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Currently, different parameter estimation techniques are
used to identify the characteristics of disturbances generated
by faults in electrical power systems [8], [9]. It is also possible
to detect faults in power distribution networks as evidenced
by Mallat [10], Sahani [11] and Alshahrani [12], by obtaining
the instantaneous frequency and amplitude of a signal and
having the ability to perceive and classify any variation (sag,
swell, flicker, harmonics, notching, interruptions and frequency
transients). The modern behavior of electrical networks has
brought with it different problems, one of them is the measurement and control of electrical parameters to quantify the
quality of energy in the network; signal analysis techniques
allow us to detect the quality of the energy to avoid failures
in the operation of the network or damage to the equipment
[13], [14].

Abstract—This article describes the implementation of modern
signal analysis techniques for modern electrical power systems. The methodology involves the Hilbert-Huang transform
supported by Empirical Mode Decomposition (EMD) and the
variation of Robust Empirical Mode Decomposition to decompose
a signal into its intrinsic mode function (IMF). A tool based on
the arrest of oscillations and different characteristic frequency
modes of electrical systems is used.
Index Terms—Hilbert-Huang transform, oscillations, power
quality, reliability.

I. I NTRODUCTION
As the interconnection of new energy sources to the grid
increases, as well as the massive use of non-linear loads and
electronic devices, a bidirectional flow of power appears in
the electrical grid; such behavior represents uncertainty about
the dynamic behavior of the system [1]. Static converters or
inverters introduce elements that pollute the network. This
contamination is associated with a high harmonic content and
loss of quality of the supply voltage waveform, which can
cause damage to other loads coupled to the same bus [2].
In recent years, due to the rapid growth of electricity
networks and the extension of the management, continuity
and assurance of energy supply, as well as the need to
dispatch to areas of difficult access, the operation of the
electricity network has become one of the bottlenecks in
the development of power systems; making the topologies of
the networks increasingly complex, which requires a study
of the relationship of the topologies with the penetration of
harmonics and interharmonics [3]. At present, it is difficult
to set the parameters of the oscillations of electrical systems,
due to the stochastic nature of non-linear and non-stationary
signals [4]. For this reason, it is necessary to develop parameter
estimation techniques that can accurately capture the dynamics
of system states, which will play an important role in the
control and protection of the electric power system [5], [6],
[7].
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One of the consequences of non-linear loads is the generation of harmonics and interharmonics in the network.
Instantaneous detection and characterization of this type of
oscillations in the face of load variation has been a challenge
in signal analysis and power quality. Estimation techniques
allow us to parameterize the harmonic content of the network
in order to carry out corrective actions to the system [15].
This work presents a novel analysis strategy capable of
estimating and detecting the oscillation modes and the different instantaneous frequencies of a typical signal that occurs
in an electrical system with a high penetration of renewable
energies. Based on the Hilbert Huang Transform (HHT), with
different variations of the Empirical Mode Decomposition
(EMD), a methodology is proposed that can not only show the
estimation of the instantaneous frequency-amplitude but also
the fundamental frequency of the different oscillation modes
of the system. In addition, with the advantage of requiring less
computational time with greater efficiency compared to other
conventional analysis methods for this type of signals.
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II. G ENERAL C ONCEPTS OF S IGNAL A NALYSIS

A. Hilbert-Huang Transform

Algorithm 2 Empirical Mode Descomposition with Masking
Signal
Result: Intrinsic Mode Functions (IMFs)
• A mask signal s(t) is constructed based in [23], [21],
supported by the original signal information, x(t).
• The EM D is obtained from the signals: x(t) and s(t).
x+ (t) = x (t) + s (t)

The Hilbert-Huang transform of a function x(t) is a concept
introduced by Norden E. Huang in [16]. The HHT was created
to analyze signals of a non-stationary and non-linear nature,
this feature has extended its application to many fields of engineering. The HHT consists of two important parts: Empirical
Mode Decomposition (EMD) and the Hilbert Transform (HT)
[17].
1) Empirical Mode Decomposition: The objective of the
Empirical Modal Decomposition (EMD) method is to decompose the non-linear and non-stationary signal x(t) into a finite
sum of independent modes called the Intrinsic Mode Function
(IMF). The IMFs are obtained from the original signal and
satisfy two conditions [18]:
1) The number of extreme crossings and the number of
zero crossings must be the same or different by at most
one.
2) At any point, the mean value of the envelope defined by
the local maxima and the envelope defined by the local
minima is zero.

x− (t) = x (t) − s (t)
•

Then, X + and X − are obtained.
Compute the main value, IM F is defined as:

•

x+ (t) + x− (t)
2
Performing the process for each residue.

•

IM F (t) =

This improvement of the EMD aims to perform a better
extraction of the frequencies. In general, the mask signal is
applied in the form s(t) = A0 · sin(2π · f · t), where a0 and
f are obtained according to [21], [23] and it is explained as
follows: the parameters of the mask signal are chosen from the
map of the relationship between amplitudes and frequencies
shown in the Figure. 1, where the blue region represents the
separation of the mixed modes of the original signal. In terms
of frequency, this occurs when the ratio f¯/f < 0.67 (this
number can change depending on the resolution used in the
construction of the map), where f¯ is the highest frequency of
the signal.

The EMD algorithm for the signal x(t) can be summarized
this way [17], [19]:

Algorithm 1 Empirical Modal Decomposition (EMD)
Result: Intrinsic Mode Functions (IMFs)
• Identify all the extremes (highs and lows) in x(t).
• Compute the upper hull eu (t) and the lower hull el (t) by
interpolation (cubic splines).
• Determine the local mean as m(t) = (eu (t) + em (l))/2.
• Get the residue r(t) = x(t) − m(t).
• Subtract the intrinsic mode function (IMF) obtained from
the original signal.
• Iterate over the remainder until r(t) becomes monotonic.

2) Empirical Modal Decomposition with Masking Signal:
To find a solution to the Mode Mixing problem, [20] defines
the Signal Masking method, a compatible enhancement to
the EMD procedure. Currently some variations of the method
have been presented, which improve the decomposition of the
signals [21] and [22].
The algorithm is defined as:

Fig. 1. Separation performance measurement for two-mode signals, a 2-D
representation.

3) Robust Empirical Modal Decomposition (REMD): The
REMD is an improved empirical mode decomposition powered by Soft Sifting Stopping Criterion (SSSC). The SSSC is
an adaptive sifting stop criterion to stop the sifting process

automatically for the EMD [24]. The classical cubic spline
interpolation method and mirror extension method are adopted
for envelope estimation and boundary condition. Among them,
the SSC parameter has the greatest impact on the accuracy
and efficiency of EMD. This parameter directly affects the
sifting iterations number and then controls the decomposition
component of EMD, but it opts to cause the ‘undersifting’ or
‘over-sifting’ phenomenon [25]. Therefore, the study of SSC
is essential to deal with the mode-mixing problem in EMD.
The definition of SSC parameter is as follows: (1) the number
of extreme points and zeros must be equal or no more than
one, i.e., |Nzeros − Nextreme | ≤ 1; (2) if the envelope mean
signal mik [n] of EMD is 0, the sifting process stops, that is,
limk→∞ mik [n] = 0.
B. Hilbert-Huang Transform
The Hilbert transform was born as a solution to the problem
of holomorphic functions, developed by David Hilbert in 1905.
This transform defines the convolution of a signal x(t) and
1/(πt). Otherwise, it can be defined as the response of the
signal x(t) to the impulse of 1/(πt) [26].
For a signal x(t), the analysis signal z(t) is defined as an
imaginary number:
z (t) = x (t) + iy (t) = a (t) eiθ(t)

(1)

Where y(t) is the Hilbert transform of x(t), so that:
1
y (t) = P
π

Z

∞

−∞

x (τ )
dτ
t−τ

(2)

where P is the ”Cauchy principal value”. HHT estimates the
instantaneous frequency and amplitude of a given signal and
to do this it first decomposes any signal into monocomponents
called the IMF by using EMD. With the function x(t) defined
as:
x(t) = r(t) +

X

ci (t)

1) Hilbert Spectrum (HS): The main goal of HHT development is to have a tool to manage the time-frequency-energy
data paradigm. One way to express nonstationarity is to find
the instantaneous frequency and the instantaneous amplitude.
This was the reason why HS analysis was included as part
of HHT. Spectral analysis is a powerful tool to analyze the
statistical characteristics of stochastic data [27]. A HS is a 3D
representation of the instantaneous amplitude and frequency
versus time for each IMF.
The HS is defined as:
(
ai (t) for f = fi (t)
(7)
Hi (f, t) ≜
0
otherwise
For a general multi-component signal, the HS is defined as
the sum of the HS of all the IMFs, as given by:
H(f, t) ≜

N
X

Hi (f, t),

Where N is the total number of IMFs.
III. S TUDY C ASES
A. Synthetic Signal
To test the previously presented signal analysis techniques,
we propose a synthetic signal described in Equation 9. This
signal has harmonic and interharmonic content, characteristic
of electrical systems with high penetration of modern power
elements and non-linear and non-stationary behavior.
x (t) = 120 · sen (2π · 60 · t)
+ 30 · sen (2π · 180 · t + 30◦ )
+ 30 · sen (2π · 360 · t + 30◦ )

p

x2 + y 2


θ (t) = arctan

y (t)
x (t)

+ N OISE
The signal is defined in a time window of 500 ms, in Figure
2 the first 100 ms are shown to facilitate the visualization of
the oscillation modes.

(3)

(4)


(5)

The instantaneous frequency fi (t) for each IMF ci (t) is
defined by:
fi (t) ≜

1 dθi (t)
·
.
2π
dt

Fig. 2. Synthetic signal used.

(6)

(9)

+ 30 · sen (2π · 690 · t)

Where ci (t) is the IMF number i, (θi (t)) is the instantaneous phase. The residual r(t) is a monotonic function. From
(1) the amplitude and phase are:
a (t) =

(8)

i=1

B. Power System
HHT-based analysis with REMD, shown above in synthetic
signals, also applies to electrical power system signals. For this
case, the study will be carried out on a photovoltaic system
of a residential house presented by Alzate [28] and Sanabria
[14], with the capacity to supply energy to the distribution
network, the topology of the system is shown in Figure 3. For
the purposes of the study, 2 seconds of the data are analyzed,
as shown in Figure 4.
1

SM

2

3

SM

SM

M1
P1,Q1
M2

P3,Q3

P2,Q2

SM

Substation

gives us clarity of the ability of the technique to detect even,
odd and interharmonic harmonics in electrical power systems.

Fig. 5. Empirical mode decomposition of the synthetic signal
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Fig. 3. Low voltage distribution system

Fig. 6. Instantaneous frequencies detected in the synthetic signal

It should be noted that performing the analysis technique
with a signal whose oscillation modes are known, is performed
to evaluate the effectiveness of the technique with signals of
these characteristics.
B. Power System Result
Fig. 4. Voltage wave obtained from the test system in the point M3

IV. C ASE S TUDY R ESULT
A. Synthetic Signal Result
The empirical decomposition in modes is shown in Figure
5, where in the first IMF an oscillation frequency of 690 Hz
is observed, the second IMF shows an oscillation frequency
of 360 Hz. The third and fourth IMFs show an oscillation
frequency of 180 and 60 Hz, respectively. The last IMF is due
to the error of the technique when performing the interpolation
in the EMD. Figure 6 shows the behavior of the frequencies
of the oscillation modes detected in the IMFs (Figure 5). This

The REMD is shown in Figure 7the first IMF there is a highfrequency, low-amplitude oscillation mode that at first sight
could be seen as electromagnetic noise. Next, in the second
IMF of low amplitude and the so-called edge effect, which
consists of an error at the time of performing the interpolation.
The last IMF shows the fundamental component of the system,
with an error at the ends of the analysis window.
The oscillation modes of the analyzed signal are clearly
shown in Figure 8, where the first IMF shows an oscillation
mode between 10kHz and 15kHz. The second IMF shows us
oscillation modes in the range from 0 to 4kHz. And the last
IMF shows us the behavior of the oscillation in the range of
the fundamental frequency of the system.

elements of the electric power system.
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