig. 1. Block diagram of the IEC flickermeter according to IEC 61000-4-15 [1].

mentation of the reference flickermeter used in this study.
Section III presents the need for using a band-limited model
for the sequence of phase jumps and details our simulations for
analytically generated signals based on that model. Section IV
confirms the previously simulated results through experiments
made with an actual generation and data acquisition system.
Section V contains a critical discussion of the results, with
conclusions being stated in Section VI.

II. DESCRIPTION OF THE IEC FLICKERMETER

This section introduces the specifications of the instrument
defined by the IEC standard [1] and describes the implemen-
tation of the reference flickermeter used for the simulations
and experiments. Another subsection briefly defines the new
operational tests, detailing the main requirements for the phase
jump test.

A. Implementation of a reference IEC flickermeter

Fig. 1 shows a block diagram of the IEC flickermeter
according to the standard IEC 61000-4-15 [1]. In Block 1,
the input voltage w(t) is scaled to an internal reference value
to make flicker measurements independent of input voltage
level.

In Block 2, the scaled input voltage wu;(t) is demodulated
by means of a squaring multiplier. Block 3 comprises three
cascaded filters. The first two filters complete the demodula-
tion process and consist of a 1%‘-order high-pass filter (3 dB
cut-off frequency f., = 0.05 Hz) and a 6'"-order low-pass
Butterworth filter (3 dB cut-off frequency fc,50 = 35 Hz for
50 Hz systems and f., 60 = 42 Hz for 60 Hz systems). The
third filter is a band-pass filter that models the behavior of the

lamp—eye system. The analog response of this filter is given
in the standard for both 230 V and 120 V reference lamps.
The output of Block 3 is u3(t), which represents the weighted
demodulated voltage-change signal Py;,.

Block 4 implements an eye-brain model. It includes a
squaring multiplier followed by a sliding mean filter, hav-
ing the transfer function of a 1°t-order low-pass resistance—
capacitance filter with a time constant of 300 ms. The output of
Block 4, u4(t), represents the instantaneous flicker sensation
P;ps¢- A unit output from Block 4 corresponds to the reference
human flicker perceptibility threshold. In Block 5, Py is
calculated by performing a statistical classification of Pj, 4
over a short period of time (usually 10 min). The method
for obtaining the Ps; value is a multipoint algorithm that
uses the percentiles obtained from the cumulative probability
distribution of P;,,4¢.

For the measurements performed in this work, we have
implemented a highly accurate IEC flickermeter. This refer-
ence flickermeter is a complete digital MatLab implementation
previously used in other studies [12]. Its three main features
are: (a) it uses input sampling rates f; from 800 to 180000 %
(b) it performs a decimation process at the output of the low-
pass demodulation filter to allow a constant sampling rate f,
around 1000 % in the following blocks, independent of the
input sampling rate; and (c) the reference flickermeter does
not classify the P;,s; signal to avoid errors caused by the
classification process of Block 5, in terms of the number of
classes, type of classification, or type of interpolation. Instead,
it stores the samples of P;,s during the 10 min short-term
period and calculates the percentiles for the P,; formula in a
precise way.

TABLE I
SUMMARY OF THE IEC FLICKERMETER TESTS.

Test Test Voltage Intention Value used Flickermeter
Characteristics for test Classes
1 Sinusoidal/rectangular voltage changes Filters and scaling parameters Pinst,max ' F1 2 F3
2 Rectangular voltage cha.mges Classifier and statistical evaluation algorithms Pst F1 F2 F3
and performance testing
3 Frequency changes Measuring circuit Pinst,maz F1
Distorted voltage with o . -
4 multiple zero c;gossings Stability of the input control circuit Pinst,maz  Fl
5 Harmonics with side band Input bandwidth Pinst,maz F1
. Stability of the input control circuit,
6 Ph: . . . P, Fl1
ase Jumps input bandwidth and the classifier st
7 Rectangular voltage changes Classifier and statistical evaluation algorithms Pyt FI ER2
with duty ratio
8 de, dmaz, d(t) Performance per IEC-61000-3-3 F1 F2

! Pipnst,mas: maximum value of the output of Block 4, P;y, s
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B. IEC flickermeter tests

The IEC 61000-4-15 standard 2003 edition defines the way
to test the accuracy of the output of a flickermeter. The
standard provides tables of both sinusoidal and rectangular
fluctuations to characterize the overall analog response from
the instrument input to the output of Block 4. Furthermore, a
performance test details a set of rectangular fluctuations of
different frequencies and amplitudes for which a Py, = 1
should be measured. The meters are expected to give P
results with an accuracy of 5%.

However, several studies have shown that different com-
mercial flickermeters, designed according to the IEC standard,
provide different measurements for the same input signal [5].
To solve this problem, the new IEC 61000-4-15 standard 2010
edition [8] defines six new tests, configuring three classes
of flickermeters: (a) Class F1 general purpose flickermeters,
suitable for power quality monitoring as well as compliance
testing; (b) Class F2 flickermeters, intended for product com-
pliance testing to IEC 61000-3-3 [13] or IEC 61000-3-11 [14];
and (c) Class F3 flickermeters compliant with IEC 61000-4-15
standard 2003 edition [1].

The tests are summarized in Table I. The first two tests
are quite similar to the existing tests in the 2003 edition.
The others are completely new and are intended for checking
several important features of the flickermeters.

Test 6 is oriented to class F1 flickermeters and is specifically
innovative; the flickermeter shall be tested with a sequence
of phase jumps. Each phase jump shall occur at the positive
zero crossing after 1, 3, 5, 7 and 9 min (£ 10 s) after the
beginning of a 10 min observation period. The test must be
repeated for phase jump angles of A° = £30° and +45°,
considering lamps of 230 and 120 V and systems of 50 and
60 Hz. The observed 10 min Ps; has to be according to Table II
with a tolerance of + 5% or £ 0.05, whichever is larger. The
transition time for each phase jump shall be less than 0.5 ms.

TABLE I
TEST SPECIFICATION FOR PHASE JUMPS.

Phase Jump 230 V/50 Hz 120 V/60 Hz 120 V/50 Hz 230 V/60 Hz
Aﬂo Pst,ref Pst,ref‘ Pst,ref Pst,ref
+30° 0.913 0.587 0.706 0.760
+45° 1.060 0.681 0.819 0.882

Fig. 2 shows a fragment of the input voltage waveform
u(t) for both positive phase jumps AB° = +30° and +45°,
corresponding to 230 V/50 Hz systems.

III. SIMULATIONS WITH THE REFERENCE IEC
FLICKERMETER

We made several simulations by calculating Ps; for the
excitations defined in Test 6. For this purpose, we constructed
three different models of the input voltage signal. We cal-
culated from them the values provided by the reference IEC
flickermeter for the test points defined by the standard. The
final aim was to obtain the minimum sampling frequency
needed to characterize accurately the Ps; produced by these
sequences of phase jumps.

Fig. 2.

A detail of the waveform corresponding to 230 V/50 Hz systems,
for both positive phase jumps, AS° = +30° and +45°.

A. Generation of the analytical input signal

The input signal u(¢) used for the simulations was analyti-
cally generated according to three different models:

— Model A: Ideal input signal
The first model consists of an input signal u(¢) charac-
terized by an ideal phase jump with nil transition time
producing a discontinuity on the waveform, such as the
one shown in Fig. 2.

Considering wu(t) as a periodic signal of period
To ~ 120 s:
u(t) = Y w(t—1Ty) forl€Z, (1)
l=—o0

the waveform wy(¢) of one period of u(t) is represented
in Fig. 3.

Uy (\')

time (s)

Fig. 3. Basic signal u;(¢) corresponding to one period Tp of the input
excitation u(t) for 230 V/50 Hz systems, for A3° = +45° at positive zero
crossing after 1 min.

The analytical expression corresponding to this waveform
is:

{V - sin(wpt + Bo) 0<t<60
up(t) = . )
V -sin(wpt + Bo + AB) 60 <t < Ty,
where V' is the amplitude of the 50/60 Hz mains fre-
quency, [y is the initial angle in radians of the mains
frequency and Ap is the phase jump in radians occurring
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at odd minutes of the 10 min observation period. The
period of the excitation is defined as Ty = 120 — Tpé—f;
T, = i—” is the period corresponding to 50/60 Hz. The
input signal u(t) to the IEC digital flickermeter is the
repetition of wuy(t) with period Tp, sampled at f,. For
instance, in the case of a 45° phase jump, corresponding
to a 50 Hz system, the period would be T = 119.9975 s.
In order to obtain the 10 min signal containing 5 phase
jumps it would be necessary to aggregate 6 times u(t).
Because wuy(t) presents a discontinuity in 60 s, wu(t)
is not a band-limited signal. Therefore, the sampling
operation will be always affected by the aliasing. This
effect decreases as the sampling rate increases.

— Model B: Band-limited signal
The previous model is an idealization of the actual
characterization of a phase jump. Actually, a digital
flickermeter processes band-limited input signals, due
to the necessary antialiasing filtering stage of the data
acquisition.
Considering the cut-off frequency f. = f? of the an-
tialiasing filters, we set out a band-limited analytical
model through the cosine Fourier series, namely:

kEmaac

upr(t) = Ap + Z Ay - cos(kwot + ) for k € N,

k=1
3)
2

where wy = T and ky,q» is the maximum order of
the Fourier coefficients satisfying k,qz - %0 < fe. The
Appendix details the calculation of the amplitudes Ay
and phases 6 of every spectral component.

From this analytical band-limited model, Fig. 4 shows
the waveforms produced by both positive phase jumps,
AB° = 30° and 45°, corresponding to 230 V/50 Hz
systems and working with f. = 1600 Hz, resulting
kmaz = 191996.

The main differences regarding Fig. 2 are the small
overshoots appearing around the phase jump, due to the
behavior of the Fourier series at a discontinuity of a
continuously differentiable periodic function (Gibbs phe-
nomenon) [15], [16]. On the other hand, when sampling
at fs, upyr(t) does not produce aliasing.

upr(V)
o
;

-200

-300 |

time

Fig. 4. A detail of the waveform of upy (t) from model B, corresponding
to 230 V/50 Hz systems, for both positive phase jumps, AB° = +30° and
+45°, with f. = 1600 Hz.

— Model C: Filtered signal
The previous model generates a band-limited signal
through an ideal filter with a cut-off frequency f. = %
To obtain an analytical model approaching more realistic
conditions, we set out a third model considering the band
limitation produced by a 5*"-order low-pass Butterworth
filter over the ideal model A. This type of filter has similar
characteristics to those typically used by commercial
power quality meters. The filter has been designed to
verify H (%) ~ 0, where H(w) is the frequency response
of the filter. In this case, the band-limited model can be

expressed as follows:

kmaa

uprp(t) = Bo + Z By, - cos(kwot + ¢) for k € N,
k=1
“)

where BO = Ao . H(O), Bk = Ak . |H(kw0)|, ¢k =

0y, + ZH(]CLUQ).

B. Simulation results

We used the three models to analyze the behavior of the
digital IEC flickermeter subjected to Test 6. As the phase
jumps are located at positive zero crossings, 55 = 0° for
all the test points of Table II. Every model was simulated
by generating the corresponding discrete signal at a sampling
rate fs and processed by the reference IEC flickermeter for
all the test points defined in the standard.

Fig. 5 shows the P, values obtained for one point of
Test 6 in terms of several sampling frequencies (from 1200
to 144000 % in logarithmic scale) for input voltage signals
corresponding to models A and B. The results corresponding
to model C were not shown because they were slightly higher
than those from model B and become superimposed. The Ps;
values have been calculated for a 230 V/50 Hz system and
ApB° = £45°, plotting the results for model A in dashed
lines and for model B in solid lines. The values from both
models progress to the reference value defined by the standard
(Pst,rey = 1.060) as the sampling frequency increases.

. .
1.3001 AB° = —45° Model A{
AB° = —45° Model B
—— AB° = +45° Model B |
o AB° = 445° Model A

1.2001

1.1131

SO0 T I o e B
SO
1007 === - — - -~ i ittt 1
0.900F 1
0800F .
! . . . . . .
1.20 2.40  3.60 7.20 18 48 144
kS
S
Fig. 5. Ps¢ values for 230 V/50 Hz systems and different sampling rates in

logarithmic scale, 3§ = 0° and AB° = £45° using the band-limited and
ideal signal models.
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A symmetrical convergence around the reference value be-
tween the values produced by the pair of angles A5° = £45°
can also be observed. However, the convergence is not equally
fast for both models. The P,; values provided by model B
are always closer to the reference value. This entails that the
minimum sampling frequency fs in needed to get values
within the required tolerance (Ps; between 1.113 and 1.007)
was clearly different between both models. The minimum
sampling rate was 6150 % for model A, but fell to 1350 g
for model B signals. The spectral components over the cut-off
frequency (Nyquist frequency) generate aliases located inside
the influential band for flicker. As the sampling frequency
becomes larger, those aliases have less weight on the P;; value
and the deviation becomes smaller. When using model B, the
potential aliases are completely removed and the deviation
is drastically reduced. This leads to a lower f; i, for both
angles.

We also calculated the minimum sampling frequency for
all the points defined in Test 6 for the three models. Table III
details the values of f; ,,:, considering a tolerance of 5%,
calculated in terms of the Py ..y values of Table II, namely:

ot () = 100 St = 5%, ®)
TABLE III

MINIMUM SAMPLING RATE FOR TEST 6.

Phase Jump  Signal 230 V/50Hz 120 V/60Hz 120 V/50 Hz 230 V/60 Hz
AB° model fs min fs min fs min fs min
A? 6000 7150 6050 7100
—45° B3 1350 1600 1350 1550
c* 1300 1600 1350 1600
A 6150 7600 6150 7600
+45° B 1350 1600 1350 1600
C 1400 1850 1400 1850
A 3350 4100 3350 4050
—30° B 800 950 800 950
C 750 900 750 850
A 3700 4450 3750 4500
+30° B 850 1000 850 950
C 850 1050 850 1100

! fs,min: minimum sampling rate, expressed in %
2 A: Model A: ideal signals.

3 B: Model B: band-limited signals.

4 C: Model C: filtered signals.

Table III shows the important differences between the
minimum sampling frequencies for models A and B. For
every angle and electrical system, f i, is clearly higher for
model A. For 60 Hz systems, the dominant minimum sampling
frequency that is valid for all the test points (marked in bold
font) is 7600 % in the case of model A. However, for model B,
the predominant f; i, is 1600 g For 50 Hz systems, those
values are slightly smaller: 6150 % for model A and 1350 %
for model B signals.

The results for input signals corresponding to model C are
similar to those obtained for model B. It can be observed
how the minimum sampling frequency values are again smaller
than those obtained from model A. However, they are also
larger than those obtained from model B (1400 f for 50 Hz
systems and 1850 g for 60 Hz systems). This small increase

in fs min is due to the nonideal characteristic of the 5th_order
Butterworth filter.

It is important to note how those predominant minimum
sampling frequencies are associated in every electrical system
to the phase angle of +45°. This confirms the results presented
in previous works [11], where this angle produced the high-
est P, value and consequently the most demanding flicker
conditions.

IV. EXPERIMENTAL RESULTS

Previous results confirm the importance of the antialiasing
filtering to reduce the minimum sampling frequency needed to
assess accurately the flicker produced by phase jumps. As we
are dealing with a normative test, designed for the calibration
and certification of commercial flickermeters, we reproduced
the previous study, developed for the analytical model C, but
by using actual analog signals in the laboratory.

In order to reproduce the analytical model C, we generate
an analog signal by applying a D/A conversion, at a rate of
180 %, to the samples obtained from the ideal model A.
The output of this process is a 90 kHz band-limited signal,
corresponding to model B. However, the cut-off frequency is
so large that model A and B are almost coincident in practice.

To measure the flicker, the analog signal is filtered by a
5t"-order low-pass Butterworth filter to avoid aliasing. This is
the same filtering characteristic used for the implementation
of the analytical model C. After filtering, the analog signal
is sampled by an A/D converter, working at a sampling rate
fs- The obtained signal is an actual analog version of the
analytical model C.

Fig. 6 shows the physical layout of the signal generation
system. The system consisted basically of four modules:

1) Management module. This is a software tool based on
a PC for the control of the tests. Its main functions are:

a) generation of the discrete analytical signals and
control of the digital-to-analog conversion;

b) recording of the flickermeter input signals and
control of the analog-to-digital conversion;

c) calculation of the P,; by means of the reference
IEC flickermeter;

2) D/A conversion module. This uses the 16 bit USB-6211
National Instruments card for analog generation of the
discrete signals.

3) Amplifying module. This uses the Krohne Hite 7500
amplifier, with a bandwidth of 1 MHz and 75 W for
a voltage of 120 Vs, and a 120 Vuo / 230 Ve
transformer to amplify the generated signal.

4) Conditioning and A/D conversion module. All the gen-
erated signals were acquired by means of our own
registering system, SAC-2 (see reference [17] for more
details). This system used 5'"-order low-pass switched-
capacitor Butterworth anti-aliasing filters (MAX7420)
and a 6062E National Instruments A/D card for the
acquisition. The A/D system worked at several sampling
frequencies, namely 1280, 1600, 2560, 3200, 5120,
6400, 20480 and 25600 2.
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Fig. 6. Description of the signal generation system.

For every test point of Table II, we carried out the following
tasks:

— Generation of the analytical discrete signal according to

model A, at a high sampling rate of over 180000 %

— Analog conversion by module 2 and amplification by

module 3.

— Recording by module 4 at eight different sampling rates,

from 1280 to 25600 £

Fig. 7 shows the P, values obtained for one point of test 6
in terms of the sampling frequencies (from 1280 to 25600 %
in logarithmic scale). The excitations were obtained from the
signal generation system. The Py, values correspond to a 230
V/50 Hz system and AS° = +45°.

As with the analytical models, the values from both phase
jumps progress to the reference value defined by the standard
(Pst,rey = 1.060) as the sampling frequency increases. The
convergence is also symmetrical around the reference value
between the values produced by both phase jumps. However,
the P, values come into the admissible region for a higher
sampling frequency (1600 % < fs <2560 %) than in the case
of the analytical models.

T T
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fs(T)
Fig. 7. Ps; values for 230 V/50 Hz systems and different sampling rates in

logarithmic scale, 3§ = 0° and AB° = £45° using registers obtained from
the signal generation system.

Table IV details the f iy range including the 5% devia-
tion from the Py ...y values. The figures confirm the results
obtained from the previous simulations. The phase jump
corresponding to AZ = +45° is again the most demanding
test point. The dominant f; .,y for 50 Hz systems is in the

range from 1600 to 2560 2, biasing to 1600 2. For 60 Hz
systems, the range is a 11ttle higher, from 2560 to 3200 S
with a tendency to 2560 S . Both values are not far from the
simulated dominant fs ;ip, 1400 S for 50 Hz systems and
1850 S for 60 Hz systems (Table III) obtained by means of
model C.

TABLE IV
MINIMUM SAMPLING RATE FOR TEST 6 WITH ACTUAL SIGNALS.

Phase Jump
Ao 230 V/50 Hz 120 V/60 Hz 120 V/50 Hz 230 V/60 Hz
450 Al 5.13/3.14 6.58/4.76 5.19/3.48 6.34/4.71
° fs min 1600/2560 1600/2560 1600/2560 1600/2560
4450 A -5.73/-3.57 -5.2/-3.73 -5.65/-3.6 -5.23/-3.79
fs min 1600/2560 2560/3200 1600/2560 2560/3200
300 A 3.62 5.31/3.56 3.62 4.87
fs, min <1280 1280/3200 <1280 <1280
o A -2.20 -2.67 -2.20 -3.16
+30
fs min <1280 <1280 <1280 <1280
LA = API:-? : deviation range from the reference value, expressed in %.

2 fs,min: range of sampling rates, expressed in %

V. DISCUSSION OF THE RESULTS

Test 6 is one of the most innovative tests of the new 2010
edition of the IEC 61000-4-15 standard. The characterization
of the P;; produced by phase jumps is not an easy task due
to the unpredictable behavior of the IEC flickermeter when
subject to discontinuous waveforms produced by the phase
jumps. It seems logical to consider the sequence of phase
jumps as one of the most demanding tests of the standard.
In fact, previous works have considered a high sampling rate
(over 36000 %) for adequate phase resolution and to provide a
highly precise evaluation of the P,; [11]. Our work proved how
the use of an ideal analytical signal similar to model A for the
sequence of phase jumps requires a high sampling rate due to
the influence of the aliasing spectral components. When using
a more realistic model, based on band-limited signals similar
to models B or C, the sampling rate for the same accuracy
was drastically reduced (under 2000 %).

However, it seems questionable that a proper behavior in
this test will mean that the instrument is ready for the accurate
characterization of the P;; produced by any other kind of
phase jumps. We made the same experiments for values of
B¢ and ApB° different from those specified by the standard.
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For instance, in the case of 3§ = +15° and AB° = +210°,
the reference value should be Py ,..r=0.5373, obtained at a
reference sampling rate of f, ,.y = 180 % for a 230 V/50 Hz
system. Considering a sampling rate of 3200 %, corresponding
to the worst cases obtained from the experimental results, the
value provided by the IEC flickermeter working with model
C at a sampling rate of 3200 % is P;:=0.4966, resulting in
a deviation of —7.57%. More impressive figures correspond
to phase jumps starting at 55 = +15° with AS° = +245°,
considering the same electrical system and sampling rate. The
reference value at f, ..y = 180 % is Py; ¢ y=0.3075 and the
value at 3200 % is Pg=0.3523, resulting in a deviation of
14.55%.

The improvement and extension of the calibration tests
and functional requirements should involve more reproducible
measurements by the commercial IEC flickermeters. In this
sense, Test 6 is actually essential because it is a useful tool to
determine the input bandwidth of the instrument. However, a
better calibration of the IEC flickermeters subject to phase
jumps does not guarantee accurate results when the phase
jumps are different to those specified by Test 6. It seems
necessary to make a deeper study about the actual effect of
phase jumps on the P;; and the optimal way to characterize
them.

VI. CONCLUSIONS

We gave a full analysis of the influence of the sampling rate
on the Py; values provided by a digital IEC flickermeter when
subject to the phase jump sequences defined in the new edition
of the standard. The study was carried out by simulating the
behavior of a highly accurate IEC flickermeter excited by ideal
and band-limited phase jump sequences. Moreover, the simula-
tions were confirmed by experiments made with actual signals.
In spite of previous works suggesting a sampling rate over
30 % for an accurate characterization of the Ps; produced
by phase jumps, this work demonstrated that the minimum
sampling rate necessary to fulfill the standard requirements is
not so demanding. A typical sampling frequency of 3200%
became a conservative minimum limit to pass the phase jump
test.

However, fulfilling the requirements of this test could not
guarantee accurate results when the phase jumps are different
from those specified by the standard. The results of this work
could be used by the manufacturers and calibrators of IEC
flickermeters to improve their implementations of the new
edition of the standard.

APPENDIX

In this section we detail the calculation of the Fourier
coefficients for the analytical models B and C.

Considering the periodic input signal u(t), with period
To ~ 120 s:

Z up(t —Tp) for l € Z,

l=—0c0

u(t) =

up(t) can be expressed as:
V - sin(wpt + Bo)
V- sin(wpt + Bo + AB)

where V' is the amplitude of the 50/60 Hz mains frequency,
Bo is the initial angle in radians of the mains frequency and
Ap is the phase jump in radians. The period of the excitation
is defined as T, = 120 — Tpﬁ; T, = i—’; is the period
corresponding to 50/60 Hz.

The periodic input signal «(¢) can be also expressed in terms
of the Fourier series, namely:

0<t<60

up(t) =
60 < t < T,

o0
u(t) = Z ay, - e2¥0 for k € Z,
k=—o00
where a; are the coefficients of the Fourier series and wg =
QT—TOF. The Fourier coefficients a;, can be obtained from:

To

ap = %0 ub(t) . e_jkwotdt

0

60
T%] [/0 V - sin(wpt 4 Bo) - e IFotat

T .

+ V - sin(wpt + Bo + AB) - e_ka"tdt} )
60

obtaining:

P2 —Jd2

YV in(A8) . it | € €

ay %'SIH(Q)'€J¢1|:TO_]€ TU—FIJ

T, T,

¢1 = —k3760
¢2 = Bo + % +3
Finally, since the excitation is a real signal, u(t) can be also

expressed in terms of the cosine Fourier series, namely:

u(t) =Ao + Z Ay, - cos(kwot + 0) for k € N

k=1

Ao = ao

Ak = 2|ak|

9k = Aak.
REFERENCES

[1] IEC-61000-4-15, “Electromagnetic compatibility (EMC) Part 4: Testing
and measurement techniques - section 15: Flickermeter functional and
design specifications,” 2003.

[2] G. Wiczynski, “Simple Model of Flickermeter Signal Chain for De-
formed Modulating Signals,” IEEE Transactions on Power Delivery,
vol. 23, no. 4, pp. 1743-1748, 2008.

[3] D. Gallo, C. Landi, R. Langella, and A. Testa, “On the Use of the
Flickermeter to Limit Low-Frequency Interharmonic Voltages,” IEEE
Transactions on Power Delivery, vol. 23, no. 4, pp. 1720-1727, 2008.

[4] G. Chang, C. Chen, and Y. Huang, “A Digital Implementation of Flick-
ermeter in the Hybrid Time and Frequency Domains,” IEEE transactions
on Power Delivery, vol. 24, no. 3, p. 1475, 2009.

[5] T. Key, D. Nastasi, H. Sakulin, J. Harding, and T. Cooke, “System
Compatibility Research Project Final Report, Task 21: Power Line
Monitors, Part II: Flickermeters,” EPRI PEAC Corporation, 1999.

[6] Joint Working Group on Power Quality Cirgré C4.1.01/CIRED 2 CCO2/
UIE WG2, “Test Protocol for IEC Flickermeter used in Power System
Voltage Monitoring,” Draft 11, July, 2004.

[71 E. Gunther, E. Inc, and T. Knoxville, “A proposed flicker meter test
protocol,” in CIGRE/IEEE PES International Symposium on Quality and
Security of Electric Power Delivery Systems, 2003., 2003, pp. 235-240.



IEEE TRANSACTIONS ON POWER DELIVERY, 2010

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(171

IEC-61000-4-15, “Electromagnetic compatibility (EMC) Part 4: Testing
and measurement techniques - section 15: Flickermeter functional and
design specifications,” 2010.

M. Piekarz, M. Szlosek, Z. Hanzelka, A. Bien, A. Stankiewicz, and
M. Hartman, “Comparative tests of flickermeters,” 10th International
Conference on Harmonics and Quality of Power, 2002, vol. 1, 2002.
M. Rogéz, A. Bien, Z. Hanzelka, P. Co, and P. Cracow, “The influence
of a phase change in the measured voltage on flickermeter response,”
in 11th International Conference on Harmonics and Quality of Power,
2004, 2004, pp. 333-337.

'W. Mombauer, “Flicker caused by phase jumps,” European Transactions
on Electrical Power, vol. 16, no. 6, pp. 545-567, 2006.

J. Ruiz, J. Gutierrez, U. Irusta, and A. Lazkano, “A precise analysis of
the IEC flickermeter when subject to rectangular voltage fluctuations,”
IEEE Transactions on Instrumentation and Measurement, vol. 58, no. 11,
pp- 3839 —3846, nov. 2009.

Electromagnetic Compatibility (EMC) Part 3-3: Limits - Limitation of
voltage changes, voltage fluctuations and flicker in public low-voltage
supply systems, for equipment with rated current less than 16A per
phase and not subject to conditional connection, Std., 1992.
Electromagnetic Compatibility (EMC) Part 3-11: Limits - Limitation
of voltage changes, voltage fluctuations and flicker in public low-voltage
supply systems. Equipment with rated voltage current less than 75A and
subject to conditional connection, Std., 1992.

A. Oppenheim, R. Schafer, and J. Buck, Discrete-time signal processing.
Prentice Hall Englewood Cliffs, NJ, 1989.

J. Proakis, D. Manolakis, D. Manolakis, and J. Proakis, Digital signal
processing: principles, algorithms, and applications. Prentice Hall New
Jersey, 1996.

J. Gutierrez, J. Ruiz, L. Leturiondo, and A. Lazkano, “Flicker Mea-
surement System for Wind Turbine Certification,” Instrumentation and
Measurement Technology Conference Proceedings, 2007 IEEE, pp. 1-5,
2007.

J.J. Gutierrez was born in Barakaldo, Spain, in
1972. He received his M.Sc. degree in telecom-
munications engineering from the University of the
Basque Country in 1996. After holding various
positions in the telecommunications and electrical
power sectors, he joined the University of the Basque
Country (UPV/EHU) in 2003 as an assistant lecturer,
obtaining his Ph.D. degree in 2009. He is currently
engaged in research on digital signal processing
for power quality assessment. He is also an active
member on the IEC Committee SC77A/WG2.

L.A. Leturiondo was born in Durango, Spain, in
1963. He received M.Sc. and Ph.D. degrees in elec-
trical engineering from the University of the Basque
Country, Bilbao, Spain, in 1990 and 1998, respec-
tively. Since 1990, he has been an associate professor
with the Department of Electronics and Telecommu-
nications, University of the Basque Country. He is
engaged in research on electric power systems and
digital signal processing for power quality assess-
ment and flicker measurement.

J. Ruiz was born in Sestao, Spain, in 1960. He
received M.Sc. and Ph.D. degrees in electrical engi-
neering from the University of the Basque Country,
Bilbao, Spain, in 1983 and 1988, respectively. In
1985, he was appointed associate professor and,
since 2002, was a professor with the Electronics and
Telecommunications Department, University of the
Basque Country. He is engaged in research on elec-
tric power systems and digital signal processing for
power-quality assessment and flicker measurement.

A. Lazkano was born in Azpeitia, Spain, in 1969.
He received his M.Sc. degree in telecommunica-
tions engineering from the University of the Basque
Country in 1993. From 1994 to 1995, he was with
ETB (Basque Television). He joined the University
of the Basque Country in 1995 as an assistant
lecturer, obtaining his Ph.D. degree in 2001. He is
currently associate professor with the Department of
Electronics and Telecommunications, University of
the Basque Country. His current research interests
include digital signal processing applied to power

systems and power quality assessment.

N

P. Saiz was born in Zumarraga, Spain, in 1972. She
obtained her M.Sc. degree in telecommunication en-
gineering from the University of the Basque Country
(UPV/EHU), Spain, in 1996, and her Ph.D. degree
in 2007, from the same University. After 6 years of
professional experience in operation and engineering
of GSM/GPRS/UMTS mobile networks, she joined
the UPV/EHU in 2002, as an assistant lecturer in the
Department of Electronics and Telecommunications
at the Faculty of Engineering of Bilbao. Her current
research interests include digital signal processing

applied to power systems and power quality assessment.

I. Azkarate was born in Durango, Spain, in 1984.
She received her M.Sc. degree in telecommunica-
tions engineering from the University of the Basque
Country in 2008. In 2009, she was in a work
experience program at the Fraunhofer Heinrich Hertz
Institute in Berlin. She joined the University of the
Basque Country in 2010 as a Ph.D. student. Her
research interests include digital signal processing
and power quality assessment.



	Portada_2011_ITPD 
	2011_ITPD 



