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Comparative analysis demonstrates the Adaline algorithm’s precision in
extracting current amplitudes pre- and post-SAPF implementation. However,
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Harmonics observed disparities in extracted resonance current amplitude may stem from
Parallel resgnance the algorithm’s limitations in capturing low-amplitude signals. While a gain
Power quality adjustment effectively boosts amplitude. However, it introduces considerable
Shunt active power filter ripple and inconsistency, likely linked to parallel resonance effects. Notably,

the SAPF exhibits simultaneous harmonic compensation and resonance
damping capabilities. Results affirm the SAPF’s effectiveness in reducing
harmonic components across all frequencies, including resonance frequency.
Furthermore, resonance damping is crucial for further improving SAPF
performance and reducing resonance current. This results in significantly
improved waveform quality and reduced total harmonic distortion (THD) and
individual harmonic distortion (THDi) values of compensated supply current.

This is an open access article under the CC BY-SA license.

Corresponding Author:

Nor Farahaida Abdul Rahman

School of Electrical Engineering, College of Engineering, Universiti Teknologi MARA
Shah Alam, Selangor, Malaysia
Email: farahaida@uitm.edu.my

1. INTRODUCTION

In contemporary electrical power systems, the widespread integration of capacitor banks for reactive
power compensation and power factor correction has led to the emergence of resonance currents, garnering
significant attention [1], [2]. These currents can have detrimental effects, causing harmonic distortion, power
quality degradation, and potential equipment damage [3], [4]. Addressing resonance currents has become
crucial to ensuring modern power systems’ reliable and efficient operation.

Resonance currents arise due to the interaction between the capacitive reactance of the capacitor bank
and the inductive reactance of the power system [5]. When the capacitive and inductive reactance are equal in
magnitude but opposite in sign, a condition known as parallel resonance occurs. At this resonant frequency,
the impedance of the parallel combination becomes minimal, allowing for the amplification of harmonic
currents [6]. The current amplification due to resonance can lead to several adverse effects on the power system.
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These include increased thermal stress on capacitor banks, transformers, and other equipment, resulting in
accelerated ageing and potential failures [7]. Additionally, resonance currents can cause voltage distortion,
leading to malfunctions in sensitive electronic equipment and increased losses in the system [8], [9].

In recent years, the advent of shunt active power filters (SAPFs) has emerged as a promising solution
for compensating resonance currents in capacitor banks [10]-[15]. SAPFs are power electronic devices that
actively inject compensating currents into the system, compensating the harmonic and resonance currents [16].
Unlike passive filters, SAPFs offer dynamic and adaptive capabilities, enabling them to respond effectively to
varying system conditions and harmonic profiles [17]. The efficiency and effectiveness of SAPFs heavily rely
on the extraction algorithm used to detect and analyses the harmonic currents, including resonance currents in
the system.

The most common extraction algorithm used in extracting resonance currents in SAPF operation is
known as the recursive discrete Fourier transform (RDFT) algorithm [11]-[13]. It is a computational algorithm
that efficiently calculates the discrete Fourier transform (DFT) of a sequence of data points [18], making it
suitable for analysing the frequency content of discrete-time signals [19]. The RDFT algorithm extracts the
harmonic voltage component from the point of common coupling (PCC) voltage at the resonance frequency.
Subsequently, the algorithm utilises the extracted harmonic voltage component to generate the resonance-
damping current reference for the SAPF [11]-[13]. Figure 1(a) depicts a block diagram of a closed-loop RDFT
algorithm to extract resonance current utilised in a SAPF system. Although the RDFT algorithms offer
computational efficiency in Fourier transform calculations, they pose challenges regarding memory usage due
to their recursive nature and the necessity to store intermediate results. This increased memory usage can be
challenging, especially for large datasets or environments with limited memory resources [20].

To address the limitations of RDFT algorithms, researchers in [14] substituted them with adaptive
linear neuron (Adaline) algorithms. Adaline is an artificial neural network that possesses the capability to learn
and adapt to nonlinear data patterns, allowing it to effectively model intricate relationships between input and
output variables [21], [22]. Additionally, it can be trained to be robust to noise and disturbances in the input
data, making it suitable for applications where the data may be corrupted or noisy. Figure 1(b) shows the block
diagram of the Adaline algorithm for extracting the resonance current. The authors retained the entire
architecture except for the extraction algorithms.
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Figure 1. Extraction resonance current reference signal using (a) RDFT algorithm [8] and
(b) Adaline algorithm [15]

According to Figure 1, the algorithm derived the extracted resonance current from regulating the
harmonic distortion function (HDF) using a proportional-integral (Pl) controller. In which the HDF was
selected based on IEEE 519-1992. However, the algorithm must extract the fundamental voltage to achieve the
objective. Thus, it complicates the algorithm due to the involvement of multiple parameters. Moreover, the
optimal performance of both algorithms depends on precise parameter tuning in their closed-loop controllers.
As a result, minor variations or inaccuracies in system parameters may result in suboptimal or unstable
behavior [23]. Notably, neither extraction strategy directly extracts the resonance current from the current itself;
instead, the algorithm must convert the extracted voltages to resonance current.
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This research paper aims to introduce a single Adaline algorithm for extracting the resonance current.
Instead of extracting the resonance current from the PCC voltage, the proposed algorithm extracts current
directly from the supply current. This shift offers direct extraction strategies to alleviate the computation burden
associated with traditional techniques. Furthermore, the proposed algorithm does not jeopardise the efficacy
and effectiveness of the extraction process. Additionally, the paper will evaluate the performance and
effectiveness of SAPFs in mitigating resonance currents, drawing comparisons with traditional techniques, and
highlighting the potential benefits and challenges associated with their deployment.

2. METHODOLOGY

The methodology focuses on comprehensively analysing power system harmonics and resonance
currents. Initially, the main power system is constructed, followed by an evaluation of the impact of harmonic
and resonance currents. Furthermore, advanced strategies for current extraction are developed through
waveform analysis, employing the Adaline algorithm, and constructing a SAPF to mitigate the effects of
harmonic currents and parallel resonance.

2.1. Constructing the main power system and assessing harmonic and resonance currents impacts

Initially, two power systems are constructed. Figure 2(a) depicts a circuit configuration with an
inductive nonlinear load. Meanwhile, Figure 2(b) exhibits another circuit configuration incorporating an
inductive nonlinear load and a capacitor bank. Both circuits connect to a 230 V alternating current (AC) source
with a small line impedance. The nonlinear load comprises a single-phase uncontrollable rectifier with an
inductive element, denoted as the inductive nonlinear load. The work investigates the effects of the nonlinear
load and the capacitor bank on the waveshape, total harmonic distortion (THD) and individual harmonic
distortion or distortion factor (THDi) of the instantaneous supply current waveform. The THDi values are
compared with the IEEE 519-2014 standard. Subsequently, the relationship between the system’s instantaneous
currents is studied to ascertain the appropriate strategy to extract the resonance current.
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Figure 2. Circuit configuration consists of (a) nonlinear load only and (b) nonlinear load and capacitor bank

2.2. Assessing the properties of current waveforms to develop effective strategies for current extraction
Understanding the properties of current waveforms before and after the SAPF implementation is
crucial for devising effective strategies in the resonance current extraction technique. Figure 3 shows the flow
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of all currents within the power system before and after the SAPF implementation. According to Figure 3(a),
the instantaneous supply current is(t) equals the instantaneous load current i (t). Thus, as in (1).

is(t) = i,(t) @)

However, due to the nonlinearity of the load and the parallel resonance stemming from the capacitor
bank Cpr, iL(t) encompasses fundamental, resonance, and harmonic load current components. It can be
expressed as (2) and (3). Where:
iL1(t) is the instantaneous fundamental load current with an amplitude of 1.
iLr(t) is the instantaneous resonance load current with an amplitude of I..
iLn(t) is the instantaneous harmonic load current with an amplitude of Ipy.

i,(t) =i (&) + i, (t) + Xpos70,. in(t) )

i,(t) = I sin(wt) + I, sin(wt — 6,) + X379, Ip sin(wt — 6y) 3)
By replacing (3) with (1), found (4).

is(t) = Ip; sin(wt) + I, sin(wt + 6,) + X539 In sin(wt + 6) 4
According to Figure 3(b), (4) becomes (5).

is(t) + ip(t) = I 5 sin(wt) + I, sin(wt + 6,) + X379, Iy sin(wt + 6,) (5)
Where ig(t) is the instantaneous compensation current injected by the SAPF.

When the SAPF solely performs harmonic compensation, ir(t) properties include resonance and
harmonic components. It can be expressed as (6).

ip(t) = I, sin(wt + 6,) + Y5370, In sin(wt + 6y) (6)
Nevertheless, as outlined in [13], residual harmonic currents can still trigger parallel resonance, distorting the
supply current around the resonance frequency. Consequently, as in (7). lsr is the amplitude of the resonance
current due to the interaction between the residual harmonic currents and CPF.

is(t) = I; sin(wt) + I, sin(wt + 6,.) @)

Thus, SAPF must also extract the residual resonance current to enhance resonance damping.
According to (7), it is feasible to extract the residual resonance current from the is(t) waveform instead of the

iL(t) waveform, as practiced by other researchers. This work extracts the residual resonance current using a
single adaptive linear neuron (Adaline) algorithm to simplify the extraction process.
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Figure 3. Current flows: (a) before and (b) after SAPF implementation

2.3. Utilising Adaline algorithm to extract fundamental load current and residual resonance supply
current components

Figure 4 shows the configuration of the Adaline algorithms designed to extract the I ; and resonance

current Isy components. The figure shows that the resonance current extraction only requires a single algorithm

for the extraction process. Hence, simplify the computational process of extracting the component. Both
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algorithms use the same operating principle to derive the amplitude of both components. Detailed insights into
the execution of the extraction process by the Adaline algorithms are provided in [24], [25].

As per the depiction in Figure 4, the iin(t) signal is generated by computing the difference between
the extracted iL1(t) with the measure i (t). Subsequently, the combination of the resultant i_(t) and the extracted
isr(t) yields the instantaneous reference signal ir(t) utilised for the SAPF. The filter integrates a hysteresis
controller to regulate ir(t) by generating a pulse width modulation (PWM) signal for the filter’s operation. The
extracted signals are compared with the same parameters generated by the MATLAB fast Fourier transform
(FFT) analysis to verify the Adaline algorithm’s efficacy.
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Figure 4. Adaline configuration for extracting I.1 and ls signals

2.4. Constructing SAPF and exploring the effects of harmonic currents and parallel resonance

According to Figure 3(b) until Figure 4, the work implements a single-phase voltage source inverter
(VSI) as a SAPF. The inverter exhibits a conventional four-switch configuration with a direct current (DC)-
link capacitor, Cpc. The DC-link voltage is set at 650 V to ensure the SAPF can inject sufficient ig(t) into the
main power system. Subsequently, investigating the effects of harmonic current and parallel resonance on the
quality of the is(t) waveform entails observation, measurement, and comparison. This examination is
particularly critical when the SAPF performs two distinct functions: harmonic current compensation only or a
combination of harmonic current compensation and resonance current damping.

3. RESULTS AND DISCUSSION

Figure 5 illustrates the impact of parallel resonance on current waveforms in a power system with a
nonlinear load. In Figure 5(a), distortions in the current waveform are visible due to harmonic currents
generated by the nonlinear load, with a THD value of 11.89%. However, Figure 5(b) demonstrates a notably
more distorted current waveform than Figure 5(a). The increased distortion is attributed to the introduction of
resonance current caused by the capacitor bank. The THD spikes significantly to 88.66%. The graphs
demonstrate that parallel resonance can greatly intensify current distortion in a power system with a nonlinear
load. Furthermore, it also shows that the parallel resonance occurs in the 11™ harmonic order, 550 Hz.
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Figure 5. Waveforms of is(t): (a) without and (b) with parallel resonance effect

Figure 6(a) presents the impact of parallel resonance on the current waveform’s THDi values.
Concurrently, Figure 6(b) shows a tabulated breakdown of individual distortion limits according to the IEEE
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519-2014 standard. Without parallel resonance, THDi values across various harmonic orders range from 1.26%
to 7.21%, surpassing the permissible limit of 0.38%. These percentages indicate a current waveform closer to
a pure sine wave, suggesting moderate distortion solely due to the nonlinear load. However, with parallel
resonance, THD values dramatically escalate from 0.28% to an alarming 87.49%. The high THDi percentages
indicate that the parallel resonance amplifies distortion, particularly around the 9™ and 11" harmonic
components. However, Figure 6(a) shows that the capacitor bank can mitigate THD values at higher harmonic
orders than the resonance frequency, approaching the IEEE limits. Nevertheless, the effect is overshadowed
by the dominance of THDi values near the resonance frequency. In summary, Figure 6(a) demonstrates that
parallel resonance significantly increases the THDi of individual harmonic components in a power system,
potentially breaching IEEE Standard 519-2014.

Figure 7 shows the extraction signals of iLi(t) and isi1(t) to validate the effectiveness of the Adaline
algorithm. As mentioned, the i.i(t) and iswa(t) signals were extracted from i(t) and is(t) waveforms,
respectively. When comparing Figure 7(a) with the current amplitudes obtained from the MATLAB FFT
analysis, the Adaline algorithm accurately extracts current amplitudes of 10 A and 8.76 A before implementing
SAPF. However, with the SAPF in operation, the Adaline extracts a lower is11(t) signal from the compensated
is(t) waveform, as shown in Figure 7(b). According to the MATLAB FFT analysis, the Adaline should extract
a signal of 0.22 A of resonance current. However, Figure 7(b) exhibits a lower amplitude of the is11(t) signal
extracted by the Adaline algorithm. The discrepancy may result from the Adaline algorithm’s limitation in
extracting low-amplitude signals when the SAPF operation introduces a nonlinear relationship between its
input and output signals [26]. Nevertheless, introducing a gain of 1.4 has effectively increased the amplitude
of the extracted is11(t) signal. Besides that, the extracted is11(t) signal consists of a high ripple and inconsistency.
It may cause by the parallel resonance. These findings underscore both the functionality and the challenges of
the Adaline algorithm in signal extraction processes.
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Figure 6. Individual THD value of () is(t) waveform without (orange) and with (blue) parallel resonance
and (b) IEEE 519-2014 standard
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Figure 8 presents waveforms of is(t), ir(t), and iL(t) under two conditions: harmonic compensation
only, show in Figure 8(a) and harmonic compensation with resonance damping, show in Figure 8(b).
Meanwhile, Figure 9 illustrates THDi values for these scenarios. The waveshape of both is(t) waveforms
reveals that the SAPF can separately or concurrently perform harmonic compensation and resonance damping
functions. However, Figure 8(a) exhibits more pronounced distortion in is(t) waveform than Figure 8(b). It is
evident that the peaks and troughs are more irregular in Figure 8(a) compared to the smoother waveform in
Figure 8(b). The THD values for Figures 8(a) and 8(b) are 4.01% and 3.49%, respectively. Despite the
roughness of the is(t) waveform in Figure 8(a), the finding in Figure 9 demonstrates that the harmonic
compensation function effectively minimizes all harmonic components at all frequencies, including the
resonance frequency.
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Figure 7. Extraction signals of isi(t) and is11(t) by Adaline: (a) before and (b) after the SAPF implementation
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Figure 8. Waveforms of is(t), I=(t) and i_(t) when the SAPF performs: (a) harmonic compensation only
and (b) harmonic compensation and resonance damping

According to Figures 6(a) and 9, the individual THDi of the resonance current reduced from 87.49%
to 2.19%. However, this improvement is insufficient compared to the individual THDi without the parallel
resonance effect, as shown in Figure 6(a). Therefore, the resonance damping function is crucial to enhance
SAPF performance further and reduce the resonance current. According to Figure 9, resonance damping
reduces the THDi of the resonance current from 2.19% to 0.99%. Therefore, introducing the resonance
damping function improves the waveform quality significantly, resulting in a smoother and less distorted
source current. Moreover, resonance damping substantially reduces the THD and THDi values caused by the
resonance current.
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Figure 9. THDi value of is(t) waveform when SAPF performing harmonic compensation only (blue) and with
both harmonic compensation and resonance damping (orange)

4. CONCLUSION

All results have successfully verified the objective. The findings show that the parallel resonance at
550 Hz shoots up the is(t)’s THD values by 745.67% due to the increase in THDi value at 550 Hz by 3252.42%.
Nevertheless, the simple and direct extraction algorithm and strategy demonstrated the SAPF’s capacity to
address harmonic and resonance currents effectively. According to the findings, the SAPF can reduce the is(t)’s
THD value to 4.01% with harmonic compensation only and 3.49% with harmonic and resonance damping
functions. Moreover, the results offer valuable insights into the SAPF’s potential to mitigate resonance currents
even without a damping function. However, the damping function is essential to enhance the SAPF
performance, especially for resonance damping. Using the proposed extraction algorithm and strategy, the
SAPF can compensate and damp harmonic and resonance currents to ensure the THD and THDi values of is(t)
adhere to the stringent criteria outlined in the IEEE 519-2014 standard.
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