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ABSTRACT

This paper introduces a novel approach to enhance the control algorithm for a single-phase shunt active power
filter(SAPF) by integrating a new technique into a 5-level cascaded multilevel inverter (MLI) with Photo Voltaic
(PV) array integration. Due to the integration of non-linear loads in the grid, such as computers, variable speed
drives, and other solid-state equipment, non-sinusoidal currents are drawn, introducing harmonics that distort
the voltage and current waveforms. It is essential to mitigate these harmonics, and integrating Shunt Active
Power Filters (SAPFs) gives the grid the ability to inject active power. In order to improve power quality and
achieve active and reactive power balance, this integration requires an imperative control method. This work
extracts the fundamental component of the load current and efficiently handles grid distortions such as DC offset,
phase shift, and harmonics using a phase lock loop (PLL) based on a Modified Notch Filter Second Order
Generalised Integrator (MNFSOGI). Using MATLAB/Simulink software modelling, experimental validation uti-
lising the OPAL-RT real-time data simulator verifies the proposed system’s operation. The control algorithm,
which has been painstakingly designed and verified, allows feed-forward current estimate from the PV array,
synchronization template obtained from the grid voltage signal, and estimation of both fundamental and non-
linear load currents. The performance of the MNFSOGI-PLL is additionally compared with that of the conven-
tional E-PLL, MAF-PLL and DSOGI-PLL techniques. By attaining power balance in multilevel inverters under
distorted grid conditions, this research substantially contributes to improving power quality. According to
simulation and experimental results, the Total Harmonic Distortion (THD) of the grid current is found to be
1.50% in normal grid and 3.96% in distorted grid which is less than 5%, by IEEE-1547 standards. Moreover, the
limitations of the presented multilevel inverter system are highlighted by the disadvantages of traditional 2-level
inverters, which include increased harmonics, restricted voltage levels, and poorer power quality.

1. Introduction

(SPV) system to generate power with zero carbon emissions have made
it stand out among the different predicted RES. Among the several

Power generation has undergone a discernible shift in recent years,
shifting from conventional techniques to renewable energy sources
(RES). This change is mostly caused by the need to reduce carbon
emissions, the steady depletion of conventional energy sources, and the
goal of producing power at the distribution level in order to reduce
power losses via large transmission networks presented by Hossain et al.
[1]. The abundance of sunlight and the ability of the Solar Photovoltaic
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anticipated RES, the Solar Photovoltaic (SPV) system stands out due to
its abundance of sunshine and ability to create power with zero carbon
emissions. In order to guarantee increased dependability and the high
quality of the electrical grid, PV inverters must abide by strict grid-
integration standards when there is a significant injection of renew-
able energy sources into the system, according to research by Hossain
etal [2], the IEEE Application Guide [3], and the work by Kirmani et al.
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[4]. For instance, according to the updated IEEE drafts, the current
supplied by grid-connected PV systems (utility grid current) must be
constantly balanced, sinusoidal, and its total harmonic distortion (THD)
must be kept below 5 %0.1547 and 519-2014.

More specifically, the benefit of effectively using generated power is
provided by the grid-connected Solar Photovoltaic (SPV) power con-
version system. This is significant because the main shortcoming of SPV
systems is that they can only meet load demands on sunny days. It be-
comes essential to integrate the SPV system with the conventional dis-
tribution network once this constraint is acknowledged. According to
Mejdar, Salimi, and Zakipour et al. [5], this integration guarantees a
constant power supply throughout the day in addition to improving
system performance overall. Using a voltage-sourced inverter (VSI) al-
lows Renewable Energy Sources (RES) to be integrated into the distri-
bution system.

In the present situation, the proportion of non-linear loads in power
distribution systems has increased noticeably. These non-linear loads
frequently produce non-sinusoidal currents, which have a negative ef-
fect on the overall performance and control of the system. To address
these difficulties, it is crucial to create efficient control algorithms for
grid-integrated PV inverters. The literature has numerous examples of
control methods that have been developed in both the frequency and
time domains. These methods seek to extract the active component of
the load current, improving power quality (PQ) as presented by F.
Blaabjerg et al.[6]. Some of the authors have presented the hybrid sys-
tem for standalone system by A. Naderipour et al.[7]. The Stability and
dynamic analysis of PV integrated PV system is presented by Naderipour
et al[8]. A design framework for an annually loaded grid-connected
photovoltaic-wind energy system with battery storage (PV/Wind/Bat-
tery) is executed to achieve optimal configuration is discussed by H.
Kamyab et al. [9] and A. Naderipour et al. [10] have presented the An
innovative design framework is proposed for a standalone and grid-
connected hybrid renewable energy system incorporating photovol-
taic, wind, and battery components. The framework takes into account
considerations of reliability, cost, and emissions.

B.Singh et al. [11] have put forth numerous solutions, including shunt
active power filters (SAPF), distribution static compensators (DSTAT-
COM), dynamic voltage restorers (DVR), and series-shunt compensators
such unified power quality conditioners (UPQC), have been developed
as a result of the development of custom power devices. These tech-
niques are intended to lessen the drawbacks of passive filters.SAPF is one
of the foremost technologies available in literature presented by Mahela
OP et al. [12] to counter these PQ problems.

A key element in the SAPF’s architecture is the inverter unit. The
low-voltage distribution industry frequently uses two-level inverters.
When designing SAPFs for the medium-voltage (MV) to high-voltage
(HV) distribution industry, design engineers now instinctively use
Multi-Level Inverters (MLIs). Benefits of MLIs include lessened switching
stress, no need for a line-frequency transformer, lower voltage and
current ratings for switching devices, and no harmonic distortion at the
inverter output. Because of their versatility and usage of less switching
components, cascaded H-Bridge Inverters (CHBMLI), Flying Capacitor
Inverters (FCMLI), and Diode Clamped Inverters (DCMLI) are the three
basic categories into which MLIs are categorized as presented by J.
Rodriguez et al. [13].

In the literature Gupta N et al. [14] have presented the comprehen-
sive review on the large scale grid integration of CHB-MLIs with PV
integration and considered as the best of the three basic types of MLIs. In
the MV to HV distribution industry, CHB-MLI-based SAPFs have become
more and more well-liked for handling Power Quality (PQ) problems.
Likewise, Singh A et al. [15] have put forth the control of 5-level
DSTATCOM digitally implemented in the dSPACE -1104 board control
by adaptive algorithms.

In addition to its function in harmonic correction, SAPF controls the
movement of reactive power throughout the system to achieve a power
factor of one at the grid connection. Mastromauro et al. [16] developed a
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single-phase, low-power photovoltaic system intended for harmonic
compensation and grid voltage support. A decoupled adaptive noise
detection-based control method for a four-leg VSC was proposed by
Singh and Jain et al. in [17]. For tracking the reference signal, Gonzalez-
Espin et al. [18] devised an adaptive controller based on the Schur-
lattice IIR filter. A double-stage, three-phase, grid-integrated solar PV
system was controlled using a fast zero-attracting normalised least mean
forth algorithm by Singh et al. [19]. A sliding mode control and Lya-
punov function-based method for maximum power tracking was pub-
lished by Rezkallah et al. [20], integrating a DC-AC inverter to perform
the functions of active power injection and harmonic correction in a
solar PV grid-interfaced system.

A phase-locked loop (PLL) is the most common technology for
handling various grid abnormalities in a power system, helping to syn-
chronize the power converters with the grid. In addition, it is now
widely used because its indirect measurement system detects deviations
quickly, contributing to the frequency, voltage, and power control of the
network, which are required to maintain power system stability.

Power converters use a variety of PLL technologies, each with a
unique purpose and area of study. The compared PLLs have different
features that meet the needs of different applications. Combining
frequency-locked loops and second-order generalised integrators high-
lights how well the system handles frequency fluctuations, but it may
also add complexity. Golestan. S et al. [21] presented as the Second-Order
Generalised Integrator-Frequency-Locked Loop (SOGI-FLL). Similar to
this, Second-Order Generalised Integrator PLL (SOGI-PLL) presented by
Zhang, C et al.[22] uses second-order integrators to increase accuracy
and rejection of distortion. Although it may be advanced, Ranjan. A et al.
[23] put forth the Double Second-Order Generalised Integrator PLL
(DSOGI-PLL) excels in distortion rejection, imbalance robustness, and
precise positive sequence identification. Most widely used PLL is
showcased by Liu, B et al in [24] Synchronous Reference Frame PLL
(SRF-PLL) could be subject to voltage distortions. Ortega. A et al.[25]
have presented the Lag PLL (LAG-PLL)[25] main focus on phase accu-
racy, whereas noise reduction and simplicity are the main goals of Low-
Pass Filter PLL (LPF-PLL)[26] and Moving Average Filter PLL (MAF-PLL)
[27]. The integration of enhancements in Enhanced PLLs (E-PLL) [28]
necessitates a thorough examination for application-specific suitability.

The traditional second-order generalised filter PLL (SOGI-PLL) [22]
is quite well known and commonly applied, especially when grid con-
ditions are distorted. However, it is widely acknowledged that when a
DC offset in the input supply voltage is present, its performance suffers.
To solve the issues the authors of [29] developed a modified notch filter
second-order generalised integrator (MNFSOGI-PLL). When compared
to traditional second-order filters, it is thought to offer better filtering
capabilities. This study examines the multilevel inverter (MLI) control
technique built on the MNFSOGI-PLL. The MLI controller was created
with a dual focus. Its primary goal is to efficiently extract the main part
of the load current. Second, it aims to assess the PLL’s performance
under various grid irregularities. The following is a list of the study’s
contributions:

1. Design and control of SAPF using 5-level CHB-MLI using phase-
shifted PWM technique in closed loop operation.

2. Modelling of the proposed model in MATLAB/Simulink without/
with PV interface.

3. Testing of simulation results with experimental model developed in
the laboratory

4. Multifunctional capabilities of MNFSOGI are tested.

5. Comparison of the proposed filter with conventional schemes such as
SRFT and SOGI filter

The organization of the paper is as follows. Section 2 describes the
system configuration of the proposed filter along with the basic
compensation principle of SAPF. Section 3 presents the modelling and
analysis of MNFSOGI-PLL. The experimental performances under
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Fig. 1. Generalized block diagram of proposed system.

Table 1
Simulation Parameters.
S. Parameter Formula Estimated Used in
No. Value Simulation
i N
1. Dcltlmk Epc = Y Boc; = 172.82V 200 V
voltage
8 V2 x Vg
m;
2. Interfacing Ly = 3.05mH 3mH
Inductor Eo rms
8 x g X fr x Aly
3. Grid Current Ppy(max) 18.18A -
I, = ——
Ve
4. SAPF Coi 2560uF 2000yF
Capacitors bej =
Pogi/Epgi

2 X wr X Epc—ripple

Where, Vg = 110 V (grid voltage), mi = 0.8(modulation index), Eo,rms = rms
voltage, g = 0.5 (overloading factor), ripple in grid currentAl, = 1.8A, DC link
voltage and power is considered to be Ppcj and Epg;.

distorted grid are explained in the Section 4. The comparative analysis of
MNFSOGI-PLL and conventional PLL are presented in Section 5 and the
concluding remarks are given in Section 6.

2. System configuration

Fig. 1 illustrates the schematic diagram of a single-phase 5-level
CHB-MLI SAPF, depicting its connections to nonlinear loads and the
single-phase AC grid. Key parameters like the voltage at the point of
common coupling (PCC), load current (ip), source current (is), and DC
bus voltages (Vpc1, Vpcz) are monitored for controlling the SAPF’s

performance. An interface inductor (Lg) is strategically positioned to
minimize AC output fluctuations and ripples. For generation of the
necessary compensatory current that opposes the load current in the
same phase, the SAPF unit employs the MNFSOGI method for current
regulation. For the CHB-MLI to operate properly, it is essential to
maintain both DC-link voltages in a steady state. A basic PI controller
can effectively complete this duty.

First, the system undergoes an initial simulation using MATLAB/
SIMULINK, followed by laboratory testing of a physical prototype
model. In this proposed grid-tied PV array system with a single-phase,
single-stage configuration; two PV arrays are connected to the DC-link
side of the 5-level CHB-MLI. These PV arrays generate power during
daytime, and the system seamlessly transitions to function as a SAPF
unit at night, effectively managing harmonic compensation. The
parameter values listed in Table 1.

The suggested system’s closed-loop implementation is shown in
Fig. 2. The suggested controller’s main goals are divided into two
categories:

1. To provide the AC grid with active power.
2. To achieve unity power factor operating on the supply side by
reducing the harmonics caused by non-linear loads.

Maintaining stable DC link voltages is essential for the system to
work effectively in both control modes. To achieve this, a proportional-
integral (PI) controller is employed, and the error (DC) can be computed
as indicated below.:

EDCe = EDC—rqf - EDC (5)

The obtained error signal is fed to the PI controller, and Fig. 2 il-
lustrates the calculation of Ijg. It can be expressed mathematically as
follows:
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Lioss(J + 1) = Lios (7) + kp{Epce (G + 1) — Epce ()} +kiEpce (j + 1) (6)
. The feed forward term, denoted as Ipy, which is estimated using Ppy;
& Ppyy, functions to handle the dynamics in the PV system represented
i ) as[15]
; Bl
| i 2(P P
V . l i V, Ly = w -
e The estimated load current, denoted as, is multiplied by the unit-
i i synchronizing template (created by MNFSOGI-PLL) to get the refer-
H |+ - =
-[ H V ence current[15]
P Loy = Lipgs + I — Ipy 9
. SOGI-0SG  —{%| o ©
The SAPF generates firing pulses by subtracting the reference current

. . from the grid current.
Fig. 3. Generalized structure of SOGI-PLL.

3. Performance of PV integrated single phase SAPF using

i Numerous grid anomalies have proliferated as a result of non-linear
I loads and the growing grid integration of a variety of renewable energy

i sources. These abnormalities include frequency fluctuations, phase
V shifts, voltage sags or swells, and DC offset. To guarantee the successful
: synchronisation of PV-integrated grid-connected systems, it is essential
to precisely estimate phase, frequency, and voltage.
j ‘—E‘_ The Synchronous Reference Frame PLL (SRF-PLL) is a common
Vv method for unit template creation, but its poor tracking ability often
[ leads to substantial total harmonic distortion (THD) in the grid current,
especially in distorted grids. On the other hand, because of ability to
I — j P e handle a variety of grid anomalies well, orthogonal signal generator
i (0SG)-based PLLs, like the Park-PLL and Second-Order Generalised
MNFSOGI-PLL Integrator PLL (SOGI-PLL), have become more and more common. When
_______________________________________________________________________________________________ it comes to monitoring grid-connected devices, especially when there
Fig. 4. Generalized block diagram of MNFSOGI-PLL. are frequency changes, researchers and power engineers favour OSG-
PLLs because they are more accurate and have stronger tracking capa-
bilities than SRF-PLLs.
A major disadvantage of the SOGI-PLL is its incapacity to control DC-
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Bode Diagram
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Fig. 5. Bode Plot analysis of MNFSOGI-PLL under varying gain parameter (K).

offset grid disturbances adequately. The issue results in a decline in the
tracking capability of the SOGI-PLL when such disturbances occur,
leading to considerable errors in phase and frequency estimates. A novel
kind of PLL known as the Modified Notch Filter-Based SOGI-PLL
(MNFSOGI-PLL) offers a solution to this issue. In addition to handling
DC offset voltage, the MNFSOGI-PLL can reject inter-sub harmonics. The
dynamic performance of the MNFSOGI-PLL has been evaluated in the
presence of various grid anomalies, including phase shifts, DC offset,
voltage sag/swell, and polluted grid conditions. The MNFSOGI-based
controller has additionally enhanced the power quality (PQ) of a
single-phase, single-stage grid-connected photovoltaic array system. It is
utilised to extract the fundamental load current under both normal and
distorted grid conditions, allowing the synthesis of grid reference cur-
rent under non-linear loads. Fig. 3 illustrates the general structure of the
conventional SOGI-PLL.

The Modified Notch Filter-SOGI-PLL (MNFSOG]I), created expressly
to overcome DC-offset issues, is seen in Fig. 4. The SOGI-PLL’s quadra-
ture output signal is most affected by DC offset. A transfer function is
used to express the transfer function governing the quadrature signal
from Vj; (s) to Vg(s) given below[29]

_Vn k oy (e — 5)

T(s) = -2 10
(s) Vi (5 4 0o )(s? + kargs + @) a0

Futther, the equation (10) can be simplied as[29]

2 2
T(s) = Vi (ko) s* + kagys an
Ve 83 + (kv + wep)s? + (ks + wly)s + o)y

The MNFSOGI-PLL has a bandpass filter (BPF) property, which effi-
ciently attenuates the grid’s DC-offset elements, may be seen in the Bode
plot diagram of the transfer function depicted in equation (11). How-
ever, making trade-offs involves choosing the right value for the con-
stant gain (K). Fig. 5 shows the Bode plots produced at various gain K
values. In the end, a value of 1.5 was selected for the suggested system
because it provides a quick and dynamic response that can adjust to
changes in load and solar irradiation. An integrator branch has been
added to offset the DC offset component. A rapid dynamic reaction is
seen when employing a high value of K, however the filtering ability is
compromised.

The performance of the MNFSOGI-PLL in terms its behaviour and to
plot its response characteristics, a pole-zero and Root locus plot have
been shown in the Fig. 6(a-b). It has been seen that the poles are

represented by (‘x’) and zeros are represented by (‘0’). For a certain
application, the location of poles and zeros plays can affect the fre-
quency response, in the present case the system is found to be stable. In
addition the root lies in the left half of the complex plane for all values of
k, which means system is stable.

Now the performance of MNFSOGI-PLL is tested with differed grid
distortions. In case-I, the grid is considered to have phase shift of z/2
from t; = 0.1 sto tz = 0.2 s and 20 % of DC offset is added in grid during
t3 = 0.35 s to t4 = 0.45 s as shown in Fig. 7. The Figure shows that even
under large step change in phase angle of 90° the MNFSOGI-PLL shows
negligible peak to peak frequency overshoot and the undershoot is also
observed to be very less. Negligible oscillations in peak to peak ampli-
tude A,,,(V) was observed. In addition during the case of 20 % DC
—offset the oscillations observed in Af and A,,(V) are negligible with the
developed PLL.

In case-Il, the grid is considered to have a voltage swell of 0.2 pu
during t; = 0.2 s to t = 0.35 s and distortion in grid voltage is
considered during t3 = 0.35 s to t4 = 0.45 s as shown in Fig. 8. It is
observed that under voltage swell also, tracking is fast and deviation in
the peak to peak frequency estimation and also the peak to peak
amplitude is small. It also takes just 1-2 cycles to reach steady state.
Similar observations are recorded in the case of grid distortion. More-

over, the MNFSOGI-PLL correctly estimates the phase angle a.

3.1. Simulation results with Single-Phase single stage PV array based
MNFSOGI controller under normal and distorted grid conditions

Fig. 9 shows the simulation results for a number of parameters,
including the total DC link voltage (Vpc), load current (i), grid voltage
(Vg), and grid current (ig), all derived with the MNFSOGI-PLL. Various
solar radiation levels and dynamic load variations that occur between
t=0.3s and 0.5s and t=0.5s and 0.7s, are taken into account while
showcasing these results. Notably, the PV arrays inject active power into
the grid, resulting in the phase-shift of the grid current with respect to
the grid voltage seen in the picture. It is crucial to note that a little
variation in the overall DC link voltages can be seen even as solar energy
decreases from 1000W/m? to 600W/m?.

Now, the MNFSOGI controller’s performance is evaluated with a
distorted grid. The model is simulated in MATLAB/Simulink and the
grid is purposefully contaminated by adding an odd number of har-
monics. In more detail, the grid is regarded as normal from 0.2 s to t
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Fig. 6. (a) Pole-Zero plot analysis (b) Root locus analysis of MNFSOGI-PLLL.
seconds, but after t = 0.6 s, it becomes polluted, as seen in Fig. 10. of phase with the grid voltage during the decrease in solar irradiation,
Additionally, the solar irradiation is changed, starting at 1000 W/m? at t which takes place from 0.3s <t <0.5s.
= 0.3 s, dropping to 600 W/m?2, and then increasing to 1000 W/m? at t Fig. 11(a-e) depict the %THD performance of the MNFSOGI-
= 0.5 s. The grid current displays sinusoidal behaviour but remains out controller under normal and distorted grid conditions.
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Fig. 11(a-b) shows the waveforms of grid voltage with THD of 0.03 %
in normal and 24.75 % in distorted grid. The load current THD of 26.85
% and 36.00 % was found before compensation followed by source
current has same THD before compensation as shown in Fig. 11(c-d).
But, after compensation, the THD of source current was found to be 1.50
% under normal and 3.96 % in distortion as depicted in Fig. 11(e-f). The
obtained THD values are safely below the 5 % cap imposed by IEEE-
1547 guidelines. Even in the presence of varying solar irradiation and

a contaminated grid, the MNFSOGI-controller’s performance continu-
ously stays adequate.

4. Experimental results and discussion

The OP-4512 model of the OPAL-RT system was utilised to experi-
mentally validate the results of an extensive simulation of the proposed
system performed in the MATLAB-Simulink environment. Fig. 12 shows
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Fig. 10. Simulations results of single stage single phase PV array grid connected system under distorted grid conditions.

the physical prototype model that was used as a guide during the effective interaction between OPAL-RT and MATLAB/Simulink.

experimental validation procedure. The MATLAB simulation results Most importantly, the HIL platform and the RT-Lab simulation
were extensively validated using the OPAL-RT controller-based environment are essential parts of the OPAL-RT system. Notable is the
Hardware-in-Loop (HIL) system. The adaptability of the system is sup- addition of the FPGA processor, which is well known for its quick signal

ported by the MNF-SOGI control method, which is the result of the processing capability and improves the OPAL-RT engine’s overall
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performance. This integration guarantees a smooth transition from
simulation to real-world validation, which enhances the suggested sys-
tem’s dependability and efficacy.

Fig. 13(a, b) shows the experimental results produced from OPAL-
RT. The grid voltage (vg), grid current (ig), total DC link voltage (Vqc),
and load current (i;) are shown in Fig. 13(a) as the solar irradiation
varies from 1000 W/m? to 600 W/m?. It is noteworthy to note that the
DC link voltage quickly stabilises at 200 V in just 1 ~ 2 cycles cycles as
solar irradiation varies. Although there are non-linear loads at the point
of common coupling (PCC), the grid current behaves sinusoidally and
maintains a small phase difference, keeping the grid connection’s power
factor close to one.

The solar irradiance is varied from 1000 W/m? to 600 W/m? and its
effect is observed on parameters viz PV array-1 output voltage Vpy1(V),

PV array-2 output voltage Vpyo(V), PV-1 and PV-2output current Ipy;
and I,y as shown in Fig. 13(b).

Experimental testing with a malformed grid has now been conducted
on the single-stage grid-connected system. The experimental results
achieved under these grid pollution conditions are shown in Fig. 14. In
the setting of a distorted grid environment, the findings for fluctuations
in solar irradiance—from 1000 W/m? to 600 W/m? and back to 1000 W/
m>—are shown in the Figure. The outcomes show that the grid current
keeps its sinusoidal properties while continuing to be out of phase with
the grid voltage. Notably, the system’s performance is judged to be good
in these contaminated grid conditions. The grid current’s Total Har-
monic Distortion (THD), which is below 5 %, complies with IEEE-1547
requirements for PV integration. Additionally, Fig. 15 illustrates the
empirically observed power flow inside the system under these
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contaminated grid conditions. It has been noted that the active and
reactive power flows adapt as irradiance levels change.

5. Comparative performance of PLL algorithms for single phase
PV integrated grid connected system

The comparative performance based on frequency and amplitude
tracking abilities of three different PLLs—the E-PLL,DSOGI-PLL, MAF-
PLL and MNFSOGI-PLL—are examined and presented in this section.
In assessing the performance of various phase-locked loop (PLL) tech-
niques under different power quality disturbances, namely voltage sag

12

of 20 %, DC-offset of 20 %, phase shift of 7/2, and harmonics in the grid,
distinct characteristics emerge for each PLL. Fig. 16a and Fig. 16b ex-
hibits the performance of various PLLs in frequency Variation of E-PLL,
DSOGI-PLL, MAF-PLL and MNFSOGI-PLL under phase shift and DC
Offset Conditions and amplitude variations are presented in Fig. 17a and
Fig. 17b.

The E-PLL and DSOGI-PLL exhibit moderate performance in handling
a voltage sag of 20 %, with both methods demonstrating satisfactory
outcomes in addressing harmonics in the grid. However, their effec-
tiveness diminishes in the presence of a 20 % DC-offset.

On the other hand, the MAF-PLL proves to be robust in mitigating
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voltage sags, shows good performance. Yet, it falls short in performance
on handling DC-offsets. The MFSOGI-PLL stands out as the most versa-
tile, achieving the best performance across all disturbances. It excels in
addressing voltage sag, DC-offset, phase shift and harmonics as tabu-
lated in Table 1. In summary, the MFSOGI-PLL emerges as the most

13

comprehensive solution, providing superior performance across a range
of power quality challenges (see in Table 2).

Important insights into the various performances of E-PLL, DSOGI-
PLL, MAF-PLL, and MNFSOGI-PLL can be obtained by a comparative
study of their properties. First, in terms of convergence, MNFSOGI-PLL is
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the fastest, taking only 1-2 cycles to reach convergence, while E-PLL,
DSOGI-PLL, and MAF-PLL all took longer (2-3, 3-4, and 3-4 cycles,
respectively). MNFSOGI-PLL exhibits improved stability as evidenced by
the much lower presence of oscillations in fundamental weights when
compared to other approaches. MNFSOGI-PLL has exceptional perfor-
mance in a simulation research that looks at the Total Harmonic
Distortion (THD) of current, having the lowest THD for both supply and
load currents as tabulated in Table 3.

Additionally, when compared to E-PLL, DSOGI-PLL, and MAF-PLL,
MNFSOGI-PLL shows a more moderate error level. In terms of DC link
voltage oscillations, MNFSOGI-PLL performs better than E-PLL, DSOGI-
PLL, and MAF-PLL (5-6 V, 3-5 V, and 3-4 V, respectively), with the
narrowest amplitude range (1-2 V). Last but not least, MNFSOGI-PLL
outperforms E-PLL, DSOGI-PLL, and MAF-PLL (70 ps, 55 ps, and 60 ps,
respectively) in terms of real-time processing capabilities thanks to its
50 ps sampling time. MNFSOGI-PLL shows promise as a solution,
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outperforming the other PLL techniques in terms of faster convergence,
less oscillations, better harmonic performance, and increased stability.

6. Conclusion

This research concludes by providing a thorough investigation of an
improved control strategy for grid-connected single-phase photovoltaic
systems. The approach focuses on a five-level cascaded multilevel
inverter (MLI) that serves as an active filter. The system has two distinct
modes of operation: it can be used to address harmonics and improve the
power factor by injecting active power during the day and acting as a
Shunt Active Power Filter (SAPF) at night. When used as a PLL, the
Modified Notch Filter Second Order Generalised Integrator (MNFSOGI)
scheme is essential for estimating the basic component of non-linear
load current.

The results of the research highlight how much better the suggested
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standards are crucial for future research.

Table 2
Performance comparison table of various-PLL under grid abnormalities. CRediT authorship contribution statement
Cases E-PLL DSOGI-PLL MAF-PLL  MFSOGI-
PLL Praveen Bansal: Conceptualization, Methodology, Software, Vali-
Voltage Sag of 20  Moderate Moderate Good Best dation, Formal analysis, Investigation, Resources, Data curation,
% Writing — original draft, Writing — review & editing, Visualization.
DC-offset of 20 %  Unsatisfactory ~ Unsatisfactory =~ Moderate  Satisfactory Shishir Dixit: Conceptualization, Methodology, Software, Validation,
Phase Shift of 7/2  Unsatisfactory =~ Moderate Moderate  Satisfactory Formal ana.1y51.s, Investigation, Resources, Vlsu.ahz.atlon. Saket Gupt.a:
Harmonics in Satisfactory Satisfactory Good Good Conceptualization, Methodology, Software, Validation, Formal analysis,

Grid

MNFSOGI controller can handle various kinds of grid anomalies than
other techniques like the E-PLL, DSOGI-PLL and MAF-PLL. Interestingly,
the MNFSOGI controller demonstrates exceptional efficacy in resolving
Power Quality (PQ) concerns in both normal and distorted grid condi-
tion test cases, such as 20 % voltage sag, 20 % DC offset, 20 % phase
shift, and harmonics in the grid.The validation process involved a syn-
ergy of simulation and experimental results, conducted rigorously
through the OPAL-RT real-time data simulator and MATLAB/Simulink
software. The successful implementation of the proposed system posi-
tions the MNFSOGI controller as a robust and reliable solution for
controlling multilevel inverters in scenarios involving distorted grid
conditions.

Future directions for single-phase grid-connected PV systems involve
advanced control strategies, including Al and adaptive techniques for
optimized performance. Dynamic adaptive modes for real-time adjust-
ments and considerations for energy storage integration and industry

Investigation, Resources, Data curation, Writing — review & editing.
Majed A. Alotaibi: Conceptualization, Methodology, Software, Vali-
dation, Formal analysis, Investigation, Resources, Data curation,
Writing — original draft, Writing — review & editing, Visualization, Su-
pervision, Project administration, Funding acquisition. Hasmat Malik:
Conceptualization, Methodology, Software, Validation, Formal analysis,
Investigation, Resources, Data curation, Writing — original draft, Writing
— review & editing, Visualization, Supervision, Project administration,
Funding acquisition. Fausto Pedro Garcia Marquez: Conceptualiza-
tion, Methodology, Software, Validation, Formal analysis, Investigation,
Resources, Data curation, Writing — original draft, Writing — review &
editing, Visualization, Supervision.
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Table 3
Comparison of Various PLL Techniques.
S.No. Features E-PLL DSOGI-PLL MAF-PLL MNFSOGI-PLL
1. Convergence Slower Slower Slower Faster
(2 ~ 3 cycles) (3 ~ 4 cycles) (3 ~ 4 cycles) (1 ~ 2 cycles)
2. Oscillations in fundamental weights More Less Less Very less
3. THD of current Supply current 3.92 % 4.21 % 3.57 % 1.50 %
4. (Simulation study) Load current 26.85 % 26.85 % 26.85 % 26.85 %
5. Error More Moderate Moderate Moderate
6. DC link Voltage Oscillations 56V 35V 34V 1-2V
7. Sampling time 70 ps 60 ps 60 ps 50 ps
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Vg/Vs, Grid/source voltage; ig/is, Grid/source current; iy, Load current; i, Compensating current; Eqc.ref, Reference DC link voltage; V4c1, DC link
voltage across capacitor-1; Vqc2, DC link voltage across capacitor-2; Eqc, DC link voltage; Liyy, Interfacing Inductor; fg, Switching Frequency; Al,_pp,
Peak to Peak ripple current; Ipy1, Ipys, Current of PV-arrays; Vpy1, Vpyo, Voltage of PV-arrays; m, Number of voltage levels; ms Modulation index; i,
Source current; ig*, Reference supply current; f,., Carrier frequency; f,, Modulating Frequency; I1.ss, DC loss component; K4, Proportional gain; Kj,

Integral gain; Iy Fundamental component of load current; I, Effective average weight; u,, Unit vector template; 6, Actual phase angle; 5, Estimated
phase angle; w.y, normal grid frequency; @, estimated frequency; A,,,, amplitude of grid voltage; Af, Difference between estimated and actual fre-
quency; CHB, cascaded H-Bridge; PWM, pulse width modulation; PLL, Phase lock loop.
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