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ABSTRACT

The increasing integration of renewable energy sources into electrical power systems
has necessitated advanced synchronization techniques for power electronics
converters. This thesis investigates synchronization methods, with particular emphasis
on Phase-Locked Loop (PLL) technologies, to address challenges in grid-integrated
systems under various disturbances. The primary objective is to develop and validate
enhanced synchronization algorithms that overcome limitations of conventional PLLs
in applications including photovoltaic systems, doubly fed induction generator (DFIG)

wind energy converters, and electric vehicles.

A comprehensive methodology combining mathematical modelling, stability analysis,
extensive MATLAB Simulink simulations, and experimental validation using OPAL-
RT real-time simulator was employed. Multiple PLL architectures were evaluated
under abnormal grid conditions including voltage sags/swells, frequency jumps, DC
offsets, and harmonic distortions. The research examined single-phase and three-phase
PLLs, including Synchronous Reference Frame (SRF), Second-Order Generalized
Integrator (SOGI), Least Mean Square (LMS), Least Mean Fourth (LMF), Modified
Synchronous Reference Frame (MSRF), and fractional-order PLLs.

Key findings demonstrate that the LMF PLL outperforms SRF PLL under phase shift
and frequency change disturbances, while Type III Enhanced PLL exhibits superior
frequency response with polluted grid voltage and DC offset. The proposed fractional-
order FO-LPFO-PI MSRF-PLL with optimized parameters shows enhanced stability
during grid abnormalities. Additionally, the novel H-LMS-SOGI PLL architecture
provides exceptional dynamic responses, surpassing conventional structures under all
adverse grid conditions tested. Experimental validation of DFIG systems with LMF-
PLL confirms satisfactory performance under variable wind speeds and grid

disturbances.

This research significantly contributes to grid stability and renewable energy
integration by providing validated solutions for maintaining reliable power system
operation with high penetration of distributed energy resources. The dual validation

approach ensures practical applicability, offering a comprehensive framework for

XX



designing robust power electronics-based systems capable of handling complex grid

disturbances in modern power networks.
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Chapter: 1

INTRODUCTION

1.1 State of the Art of Synchronization Techniques

Synchronization is a fundamental requirement in modern electrical power
systems. Nowadays there is increased global shift towards sustainable energy due to
alarming global warming caused by greenhouse gases and need to meet the increasing
energy demand using power electronic—based converters in modern distribution
systems. Conventionally, synchronization in power systems was achieved inherently
through synchronous generators, which naturally align their voltage magnitude,
frequency, and phase angle with the grid. However, the transition from conventional
generation to power electronics converter-interfaced generation has necessitated

advanced synchronization techniques.

State-of-the-art of synchronization techniques mainly rely on signal processing and
control algorithms. Phase angle, voltage frequency, and voltage magnitude at the PCC
of the utility grid are the important parameters which are used for grid synchronization
as well as operational control, dynamic analysis and protection. Among various
methods commonly employed Phase-Locked Loop (PLL) based techniques are the
most widely adopted due to their simplicity, robustness, and ease of implementation.
Several enhanced PLL structures, such as Synchronous Reference Frame PLL (SRF-
PLL), Second-Order Generalized Integrator PLL (SOGI-PLL), and Enhanced PLL
(EPLL) have been developed to improve performance under distorted and unbalanced

grid conditions.

Different alternative synchronization techniques in the literature can be broadly
divided into the following categories like (a) zero-crossing detection-based methods
(ZCD), (b) frequency-locked loop (FLL), (¢) phase-locked loop (PLL), and (d)
filtering based methods (including Fourier transform, Kalman, moving average, and
notch filters). In recent years, development of FLL, enhanced PLL (EPLL) aim to

overcome the limitations of conventional PLLs, especially in abnormal circumstances



like voltage sag/swell, frequency jumps, dc offset, harmonic content, phase jump etc.
The SRF PLL is the most commonly used technique because of its simple
implementation and superior dynamic performance over the other techniques The state
of the art thus reflects a transition from purely grid-following synchronization

techniques toward more resilient and adaptive synchronization strategies.

1.2 Role of Synchronization in Electrical Power Systems

In order to reduce the deterioration in power quality due to integration of
renewable energy sources to the conventional grid system, several power electronic
devices are connected to the distribution system. In power distribution systems,
Custom Power Devices like Dynamic Voltage Restorer (DVR), Distribution Static
Compensator (D-STATCOM) and FACTS (Flexible AC Transmission Systems)
devices, like: Static Synchronous Compensator (STATCOM), Static VAR
Compensator (SVC), Static Synchronous Series Compensator (SSSC), Unified Power
Flow Controller (UPFC) etc are used to improve the power quality. Synchronization
plays a very important role in ensuring the stable and reliable operation of electrical
power systems. These grid-connected devices have to be precisely synchronized with
grid voltage. Therefore, accurate phase angle information, magnitude and frequency
of grid voltage is indispensable for proper operation of every grid-connected power
converter. It ensures that multiple generators or distributed energy resources (DERs)
operate coherently with the grid by matching their voltage magnitude, frequency, and
phase angle. Proper synchronization is essential before connecting any generation unit
to the grid to prevent large transient currents, voltage disturbances, or system

instability.

In power electronic—based systems, synchronization enables accurate control of active
and reactive power exchange between the converter and the grid. It also supports
essential grid services such as voltage regulation, frequency support, and power quality
improvement. Inaccurate or delayed synchronization can lead to control errors, power

oscillations, and even system collapse in extreme cases.

With the increasing integration of renewable energy sources such as wind and solar

power, synchronization has become even more crucial. These sources lack inherent



rotational inertia and depend entirely on control algorithms for grid interaction.
Therefore, effective synchronization techniques are vital for maintaining system

stability, especially under dynamic operating conditions.

1.3 Issues in Synchronization of Integrated Systems

Integrated power systems combining conventional generation, renewable

energy

sources, energy storage systems, and loads, present several synchronization
challenges. One major issue arises from grid disturbances such as voltage sags and
swell, harmonics, phase angle change, frequency deviations, and presence of DC-
offset as unbalanced conditions. These disturbances can degrade the accuracy of

synchronization techniques and affect converter performance.

Another issue is the increasing presence of weak grids, characterized by low short-
circuit ratios and high grid impedance. In such systems, conventional synchronization
techniques may experience slow response, oscillations, or instability. Additionally,
interactions between multiple converters operating with similar synchronization

mechanisms can lead to adverse coupling effects.

The variability and intermittency of renewable energy sources further complicate
synchronization uses as frequent changes in operating conditions demand fast and
robust tracking of grid parameters. There are several important aspects to be
considered in renewable energy based integrated systems; (i) variability and
intermittency of renewable energy sources like fluctuation of solar generation with
daily/seasonal cycles and weather conditions and rapid power fluctuations from wind
power output caused by fluctuation in wind speed. (ii) voltage and frequency stability
issues due to insufficient reactive power support, and frequency deviations. (iii)
bidirectional power flow and grid infrastructure limitations as traditional grids were
designed for unidirectional power flow so it creates challenges as the existing
infrastructure require bidirectional flows from distributed generation, due to the
connection of RES and power electronic converters. (iv) synchronization of distributed

energy resources (DERs); the proliferation of DERs introduces synchronization



complexities and can introduce frequency/voltage fluctuations. (v) protection and
control system challenges; fault currents from power electronic devices create
interface problems and need advanced control strategies to manage variability. (vi)
power quality issues; renewable integration introduces several power qualities
concerns like harmonic distortion from power electronic converters, voltage
sags/swells during synchronization, flicker from rapid power variations, need for
harmonic filtering and reactive power compensation hence Grid Codes must address
these power quality aspects. (vii) Grid Codes and Regulatory Challenges; standards
like Grid Codes must address fault ride-through, reactive power regulation and this
requires implementation of grid codes. (viii) cybersecurity threats; digitalization
causes smart grids to face hardware attacks, ransomware, traffic overloads, hence

inefficient synchronization systems could destabilize the grid.
1.4 Classification of Synchronization Techniques

Synchronization techniques in electrical power systems can be broadly
classified as single phase and three phase synchronization techniques based on the
types of phase connections. They are further divided into open loop and closed loop
synchronisation techniques. While closed loop systems update the predicted value of
phase using a feedback loop mechanism, open-loop approaches directly estimate the
magnitude, phase, and frequency of the input signals. The estimated value of the signal

is locked to its actual value by this loop.
A. Single phase open loop synchronous techniques
B. Single phase closed loop synchronous techniques
C. Three phase open loop synchronous techniques

D. Three phase closed loop synchronous techniques

PLL-Based Synchronization Techniques estimate the grid phase angle and frequency
using feedback control loops. Examples include SRF-PLL, SOGI-PLL, and EPLL.

They are widely used in grid-following converters.



1. FLL-Based Synchronization Techniques

Frequency-locked loops focus on frequency estimation and are often combined

with PLLs to improve performance under frequency variations.

2. Grid-Following Synchronization

In this approach, converters rely on the grid voltage as a reference and

synchronize accordingly. PLL-based methods dominate this category.

3. Grid-Forming Synchronization

Grid-forming converters establish their own voltage and frequency references,
enabling operation in weak or islanded grids. Virtual synchronous machines
and droop control

fall under this category.
4. Hybrid Synchronization Techniques
These methods combine grid-following and grid-forming features to enhance

system

flexibility and robustness.

1.5 Challenges and Solutions in Synchronization of Integrated Systems

The synchronization of integrated power systems faces several technical challenges
due to the complex interaction between multiple generation units and varying grid
conditions. Addressing these challenges requires both advanced control strategies and

improved synchronization algorithms.

1.5.1 Challenges of Grid Synchronization Using PLL

Despite their widespread use, PLL-based synchronization techniques face several

limitations:



o Sensitivity to Grid Disturbances: PLLs are highly sensitive to voltage
harmonics, unbalance, and noise, which can lead to inaccurate phase
estimation.

e Poor Performance in Weak Grids: In weak grid conditions, PLLs may
introduce instability and slow dynamic response.

o Frequency and Phase Oscillations: Rapid grid changes can cause oscillations
in estimated frequency and phase angle.

e Coupling with Control Loops: Interaction between PLL dynamics and
converter control loops can degrade overall system stability.

e Limited Robustness under Fault Conditions: Voltage sags and faults can

cause PLL loss of synchronization.

1.5.2 Solutions to the Challenges of Grid Synchronization Using PLL

To overcome the challenges associated with PLL-based synchronization, several

solutions have been proposed:

e Advanced PLL Structures: Techniques such as SOGI-PLL and decoupled
double synchronous reference frame PLL (DDSRF-PLL) improve
performance under unbalanced and distorted conditions.

o Adaptive Control Techniques: Adaptive bandwidth and gain tuning enhance
PLL robustness under varying grid strengths.

o Filtering and Signal Conditioning: Improved filtering techniques reduce the
impact of harmonics and noise on PLL operation.

e Hybrid Synchronization Approaches: Combining PLL-based methods with
grid-

forming or virtual inertia techniques enhances stability in weak grids.

o Fault-Tolerant Control Strategies: Designing PLLs capable of maintaining

synchronization during grid faults improves system reliability.



1.6 Thesis structure

The content of the thesis work is organised into the following chapters.

CHAPTER 1: This chapter deals with introduction, state of art of synchronization
techniques, role of synchronization in electrical power system, issues faced in
synchronization of integrated system, classification of synchronization techniques,

challenges and solutions in synchronization of integrated system.

CHAPTER 2: This chapter deals with the extensive literature review based on
classification of single-phase open loop and closed loop synchronization techniques,
three phase open loop and closed loop synchronization techniques, single and three
phase Phase-Locked Loop (PLL) dealing with both conventional and advanced

algorithms.

CHAPTER 3: This chapter discuss the design and mathematical modelling, and
analysis of single phase PLLs like SRF, MSRF, SOGI, LMS and three phase PLLs like
SRF and LMF PLL. Performance analysis of these PLLs under grid abnormalities like
voltage sag, swell, frequency change, polluted grid voltage, phase shift, DC offset
through MATLAB Simulink is also validated by using laboratory hardware set up.

CHAPTER 4: This chapter deals design of different Types and orders of a typical
PLL. Design of Types I, Type II and Type III PLLs is carried out in this chapter. It
also discusses the stability analysis of Type I, Type II and Type III PLLs through bode
diagrams. Dynamic performance analysis under grid abnormalities like voltage sag,
swell, frequency change, polluted grid voltage, phase shift, DC offset using MATLAB
Simulink are validated experimentally. The comparison between different types is

carried out to observe their suitability under grid abnormalities.

CHAPTER 5: This chapter discuss the mathematical modelling for the design of
fractional order PLLs like fractional order low pass modified synchronization frame
phase locked loop (FO-LP MSRF-PLL) with only one fractional order parameter ‘a’
and fractional order low pass filter and loop filter modified synchronous reference
frame phase locked loop (FO-LPFO-PI MSRF-PLL) with two fractional order

parameters like ‘a’ and ‘b’. Steady state stability analysis is carried out using bode



diagram. Dynamic performance analysis under grid abnormalities like voltage sag and
swell, frequency change, polluted grid voltage, phase shift, DC offset is verified using

Simulation and experimental studies also.

CHAPTER 6: This chapter discuss the mathematical modelling for the design of a
hybrid phase locked loops (H-LMS-SOGI). Modelling of cascaded LMS and cascaded
SOGI PLL and H-LMS-PLL is carried out. Simulation and experimental studies are
analyzed under grid abnormalities like voltage sag, swell, frequency change, polluted

grid voltage, phase shift, DC offset is also included in this Chapter.

CHAPTER 7: This chapter discuss the modelling of LMF PLL for application to a
DFIG -grid integrated system to analyse the performance under grid abnormalities like
voltage sag, swell, frequency change, polluted grid voltage, phase shift, DC offset
using MATLAB Simulink results are validated by OPAL-RT real-time simulator. The
performance analysis is done under varying wind speed and constant wind speed

conditions.

Chapter 8: This chapter deals with the summary of the conventional single phase,
three phase PLLs like SRF, SOGI, LMS, MSRF and advanced versions like cascaded
LMS (CLMS), cascaded SOGI (CSOGI), cascaded hybrid LMS-SOGI (H-LMS-
SOGI) PLLs, and application of LMF PLL in DFIG wind energy converter system.

In the last section of the chapter a future scope of work is presented.



Chapter: 2

LITERATURE SURVEY

2.1 General

The previous chapter provides a detailed introduction to the synchronization
techniques, role of synchronization in electrical power system, related issues in
synchronization of integrated system, the classification of synchronization techniques,
challenges and solutions in synchronization of integrated system, challenges of grid
synchronisation using PLL and the solutions to the challenges of Grid Synchronisation
using PLL. In the previous chapter the various classification of synchronization
techniques based on both conventional and advanced methods has been mentioned and

discussed.

In this chapter an extensive literature survey on several classification of grid
synchronization techniques for resources based on power electronic converters is
discussed for tracking the phase and frequency of the system. The literature survey of
the synchronization techniques is broadly classified into single phase and three phase
synchronizations based on the control system. These classifications are subdivided into
open loop and closed loop synchronization techniques based on the absence or
presence of feedback system and it focuses on various alternative techniques for
estimating the phase and frequency of the system. The literature survey tries to cover
both the conventional and advanced synchronization techniques of the single phase

and three phase for the open loop and closed loop system.
2.1.1 Literature Survey on Single Phase Open Loop Synchronization Techniques

Synchronization techniques perform a vital role in controlling the single-phase
power electronic converters as they are responsible for ensuring a smooth connection
of the grid tied inverters and monitoring utility issues. An innovative open-loop
synchronization approach for single-phase grid systems has been introduced that
eliminate the feedback loop inherent in PLL systems, ensuring unconditional stability,

estimate grid phase and frequency directly from filtered signals and achieve high



harmonic rejection and robustness under distorted grid voltages. This open-loop
methods provide inherently stable, fast, and computationally efficient synchronization,
though frequency adaptability remains challenging under grid variations [1]-[3].
Numerous synchronization techniques have been proposed in literature due to rapid
expansion of distributed generation (DG) in power grid [4]. A multistage filtering
approach to eliminate false crossings caused by notches and DC offsets during zero-
crossing detection in thyristor converters is introduced providing phase accuracy
without signal distortion [5]. The frequency-dependent properties of the filters used in
open loop synchronization techniques cause inaccuracies in amplitude and phase
estimates so using a parallel frequency detector to adjust the prefiltering step in
response to frequency fluctuation is mentioned in literature [6]-[10]. The grid voltage
fundamental frequency of the positive sequence component is extracted using various
operators in [11]-[17]. Thus, the synchronization in zero crossing Detection approach
relies on estimating phase by detecting the zero crossing of a reference signal and
frequency [18]. The use of the Kalman Filter (KF) is mentioned as another method of
synchronization technique. For linear Kalman filters, an additional frequency
estimation block (PLL/FLL) is required [19,20]. The Nonlinear Kalman filter uses an
expanded state-space model to convert the parameter estimation issue into a state
estimation problem, taking into account the unknown frequency as an additional
variable. The nonlinear Kalman filter is computationally expensive and very sensitive
to initial conditions and noise parameter tuning [21Constant zero serves as the
quadrature signal in the anti-conjugate harmonic decomposition and cascaded delayed
signal cancellation open loop synchronization technique, which is entirely open-loop
[22]. The actual grid frequency is not compulsory for phase error compensation while
using the moving average filter (MAF)-prefilter method in grid synchronization
technique [23]. Modified Discrete Fourier Transform (DFT) has been applied in order
to remove the decaying DC components more successfully and mentioned in [24]-[25].
For estimating the frequency of a pure sinusoidal signal, an adaptive notch filter (ANF)
with global convergence property and a modified ANF structure that can determine
the fundamental frequency of any periodic signal, including pure sinusoidal signals
has been mentioned in [26]. An efficient harmonic detection technique based on a

radial-basis-function neural network is developed to enhance power quality. It is

10



perceived as an advanced form of open loop synchronization technique. [27] requires
less sampled data points for harmonic assessment and delivers higher accuracy in
calculating harmonic amplitudes when compared to various other popular
conventional methods [27,28]. An improved four-sample technique for grid frequency
estimation is mentioned in [29] which corrects amplitude and phase errors brought on
by frequency drift while maintaining accuracy under frequency fluctuations and
disturbances. This technique is resistant to DC offsets in the grid voltage has quick
dynamic response, and efficiently suppresses harmonics [29]. Low pass filter (LPF)
method, Space vector filter (SVF) based method, extended Kalman filter (EKF) based
method and weighted least squares estimation (WLSE) based method of open loop
synchronisation techniques has also been mentioned in [30,31] which calculate phase
angle of the voltage which is based on af3- frame signals. Compared to Kalman filters,
ANN-based methods based on the adaptive linear combiner (Adaline) produce
estimates that are faster and more accurate [32]. Another new adaptive neural phase-
locked loop (AN-PLL) is present in literature for grid-connected converter

synchronization that is based on an adaptive linear neuron (ADALINE) [33,34].

2.1.2 Literature Survey on Three Phase Open Loop Synchronization Techniques

Three-phase grid-tied systems are more popular for high-power applications
over single-phase systems because they provide practically continuous power flow and
can minimize excessive asymmetry in utility grid current. A high-efficiency three-
phase grid-connected inverter system is designed for increasing the efficiency while
preserving low current total harmonic distortion (THD), which is essential for
renewable energy applications [35]. The three-phase open loop synchronization
techniques also analysed the grid parameters directly and are typically based on
filtering units like low pass filtering (LPF), Kalman filter (KF), space vector filter
(SVF), weighted least square estimation (WLSE). Three phase open loop
synchronization techniques with LPF provide effective filtering at lower cut-off
frequencies but show slow response at steady frequencies and are sensitive to grid
voltage imbalance and phase variations. KF based open loop synchronization
techniques can work both in imbalanced and distorted grid conditions, on phase shift,

and is frequency adaptable [36]. However, it has high computational workload,

11



difficulty in covariance matrices measurement, and has prolonged convergence time.
The SVF synchronization algorithm [30] can operate sufficiently under harmonics
distortion and phase shift however it introduces phase shift under grid frequency
variations. WLSE filter based open loop synchronization techniques has fast detection
of phase angle. It can calculate negative and positive sequence components
individually and with frequency variation. They are sensitive to noise and harmonics

and have high level of computational complexity [37, 38].

2.1.3 Literature Survey on Single Phase Closed Loop Synchronization

Techniques

Single-phase closed-loop synchronization techniques are essential both in
power and energy systems for accurate estimation of grid phase, frequency, and
amplitude, especially during non-ideal grid conditions such as frequency change,
harmonics, dc offsets, phase and voltage changes. Closed-loop synchronization uses
feedback, which provides better robustness and dynamic performance than open-loop
techniques [1]-[3]. Single-phase closed-loop synchronization techniques are widely
used in grid-connected power electronic systems, particularly in single-phase
photovoltaic (PV) inverters, to accurately estimate grid phase angle and frequency.
Unlike open-loop methods, closed-loop techniques employ feedback mechanisms to
continuously minimize synchronization errors, making them more robust under grid
disturbances such as voltage sags, harmonics, noise, and frequency variations. In
single phase closed loop synchronization techniques a loop mechanism is used to
continuously update the phase estimation for locking the estimated phase value to its
actual value [39]. The two main types of closed-loop synchronization are frequency-
locked loops (FLLs) and phase-locked loops (PLLs). Single-phase FLLs are
implemented in the stationary reference frame, which makes them especially
appropriate for single-phase systems, whereas PLLs function in the synchronous
reference frame [40]. Second-order generalized integrators (SOGI), adaptive notch
filters, and enhanced PLLs (EPLL). SOGI-PLL, EPLL DC-rejection SOGI-FLLs for
mitigating dc offsets, Multiple-SOGI FLLs (MSOGI-FLLs) have been used for
selective harmonic rejection and SOGI-FLLs with prefilters or in-loop filters for

improved harmonic and inter harmonic attenuation etc have been developed recently
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as closed loop synchronization techniques [41]- [45]. An enhanced half-cycle discrete
Fourier transform (HCDFT) algorithm is discussed in [46] to estimate phasors in
numerical relays quickly. By employing an alternating-sample decimation
methodology, the strategy reduced the impact of decaying DC components produced
during fault transients. This improvement makes a compromise between
computational simplicity and transient response, offering half-cycle DFT performance
without sacrificing full-cycle computation accuracy [47,48]. A recursive estimating
technique that used a least-error-square approach to adaptively track fading DC
components in power signals was presented. Relay performance during fault initiation
and clearance was enhanced by the algorithm's real-time determination of exponential
decay constants. [49,50]. In order to improve harmonic rejection and transient
tracking, a new design that incorporates a Kalman estimator as a prefilter within the
PLL loop is presented [51]. This method produced cleaner aff components, improving
phase estimation reliability in distorted single-phase situations [52]. Radial-basis-
function networks (RBFNN) are used in a neural network technique for harmonic
detection. Under nonlinear situations, the RBFNN outperformed the FFT and
ADALINE algorithms in terms of accuracy and convergence speed. The paper
demonstrated how Al was initially included into power quality analysis [27]. A
fundamental method for single-phase synchronization called the second-order
generalized integrator-based frequency-locked loop (SOGI-FLL) has been introduced
in [45]. For af transformations, the SOGI structure produced orthogonal components,
while the FLL tracked grid frequency adaptively. The stability, harmonic immunity,
and ease of use of this technique on digital controllers has led to its widespread

application [53]-[55].

2.1.4 Literature Survey on Three Phase Closed Loop Synchronization Techniques

Grid-connected power converters frequently employ three-phase closed-
loop synchronization algorithms to precisely predict the grid voltage phase angle and
frequency under real-world circumstances including harmonics in grid voltage,
unbalance, and frequency fluctuations. Closed-loop techniques provide better dynamic
performance and robustness than open-loop systems because they continuously correct

the estimated phase via feedback. For medium- and high-power applications, grid-tied
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photovoltaic (PV) and converter-based systems frequently use three-phase closed-loop
synchronization techniques. The most popular closed-loop synchronization technique
for three-phase systems is the SRF-PLL [56]- [60]. Enhanced PLL-based
synchronization technique uses a nonlinear dynamical system that provides robust
resistance to noise, harmonics, frequency fluctuations, and imbalanced circumstances
[61]. Two modifications of the single-phase enhanced phase locked loop (EPLL) for
three-phase systems are seen in literature [61]-[70]. For variable-frequency airplane

electrical systems, a hybrid DFT-PLL algorithm is discussed in [71].

Unlike PLLs, ANF-based synchronization techniques are frequency-adaptive and
independent of a voltage-controlled oscillator (VCO). Because it has excellent
harmonic rejection, accurate tracking of frequency variations, and robust operation
under distorted and unbalanced grid conditions, three-phase ANF structures use either
multiple single-phase ANFs or a single three-phase ANF to estimate grid frequency
and phase. However, it has drawbacks such as increased design complexity and a
bandwidth trade-off between speed and harmonic suppression [72,73]. Certain closed-
loop systems use FLLs, such DSOGI-FLL, which prioritize frequency estimates before
deriving phase information due to its benefits, such as robust frequency tracking, in
comparison to PLLs, showing slower phase convergence but good disturbance
rejection [74,75]. The development of sensor less synchronous motor drive for aircraft
auxiliary power units (APUs) is discussed in [76]. An improved synchronization and
load correction in PV systems by incorporating variable learning rates into the adaptive
linear neuron (Adaline) approach has been suggested in [77] where the upgraded
Adaline exhibited quicker convergence, higher accuracy, and decreased error during
power quality compensation. In order to suppress sinusoidal or periodic interference
in signals, a novel idea of adaptive noise cancelling (ANC) was presented that would
subsequently serve as the foundation for numerous adaptive filtering and
synchronization techniques. The paper discussed a system built an adaptive notch filter
that tracked and removed time-varying sinusoidal interferences without the need for
explicit frequency measurement by iteratively adjusting filter weights using a least-
mean-square (LMS) method [78,79]. For spectrum factorization and cepstral analysis,

a two-dimensional recursive filtering framework 1is created, providing a
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computationally effective way to carry out multidimensional filtering operations. The
recursive filtering principle of the study established the foundation for effective real-
time spectrum and harmonic decomposition algorithms that were later modified for
use in PLL-based systems and digital control [80]. Kalman filter-based
synchronization techniques (KF-PLL) produced synchronization signals resistant to
grid distortions by directly incorporating harmonics, voltage imbalance, noise, and
transient disturbances into the filter's state-space formulation, in contrast to classical
PLLs [81]-[84]. For grid-connected converters, a model predictive control-based
harmonic correction method is suggested in paper [85]. In order to predict future
voltage harmonics and modify inverter modulation appropriately, the system used a

predictive algorithm [86,87].

2.1.5 Single Phase and Three Phase Phase-Locked-Loop

Paper [88] has offered a fundamental review of phase-locked loop theory emphasising
on loop filter design, phase error modelling, and control system dynamics.
Synchronous reference frame PLL (SRF-PLL) is the conventional PLL and it is
mathematically identical to a first-order adaptive complex band-pass filter. Explicit
transfer function derivations were presented providing fresh perspectives on PLL
system design and tuning [89]. Quadrature-signal-generation-based and power-based
techniques are the two main categories into which a thorough analysis of single-phase
PLL structures is divided as discussed in [54]. Further this paper emphasises the
benefits of SOGI-FLL and EPLL methods for real-time applications because of their
quick dynamic response, simplicity, and immunity to noise [90]. Literature survey of
an improved synchronous reference frame PLL (SRF-PLL) for operation under
unbalanced voltage situations by adopting twin synchronous reference frames to
separate positive- and negative-sequence components is discussed in [38]. The
improvement eliminated oscillations caused by negative-sequence voltages while
maintaining synchronization precision, offering a strong basis for contemporary SRF-
PLL systems [91,92]. A detailed modelling and tuning guide are developed for SRF-
PLLs and their advanced forms, such as DSOGI-PLL and Multiple-Complex
Coefficient-Filter-Based PLL MCCF-PLL which focused on analytical methods for

loop bandwidth and damping optimization, offering a cohesive framework for design
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trade-offs [68]. For three-phase synchronization in unbalanced and harmonic-distorted
situations, a decoupled double synchronous reference frame PLL (DDSRF-PLL) is
presented where two SRF-PLL loops are used that were tuned to positive and negative
sequence components, enabling quick transient response and efficient decoupling and
DDSRF-PLL outperformed conventional SRF-PLLs in accuracy making it perfect for
weak-grid applications [93]. Literature survey also discusses a modified synchronous
reference frame PLL (SRF-PLL) for better phase and frequency tracking that
incorporates a low-pass notch filter. Under distorted single-phase grid conditions, this
adjustment greatly improved harmonic suppression and decreased phase delay. The
method in [50] performed better in terms of accuracy and response time than
traditional SRF-PLLs. An adaptive SRF-PLL with variable notch filtering for
contaminated utility grids is mentioned in literature [94]. By adjusting its rejection
frequency in response to harmonic content, the adaptive notch filter ensured precise
synchronization even in the face of extreme distortion. The study showed faster
dynamic recovery and a notable reduction in THD [95]. A thorough classification of
three-phase PLL algorithms, including SRF-PLL, EPLL, DSOGI-PLL, and MAF-PLL
variants has been provided in [64] in an extensive survey which examined frequency
adaption strategies, stability standards, and structural variations among various designs
According to paper [40] the conventional SRF-PLL is still the basis for comparison
and benchmarking, although adaptive and hybrid PLLs greatly improve
synchronization accuracy under distorted and unbalanced grid situations [96,97]. The
effectiveness of several PLL algorithms, such as SRF-PLL, EPLL, DSOGI-PLL, and
MAF-PLL, is compared in renewable energy systems [58] with unbalanced voltages
and harmonic distortion showing that the optimal trade-off between dynamic speed
and noise immunity was provided by EPLL and DSOGI-PLL. It also offered crucial
performance standards for choosing suitable PLL architectures in wind and
photovoltaic (PV) systems [98]-[108]. A hybrid adaptive PLL is described in [79] that
incorporates nonlinear gain control and disturbance compensation circuits. The hybrid
technique outperformed conventional SRF-PLL structures in terms of convergence
speed and harmonic rejection, as demonstrated by simulation and hardware
implementation [98]. An extensive literature survey of PLL-based synchronization

techniques used in wind and PV systems is conducted [99]-[108], classifying PLLs by

16



structure (SRF, EPLL, SOGI, MAF, and hybrid) and evaluating their performance
under weak-grid, imbalance, and noise situations. Paper [79] concluded that the most
promising future paths for strong renewable integration are hybrid and adaptive PLLs.
Paper [109] concluded that among various adaptive PLL structures intended for
harmonic mitigation in distributed generation applications, techniques using multi-
stage SRF loops and adaptive notch filters provided better accuracy under nonlinear
loads and leads to practical design strategies for inverter-based synchronization [110]-
[113]. In paper [20] it is found that Kalman filter-based synchronizers have been
formed and achieve the optimal trade-off between dynamic response and noise
immunity, while conventional SRF-PLLs offer simplicity and low computational cost
during comparative study analysis between PLL, FLL, EPLL and KF-PLL [114]. The
study in paper [112] also included implementation efficiency and experimental
validation settings, establishing it as a fundamental component of contemporary
synchronization algorithms intended for fault-tolerant distributed generation control
system [115]. To enhance harmonic rejection under grid distortions, a single-phase
PLL with an adjustable notch filter is mentioned in [26]. By adaptively adjusting its
bandwidth in response to grid conditions, the filter reduced the impact of low-order
harmonics while preserving synchronization accuracy. When compared to
conventional SRF-PLL techniques, this adaptive notch-PLL hybrid showed better
performance, especially in contaminated grids [116,117]. In order to preserve stability
in weak and distorted grids, a hybrid adaptive SRF-PLL is suggested in [118]. In order
to improve transient behavior and synchronization robustness, the algorithm employed
dynamic gain scheduling to modify bandwidth in response to fluctuations in grid
impedance. Because of its hybrid design, it achieved good accuracy in low-stiffness
grid circumstances by combining adaptive filtering with traditional PLL control
[119,120]. The impact of PLL dynamics on the transient response of doubly-fed
induction generator (DFIG)-based wind turbines during voltage phase jumps was
examined in [101]. Instead of using phase error to compute grid frequency, a digital
PLL alternative is suggested in [42] that uses instantaneous angular velocity. These
changes improved convergence speed and accuracy under frequency drifts and
harmonics when used in single-phase solar inverters [121]. A comprehensive study of

the literature on synchronization methods for grid-tied photovoltaic systems is
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mentioned in [122]. They various synchronization techniques, highlighting the
growing popularity of hybrid approaches that combine DFT, PLL systems, and
adaptive filtering for speed and resilience [123]. In order to improve dynamic response
and lower steady-state phase error, this review paper [ 124] introduced a nonlinear gain
control framework within a three-phase PLL. The suggested approach produced better
harmonic rejection and quicker locking times by adaptively modifying the loop gain
according to phase error magnitude. The method served as a standard for
advancements in adaptive PLL in power electronics synchronization. The dual SOGI-
PLL (DSOGI-PLL) mentioned in [125] has been developed by adding parallel SOGI
blocks to the SOGI structure in order to generate orthogonal signals. Improved
detection of both positive- and negative-sequence components in single-phase
applications was made possible by this approach. Additionally, a comparison of SOGI-
PLL and dual-SOGI-PLL (DSOGI-PLL) structures was carried out in [126] and the
results showed that DSOGI-PLL achieved better harmonic immunity and a faster
transient response at the cost of a slightly higher computational effort. Another
improvement in the dual second-order generalized integrator frequency-locked loop
(DSOGI-FLL) was mentioned in survey in [127] that reduced the overshoot and
enhanced settling time by improving the frequency adaptation and including a
damping term in the FLL loop. This technique established DSOGI-FLL as a
dependable synchronization tool for distributed energy converters by offering more
consistent frequency estimate during voltage fluctuations. To accommodate real-time
frequency drifts, an improved SOGI-FLL (eSOGI-FLL) with a configurable FLL gain
coefficient was designed in [128]. Again, another literature study highlights the
relevance of adaptive filtering in improving PLL stability under grid disturbances and
provides an extensive review of three-phase PLL synchronization methods, including
dqPLL, DSOGI-PLL, and MRF-PLL techniques [65]. Analytical models for amplitude
normalization and harmonic rejection for SOGI-based frequency estimation in single-
and three-phase systems has been mentioned in [90] in literature that are used in
distributed generation control and microgrid synchronization [129]-[131]. Numerous
orthogonal-signal-generator-based PLLs [96] have been assessed under various
distortions, i