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Abstract: In this article, an approach based on empirical mode decomposition (EMD) is suggested in order to calculate
short-term flicker severity, Pst, in power systems. EMD is a new signal processing method used for the analysis of
nonlinear and nonstationary signals. Pst is an important quantity in the electric power quality index defined by the
International Electrotechnical Commission. In the suggested approach, the voltage signal is separated into intrinsic mode
function components using EMD. These components are used for calculating the voltage flicker amplitude and frequency,
and Pst is calculated as a result of the statistical evaluation of flicker amplitude. EMD is thought to be efficient in finding
the flickers and calculating Pst due to power to find the changes in the oscillating signal envelope of EMD. Simulations
are made using an input signal modulated with single and multiflicker frequency. Simulations show that the approach is

usable in the calculation of Pst and it gives good results.

Key words: Short term flicker severity, empirical mode decomposition, intrinsic mode function, voltage flicker, power

quality

1. Introduction

Power quality (PQ) has gained much attention because of nonlinear loads. Due to their nonlinearity, loads
cause fluctuations in the voltage waveform and can greatly change the load currents in an electrical distribution
system. The most important feature of the voltage fluctuations is the flicker seen in light sources. Flicker is
defined as an instable effect of brightness and spectral distribution fluctuating over time of a light stimulus on
the eye, according to European Union EN61000-3-3 standards. Flicker is separated into two groups: short term
and long term. The characteristic of flicker changes according to load type and dimension [1].

Voltage fluctuations and flicker shorten the life of electronic devices, impair the operation performance of
motors and generators, and cause equipment to malfunction. Moreover, they impair the efficiency of the light
source and cause memory loss and processing errors for computers [2].

Pst is a valid and important index of power quality according to International Electrotechnical Com-
mission (IEC) standards. Calculating Pst accurately is a method used for the monitoring of power quality.
Parameters related to flicker can be measured easily after the frequency and amplitude of voltage fluctuations
are obtained accurately. IEC and IEEE standards recommend methods for flicker measurement and describe
the function and design features of Flickermeter [3,4].

To determine the Pst, the Flickermeter suggested in the IEC standards can be divided into two main parts.

The first part performs the electrical model of the lamp-eye-brain chain regarding voltage amplitude fluctuations
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for flicker sensitivity, known as instantaneous flicker level (IFL). The second part consists of statistical evaluation
of IFL [5]. The evaluation reveals the characteristics value of short-term flicker severity Pst in 10 min intervals.

Many classification algorithms have been developed by researchers for the classification of power quality
disturbances. A novel hybrid algorithm based on the applications of principle component analysis, discrete
wavelet transform, and fast Fourier transform (FFT) in order to detect possible PQ disturbances such as
voltage sag, flicker, harmonics, transients, DC component, and electromagnetic interference is presented in [6].
The potential of a relatively recent method of ensemble empirical mode decomposition (EMD)-based support
vector machine (SVM) classification for analyzing nonlinear and nonstationary power disturbances is applied in
[7,8]. A relatively new method known as EMD for the classification of the analyzed power quality disturbances
developed by Huang et al. is proposed [9]. A new noise-assisted analysis method, called ensemble EMD, and
the effect of ensemble EMD on time-frequency analysis behaviors are proposed in [10].

Several methods have been suggested to determine the level of flicker and to calculate the Pst. Some
of these methods are fast FFT, FFT-based methods, square demodulation (SD), and wavelet transform (WT).
These methods usually benefit from frequency region decomposition of the voltage waveform [11-14].

In these approaches, IEC Flickermeter digital performance is usually compared [15] and realistic results
are obtained as a result of numerical confusion. Apart from these methods, Teager energy operator (TEO) and
Hilbert transform (HT) have been used recently to analyze the voltage flicker. TEO can determine the signal
amplitude changes quickly. However, this method is sensitive to noise and this also reduces the accuracy by
increasing the frequency of flicker [16,17]. In HT, a complex signal is obtained after the HT of the original signal
and this signal is used for removing the voltage flicker envelope. This causes the numerical complexity [18-20].

New analysis methods are required for the identification of voltage flicker and calculation of Pst. EMD
is used for the analysis of the nonlinear and unstable signals and it gives good results [21]. This method is a
new signal transformation based on instantaneous frequency.

In this paper, an approach based on EMD is suggested in order to calculate amplitude and frequency of
voltage flicker and to obtain Pst. In this method, the signal is first decomposed at different frequencies by EMD),
taking an account of the local oscillation into consideration. Secondly, HT is applied to each IMF component
obtained from EMD. Flicker frequency and amplitude is calculated after the flicker envelope is obtained. Pst is

calculated in accordance with the suggested method of IEC and the Pst error is obtained.

2. EMD

With the EMD model, a signal is decomposed into different frequencies by taking into consideration the local
oscillations. Each IMF represents an oscillation in the signal. It can be considered as a harmonic component
in this respect. However, unlike harmonic components, IMF amplitudes and frequencies are not constant and
may vary over time. IMF corresponds to different frequency bands; however, there are predetermined frequency
bands. The first IMF component obtained from EMD is the component that has the highest frequency in the
original signal. The second IMF component has a lower frequency than first IMF.

According to Huang, IMF's that have the same length as the original signal have two important features:

1. The number of extrema points and zero crossing points must be equal to or different from each other with

a single unit maximum;

2. The mean value of the envelope defined as a local maxima and the envelope defined as a local minima

must be zero [21].
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The original signal, which has the sum of the components of the IMF and the mean value, is shown in
Eq. (1).

w(t) = ra(t) +)_¢i(t) (1)
j=1

Here x(t) is the signal being analyzed, n is  the number of scale, ¢;(¢) is the IMF in the jth scale, and r,(t)
is the residue signal that remains from the repetitions (approximation oscillation).

IMFs are obtained as follows by the EMD method [21-25]. The examined signal is x(¢):

Step 1: All maximum and minimum points in x(¢) are found and marked. An upper envelope wu(t)
and a lower envelope v(t) are obtained by combining the found top extremum and lower extremum points with
interpolation.

Step 2: my, the mean envelope of z(t), is obtained by averaging the upper and lower envelopes.

Step 3: A new signal (h;) is obtained by subtracting the mean envelope from the x(t) signal using
Eq. (2):

hy =x(t) —my (2)

Step 4: If the obtained h; does not provide the IMF feature, the first 3 steps continue to be applied to
h; signal. This is called a sifting process. In the next step, it is treated as the data and hy; is obtained. After
repeated siftings in this manner up to k times, hy; is obtained using Eq. (3):

hik = hig—1 — mix (3)

Step 5: After a stoppage criterion is selected, the first IMF component is obtained from ¢; = h;,. Two
different stoppage criteria can be used as the stoppage criterion of the sifting process [21]. The first stoppage
criterion is determined using the Cauchy convergence test. This criterion requires the normalized squared
difference between two successive sifting operations, defined in Eq. (4). If SD, is smaller than a predetermined

value, the sifting processes are stopped.

SDy = Y |hjlff1(t) — h ()
2= M (1)

The second stoppage criterion is based on the agreement of the number of zero crossings and extrema. The

(4)

S-number is pre-selected. Sifting processes are stopped only after S consecutive times, when the numbers of
extrema points and zero crossing points are equal or differ at most by one.

The first IMF component c; is subtracted from the input data, and its residue signal r; is obtained. c;
shows the highest frequency component in the flicker signal. r; is handled as a new data series and a new sifting
process is started. The processes are repeated for all residue signals until r,, takes the value smaller than a
pre-determined value or it becomes a monotonic function. Lastly, the remaining m signal is called a residue
signal. r,, . r,, is given in Eq. (5)

ri=xz(t) — 1

’rn = Tn71 — C’I’L (5>

HT is applied to the IMF components obtained as a result of EMD, and flicker amplitude and frequency are
obtained.
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3. Short-term flicker severity Pst

3.1. Voltage flicker model

It is very important to obtain voltage flicker in order to calculate the Pst accurately. Voltage flicker is expressed
by adding the amplitude-modulated fluctuation to amplitude modulation harmonic components. The modulated
signal can be shown as the sum of sinusoidal components. Mathematically, if the harmonic components are

ignored, voltage flicker can be explained by Eq. (6) [26]:

u(t) = Ag (1 + JZV: m; cos(2m f;t + ¢z)) cos(27 fot + o)

= (Ao + Agu(t)) cos(2rfof + po)
= A(t) cos(2 fot + o)

(6)

Here Ag represents the signal amplitude, fy represents the main frequency, g represents the starting phase
angle, and m; represents flicker amplitude. f; and ¢; are voltage flicker frequency and starting phase angle,
h
respectively. Agv(t)= Ag Y m;cos(2nfit + ¢;) is the flicker envelope.
i=1
Due to the voltage, the flicker envelope is modeled as amplitude-modulated, the number of extreme
points of the voltage flicker envelope is equal to the number of zero-crossing points. In order to obtain the
flicker envelope if Eq. (6) is squared before applying EMD to break the symmetry (4+/— equal in terms of the

lack of), and if m? and m;m; terms are ignored as m < 1, Eq. (7) is obtained:

A2 al A2 al
u?(t) = ?0 + A2 Z m; cos(2m fit + ;) + ?O cos(212 fot + o) + A3 cos(2m2 fot + o) Z m; cos(2m fit + ¢;) (7)
i=1 i=1

N
Here the flicker envelope expressed with the A2 >~ m;cos(2mfit + ¢;)term in (7), and as a result, EMD is
i=1

obtained.

3.2. Calculation of Pst
After the flicker envelope is obtained, HT is used in order to calculate flicker frequency and amplitude. Pst
is calculated in accordance with the suggested method in TEC. When the flicker component is removed, it
is passed through the detectable weighting filter on which weighting coefficients are calculated. This filter is
usually consists of serial 3 filters. The first filter is a filter which has a 0.05 Hz cutoff frequency first-order
high-pass. The second filter is the Butterworth filter, which has a 35 Hz cutoff frequency sixth-order low-pass.
These filters remove DC components and the components that are two times higher than the existing network
frequency. The third filter gives a bandpass response centered at 8.8 Hz. The obtained signal is passed through
squaring and smoothing blocks. The squaring multiplier simulates nonlinear eye-brain perception by squaring
the weighted flicker signal. The smoothing block consists of a first order low-pass filter with a 300 ms time
constant. The storage effect in the brain is simulated with the help of this filter and the instant flicker level
(IFL) is obtained. Lastly, IFL is passed through statistical evaluation [3].

Obtaining Pst by EMD can be shown with the algorithm in Figure 1. In statistical evaluation, for a
signal in the time domain the cumulative probability p(l) of signal level 1 over a period of T time is calculated

from Eq. (8). The graphical representation of p(l) is called the cumulative probability function (CPF) [5].

_ total time of where signal level >
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First, five evaluation points on the CPF curve and weighting coefficients corresponding the points are chosen in

order to obtain short-term flicker severity Pst using Eq. (8). Short term shows the 10 min observation period

and it is calculated using Eq. (9) [3]:

Py = |3 kiPw; = +/0,0314Py1 +0,0525P1, + 0,0657P3, + 0, 28 Pigs + 0, 08 Psos

Psos = (Psg + Pso + Pso)/3

Pios = (Ps + Ps + Pio + Pis + Pi7)/5
P3y = (Pro+ P3s+ Py)/3
Pg=(Pyr+Pi+Pi5)/3

9)

where k; ith weighting coefficient, P,; CPF curve level exceeds % x; of the observation period. Here, 0.0314,
0.0525, 0.0657, 0.28 and 0.08 values are the weighting coefficients. Py, P1, P3, P1g, and P5g factors are the
flicker levels exceeding 0.1%, 1%, 3%, 10% and 50% of the observation period time duration. Fifteen supporter

evaluation points on CPF are used in order to find the 5 evaluation points [3].

X(t) = ro(t)

4
[ an ]
L VA

B =1,,0)-c, ()

Calculate Local Minimum
and Maximum

Construct Lower
and Upper Envelope

hn,k (t) = hn,k—l (t) - mn,k—l (t)

Calculation Mean
Envelgpe m(t)

0=y, (O

2
hn,k—l

(SD

Y

- e 0=h
Weighting Filter Hilbert Transform
Squaring gnd Instantaneous
Smoothing FrequencylIF
Y and Amplitude A

‘ Statistical Evaluation‘

Pst

End

Figure 1. Algorithm of Pst.

4. Simulations

Simulations are performed in Matlab. The flicker-contaminated data was obtained by digitizing a California

Instruments, BPS-30, 3-phase, 30 kVA programmable disturbance generator, which was fed with waveform files.

The waveform files contain csv data that contains pure sinusoids added by flicker envelopes at various frequency
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and amplitudes. The IEC responses for sinusoidal fluctuations that result in unity instant flicker level are given
for a 230 V/50 Hz system in [3]. Table 1 provides the response of IEC for a 230 V/50 Hz system given in
the Flickermeter standard 61000-4-15 [3]. Simulated data are produced at 50 Hz system frequency as given
in Eq. (6) with various flicker frequencies and the corresponding d values in Table 1. The short-term flicker
severity Pst is calculated according to the IEC-recommended method. Single frequency, multiple frequency,
and harmonic flicker signals are tested for the method mentioned above. For all the identified samples, the
amplitude of the voltage signal is normalized to unity. Voltage waveform sampling frequency is taken as 10
kHz. Clearly, a sampling frequency above the Nyquist rate is necessary to contain all the necessary information
of the analog signal. In our case, the flicker is a subharmonic with a frequency lower than 50 Hz. However,
the transient waveform may contain nonsinusoidal shapes, which naturally contain a much higher frequency
content. In order to capture all the subtle envelope shape variations and take their effects into account, a high
sampling rate of 10 kHz is chosen. It was experimentally observed that the numerical results do not change
for higher sampling rates; however, the possibly sharper flicker envelopes were not faithfully reconstructed with
sampling rates below 5 kHz. The proportion of flicker amplitude to source signal amplitude m; is called the
flicker amplitude. In order to calculate flicker frequency and amplitude, HT is used after the flicker envelope is
obtained. When the flicker component is removed, it is passed through a detectable weighting filter in order to
calculate Pst. The obtained signal is passed through squaring and smoothing blocks and the IFL is obtained.
Lastly, Pst is obtained by evaluating the IFL statistically.

Table 1. Comparison of IFL values for EMD and SD methods.

TFT, TFT,
fHz) oy TevD 150 | M%) gy TEMD [ SD

50 | 0.398 | L.012 | 1013 | 12.0 | 0.312 | 0.986 | 0.986
55 | 0.360 | 1.016 | 1.016 | 13.0 | 0.348 | 0.982 | 0.082
6.0 | 0.328 | L.015 | 1.016 | 14.0 | 0.388 | 0.976 | 0.976
6.5 | 0.300 | 000 | 1.001 | 15.0 | 0.432 | 0.973 | 0.073
70 | 0.280 | 1.000 | 1,001 | 16.0 | 0.480 | 0.975 | 0.975
75 ] 0.266 | 1.005 | 1.006 | 17.0 | 0.530 | 0.975 | 0.075
80 | 0.256 | 1.002 | 1.003 | 18.0 | 0.584 | 0.981 | 0.079
88 | 0.250 | 1.000 | 1.000 | 19.0 | 0.640 | 0.984 | 0.082
95 | 0.254 | 001 | 1.002 | 20.0 | 0.700 | 0.990 | 0.088
10.0 | 0.260 | 0.994 | 0.094 | 21.0 | 0.760 | 0.991 | 0.987
10.5 | 0.270 | 0.994 | 0.095 | 22.0 | 0.824 | 0.999 | 0.989
11.0 | 0.282 | 0.991 | 0.092 | 23.0 | 0.890 | 0.998 | 0.989
115 | 0.206 | 0.988 | 0.098 | 24.0 | 0.062 | 1.005 | 0.995

4.1. Voltage signal with single flicker frequency
The amplitude expression modulated by single flicker frequency is shown in Eq. (10).

u(t) = Ag[l + mcos(2m ft + ¢1)] cos(2m fot + o) (10)

Here Ag =1, ¢1 =0, fo =50 Hz, and ¢y = 0. In order to do a simulation analysis similar to real situations,
flicker frequency f and amplitude m are adjusted according to the voltage fluctuation value when the IFL is 1.
The IFL value is expected to be near 1 at the end of the simulation using values in the Flickermeter standard

[3]. Twenty-five frequency components are chosen, which are around the most sensitive 8.8 Hz frequency. The

relationship between the chosen flicker amplitude m and voltage fluctuation d is m = ﬁd [17].
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Firstly, the voltage signals with single frequency flickers are taken as m = 0.176 and f = 8.8 Hz. The
voltage signal with a single flicker frequency is given in Figure 2. One gets 6 IMF components IMF1 to IMF6
and residue IMF7 by EMD to the below-voltage signal modulated with a single flicker frequency. The IMF
components that are obtained from EMD are shown in Figure 3. To determine the amplitude and frequency of
the flicker signal, HT is applied to the second IMF component. These are given in Figures 4 and 5, respectively.

amplitude

0 0.1 02 03 04 05 06 07 08 09 1
time (s)

Figure 2. Voltage signal with a single flicker frequency.
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Figure 3. IMF components obtained from EMD.

Secondly, the voltage signals with single frequency flickers are measured using EMD and SD methods.
The chosen flicker frequency f, voltage fluctuation, and the IFL values obtained from EMD and SD methods
are compared in Table 1. As defined in [3], if IFL values are within the +5% limits of a unit output of
perceptibility, the desired accuracy is obtained. Furthermore, it can be observed that the Pst error percentage
values obtained by EMD never exceed those obtained from SD. Consequently, we conclude that EMD method
gives more accurate results than SD. These Pst error values are comparatively provided for EMD and SD
methods in Figure 6. It can be seen that the Pst error obtained from the EMD method takes values lower
than 2% for all flicker frequencies, whereas the Pst error reaches 4.5% for the SD method. The IEC 61000-4-15

standard requires an acceptable error lower than 5%, which is already satisfied by SD. However, for a more
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accurate analysis, these results show that even a lower Pst error can be easily achieved using the proposed

method. The proposed EMD method pushes the envelope-resolving limit to within 1% of 50 Hz, which is far
beyond the IEC standards.

18 , . . :
0.4 16 |

0.35} 1 ni
0.3

o
o
G
:

[o=]

frequency (Hz)
)

amplitude (p.u.)
IS
S

e
-

B

—
[ 38}

|

4 41 i
0.05} e 2+ 4

0 . ! . . . 0 L ! . . .

0 1 2 3 4 5 0 1 2 3 4 5

time(s) time (s)
Figure 4. Flicker amplitude signal. Figure 5. Flicker frequency signal.
4.1:
4 —— EMD

—6e— SD

Pst error (%)

6 8 10 12 1I4 16 18 20 22 24
f (Hz)
Figure 6. Comparison of Pst error for EMD and SD methods.

4.2. Voltage signal with harmonic component

This section provides a numerical example of a flicker case, which is analyzed under an additive harmonic
component. The harmonic component is expected to confuse the numerical value of the flicker amount. For

our experiments, the voltage expression is modulated by single flicker frequency and contains a fifth harmonic
component as shown in Eq. (11):

u(t) = Ao[l + mcos(2m fit + p1)] cos(2m fot + ¢o) + As cos(27 fst + ¢o) (11)

Simulations are done by adjusting the values as Ag =1 V, m = 0.000884(d = 0.25%), f1 = 8.8 Hz, ¢1 =0,
fo =150 Hz, ¢o =0, and As = 0.02, fs = 250 Hz.

The applied and measured numerical values of flicker amplitude and frequency are given in Table 2.
The percentages of the error are also provided in that table. Here, HT is applied to IMF components and so
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flicker frequency and amplitude values are evaluated and compared to the constructed true values. The error
in amplitude is just 1.36% as compared to the applied value. The frequency error is even smaller at a rate of
0.052598% when compared to the applied frequency value. Combining these values, the Pst error is calculated
as 1.6073%.

Table 2. Amplitude and frequency of flicker signal obtained from EMD methods.

Parameter f (Hz) m (p.u.) | Pst

Setting value 8.800000 | 0.000884 | 0.7092
Measurement value | 8.795374 | 0.000896 | 0.7208
Error (%) 0.052598 | 1.361176 | 1.6073

Despite the confusing effect of harmonics within the line voltage, the flicker component is observed to be
very accurately extracted by the proposed EMD method.

4.3. Homogeneity of the suggested algorithm

The IEC 61000-4-15 standard requires a Flickermeter response that has a homogeneous feature. For example,
when the d value is two times higher, flicker severity Pst should be two times higher [3]. The homogeneity of
the suggested algorithm is controlled by applying the two times or half times of the m value corresponding to

flicker frequency given in Table 1 and the results are given in Table 3.

Table 3. Homogeneity test results of EMD methods.

gg;ieezcy (Hz) | ™ (%) Pst Pst error (%)
0.001768 0.7112 | -

4 2 x 0.001768 1.4224 | 0.000
0.5 x 0.001768 | 0.3556 | 0.000
0.001160 0.7137 | -

6 2 x 0.001160 1.4273 | 0.007
0.5 x 0.001160 | 0.3568 | 0.000
0.000905 0.7099 | -

8 2 x 0.000905 1.4197 | 0.007
0.5 x 0.000905 | 0.3549 | 0.000
0.000919 0.7074 | -

10 2 x 0.000919 1.4148 | 0.000
0.5 x 0.000919 | 0.3537 | 0.000
0.001103 0.7052 | -

12 2 x 0.001103 1.4104 | 0.000
0.5 x 0.001103 | 0.3526 | 0.000
0.001372 0.7018 | -

14 2 x 0.001372 1.4037 | 0.007
0.5 x 0.001372 | 0.3509 | 0.000
0.001697 0.7020 | -

16 2 x 0.001697 1.4041 | 0.007
0.5 x 0.001697 | 0.3510 | 0.000
0.002475 0.7075 | -

20 2 x 0.002475 1.4049 | 0.007
0.5 x 0.002475 | 0.3537 | 0.000
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If the suggested algorithm has a homogeneous feature, when the two times and half times of the m value

are applied respectively, the Pst value is expected to be two times and half times. As given in Table 3, it is

observed that the suggested approach can calculate the Pst value with minor error. The error in this Table is

defined as the percentage difference between the value obtained by calculating the two times/half times of Pst

and the Pst value obtained by the suggested method when the m value is two times higher and half times lower.

5. Results

In this article, first EMD is used for removing a voltage flicker and then the short-term flicker severity Pst is

calculated by a statistical evaluation of the voltage flicker amplitude. EMD is a novel technique that is capable

of splitting signal components with different spectral characteristics. The simulation results indicate that this

method has pronounced advantages over the existing methods. The advantages are listed below:

(1]

2]

(6]

[7]

508

. The method is able to determine frequency and amplitude parameters of the flicker, IFL, and short-term

flicker severity Pst extremely accurately within the parametric range of interest.

The method is capable of isolating separate flicker components, which gives a great advantage to quan-
tification, unlike the classical square demodulation strategy.

Even in cases with normal voltage carrying harmonics, the flicker component could be extracted and
accurately measured.

Naturally, once the amplitude and frequencies are accurately measured, the short-term flicker severity

(Ps:) is calculated easily and accurately.

The proposed Flickermeter algorithm has a homogeneous feature.
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