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ABSTRACT Efficient grid synchronization is crucial for integrating renewable energy sources and Flexible
AC Transmission systems (FACTs) into power grids. This paper addresses the challenges faced by Syn-
chronous Reference Frame Phase-Locked Loops (SRF-PLLs) in harmonic-polluted grids and proposes a
novel solution employing Moving Average Filters (MAFs). The conventional MAF-PLL with a fundamental
period window size provides harmonic rejection but slows down the dynamic response. To enhance
MAF-PLL performance under harmonic-polluted grid conditions, we introduce a Variable Window Size
(VWS) MAF. The proposed VWS-MAF adapts its window size based on the dominant frequency of
oscillation in the dq frame, determined using Short-Time Fourier Transform (STFT). The proposed method
ensures minimum window size, based on grid conditions, which improves the dynamic response while main-
taining harmonic rejection capabilities. The proposed method offers improved adaptability and promising
performance in elimination of integer harmonics, DC offset, interharmonics, and negative sequence compo-
nent. Simulation and experimental studies are presented that demonstrate the effectiveness of VWS-MAF,
positioning it as a noteworthy advancement in PLL technology for robust grid synchronization.

INDEX TERMS Grid synchronization, harmonic rejection, moving average filters (MAFs), phase-locked
loops (PLLs), short-time Fourier transform (STFT), variable window size (VWS).

ABBREVIATIONS VCO  Voltage-Controlled Oscillator.
The following is a list of abbreviations used in this paper. VSC  Voltage-Source Converter.
DFT Discrete Fourier Transform. VWS Variable Window Size.
FACT Flexible AC Transmission system.
FFT Fast Fourier Transform. I. INTRODUCTION

LF Loop Filter.

MAF  Moving Average Filter.

PI Proportional-Integral.

PID Proportional-Integral-Derivative.
PD Phase Detector.

PLL Phase-Locked Loop.

RTC  Real-Time Controller.

SFT Sliding Fourier Transform.

Grid synchronization is pivotal for integrating renewable
energy sources and Flexible AC Transmission systems
(FACTs) into power grids [1], [2]. It ensures stable and
efficient integration by precisely matching the phase, fre-
quency, and amplitude of generated power with the grid [3],
[4], [5], [6], [7]. Phase-Locked Loops (PLLs) emerge as a
vital method for synchronization, employing three essential
components: Phase Detector (PD), Loop Filter (LF), and
SRE  Synchronous Reference Frame. Voltage-Controlled Oscillator (VCO) [6], [8], [9]. PLLs play
STFT  Short-Time Fourier Transform. . . ..
a crucial role in accurately synchronizing renewable energy
The associate editor coordinating the review of this manuscript and sources and FACTs with the grid, enabling their seamless
approving it for publication was Dinesh Kumar. operation and optimal power transfer [10], [11], [12].
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Phase-Locked Loops (PLLs) operate by using a PD to
generate an error signal proportional to the phase difference
between input and VCO output. This error signal is then
filtered by an LF, often a Proportional-Integral (PI) controller,
controlling the VCO to produce a sinusoidal signal aligning
with the input and minimizing phase error [13]. Synchronous
Reference Frame Phase-Locked Loops (SRF-PLLs), shown
in Figure 1, serve as effective mechanisms for transforming
grid voltages into reference frames, employing PI or PID
controllers to accurately estimate phase angles and frequen-
cies in balanced, harmonics-free grid conditions [14], [15].
However, their performance falters in harmonic-polluted
grids, manifesting distortion when faced with unbalanced
voltages, harmonics, or DC offset [16], [17]. These limi-
tations restrict the PLL’s capability to reject disturbances
such as DC offsets, harmonics, interharmonics, and imbal-
ances prevalent in polluted grid environments. Despite their
widespread use and simplicity, the need for further refinement
of SRF-PLL persists to ensure robust and accurate synchro-
nization, particularly in adverse grid conditions [18], [19].
To improve the performance of SRF-PLL under non-ideal
grid conditions, different pre-loop and in-loop filters have
been incorporated [20].

The utilization of Moving Average Filters (MAFs) within
PLL structures has garnered significant attention in recent
literature, particularly in the context of grid-connected appli-
cations [2], [4], [8], [17], [21], [22]. MAFs are linear-phase
finite-impulse-response filters that exhibit effective block-
ing of harmonics under specific conditions. Several PLL
schemes, including the SRF-PLL with integrated MAF,
have been proposed to enhance harmonic filtering capabil-
ities [8], [9], [19]. However, the incorporation of MAFs
introduces a notable trade-off by significantly slowing down
the dynamic response due to the induced phase delay [19],
[22], [23]. Despite their ability to eliminate unwanted har-
monics, DC offset, and unbalanced voltages, MAF-PLLs
face challenges related to open-loop bandwidth reduction,
impacting overall dynamic performance [24]. Various studies
explored methods to mitigate these issues and improve the
dynamic behavior of MAF-based PLLs while maintaining
their harmonic-filtering advantages [5], [8], [9], [11], [12],
[16], [19], [23], [24], [25], [26].

The window size (T,,) of MAF plays a crucial role in
determining the dynamic performance and filtering capability
of PLLs [12], [24]. A larger T, results in slower detection
dynamics, and the MAF introduces a delay equal to its
window width [27]. The choice of T, is essential for balanc-
ing response speed and filtering effectiveness. For instance,
a larger T,, eliminates certain harmonics but slows down
the PLL’s response, while a smaller 7, improves dynamic
response but may not filter all harmonics effectively [19].
Some approaches suggest adapting T, to the lowest order
harmonic, and for unknown harmonic content, selecting T,
equal to the fundamental period is recommended [14], [22].
The MAF’s delay and response time become critical factors,
impacting PLL performance, and careful consideration of
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FIGURE 1. SRF-PLL setup for a grid-tied Voltage-Source Converter (VSC).

T, is essential for optimal trade-offs between filtering and
dynamic response. Many filtering improvements have been
proposed to improve the dynamic performance of MAF and
reduce its window size while maintaining its harmonic rejec-
tion advantages [7], [9], [12], [16], [19], [20], [24], [26], [28],
[29], [30], [31].

Moreover, the static nature of conventional MAFs and lack
of frequency adaptability, leads to suboptimal performance
during significant frequency deviations [23], [27]. To address
this limitation, researchers have proposed frequency-adaptive
MAF-based PLLs [9], [30].

These adaptive schemes dynamically adjust the MAF win-
dow size based on the grid frequency, ensuring improved
performance under varying conditions [1], [4], [7], [19],
[23]. The adaptive MAFs show promising results in har-
monics elimination, noise reduction, and negative sequence
component cancellation. While the adaptive approaches
offer benefits, challenges like discrete sampling errors and
trade-offs between dynamic response and steady-state accu-
racy persist [3]. Recent developments focus on refining
adaptive mechanisms and addressing the impact of frequency
drift and harmonics in distorted grid environments, show-
casing advancements in PLL technology for better grid
synchronization [9], [25], [32], [33].

The contribution of present work is as follows. We propose
a Variable Window Size (VWS) for the PLL’s MAF based
on the dominant frequency of the oscillation in the dg frame
using Short-Time Fourier transform (STFT). The dominant
frequency of oscillation determines the harmonic content of
the voltage, based on which the window size of MAF is
changed in real time. This method can be utilized in any
PLL structure using dg-based MAF to shorten the MAF’s
window size during DC offset or harmonics. The dominant
frequency of the oscillation changes, based on the type of
harmonic observed in the grid. The window size is therefore
altered adaptively to remove the harmonics based on the grid
condition. Since the calculated window size is not always an
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FIGURE 2. Moving window of an MAF.

integer multiple of the time step, interpolation is used to count
for the sampling error. To improve the harmonic rejection
capability of the MAF, discretization is done based on the
trapezoidal rule instead of backward Euler integration [25],
[34]. Using the method proposed in this paper, the window
size of MAF is minimized while maintaining PLL’s harmonic
rejection capabilities.

The rest of this paper is organized as follows: In Section II,
the formulations for MAF and MAF-PLL are presented along
with a discussion of the impact of MAF’s window size on its
delay and harmonic rejection characteristics. The VWS-MAF
is proposed in Section III and its functionality is demonstrated
using simulation scenarios. In Section IV, several simulation
and experimental scenarios are presented to verify the perfor-
mance of proposed synchronization method. Conclusions are
presented in section V.

Il. MOVING AVERAGE FILTER (MAF)
MAF is a low-pass finite-impulse-response filter which,
despite its simplicity, is optimal for reducing random noise
while retaining a sharp step response [35]. As shown in
Figure 2, in MAF, a window of specified length, 7,,, moves
over the data, sample by sample, and the average is computed
over the data in the window.
The expression of MAF in continuous time-domain is
given by
| t
X)) = - / x(v)dt ey
w
=T,
Thus, the transfer function of MAF in the s-domain is
given by

e’ Ty

1 _
Gpar(s) = B — 2

Hence, the magnitude and phase characteristics of MAF
are given by [3]

‘sm (“’TW )
|Gmar (jo)| = 3
Ty,
. Ty,
AGyar (jo) = - “

From (3), it is concluded that the MAF is zero whenever
the following condition is satisfied [27]

Ty
?zkfork=1,2,3,... (%)
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FIGURE 3. Block diagram of MAF-PLL.

TABLE 1. ABC-DQ harmonic transformation.

abc harmonics | 1" (6k+1)" | (6k-1)

dq harmonics DC 2 (6k)* (6k)y

MAF completely eliminates any oscillation that is a mul-
tiple of the frequency for which it is designed [27]. The
application of the MAF is widespread in enhancing the dis-
turbance rejection capacity of PLLs. This is crucial for the
stable operation and grid integration of power electronic
converters within electric power systems. The MAF method
stands out as the most favored and widely adopted approach
due to its straightforward digital implementation, minimal
computational complexity, and efficiency in addressing grid
disturbances [2].

A. MAF-PLL
Schematic diagram of MAF-PLL is provided in Figure 3
[19], [22].

After performing the Park transformation [36], [37], the
abc frame variables are changed into the dg frame as follows:

Va 5 sin (At) sin (a)t - 2?”) sin (a)t + 2”)
Vg | = 3| cos (&) cos (c?)t - 27”) cos (c?)t + 2—”)
Yo 1 1 1
) 2 2
Va
x | vp (6)
L Ve

For a three-phase voltage in the abc frame, with frequency
o and Park transformation based on rotating frame speed @,
the abc and dq voltages are given by

] Vi sin (wt + ¢o)
a .
vy | = | Vpksin (wt -+ <P0) (7
| Ve | Vi sin (wt 4+ =4 (po)
g ] Vpk cos (wt — & + ¢p)
vg | = | Vpksin ( —of + (po) ®)

Referring to (8), the dg voltages have a different oscillation
frequency compared to the abc components. The DC offset
values are also transformed as follows:

Vg v o sin (c?)t + 9)
pk A
Vg | === o COoS (a)t + 9) O]
140 Va,de + Vb,de + Ve,de
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FIGURE 4. MAF's transfer function magnitude.

TABLE 2. Harmonic rejection capability of MAF.

MAF Window
_ T ) /6
size
Harmonics to be 0,-1,+2, -1, 43,45, -5, +7,-11,
rejected 13,44, ... +7, ... +13, ...
where
0
-1 \/g(Vc,dc — Vb.dc)
= tan (10)
2Va,dc — Vb,dc — Ve,dc
o

2 2 2
= 2\/Va,dc + Vb, dc + Ve, de —Va.dcVb,dc —Va,dcVe,de —Vb,dcVe,dc
(1D

The phase sequence transformation after Park transforma-
tion from abc to dg frame is summarized in Table 1 [23].
Figure 4 displays the transfer function magnitude of MAF for
three different window sizes: T, T/2, and T/6. The harmonic
rejection capability of MAF based on its window size is
summarized in in Table 2 [12].

A crucial aspect in designing a MAF lies in the selection of
the window size, T, as it profoundly influences the response
speed and filtering capability of MAF-PLL. Typically, when
DC offset is disregarded, T,, is set to half the fundamental
period to eliminate the negative sequence second harmonic
which is a consequence of fundamental negative sequence
voltage. However, it is recommended to set T,, to the full
period when considering DC offset, as it can induce ripple
at the fundamental frequency. Additionally, the window size
of the MAF is chosen as one-sixth of the fundamental grid
period to selectively eliminate non-triplen odd harmonics,
thereby expediting the response of the PLL [7], [24].

MAF-PLL with a window size equal to the input funda-
mental period can remove all the harmonics, but the response
delay is drastically increased due to the MAF’s large win-
dow size. Longer filter delay times worsen the inverter’s
susceptibility to transient instability during significant grid
disturbances compared to the traditional SRF-PLL [38].
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By narrowing the window size of the MAF, the dynamic
response performance is significantly improved [19].
As shown in Figure 5, the response delay of MAF is reduced
with narrower time windows.

B. SIMULATION RESULTS

The following scenarios are simulated MATLAB/SIMULIN
K to study the impact of MAF’s time window on PLL’s
performance under adverse grid conditions:

e 5-10 s: /6 radian phase jump

o 15-20 s: 20% voltage swell

e 25-30 s: Odd harmonic injection (3': 30%, 5: 30%,

7% 15%, 9h: 20%)

e 35-40s: DCoffset (V,: =5V, Vp: =10 V: V.. —15 V)

e 45-50 s: 2 Hz frequency jump

e 55-60 s: Even harmonic injection (2nd: 30%, 41 30%,

6™ 20%, 8™ 20%)

o 65-70 s: 30% negative sequence injection

o 75-80 s: 33 Hz inter-harmonics injection

o 85-90s: Negative-sequence odd harmonic injection (3":

30%, 5M: 30%, 7™: 15%, 9™: 20%)

e 95-100 s: Non-triplen harmonics (5™: 25%, 71 10)

Three-phase voltages during contingencies are shown in
Figure 6. V,;, depicted in Figure 7, shows an oscillatory behav-
ior which can be fully removed when MAF with T, equal to
full fundamental period is used (as shown in Figure 8 (a)).
As shown in Figure 8 (b) and (c), MAF with a smaller time
window can remove some of the oscillations based on the
harmonic rejection capability of MAF shown in Table 2.

Oscillations observed in the dg frame have different fre-
quencies based on the existing harmonics. All oscillations
have a zero average over fundamental period. Therefore,
MAF with fundamental period window size can filter the
oscillations. Smaller window size MAFs have the capability
to filter the oscillations due to odd and non-triplen harmonics.
This simulation shows that based on grid voltage’s type of
non-ideality, MAF’s window size could be adjusted to filter
the harmonics in the dg frame.

In next section, we show how we can adjust the window
time of the MAF based on the oscillation frequency of V, so
that the harmonics are rejected while MAF operates with the
minimum time window for any grid condition.

VOLUME 12, 2024
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Voltage (V)

FIGURE 7. Simulated Vg and its oscillations.

IIl. PROPOSED SOLUTION

Existence of harmonics, inter-harmonics, and DC offset leads
to oscillations with different frequencies in the dg frame after
Park transformation as previously shown in Table 1. MAF
with a time window equal to fundamental period can reject
these oscillations, however some harmonics can be cancelled
with smaller time windows as shown in Table 2. Since V; has
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no DC offset value, signal’s average over the fundamental fre-
quency should be zero. This means that the optimum size for
MAF’s window size depends on the frequency of oscillation
in the dg frame. If V, has no oscillation as is the case of no
harmonics, MAF’s time window can be reduced to only one
sample per window. For integer harmonics, the frequency of
oscillation will be multiple of the grid’s nominal frequency.
Choosing the time window based on V,’s oscillation fre-
quency makes sure that MAF’s window size is the minimum
possible value based on grid conditions while rejecting all the
harmonics in the output.

A. DISCRETE FOURIER TRANSFORM (DFT)

In this work, to find the fundamental frequency of the har-
monic polluted V,, signal we used Discrete Fourier Transform
(DFT). The application of DFT algorithm for frequency
analysis is well-established [39], [40], [41]. However, the
application of it in MAF-PLLs to identify the dg signal’s
oscillation frequency and optimizing the MAF’s window size
is a novel contribution of this work. Algorithm 1 shows the
pseudocode for fundamental frequency detection of the signal
using Fast Fourier Transform (FFT). Figure 9 displays the
results of applying this method to a noisy signal.
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Algorithm 1 Fundamental Frequency Detection

y = fft(bufferMean); % Compute the FFT
n = length(bufferMean);

fs = le4; % Sampling frequency

sp2 = abs(y/n); % Two-sided spectrum
spl = sp2(1:n/241); % Single-sided spectrum
spl(2:end-1) = 2*spl(2:end-1);

% Frequency axis

f=fs*(0:(n/2))/n;

% Find the peak in the spectrum

[~, idx] = max(spl);

OscFreq = flidx + 1);

= Noisy Signal
22| !
=0
29 j
< 0 0.2 0.4 0.6 0.8 1
Time
2 05 Single-Sided Amplitude Spectrum
= 0.9
[}
« 0 et rotgt A PN AA—A A |
= 0 100 200 300 400 500

Frequency (Hz)

FIGURE 9. Fundamental frequency detection using DFT.

Other methods such as zero-crossing or peak detection
could not accurately find the fundamental frequency in
a harmonic-polluted signal. Addition of frequency-locked
loops to estimate the frequency also makes the system
highly nonlinear and increases the complexity of implemen-
tation [12]. Therefore, DFT is the most effective method to
approximate dq oscillations.

The least complex, yet accurate, way to implement fre-
quency estimation using FFT involves without additional
windowing has a time complexity of O(N.log(N)), where N
is the length of the input signal.

B. SHORT-TIME FOURIER TRANSFORM (STFT)

Due to the high computation time of FFT, we used Short-Time
Fourier Transform (STFT) [42] for faster PLL operation.
STFT is a powerful signal processing tool for noisy input
signals which computes the amplitudes and phase of the
localized signal frequency components [43]. STFI-based
algorithms have superior computing speed and harmonic-
rejection characteristics [44]. STFT decomposes the signal
into short-term portions by windowing, and DFT is calculated
for each window. The window slides along the signal, and
the DFT results for each portion are entered into a matrix
to represent the signal in terms of frequency, amplitude, and
time [45]. The STFT of a signal x[#] is defined as [46]:

R—1
X k,n] = Zx [n — m] wm]e /2 kmIN (12)

m=0
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where w[n] is a window of length R, and k is the harmonic
order.

The Goertzel algorithm can be used to compute DFT
spectra over short time sections of the signal [47]. Goertzel
algorithm is an alternative method for evaluating DFT which
saves computation time as well as storage memory and
reduces the number of operations to only N + 1 multiplica-
tions and 2N + 2 additions [48]. Therefore, the computation
complexity is reduced from O(N.log(N)) for the general
FFT to O(N) using the Goertzel-algorithm-based STFT [49].
In the Goertzel algorithm, a set of N signal samples is trans-
formed into a set of N frequency coefficients based on the
following equation [50]:

Nl _j2mnk
Xylkl= > x[nle IN (13)
n=0

Figure 10 shows a noisy time-domain signal and its
STFT-based DFT results. The time-domain signal, shown in
Figure 10 (a), has a fundamental frequency of 60 Hz from O to
1 s and 120 Hz from 1 to 2 s. The waterfall and spectrogram
plots in Figure 10 (b) and (c) show the efficacy of STFT in
finding the fundamental frequency of oscillation, despite the
existing noise, in a time-efficient manner.

While the fundamental concept of STFT-based frequency
estimation is not new, the approach’s adaptation and pre-
sentation within the context of PLL offer novel insights.
Implementing this method on resource-constrained hardware
platforms, such as microcontrollers (e.g. Microchip’s dsPIC),
highlights its applicability in real-time scenarios with limited
computational capabilities. Employing specialized Digital
Signal Processing (DSP) libraries, the algorithm efficiently
computes the DFT of the windowed signal. Leveraging
optimized STFT algorithms tailored for microcontroller plat-
forms, this step minimizes computational complexity while
maximizing speed, rendering it ideal for real-time applica-
tions. The implementation of STFT and Gertzel algorithm on
a dsPIC microcontroller (from Microchip, Inc.) is displayed
in the Appendix.
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Once the oscillation frequency is identified, window size
is set to T\, = 1/f. In this work, we utilize the trapezoidal
rule for the discretization of MAF (as shown in Figure 11)
due to its higher accuracy, better harmonic rejection, and
lower time delay when compared to other methods such as the
backward Euler integration method [25], [34]. An issue of the
discretized MAF is that 7,, must be equal to an integer mul-
tiple of the sampling time, 7. Otherwise, the effectiveness
of MAF in eliminating the harmonic content is reduced [9].
To deal with this issue, interpolation method adopted in [34]
is used to calculate the remainder area. The formulation for
implementing MAF in the discrete form is given by (14).

y k]

Ny—1
k—N/|—x [k
_ 5 > ik -] i ’;] L Rk
i=0

(14)

where Ny = floor(%), r= % — Ny, and

R[k] = % {rzx [k—Nf — 1] + (Zr—rz)x[k —Nf]}
(15)

IV. RESULTS

A. SIMULATION RESULTS

The same scenarios explained in Section II-B are simu-
lated using a variable window size algorithm. Oscillation
frequency of V, is estimated using STFT and MAF’s window
size is adjusted accordingly. The dg oscillation frequency
and MAF’s window size (number of samples) are shown in
Figure 12 (a) and (b). Figure 12 (c) illustrates the frequency
output of the PLL which rejects all the harmonic oscillation
similar to the case when T;,, = T. The main contribution of this
work is achieving the same harmonic rejection capability of
MAF with fundamental period window size with a minimum
size window such that there are no oscillations in the output
of MAF-PLL.

B. EXPERIMENTAL RESULTS
Further examination was conducted utilizing a prototyp-
ing system (from Triphase) designed for rapid testing of
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control systems. Illustrated in Figure 13, this system com-
prises a real-time controller (RTC), a standard x86/AMD64
PC operating on Linux. The operating system allows the
execution of compiled C code, generated through MAT-
LAB Simulink’s automatic code generation, in real-time.
The primary hardware component is a VSC, an industrial-
grade variable-frequency-drive controlled by the RTC. A data
acquisition panel is integrated, featuring six isolated voltage
and three current measurement ports that can transmit data
back to the workstation for control or visualization. The
isolated inputs on the data acquisition panel can measure
voltages up to 1000 V and current up to 15 A.

The experimental arrangement, shown in Figure 13, incor-
porates a fiber-optic communication system facilitating com-
munication at a speed of 250 Mbps among the VSC, RTC,
and the data acquisition block. Information and commands
exchanged with the RTC are time-synchronized and orga-
nized for scheduled data exchange with the workstation PC
through a standard Ethernet connection. Data logging occurs
at a sampling rate of 16 kHz.

Two abnormal conditions were created and tested using
this experimental setup. The ratio of the reference sig-
nal’s amplitude to that of carrier, known as amplitude
modulation index (m,), was varied to generate different
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FIGURE 13. Experimental setup.

TABLE 3. Oscillation frequency and MAF's number of samples for
experimental cases.

Case # 1 1
Oscillation Freq. of V, (Hz) 57.14 80
T, (Number of Samples) 175 125

harmonic-polluted non-ideal voltage signals. Scenarios for
the inverter producing different harmonic contents are
case (a) under-modulation (m, = 0.9) and case (b) over-
modulation (m, = 1.3).

Figure 14 shows the inverter’s input DC and three-phase
output AC voltages as well as the harmonic content captured
by the power analyzer. PLL’s frequency and phase outputs as
well as V,; and its average are shown for both scenarios.

Referring to Figure 14, one can observe that the VWS-
MAF-PLL algorithm successfully can identify the frequency
of the fundamental component and the phase angles in both
harmonic-heavy scenarios. Table 3 shows the frequency of
oscillation and MAF’s window size (number of samples) for
each case.

Furthermore, addition of a delay signal cancellation oper-
ator as explained in a previous work by the authors [20], and
shown in Figure 15, can halve the window size of MAF while
maintaining its harmonic rejection capabilities. Moreover,
performance of the proposed PLL could be further improved
by tuning the PI controller’s parameters using symmetrical
optimum method [4]. Figure 16 shows the improvement in
overshoot and settling time values after tuning PLL’s PI
parameters.

C. COMPARATIVE ANALYSIS
To verify the accuracy of the VWS-MAF method proposed
in this paper, we compared the performance of MAF PLL
with a time window of one cycle and VWF-MAF PLL for
six different contingencies:

1) /6 radian phase jump

2) Odd harmonics (3": 30%, 5%: 30%, 7" 15%, 9:

20%)
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6) Non-triplen harmonics (51: 25%, 7: 10)
As shown in Figure 17, for frequency and phase jump scenar-
ios, VWS-MAF shows a faster transient response while for
harmonic-injection scenarios faster damping and less oscilla-
tions are observed in the PLL’s transient response.

Furthermore, we implemented another PLL algorithm
based on Fourier transform, and compared its accuracy and
runtime for the simulated abnormal grid conditions with our
proposed MAF-based PLL algorithm. The Sliding Fourier
Transform (SFT) method [51] is a recursive algorithm based
on DFT which can serve as a potential tool for phase angle
estimation, boasting robust immunity against harmonic inter-
ference. Scenarios presented in Section III were simulated
using both algorithms and their average relative error and
simulation time were compared in Figure 18. Results show a
smaller average relative error for the estimated frequency and
a shorter simulation time for the MAF-based PLL method.

V. CONCLUSION

This paper contributes to the field of grid synchronization,
with a primary focus on addressing the challenges encoun-
tered by MAF-PLL with a fundamental-period window size.
This configuration effectively achieves harmonic rejection,
at the price of slowed dynamic response. The innovation
presented in this paper is the development and application of a
Variable Window Size (VWS) Moving Average Filter (MAF)
within the PLL architecture. The adaptive nature of the VWS-
MAF, determined by identifying the dominant frequency of
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Algorithm 2 STFT using Goertzel algorithm

floar*™* STFT(floar* in, int len, int wSize, int hSize, float rate, float
freq, int* numW) {
*numW = (len - wSize) / hSize + 1;
Sfloat window([wSize];
for (inti=0; i < wSize; ++i) {
window[i] = 0.54 - 0.46 * cos(2™* PI* i/ (wSize - 1));
}
Sfloat™ stftMatrix = (float™ )malloc(* numW * sizeof{float™));
for (int i = 0; i < *numW; ++i) {
stftMatrix[i] = (float*)malloc(sizeof(float));
}
Sor (inti = 0; i < *numW; ++i) {
float power = 0.0;
for (int j = 0; j < wSize; ++j) {
float sample = in [i * hopSize + j] * window[j];
power + = goertzel(&sample, 1, rate, freq);

}
stftMatrix[i][0] = power;
}

return stftMatrix;

/

Algorithm 3 Goertzel algorithm for a single-frequency bin

float goertzel(float™ signal, int len, float samplingRate, float freq) {
float s, s_pre = 0.0, s_pre2 = 0.0;
float ¢ = 2.0 * cos(2.0 * PI* freq /samplingRate);
for (inti=0;i<len; i++){
float sample = signalfi];
s = sample + ¢ * s_pre - s_pre2;
s_pre2 = s_pre;
s_pre =s;
/
return s_pre2 "2 + s_pre "2 - ¢ * s_pre * s_pre2;

oscillation in the dg frame through Short-Time Fourier Trans-
form (STFT) analysis, addresses the trade-off by dynamically
adjusting the window size. This ensures improved dynamic
response while maintaining harmonic rejection capabilities,
a substantial advancement in the quest for efficient grid syn-
chronization. The experimental validation, simulation results,
and comparative analysis presented in the paper affirm the
effectiveness of the proposed VWS-MAF in calculating fre-
quency and phase of a three-phase system accurately and
efficiently.

APPENDIX
Algorithms 2 and 3 show the STFT and Goertzel algorithm
implementation in the dsPIC platform.
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