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Abstract

This paper presents a simple and efficient method
for detecting harmonics, interharmonics, and
subharmonics in voltage and current waveforms.
The proposed technique is based on a series
RLC resonant circuit and is characterized by its
simplicity, relatively fast response, and ease of
implementation. The performance of the proposed
method is validated using both mathematically
generated signals with severe waveform distortion
and signals measured in real distribution networks
with high penetration of renewable energy sources.
The maximum relative errors in the frequency of
detected harmonic components were 1.33% for the
mathematically generated strongly distorted signals
and 0.60% for the measured signals. The relative
errors in the estimated harmonic amplitudes,
expressed with respect to the fundamental
harmonic, were up to 4.75% for the strongly
distorted mathematically generated signals and
ranged from 1.28% to 11.75% for the measured
signals. The errors decreased as the level of
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waveform distortion increased.

Keywords: harmonics, interharmonics, power quality,
RLC circuit, subharmonics, waveform distortion.

1 Introduction

Modern electric power systems are characterized
by significant integration of nonlinear loads and
sources [1]. These components have a distorted
current waveform, which, due to voltage drop on
system impedances, distorts the voltage waveform.
The harmonic spectrum of the distorted signals is
mostly analyzed using different versions of the Fast
Fourier Transform (FFT) [2]. However, FFT has
an important limitation. It represents a distorted
current or voltage waveform as a sum of sinusoidal
functions whose frequencies are integer multiples of
the fundamental frequency. This means that FFT
cannot detect subharmonic components in the signal
(whose frequency is lower than the fundamental
frequency) or interharmonic components in the signal
(whose frequency is a non-integer multiple of the
fundamental frequency).

Interharmonics and subharmonics in voltage and
current waveforms are primarily generated by strongly
nonlinear and time-varying elements, such as variable
speed drives, inverters used in renewable energy
systems, controlled rectifiers, electric arc furnaces
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and welding equipment, cycloconverters, doubly
fed induction generators, etc. [3, 4]. Detection of
the subharmonics and interharmonics in the signals
is a complicated task, because it is necessary to
detect that some subharmonic or interharmonic
components do exist in the signal and it is necessary
to calculate their parameters (amplitude, phase angle,
etc.) [5]. Different methods are developed to detect
subharmonic and interharmonic components in
the signal [5-10]. In [6], a time-domain procedure
for detecting harmonics and interharmonics is
presented. The method is based on a high-resolution
Prony algorithm combined with a down-sampling
technique, enabling the precise resolution of
closely spaced spectral components. In [7], an
approach for interharmonic detection based on
sparse signal decomposition using the Matching
Pursuit algorithm and an overcomplete dictionary
is proposed. The method is validated using both
simulated and measured signals, demonstrating its
effectiveness and robustness. In [8], a method based
on multiple synchronous reference frame analysis
is presented. By employing parallel computing
techniques, the proposed approach enables real-time
estimation of the amplitudes and phase angles of
time-varying harmonics and interharmonics in rapidly
fluctuating asymmetrical loads. In [9], a two-stage
wavelet decomposition method is presented for
evaluating instantaneous power quality indices. The
approach combines customized filter banks and the
Undecimated Wavelet Packet Transform, followed
by the Hilbert transform, to analyze harmonic and
interharmonic components. In [10], an FFT-based
method for interharmonic detection is presented. The
approach employs an interpolation FFT algorithm
using the Blackman-Harris window together with the
Rife-Vincent (I) and Rife-Vincent (III) windows to
improve frequency estimation accuracy.

As demonstrated by the reviewed literature, numerous
advanced methods have been developed for detecting
harmonic spectra of the signal, including harmonic,
interharmonic, and subharmonic components. These
methods generally provide high detection accuracy,
support real-time implementation, and enable accurate
estimation of both the amplitudes and phase angles
of spectral components. However, most of these
techniques are computationally intensive, relatively
complex to implement, and primarily intended for
experts. Consequently, their implementation may
present significant challenges for engineers, limiting
their applicability in routine engineering tasks.

In many engineering applications, information about
the phase angles of harmonic components in the
signal is not required, nor is real-time estimation
of the harmonic spectrum. Instead, it is often
sufficient to identify the presence and approximate
frequencies and amplitudes of significant harmonics,
interharmonics, and subharmonics. Such information
is essential for avoiding resonance conditions in the
design of electrical networks and loads, when selecting
appropriate harmonic filters, assessing power quality,
etc. Therefore, engineers often require methods that
are simple, fast, reliable, and easy to implement,
while providing a clear identification of the significant
spectral components without the need for highly
accurate calculation of their amplitudes and phase
angles.

This paper presents an RLC resonant circuit-based
method for detecting subharmonics, interharmonics,
and harmonics in current and voltage waveforms. The
proposed method is validated using both strongly
distorted mathematically generated signals and
signals measured in a real distribution network with
renewable energy sources. Compared to the FFT-based
analysis, whose performance is limited to detecting
harmonic components in the signal, the proposed
method enables detection of harmonic, interharmonic,
and subharmonic components. Consequently, it
provides more comprehensive information about
the spectral content of voltage and current signals.
The presented method is simple and can be easily
implemented by engineers who are not experts in
the field of signal processing and harmonic spectra
calculation.

The paper is organized as follows: Section 2 describes
the proposed method for detecting subharmonics,
interharmonics, and harmonics in current and
voltage signals; Section 3 presents the calculation
results, including those obtained from mathematically
generated highly distorted signals (Section 3.1) and
from signals measured at the points of common
coupling (PCCs) of photovoltaic (PV) power plants
in real distribution networks (Section 3.2); and finally,
Section 4 concludes the paper by summarizing the
main findings, discussing the proposed method, and
outlining directions for future research.

2 Description of the applied method for the
detection of subharmonics, interharmonics,
and harmonics in the signal

The presented approach of detecting subharmonics,
interharmonics, and harmonics in the voltage or
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current waveforms is based on the application of a
series-resonant RLC circuit shown in Figure 1. The
voltage balance equation for the circuit presented in
Figure 1 is defined by equation (1):

us(t) = R -i(t) +Ldil(tt) +é/i(t) dt (1)
R L
(1)
(7
ug (1) =fe

Figure 1. Series-resonant RLC circuit used to detect
subharmonics, interharmonics, and harmonics in the
voltage and current waveforms.

The detection procedure can be summarized as
follows:

1) Generate a mathematical signal for analysis or
measure it in a real network.

2) Use samples of the signal (current or voltage) from
the previous step to implement the voltage source
us(t) in Figure 1.

3) Use the following values of the RLC parameters:

a. R should be low to achieve a high @ factor of
the series RLC circuit, equation (2). A high Q
factor of a series RLC circuit indicates sharp
resonant peaks and a narrow bandwidth of the
circuit, which is essential for highly selective
band-pass filters. This enables good detection
efficiency of harmonic components, especially
if there are close harmonic components in a
signal. However, too high a @) factor can lead
to numerical instability. R = 0.1 2 is applied.

1 /L
o-1/L

_ \/T

Wy = IC
b. L is assumed to be 0.1 H to keep a high value
of the @ factor even at the low frequencies
(fr), equation (2). The values of R and L can

vary over a wide range, without significantly
affecting calculated results.

wL 27mfL

- @=7 R

(2)
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c. Cis calculated using equation (3). It is varied
in such a way that the resonance frequency of
the series RLC circuit is in the range f1 < f, <
f2. In this paper, 0 < f, < 600 Hz is applied
(butinsomecases0 < f, < 250Hzor0 < f, <
300 Hz). The DC component in a signal can be
accurately calculated as the mean signal value.
The presented approach always gives some DC
component, and the explanation is as follows:
equation (3), for the DC signal, gives an
infinite value of capacitance C, consequently,
MATLAB converts a capacitor into a short
circuit, leaving a low resistance series RL
circuit with large time constant, consequently,
some DC decaying current exist in the current
i(t) from Figure 1.

1

¢= L(2nf,)?

(3)

4) Numerically solve equation (1) using the ode45
solver in MATLAB. The solution provides the
current i(t) corresponding to the circuit shown in
Figure 1.

5) The RMS value of the current i(t) is calculated
based on the samples from the last 20% of the signal
when the transient process in the RLC circuit is
more damped. A longer time calculation enables a
more accurate calculation of the signal spectra.

6) Present calculated results.

All analyses and simulations presented in this paper
were performed on a desktop PC equipped with an
Intel® Core™ i5-12400 (12" Gen) processor (6 cores,
12 threads, up to 4.4 GHz), 32 GB of DDR4-3200
RAM, an MSI PRO H610M-E DDR4 (MS-7D48)
motherboard, and a 477 GB SSD. The duration of
calculations was up to a few minutes, depending on the
considered frequency range, adopted frequency step,
and analyzed signal duration. The proposed method
can also be executed on less powerful PCs but with a
longer simulation time.

3 Results of Calculations

3.1 Mathematically Generated Signals

The presented method of harmonics, subharmonics,
and interharmonics detection is applied to strongly
distorted mathematically generated signals. Phase
angles of harmonic components are varied to assess the
method’s accuracy and applicability under different
conditions.
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Table 1. Mathematically generated signals in Case 1.

Harmonic components in the signal 0 Hz 50 Hz 150 Hz 250 Hz 350 Hz 550 Hz
p & DC 1%t harmonic 3" harmonic 5% harmonic 7% harmonic 11" harmonic
Amplitude [p.u.] (signalsland2) 0.1 1 0.2 0.5 0.35 0.15
Phase angle [rad] (signal 1) - 0 0 0 0 0
Phase angle [rad] (signal 2) - /4 27 /4 3 /4 5m/4 67 /4
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Figure 2. a) Defined harmonic components in the signal, b) waveform of signal 1, c) calculated harmonic spectra of signal
1, d) waveform of signal 2, e) calculated harmonic spectra of signal 2.

Table 2. Comparison of the defined and detected frequencies of the spectral components in signals 1 and 2.

Defined harmonics 0Hz 50 Hz 150 Hz 250 Hz 350 Hz 550 Hz

in signals 1 and 2 DC 1%t harmonic 3" harmonic 5% harmonic 7™ harmonic 11* harmonic
Detected harmonics in signal 1 0 Hz 50.0 Hz 149.9 Hz 2499 Hz 350.0 Hz 5499 Hz
Detected harmonics in signal 2 0 Hz 499 Hz 150.4 Hz 250 Hz 3499 Hz 549.8 Hz
Relative error, signal 1 0 0.00% -0.07% -0.04% 0.00% -0.02%
Relative error, signal 2 0 -0.20% 0.27% 0.00% -0.03% -0.04%

Table 3. Comparison of the defined and estimated relative amplitudes of the spectral components in signals 1 and 2.

Defined harmonics 0 Hz 50 Hz 150 Hz 250 Hz 350 Hz 550 Hz

in signals 1 and 2 DC 1% harmonic 3" harmonic 5™ harmonic 7™ harmonic 11% harmonic
Defined amplitude [p.u.] (signals1and 2) 0.1 1 0.2 0.5 0.35 0.15
Calculated amplitude [p.u.] (signal 1) 0.1 1 0.200 0.496 0.347 0.148
Calculated amplitude [p.u.] (signal 2) 0.1 1 0.194 0.493 0.343 0.149
Relative error, signal 1 0% - -0.11% -0.72% -0.87% -1.09%
Relative error, signal 2 0% - 2.77% -1.39% -1.90% -0.76%

Case 1 - signal with the DC component and 1%, 3", in signals 1 and 2, but with different phase angles.
5%, 7t and 11" harmonics Calculated results are presented in Figure 2. It can

be noticed that all harmonic components in the signal
The signals 1 and 2 used in Case 1 are defined in are well detected. The duration of the calculations
Table 1. The same harmonic amplitudes are applied was 0.2 s, while in Figure 2(b) and Figure 2(d), only a
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0.06 s period is presented to improve figure readability.
The duration of the simulation is a very important
parameter because a longer simulation enables the RLC
circuit to reach a steady-state condition and to calculate
the harmonic spectra more accurately. Comparisons
between the defined and calculated harmonic spectra
of the signals from Table 1 and Figure 2 are given in
Table 2. Relative errors in the calculated results are
low, up to 0.27%, and can be even smaller in a longer
simulation. Comparisons of the defined and calculated
harmonic amplitudes of the signals from Table 1 and
Figure 2 are given in Table 3. Relative errors in the
calculated results are low, up to-2.77%. DC component
in the signal can be calculated as the mean signal value,
Table 3. Calculation of harmonic amplitudes is done
relative to the 1% harmonic (50 Hz), which represents
1 per unit (p.u.).

Relative error (RFE) of calculated results (CR)
compared to the accurate results (AR) is calculated
using equation (4):

_ CR- AR

E
R AR

-100% (4)
The dependence of the current [i(t) | waveform on the
resonant frequency of the RLC circuit (Figure 1) and
on the simulation duration for signal 1 is illustrated
in Figure 3. If the simulation duration is 0.06 s,
current waveforms and amplitudes are very similar
for resonant frequencies of the RLC circuit equal to
50 Hz and 55 Hz, as illustrated in Figure 3(a) and
Figure (c). This leads to the low accuracy of calculated
results. However, if simulation duration is increased to
0.2 s current waveforms are completely different for the
same resonant frequencies equal to 50 Hz and 55 Hz,
as illustrated in Figure 3(b) and Figure 3(d). Because
of that, in the case of strongly distorted signals, such
as signal 1, longer simulation time may be required to
enable circuit current (i(t) in Figure 1) to reach values
that enable reliable spectrum estimation.

Case 2 - signal with DC component, 17 Hz
subharmonic, 120 Hz interharmonic, and 15, 3™,
and 5™ harmonics

The signals 3 and 4 used in Case 2 are defined in
Table 4. The same amplitudes of the subharmonic,
interharmonic, and harmonics are applied in signals 3
and 4, but with different phase angles. Calculated
results are presented in Figure 4. The duration of
the calculations was 0.4 s. All defined subharmonic,
interharmonic and harmonic components in the signal
are well detected. Comparisons of the defined and
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calculated harmonic spectra of the signals from Table 4
and Figure 4 are given in Table 5. The relative errors
range from -1.76% to 0%, which is very accurate for
such a distorted signal and for engineering practice. In
longer simulations, errors will be additionally reduced.
Comparisons of the defined and calculated harmonic
amplitudes of the signals from Table 4 and Figure 4
are given in Table 6. Relative errors in the calculated
results are up to 4.75%. DC component in the signal
can be calculated as the mean signal value, Table 6.
Calculation of harmonic amplitudes in Table 6 is done
relative to the 1% harmonic (50 Hz), which represents
1pu.

Case 3 — signal with 15 Hz subharmonic and 75 Hz
and 180 Hz interharmonics

Signal 5, used in Case 3, is defined in Table 7.
Calculated results are presented in Figure 5. All
harmonic components in the signal are well detected.
Comparisons of the defined and calculated harmonic
spectra of the signals from Table 7 and Figure 5 are
given in Table 8. Relative errors in the calculated
results are up to 1.33%, which is very good for
engineering practice and can be additionally reduced
in a longer simulation. Comparisons of the defined
and calculated harmonic amplitudes of the signal from
Table 7 and Figure 5 are given in Table 9. Relative errors
in the calculated results are up to 4.62%. Calculation
of harmonic amplitudes in Table 9 is done relative to
the 15 Hz subharmonic, which represents 1 p.u.

3.2 Signals measured in real distribution networks

The presented method of subharmonics, harmonics,
and interharmonics detection is applied to signals
measured in real distribution networks [2, 11].
Distorted current signals measured at the PCC of
the PV power plants connected to 0.4 kV distribution
networks are used.

Calculated results for signals 6, 7 and 8 are presented
in Figures 6, 7 and 8, respectively. Calculations are
made using the standard FFT and the suggested
method. Comparisons of calculated results are given
in Tables 10 and 11. All harmonic components in the
signal are detected with high accuracy, even for the
relatively short simulation duration of 0.08 s. Relative
errors of calculated results in Table 10 are up to 0.6%.
The high accuracy of detected signal harmonic spectra
proves that the presented method is applicable in
real-world situations and in the presence of signal
noise. Comparisons of the harmonic amplitudes
calculated using the FFT and the presented method for
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Figure 3. Waveform of the current i(t) from Figure 1 at the resonant frequency of the RLC circuit and simulation duration
respectively equal to: a) 50 Hz and 0.06 s, b) 50 Hz and 0.2 s, ¢) 55 Hz and 0.06 s, d) 55 Hz and 0.2 s.

Table 4. Mathematically generated signals in Case 2.

Harmonic components 0Hz 17 Hz 50 Hz 120 Hz 150 Hz 250 Hz

in the signals 3 and 4 DC  subharmonic 1% harmonic interharmonic 3™ harmonic 5% harmonic
Amplitude [p.u.] (signals3and4) 0.1 0.15 1 0.2 0.3 0.4
Phase angle [rad] (signal 3) - 0 0 0 0 0
Phase angle [rad] (signal 4) - /4 2 /4 3 /4 5 /4 67 /4

Table 5. Comparison of the defined and detected frequencies of the spectral components in signals 3 and 4.

Defined harmonics 0Hz 17 Hz 50 Hz 120 Hz 150 Hz 250 Hz

in signals 3 and 4 DC subharmonic 1% harmonic interharmonic 3" harmonic 5™ harmonic
Detected harmonics in signal 3 0 Hz 16.7 Hz 499 Hz 1199 Hz 150 Hz 250 Hz
Detected harmonics in signal 4 0 Hz 16.9 Hz 50.0 Hz 120.0 Hz 149.9 Hz 249.9 Hz
Relative error, signal 3 0 -1.76% -0.20% -0.08% 0.00% 0.00%
Relative error, signal 4 0 -0.59% 0.00% 0.00% -0.07% -0.04%

the signals from Figures 6, 7 and 8 are given in Table 11.
The relative errors obtained in this case are significantly
higher than those reported in Table 10, reaching 1.95%

for Signal 6, 3.61% for Signal 7, and 11.75% for Signal
8. The errors decrease as the amplitudes of the
higher-order harmonics become more pronounced
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Figure 4. a) Defined harmonic components in the signal, b) waveform of signal 3, c) calculated harmonic spectra of signal
3, d) waveform of signal 4, e) calculated harmonic spectra of signal 4.

Table 6. Comparison of the defined and estimated relative amplitudes of the spectral components in signals 3 and 4.

Defined harmonics 0Hz 17 Hz 50 Hz 120 Hz 150 Hz 250 Hz

in signals 3 and 4 DC  subharmonic 1% harmonic interharmonic 3" harmonic 5™ harmonic
Defined amplitude [p.u.] (signals 3and 4) 0.1 0.15 1 0.2 0.3 0.4
Calculated amplitude [p.u.] (signal 3) 0.1 0.157 1 0.198 0.299 0.398
Calculated amplitude [p.u.] (signal 4) 0.1 0.156 1 0.191 0.292 0.398
Relative error, signal 3 0% 4.75% - -0.81% -0.46% -0.60%
Relative error, signal 4 0% 3.90% - -4.73% -2.55% -0.43%

Table 7. Mathematically generated signal in Case 3.

Harmonic components in the signal 5 15 Hz 75 Hz 180 Hz
subharmonic interharmonic interharmonic

Amplitude [p.u.] 1 0.2 0.5

Phase angle [rad ] /4 27 /4 3r/4

Table 8. Comparison of the defined and detected frequencies of the spectral components in signal 5.

Defined harmonics in signal 5 15 Hz 75 Hz 180 Hz
subharmonic interharmonic interharmonic

Detected harmonics in signal 5 152 Hz 75.1 Hz 180 Hz

Relative error, signal 5 1.33% 0.13% 0.00%

Table 9. Comparison of the defined and estimated relative amplitudes of the spectral components in signal 5.

Defined harmonics 15 Hz 75 Hz 180 Hz

in signal 5 subharmonic interharmonic interharmonic

Defined amplitude [p.u.] (signal 5) 1 0.2 0.5

Calculated amplitude [p.u.] (signal 5) 1 0.208 0.523

Relative error, signal 5 - 4.07% 4.62%
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Table 10. Comparison of the frequencies of the spectral components detected using the proposed method and the
standard FFT for signals 6, 7, and 8.

Standard FFT 50Hz 250Hz  350Hz 550 Hz
Suggested method, signal 6 50.2Hz 251 Hz 351.3Hz 552 Hz
Suggested method, signal 7 50.1 Hz 250.8 Hz 351.5Hz 5519 Hz
Suggested method, signal 8 50.3 Hz 249.4Hz 351.6 Hz -
Relative error, signal 6 0.40% 0.40% 0.37% 0.36%
Relative error, signal 7 0.20% 0.32% 0.43% 0.35%
Relative error, signal 8 0.60%  -0.24% 0.46% -

Table 11. Comparison of the relative amplitudes of the spectral components obtained using the proposed method and the
standard FFT for signals 6, 7, and 8.

Defined harmonic components

0.8

0.6

0.4

0.2

15

Harmonic component 50Hz 250Hz 350Hz 550 Hz
Standard FFT (signal 6) [p.u.] 1 0.383 0.138 0.133
Standard FFT (signal 7) [p.u.] 1 0.196 0.073 0.043
Standard FFT (signal 8) [p.u.] 1 0.0325  0.0434 -
Calculated amplitude [p.u.] (signal 6) 1 0.378 0.135 0.131
Calculated amplitude [p.u.] (signal 7) 1 0.189 0.071 0.044
Calculated amplitude [p.u.] (signal 8) 1 0.0304  0.0383 -
Relative error, signal 6 - -1.28%  -1.92%  -1.95%
Relative error, signal 7 - -3.30% -3.61%  3.14%
Relative error, signal 8 - -6.31% -11.75% -
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Figure 5. a) Defined harmonic components in the signal, b) waveform of signal 5, c) calculated harmonic spectra of signal
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Figure 6. a) Measured signal 6, b) harmonic spectra of signal 6 (FFT), ¢) detected harmonic spectra of signal 6.

relative to the fundamental component, i.e., for more presented in Table 11 are expressed relative to the
heavily distorted signals. The harmonic amplitudes fundamental harmonic (50 Hz), which is taken as 1
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Figure 8. a) Measured signal 8, b) harmonic spectra of signal 8 (FFT), ¢) detected harmonic spectra of signal 8.
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4 Conclusion

The proposed method for determining the harmonic
spectra of voltage and current waveforms, including
the DC component, subharmonics, harmonics, and
interharmonics, is accurate, relatively fast, and
straightforward to implement. The accuracy and
applicability of the method have been validated using
both strongly distorted mathematically generated
signals and signals measured in a real 0.4-kV
distribution network at the PCCs of PV power
plants. The proposed method identifies the presence
of subharmonics, interharmonics, and harmonic
components in the signal and determines their
amplitudes relative to a selected reference harmonic,
which is typically fundamental (50 Hz). In its current
form, the proposed method does not provide accurate
estimates of harmonic amplitudes in absolute values or
their corresponding phase angles. The accuracy of the
calculated relative harmonic amplitudes increases as
the level of waveform distortion increases. The method
is not yet sufficiently fast for real-time applications,
because the calculations required up to a few minutes.
Nevertheless, computational time strongly depends on
the analyzed frequency range, the selected frequency
resolution, the duration of the analyzed signal, and
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the computational performance of the hardware.
Consequently, analyses over a limited frequency range,
using shorter signal records and larger frequency
steps, can be performed within a relatively short
time. Future work will focus on extending the
proposed method to enable real-time analysis of
dynamically varying signals containing subharmonics,
harmonics and interharmonics. In addition, methods
for accurately estimating the absolute amplitudes and
phase angles of subharmonic, interharmonic, and
harmonic components will be investigated. Further
research will also examine the influence of signal noise
and waveform distortion on the accuracy of harmonic
spectrum estimation.  Finally, comparisons with
other subharmonics, harmonics and interharmonics
detection methods will be made.
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