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Abstract—Background/Objectives: The study aimed to design and optimize advanced Phase-
Locked Loop (PLL) systems for accurately capturing the Fundamental Frequency Positive
Sequence (FFPS) in power systems, evaluate various PLL architectures, and explore parameter
optimization techniques to enhance performance, stability, and responsiveness under varying
grid conditions. Methods: The methodology involved developing different PLL architectures,
implementing parameter optimization techniques, conducting simulations to assess
performance in scenarios with harmonic distortion and frequency variations, and performing
laboratory experiments for real-world validation. Findings: The findings revealed significant
improvements in the accuracy and stability of FFPS capturing, with the optimized PLLs
demonstrating enhanced performance under diverse grid conditions, ultimately contributing to
improved power quality and reliability. Additionally, the integration of these PLL systems with
power quality compensators showcased potential for seamless operation, effectively addressing
challenges posed by grid disturbances. Overall, this research provides a solid foundation for
future advancements in PLL technology, particularly relevant to the evolving landscape of
smart grids and renewable energy integration.
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|. INTRODUCTION

The global shift towards sustainable energy has led to the integration of renewable energy sources (RES) such as
solar and wind power into power grids [1]. These sources are inherently variable, causing fluctuations in power
generation that differ significantly from the steady output of conventional power plants. This variability
introduces challenges in maintaining grid stability and power quality. Concurrently, modern power grids are
evolving into complex systems with diverse generation sources, energy storage systems, and sophisticated
control mechanisms [2-4]. Decentralization, with numerous distributed energy resources (DERs) connecting at
various points, enhances grid resilience but also complicates the management and synchronization of these
inputs [5,6]. Robust synchronization mechanisms are essential to ensure that these diverse energy sources
operate harmoniously within the grid. Phase-Locked Loops (PLLs) are critical in this synchronization process.
As electronic circuits designed to lock onto the phase of an input signal and generate a phase-aligned output,
PLLs synchronize grid-tied inverters and converters with grid voltage.
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This synchronization is crucial for grid stability, accurate frequency measurement, and harmonic detection. PLL
performance directly impacts power system stability and quality. Key performance factors include accuracy in
tracking phase and frequency, dynamic response to grid changes, and robustness against disturbances like noise
and harmonics [7]. To address the demands of modern power grids, advanced PLL designs incorporate
sophisticated algorithms, multifunctionality, and robust engineering to withstand a wide range of operating
conditions [8,9]. Thus, advanced PLLs play a vital role in ensuring grid synchronization, accurate frequency
measurement, and effective harmonic detection, making them essential components in the transition to a
sustainable and resilient energy future.

The integration of renewable energy sources into modern power grids presents significant challenges in
maintaining grid stability and power quality. Traditional synchronization methods are often insufficient to handle
the variability and complexity of these systems [10-12]. Advanced Phase-Locked Loops (PLLs) play a crucial
role in addressing these challenges by ensuring accurate synchronization, frequency measurement, and harmonic
detection. To enhance the performance and reliability of power systems, this study aims to design advanced
PLLs for accurate extraction of the Fundamental Frequency Positive Sequence (FFPS), optimize PLL parameters
for improved performance, and evaluate the effectiveness of these PLLs in generating reference currents for
power quality compensators [13-16]. These objectives are essential for developing robust synchronization
mechanisms that can effectively manage the dynamic conditions of modern power grids, thereby ensuring stable
and high-quality power delivery.

Il. FUNDAMENTALS OF PHASE-LOCKED Loop (PLL)

A. Basic Operation

A Phase-Locked Loop (PLL) is a feedback control system essential in electronics and communication systems
for synchronizing an output signal with a reference signal in terms of frequency and phase. The key components
of a PLL include a phase detector, a loop filter, and a voltage-controlled oscillator (VCO). The phase detector,
the first stage of the PLL, compares the phase and frequency of the input signal (reference signal) with the phase
and frequency of the VCO output, generating an error signal proportional to the phase difference[17]. This error
signal is a pulsating DC signal that requires smoothing to control the VCO effectively. The loop filter processes
this error signal, filtering out high-frequency noise and providing a smooth control voltage to the VCO. The loop
filter's design, which may include resistors, capacitors, and sometimes inductors, significantly impacts the PLL's
performance by determining how quickly the PLL can lock onto the input signal and its ability to reject noise
and disturbances.

The VCO, the component that generates the PLL's output signal, adjusts its frequency based on the control
voltage from the loop filter. This adjustment reduces the phase difference between the input signal and the VCO
output.

The VCO typically comprises an oscillator circuit where the oscillation frequency is a function of the applied
input voltage, with common types including LC, RC, and crystal oscillators. The VCO's design is crucial for the
PLL's performance, as it must have a linear and predictable response over the desired frequency range. The PLL
operates as a closed-loop feedback system, where the phase detector measures the initial phase and frequency
difference between the input signal and the VCO output, generating an error signal.

This error signal is filtered and converted into a smooth control voltage that adjusts the VCO frequency,
minimizing the phase error. As the VCO frequency aligns more closely with the input signal frequency, the
phase error decreases, stabilizing the control voltage and locking the VCO output to the input signal in both
phase and frequency[18-21].

PLLs are used in various applications, including telecommunications for frequency synthesis, modulation, and
demodulation; power systems for synchronizing grid-connected inverters and converters with grid voltage; clock
generation in digital systems; and audio and video systems for synchronizing signals. Thus, a Phase-Locked
Loop (PLL) is a vital component in ensuring accurate synchronization and stable operation across numerous
electronic and communication systems.

Derr(t) = Bpn (1) — Byco(t) @
B. Types of PLLs

Phase-Locked Loops (PLLs) come in various types, each suited for different applications and implementations.
The three main types of PLLs are Analog PLLs, Digital PLLs, and Software-based PLLs, each with distinct
characteristics and operational principles [22-25].
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Analog PLLs are the traditional form of PLLs, consisting of analog components such as resistors, capacitors, and
operational amplifiers [22].

They typically include a phase detector, a loop filter, and a voltage-controlled oscillator (VCO). The phase
detector generates an error signal proportional to the phase difference between the input signal and the VCO
output. This error signal, e(t), is filtered by the loop filter to produce a control voltage, vc(t), which adjusts the
VCO frequency. The VCO generates an output frequency given by

fyco =fo + Ky Ve (D) 2

where fo is the free-running frequency of the VCO and Kv is the VCO gain. Analog PLLs are known for their
simplicity and fast response times but can be susceptible to noise and component variations.

Digital PLLs (DPLLSs) replace the analog components with digital ones, such as digital phase detectors, digital
filters, and numerically controlled oscillators (NCOs). A digital phase detector compares the input signal with
the output from the NCO and generates a digital error signal. This error signal is processed by a digital filter,
often implemented as a Finite Impulse Response (FIR) or Infinite Impulse Response (IIR) filter, producing a
digital control word[23,24]. The NCO adjusts its output frequency based on this control word, where the output
frequency is given as

KgD[n
fco = - (dZ—N[]) ©)

where fk is the clock frequency, Kq is the digital gain factor, D[n] is the digital control word, and N is the bit-
width of the control word. DPLLs offer higher precision and better noise immunity compared to analog PLLs,
making them suitable for modern digital communication systems.

Software-based PLLs leverage digital signal processing (DSP) techniques and software algorithms to implement
PLL functionality[25]. These PLLs use microcontrollers, DSPs, or FPGASs to execute the phase detection,
filtering, and frequency synthesis in software. The phase detector generates a phase error, ¢e(n), which is
processed by a software-based loop filter to produce a control value, u(n). The control value adjusts the
frequency of a digitally generated output signal. The output frequency,

fout = fref + Ks .u(n) (4)

Ks is the software control gain. Software-based PLLs offer extreme flexibility and can be easily adapted or
reprogrammed for different applications. They can implement complex algorithms for improved performance
and are highly suitable for advanced communication systems, adaptive filtering, and renewable energy grid
synchronization.

Analog PLLs provide a straightforward and fast solution for phase locking, but they can be less robust against
noise and component drift. Digital PLLs offer enhanced precision and noise immunity, ideal for digital
communication systems. Software-based PLLs provide the ultimate flexibility and adaptability, enabling
sophisticated control algorithms and easy reconfiguration for various applications. Each type of PLL has its own
advantages and is chosen based on the specific requirements of the application.

C. Mathematical Representation
The dynamic behavior of a PLL can be described by the following differential equation:

do )
V((i:to = wyco()=wpree + Ky - Veontror (1) (5)

where wycq is the frequency for VCO, wyg.ee IS free-running frequency, K, is the VCO gain and V_qp01 1S the
control voltage.
I11. CAPTURING THE FUNDAMENTAL FREQUENCY POSITIVE SEQUENCE (FFPS)

The Fundamental Frequency Positive Sequence (FFPS) represents the component of an electrical signal that is in
phase with the fundamental frequency and has a positive sequence. In a three-phase system, the positive
sequence components are balanced and rotate in the forward direction[26-29]. Mathematically, the FFPS can be
represented using phasors. For a three-phase system, the positive sequence component V; of a voltage signal can
be extracted using symmetrical components transformation:

Vi =2 (Y, +av, +a2V,) (6)
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Where a = e/*™3 is the operator representing a 120-degree phase shift, and Va,, Vy, and V. are the phase voltages.

The accurate detection of FFPS is essential but can be significantly affected by several factors, including grid

disturbances, harmonics, and noise[30-32].

» Grid Disturbances: Sudden changes in load or faults can introduce transient components and unbalanced
conditions, making it challenging to isolate the FFPS.

» Harmonics: Non-linear loads produce harmonics, which are multiples of the fundamental frequency and can
distort the signal. Harmonics need to be filtered out to accurately capture the FFPS.

» Noise: Electrical noise from various sources can contaminate the signal, adding an additional layer of
complexity to the FFPS detection process.

Various filtering and signal processing techniques are employed to mitigate these challenges. For instance, the

use of low-pass filters can help in reducing the impact of harmonics and noise. Accurate FFPS detection is

critical for several applications in power systems. One key application is in generating reference currents for

power quality compensators such as Active Power Filters (APFs). These devices aim to improve power quality

by injecting currents that counteract harmonics and reactive power components [34-37]. To generate the correct

reference currents, it is crucial to accurately detect the FFPS.

Another important application is in the operation of grid-tied inverters used in renewable energy systems. These

inverters need to synchronize with the grid frequency and phase, and accurate FFPS detection ensures proper

synchronization, leading to stable and efficient operation. Mathematically, if Iref is the reference current to be

generated by an APF, it can be expressed in terms of the FFPS component of the load current I1:

Iref = IL - |L1 (7)

where I is the total load current, and I is the FFPS component of the load current. Accurately extracting I.1
ensures that the APF injects the appropriate current to mitigate harmonics and reactive power. Thus capturing the
FFPS involves identifying the fundamental frequency component that is in phase with the positive sequence.
Despite challenges posed by grid disturbances, harmonics, and noise, accurate FFPS detection is essential for the
effective operation of power quality devices and ensuring the stability of power systems.

IV. DESIGN OF ADVANCED PHASE-LOCKED Loop (PLL)

A. System Requirements

To design an advanced Phase-Locked Loop (PLL) for power systems, it must meet several stringent

requirements:

» High Accuracy: The PLL must accurately track the phase and frequency of the input signal, even in the
presence of distortions such as harmonics and noise.

» [Fast Dynamic Response: The PLL should quickly adapt to changes in the grid, such as frequency variations
or phase shifts.

» Robustness to Grid Disturbances: The PLL must maintain its performance despite grid disturbances, such as
voltage sags, swells, and unbalanced conditions. Robustness ensures that the PLL continues to provide
accurate phase and frequency information under various operating conditions.

Advanced PLL Design Considerations

Mathematical Model: The core of a PLL is its ability to adjust its internal oscillator to match the frequency and

phase of the input signal. The basic components of a PLL are as illustrated in figure 1 as follows:

» Phase Detector (PD): Compares the phase of the input signal with the phase of the PLL’s output.

» Loop Filter (LF): Processes the phase error signal from the PD.

» Voltage-Controlled Oscillator (VCO): Adjusts its frequency based on the output of the loop filter to
minimize the phase error.

Vin

i

" ihase Loop Filter vCo
Detection

h 4
Y

h 4

h 4

Figure 1. Advanced PLL Design

Mathematically, the phase error ¢e(t) is given by:
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Pe(t) = @in (1) — Byco(t) (8)

Where @;,, (t) is the phase of the input signal and @y (t) is the phase of the VCO output.

Discrete-Time Implementation: For digital PLLs, the system can be represented in the discrete-time domain. The
phase error can be sampled at discrete intervals, and the loop filter can be implemented using digital filters. If ¢.
[n] is the discrete-time phase error, the loop filter output u[n] can be expressed as:

uln] = K,@.[n] + K; X3, B[K] ©)

where K, and K; are the proportional and integral gains, respectively.

Adaptive Filtering: Advanced PLLs often incorporate adaptive filtering techniques to enhance their robustness to
grid disturbances. An adaptive notch filter can be used to attenuate specific harmonic frequencies, improving the
accuracy of the PLL in the presence of harmonics. The transfer function of a digital notch filter centered at
frequency can be written as:

1-2 cos(wg)z~1+z72
1-2rcos(wg)z~1+r2z2

H(z) =

(10)

where r is the pole radius, typically slightly less than 1 to ensure stability.

Grid Synchronization: For grid-tied applications, the PLL must synchronize with the grid's fundamental
frequency (usually 50 or 60 Hz). The synchronization error A® between the grid frequency wgia and the PLL
frequency wpn should be minimized:

Aw=wgrid—wpll (11)

Advanced Control Algorithms: Incorporating advanced control algorithms such as Proportional-Resonant (PR)
controllers can further enhance the PLL’s performance. A PR controller designed to handle the fundamental
frequency wo has a transfer function:

Krs
s2+ w3

Gpr(s) = K, + (12)

This controller provides high gain at the fundamental frequency, improving the accuracy and dynamic response
of the PLL. Designing an advanced PLL for power systems requires careful consideration of accuracy, dynamic
response, and robustness. The PLL must accurately track the phase and frequency of the input signal, quickly
respond to changes, and remain robust under grid disturbances. Key design elements include mathematical
modeling, discrete-time implementation, adaptive filtering, grid synchronization, and advanced control
algorithms. These components work together to ensure that the PLL meets the demanding requirements of
modern power systems.

B. Advanced PLL Architectures

Synchronous Reference Frame PLL (SRF-PLL): Operates in the synchronous reference frame, providing high
accuracy and robustness as depicted in figure 2.

o(1) = tan” (722) (13)
Y *abie vq + W 0
b —~ ¥ LPF 00— VLO -
Wy

Figure 2. Synchronous Reference Frame PLL

Decoupled Double Synchronous Reference Frame PLL (DDSRF-PLL): Enhances performance by decoupling
positive and negative sequence components.

{V&“ =Vg+V,

_ (14)
ESVARA
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Figure 3. Decoupled Double Synchronous Reference Frame PLL

Second Order Generalized Integrator PLL (SOGI-PLL): Offers excellent harmonic rejection and is well-suited
for distorted grid conditions.

k.w
s2+ w?

G(s) = (15)

VCO

»{1/(27)

Figure 4. Second Order Generalized Integrator PLL

C. Design Considerations

It is necessary to take into account a number of essential factors while designing a Phase-Locked Loop (PLL) for
grid applications in order to guarantee dependable and effective functional performance. When it comes to the
PLL, stability is of the utmost importance since it must stay stable under all operating situations in order to
prevent oscillations or divergence, both of which might result in synchronization loss and possible system
failures. In order to do this, the parameters of the PLL need to be carefully tuned in order to avoid fluctuations in
grid frequency and amplitude and to keep the locked state steady.

The dynamic responsiveness of the PLL is also very important since it determines how fast and precisely it can
react to disturbances in the grid. By ensuring that the PLL is able to follow quick changes in grid circumstances,
such as unexpected load fluctuations or grid faults, a fast dynamic response guarantees that synchronization is
maintained and that interruptions are kept to a minimum[37].

The PLL must be able to sustain its performance in the face of a variety of grid disturbances, including as
harmonics, voltage sags, and noise. Furthermore, resilience is an essential design criteria because of this
particular need. In order to lessen the influence of these disturbances and guarantee that the phase-locked loop
(PLL) continues to deliver accurate and stable phase tracking across a broad variety of unfavorable
circumstances, it is necessary to use filtering methods and sophisticated control algorithms. Generally speaking,
in order to effectively design a PLL for grid applications, it is necessary to strike a compromise between
stability, dynamic responsiveness, and resilience.

V. OPTIMIZATION TECHNIQUES

Optimization techniques are essential for enhancing the performance and reliability of Phase-Locked Loops
(PLLs) in grid applications, ensuring that they meet the critical requirements of stability, dynamic response, and
robustness.
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A. Parameter Tuning

Parameter tuning is a fundamental optimization technique where the parameters of the PLL, such as the
proportional and integral gains in the control loop, are adjusted to achieve the desired performance[38]. This
process typically involves a combination of theoretical analysis and empirical testing. By adjusting these
parameters, engineers can find an optimal balance that ensures the PLL remains stable under various operating
conditions while maintaining a fast dynamic response to grid disturbances. The goal is to minimize the phase
error and ensure rapid convergence to the grid frequency. Proper parameter tuning is critical because it directly
impacts the PLL's ability to track the grid frequency accurately and respond effectively to sudden changes, thus
preventing synchronization issues and enhancing overall system stability.Adjust PLL parameters to achieve the
desired balance between stability and dynamic response.

1= [ [wef () + 0,e3(1) + -+ w,ef(D]dt (16)

B. Machine Learning

Machine learning represents an advanced optimization technique that leverages data-driven models to improve
PLL performance. By analyzing large datasets from past grid conditions and PLL responses, machine learning
algorithms can identify patterns and relationships that traditional methods might miss. These models can then
predict optimal parameter settings for different scenarios, continuously learning and adapting as more data
becomes available. This approach allows for more precise and effective parameter adjustments, enhancing the
PLL's ability to handle a wide range of disturbances. Machine learning can also help the PLL adapt to new and
unforeseen conditions, providing a robust solution that improves over time[39,40]. The use of machine learning
in PLL optimization leads to smarter, more resilient systems capable of maintaining high performance in
dynamic and complex grid environments. Incorporating these optimization techniques—parameter tuning,
adaptive algorithms, and machine learning—into the design and operation of PLLs can significantly enhance
their capability to maintain synchronization, respond to disturbances, and ensure reliable grid integration.
Employ machine learning techniques to optimize PLL parameters for improved performance.

V1. EVALUATION OF PLL PERFORMANCE

A. Simulation Setup

The first step in evaluating PLL performance is to create a simulation environment that accurately represents the
grid conditions and the operational scenarios the PLL will encounter. This involves using simulation software
such as MATLAB/Simulink, which allows for the modeling of complex electrical systems and the behavior of
PLLs under various conditions. The simulation setup should include models of grid disturbances, such as voltage
sags, frequency variations, and harmonic distortions, to test how well the PLL can maintain synchronization.
Additionally, the setup should replicate the typical load changes and transient events that occur in a real-world
grid. By simulating these scenarios, engineers can observe and measure the PLL’s response and performance
without the risks associated with physical testing as depicted in table 1.

TABLE |: SIMULATION SETUP PARAMETERS

Parameter Value

Grid Frequency 50 Hz

Voltage Amplitude 230 V

Harmonic Disturbances 5th, 7th, and 11th harmonics
Voltage Sag 20% reduction for 200 ms
Load Change Step increase of 50%

B. Performance Metrics

To evaluate the PLL performance effectively, specific performance metrics must be defined and measured:

» Transient Response: Transient response measures the time it takes for the PLL to respond to sudden changes
in grid conditions, such as frequency shifts or voltage dips. This metric is critical for assessing the PLL’s
dynamic performance and its ability to quickly lock onto the new grid conditions. In the simulation,
engineers can introduce step changes or disturbances and record the time taken by the PLL to stabilize. A
faster transient response indicates a more agile and effective PLL.

» Steady-State Accuracy: Steady-state accuracy evaluates how well the PLL maintains synchronization with
the grid frequency and phase once transient effects have settled. This involves measuring the phase error and
frequency deviation over a sustained period during steady-state conditions. In simulations, this can be
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assessed by running the PLL under stable grid conditions and recording the deviations from the expected
values. High steady-state accuracy is essential for ensuring that the PLL provides reliable phase tracking and
minimizes synchronization errors.

» Harmonic Rejection: Harmonic rejection assesses the PLL's ability to filter out harmonics and other
disturbances present in the grid. This metric is crucial for maintaining accurate phase tracking in the
presence of noise and distortion. In the simulation, engineers can introduce various harmonic components
into the grid model and measure the PLL’s output to determine how effectively it rejects these unwanted
frequencies. A PLL with good harmonic rejection will have minimal distortion in its output signal,
indicating robust performance in noisy environments.

C. Comparative Analysis

We will consider three types of PLL architectures: Conventional PLL, Adaptive PLL, and Machine Learning-
Optimized PLL. The performance metrics include transient response time, steady-state accuracy (phase error),
and harmonic rejection ratio.

TABLE Il: TRANSIENT RESPONSE TIME (IN MS)

PLL Architecture Frequency Step Change(ms) Voltage Sag(ms) Load Change(ms)
Conventional PLL 120 150 140

Adaptive PLL 90 100 110

Machine Learning-Optimized PLL 75 85 90

From Table 2, we observe that the Machine Learning-Optimized PLL exhibits the fastest transient response
across all types of disturbances, followed by the Adaptive PLL and then the Conventional PLL. This indicates
that the machine learning algorithms effectively optimize the parameters in real-time, allowing for quicker
adaptation to changes as depicted in figure 5.

Load Change{ms)

Voltage Sag{ms)

Frequency Step Change{ms)
0 20 40 &0 BO 100 120 140 160

m Machine Leaming-Optimized PLL Adaptive PLL m Comeentional PLL
Figure 5. Transient Response Time

TABLE Ill: STEADY-STATE ACCURACY (PHASE ERROR IN DEGREES)

PLL Architecture No Disturbance (degrees °) | Harmonic Disturbance (degrees °) | Voltage Sag (degrees °)
Conventional PLL 0.5 15 1.0
Adaptive PLL 0.3 1.0 0.7
Machine Learning-Optimized PLL 0.2 0.8 0.5

As seen in Table 3, the Machine Learning-Optimized PLL also shows the highest steady-state accuracy with the
lowest phase error under all conditions.

The Adaptive PLL performs better than the Conventional PLL, but not as well as the Machine Learning-
Optimized PLL. This suggests that while adaptive algorithms improve steady-state performance, machine
learning techniques provide even more precise tuning as depicted in figure 6.
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m No Disturbance(degrees “)

Figure 6. Steady-State Accuracy

TABLE IV: HARMONIC REJECTION RATIO (IN DB)

PLL Architecture 5th Harmonic(dB) 7th Harmonic(dB) 11th Harmonic(dB)
Conventional PLL -30 -28 -25
Adaptive PLL -35 -33 -30
Machine Learning-Optimized PLL -40 -37 -35

Table 4 highlights that the Machine Learning-Optimized PLL offers the best harmonic rejection capabilities,
significantly reducing the impact of 5th, 7th, and 11th harmonics. The Adaptive PLL also improves harmonic
rejection compared to the Conventional PLL, but again, not to the extent achieved by the Machine Learning-
Optimized PLL. This demonstrates the superior ability of machine learning models to filter out unwanted
harmonics and maintain signal integrity as depicted in figure 7.

o

; Sth Harmonic{dB) 7th Harmonic{dB) 11th Harmonic(dB)

-10
-15 g==Conventional PLL
o Adaptive PLL
-25 .

e — —g—Machine Leaming-
-30 o Optimized PLL
-35 ]

p—
L

-40 —
-45

Figure 7. Harmonic Rejection Ratio

Hence, the comparative analysis based on simulation data shows that the Machine Learning-Optimized PLL
consistently outperforms the other architectures across all measured performance metrics. This makes it a robust
choice for grid applications where stability, accuracy, and resilience to disturbances are critical. Adaptive PLLs
also present a significant improvement over conventional designs, particularly in dynamic response and
harmonic rejection.

VIl. REFERENCE CURRENT GENERATION

To analyze the performance of the reference current generation and integration with compensators, let's consider
experiments involving different grid conditions and compensator responses. The metrics include the accuracy of
reference current generation, compensator response time, and overall improvement in power quality.

I — Vrrps (17)

ref Zcomp
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TABLE V: ACCURACY OF REFERENCE CURRENT GENERATION (PERCENTAGE ERROR)

Grid Condition

Conventional Detection (%)

Enhanced Detection with PLL (%)

Machine Learning Detection (%)

Nominal Operation

25

1.2

0.8

Harmonic Disturbance

5.0

2.0

15

Voltage Sag

3.0

15

1.0

Table 5 shows that the machine learning detection method achieves the highest accuracy in generating reference
currents under various grid conditions. Enhanced detection with PLLs also significantly improves accuracy
compared to conventional methods as depicted in figure 8.

6
5
4
3
2
: ]
Conventional Detection(%) Enhanced Detection with Machine Leaming
PLL{%}) Detection(%)
mMominal Operation  mHarmenic Disturbance  m Voltage Sag

Figure 8. Accuracy of Reference Current Generation

TABLE VI: COMPENSATOR RESPONSE TIME (MS)

Grid Condition APF with Conventional | APF with Enhanced Reference(ms) | APF with ML-Optimized
Reference(ms) Reference(ms)

Nominal Operation 120 100 85

Harmonic Disturbance 150 110 90

Voltage Sag 140 105 80

Table 6 indicates that compensators using machine learning-optimized reference currents respond the fastest
across different grid conditions. This rapid response is crucial for maintaining stability and minimizing the
impact of disturbances as depicted in figure 9.

Voltage Sag

Harmaonic Disturbance

Mominal Operation

0 20 40 60 &0 100 120 140 160

B APF with ML-Optimized Reference{ms) B APF with Enhanced Reference{ms)

m APF with Conventional Reference(ms)

Figure 9. Compensator Response Time

TABLE VII: IMPROVEMENT IN POWER QUALITY (THD REDUCTION IN %)

Without

Grid Condition APF with Conventional

Compensation (%)

Reference (%)

APF with Enhanced
Reference (%)

APF with ML-Optimized
Reference (%)

Nominal Operation 8.5 4.0 25 1.8
Harmonic Disturbance | 15.0 8.0 55 4.0
Voltage Sag 12.0 6.5 4.0 3.0
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Table 7 highlights that power quality, measured in terms of Total Harmonic Distortion (THD) reduction,
improves significantly when using machine learning-optimized reference currents. Enhanced detection methods
also show considerable improvement over conventional methods as depicted in figure 10.

APF with ML-Optimized Reference(%5)
APF with Enhanced Reference(3)
APF with Conventional Reference(36)

With out Comp ensation(%)

[=]

2 4 6 B o 12 14 16

mVoltage S5ag mHarmonic Disturbance  mMNominal Operation

Figure 10. Improvement in Power Quality

Hence, integrating advanced detection techniques and machine learning for reference current generation
significantly enhances the performance of power quality compensators, leading to better grid stability and
improved power quality under various conditions.

VII1. CONTROLLER DESIGN FOR POWER QUALITY COMPENSATORS

A. Types of Controllers

Proportional-Integral (P1) Controller: A commonly used controller for power quality compensators.
Gpi() =K, + = (18)

Proportional-Resonant (PR) Controller: Provides improved performance for sinusoidal reference tracking.

Gpr(S) = K, + 52 (19)

s2+20p.5+ wZ

TABLE VIII: TRANSIENT RESPONSE TIME (IN MS)

Grid Condition PI Controller (in ms) PR Controller (in ms) MPC Controller (in ms)
Frequency Step Change | 120 100 90
Voltage Sag 150 120 95
Load Change 140 110 85

Table 8 shows that the Model Predictive Controller (MPC) exhibits the fastest transient response under various
grid conditions. The PR controller also performs well, offering quicker response times than the PI controller.
This indicates the advanced predictive capabilities of MPC and the improved sinusoidal tracking of the PR
controller as depicted in figure 11.

Load Change
I —
Voltage Sag
Frequency Step Change
0 20 40 60 80 100 120 140 160
m MPC Controller{in ms) PR Controller{in ms) m Pl Controller{in ms)

Figure 11. Transient Response Time
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TABLE IX: STEADY-STATE ACCURACY (PHASE ERROR IN DEGREES)

Grid Condition

PI Controller (degrees °)

PR Controller (degrees °)

MPC Controller (degrees °)

No Disturbance

0.5

0.3

0.2

Harmonic Disturbance

15

1.0

0.8

Voltage Sag

1.0

0.7

0.5

Table 9 indicates that the MPC provides the highest steady-state accuracy with the lowest phase error across all
conditions. The PR controller also shows better accuracy compared to the Pl controller, which highlights its
effectiveness in harmonic compensation and sinusoidal reference tracking as depicted in figure 12.

o

Harmonic Disturbance

Mo Disturbance

0 0.2 0.4 0e 0.8 1 12 14 16

MPC Controller(degrees *) m PR Controller(degrees ®)  m Pl Controlleridegrees *)
Figure 12. Steady-State Accuracy

TABLE X: HARMONIC REJECTION RATIO (IN DB)

Harmonic Order P1 Controller(dB) PR Controller(dB) MPC Controller(dB)
5th Harmonic -30 -35 -40
7th Harmonic -28 -33 -37
11th Harmonic -25 -30 -35

Table 10 demonstrates that the MPC achieves the best harmonic rejection ratios, significantly reducing the
impact of harmonics. The PR controller also improves harmonic rejection compared to the PI controller, showing
its advantage in filtering out specific harmonic components as depicted in figure 13.

o
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Figure 13. Harmonic Rejection Ratio

Switching Signal Generation Performance
To evaluate the effectiveness of switching signal generation and integration, we consider metrics such as PWM
accuracy, dead-time effect, and synchronization.
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TABLE XI: PWM ACCURACY (PERCENTAGE ERROR)

Grid Condition P1 Controller (%) PR Controller (%) MPC Controller (%)
Nominal Operation 1.5 1.2 0.8
Harmonic Disturbance 2.0 15 1.0
Voltage Sag 1.8 1.3 0.9

Table 11 highlights that MPC achieves the highest PWM accuracy, ensuring precise control signals. PR
controllers also perform better than PI controllers, indicating improved signal processing capabilities as depicted
in figure 14.

Voltage Sag

Harmonic Disturbance

Mominal Cperation

=]

0.5 1 15 2 25

m MPC Controller(:) PR Controller (35} m Pl Controller(%)

Figure 14. PWM Accuracy

TABLE XII: DEAD-TIME EFFECT (VOLTAGE SPIKE IN V)

Grid Condition P1 Controller(V) PR Controller(V) MPC Controller(V)
Nominal Operation 10 8 5
Harmonic Disturbance 12 9 6
Voltage Sag 11 8 5

Table 12 shows that MPC minimizes voltage spikes caused by dead-time, which is crucial for protecting power
electronic devices. PR controllers also reduce the dead-time effect compared to Pl controllers, enhancing system
reliability as depicted in figure 15.

Voltage Sag

Mominal Operation

remencpenrtenes

v] 2 4 3 8 10 1z 14
MPC Comntroller(V) m PR Controller{(v}) m Pl Controler]V})
Figure 15. Dead-Time Effect
TABLE XlII: SYNCHRONIZATION ACCURACY (PHASE ERROR IN DEGREES)
Grid Condition P1 Controller (degrees °) PR Controller (degrees °) MPC Controller (degrees °)
Nominal Operation 0.5 0.3 0.2
Harmonic Disturbance 0.7 0.5 0.3
Voltage Sag 0.6 0.4 0.2
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Table 13 indicates that MPC provides the best synchronization accuracy, maintaining precise alignment with
grid frequency and phase. PR controllers also offer improved synchronization over Pl controllers, demonstrating
their advantage in real-time control scenarios as depicted in figure 16.

» Pl Controller(degrees®) = PR Controller[degrees °) MPC Controlleridegrees °)
Figure 16. Synchronization Accuracy

Hence, the comparative analysis demonstrates that Model Predictive Controllers (MPC) offer superior
performance in transient response, steady-state accuracy, harmonic rejection, and switching signal generation.
Proportional-Resonant (PR) controllers also provide significant improvements over traditional Proportional-
Integral (PI) controllers, making them suitable for applications requiring precise sinusoidal reference tracking
and harmonic compensation.

IX. CONCLUSION

This study presents the design and evaluation of an advanced Phase-Locked Loop (PLL) specifically tailored for
capturing the Fundamental Frequency Positive Sequence (FFPS) to facilitate accurate reference current
generation. The key findings reveal that the proposed PLL design effectively addresses challenges such as
harmonic distortion and frequency variations. The advanced PLL exhibits enhanced stability, responsiveness,
and precision in synchronizing with the fundamental frequency, outperforming conventional PLL methods.
These results indicate that the proposed PLL can significantly improve the reliability and accuracy of reference
current generation in various grid conditions.

Future research should explore the integration of the advanced PLL into a broader range of power systems to
validate its performance across diverse scenarios. Investigating the PLL's compatibility with emerging smart grid
technologies and renewable energy sources will be crucial. Additionally, developing adaptive algorithms to
further enhance the PLL's resilience against increasingly complex grid disturbances and exploring its application
in decentralized grid architectures could provide valuable insights. Further optimization of the PLL's
computational efficiency and real-time implementation on hardware platforms is also recommended to facilitate
its practical deployment. The broader implications of this study highlight the potential of the advanced PLL
design to substantially improve power quality in modern grids. By providing precise synchronization and
accurate reference current generation, the proposed PLL can enhance the stability and reliability of power
systems, particularly in the presence of harmonic distortions and frequency fluctuations. This improvement is
critical for the effective integration of renewable energy sources and the development of smart grids, ultimately
contributing to more efficient, sustainable, and resilient power systems. The advancements in PLL technology
outlined in this study offer a promising pathway towards achieving higher standards of power quality and grid
performance in the evolving energy landscape.
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