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Abstract

Adaptive Linear Neuron (ADALINE) is a well-known neural network method that has been
utilized for generating a reference current intended to regulate the operation of shunt-typed
active harmonic filters (SAHFs). These filters are essential for improving power quality
by mitigating harmonic disturbances and restoring current waveform symmetry in power
systems. While the latest variant, Simplified ADALINE, offers notable advantages over
its predecessors, such as a reduced complexity and faster learning speed, its performance
has primarily been evaluated under stable grid conditions, leaving its performance under
distorted environments largely unexplored. To address this gap, this work introduces
two key modifications to the Simplified ADALINE framework: (1) the integration of a
new phase-tracking algorithm based on the concept of orthogonality and selective filtering,
and (2) transitioning from the direct current control (DCC) to an indirect current control
(ICC) mechanism. Test environments featuring distorted grids and nonlinear rectifier
loads are simulated in MATLAB/Simulink software to evaluate the performance of the
proposed method against the existing Simplified ADALINE method. The key findings
demonstrate that the proposed method effectively handled harmonic distortion and noise
disturbance. As a result, the associated SAHF achieved an additional reduction in %THD
(by 10.77–13.78%), a decrease in reactive power (by 58.3 VAR–67 VAR), and improved grid
synchronization with a smaller phase shift (by 0.9–1.2◦), while also maintaining proper
waveform symmetry even in challenging grid conditions.

Keywords: active power filter; neural network; power quality; power system symmetry;
synchronizer; two-phase orthogonal components

1. Introduction
The extensive utilization of nonlinear power electronics loads in power systems such

as variable speed drives, uninterruptible power supplies, and energy-efficient lighting has
made it increasingly difficult to manage harmonic disturbances [1,2]. These loads often
disrupt the inherent symmetry of the power system, introducing unbalanced and distorted
current waveforms. If left unmitigated, such asymmetry in current waveforms can cause
a range of detrimental effects, such as increased heat losses, reduced system efficiency,
voltage distortion, and potential damage to sensitive equipment [3–5].
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The loss of waveform symmetry not only degrades the power quality but also nega-
tively affects the reliability and stability of the power system operation. Therefore, preserv-
ing symmetry in both current and voltage waveforms is crucial to maintaining a balanced
power flow and prevent equipment malfunction. Proactive mitigation strategies are nec-
essary in order to address these disturbances and ensure the overall grid power quality.
Recent studies highlight the role of shunt-type active harmonic filters (SAHFs), which
utilize voltage source inverter topologies, as effective solutions for restoring waveform
symmetry and mitigating harmonic distortion [3,6,7]. These filters help compensate for
unbalanced and distorted currents, thereby improving both the quality and symmetry of
the overall power system waveforms.

However, the effectiveness of an SAHF in mitigating power quality issues heavily
depends on the accuracy and speed of its control strategies. The controller typically includes
four core algorithms: harmonic currents extraction, DC-link voltage control, phase tracking,
and current control algorithms [8–10]. Among these, the extraction of harmonic currents is
considered the most critical. As the first algorithm executed within the controller, accurate
extraction ensures that the harmonic components disrupting the symmetry of current
waveforms are properly identified and targeted. Furthermore, the reference current must
be precisely synchronized with the grid through the phase-tracking algorithm to maintain
the symmetry and balance of the compensated current. Together, these processes enable the
effective mitigation of waveform asymmetry and harmonic distortion, thereby preserving
power quality [8,11,12].

Various studies have explored the techniques for harmonic currents extraction, as
detailed in the literature [10,13]. Prominent techniques include the synchronous reference
frame (SRF) [14,15] and instantaneous power theory [4,16] from the time-domain category,
Fourier transform (FT) [17,18] from the frequency-domain category, and artificial neural
network (ANN) [5,19,20] from the artificial intelligence (AI) category. Among these, the
techniques based on the ANN concept are particularly noteworthy for their exceptional
ability to provide rapid and accurate estimations of reference currents. These techniques are
highly regarded for their self-adaptive capabilities, parallel processing power, and robust
fault tolerance [19,21,22], making them a standout choice in dynamic and complex systems.

In the reference current generation, Adaptive Linear Neuron (ADALINE) [5,20,22,23]
is a highly regarded architecture, recognized for its efficiency within ANN-based solu-
tions. This approach operates by utilizing an appropriate weight adjustment mechanism,
with the Widrow–Hoff (W–H) algorithm being particularly popular due to its simplicity
and efficiency in minimizing the mean square error between the actual and predicted sig-
nals [24,25]. However, the conventional W–H algorithm faces challenges when attempting
to learn the characteristics of multiple harmonic components, which necessitates more
repetitive cycles and longer training times. To address these limitations, a modified W–H
algorithm has been introduced. This modification directs the system to focus solely on
learning the characteristics of the fundamental component, rather than the full spectrum of
harmonic components, by fine-tuning the learning rate [21,25]. As a result, the modified
algorithm significantly improves the speed and precision of the learning process, leading
to fewer repetitive cycles and a considerable reduction in training time. However, both the
conventional and modified W–H algorithms depend on conventional phase-tracking algo-
rithms such as the zero-crossing detector (ZCD) [25] and phase-locked loop (PLL) [11,26] to
align the phase of the generated reference current with the operating power system. This
dependency has restricted their applicability, particularly to situations involving a stable
supply voltage and steady-state operations.

A further investigation revealed that the modified W–H algorithm still contained
redundant features and notable shortcomings, including a large mean square error and
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slow convergence, which negatively affected its overall performance. To address these
issues, the algorithm was simplified to remove redundancy, resulting in the development
of Simplified ADALINE (S-ADALINE) [21]. This revised version incorporates a new
weight updating technique, called the fundamental active current (FAC), which helps to
reduce the mean square error and further speed up the learning process, thereby enhancing
the mitigation performance of the connected SAHF. Furthermore, a new phase-tracking
algorithm, derived from the ADALINE concept, was integrated, effectively eliminating
the dependence on ZCD and PLL [12,22]. With the implementation of the S-ADALINE
algorithm, the associated SAHF now exhibits enhanced reliability, operating effectively
under a stable supply voltage, and across both steady-state and dynamic conditions, even
when subjected to varying load conditions.

Nevertheless, in practice, distortions in the utility grid are common and can com-
promise the reliability of the S-ADALINE algorithm, which was originally designed to
operate under stable (sinusoidal and balanced) supply voltage conditions. As described
in [12,22], the integrated ADALINE-based phase-tracking algorithm functions by convert-
ing the measured supply voltage directly into a unity form. Consequently, when the supply
voltage is affected by distortions, the accuracy of the extracted phase information may
degrade, resulting in improper phase synchronization and a failure to maintain waveform
symmetry. Furthermore, an inherent drawback of the S-ADALINE algorithm is its tendency
to generate a harmonic-based reference current, necessitating the gate pulses for the SAHF
to be derived according to the direct current control (DCC) mechanism [27,28]. As reported
in [8,29], the DCC mechanism lacks the ability to manage switching ripples caused by
the operation of the SAHF, which further undermines the mitigation of asymmetrical and
distorted waveforms. In contrast, the indirect current control (ICC) mechanism, which
derives the gate pulses based on the evaluation of the supply current against a fundamental-
based reference current [27,30], has been reported to address these shortcomings of the
DCC mechanism by offering an improved ripple management and better preservation of
waveform symmetry. Despite these advantages, no studies have yet explored integrating
the S-ADALINE algorithm with the ICC mechanism to enhance harmonic mitigation and
waveform symmetry.

With the increasing severity and unpredictability of harmonic disturbances, there is a
pressing need to enhance the reliability and adaptability of the SAHF through adaptive AI
approaches, in line with the recent advancements in artificial intelligence. Particularly, the
development of improved reference current generation methods that maintain symmetry
and effectively track fundamental components, even in highly distorted and dynamic
grid conditions, is critical. In this work, the existing S-ADALINE algorithm is further
developed by harnessing the strengths of the ICC mechanism. Additionally, the concept
of orthogonality and selective filtering are integrated to enhance the overall reliability
and performance of the system under such challenging grid environments. With these
modifications, the resulting algorithm, termed Indirect ADALINE (I-ADALINE), offers the
benefits of enhanced harmonic mitigation and reactive power compensation, along with
reduced phase shift and improved accuracy in tracking the fundamental active current,
thereby preserving the symmetry of current waveforms. The proposed I-ADALINE method
is thoroughly tested under both steady-state and dynamic conditions, using a single-phase
low-voltage distribution setup operating at 230 V and 50 Hz, with a distorted supply
voltage and nonlinear rectifier loads to ensure a comprehensive performance evaluation.

The paper is organized as follows: Section 2 outlines the configuration of the power
circuit and the controller for the single-phase SAHF system implemented in this work.
In Section 3, the underlying principles of the proposed I-ADALINE algorithm are ex-
plained in detail. Section 4 provides a thorough analysis of the data, validating the de-
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sign approach and demonstrating the effectiveness of the proposed algorithm. Finally,
Section 5 summarizes the key outcomes and contributions of this work.

2. Single-Phase SAHF and Associated Control Algorithms
The architecture of the single-phase SAHF system along with the details of its con-

troller is illustrated in Figure 1. In this work, a traditional voltage source inverter (VSI) is
configured to function as an SAHF, while the harmonics are generated from rectifier-based
circuits that supply either capacitive or inductive loads. The nonlinear behavior of the
rectifier-based circuits will create harmonics in the load current iL; i.e., the load current
will contain both fundamental iF and harmonic iH components, thereby contaminating the
supply current iS. Mathematically, their relationship can be expressed as follows:

is = iL = iF + iH (1)

Figure 1. Single-phase SAHF system along with the details of its controller.

To resolve this concern, the SAHF is strategically positioned between the supply
voltage vS and the load, linked at a common point (PCC). The controller then manages the
SAHF to deliver mitigation current imig, which neutralizes all the harmonic components
according to Expression (2). At the same time, for the proper operation, the SAHF is also
controlled to draw a small amount of charging current icharging from the system to charge
the DC-link capacitor. As shown, when the mitigation current imig is adjusted to match the
harmonic components iH , the resulting supply current iS becomes purely the fundamental
current iF . This effectively restores the system to a clean, harmonic-free power quality.

is = iF +
(
iH − imig

)
+ icharging (2)

For the effective operation of the SAHF, the applied controller is structured with
three primary modules, each responsible for generating reference current iS,re f , regulating
DC-link voltage Vdc and delivering the gate pulses S, respectively. This work, however,
primarily focuses on the generation of the reference current, introducing a method called In-
direct ADALINE (I-ADALINE). Detailed information about this approach will be provided
in the following section. Meanwhile, to regulate the DC-link voltage, a proportional-integral
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(PI) controller [16,26,31] is applied to estimate the amount of charging current Idc needed.
For the generation of gate pulses, a method based on sinusoidal pulse-width modulation
(SPWM) is adapted [8,28,32].

3. Reference Current Generation Based on I-ADALINE Concepts
This section describes the development of the proposed Indirect ADALINE (I-

ADALINE) algorithm, starting with an in-depth analysis of the existing Simplified ADA-
LINE (S-ADALINE) algorithm. Establishing this baseline provides a foundation for detail-
ing the modifications performed, ultimately leading to the development of the proposed
I-ADALINE algorithm. Lastly, the workflow is included to illustrate the structured orga-
nization and sequential execution of the algorithms implemented in this work, thereby
facilitating a clearer understanding of the overall control strategy and the interactions
between its components.

In general, the ADALINE algorithm with a conceptual model shown in Figure 2 is
an approach to extract fundamental components of a periodic function. According to
the Fourier series, a periodic function f can be represented as the sum of the sine and
cosine functions. This representation allows any periodic signal to be approximated by a
combination of these basis functions (sine and cosine waves) at different frequencies:

f (θ) = W0 +
N

∑
n=1,2,3,...

(
Wn(sin)sin(nθ) + Wn(cos)cos(nθ)

)
(3)

where W0 is the DC offset term, typically zero for AC signals, and Wn(sin) and Wn(cos) are the
weight factors (amplitude) of the sine and cosine terms for each harmonic n, to a maximum
number N. Meanwhile, variable θ is defined as θ = ωt +∅ with angular frequency ω,
time t, and phase offset ∅.

Figure 2. Basic conceptual model of ADALINE algorithm.

However, instead of trying to learn the whole periodic function f , a standard ADA-
LINE algorithm focuses only on the fundamental frequency component fF (the first har-
monic, n = 1):

fF = W1(sin)sin(1θ) + W1(cos)cos(1θ); n = 1 (4)

The goal of the ADALINE algorithm is to find the weights W1(sin) and W1(cos) that best
represent this fundamental component using a weight-updating technique. During the
learning process, in each iteration, the ADALINE algorithm adjusts these weights based on
the error (the difference between the estimated signal and the actual signal). This process
uses a learning rate to control how much the weights are updated at each step. By the
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end of the learning process, the ADALINE algorithm gives the correct weights for the
fundamental frequency component, which can then be used to recreate the main part of the
original signal.

3.1. Characteristics of the Simplified ADALINE (S-ADALINE) Algorithm

Figure 3 illustrates a block diagram representing the operational concept of the S-
ADALINE algorithm. As has already been clearly described in [21], the algorithm incor-
porates a weight-updating technique, called the fundamental active current (FAC). This
approach dynamically adjusts the weight factor of the sine term based on the magnitude of
the fundamental active current within the power system. Unlike the standard ADALINE
algorithm that updates both the sine and cosine terms, the S-ADALINE algorithm only
updates the sine term because it is assumed that the fundamental active current has only a
sine component. The overall learning process performed by the FAC updating technique
can be simplified as follows:

IF(updated) = IF(present) + (iL − iFest) γisin θ (5)

where IF is the magnitude of the fundamental active current, iL is the measured load
current, iFest is the estimated fundamental active current, γi is the learning rate, and sinθ is
the synchronization phase delivered by the phase-tracking algorithm.

Figure 3. Reference current generation based on the existing S-ADALINE concept.

In each iteration, iL will be compared with iFest and the resulted error ei will be pro-
cessed to update magnitude IF which will then be applied in the next loop. However,
the measured load current iL contains harmonic components which cannot be fully de-
scribed by a single sine component; thus, the error generated will be large. To handle this
issue, a learning rate γi of 0.0001 is required [21]. Over successive iterations, the estimated
iFest progressively aligns with the profile of the fundamental active current. Using the
updated IF , along with the synchronization phase, the charging current Icharging, and
the measured load current iL, a harmonic-based reference current iHre f can be derived
as shown in Expression (6). This harmonic-based reference current necessitates the gate
pulses S to be derived based on the direct current control (DCC) mechanism, which requires
measuring the actual mitigation current imig.

iHre f =
(

IF − Icharging

)
sin θ − iL (6)

On the other hand, to support the generation of the reference current, a phase-tracking
algorithm based on the ADALINE concept is adopted. The complete operating principle of



Symmetry 2025, 17, 1337 7 of 27

this algorithm has already been clearly described in [12,22]. In brief, the ADALINE-based
phase-tracking algorithm utilizes a modified online W–H algorithm with a learning rate
γv of 0.01 to incrementally update two weight factors VFsin (sine term) and VFcos (cosine
term), which represent the magnitude factor VF of the supply voltage vs. The updating
process can be summarized as follows:

VF(updated) = VF(present) + γvev

[
P

PT P

]
(7)

VF =

[
VFsin

VFcos

]
(8)

P =

[
sin1θ

cos1θ

]
(9)

PT P =
[
sin1θ cos1θ

][sin1θ

cos1θ

]
= 1 (10)

ev = vS − vFest (11)

where ev is the resulting error, P is the phase factor containing the fundamental sine ( sin1θ)

and cosine (cos1θ) terms of the supply voltage, and vFest is the estimated fundamental
voltage. Together, Expression (7) can be finalized as follows:

VF(updated) = VF(present) + 0.01 (vS − vFest)

[
sin1θ

cos1θ

]
(12)

Eventually, the effective magnitude of the fundamental voltage can be obtained us-
ing Expression (13). Finally, the synchronization phase sinθ of the operating system is
extracted by directly taking the unity representation of the supply voltage, according to
Expression (14).

VF(mag) =
√

VFsin
2 + VFcos

2 (13)

sin θ =
vs

VF(mag)
(14)

As can be observed from Expression (14), the measured supply voltage vs is directly
applied to establish the synchronization phase without pre-filtering to remove any potential
distortions in the utility grid. Hence, any distortions in the grid can disrupt the accurate
determination of the synchronization phase, leading to a misalignment of the mitigating
current injected by the SAHF. Resolving this misalignment is crucial to ensuring a stable
and reliable system operation.

3.2. Proposed Modifications

This work proposes two key modifications to the existing S-ADALINE algorithm,
resulting in the development of the I-ADALINE algorithm as presented in Figure 4. First,
a new phase-tracking algorithm which utilizes orthogonality and the selective filtering
concept is integrated, replacing the previous dependency of the ADALINE-based phase-
tracking algorithm. This approach leverages the orthogonal properties of the signal com-
ponents to enable the effective pre-filtering of unwanted disturbances, which results in a
more reliable phase estimation under challenging environments. In operation, assuming
the supply voltage measured from the utility grid is represented in the time-domain as
vs(t) = V sin (ωt), two orthogonal periodic signals can be generated by delaying the
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measured vs(t) by a quarter of its period T to create a phase-shifted version of the signal.
Mathematically, the following relationship holds:[

vs ∠ θ

vs ∠ (θ − 90◦)

]
=

[
vs(t)

vs(t − T
4 )

]
=

[
V sin (ωt)

V sin
(
ωt − π

2
)] =

[
V sin (ωt)

− V cos (ωt)

]
(15)

where vs ∠ θ and vs ∠ (θ − 90◦) represent two orthogonal periodic signals of the measured
supply voltage.

Figure 4. Reference current generation based on the proposed I-ADALINE concept.

A selective filter is then applied to extract the fundamental components from these
orthogonal signals. To obtain the transfer function of the selective filter, the integration
process of the input orthogonal periodic signals needs to be studied as follows:

Cαβ(t) = ejωct
∫

e−jωctRαβ(t)dt. (16)

where Rαβ(t) and Cαβ(t) are used to represent the input and output orthogonal signals
of the integration process with angular frequency ωc. Next, by applying the Laplace
transformation to convert the expression from the time-domain to the s-domain, and by
presenting them as a ratio of the output to input, the resulting transfer function H(s)
is obtained.

H(s) =
Cαβ(s)
Rαβ(s)

=
Cα(s) + jCβ(s)
Rα(s) + jRβ(s)

=
s + jωc

s2 + ωc2 (17)

To enable the adjustment of the selective filter’s performance, a parameter known
as selectivity factor K is introduced to the transfer function, which is reformulated as
Expressions (18) and (19). It is important to note that a smaller value of K enhances the
filtering selectivity but reduces the convergence speed, whereas a larger value improves
the convergence speed at the expense of selectivity.

Cα(s) + jCβ(s)
Rα(s) + jRβ(s)

= K
(s + K) + jωc

(s + K)2 + ωc2
(18)

Cα(s) + jCβ(s) = K

(
(s + K)

(s + K)2 + ωc2
+

jωc

(s + K)2 + ωc2

)(
Rα(s) + jRβ(s)

)
(19)
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Next, by equating the real and imaginary sections, the following expressions can
be obtained:

Cα(s) =
K(s + K)

(s + K)2 + ωc2
Rα(s)−

Kωc

(s + K)2 + ωc2
Rβ(s) (20)

Cβ(s) =
K(s + K)

(s + K)2 + ωc2
Rβ(s) +

Kωc

(s + K)2 + ωc2
Rα(s) (21)

Finally, by solving Expressions (20) and (21) simultaneously, the transfer function of
the selective filter can be simplified as follows.

Cα(s) =
K
s
(Rα(s)− Cα(s))−

ωc

s
Cβ(s) (22)

Cβ(s) =
K
s
(

Rβ(s)− Cβ(s)
)
+

ωc

s
Cα(s) (23)

Here, to suit the model applied in this work for extracting the fundamental components
from the supply voltage, the output orthogonal signal Cα(s) is replaced with vF ∠ θ and
Cβ(s) is replaced with vF ∠ (θ − 90◦), while the input orthogonal signal Rα(s) is replaced
with vs ∠ θ and Rβ(s) is replaced with vs ∠ (θ − 90◦). As a result, the final transfer function
of the selective filter applied in this work can be summarized as follows:

vF ∠ θ =
K
s
(vs ∠ θ − vF ∠ θ)− ωc vF ∠ (θ − 90◦)

s
(24)

vF ∠ (θ − 90◦) =
K
s
[vs ∠ (θ − 90◦)− vF ∠ (θ − 90◦)] +

ωc vF ∠ θ

s
(25)

where vF ∠ θ and vF ∠ (θ − 90◦) represent the two orthogonal periodic signals of
the extracted fundamental components of the supply voltage with angular velocity
ωc = 100 π rad/s, and K = 20 is the selectivity factor applied in this work. Finally, the
synchronization phase sinθ is determined using the trigonometry function below:

sinθ = sin[atan2 (vF ∠ θ, vF ∠ (θ − 90◦))] (26)

In addition, to further enhance the mitigation performance via the minimization of
switching ripples caused by the switching activities of the SAHF, the proposal involves
transitioning from the DCC to the indirect current control (ICC) mechanism for the control
of the SAHF. This transition requires adapting the existing S-ADALINE framework to align
with the requirements of the ICC mechanism. Specifically, instead of generating a harmonic-
based reference current, the modified algorithm will now produce a fundamental-based
reference current iSre f , as outlined in Expression (27).

iSre f =
(

IF + Icharging

)
sin θ (27)

This fundamental-based reference current enables the generation of gate pulses S,
which are derived from the measurement of the supply current iS rather than the mitigation
current imig. Unlike the DCC mechanism, the ICC mechanism operates by obtaining precise
information about the switching ripples present in the supply current. Hence, any ripples
contained in the supply current will be directly evaluated in the control system loop and
eventually be minimized. In other words, this shift in approach improves the mitigation
performance of the SAHF by directly addressing the limitations of the DCC mechanism.
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3.3. Workflow of the Control Strategy

To facilitate a clear and structured understanding of how the various algorithms
interact and operate sequentially in this work, an overview of the workflow is presented
in Figure 5.

 
Figure 5. Overall workflow of the control algorithms applied.

As a summary, the control algorithms operate according to the following sequences:

(i) Measure the input signals (supply voltage vs, DC-link voltage Vdc, supply current iS ,
and load current iL);

(ii) Generate orthogonal voltage signals vs ∠ θ and vs ∠ (θ − 90◦) from the measured
supply voltage (Expression (15));

(iii) Extract fundamental voltage components vF ∠ θ and vF ∠ (θ − 90◦) using a selective
filter (Expressions (24) and (25));

(iv) Generate synchronization phase sinθ (Expression (26));
(v) Estimate fundamental current iF from the measured load current using the ADALINE

method (Expression (5));
(vi) Estimate the charging current Icharging from the measured DC-link voltage using a

PI controller;
(vii) Generate reference current iSre f (Expression (27));
(viii) Generate gate pulses S by comparing between the reference current and the measured

supply current (feedback) via the ICC mechanism.

4. Results and Discussion
The single-phase SAHF system, along with its control algorithms and the newly pro-

posed I-ADALINE method, is developed and simulated within the MATLAB/Simulink
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(R2012a) environment. The complete simulation model, which integrates the power cir-
cuit and control components, is illustrated in Figure 6. Meanwhile, the key simulation
parameters used in the study are summarized in Table 1 for clarity.

(a) 

 
(b) 

Figure 6. Simulation model of single-phase SAHF system showing arrangement of (a) power circuit
and (b) control algorithms applied.
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Table 1. Fundamental parameters used in the simulation of this study.

Parameters Details

Sinusoidal Supply Voltage Fundamental = 230 V (rms), 50 Hz

Distorted Supply Voltage
(THD = 17.53%)

3rd harmonic = 13.04%
5th harmonic = 8.70%
7th harmonic = 6.52%
9th harmonic = 4.35%

Noise Disturbance
(SNR = 20.89 dB)

3304 Hz component = 4.35%
4004 Hz component = 2.17%
5722 Hz component = 3.91%
7302 Hz component = 6.52%

Choke Inductance 3 mH

RC load: (Uncontrolled bridge rectifier
supplying resistor-capacitor load) R = 30 Ω, C = 470 µF

RL load: (Uncontrolled bridge rectifier
supplying resistor-inductor load) R = 10 Ω, L = 160 mH

Dc-link Capacitor/Desired Voltage 3300 µF/450 V

Filter Inductance 5 mH

Switching Frequency 5 kHz

In this setup, three types of supply voltages are applied, namely, sinusoidal, distorted,
and distorted, with noise disturbance supply voltages. The sinusoidal supply voltage is set
at a fundamental magnitude of 230 Vrms, operating at a frequency of 50 Hz. Meanwhile, the
distorted supply voltage is characterized by a total harmonic distortion (THD) of 17.53%,
indicating the presence of significant harmonic components. Finally, noise disturbance with
a signal-to-noise ratio (SNR) of 20.89 dB is added to the distorted supply voltage, creating
a challenging scenario that combines both harmonic distortion and noise interference.
Two rectifier-based nonlinear loads are then connected to create a harmonic-rich environ-
ment. The first load, consisting of an uncontrolled bridge rectifier, a resistor and a capacitor,
is named as the RC load. Meanwhile, the second load, which features a similar rectifier but
with a resistor and an inductor, is named as the RL load.

To ensure a comprehensive evaluation, the proposed method is assessed under
six scenarios, namely, Scenario A1 (sinusoidal supply and RC load), Scenario A2 (si-
nusoidal supply and RL load), Scenario B1 (distorted supply and RC load), Scenario B2
(distorted supply and RL load), Scenario C1 (distorted supply with noise and RC load), and
Scenario C2 (distorted supply with noise and RL load). For benchmarking purposes, the ex-
isting S-ADALINE method is also re-simulated and tested under identical conditions. This
allows for a direct comparison, highlighting the advantages of the proposed I-ADALINE
method. In addition to these cases, a separate dynamic operation test is also conducted con-
sidering the load variation from RC to RL. Furthermore, a sensitivity analysis is performed
to investigate the effect of the varying supply voltage total harmonic distortion (THD)
and signal-to-noise ratio (SNR) on the performance of the proposed algorithm. These
analyses aim to evaluate the robustness and adaptability of the I-ADALINE method under
more challenging and realistic operating conditions, ensuring its practical applicability in
dynamic power system environments.

First, the phase-tracking performance of each method is evaluated under four distinct
conditions: the presence of harmonic distortion, the presence of a 20.89 dB noise disturbance,
the presence of both harmonics and noise disturbance, and a 40◦ phase jump. Each
method is tested for its ability to accurately track the desired phase under these challenging
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conditions, offering valuable insights into their respective strengths and limitations when
subjected to complex signal disturbances. The resulting phase information extracted by
both methods is shown in Figure 7, with a detailed comparison highlighted in Table 2. As
presented in Figure 7, both methods are revealed to be effective when dealing with the
sinusoidal supply voltage. However, when the supply voltage is affected by harmonic
distortion and noise (starting from time = 1 s), the phase information extracted by the
existing S-ADALINE method can be observed to display undesired ripples and noise
components, thereby undermining its reliability.

 

 

Figure 7. Phase information extracted by the proposed I-ADALINE and the existing S-ADALINE
methods under the influence of (a) harmonic distortion (THD = 17.53%), (b) noise (SNR = 20.89 dB),
(c) harmonics and noise disturbance, and (d) 40◦ phase jump.
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Table 2. Comparison of phase tracking performance between the proposed I-ADALINE and the
existing S-ADALINE methods.

Performance Aspect I-ADALINE S-ADALINE

Effectiveness in
pure condition

(Sinusoidal Input)

Performs effectively under
sinusoidal input.

Performs effectively under
sinusoidal input.

Response to
harmonic distortion

(THD = 17.53%)

Performs effectively
despite the presence of

harmonic distortion.

Fails to suppress harmonic
distortion (evident by

visible ripples).

Response to noise
(SNR = 20.89 dB)

Performs effectively
despite the presence of

noise.

Fails to suppress noise
(evident by visible noise).

Response to combine effect
of harmonic distortion and

noise

Performs effectively
despite the presence of

combined harmonics and
noise.

Fails to suppress the
combined effect of

harmonics and noise
(visible ripples and noise).

Response to phase jump
(40◦ Phase Jump) Recovery within 0.014 s. Recovery within 0.018 s.

Adaptability

Adjust effectively to
changes like harmonic

distortion and noise (High
Adaptability).

Adjust poorly to conditions
like harmonic distortion

and noise (Limited
Adaptability).

In contrast, despite the presence of harmonics and noise, the proposed I-ADALINE
method is found to have effectively preserved the correct phase information, remaining
free from any ripples or noise components. Moreover, when the supply voltage expe-
riences a sudden phase jump of 40◦, the proposed I-ADALINE method is observed to
demonstrate superior performance by achieving a recovery time of 0.014 s. In compari-
son, the existing S-ADALINE method takes 0.018 s, making the proposed I-ADALINE
method 0.004 s faster.

Based on this evaluation, it can be concluded that the proposed I-ADALINE method
outperforms the existing S-ADALINE method in both phase-tracking accuracy and
recovery speed. It offers high adaptability by maintaining accurate phase tracking
even when the supply voltage is influenced by harmonic distortion and/or noise, while
also providing a faster recovery time. This makes the proposed I-ADALINE method
highly reliable in real-world applications, where disturbances are common. In contrast,
the existing S-ADALINE method is constrained to operate only in disturbance-free
environments and exhibits a slower performance with a longer recovery time when
subjected to a phase shift.

Next, the proposed I-ADALINE method is evaluated across the six specified sce-
narios to determine its effectiveness in improving the mitigation performance of the
SAHF, with outcomes directly compared to those of the existing S-ADALINE method.
Figures 8–10 present the waveforms obtained from this evaluation, while Table 3 pro-
vides a detailed comparison to facilitate a comprehensive interpretation of the findings.
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Figure 8. Steady-state simulation waveforms obtained by operation of SAHF integrated with
the proposed I-ADALINE and SAHF integrated with the existing S-ADALINE methods under
(a) Scenario A1 and (b) Scenario A2.
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Figure 9. Steady-state simulation waveforms obtained by operation of SAHF integrated with
the proposed I-ADALINE and SAHF integrated with the existing S-ADALINE methods under
(a) Scenario B1 and (b) Scenario B2.
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Figure 10. Steady-state simulation waveforms obtained by operation of SAHF integrated with
the proposed I-ADALINE and SAHF integrated with the existing S-ADALINE methods under
(a) Scenario C1 and (b) Scenario C2.
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Table 3. Comparison of mitigation performance between the proposed I-ADALINE and the existing
S-ADALINE methods.

Test
Condition

THD
(%)

Phase Shift
(◦)

Reactive
Power
(VAR)

Power
Factor

Fundamental
Current (A)

Accuracy of
Fundamen-

tal
Current (%)

Current
Waveform

Before activation of SAHF

Scenario A1 80.38 7.5 417.0 0.772 13.80 – Distorted
Scenario A2 35.34 20.3 1248.3 0.884 17.83 – Distorted
Scenario B1 73.06 4.3 220.7 0.805 12.77 – Distorted
Scenario B2 39.57 14.0 1055.6 0.902 19.02 – Distorted
Scenario C1 72.72 4.1 207.3 0.806 12.78 – Distorted
Scenario C2 39.51 13.9 1050.1 0.903 19.03 – Distorted

SAHF integrated with I-ADALINE method

Scenario A1 3.19 0.2 12.5 0.999 13.95 98.92 Sinusoidal
Scenario A2 2.58 0.1 3.7 0.999 16.97 95.17 Sinusoidal
Scenario B1 3.64 0.2 10.4 0.999 12.98 98.38 Sinusoidal
Scenario B2 2.81 0.1 11.1 0.999 18.76 98.63 Sinusoidal
Scenario C1 3.71 0.2 10.2 0.999 12.99 98.38 Sinusoidal
Scenario C2 2.77 0.1 11.5 0.999 18.77 98.63 Sinusoidal

SAHF integrated with S-ADALINE method

Scenario A1 3.25 0.2 12.5 0.999 13.95 98.92 Sinusoidal
Scenario A2 2.61 0.1 3.7 0.999 16.97 95.17 Sinusoidal
Scenario B1 14.41 1.4 73.6 0.989 13.38 95.44 Distorted
Scenario B2 14.45 1.0 76.7 0.989 19.32 98.44 Distorted
Scenario C1 15.77 1.2 68.5 0.987 13.81 92.54 Distorted
Scenario C2 16.55 1.0 78.5 0.986 20.10 94.67 Distorted

From Figure 8, the sinusoidal waveform of all supply currents and their in-phase
alignment with the supply voltage clearly demonstrate that both methods successfully
directed the connected SAHF to restore waveform symmetry through effective harmonic
mitigation and reactive power compensation under Scenarios A1 and A2. As recorded
in Table 3, both methods reduced the supply current THD value to below 5%, thereby
complying with the IEEE 519 standard [33,34], and ensured a near-unity power factor
by minimizing the reactive power. This contributes to maintaining a symmetrical power
flow between the supply and the load. Meanwhile, in terms of fundamental current
tracking, both methods demonstrated comparable accuracy, achieving 98.92% and 95.17%
in Scenarios A1 and A2, respectively. However, due to the improved switching ripple
reduction in the proposed I-ADALINE method enabled by the ICC mechanism, it achieved
slightly better waveform symmetry, with an additional THD reduction of 0.06% and 0.03%
in Scenarios A1 and A2, respectively. These results highlight the ability of the proposed
method to enhance signal symmetry under sinusoidal operating conditions.

On the other hand, Figure 9 clearly shows that the SAHF integrated with the existing
S-ADALINE method failed to restore the sinusoidal symmetrical shape of the supply
current in both Scenarios B1 and B2. As reported in Table 3, the THD values obtained are
14.41% and 14.45%, respectively, both exceeding the 5% limit specified in the IEEE 519
standard [33,34]. This elevated distortion reflects a persistent asymmetry in the current
waveform. Moreover, the existing method is also found to cause a larger phase shift (1.4◦ in
Scenario B1 and 1.0◦ in Scenario B2) and increased reactive power (73.6 VAR in Scenario B1
and 76.7 VAR in Scenario B2), which collectively degrade the power factor to 0.989. Next,
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the fundamental current tracking accuracy is also observed to be lower, with values of
95.44% and 98.44% in Scenarios B1 and B2, respectively.

In contrast, integrating the proposed I-ADALINE method enabled the connected
SAHF to consistently preserve the sinusoidal and symmetrical shape of the supply current
under the same distorted conditions. Specifically, the proposed method significantly re-
duces the THD values to 3.64% and 2.81% in Scenarios B1 and B2, respectively, restoring
waveform symmetry and improving the power quality. Moreover, the proposed method
also achieves substantially smaller phase shifts (0.2◦ in Scenario B1 and 0.1◦ in Scenario B2)
and reactive power (10.4 VAR in Scenario B1 and 11.1 VAR in Scenario B2), thereby enhanc-
ing the power factor to 0.999 and promoting a more symmetrical power exchange. The
fundamental current tracking accuracy has also improved, reaching 98.38% and 98.63% for
Scenarios B1 and B2, respectively, which further confirms the effectiveness of the proposed
method in maintaining waveform symmetry under distorted supply conditions.

Finally, under the additional influence of noise, as can be observed from
Figures 10 and 11, the SAHF integrated with the existing S-ADALINE method again
failed to restore the sinusoidal and symmetrical shape of the supply current in both
Scenarios C1 and C2. This resulted in higher THD values of 15.77% and 16.55%, re-
spectively, indicating persistent waveform asymmetry. Additionally, a larger phase shift
(1.2◦ in Scenario C1 and 1.0◦ in Scenario C2) and increased reactive power (68.5 VAR in
Scenario C1 and 78.5 VAR in Scenario C2) are also observed from the existing method, caus-
ing the power factor to degrade further to 0.987 and 0.986, respectively. More importantly,
the added impact of noise has led to the lowest fundamental current tracking accuracy of
92.54% and 94.67% for Scenarios C1 and C2, respectively.

In contrast, the proposed I-ADALINE method enabled the connected SAHF to con-
sistently maintain the sinusoidal and symmetrical shape of the supply current despite
the presence of noise. The recorded THD values are significantly reduced to 3.71% and
2.77% for Scenarios C1 and C2, respectively, effectively restoring waveform symmetry and
improving the power quality. Furthermore, the proposed method consistently achieved
smaller phase shifts (0.2◦ in Scenario C1 and 0.1◦ in Scenario C2) and a lower reactive power
(10.2 VAR in Scenario C1 and 11.5 VAR in Scenario C2), once again resulting in an improved
power factor of 0.999. The fundamental current tracking accuracy is also substantially
enhanced, reaching 98.38% and 98.63% for Scenarios C1 and C2, further demonstrating the
robustness of the I-ADALINE method in preserving waveform symmetry under noisy and
distorted conditions.

In addition to steady-state performance, a dynamic load test is carried out to evaluate
the system behavior under varying load conditions, specifically involving a transition
from the RC to RL load and a distorted supply with noise disturbance, as illustrated in
Figure 12. As observed, following the load change at time = 1 s, both the I-ADALINE
and S-ADALINE methods exhibit comparable dynamic responses, with recovery times
within 0.06 s. This similarity is anticipated, as both methods utilize the same FAC updating
technique and learning rate within their ADALINE frameworks. However, due to the
incorporation of selective filtering and the ICC mechanism in the proposed I-ADALINE
method, the quality of the mitigated supply current is significantly enhanced, exhibiting a
continuous, sinusoidal, and symmetrical waveform with minimal distortion. In contrast,
the output from the S-ADALINE method remains distorted and shows a significant level
of noise. This demonstrates that the proposed enhancements in the I-ADALINE method
effectively improve the output quality without compromising dynamic performance.
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Figure 11. Harmonic spectrums of supply current obtained under Scenarios (a) C1 and (b) C2.
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Figure 12. Dynamic-state simulation waveforms of SAHF integrated with the proposed I-ADALINE
and SAHF integrated with the existing S-ADALINE methods, considering load variation from RC to
RL and distorted supply condition with noise disturbance.

From the comparative analysis performed, the proposed I-ADALINE method demon-
strates clear advantages over the existing S-ADALINE method. The key improvements,
as highlighted in Table 4, include a significant reduction in %THD (by 10.77–13.78%),
a decrease in phase shift (by 0.9–1.2◦), and a substantial drop in reactive power (by
58.3 VAR–67 VAR). These enhancements contribute to an increase in power factor values (by
0.010 to 0.013). Furthermore, the proposed method also achieves better fundamental current
tracking which improved the accuracy (by 0.19% to 5.84%). Importantly, the I-ADALINE
method consistently restores and maintains the sinusoidal and symmetrical shape of the
supply current waveform, effectively mitigating the harmonic distortion and reactive power
caused by various nonlinear loads, even when the supply is affected by severe harmonic
distortion and noise disturbances. This results in a superior overall power quality and
more symmetrical power flow between the supply and load, demonstrating the robustness
and effectiveness of the proposed method in challenging operating environments.
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Table 4. Highlights of benefits offered by the proposed I-ADALINE in comparison to the existing
S-ADALINE methods.

Performance
Parameter Scenario B1 Scenario

B2
Scenario

C1
Scenario

C2

Reduction in
THD (%) 10.77 11.64 12.06 13.78

Reduction in
phase shift (◦) 1.2 0.9 1.0 0.9

Reduction in
reactive power

(VAR)
63.2 65.6 58.3 67.0

Improvement in
power factor 0.010 0.010 0.012 0.013

Accuracy of
fundamental

current

Improved by
2.94%

Improved by
0.19%

Improved by
5.84%

Improved by
3.96%

Quality of
current

waveform
Improved Improved Improved Improved

To further support the findings from the initial comparative analysis, a sensitivity
study is added to examine how variations in the supply voltage total harmonic distor-
tion (THD) and signal-to-noise ratio (SNR) influence the performance of the proposed
I-ADALINE method. In this study, the supply voltage THD is adjusted between 5.16%
and 25.16%, while the SNR is adjusted between 10.24 dB and 30.24 dB. The performance
metrics evaluated include the THD of the supply current, the phase shift, and the power
factor of the system. The results summarized in Tables 5 and 6 provide strong evidence of
the superior performance of the proposed I-ADALINE method compared to the existing
S-ADALINE approach, under a range of operating conditions.

Table 5. Comparison of mitigation performance between the proposed I-ADALINE and the existing
S-ADALINE methods under varying levels of supply voltage distortion and noise disturbance, with
an applied RC load.

Supply Voltage
Condition

THD
(%)

Phase Shift
(◦) Power Factor

I-ADALINE S-ADALINE I-ADALINE S-ADALINE I-ADALINE S-ADALINE

Distorted Supply Voltage—%THD Variation

THD = 5.16% 3.26 5.53 0.2 0.6 0.999 0.998
THD = 10.16% 3.40 9.99 0.2 0.6 0.999 0.995
THD = 15.16% 3.61 11.94 0.2 1.3 0.999 0.992
THD = 20.16% 3.85 15.16 0.2 1.7 0.999 0.988
THD = 25.16% 4.03 19.17 0.3 2.0 0.999 0.981

Distorted Supply Voltage (THD = 17.53%) added with noise disturbance—SNR Variation

SNR = 30.24 dB 3.66 14.68 0.2 1.3 0.999 0.989
SNR = 25.24 dB 3.69 14.98 0.2 1.3 0.999 0.988
SNR = 20.24 dB 3.78 16.26 0.2 1.3 0.999 0.986
SNR = 15.24 dB 3.94 19.72 0.1 1.2 0.999 0.980
SNR = 10.24 dB 4.20 22.43 0.1 1.3 0.999 0.975
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Table 6. Comparison of mitigation performance between the proposed I-ADALINE and the existing
S-ADALINE methods under varying levels of supply voltage distortion and noise disturbance, with
an applied RL load.

Supply Voltage
Condition

THD
(%)

Phase Shift
(◦) Power Factor

I-ADALINE S-ADALINE I-ADALINE S-ADALINE I-ADALINE S-ADALINE

Distorted Supply Voltage—%THD Variation

THD = 5.16% 2.46 5.11 0.1 0.3 0.999 0.998
THD = 10.16% 2.55 9.90 0.1 0.3 0.999 0.995
THD = 15.16% 2.63 11.91 0.1 1.0 0.999 0.992
THD = 20.16% 2.90 15.15 0.1 1.3 0.999 0.988
THD = 25.16% 3.31 19.71 0.2 1.4 0.999 0.980

Distorted Supply Voltage (THD = 17.53%) added with noise disturbance—SNR Variation

SNR = 30.24 dB 2.59 14.84 0.1 1.0 0.999 0.989
SNR = 25.24 dB 2.61 15.44 0.1 0.9 0.999 0.988
SNR = 20.24 dB 2.81 16.86 0.1 1.0 0.999 0.985
SNR = 15.24 dB 2.93 19.23 0.2 1.1 0.999 0.981
SNR = 10.24 dB 3.25 20.74 0.3 1.6 0.999 0.978

One of the key observations from the study is that, as the THD in the supply voltage
increases, there is a corresponding increase in the THD of the supply current. This trend is
observed for both the RC and RL load conditions and is consistent with the behavior ex-
pected in power systems where harmonic-rich voltage sources tend to propagate distortion
into the load current. Despite this natural increase in current distortion, the I-ADALINE
method demonstrates a remarkable ability to contain and mitigate its effects. For example,
in the case of the RC load, the supply current THD with the I-ADALINE method increases
only slightly from 3.26% to 4.03% when the supply voltage THD increases from 5.16% to
25.16%. In contrast, the S-ADALINE method shows a much steeper rise in the current
THD, from 5.53% to 19.17% over the same range. A similar pattern is evident with the
RL load, where the I-ADALINE method keeps the current THD below 3.31% even at the
highest distortion level, while the current THD escalates to 19.71% for the S-ADALINE
method. These results clearly demonstrate that, while current distortion does increase
with worsening voltage conditions, the proposed I-ADALINE method is significantly more
effective at suppressing this distortion compared to the existing S-ADALINE method.

In addition to the improved harmonic mitigation, the proposed I-ADALINE method
also shows superior performance in controlling the phase shift between the voltage and
current, which is critical for maintaining synchronization and minimizing reactive power
flow. Across all test conditions, the I-ADALINE method maintains the phase shift within
a narrow range, typically below 0.3◦, while the S-ADALINE method experiences larger
deviations, especially under high distortion or noise conditions. This phase accuracy
contributes to the near-unity power factor achieved by the I-ADALINE method, which
remains at 0.999 in all cases. In contrast, the power factor associated with the S-ADALINE
method degrades with increasing distortion, dropping to as low as 0.981 and 0.980 in the
RC and RL load conditions, respectively.

Furthermore, the robustness of the I-ADALINE method under noise disturbances is
evident from its stable performance across a wide range of SNRs, from 30.24 dB down to
10.24 dB. Even in the presence of significant noise, the supply current THD, phase shift, and
power factor remain largely unaffected with the I-ADALINE method, indicating a strong
adaptability and lower sensitivity to disturbances. On the other hand, the S-ADALINE
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method exhibits an obvious decline in performance under the same noise levels, indicating
a greater sensitivity to disturbances.

As a summary, by utilizing the advantages of selective filtering and the ICC mecha-
nism, the proposed I-ADALINE method has demonstrated clear and consistent superiority
over the existing S-ADALINE method in mitigating the harmonic distortion, minimiz-
ing the phase shift, and maintaining the near-unity power factor under a wide range of
supply voltage distortions and noise disturbances. Consequently, the proposed method
reliably preserves the sinusoidal and symmetrical supply current waveforms, even under
severe distortion and challenging operating conditions. This results in an enhanced power
quality and more efficient energy transfer between the supply and load, making the ap-
proach a robust and dependable solution for modern power systems facing nonlinear and
variable conditions.

Future work could explore the integration of the I-ADALINE method with other ad-
vanced machine-learning methods such as deep learning or reinforced learning to further
enhance its performance in dynamic and complex systems. These AI-driven approaches
offer promising capabilities for self-adaptation, real-time learning, and increased resilience
against unpredictable disturbances, which are particularly valuable in dynamic and com-
plex power systems. While this study has focused on enhancing the ADALINE-based
approach, future work could include a comparative analysis between I-ADALINE and
other neural network models such as artificial neural networks (ANNs), recurrent neu-
ral networks (RNNs), long short-term memory (LSTM) networks, convolutional neural
networks (CNNs), or hybrid models. Each of these models exhibits unique strengths in
handling nonlinearities and dynamic behavior. Benchmarking them against I-ADALINE
would provide deeper insight into the relative advantages and help identify the most
suitable architecture for specific power quality applications.

Additionally, the application of the proposed method could be further validated under
real-world conditions involving a broader range of power quality disturbances. This in-
cludes scenarios with significant voltage distortion, supply frequency fluctuations, dynamic
load behaviors, and the intermittent nature of renewable energy sources. Evaluating the
method under such diverse conditions would enhance its practical relevance and deploy-
ment readiness. The sensitivity analysis also represents an important area for future study.
Investigating how variations in key system parameters and initial conditions affect the
performance of the I-ADALINE method would provide critical insights into its robustness
and scalability for real-world implementation.

Another promising research direction involves extending the I-ADALINE framework
with diagnostic capabilities, such as the automatic classification and source identification
of power quality disturbances. As modern power systems become increasingly populated
with power electronic converters, electric vehicle chargers, and nonlinear industrial equip-
ment, the ability to identify which specific consumer or load is responsible for the power
quality degradation becomes essential. Such features would enable more targeted and
effective mitigation strategies, allowing grid operators to proactively manage and maintain
regulatory compliance in increasingly complex electrical networks.

Building on these directions, the most immediate and practical continuation of this
work is the development of a laboratory-scale prototype that implements the I-ADALINE
method within a physical power system environment. Such an experimental setup would
facilitate the validation of the proposed approach under real-world operating conditions,
accounting for factors such as electrical noise, hardware limitations, and unpredictable dis-
turbances, which are often challenging to replicate accurately in simulation environments.

In summary, future research should focus on enhancing the I-ADALINE framework
through advanced machine-learning integration, a comparative analysis with other neural
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models, sensitivity evaluation, and diagnostic capabilities such as disturbance classifica-
tion. The immediate step is developing a laboratory-scale prototype to validate real-time
performance under realistic conditions. These efforts will help bridge the gap between
simulation and deployment, supporting the adoption of intelligent, adaptive solutions for
modern power quality management.

5. Conclusions
This study proposes an approach called I-ADALINE, which aims to enhance syn-

chronization and improve the mitigation performance of SAHF under challenging grid
environments. It is basically achieved by incorporating an alternative phase-tracking ap-
proach that builds upon the concept of orthogonality and selective filtering, while also
utilizing the benefits of the ICC mechanism. Together, these elements enable the method
to address harmonic distortion, accurately generate the reference current, and preserve
current waveform symmetry, which are crucial for maintaining the overall power quality.
Extensive simulation tests, which include scenarios of highly nonlinear loads, voltage
distortions, and noise disturbances, were conducted to validate the operational concept
and assess the performance of the proposed method.

A comparative analysis against the existing S-ADALINE method demonstrates that
the proposed I-ADALINE method offers notable improvements in both the phase-tracking
accuracy and adaptability. These advantages are particularly evident under adverse condi-
tions such as harmonic distortion, noise disturbance, and phase jumps. More importantly,
the I-ADALINE method is also revealed to deliver superior mitigation performance for
hte SAHF, as evidenced by an additional reduction in %THD (by 10.77–13.78%), a further
decrease in reactive power (by 58.3 VAR–67 VAR), improved grid synchronization with a
smaller phase shift (by 0.9–1.2◦), and an improvement in the tracking accuracy of the funda-
mental current (by 0.19–5.84%). These findings confirm the effectiveness of I-ADALINE in
maintaining power quality and waveform symmetry under challenging grid environments.

However, it is important to note a few limitations of the proposed method. While it
demonstrates reliable performance under distorted but frequency-stable conditions, its abil-
ity to maintain precise phase angle tracking under time-varying and highly dynamic grid
frequency conditions remains limited. This highlights the need for further enhancements
to improve its robustness against frequency fluctuations. Another limitation is that the
performance can be affected by changes in system conditions and settings. For example,
different loads or disturbances may require parameter adjustments to maintain optimal
results, which was not fully studied in this work. The proposed method is particularly
suited for industrial and commercial applications involving nonlinear loads such as vari-
able speed drives, rectifiers, and renewable energy interfacing, where the power quality is
critical. It also shows promise for residential environments with the growing penetration
of power electronics. Future work will focus on extending the I-ADALINE framework by
incorporating advanced machine-learning techniques, developing diagnostic capabilities
for disturbance classification and source identification, conducting sensitivity analyses,
and progressing toward laboratory-scale prototyping. These efforts aim to bridge the gap
between simulation and practical deployment, enhancing the adaptability and resilience in
increasingly complex power systems.
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The following abbreviations are used in this manuscript:

ADALINE Adaptive linear neuron
ANN Artificial neural network
DCC Direct current control
FAC Fundamental active current
ICC Indirect current control
PCC Point of common coupling
SAHF Shunt-typed active harmonic filter
SNR Signal-to-noise ratio
THD Total harmonic distortion
VSI Voltage source inverter
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