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Abstract—Voltage flicker is a non-stationary waveform for which
direct spectral analysis is not appropriate. To overcome this diffi-
culty, a Hilbert–Huang transform based technique is proposed here.
Hilbert–Huang transform is a new signal processing method that can
be used in the analysis of non-linear and non-stationary signals. In
the suggested method, the recorded voltage signal is decomposed into
Hilbert–Huang transform components, namely the empirical mode
decomposition and intrinsic mode function components. These com-
ponents are used in the calculation of the frequency and amplitude of
voltage flicker. The clear success of empirical mode decomposition
in depicting envelope variations of a sinusoidal waveform has been
the main motivation for the adoption of Hilbert–Huang transform
in flicker analysis. Simulations are performed over waveforms, in-
cluding single- and multiple-flicker frequencies and flicker with har-
monic, voltage sag, and voltage swell. The waveforms are selected
as pure sinusoids, as well as harmonically rich voltage waveforms.
Simulation results show that the proposed methodology constitutes a
plausible way to analyze voltage flickers, making it an alternative to
the available flicker analysis tools.

1. INTRODUCTION

Voltage flicker is a severe power quality defect that can even be
visible by the human eye under electric light sources. Accord-
ing to the European Union EN 61000-3-3 standard, voltage
flicker is described as the unstable effect of a light excitation
in which brightness and spectral distribution are waves on the
eye sense. The general “voltage flicker” term can be analyzed
in two sub-groups, namely short-term and long-term voltage
flickers. The characteristic of the voltage flicker changes based
upon the type and size of the load [1]. The human eye is sen-
sitive to voltage flicker at the 0.5- and 25-Hz frequency band.
As a result, voltage flicker itself is described as voltage fluctu-
ations between 0.5 and 25 Hz [2].

Even more important than the visibility effect is that voltage
flicker is considered to be one of the harshest power quality
events because of its detrimental effects on most electronic and
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control circuits, which are generally characterized by their sen-
sitivity to voltage variation. The voltage flicker breaks down
the operation performance of the motor and the generators, and
it can cause process errors and memory losses in computers by
reducing the lifespan of electronic equipment and incandes-
cent and fluorescent lights. Voltage fluctuation can also result
in the malfunction of phase-locked loops (PLLs), electronic
controllers, and protection devices [3].

The gist of the flicker analysis is to determine the envelope
of the voltage signal. After the envelope is determined, pa-
rameters related to flicker are calculated easily. IEC and IEEE
standards suggested a way to determine the flicker envelope in
[4, 5] with a method called “square demodulation,” in which
the square of the input voltage signal is calculated. Essentially,
the above-mentioned method is a basic adoption of the well-
known amplitude modulation (AM) demodulation technique
used in radio communications, as explained in Section 3.

Following extraction of the envelope, several methods have
been suggested in the literature for flicker quantification. In
many cases, spectral strategies are adopted using fast Fourier
transform (FFT). The disadvantage of applying FFT-based
techniques is that in these techniques, signals are assumed
as stationary [6, 7]. Other quantification methods are mostly
based on estimation techniques (e.g., least absolute value
[LAV] status estimation and the Kalman filter [KF]). Even
though LAV and KF methods are suitable for the attribution
of unstable signals, these methods have essential deficiencies.
The basic disadvantage of LAV-based status estimation tech-
niques is the assumption that flicker frequency is obvious in
approximation, which is not practical; furthermore, this tech-
nique suffers from slow convergence. Similarly, the KF re-
quires a great deal of numeric calculation and accurate de-
termination of parameters [8–11]. Recently, Hilbert transform
(HT), wavelet transform (WT), and the Teager energy op-
erator (TEO) have been used as efficient devices to analyze
non-stationary waveform behavior, such as voltage flicker. In
the HT technique, after the transformation of the original sig-
nal, the band-pass envelope is available for voltage flicker
detection [12, 13]. In the WT technique, the voltage flicker
is usually obtained from frequency region decomposition of
voltage waveform [14]. A simple TEO can rapidly detect the
changes in this available signal envelope; however, this method
is sensitive to parasitic noise, so the accuracy deteriorates as
the flicker frequency increases [15, 16].

Many classification algorithms have been developed by re-
searchers for detection and classification of PQ disturbances,
such as voltage sag, voltage swell, voltage flicker, harmon-
ics, transients, DC components, and electromagnetic interfer-
ence. The potential of a relatively recent method of ensemble

empirical mode decomposition (EMD) based support vector
machine (SVM) classification for analyzing non-linear and
non-stationary power disturbances was applied in [17, 18].
The relatively new EMD method was proposed for the clas-
sification of power quality disturbances in [19–21]. A new
noise assisted analysis method, called ensemble EMD, was
proposed and its effect on time–frequency analysis behaviors
investigated in [22].

Clearly, voltage flicker is a stochastic process, and its
analysis remains an open issue. Inspired by the HT idea,
Hilbert–Huang transform (HHT) is a new signal transforma-
tion based on decomposition of the signal into its components
with instantaneous frequencies. This property is useful in the
analysis of non-stationary and time-varying signals [23], mak-
ing it suitable for voltage flicker detection and analysis.

In this study, an approach based on HHT is suggested
to calculate the frequency and amplitude of voltage flicker.
In this technique, after decomposition of the original sig-
nal through the transform, components that carry similar
oscillatory characteristics are automatically bundled to the
same decomposition level (known as intrinsic mode func-
tions [IMFs]) by the EMD, enabling the envelope compo-
nent to exhibit itself for voltage flicker detection. Once the
flicker envelope band is detected, HT is applied to the cor-
responding IMF component. EMD together with HT is used
for extracting mono-components (i.e., the IMFs) and symmet-
ric components from non-stationary signals. The advantages
of this method are that it does not require a predetermined
set of mathematical functions and that it allows projection
of a non-stationary signal onto a time–frequency plane, thus
making it adaptive in nature. The voltage flicker frequency, fre-
quency error e fi , flicker amplitude, and amplitude error emi are
obtained.

This article explains the HHT method in Section 2. In Sec-
tion 3, the mathematical envelope model of the voltage flicker
is provided, and the motivation behind the selection of HHT
for detection and analysis purposes is described. Simulation
results for various cases of single- and multiple-frequency volt-
age flicker, harmonic flicker, voltage sag, and voltage swell
signal are presented in Section 4, followed by conclusions in
Section 5.

2. HHT METHOD

core step of the overall HHT is called the EMD, which was
developed by Huang and his colleagues in 1998 [23]. This
step produces the so-called IMFs that successfully correspond
to separate frequency components. Inherently, the envelope
oscillations of a higher frequency sinusoidal oscillation can
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be extracted this way, hence the detection of voltage flick-
ers. The next step of HHT regards the quantification of these
components through HT, where amplitude, instant phase, and
frequency information are obtained [23].

2.1. EMD

EMD works by eliminating the highest frequency oscillations
using subtraction of zero crossing waveform variations. In
this way, the IMFs are ranked from the highest frequency
to the lowest frequency. This method, therefore, decomposes
the signal into zero mean AM and frequency modulation (FM)
components. Every IMF symbolizes a simple oscillation in the
signal. It can be thought of as a harmonic component in this
respect; however, contrary to the harmonic components, the
amplitude and frequencies of the IMFs are not stationary and
may change in time. The EMD strategy assumes the following
for a waveform:

1) the number of extreme points and the number of zero
points must be equal or differ by at most one;

2) the mean of the envelope of the local maximum and the
envelope of the local minimum value must be zero [16].

IMFs in EMD method are obtained as follows [23–28], con-
sidering a continuous-time signal.

1) All the maximum points of x(t) are obtained and
marked. An upper envelope u(t) is obtained by combin-
ing upper extremum points with interpolation (typically
the cubic spline [17]).

2) In the x(t)signal, all minimum points are obtained and
marked. A lower envelope v(t) is obtained by combining
lower extremum points with interpolation (again, cubic
spline).

3) The mean envelope m(t) of the x(t) signal is obtained
from Eq. (1) by taking the mean of upper and lower
envelopes:

m (t) = [u (t) + v (t)] /2 (1)

4) A new signal h1(t) is obtained from Eq. (2) by subtract-
ing the mean envelope from :

h1(t) = x (t) − m (t) (2)

5) If h1(t) as obtained from Eq. (2) does not satisfy IMF
properties, the first four steps are applied on h1(t); this
is called the sifting process. If the mean envelope signal
satisfies the IMF properties, recursion is stopped and
an (starting from the first) IMF component c1 (t) is ob-
tained. The mean signal and the mean-subtracted signal

are updated as in Eq. (3):

mk−1 (t) = [uk−1 (t) + vk−1 (t)] /2,

hk (t) = xk−1 (t) − mk−1 (t) (3)

6) The first IMF component c1 (t) is subtracted from the
original data, and its residue signal r1 (t) is obtained
from Eq. (4):

c1 (t) = hk (t) ,

r1 (t) = x (t) − c1 (t)
(4)

In the present case, shows the highest frequency compo-
nent in voltage signal. The residual signal r1 (t) still has oscil-
latory components. Consequently, a new elimination process
is started and iterated until rn (t) becomes a non-oscillating
(monotonic) function. Finally, the remaining m (t) signal is
called a residue signal (rn (t) in Eq. (5)):

r2 (t) = r1 (t) − c2 (t) , r3 (t) = r2 (t) − c3 (t) , . . . ,

rn(t) = rn−1 (t) − cn (t) . (5)

Clearly, the original signal can be reconstructed as the sum
of IMF components and the last residual mean as in Eq. (6):

x (t) = rn (t) +
n∑

j=1

c j (t) (6)

As indicated above, once the IMFs are obtained, they may
be used to estimate the characteristics of the local frequencies
in the signal.

2.2. HT

HT is applied to the IMF components as a result of EMD, and
the Hilbert spectrum is obtained. After HT is applied to every
IMF component c j (t), a new data serial y j (t) is obtained from
Eq. (7):

yt (t) = 1

π
P

{∫ ∞

−∞

C j (t)

t − τ
dτ

}
, (7)

where P shows the Cauchy principle value. A complex data
serial in Eq. (8) is made up from this description:

z j (t) = c j (t) + i · y j (t) = a j (t) eiθ j (t) (8)

From Eq. (8), amplitude is obtained from Eq. (9):

a j (t) =
√

c2
j (t) + y2

j (t),

θ j (t) = tan−1

{
y j (t)

c j (t)

}
,

(9)

and instant frequency is calculated as ω j (t) = dθ j (t)
dt . The re-

sultant a j (t) and ω j (t) values are varying as a function of time.
The overall algorithm layout is shown in Figure 1.
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FIGURE 1. HHT algorithm.

3. HHT OF VOLTAGE FLICKER

3.1. Mathematical Model of Voltage Flicker

Accurate extraction of the voltage flicker component is the de-
sired output of the proposed model. Naturally, voltage flicker
waveform can be modeled as adding AM (envelope) harmonic
components to the sinusoidal waveform. Due to telecommu-
nications, this model can be expressed as in Eq. (10) [29]:

u(t) = A0

[
1 +

N∑
i=1

mi cos(2π fi t + φi )

]
cos(2π f0t + ϕ0),

= [A0 + A0v(t)] cos(2π f0t + ϕ0),

= A(t) cos(2π f0t + ϕ0). (10)

In Eq. (10), A0 is the amplitude of the main signal, f0 is the
main frequency, ϕ0 is the elementary phase angle, mi is the ra-
tio of the flicker amplitude to the main amplitude, and fi and φi

are the frequency of flicker voltage and elementary phase an-
gle, respectively. Here, A0v(t) = A0

∑h
i=1 mi cos(2π fi t + φi )

corresponds to the flicker envelope.

3.2. Acquiring the Flicker Envelope

The simplest AM demodulation algorithm is the square-law
detector (used in many AM radios, also adopted by flicker
detection standards). If the square of u (t) (in Eq. (10)) is
taken, the output is

u2(t) =
(

A2
0 + A2

0 cos(2π (2 f0)t + ϕ0)

2

)

×
[

1 +
N∑

i=1

m2
i cos2(2π fi t + φi )

+ 2
N∑

i=1

N∑
j=i+1

mi m j cos(2π fi t + φi ) cos

×(2π fi j t + φi j ) +

2
N∑

i=1

mi cos
(
2π fi t + φi

)]

= A2
0

2
+ A2

0

N∑
i=1

mi cos(2π fi t + φi ) + A2
0 cos

(
2π (2 f0

)
t

+ϕ0
) N∑

i=1

mi cos
(
2π fi t + φi

)

+
(

A2
0

2
+ A2

0

2
cos(2π (2 f0)t + ϕ0)

)
N∑

i=1

m2
i cos2(2π fi t + φi ) + A2

0

2

× cos(2π (2 f0)t + ϕ0)

+
(

A2
0 + A2

0

2
cos(2π (2 f0)t + ϕ0)

) N∑
i=1

N∑
j=i+1

mi m j

× cos(2π fi t + φi ) cos(2π f j t + φ j ). (11)

In Eq. (11), since m « 1, the terms that multiply m2
i and

mi m j can be safely ignored to achieve an approximation:

u2(t) ∼= A2
0

2
+ A2

0 cos(2π(2 f0)t + ϕ0)
N∑

i=1

mi cos(2π fi t + φi )

+ A2
0

2
cos(2π(2 f0)t + ϕ0)

+ A2
0

N∑
i=1

mi cos(2π fi t + φi ). (12)
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It can be noticed that the flicker envelope
A2

0

∑N
i=1 mi cos(2π fi t + φi ) is eminent in Eq. (12). The

other terms are additive components at frequencies more
than twice the fundamental line frequency (which is already
expected to be way more than the flicker frequency compo-
nents); they can therefore be filtered out using a low-pass
filter. After acquiring the envelope, HT or other spectral
techniques can be used to determine the flicker parameters.

This standard methodology has some important drawbacks:

• if the flicker component envelopes (m j ) are relatively
large, the square-law approximation in Eq. (12) becomes
inaccurate, causing inaccurate magnitude and frequency
calculations in the forthcoming steps;

• as the flicker frequency increases (approaching line fre-
quency m j ), low-pass filtering may become impossible;
and

• the method is not able to resolve harmonic components
of the envelope.

The HHT approach that starts by EMD yields nice reme-
dies to these drawbacks. Due to the voltage flicker waveform is
modeled as amplitude modulated, and the number of extreme
points of voltage flicker waveform is equal to the number of
zero-crossing points. The square of the voltage flicker wave-
form is obtained before applying EMD to break the symmetry
(+/– is equal in terms). Quite simply, the highest frequency
IMF corresponds to the line frequency (fundamental) compo-
nent, regardless of the flicker envelope magnitude. Therefore,
the accuracy of the later quantification process is assured. Fur-
thermore, the method does not require any linear low-pass
filtering; therefore, frequency mixture is significantly less in
the HHT technique. Finally, The EMD step automatically de-
composes the flicker into its harmonic components for more
accurate flicker quantification and analysis.

4. SIMULATIONS

Simulations are performed in MATLAB (The MathWorks,
Natick, Massachusetts, USA). The flicker-contaminated data
were obtained by digitizing a three-phase, 30-kVA pro-
grammable disturbance generator (BPS-30-1/3 30 kVA; Cal-
ifornia Instruments), which was fed by waveform files. The
waveform files contain comma separated value (CSV) data
that contain pure sinusoids added by flicker envelopes at vari-
ous frequency and amplitudes.

Single frequency, multiple frequency, harmonic flicker sig-
nal, voltage sag, and swell signal are tested for the above-
mentioned method. For all identified samples, the amplitude
of the voltage signal is normalized to unity. Voltage wave-

form sampling frequency is taken as 10 kHz. Clearly, a sam-
pling frequency above the Nyquist rate is necessary to con-
tain all of the necessary information of the analog signal. In
the present case, the flicker is a sub-harmonic with a fre-
quency lower than 50 Hz. However, the transient waveform
may contain non-sinusoidal shapes, which naturally contain
a much higher frequency content. To capture all subtle en-
velope 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 ratio of flicker amplitude to the amplitude of the
source signal mi is called the flicker amplitude. After acquir-
ing the flicker envelope, its quantification is performed over
four components: flicker frequency fi (Hz), frequency error efi

(%), flicker amplitude mi (p.u.), and amplitude error emi (%).
Voltage waveform sampling frequency is taken as 10 kHz. The
flicker frequencies and amplitudes have been set according to
the voltage fluctuation values given in flickermeter standard
61000-4-15.

4.1. Single-frequency Voltage Flicker

The expression of voltage, which was modulated with single
flicker, is shown in Eq. (13):

u(t) = A0[1 + m cos(2π f t + φ1)] cos(2π f0t + ϕ0) (13)

Here, the parameters are chosen as A0 = 1, m = 0.176, f =
8.8 Hz, φ1 = 0, f 0 = 50 Hz, and ϕ0 = 0 [13]. Following EMD,
the flicker signal component IMF is obtained as shown in Fig-
ure 2(a). HT is applied to this IMF to obtain flicker frequency
and amplitude. The results are illustrated in Figures 2(b) and
2(c), respectively. Naturally, HT provides a time function for
the flicker amplitude. Since the applied flicker amplitude does
not change in time, the measurement is done by taking the
mean (average) value of the output, and the result obtained is
0.175992. The percentage error of this amplitude is a mere
0.004204%. With a similar strategy, the flicker frequency is
obtained as 8.79901 Hz, which corresponds to a relative er-
ror of 0.007940%. The results are also presented in tabular
form in Table 1 [30]. For all practical purposes, the method
successfully identifies single-frequency voltage flicker.

According to [4], flicker frequencies over 25 Hz have neg-
ligible effects. The practical range of parameters according to
[29] is indicated as flicker amplitude (mi ) between 1% and
10% and flicker frequency ( fi ) between 3.5 and 24 Hz. For
comparative purposes, the outputs of the proposed method are
presented in Tables 2 and 3.
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FIGURE 2. HHT analysis of single-frequency voltage flicker.

It can be seen that both the frequency and amplitude values
of the recovered flicker signals are within reasonable bounds
throughout the useful range.

The voltage signal with single-frequency flicker is mea-
sured by using the HHT and square demodulation methods. To
make a realistic simulation analysis, flicker frequency f and

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

Setting value 8.800000 0.176000
Measurement value 8.799301 0.175992
Error (%) 0.007940 0.004204

TABLE 1. Flicker signal amplitude and frequency

Measurement value
Setting
value
fi (Hz) fi (Hz) efi (p.u.) mi (p.u.) emi (p.u.)

3.5 3.4999582 0.0011946 0.0200005 –0.0018258
4.5 4.4999768 0.0005163 0.0200001 0.0001728
5.5 5.4999352 0.0011782 0.0200001 0.0000790
6.5 6.4998521 0.0022757 0.0200001 0.0001957
7.5 7.4997465 0.0033798 0.0199998 0.0016914
8.8 8.7996105 0.0044267 0.0200000 0.0001545
10.0 10.0005916 –0.0059158 0.0200000 0.0007141
15.0 14.9979269 0.0138227 0.0199931 0.0354112
20.0 20.0051404 –0.0256953 0.0199997 0.0022122
24.0 24.0062344 –0.0259700 0.0199924 0.0387975

TABLE 2. Result of mi = 0.02 p.u. with single frequency

amplitude m are set according to voltage fluctuation values of
instantaneous flicker level (IFL) [4]. As defined in IEC 61000-
4-15, if input values are within the ±5% limits of values in the
table for a unit output of perceptibility, the desired accuracy
is obtained. The comparison of the two methods are shown in
Figure 3. It is seen that HHT-based methods give more accurate
results than square demodulation (SD) methods.

After flicker envelope is obtained using two methods, the
IFL is obtained. The IFL errors (%) obtained from the test
results are compared in Figure 4.

4.2. Multi-frequency Voltage Flicker

The expression of the flicker-contaminated voltage with two
flicker frequency components is given in Eq. (14):

u(t) = A0[1 + m1 cos(2π f1t + φ1) + m2 cos(2π f2t + φ2)]

× cos(2π f0t + ϕ0) (14)

Measurement value
Setting
value
fi (H z) fi (Hz) efi (p.u.) mi (p.u.) emi (p.u.)

3.5 3.4999802 0.0005650 0.0600002 –0.0000450
4.5 4.4999385 0.0013659 0.0600000 0.0001862
5.5 5.4999197 0.0014608 0.0600001 0.0000867
6.5 6.4998499 0.0023097 0.0600000 0.0001693
7.5 7.4997475 0.0033669 0.0599991 0.0016909
8.8 8.7996101 0.0044310 0.0599995 0.0009915
10.0 10.0005916 –0.0059158 0.0599997 0.0007141
15.0 14.9987363 0.0084255 0.0599941 0.0101109
20.0 20.0006977 –0.0034883 0.0600001 –0.0113954
24.0 24.0063440 –0.0264265 0.0600001 0.0498357

TABLE 3. Result of mi = 0.06 p.u. with single frequency
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FIGURE 3. Comparison of applied values, HHT values, and
SD values.

In Eq. (14) the parameters are chosen as A0 = 1, m1 =
0.00141, f 1 = 5 Hz, φ1 = 0, m2 = 0.00153, f 2 = 15 Hz,
φ2 = 0, f 0 = 50 Hz, and ϕ0 = 0. Two flicker components are
acquired as a result of EMD: IMF1 and IMF2. IMF1 exhibits
the component with higher frequency and IMF2 the compo-
nent with lower frequency. Similar to the above analysis, HT
is applied to the IMF1 and IMF2 signals to obtain the frequen-
cies and amplitudes of these flicker components. Amplitudes
(as a function of time) of the flicker components are shown
in Figures 5(a) and 5(b). The mean value of the amplitude
of the first flicker component is 0.0014056. When the ampli-
tude value is compared with the applied value, the error is
0.1102016%. The mean value of the amplitude of the second
component of the flicker signal is 0.0015248, with a relative
error of 0.1652988%. Frequencies of the flicker components
are presented in Figures 5(c) and 5(d). The mean value of the
frequency of the first flicker component is 4.9991634 Hz with
a relative error of 0.0167353%, and the mean value of the fre-
quency of the second flicker component is 14.9996616 with a
relative error of 0.0022563%.

In Table 4, HHT, TEO, and SD methods are compared; it
can be seen that frequency error and amplitude error values
calculated using HHT are below 0.16%. The frequency er-

FIGURE 4. Comparison of IFL error of HHT and SD values.

FIGURE 5. HHT analysis of voltage flicker with harmonics.

ror and amplitude error values calculated with other methods
(TEO and SD) are comparably higher than HHT. When the
HHT, TEO, and SD methods are compared, it is seen that HHT
method gives more accurate results. Again, the retained values
are well within a tolerable error bound.

4.3. Voltage Flickers under Harmonically Rich Voltage
Waveforms

The overall expression of a voltage waveform, which includes
harmonic components as well as a flicker, is given in Eq. (15):

u(t) = A0[1 + mcos(2π f1t + φ1)] cos(2π f0t + ϕ0)

+
∑
i=3,5

Ai cos(2πmi f0t + ϕ0) (15)

Setting frequency (Hz) 5 15
Setting amplitude (p.u.) 0.00141 0.00153
HHT frequency (Hz) 4.9991634 14.9996616
HHT frequency error (%) 0.0167353 0.0022563
HHT amplitude (p.u.) 0.0014056 0.0015248
HHT amplitude error (%) 0.1102016 0.1652988
TEO amplitude (p.u.) 0.0014045 0.0015445
TEO amplitude error (%) 0.394 0.945
SD amplitude (p.u.) 0.0013842 0.0015425
SD amplitude error (%) 1.828 0.819

TABLE 4. Results of multi-frequency voltage signals
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In Eq. (15), the parameters are chosen as A0 = 1, m = 0.1,
f 1 = 3 Hz, φ1 = 0, f 0 = 50 Hz, ϕ0 = 0, A3 = 0.05, A5 = 0.03,
m3 = 3, m5 = 5, m3

∗ f 0 = 150 Hz, and m5
∗ f 0 = 250 Hz

[18]. Again, HT is applied to the IMF component, and flicker
frequency and amplitude are obtained. The results are shown
in Figures 5(a) and 5(b), respectively. The mean value of the
flicker amplitude is 0.1020 with a relative error correspond-
ing to 2.0212%. The mean value of the flicker frequency is
2.9999 Hz, which corresponds to a relative error of 0.0027%.

Despite the confusing effect of harmonics within the line
voltage (without the flicker), the flicker component is observed
to be accurately extracted by the proposed HHT method.

4.4. Voltage Sag and Voltage Swell Waveforms

The overall expression of a voltage sag waveform, which in-
cludes voltage sag in Eq.16:

u(t) = 1 cos(2π f0t + ϕ0)

{
0 ≤ t ≤ 5
5.5 ≤ t ≤ 10

}
,

u(t) = 0.9 cos(2π f0t + ϕ0) {5 ≤ t ≤ 5.5} .

(16)

In Eq. (16), the parameters are chosen as follows: amplitude
is 1 p.u. if t is between 0 ≤ t ≤ 5 and 5.5 ≤ t ≤ 10, other
amplitude is 0.9 p.u., f 0 = 50 Hz, and ϕ0 = 0. Again, HT is

FIGURE 6. HHT analysis of voltage sag signal.

FIGURE 7. HHT analysis of voltage swell signal.

applied to the IMF1 component, and voltage sag frequency and
amplitude are obtained. The results are shown in Figures 6(a)
and 6(b), respectively.

The overall expression of a voltage swell waveform, includ-
ing voltage sag, is given in Eq. (17):

u(t) = 1 cos(2π f0t + ϕ0)

{
0 ≤ t ≤ 5
5.5 ≤ t ≤ 10

}
,

u(t) = 1.05 cos(2π f0t + ϕ0) {5 ≤ t ≤ 5.5} .

(17)

In Eq. (17), the parameters are chosen as follows: amplitude
is 1 p.u. if t is between 0 ≤ t ≤ 5 and 5.5 ≤ t ≤ 10, other
amplitude is 1.05 p.u., f 0 = 50 Hz, and ϕ0 = 0. Again, HT is
applied to the IMF1 component, and voltage swell frequency
and amplitude are obtained. The results are shown in Figures
7(a) and 7(b), respectively.

5. CONCLUSIONS

HHT is a novel technique that is capable of splitting signal
components with different spectral characteristics. Despite this
capability, it was not applied to the analysis of voltage flicker
under various parametric conditions. The simulation results
indicate that this method has the following pronounced advan-
tages over existing methods.
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1. The method is able to determine frequency and ampli-
tude parametrers of the flicker with extreme accuracy
within the parametric range of interest.

2. The method is capable of isolating separate flicker com-
ponents, which gives a great advantage to quantification,
unlike the classical square-law demodulation strategy.

3. Even under cases with normal voltage carrying harmon-
ics, the flicker component could be extracted and accu-
rately measured.

4. Naturally, once the amplitude and frequencies are accu-
rately measured, short-term flicker severity (Pst) may be
achieved easily.
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Doğan Gökhan Ece was born in Ankara, Turkey, in 1964.
He received his engineering degree from Istanbul Technical
University in 1986 and his M.Sc.and Ph.D. from Vanderbilt
University, Nashville, TN, 1990 and 1993, respectively, all
in electrical engineering. Currently he is a professor in the
Electrical and Electronics Engineering Department in Anadolu
University, Eskisehir, Turkey. His research areas include power
quality, fault detection, and modeling.
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