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 Abstract—Switching surges can cause voltage conditions 

degradation, and this paper presents a new approach in their 
analysis. Besides the amplitude properties, regarding to power 
quality, it is important to know the structure of their harmonic 
spectrum. For that purpose, characteristic surges (energization 
and deenergization of an unloaded 35 kV underground cable, 
energization of an unloaded 10 kV underground  cable and 
deenergization of a 10 kV overhead line, with a multiple 
appearance of the arc between the circuit breaker contacts) 
were analyzed. The signals were obtained by an experiment, so 
the occurrence of noise makes them much more complex to 
analyze than the simulated ones. Their harmonic 
decomposition was performed by digital signal processing 
methods - Empirical Mode Decomposition and Short Time 
Fourier Transform. The obtained results were compared to the 
calculated ones, which allowed us to draw conclusions related 
to applied methods efficiency and characteristic harmonics 
values that occur during the switching surges. The performed 
analysis allows us to get a deeper insight into transient 
processes in the real transmission power lines. The obtained 
results can be especially useful to detect the locations of 
occurrence of various types of surges and for development of 
real-time power quality monitoring systems. 
 

Index Terms—empirical mode decomposition method, 
harmonics, power quality, short time Fourier transform, 
switching surges. 

I. INTRODUCTION 

In modern distribution systems power quality is almost as 
important for suppliers as it is for consumers of electric 
energy. Voltage sags and dips, the appearance of harmonics, 
overload of transformers, significant neutral line currents 
and strong overheating of the lines are the typical problems 
related to a poor voltage supply quality [1], [2]. Detection of 
the above mentioned problems is the first step in their 
elimination [3], [4]. 

In this paper, a special attention is devoted to the 
switching overvoltages caused by the rapid changes of the 
electrical circuits working regime (i.e. switching 
commutations) and to their impact on the voltage supply 
quality. The overvoltages are a specific type of problem, 
with a short duration and non-periodic waveform, which 
consequently require a special type of analysis. Their 
occurrence may cause damage to the insulation or some 
parts of the equipment and also degradation of power 
quality. Therefore, it is necessary to identify and eliminate 
their effects [5]. 

So far, common approach in the switching surges analysis 
was based on consideration of the surge waveform 
maximum value. In other words, the values of frequencies 

and harmonics that accompany the observed process were 
not taken into account [6-11]. From today’s point of view, 
bearing in mind a dramatic increase of sensitive electronic 
devices in the load profile of modern systems and the 
importance of power quality, such an approach is 
unacceptable. In order to overcome the foregoing constraint, 
digital signal processing methods are increasingly used in 
analyzing switching surges and power quality disturbances 
[12-21].  Probably, our first thought regarding above 
mentioned may be connected with application of Discrete 
Fourier Transform (DFT) as a well-known method [22]. 
However, the method is convenient only for periodical and 
stationary signals. As previously mentioned, switching 
surges have completely different characteristics and the DFT 
method is not appropriate for their analysis [23, 24]. In 
connection with this, this paper promotes the Empirical 
Mode Decomposition (EMD) method, which is convenient 
for the nonlinear and nonstationary data analysis. The main 
innovation of the method is the introduction of intrinsic 
mode functions based on the local properties of the signal 
[12-15], [25, 26]. In the above referenced papers the EMD 
method was applied only to the theoretical signals, which 
are the result of more or less accurate simulations. This fact 
inspired us to check adequacy of the model for analysis, i.e. 
decomposition, of real surge signals into component 
frequencies. It should be emphasized that real signals are 
accompanied by noise, which makes the analysis more 
complex. To that end, measurements were carried out and 
time presentations of four characteristic switching surges 
were recorded: energization of an unloaded 35 kV 
underground transmission cable, deenergization of the 
unloaded 35 kV underground cable, energization of an 
unloaded 10 kV underground transmission cable and 
deenergization of a 10 kV overhead transmission line. 

Besides using the EMD method, the analysis of these 
signals was performed by Short Time Fourier Transform 
(STFT) method, which is a standard transformation for 
signals with time-varying spectrum analysis [22]. The 
results obtained by the EMD and STFT methods were 
compared with calculated ones  and conclusions related to 
their efficiency and characteristic harmonics bands that 
occur in the analyzed types of switching surges were drawn. 
Availability of data regarding the structure of the harmonic 
spectrum allows more detailed insight into the observed 
transient processes and associated phenomena. 

       23

Digital Object Identifier 10.4316/AECE.2015.03004

1582-7445 © 2015 AECE

[Downloaded from www.aece.ro on Saturday, October 13, 2018 at 08:34:56 (UTC) by 159.226.100.198. Redistribution subject to AECE license or copyright.]



Advances in Electrical and Computer Engineering                                                                      Volume 15, Number 3, 2015 

II.  BACKGROUND  

This section discusses methods for analytic determination 
of frequencies that occur as a result of switching surges and 
gives an overview of digital signal processing methods 
EMD and STFT, which are used in the examples that 
correspond to the transient occurrences analyzed later in the 
paper. 

A.  Analytical determination of the expected frequencies 

The analysis of measured voltage signals waveform is 
very important from the power quality point of view, 
because they represent the observed process in the most 
realistic way. In the case of switching surges, the analyzed 
signals are signals with fast changing spectral contents. 
Therefore, it is very important to choose a convenient 
method for the analysis and to verify its accuracy and 
efficiency. This can be done by comparing the results 
obtained by digital signal processing methods with 
analytically calculated values. 

For analytical determination of frequencies that appear 
during the switching surges the transient process is 
considered as nonsymmetrical and the analysis is performed 
using the method of symmetrical components. During the 
process of energization and deenergization of three-phase 
overhead transmission lines and underground cables, the 
traveling waves propagate along the line and their refraction 
and reflection occurs. The time in which the surge wave 
arrives from the beginning to the end of line is: 

l L C              (1)  
for direct component, and: 

000 CLl           (2)  

for zero component, where l is the length of the line, 
whereas L, L0, C, C0 are lines inductances and capacitances 
per unit length, for direct and zero sequence respectively.  

The velocities of the wave’s propagation along the line 
are: 

CLv 1            (3) 

and 

000 1 CLv           (4) 

It is well known that, for the overhead transmission lines, 
the propagation velocity of the direct component of the 
traveling waves is very close to the speed of light, whereas it 
is considerably lower for the underground cables. Periods of 
the corresponding components of the switching surge are 4τ 
and 4τ0 respectively. In the three-phase presentation, the 
following frequency values are calculated: 

- The refraction and reflection of the traveling waves 
(direct component) with velocity value v along the 
unloaded transmission line with length l causes the 
frequency value: 

 lvf  4           (5) 

- The refraction and reflection of the traveling waves 
(zero component) with velocity value v0 along the 
unloaded transmission line with length l causes the 
frequency value: 

 lvf  40          (6) 

- The transition of the system from one stationary state 
to another causes natural frequencies of the system 

(direct and zero component), which can be calculated 
based on the equivalent line T scheme: 

  lClLLf e  221       (7) 

  lClLLf e  000 221       (8) 

where Le is equivalent generator and transformer inductance. 
From the equations 1-8 follows that the accuracy of the 

results obtained analytically depends on the knowledge of 
the input data for L and C, which are not always readily 
available, and this makes the application more complex. 

B. Empirical Mode Decomposition 

The EMD is a novel signal analysis tool which gives 
sharp identification of embedded signal components. It was 
introduced by N. E. Huang [12] and it has become an 
important tool for signal decomposition and analysis. 
Recently, EMD has been successfully applied to power 
quality monitoring [13], power line energization [14], as 
well as general signal decomposition [22] and radar signal 
processing problems [26]. 

The EMD decomposes a given signal ( )x t  into a sum of 

intrinsic mode functions (IMF) through an iterative process 
called sifting. By definition, an IMF satisfies two conditions: 

1. The number of extrema and the number of zero 
crossings may differ by no more than one. 

2. The average value of the envelope defined by the 
local maxima, and the envelope defined by the local 
minima, is zero. 

Thus, locally, each IMF contains lower frequency 
oscillations than the previously extracted one. The IMFs are 
obtained using the following algorithm (sifting process) 
[22], [26]: 

1) Identify all extrema of ( )x t . 

2) Interpolate between minima (maxima) obtaining 
envelopes ( )lowe t  (resp. ( )upe t ). 

3) Compute the average 

envelope  ( ) ( ) ( ) 2up lowm t e t e t  . 

4) Extract the detail . ( ) ( ) ( )d t x t m t 
5) If ( )d t is an IMF, extract it and replace ( )x t  

with x t d t( ) ( ) ( )r t   , if ( )d t  is not an IMF, continue 

sifting replacing ( )x t with ( )d t .  

6) Repeat steps (1) – (5) until some of the stopping 
criteria are satisfied.  

To guarantee that the IMF functions retain enough 
physical sense, we have to determine criterion for the sifting 
process to stop. The most widely used criterion is to limit 
the size of standard deviation (SD), computed from the two 
consecutive sifting results as: 

2

( 1)

2
0 ( 1)

( ) ( )

( )

T
k k

t k

imf t imf t
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imf t

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 (9)  

The sifting stops when SD value comes between 0.2 and 
0.3 (experimentally determined threshold). By summing all 
IMF components with residual we obtain: 

 1

( )  
N

i N
i

x t imf r


 
       

(10)
 

Thus, we achieved a decomposition of the data into N 
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empirical modes, and a residue rN, which can be either the 
mean trend or a constant. 

In order to present EMD, as well as method’s 
applicability for switching surges analysis, a simulation of 
energization of unloaded 35 kV line in a single phase 
ground fault was considered. The signal in time domain, for 
phases that are not in a ground fault, is presented in Fig.1. It 
should be emphasized that the signal is not symmetrical, 
which is quite common case in engineering practice. 

 
Figure1. Energization of unloaded 35 kV overhead transmission line in a 
single phase ground fault (simulation results) 

 
The line length is l=7.5 km, and a characteristic 

impedance is Zc=370 Ω. With the application of an 
analytical approach on considered signal, frequency values 
of f1= 50 Hz, f2= 1170.285 Hz and f3= 1526.755 Hz were 
obtained. Results of decomposition (IMFs) are presented in 
Fig. 2, while Fig. 3 depicts IMFs in frequency domain.  

The signal is sampled with ∆t= 2×10-5s and 1000 signal 
samples are used as input to the EMD.  

 
Figure 2. Energization of unloaded 35 kV overhead transmission line in a 
single phase ground fault. Obtained IMFs for signal presented in Figure 1.  
 

Fig. 3 illustrates Fourier transform of the IMFs. It can be 
seen that EMD successfully decomposes the signal into 
individual components. Here we can stop searching for 
IMFs when all components of interest are obtained. In real 
application we either should know the number of 
components apriori or we should stop decomposition when 
residue does not contain components of interest. Estimated 
frequencies from the individual IMFs are f1= 50.35 Hz, f2= 
1167.29 Hz and f3= 1525.87 Hz. They are very close to the 
exact frequencies.  

Further analysis of the EMD applicability for switching 
surges is conducted throughout  simulation of energization 
of a very long and unloaded 110 kV overhead line (l=500 
km and  Zc=273 Ω). The analyzed process is symmetrical. 
The signal, given in Fig. 4, is very close to real one, and 
beside the fundamental frequency (50 Hz), it contains two 
transient components at frequencies 92.925 Hz and 336.775 
Hz. The decomposition results (IMFs) are presented in Fig. 

5, while Fig. 6 illustrates IMFs in frequency domain. 

 
Figure 3. Fourier transform of the IMFs presented in Figure 2. Each IMF 
contains single component with frequency that correspond to the calculated 
ones. 

 
Figure 4. Energization of a very long and unloaded 110 kV overhead 
transmission line (simulation results) 

. 
Figure 5. IMFs obtained by EMD for simulated energization of overhead 
transmission line presented in Figure 4 

 
 
Figure 6. Fourier transform of IMFs from Figure 5. Three signal 
components are successfully separated. 
 

C. Short Time Fourier Transform (STFT) 

The STFT is introduced to overcome the problem of 
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nonstationary signal analysis. It is based on the assumption 
that for a short-time basis, signal can be considered as 
stationary. The analytical expression for STFT in continuous 
time and frequency domain is [22]: 

         (12)       dtethtxSTFT tj  ,

The main idea is introducing a sliding window function 
which will truncate the analyzed signal, and applying the 
Fourier Transform on the truncated parts. The crucial 
drawback of this method is that the length of the window is 
related to the frequency resolution. For any chosen window 
function the expression , where  is time and ft  t f is 

frequency resolution, is always constant, i.e.: 

1

4
t f


             (13) 

Increasing the window length leads to improving 
frequency resolution, but it means that the nonstationarities 
occurring during considered interval will be smeared in 
time. Application of the STFT for the signals given in Fig. 1 
and Fig. 4 is presented in Fig. 7 and Fig. 8, respectively. 

From the Fig. 7 we can see that all components of interest 
are well separated in the STFT domain. Also we can see 
nonstationary (time-varying) component. For the case 
presented in Fig. 8 two close frequency components could 
not be separated in the time-frequency domain. 

 
Figure 7. STFT of signal given in Fig. 1. Three frequency components are 
visible in the STFT domain. 
 

 
Figure 8. STFT of signal given by Fig. 4. STFT could not separate 
components located at close frequencies (50 Hz and 92.925 Hz) 

III. DESCRIPTION OF MEASURED OVERVOLTAGE SIGNALS 

For the purposes of this paper, within a study of neutral 
points grounding for 35 kV and 10 kV distribution networks 
of the Montenegrin electric power system, measurements 
were carried out and time presentations of switching 
overvoltages were recorded. Measurements were carried out 
in Podgorica on a 35 kV cable line that connects TS 35/10 
kV Gorica and TS 35/10 kV Center, on a 10 kV overhead 
line connecting TS 35/10 kV Gorica and TS 10/0.4 kV Tuzi 
and on 10 kV underground cable that connects TS 35/10 kV 
Gorica and TS 10/0.4 kV Zagoric. 

The measurements were performed on a single phase, and 
were carried out by using the following equipment: a 
capacitive divider for 10 kV voltage level, a multichannel 
memory oscilloscope, a data acquisition and guidance 
computer system (DAQ), a specially developed structure for 
amplification of the command signal of DAQ for the 
purpose of programming activation (on/off) of a high 
voltage circuit breaker and a two-channel insulating 
attenuator for protection of the oscilloscope and DAQ from 
overflowing of voltage level at their inputs and for adapting 
amplitudes of the measured signals. 

Fig. 9 presents a single-phase model of the analyzed 
system, where e(t) is a time-dependent value of 
electromotive force; Re=Rg+Rtr and Le=Lg+Ltr are 
equivalent generator and transformer resistance and 
inductance, respectively; L, C, and R are transmission line 
inductance, capacitance and resistance per unit length. 

 
Figure 9. The single-phase model of the analyzed system 
 

The transmission lines with the following characteristics 
were analyzed: 
 A 35 kV underground cable (IPZ013 3x150 mm2), of 

a length l=2.163 km, and a characteristic impedance. 

Zc=34.4 Ω (calculated by equation CLZc  ). 

 An overhead 10 kV transmission line Al/Fe 3x35 
mm2 of a length l=4.8 km and the calculated value of 
a characteristic impedance Zc=351 Ω. 

 A 10 kV underground cable IP013-A 3x120 mm2, of 
a length l=5.7 km, and a characteristic impedance 
Zc=28.82 Ω. 

Voltage signals were obtained at the phase A by an 
experimental process of unloaded three phase transmission 
lines energization and deenergization. The measured signals 
are presented in Figs. 10-13. 

Fig. 10 presents the voltage signal, obtained by testing 
energization of the real unloaded 35 kV underground 
transmission cable. 

 
Figure 10. Energization of an unloaded 35 kV underground cable  
(experimental result) 

 
Fig. 11 presents the voltage signal, obtained by the 

process of unloaded 35 kV transmission cable 
deenergization, with a multiple appearance of the arc 
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between the circuit breaker contacts. 

 
Figure 11. Deenergization of an unloaded 35 kV underground cable  
(experimental result) 

 
The voltage signal, obtained by experimental 

deenergization of unloaded 10 kV overhead transmission 
line, with a multiple appearance of the arc between the 
circuit breaker contacts, is presented in Fig. 12.  

 
Figure 12. Deenergization of the unloaded 10 kV overhead line  
(experimental result) 
 

Fig. 13 presents the voltage signal, obtained by testing 
energization of the real unloaded 10 kV underground 
transmission cable. 

 
Figure 13. Energization of an unloaded 10 kV underground cable  
(experimental result) 

IV. A HARMONIC ANALYSIS OF SURGES BY IMPLEMENTING 

EMD AND STFT METHODS 

A. Energization of an unloaded 35 kV underground cable 

The voltage signal, presented in Fig. 10, was analyzed by 
the EMD method in two ways. At first, the signal was 
analyzed directly, by the EMD method. Then, the 50 Hz sine 
component and the direct exponential component were 
removed from the original signal before the analysis in order 
to provide more accurate values of the extracted frequencies. 
The reason for the removal of the above components is their 
very high amplitude in comparison with the amplitude of 
high frequency components so they could be masked. The 
voltage signal from Fig. 10, decomposed into intrinsic mode 
functions, is presented in Fig. 14, whereas Fourier 
transforms of the obtained IMFs are presented in Fig. 15. 
The same voltage signal, from which the 50 Hz sine 
component and the direct exponential component were 
removed, was also analyzed by the EMD method. Fig. 16 

presents the voltage signal, decomposed into intrinsic mode 
functions. The evaluation of frequencies extracted from the 
decomposed voltage signal is presented in Fig. 17. 

Results obtained by the performed analysis were 
compared to the frequency values calculated by equations 
(5)-(8) and presented in Table I. The table is the result of 
combined application of theory and discussed digital signal 
processing methods. A mark "-" in the table represents that 
the marked frequency value was not detected by using the 
above method. 

 
Figure 14. Voltage signal obtained at phase A by energization of the 
unloaded 35 kV underground cable, decomposed into intrinsic mode 
functions 

 
Figure 15. The evaluation of intrinsic mode function frequencies of the 
voltage signal obtained at phase A by energization of an unloaded 35 kV 
underground cable 

 
 

Figure 16. Voltage signal obtained at phase A by energization of the 
unloaded 35 kV underground cable, decomposed into intrinsic mode 
functions (after the removal of the 50 Hz sine component and the direct 
exponential component) 
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Figure 17. The evaluation of intrinsic mode function frequencies of the 
voltage signal obtained at phase A by energization of an unloaded 35 kV 
underground cable (after the removal of  the 50 Hz sine component and the 
direct exponential component) 
 

TABLE I FREQUENCIES OBTAINED BY EMD METHOD: DIRECTLY (EMD1); 
AFTER THE REMOVAL OF THE 50 HZ SINE COMPONENT AND THE DIRECT 

EXPONENTIAL COMPONENT (EMD2); COMPARED WITH THE CALCULATED 

VALUES FOR ENERGIZATION OF UNLOADED 35 KV UNDERGROUND CABLE 
EMD 1 EMD 2 Calculated 

frequency  Frequency Error Frequency Error 
365 Hz - - 341.8 Hz 6.35 % 

1286.8 Hz - - 1318.3 Hz 2.4 % 
3997.4 Hz 3808.8 Hz 4.7 % 3808.5 Hz 4.7 % 
9601.7 Hz 9423.8 Hz 1.8 % 9423.8 Hz 1.8 % 

 7373 Hz - 7324.2 Hz - 
 

The signal was also analyzed by a direct application of 
the STFT method, and the results are presented in Fig. 18, 
Fig. 19, and Table II. 

 
time [ms] 

Figure 18. STFT analysis of the voltage signal obtained at phase A by 
energization of an unloaded 35 kV underground cable 
 

 
time [ms] 

Figure 19. STFT analysis of the voltage signal obtained at phase A by 
energization of an unloaded 35 kV underground cable (after the removal of  
the 50 Hz sine component and the direct exponential component) 
 

The comparison between the results of the analysis of the 
voltage signal obtained by the unloaded 35 kV underground 
cable energization and the calculated ones shows that results 
obtained by the EMD method are very close to the 
calculated values, especially when removal of the 50 Hz 
sine component and the direct exponential component from 

the original signal has been performed. In this case, all 
calculated values of the frequencies are extracted, with the 
error of 1.8-6.35%. The maximum error value, which 
corresponds to the minimum expected frequency of 365 Hz, 
is 6.35%. For the above signal, all of the expected frequency 
values were extracted by the STFT method, with the error of 
5.38-79.45%. 
 

TABLE II FREQUENCIES OBTAINED BY THE STFT METHOD: DIRECTLY 

(STFT1); AFTER THE REMOVAL OF THE 50 HZ SINE COMPONENT AND THE 

DIRECT EXPONENTIAL COMPONENT (STFT2); COMPARED WITH THE 

CALCULATED VALUES FOR ENERGIZATION OF UNLOADED 35 KV 

UNDERGROUND CABLE 
STFT 1 STFT 2 Calculated 

frequency  Frequency Error Frequency Error 
365 Hz 521 Hz 42.73 % 655 Hz 79.45 % 

1286.8 Hz 1175 Hz 8.68 % 1175 Hz 8.68 % 
3997.4 Hz - - 3782 Hz 5.38 % 
9601.7 Hz 8310 Hz 13.45 % 9005 Hz 6.21 % 

 
24020 Hz 
31580 Hz 
36190 Hz 

- 
24525 Hz 
31035 Hz 

- 

 

B. Deenergization of the unloaded 35 kV underground 
cable 

The voltage signal, presented in Fig. 11, which was 
obtained by deenergization of an unloaded 35 kV 
underground cable, with a multiple appearance of the arc 
between the circuit breaker contacts, was analyzed by the 
EMD method. The results are presented in Fig. 20 and Fig. 
21. Fig. 20 presents the voltage signal, obtained by 
deenergization of the unloaded 35 kV underground cable, 
decomposed into the intrinsic mode functions. Fig. 21 
presents the evaluation of frequencies which were extracted 
from the decomposed voltage signal. The signal was also 
analyzed by direct application of the STFT method, as it is 
presented in Fig. 22. The obtained results are presented in 
Table III. 

For the voltage signal obtained by an unloaded 35 kV 
underground cable deenergization the EMD method gives 
very accurate results. From four of the calculated values of 
the frequencies, three are extracted, with the error of 2.93 – 
6.68%. For the same signal, by direct application of the 
STFT method, three frequency values are extracted, with the 
error of 3.02-8.37%. 

 
Figure 20. Voltage signal obtained at phase A by deenergization of an 
unloaded 35 kV underground cable, decomposed into intrinsic mode 
functions 
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Figure 21. The evaluation of intrinsic mode function frequencies of the 
voltage signal obtained at phase A by deenergization of an unloaded 35 kV 
underground cable 

 
time [ms] 

Figure 22. STFT analysis of the voltage signal obtained at phase A by 
deenergization of an unloaded 35 kV underground cable 
 

TABLE III FREQUENCIES OBTAINED BY THE EMD AND STFT METHODS 

COMPARED WITH THE CALCULATED VALUES FOR 
DEENERGIZATION OF UNLOADED 35 KV UNDERGROUND CABLE  

EMD STFT Calculated 
frequency  Frequency Error Frequency Error 

365 Hz – – – – 
1286.8 Hz 1200 Hz 6.68 % 1179 Hz 8.37 % 
3997.4 Hz 3877 Hz 3.02 % 4118 Hz 3.02 % 
9601.7 Hz 9320 Hz 2.93 % 10052 Hz 4.68 % 

 
Based on the real line parameters, the calculated and 

extracted frequency values can be explained in the following 
way: 

- the values of natural frequencies for the analyzed 
system are 1286.8 Hz and 365 Hz. These values were 
obtained using equations (7) and (8), with the 
following input parameters: L= 4.14·10-4 H/km, C= 
0.35·10-6 F/km, Le= 0.01978 H, L0= 23.886·10-4 H/km, 
C0= 0.35·10-6 F/km, Le0= 0.24863 H. These parameters 
are characteristic for the 35 kV cable IPZ013 (used in 
this case); 

- the refraction and reflection of the traveling waves 
with velocity v = 83074.1 km/s (calculated using 
equation (3)), along the 2.163 km cable causes the 
frequency value of 9601.7 Hz (calculated using 
equation (5)); 

- the refraction and reflection of the traveling waves 
(zero component), with velocity v0 = 34585.5 km/s 
(calculated using equation (4)) along the 2.163 km 
cable causes the frequency value of 3997.4 Hz 

(calculated using equation (6)); 
- the frequency of 7324.2 Hz occurs only at the start of 

the transient process (at first ms), before the circuit breaker 
contacts of different phases are closed, and it is the 
consequence of dissipations of the circuit breaker’s 
switching moments in the line energization process. The 
frequency is not obtained by calculation, but by applying of 
the EMD method, as it is presented in Table I. 

C. Deenergization of an unloaded 10 kV overhead 
transmission line 

The analysis of the voltage signal, presented in Fig. 12, 
obtained by deenergization of an unloaded 10 kV overhead 
transmission line, with a multiple appearance of the arc 
between the circuit breaker contacts, was performed by the 
EMD method (Fig. 23 and Fig. 24). Fig. 23 presents the 
voltage signal, obtained by deenergization of the unloaded 
10 kV overhead transmission line, decomposed into the 
intrinsic mode functions. The evaluation of the frequencies 
which were extracted from the decomposed voltage signal is 
presented in Fig. 24. The same signal was analyzed by a 
direct application of the STFT method, as presented in Fig. 
25. The obtained results are presented in Table IV. 

 
 

Figure 23. Voltage signal obtained at phase A by deenergization of an 
unloaded 10 kV overhead line, decomposed into intrinsic mode functions 

 

 
Figure 24. The evaluation of intrinsic mode function frequencies of the 
voltage signal obtained at phase A by deenergization of an unloaded 10 kV 
overhead line 
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time [ms] 

Figure 25. STFT analysis of the voltage signal obtained at phase A by 
deenergization of an unloaded 10 kV overhead line 

 
TABLE IV FREQUENCIES OBTAINED BY THE EMD AND STFT METHODS 

COMPARED WITH THE CALCULATED VALUES FOR 
DEENERGIZATION OF AN UNLOADED 10 KV OVERHEAD LINE  

EMD STFT Calculated 
frequency  Frequency Error Frequency Error 
6859 Hz 7050 Hz 2.78 % 2000 Hz 70.84 % 
11460 Hz 11670 Hz 1.83 % - - 
11741 Hz - - - - 

14910.7 Hz 14540 Hz 2.48 % - - 
 30272 Hz - 29370 Hz - 

 
For the voltage signal obtained by an unloaded 10 kV 

overhead transmission line deenergization, the EMD method 
also provides very accurate results. Three out of four 
calculated values of the frequencies are extracted, with the 
error of 1.83 – 2.78%. The occurrence of a 30272 Hz 
frequency is also noted, which is the consequence of the 
circuit breaker’s structural characteristics. In this case, by 
direct application of the STFT method, only one frequency 
value of 29370 Hz has been extracted.  

The noted frequency values can be explained in the 
following way: the natural frequencies for the analyzed 
system are 11741 Hz and 6859 Hz; the refraction and 
reflection of the traveling waves with velocity v = 286285.6 
km/s along the 4.8 km overhead line causes the frequency 
value of 14910.7 Hz; the refraction and reflection of the 
traveling waves (zero component), with velocity v0 = 
220032 km/s along the 4.8 km overhead line causes the 
frequency value of 11460 Hz. These values were obtained 
using equations (3)-(8), with the following input parameters: 
L= 1.226·10-3 H/km, C= 9.952·10-9 F/km, Le= 0.000908 H, 
L0= 4.19·10-3 H/km, C0= 4.93·10-9 F/km, Le0= 0.01272 H. 
Also, it should be mentioned the appearance of a frequency 
of 30272 Hz (see Table IV), which is detected by EMD 
method, and which is a result of the structural characteristics 
of the circuit breaker. 

D. Energization of an unloaded 10 kV underground cable 

The voltage signal presented in Fig. 13, which was 
obtained by energization of the unloaded 10 kV 
underground cable, was analyzed in a same manner as in a 
case given in the subsection IV.A. The signal decomposition 
into intrinsic mode functions is presented in Fig. 26, 
whereas Fourier transforms of the obtained IMFs are given 
in Fig. 27. 

The same voltage signal, from which the 50 Hz sine 
component and the direct exponential component were 
removed, was also analyzed by the EMD method. Fig. 28 
presents the voltage signal, decomposed into intrinsic mode 

functions. The evaluation of frequencies extracted from the 
decomposed voltage signal is presented in Fig 29. 

 
Figure 26. Voltage signal obtained at phase A by energization of the 
unloaded 10 kV underground cable, decomposed into IMFs. 

 
Figure 27. The evaluation of IMF frequencies of the voltage signal obtained 
at phase A by energization of an unloaded 10 kV underground cable 

 
Figure 28. Voltage signal obtained at phase A by energization of the 
unloaded 10 kV underground cable, decomposed into IMFs (after the 
removal of the 50 Hz sine component and the direct exponential 
component) 
 

Results obtained by the performed analysis were 
compared to the frequency values calculated by equations 
(5)-(8) and presented in Table V. 

The signal was also analyzed by a direct application of 
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