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Abstract

This paper presents a set of verification tests to assist the accurate implementation of flicker mea-
surement in wind turbines. The flicker measurement procedure is defined in the IEC 61400-21
standard, which includes the estimation of a fictitious grid in order to measure voltage fluctuations
generated exclusively by the wind turbine. The large margin in the digital implementation of the
fictitious grid can result in large deviations in flicker measurements between different instrument
manufacturers. This work shows the need of a verification test protocol to minimize the potential
divergences. Furthermore, it suggests a set of five tests aimed at guaranteeing the accurate imple-
mentation of two specific components of the fictitious grid, namely the estimation of the electrical
angle of the mains frequency and the derivative of the line current measured at the wind turbine
terminals. The work has been proposed to the IEC Maintenance Team TC88/MT21 for it to be

included in the third edition of the standard.
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1 1. Introduction

2 Wind turbines (WTs) have been traditionally a source of concern because of fluctuations of the
s generated power, as such variations may induce an excessive level of flicker. The power fluctua-

4+ tions are caused by variations in wind speed, the tower shadow effect or some mechanical aspects
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of the WT, and the effects could be mitigated by using energy storage systems [1] or a specific
control strategy [2].

The international standard IEC 61400-21 [3] defines a method to measure and assess the flicker
disturbance introduced by a WT when it is integrated into the grid. Because the grid itself can
contribute voltage fluctuations that could mask the evaluation of the flicker emission by the WT,
the standard defines a model (fictitious grid) based on measured voltage and current signals that
aims to minimize the effect of the existing background fluctuations on the measurement. The
degrees of freedom allowed in the digital simulation of the fictitious grid have been reported as a
source for the divergences in the flicker measurement results, as different digital implementations
applied to the same current and voltage time-series do not always converge to the same results [4].
These divergences leave the standardization organizations with a dilemma on whether to reduce
the degrees of freedom or to define a test protocol that could validate the implementation.

The work presented here will contribute to the second approach of the dilemma, and it is be-
ing considered by the IEC Maintenance Team TC88/MT21, which is currently working on a new
revision of the standard [S]. This paper has three objectives: first, to show the need to define a
verification test protocol; second, to propose required test procedures for guaranteeing the con-
vergence of the results; and third, to demonstrate the validity of the test protocol pointing out the
critical aspects of the flicker measurement procedure by means of field recordings in a real WT.
The paper is organized in four parts. Section 2 describes the procedure defined by the IEC 61400-
21 standard for flicker measurement, and shows the possibility of inconsistent results. Section 3
presents the proposal for tests that can verify the accurate implementation of the critical points
of the measuring procedure, including the rationale of each test. Section 4 shows the results of
applying the test protocol when different implementations of the flicker procedure are used. Be-
sides the results of each test, the implementations are also applied to actual recorded data from a
WT, validating the usefulness of each test for its intended purpose. The main conclusions close

the paper.
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2. Flicker Measurement for a WT

The measurement procedure for characterizing the flicker emission of a WT based on the IEC
61400-21 standard differs according to the WT functional status, i.e., continuous or switching
operations.

Both cases require voltage and current time-series measured at the WT terminals, u,,(f) and
in(?) respectively. The continuous operation procedure needs a 10-min time-series, whereas the
switching operation procedure uses a measurement period of 7', in seconds, which is long enough
to ensure that the transient stage of the switching operation has abated. This paper is focused on
the part of the procedure that is common to both functional states of the WT, as shown in the block

scheme of Fig.1.

Sk fe» ¥k = 80°,50°,70°,85° Sk fe
Block 1 Block 2 Block 3
i (t) = uge (t) IEC Pt fic
Fictitious grid P 61000.4.15 »| Normalization == c (9 )
um (t) = -

Figure 1: First stage of the flicker measurement procedure for WTs according to the IEC 61400-21 standard.

The first block, namely the fictitious grid, aims to obtain the voltage fluctuation exclusively
produced by the WT, no matter what other voltage fluctuations may be present in the grid. Four
fictitious voltage waveforms u;.(¢) are computed using a couple of voltage and current time-series,
each one for a different simulated grid impedance phase angle (¥, = 30°, 50°, 70°and 85°). The
second block implements the IEC flickermeter according to the IEC 61000-4-15 standard [6]. For
each uy;.(t) signal, the second block provides a fictitious flicker severity value, P f;.. Finally, the

third block normalizes each Py, f;. to calculate the flicker coeflicient value c(i/y); that is:

Sk fic
S,

where S s is the short-circuit apparent power of the fictitious grid, and S, is the rated apparent

C(wk) = Pst,fic : (1)

power of the WT. The short-circuit ratio, Sy fi./S », will be named SCR.
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2.1. Calculation of the Fictitious Voltage

The fictitious grid is defined in the IEC 61400-21 standard as the simple circuit model shown in
Fig.2. This circuit represents the interaction between the WT and the grid. The WT is represented
by a current generator ,,(¢), which is the measured instantaneous value of the line current from the
WT. The grid is represented by its Thevenin equivalent circuit, that is, the ideal voltage generator

uo(?) and an impedance connected in series, modelled by an inductance Ly;. and a resistance Ry;c.

Rfic szc

+ +

w(® () asie®) (1) im0

Figure 2: Fictitious grid proposed by the IEC 61400-21 standard [3] to obtain the fictitious voltage u ;.(?).

The ideal voltage source u((#) has to be constructed to meet two conditions. First, its voltage
fluctuations must be zero, so that it does not produce flicker. Second, the electrical angle of u(¢)
must be the same as that of the fundamental component of the corresponding measured voltage

u,(t). These conditions define uy(?) as:

2
uo(r) = \/; Uy - sin(an(1)) (2)

where U, is the nominal phase-to-phase voltage and «,,(?) is the electrical angle of the fundamental

frequency of u,,(t), which may be described by:

an(t) =2r- f f@dt+ap , 3)
0

where f(7) is the fundamental frequency of the grid, and « is the initial electrical angle at t = 0.
In this way, the voltage fluctuation due exclusively to WT, uy;.(f), can be obtained solving the

circuit shown in Fig. 2. That is:

di,, (1)
dt

ugic(t) = uo(t) + Ryic - 1,(t) + Lyic - 4)

4
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2.2. Accuracy Problems

It has been recently proven that different digital flicker measuring implementations can dis-
agree significantly in some actual measurements for the same voltage and current recordings [4].
As mentioned above, the IEC Maintenance Team TC88/MT?21 is currently working on the third
edition of the IEC 61400-21 standard [5]. One of the points considered in the revision is the im-
provement in the measurement accuracy of the power quality parameters of a WT. Hence, such
disagreements in measurements should be minimized.

The disagreement sources were analysed, and from the procedure described in Fig. 1, the
fictitious grid and flickermeter implementations were identified as critical blocks.

The accuracy of the IEC flickermeter implementation was subject to study over one decade.
It was detected that different flickermeter implementations, which process simulated waveforms
in identical manners, may still deviate from each other when processing real voltage fluctuations.
These deviations were first reported in 1999 by Key et al. [7] and confirmed by Piekarz et al. [8]
in 2002. By that time, CIGRE/CIRED/UIE Joint Working Group CCU2 was working on the tests
for the calibration and verification of a flickermeter [9]. The group released the “Test Protocol —
IEC Flicker Meter Used in Power System Voltage Monitoring” with the proposal for type testing.
Finally, IEC took over the work and the 2010 edition of the IEC 61000-4-15 standard included the
eight tests to be verified for a flickermeter to be considered a Class F1 instrument [6]. Thus, the
accuracy of the flickermeter implementation could be guaranteed.

Regarding the implementation of the fictitious grid, the IEC 61400-21 standard allows enough
margin for implementation to enable disagreement between measurement results. In fact, different
signal processing options and technical strategies on the estimation of the u(#) signal [10], and on
the approximation of the derivative of the i,(#) signal [11] may lead to substantial differences in
the final results of flicker coefficients.

For illustration purposes, two implementations for the calculation of the uy;.(¢) signal in (4),
based on the proposals of [11, 12], were compared. The first implementation, A, constructs the
uo(t) signal using a zero-crossing detection method, and calculates the derivative of i,,(¢) through
the first-order difference. The second implementation, B, generates the uy(f) signal using the

Fourier Transform, and the derivative is computed by a filter designed using the Parks—McClellan
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algorithm. The implementations are applied to the same voltage and current signals, u,,(f) and
im(2).

(a) uyic(t) signal
——— Implementation A - # .. Implementation B

T T T

100 100.05 100.1 100.15 100.2
time (s)

(b) Envelope signal

Envelop

100 100.05 100.1 100.15 100.2
time (s)

Figure 3: Differences between two implementations of the flicker measurement procedure.

Fig.3(a) shows a representative time interval, 0.2 s, of the uy;(¢) signals obtained from both
implementations. However, flicker is produced by fluctuations of the envelope of the voltage
signal; Fig.3(b) shows the envelopes of the uy;.(¢) signals for both implementations. Although
there are negligible differences between the estimated uy;.(¢) signals, the difference between the
envelopes of these signals is noticeable.

Finally, the flicker coefficients obtained in each implementation were ¢(85°)* = 1.85 and

c(85°)8 = 2.14, which gave rise to a deviation of 16% between them.

3. Description of the Verification Tests

To face the problem of inaccuracies caused by the implementation of the fictitious grid, this
section proposes a set of verification tests, following the approach of the revised edition of the IEC
61000-4-15 standard. The two aspects of the flicker measurement procedure that are more likely

to produce significant discrepancies are the estimation of the u(¢) signal and the approximation of

6
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the derivative of the i,,(¢) signal. A set of five tests is proposed to check the correct implementation
of these aspects.

The test protocol is based on the characteristics of the fictitious grid and on the parameters
of the simulated WT shown in Table 1. The aim is to represent an actual modern WT and to
determine the processing parameters of Blocks 1 and 3 of Fig. 1.

Table 1: Flicker measurement parameters of the fictitious

grid and of a simulated WT.

Parameter Description Value
Yk Grid impedance phase angle  30°, 50°, 70°and 85°
fo Grid fundamental frequency 50 and 60 Hz
SCR Short-circuit ratio 20 and 50
U, Nominal voltage 12 kV
I, Rated current 144 A
Sn Rated apparent power 3 MVA

Simulated input voltage and current signals are proposed for each test. The simulated input
voltage u,,(f) might be a perfect sinusoid or might contain disturbances, depending on the intention
of the test. The flicker emission is exclusively affected by the disturbances of the i, () current ge-
nerated in the WT. All the tests are based on a simulated current #,,(¢) consisting of the fundamental

component and two disturbing components. That is:

in(t) = Ao - sin(wot + @) + Ay - sin(wt + @) + A - sin(wat + @) . (5)

The magnitude, the frequencies, and the phase angles of i,,(f) were selected to obtain a final
flicker coeflicient of c(i4) = 2 for all the tests. This value corresponds to Py, s = 0.1 for the case
where SCR = 20, and P s; = 0.04 for the case where SCR = 50.

Appendix A provides a theoretical framework to reach the final flicker results, starting from

the simulated input signals and the simulation parameters detailed in Table 1.

3.1. Tests to Verify the Estimation of the Derivative of i,,(t)

These tests are intended to check the approximation of the derivative of the input current signal

I, (1).
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In all the tests in this section, the simulated input voltage signal u,,(¢) is an undistorted sinu-
soidal signal, as described in (2), where f is a constant value of the nominal grid frequency (50
Hz or 60 Hz) and ¢ = 0. This means that the uy(7) estimation task is not supposed to introduce

any error or distortion into the final results.
e Test 1: Distorted i,,(¢) current with AM modulation

The intention of the test is to verify the basic simulation and resolution of the fictitious grid.
The test devotes special attention to two critical aspects when solving the circuit shown in Fig. 2:
the accuracy of the approximation of the derivative in the frequency spectrum around the funda-
mental component, and the verification of the correct vectorial addition in (4).

The simulated input current signal, i,,(¢), is defined as a fundamental component at frequency
fo that is distorted using an amplitude modulation by a sinusoidal signal of frequency f,,. The

amplitude modulation can be expressed by the relative current fluctuation Al/I:

Al 1 1
in(@) = V2 L[ 1+ = — - = - sin(wyt) |- sin(wot)
I 100 2
Al 1 1 T m ©)
= V2.7 .5 e — - ; -2,
V2.1, - sin(wot) + T 100 2 (sm ((wo Wt + 2) + sin ((wo + W)t 2))
The terms of (6) can be easily identified with the terms of (5), where w; = wy — w,, and

Wy = Wy + Wy,

Once the processing framework described in Table 1 is defined, the flicker coefficient values
depend only on the modulation frequency f,, and the amplitude of the i,,(#) modulation, namely
Al/I.

Table 2 shows the AI/I values that generate a c(y;) = 2 result, for each grid impedance phase
angle ¢, modulation frequency f,,, and SCR. The modulation frequencies are the same as the ones
defined in the basic performance tests of the IEC 61000-4-15 standard. Table 2 provides the values
for the cases of both the fundamental frequency fy= 50 Hz (flickermeter considered working on a
230 V/50 Hz system), and f; = 60 Hz (flickermeter considered working on a 120 V/60 Hz system).

Testing all the f,, frequencies and ¢, angles of the table depending on the SCR used, the

measured flicker coefficient c(¢;) should be 2.00 with a tolerance of 5%.
8
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Table 2: Input relative current fluctuation, Al/I, for the tests with AM modulation.

. fm Current Fluctuation Al/I for 50 Hz systems (%) Current Fluctuation A/I for 60 Hz systems (%)
Hz) | ¢ =30° ¢ =50° oy =70° Wi = 85° Yk =30° Yy =50°  yy =70° Wi = 85°
0.5 8.031 10.401 17.860 49.537 8.466 10.965 18.830 52.248
1.5 3.618 4.684 8.029 21.924 3.813 4.938 8.469 23.270
8.8 0.833 1.064 1.712 3.192 1.072 1.374 2252 4.554
20 20 2.294 2.773 3.748 4.731 3.212 3.958 5.644 7.711
25 3.335 3.901 4.892 5.686 4.763 5.726 7.640 9.488
333 6.648 7.330 8.289 8.881 8.189 9.395 11.348 12.760
40 13.725 15.132 17.111 18.335
0.5 7.891 10.457 18.916 62.928 8.319 11.025 19.944 66.419
1.5 3.555 4.709 8.500 27.463 3.747 4.964 8.967 29.270
8.8 0.819 1.068 1.793 3.437 1.053 1.380 2.366 5.005
50 20 2.254 2.775 3.833 4.807 3.155 3.966 5.808 7.899
25 3.275 3.897 4.965 5.737 4.678 5.730 7.802 9.627
333 6.526 7.300 8.340 8.910 8.040 9.376 11.479 12.844
40 13.472 15.071 17.218 18.396

o Test 2: Distorted i,,(7) current with interharmonics near the cut-off frequency

The intention of the test is to verify the performance of the fictitious grid over the whole
specified bandwidth. The IEC 61400-21 standard defines that the cut-off frequency of the voltage
and current measurements must be at least 1500 Hz. If such a bandwidth requirement is not
guaranteed in all the signal processing steps (mainly in the differentiation process), it could result
in errors in the flicker coefficient values [13].

The simulated input voltage signal u,,(f) is again an undistorted sinusoidal signal as described
in (2), where f; is a constant value of the nominal grid frequency (50 Hz or 60 Hz) and « = 0.

The fundamental component of the simulated input current signal i,,(¢) is modulated by super-

imposing two currents with frequencies that are 10 Hz apart. That is:

I;
in(t) = V2, - sin(nt) + N2y - <o - ((sin(enn) + sin(en) ) )
where wy = 2nfy, w; = 271490, and w, = 271500. The relative amplitude /; is selected from
Table 3 depending on the fundamental frequency f;, the ¥ angle, and the SCR value.

The measured flicker coefficient c(y) should be 2.00 with a tolerance of 5%.
9
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Table 3: Relative amplitude /; (% of fundamental) for Test 2.

SCR Relative amplitude /; (%) for fo = S0Hz Relative amplitude /; (%) for fy = 60Hz
Uk =30° Y =50° Yy =70°  yp=85° | Yr=30° yYp=50°  yyp=70° iy =85°

20 ‘ 1.888 1.221 0.982 0914 ‘ 2.591 1.667 1.348 1.256

50 ‘ 2.881 1.875 1.520 1.426 ‘ 3.986 2.596 2.104 1.975

3.2. Tests to Verify the Estimation of uy(t)

This set of tests focuses on the assessment of the estimation of the u((f) signal from the input
voltage signal u,(f). The main concerns about the accuracy of the estimation are checked by
distorting the input voltage signal u,,(¢) in different ways.

In all the tests of this section, the simulated input current signal i,,(¢) is the same as the signal
described in Test 1, as defined in (6). This means that the derivative of the i,,(¢) task is not supposed

to induce any error, as it has been verified by both Tests 1 and 2.
e Test 3: Distorted u,,(¢) voltage with multiple zero crossings

The intention of the test is to verify the procedure for generating the ideal voltage source ()
of the fictitious grid, particularly when the estimation of uy(#) is computed in the time domain.
Detecting the zero-crossing points is the most common method in this case. The zero-crossing
detection method has been reported to be critical, with the appearance of multiple zero crossings
on the waveform of u,,(¢) [4], which might be caused by the harmonic distortion.

For this test, the simulated voltage u,,(f) consists of the fundamental voltage and the harmonic
content according to Table 4. All harmonics have a 180° phase shift with respect to the fundamen-
tal frequency f, (50 Hz or 60 Hz). This distorted voltage is then sinusoidally modulated at 8.8 Hz

with a relative amplitude of 0.25%. The voltage signal u,,(f) can be written as follows:

2 025 1 . . u, .
u,(t) = \/;U,, (1 + Too Esm(Zﬂ 8.8 t)) . (sm(anot) + Zv: 100 sin2nvfot + )| (8)

where U, is the amplitude of the corresponding harmonic of Table 4.

10
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Table 4: Harmonic orders and amplitudes for Test 3.

Harmonic orderv 3 5 7 9 11 13 17 19 23 25 29 31

U, (% of Uy) 5.6 5 15 35 3 2 176 141 127 106 097

As in Test 1, the simulated input current i,,(¢) is constructed according to (6) and the relative
current fluctuation values are described in Table 2. The measured flicker coefficient c(i;) should

be 2.00 with a tolerance of 5%.
o Test 4: Distorted u,,(¢) voltage with interharmonics

The intention of the test is to verify the procedure for generating the ideal voltage source ()
of the fictitious grid, when the frequency domain-based methods are used. The spectral leakage
effect may become relevant as the estimation of u() is disturbed by other spectral components
that are different from the fundamental one. The appearance of interharmonic components has
been reported to be critical for such methods [4].

For this test, the simulated input voltage signal, u,,(#), consists of the fundamental component

and three interharmonic components, that is:

(1) = \E U, (sin(Zﬂ fof) + Z % -sin@rfo]| (9)

where f; are the interharmonic frequencies according to the Table 5, which depend on the funda-

mental frequency fy.

Table 5: Interharmonic frequencies for Test 4.

Fundamental frequency | Inter-harmonic frequencies

Jfo (Hz) fi(Hz)  fH(H) f3(H)
50 \ 50.5 80 160
60 \ 60.5 100 190

As in the previous test, the simulated input current signal, i,,(¢), is described in equation (6),

and in Table 2. The measured flicker coefficient c(¢;) should be 2.00 with a tolerance of 5%.
11
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o Test 5: Distorted voltage and current with slow frequency changes

The intention of the test is to verify the procedure for generating the ideal voltage source u(t)
of the fictitious grid when the result could be affected by the phase distortion of the filters involved
in signal processing. This effect has been reported to be critical in case of slight variations in the
fundamental frequency from the nominal value [4].

For this test, the input signals, u,,(¢) and i,,(¢), show slow frequency changes in the fundamental
frequency, reaching deviations of +0.05 Hz. The fundamental frequency of the grid can be written

as follows:

, 1
£(t) = fo +0.05 - sin (Zﬂ@t) : (10)

The simulated input voltage u,,(f) presents an amplitude modulation at the critical frequency of

8.8 Hz. That is:

2 025 1 ’
w(®) = AU |1+ =222 - = 5in(278.81)| - sin|2 dt| . 11
() \/g ( + o 5 sin(2n r)) sm( n j; £(t) z) (11)

Based on the current signal of the previous tests, the simulated input current signal, i,,(¢), for

this test is modified to follow the frequency variations:

in(f) = \/Eln(l + $ : ﬁ : %sin(Zﬂfmt))-sin(Zﬂ fo f(t)dt) , (12)

where the relative current changes Al/I and modulating frequency f,, are described in Table 2, de-
pending on the SCR value, the f; value, and the i, phase angles. The measured flicker coefficient

c(¥) should be 2.00 with a tolerance of 5%.

4. Results for Different Flicker Measuring Implementations

This section aims to demonstrate the validity of the proposed test protocol, as the described
tests should be able to assess the performance of the flicker measurement implementations using

input signals containing critical disturbances that may induce errors in measurement.

12
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The test protocol was applied to different implementations that cover a wide range of methods
for the estimation of uy(f) and various approaches to the derivative using linear filters. In all
cases, a high-precision F1 class IEC flickermeter was used according to [6]. In accordance with
the intention of each test, two implementations were selected: the first one should be potentially
sensitive and the second one should not be affected by the critical aspects assessed in the test.
Both implementations were applied to actual recorded signals from a WT. The obtained flicker
coeflicients revealed disagreements since the input signals had the characteristics addressed by
the corresponding test. The application of the tests to both implementations corroborated these
divergences and demonstrated the ability of the test to verify the correct implementation of the
critical point addressed by the test.

As a guidance, all the test results and the experimental results from actual waveforms are

related to 50 Hz systems, using SCR = 50 and a sampling rate of f; = 3200 Hz.

4.1. Test 1: Distorted i,,(t) Current with AM Modulation

The basic resolution of the fictitious grid is verified with this test. The key aspects are the
accuracy of the approximation of the derivative and the accurate summation of (4). As mentioned
above, the uy(7) estimation method is not susceptible to inducing errors in this first test. Therefore,
the same reliable u(f) estimator was selected for the two implementations to be tested [4]. The
implementations differed in the approximation method used for the derivative of i, () present in
(4). Two methods that have been previously studied [11], were selected: the implementation 1A
was based on the first-order difference, whereas the implementation 1B used an approximation by
means of the Parks—McClellan linear filtering with 99 coefficients. Both implementations showed
an acceptable derivative result in the frequency spectrum around the fundamental component.

The implementations were applied to a large database of signals recorded on a Type I WT, that
consisted of 826 10-min time-series. Taking as reference the implementation 1B, Fig. 4 shows a
boxplot of the percentage deviation of the flicker coefficients calculated with the implementation
1A depending on the grid impedance phase angles. The central mark of the boxplot is the median,
the edges of the box are the 25" and 75" percentiles, and the whiskers extend to the minimum and

maximum of the percentage deviation, after removing outliers.
13
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Figure 4: Boxplot of the percentage deviation between c(i) values of implementations 1A and 1B.

deviation (%)

The measurement results are very similar for lower grid impedance phase angles (less than 5%
of deviation), but the results can spread and deviate up to 15% for the ¥, = 85°case.

Both implementations were verified using the proposed test protocol. The results from Test 1
are shown in Table 6. The implementation 1A shows unacceptable deviations with some high ¢,
angles. For such impedance phase angles, the derivative term of (4) carries a greater weight than
in the case of more resistive impedances. The unsatisfactory performance of implementation 1A
was because of the errors in the vectorial addition on (4) caused by the half-a-sample delay of the
digital differentiator, a problem reported in [11] for all the even-length derivative filters. On the
other hand, the results for 1B avoid this effect as it implements an odd-length derivative filter. In

this case, the implementation complies with the +£5% margin for all the test points.

Table 6: Flicker coefficient c(i;) results of Test 1 for implementations

1A and 1B, when f; = 50 Hz, SCR = 50, and f; = 3200 Hz.

Implementation 1A Implementation 1B

I c(30°)  ¢(50°)  ¢(70°)  ¢(85%) | ¢(30°) ¢(50°)  ¢(70°)  c¢(85°)

0.5 2.00 1.94 1.80 1.18 2.05 2.05 2.05 2.05
1.5 1.99 1.93 1.80 1.25 2.05 2.05 2.05 2.05
8.8 1.99 1.94 1.84 1.84 2.05 2.05 2.05 2.06
20 1.98 1.93 1.91 1.98 2.04 2.04 2.05 2.05
25 1.97 1.93 1.92 1.99 2.04 2.04 2.04 2.04
333 1.95 1.92 1.94 2.00 2.02 2.02 2.02 2.02

The test brings to light that the deviations in the flicker measurements shown in Fig. 4 are be-

2« cause of errors in the implementation 1A. These deviations can be reduced using higher sampling
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rates, or applying odd-length filters for the approximation of the derivative, as cautioned in [11].

4.2. Test 2: Distorted i, (t) Current with Interharmonics Near the Cut-off Frequency

This test verifies the bandwidth requirements on the construction of uy;.(f) according to (4).
Previous research works have cautioned about the errors induced by the frequency limitations on
the approximation of the derivative of i, () [13]. These limitations are particularly noticeable in
the context of dynamical behaviour, where the instantaneous current measurements undergo great
changes in a wide frequency band. A typical example would be the switching operations of the
WTs.

To illustrate the applicability of this test, two implementations were selected with different
approximations to the derivative of i,(¢): the implementation 2A computed the derivative using a
Taylor-series-based approximation with five coefficients, and the implementation 2B derived the
current signal using a Parks—McClellan differentiator filter with 99 coefficients. In both imple-
mentations, the estimation of uy(#) was computed as in Test 1, as this task is not susceptible to
inducing deviations.

The implementations were applied to recorded signals from a measuring campaign. A 13 s
switching operation was selected (cut-in of the WT) for illustration. Fig. 5(a) shows the rms
value of the current 7,,(f) during the event. The WT was equipped with a soft-starter that limited
the cut-in current based on thyristors. The thyristor cut-in took approximately 1.5 s, and after
that, the WT started to generate active power, as can be seen in Fig. 5(b). Fig. 5(c) shows the
difference between the envelopes of the u,.(f) signal (as described in Section 2.2) calculated with
both implementations 2A and 2B.

The dynamical behaviour of the current around the cut-in made the difference between en-
velopes particularly noticeable, depending on the implementation. The final flicker coefficients
were ¢(85°)*4 = 13.54 and ¢(85°)*8 = 15.07. Therefore, the difference in percentage with respect
to the values from implementation 2B was almost 10%.

These differences were also noticeable when the implementations were verified according to

Test 2. The implementations 2A and 2B gave rise to the test results shown in Table 7. The

flicker coefficients from implementation 2A show a critical behaviour even if the current signal
15
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Figure 5: (a) Evolution of rms value of the current i, (¢), (b) active power, and (c) difference between envelope of

signal u;c(f) obtained with both implementations 2A and 2B for a switching operation (13 s) of a 225 kW WT.

had only components in the limit of the bandwidth (1500 Hz). The results using the Taylor-based
approximation can be improved by increasing the sampling rate, so that the approximation better
fits the ideal derivative around 1500 Hz. The implementation 2B obtained optimum results as it
guarantees a minimal derivative error in a wider frequency band.

Table 7: Flicker coefficient c(y) results of Test 2 for im-

plementations 2A and 2B, when fy = 50 Hz, SCR = 50,
and f; = 3200 Hz.

Implementation | i =30°  yy=50° g =70° uy =85°

2A 0.42 0.42 0.42 0.42
2B 2.00 2.00 2.00 1.99
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4.3. Test 3: Distorted u,,(t) Voltage with Multiple Zero Crossings

The aim of this test is to verify the generation of the uy(¢) signal through (2) and (3), when
the methods to estimate uy(f) are based on the time domain. Since the preliminary proposal of
the flicker measurement procedure on WTs, the zero-crossing detection has been considered to
be a suitable frequency estimation method [12]. As other frequencies apart from the fundamental
may distort the u,,(f) signal, errors can be induced in the frequency estimation for this method.
To illustrate this test, two frequency estimation schemes were selected for the u((f) generation:
the implementation 3A computed the zero-crossing method directly on the u,,(¢) signal, and the
implementation 3B applied the same method on a pre-filtered version of u,,(¢). The filter was
designed as a second-order bandpass filter centered on the fundamental frequency with a 3 dB
bandwidth of 1 Hz. The filter removes any component that could affect the zero crossings. For
both implementations 3A and 3B, the same approach was used for the derivative in (4): the Parks—
McClellan linear filtering approximation with 99 coeflicients, since Sections 4.1 and 4.2 have
shown that this implementation of the derivative passes tests 1 and 2.

The results obtained by implementations 3A and 3B with actual recordings containing har-
monic disturbances were compared. The 10-min time-series of voltage and current were measured
on a Type I WT with a 225 kW asynchronous generator connected to a 50 Hz grid. The wind
speed average value and the average active power of this 10-min period was 9.2 m/s and 111 kW,
respectively. Fig. 6 shows the power spectral density of u,,(t). The odd harmonics were the pre-
vailing components of the signal, and this could affect the fundamental frequency estimation when
the zero-crossing detection method was used for that purpose.

When the two implementations were applied, the flicker coefficient values ¢(85°)* = 1.71 and
c(85°)38 = 1.38 were obtained. This led to a 24% percentage deviation between the two results.

Test 3 formulates the worst case of waveform distortion for methods that are based on zero-
crossing detection, and that do not minimize the eventual effects of the disturbances. Table 8 shows
the results of Test 3 for both implementations. The results of implementation 3B indicate that the

measured voltage needs to be filtered before applying the zero-crossing detection.
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Figure 6: Relative power spectral density of the u,,(¢) signal using Welch’s method.

Table 8: Flicker coefficient c(i;) results of Test 3 for implementations

3A and 3B, when f = 50 Hz, SCR = 50, and f; = 3200 Hz.

Implementation 3A Implementation 3B

I c(30°)  ¢(50°)  (70°)  <¢(85°) | c¢(30°) ¢(50°)  ¢(70°)  c(85°)
0.5 4.54 4.52 455 5.09 2.06 2.06 2.06 2.07
1.5 447 4.42 437 445 2.05 2.05 2.05 2.06
8.8 4.46 4.40 433 4.27 2.05 2.05 2.05 2.07
20 4.50 4.48 4.49 453 2.04 2.04 2.05 2.05
25 4.65 4.72 4.90 5.04 2.04 2.04 2.04 2.04
333 6.74 8.05 9.66 10.47 2.02 2.02 2.02 2.02

4.4. Test 4: Distorted u,,(t) Voltage with Interharmonics

This test is also focused on the estimation of u(¢), but in this case the test evaluates the ca-
pabilities of the methods for estimation of «,,(¢), described in (3), when the methods are based
on the frequency domain. The use of the Fourier Transform was already proposed in the prelim-
inary research for the standard [12]. This method is particularly sensitive to the interharmonic
components of the u,,(t) signal, because of spectral leakage. For this test, both implementations
to be compared were based on the Short-Time Fourier Transform (STFT): the implementation 4A
applied STFT directly to the u,(#) voltage, and the implementation 4B filtered the u,,(f) signal
prior to applying STFT. The filter was designed as a second-order bandpass filter centered on the
fundamental frequency with a 3 dB bandwidth of 1 Hz. The filter attenuates any component that

could distort the estimation because of spectral leakage. Both implementations computed STFT
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with a one-cycle window and one-sample sliding. As in the previous test, both implementations
applied the approximation of the derivative that obtained the best results in Tests 1 and 2, the
Parks—McClellan approximation with 99 coefficients.

The interharmonic distortion of the signals is the key aspect of this test. Obviously, signal
waveforms recorded in measuring campaigns are susceptible to being distorted by interharmonic
components. The implementations 4A and 4B were applied to an extensive set of waveforms from

the aforementioned 225 kW WT. There were 2179 10-min time-series processed for the calculation

20
10 j%}
~10

Figure 7: Boxplot of the percentage deviation between c(¢) values of implementation 4A with respect to 4B.

of the flicker coeflicient.

deviation (%)
o

Fig. 7 shows the boxplot of the percentage deviation of the flicker coefficients calculated with
the implementation 4A compared with the results obtained with 4B. Important deviations were
reported reaching values of over 30%, and the dispersion of the percentage deviation increased
with increasing impedance phase angle.

The results obtained when the implementations were verified using Test 4 are shown in Table 9.
The effects of the spectral leakage can be corroborated by looking at the results obtained by the
implementation 4A. On the other hand, implementation 4B complies with the established margin
in all the test points, once the filter attenuates the disturbing components.

These results emphasize that the u,,(¢) signal needs to be filtered before any signal processing.

4.5. Test 5: Distorted Voltage and Current with Slow Frequency Changes

The application of Tests 3 and 4 has made clear that any method used to estimate u((¢) needs

a prefiltering scheme to minimize deviations. Nevertheless, this estimation could be negatively
19
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Table 9: Flicker coefficient c(i;) results of Test 4 for implementations

4A and 4B, when f; = 50 Hz, SCR = 50, and f; = 3200 Hz.

Implementation 4A Implementation 4B

I c(30°)  ¢(50°)  ¢(70°)  c(85°) | ¢(30°) ¢(50°)  ¢(70°)  c¢(85°)

0.5 2.16 2.16 2.17 2.17 2.06 2.07 2.07 2.07
1.5 2.14 2.14 2.14 2.15 2.05 2.05 2.05 2.05
8.8 2.28 2.28 2.28 2.30 2.05 2.05 2.05 2.06
20 2.14 2.14 2.14 2.15 2.04 2.04 2.05 2.05
25 2.13 2.13 2.14 2.14 2.04 2.04 2.04 2.04
333 2.12 2.12 2.12 2.13 2.02 2.02 2.02 2.02

affected by the phase distortion that the filter would introduce if the fundamental frequency of
u,,(t) deviated slightly from the nominal value [4]. As Test 5 assesses this particular aspect on
the estimation of uy(f), two implementations based on the zero-crossing detection method were
selected. Implementation SA applied the method after prefiltering the u,,(f) signal using the same
filter described in Section 4.3, and implementation 5B applied the zero-crossing detection method
once the u,, () signal was filtered with the zero-phase filter proposed in [4]. Similar to the previous
tests, the derivative of i,,(f) is not relevant in this case, and both implementations computed the
derivative using the aforementioned Parks—McClellan differentiator with 99 coefficients..

The frequency deviation proposed in the test is not far from reality. Both implementations were
applied to 10-min time-series of instantaneous voltage and current measurements on a 225 kW WT.
The 10-min average value of the wind speed was 14.6 m/s and the average active power of the time-
series was 217.54 kW. Fig. 8(a) shows the measured active power for the tested phase as a function
of time, and Fig. 7(b) shows the grid frequency as a function of time. The frequency remained
close below the nominal value, and the deviation range was slightly smaller than +£0.05 Hz. The
flicker coefficients were c(85°)** = 4.95 and ¢(85°)°2 = 5.73. Thus, the difference in this real
scenario was 13.6%, taking as reference the c(85°) value calculated with implementation 5B.

Both implementations were verified following the description of Test 5. Table 10 shows that
the slight deviations of the frequency (+0.05 Hz around the 50 Hz value) lead implementation SA
to errors exceeding the +5% margin for most of the cases; implementation 5B gives results within

the accuracy of +£5%.
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Figure 8: Evolution of active power and frequency of a 10-min time-series of the 225 kW WT.

Table 10: Flicker coefficient c(;) results of Test 5 for implementations

5A and 5B, when f; = 50 Hz, SCR = 50, and f; = 3200 Hz.

Implementation SA Implementation 5B

I €(30°)  ¢(50°)  c(70°)  ¢(85°) | ¢(30°)  c(50°)  c(70°)  c(85°)

0.5 2.10 2.18 2.37 2.34 2.06 2.06 2.06 2.07
1.5 2.10 2.18 2.38 2.35 2.05 2.05 2.05 2.07
8.8 2.11 2.20 2.37 2.55 2.05 2.05 2.05 2.07
20 2.11 2.18 2.24 2.18 2.04 2.04 2.05 2.05
25 2.10 2.16 2.19 2.12 2.04 2.04 2.04 2.04
333 2.09 2.13 2.12 2.07 2.02 2.02 2.02 2.02

5. Discussion

The limitations of the current flicker measurement procedure should be studied in the near
future to adapt the standard to the characteristics of the modern WTs. The procedure assumes that
WTs contribute to voltage flicker and it does not consider the potential functionality of the WTs
to reduce the flicker already existing in the grid. This approach is correct for fixed speed turbines,

as the Type I WT used in this work, with directly coupled generators and high levels of flicker
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contribution that commonly adds to the background flicker existing in the grid. However, the
flicker contribution of modern, variable speed wind turbines, with inverter-connected generators,
is clearly lower [14, 15]. Furthermore, modern WTs allow the reduction of the background flicker
that is already in the grid by different strategies as pitch control [16] or output reactive power
control [17, 18]. The flicker measurement procedure defined in the IEC 61400-21 standard is
not designed to consider fluctuating currents that reduce voltage changes in the grid. In fact, the
fictitious grid removes the effect of flicker sources other than the WT. Therefore, the fluctuations
introduced by the WT to compensate the background flicker are considered by the procedure as
flicker contribution.

It is essential that the standard assesses both the flicker contribution and the flicker mitigation
functionalities of the WTs. To that end, it will be imperative to perform simulated studies and
extensive flicker field measurements that collect synchronized data from the WT and the point
of connection to the grid. The analysis of that information should be developed for different
conditions of the grid and different generation states of the WT. That study would help to identify
separate strategies for assessing both WT flicker characteristics, i.e., contribution to and mitigation

of the background flicker existing in the grid.

6. Conclusion

This paper proposed a verification test protocol for flicker measuring implementations of a
grid-connected WT according to the IEC 61400-21 standard. This test procedure guarantees accu-
rate and convergent flicker emission results. The application of the test protocol to several digital
implementation options has confirmed the ability to identify discrepancies caused by inadequate
implementations of the estimation of uy(¢) and the derivative of i,(¢). In these cases, the imple-
mentation fails to fulfill the corresponding test. The test procedure can be used by researchers,
manufacturers, and certification bodies to check that the flicker emission measuring systems meet
the performance testing with an accuracy of +5%. The authors have proposed the test protocol to
the IEC Maintenance Team TC88/MT21, and further development of this proposal is expected to
be included in the third edition of the IEC 61400-21 standard.
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However, the current measurement procedure is only valid for WTs that contribute to existing
flicker in the grid, not for modern variable speed WTs that are able to mitigate it. Future editions of
the standard will have to adapt the flicker measurement procedure to consider the characteristics
of the modern WTs. The verification test protocol proposed in this work is only applicable to
the current edition of the standard. A revision of it will be required when a new measurement

procedure is defined.
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A. Analysis of the Signal Chain on a Simulated WT

This appendix analyses the first two blocks involved in the flicker measurement procedure
according to Fig. 1, i.e. the fictitious grid (Block 1) and the IEC flickermeter (Block 2). The aim of
the appendix is to provide a calculation procedure to obtain approximate closed form expressions
for the instantaneous flicker sensation provided by the IEC flickermeter. This procedure serves to

validate the expected flicker measurement results for the simulated input signals considered in the

paper.

A.l. Fictitious Grid

The i,,(¢) current consists of three frequency components, as described in (5). According to
(4), the voltage uy;.(1) has three terms. The first term uo(f) would be ideally estimated as (2),
irrespective of the disturbances included in u,,(f). The second term depends on i, (¢) and the third

term contains the derivative of i, (t), which could be expressed as:

din(1)
dt

= Ag-wo- sin(wot+@{+71/2)+A - w - sin(w t+a; +71/2)+ Ay w; - sin(wat + a5 +1/2) . (A1)
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Applying the analysis of the three terms in (4), the uy.(f) signal can be described with three

frequency components, that is:

Mf'ic(t) = By - sin(wot +ﬂ0) + B - sin(wqt +ﬁ1) + B, - sin(wst +ﬁ2) .

(A2)

These three frequency components can be represented in the phasor domain using the ampli-

tudes and phase angles as:

2

lao

(B1)g, = (A1lZi(@1)Dia/ +wyw)

(BZ)@ = (A2 |Zk(w2)|)|a/2+‘l’k(w2)

+ (Aol Zi(@W0)Dyag + w1 (wo)

(A.3)

where |Z;(w;)| and ¥, (w;) are the amplitude and the phase angle of the fictitious impedance, res-

pectively, at the corresponding w; frequency.

A.2. IEC Flickermeter

The IEC flickermeter is used to objectively quantify the discomfort produced by a reference

light source when its supply voltage fluctuates. The functional and design specifications are in the

IEC 61000-4-15 standard [6], which defines the short-term flicker severity Py, as the main output.

A block diagram of the IEC flickermeter is shown in Fig. A.1.

BLOCK 1

BLOCK 2

ugc(t) INPUT
——>{ VOLTAGE
ADAPTER

u, (t) DEMODUL.
SQUARING
MULTIPLIER

u, (t)

BLOCK 3

Figure A.1: Block diagram of the IEC flickermeter according to IEC 61000-4-15.

N\

8.8

0.05 35
DEMODUL. AND WEIGHTING FILTERS

u, (t)

BLOCK 4

SQUARING
MULTIPLIER
+
SLIDING
MEAN FILTER

u, (t)

BLOCK 5

STATISTICAL
EVALUATION

When the flicker emission measurement on a WT is studied, the input to the IEC flickermeter

is the signal uy;.(¢) described in (A.2). In the context of this paper, this signal always has three

frequency components following the proposal of the i,,(7) signal in (5). Two different analyses are

needed, depending on the proposed current signals.
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w7 A.2.1. Case of Current with AM Modulation

438 Block 1 of the IEC flickermeter scales the input to the IEC flickermeter, u.(f), to an internal
s reference value, V,.r, calculating the average rms voltage Vzys of the input signal. When u . (f)
a0 1s obtained from an i,,(f), whose fundamental component is AM modulated, the output of Block

4

i

11, uy(¢) signal, can be described using the frequency diagram in Fig. A.2, and the corresponding

w2 phasors are expressed in (A.4).

N

_w wo x W e
wo wo

Figure A.2: Frequency diagram of signal u; (f), output of flickermeter Block 1.

Vref
(Colpy, = |Bo - v
- RMS Bo
Vref
(CDy, =B~ Voo (A4)
- RMS B
(C ) _ (B Vref
Ve = ? VRMS 182
413 Block 2 of the flickermeter simulates the behaviour of the reference lamp. The mathemati-

ws  cal implementation is a squaring multiplier, and therefore, the output signal u,(f) contains eight

ws frequency components that can be represented with the frequency diagram in Fig. A.3, and the

N

ws  corresponding phasors are expressed in (A.5).

Do Dy Do D3 Dy Ds Dg D7

B [

cC  wm 2w, wo e 2wo O g
fLuJ“/ 0 W0 9o

Figure A.3: Frequency diagram of signal u,(f), output of flickermeter Block 2.
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G ¢ G
(Do) = (7 t5 7) (D)5, = (CoCa)iyg+y,
<
(D), = (CoCyi— + (CoCoiyo—y, (Ds)s5 = (7) + (C1 Oy
B 1270 (A.5)
(D2)5, = (C1Co)yy,—, (De)is, = (CoCDiyg+n
G C
(D3)s, = (—) (D7), = (—)
93 2 - o7 2 on
447 Block 3 is composed of a cascade of three filters. The first two filters attenuate the DC compo-

«s  nent and frequencies above 35 or 42 Hz, depending on the fundamental frequency of the system,
a9 50 or 60 Hz, respectively. The third filter simulates the frequency response of the lamp-eye be-
40 haviour, and works also in the 0.5-42 Hz bandwidth.

451 As the frequency modulation proposed in the paper is 0.5 < f,, < 40 Hz, the frequency compo-

2 nents DC, 2 fy — f., 2fo, 2fo + f» and 2 fy + 2 f,, can be neglected when they are filtered. Therefore,

4

4

a3  the output signal u3(f) contains three frequency components, which are shown in Fig. A 4.

FEy Eq E2

Wm 2wm wo 2wo — 2wm w

Figure A.4: Spectral diagram of signal u3(¢), output of flickermeter Block 3.

454 These components can be considered to be the non-neglected output from the frequency res-

ss5  ponse Hz(w), which comprises the response of the three filters of Block 3. Therefore, the phasors

o

s of signal u;(f) are expressed by (A.6), where |H3(w;)| and ®@3(w;) are the amplitude and phase

4

o

ss7  responses, respectively, of Block 3 filters at the corresponding frequency w;:

o

(Eo)e, = (D - [H3(wm)Dis, +03 ()
(EDyq = (D2 - [H32wm)Dis,+500,) (A.6)

(E2)g, = (D3 - [H3(2wo — 205)is5+03000-20,)
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Block 4 contains a squaring multiplier that simulates the eye—brain response, and a sliding-
mean filter constructed with a low-pass filter that accounts for the perceptual storage effects in the
brain. The first step, the squaring multiplier, generates 10 frequency components represented by

Fig. A.5 with phasors that can be expressed as (A.7).

Fy Py Fy F3 Fy Fx Fs Fr Fy Fy

HEE N

C  wm 2w, Bwm  Awm WO AT g o
Qw0 quo w0 A0

Figure A.5: Frequency diagram of the u4,(f) signal, output of the squaring multiplier of the flickermeter Block 4.

Ej E} Ej
(Fo) = (— tot ?) (F5)g = (E1E2)ig-¢

2
(F1)y, = (EoEDig-« (Fe)z, = (EoE2)ig-q
E2
(F2)yg, = (70) (F7), = (EoEdiqre (A7)
e
(F3)i = (EoEDiq+e (F)g = (E1Ed)ig+e
E} Ej
(F4)|£4 - (7)&61 (Fg)l{;) B (7)052

The second step, the sliding-mean filter, discards the frequency components above 0.5 Hz by
using a first-order resistance—capacitance filter with a time constant of 300 ms. In this case, the
frequency components 2 fy — f,., 2fo, and 4 fy — 4 f,, will be sufficiently attenuated, independently
of the modulation frequency f,,, and therefore can be neglected. However, frequency components
that could be located at about a few tens of Hertz, depending on the modulation frequency f,,, are
considered for the accuracy of the approximation. Therefore, the output signal u4(¢) contains seven
frequency components that are represented by Fig. A.6. These components will be multiplied by
the filter frequency response H4(w) at the corresponding frequency w. The corresponding phasor
representation of the output signal u4(7) is in (A.8), where |H4(w;)| and ®4(w;) are the amplitude and

phase response, respectively, of the sliding-mean filter of Block 4 at the corresponding frequency
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Figure A.6: Frequency diagram of signal u4(f), output of flickermeter Block 4.

w;.
(Go) = (Fo - [Hs(0)])
(G1)yp, = (F1 - [Hi(@m)Digi+04wn)
(G2, = (F2 - |HiQwm)Digy+0420)
(G3)pp, = (F3  [HaBwm)Digs vy G (A.8)
(Ga)yp, = (Fy - |Ha(Awm)Digy+ 0440,
(G5)|&5 = (Fs - [Hs2wo — 40m)Dizs+040w0-dwm)
(G, = (Fé - 1Ha(2w0 = 30m) )i+ 2w-30)
When the phasors of the output signal of Block 4 are calculated, the u4(¢) signal can be ex-
pressed as:

us(t) = Go + Gysin(wpt + p1) + GosinQw,,t + p2) + Gasin(3w,t + p3)
(A.9)
+ Gysin(Awpt + pg) + Gssin(Qwy — 4wt + ps) + Gesin((Lwy — 3w,)t + pe)-

Finally, Py, is calculated in Block 5 using a statistical evaluation of u4(¢) according to [6].

A.2.2. Case of Current with Interharmonics Near the Cut-off Frequency

When the i,,(¢) is modulated with a couple of frequencies far from the fundamental component,
the resulting and scaled uy;.(f) can still be represented with the three phasors of (A.4), but the
output of Block 1, u;(¢) signal can be better described with the frequency diagram of Fig. A.7.

In this case, the squaring multiplier of Block 2 gives rise to eight frequency components, but
only one will be in the bandpass of Block 3: the difference between 271500 and 271490, that

is, 2m10. Therefore, the output signal u3(¢) contains only one frequency component. The phasor
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Figure A.7: Frequency diagram of the u, () signal, output of flickermeter Block 1.

of the us(r) signal can be expressed by (A.10), where |H3(w0)| an @3(wo) are the amplitude and

phase responses, respectively, of Block 3 filters at the frequency wy = 2710.

(E)s = (Cy - Cy - [H3(010)Diy, 49+ ®3(w10)- (A.10)

The squaring multiplier and the sliding-mean filter of Block 4 process the simple sinusoid
u3(t). Squaring the signal gives rise to a DC component and a frequency component at 2720. The
low-pass filter attenuates the 2720 component with more than 30 dB, so it can be neglected. The
output of Block 4, u4(?), can be considered a DC component described as:

2
2

E
G) = ( ) - [H4(0), (A.11)

where |H,(0)| is the amplitude response of the sliding-mean filter of Block 4 for the DC component.
The final Block 5 performs a statistical analysis that can be simplified, as all the percentile

values of u4(t) are identical. The output of the flickermeter can be expressed as:

P, =0.7139 - VG. (A.12)
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