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WHAT IS ALREADY KNOWN ON THIS
TOPIC?

« Cascaded H-Bridge (CHB) multilevel
inverters are well-established in improving
output waveform quality and reducing
Total Harmonic Distortion (THD) in grid-
connected PV systems.

« Deep learning models, especially LSTM
and its variants, have been increasingly
applied to optimize PV  system
performance, including power output
forecasting and fault detection.

+ Bio-inspired and evolutionary
optimization algorithms (e.g., PSO, GA) are
commonly used to enhance the tuning of
controllers and improve learning efficiency
in power system applications.

WHAT THIS STUDY ADDS ON THIS
TOPIC?

« Introduces a novel combination of a
bidirectional Long Short-Term Memory
(BiLSTM)  network with the Puma
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ABSTRACT

Globally, grid-connected solar power systems are growing in popularity, but a significant challenge is optimizing
output power while preserving excellent power quality. The depletion of fossil resources and the environmental
issues surrounding traditional energy sources have led to a surge in interest in renewable energy, especially solar
energy. This research suggests a hybrid control technique for enhancing the power quality of solar photovoltaic
systems that are grid-connected by mitigating the effect of harmonic currents on system performance, even
when linear loads are involved. The technique makes use of a 17-level cascaded H-bridge multilevel inverter that
is coupled with the Puma optimizer, a bidirectional long short-term memory (BiLSTM) network, and an advanced
multi-head cross-attention-based optimizer. The Puma optimizer enhances the deep learning network's learning
process, while the BiLSTM network regulates the input to the cascaded H-bridge multilevel inverter to drive its
output. This combination improves the efficiency of the photovoltaic generator and maximizes power extraction
in the system. Simulations are performed in MATLAB to improve power quality and filter harmonics in solar
photovoltaic systems for two cases: linear loads with and without fault conditions, with a constant level of
radiation at 1000 W/m?. The fundamental frequency of the 17-level cascaded H-bridge multilevel inverter is 50 Hz,
with a magnitude of approximately 397.8. The overall harmonic distortion is kept at 3.96%. Additionally, the Puma
optimizer has the lowest mean squared error (0.025).

Index Terms—nmultilevel inverter, PV power systems, harmonic distortion reduction, harmonic filtering, power
quality

I. INTRODUCTION

Power quality in Photovoltaic (PV) systems is increasingly crucial in modern electrical design.
Beyond meeting energy demands, the emphasis is now on ensuring a reliable and flexible power
supply. Problems such as line faults, harmonics, and voltage fluctuations pose challenges to
engineers in enhancing system efficiency and reliability while incorporating renewable energy
sources [1-2]. Fossil fuels’ negative environmental effects, like pollution and greenhouse gas emis-
sions, have prompted a shift to renewable energy sources (RES), like solar, wind, and biogas, as
more ecologically acceptable substitutes. Among these, PV has become the most prevalent RES
due to its inexhaustible, pollution-free, and environmentally friendly nature, with expectations
of substantial energy production in the coming decades [2]. PV systems generate DC electricity,
necessitating integration into existing AC systems via converters [3-4]. Numerous electronic con-
verters have been developed, with Multilevel Inverters (MLI) emerging as particularly effective
for AC applications. MLI provides several benefits over traditional converters, including superior
power quality waveforms, higher voltage handling capabilities, and reduced switching losses [5].

Efficient use of solar energy entails the deployment of MPPT (maximum power point tracking)
systems, which are critical in maximizing PV system performance by continually varying the
operating points to provide maximum power output [6]. Several methods have been investi-
gated in the literature for achieving this purpose. Perturb and Observe (P&O) is the technique
that repeatedly varies the voltage and detects the resulting power variation to locate the maxi-
mum power point [7]. The incremental conductance method enhances P&O by using the power
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optimizer and multi-head cross attention
mechanism, enhancing the learning
precision and dynamic control of the
inverter system. v Implements a 17-level
cascaded H-bridge inverter, which is more
complex than conventional multilevel
inverters, offering finer voltage steps and
superior harmonic filtering capabilities.
Implements a 17-level cascaded H-bridge
inverter, which is more complex than
conventional multilevel inverters, offering
finer voltage steps and superior harmonic
filtering capabilities. v Unlike many
studies focusing only on ideal conditions,
this research evaluates power quality
improvement under both normal and
fault scenarios, proving its robustness and
real-world applicability.

Unlike many studies focusing only on
ideal conditions, this research evaluates
power quality improvement under both
normal and fault scenarios, proving its
robustness and real-world applicability. v
Achieves a significant reduction in Total
Harmonic Distortion (THD) to 3.96%,
along with a low mean squared error of
0.025 demonstrating improved accuracy
in system response and control. The
proposed system effectively maximizes
power extraction from the PV generator
even under challenging load conditions,
contributing to higher overall system
efficiency.

derivative with respect to voltage to determine the direction of the maximum power point, lead-
ing to quicker convergence and fewer oscillations around the peak power point [8]. Although the
above techniques are relatively simple and easy to implement, their accuracy is compromised
under varying environmental conditions [9]. Fuzzy Logic Control (FLC) leverages fuzzy logic to
address the uncertainty and non-linearity present in PV systems, resulting in robust performance
across various conditions. Artificial Neural Networks (ANN) employ historical data to learn and
predict the maximum power point, providing high accuracy and adaptability [10]. In earlier
research, conventional control techniques like Pl and fuzzy logic controllers had difficulty adapt-
ing to dynamic variations of loads as well as faults. Moreover, conventional optimization algo-
rithms like PSO and GA lacked efficiency while coping with the highly complex search spaces of
realistic high-dimensional engineering applications, hence causing suboptimal harmonic filter-
ing efficiency. Hybrid MPPT methods combine the strengths of different techniques to achieve
more reliable and efficient performance. These methods are dynamically adapted to changing
conditions, ensuring the PV system operates close to its maximum potential.

A. Related Work and Motivation

The literature review examines the advancements in power quality enhancement for solar PV
systems through the use of various controllers and power electronic devices, as discussed in ref-
erences [11-20].

Rajesh et al. [11] presented a Cascaded Multilevel Inverter (CMLI) to enhance control pulses and
ensure high Power Quality (PQ) while maximizing PV energy. The optimization approach gener-
ates control signals, with a Recurrent Echo State Neural Network (RERNN) used to produce real-
time control signals for the CMLI.

Yadav et al. [12] introduced an improved multicarrier modulation technique for single-source
PV-based CHBMLI. The new modulation scheme was a combination of pulse and triangular car-
rier functions, referred to as the Modified Level Arranged Carrier Scheme (MLACS). In MLACS, the
frequency of the pulse function was multiplied by the carrier wave.

Anusha et al. [13] introduced a novel 15-level CMLI tailored for renewable energy applications,
integrating PV systems and batteries. The innovative control strategy ensures optimized perfor-
mance across diverse operational conditions.

Chamarthi et al. [14] presented two advanced Pulse Width Modulation (PWM) methods designed
for Five-Level Neutral Point Clamped H-Bridge Configurations (FLNPCHC), which were further
cascaded to form MLI.

Jain et al. [15] presented a strong method of enhancing PQ and guaranteeing the reliable func-
tioning of two-stage solar photovoltaic grid-connected systems under fluctuating circumstances.
The model utilized a hybrid Phase-Locked Loop (PLL) for synchronization purposes. Furthermore,
DC link voltage sliding mode controllers and circularly integral class-sliding mode current regula-
tors were considered, as well as monitored the grid currents accurately.

Prasad et al. [16] introduced a pioneering method employing the HGSR (Hybrid Group Search
Integrated Rider)-MPPT to maximize PV integration into the grid. The SARC (Self-Adaptive Rao
Control) method enabled the generation of switching pulses for the converter.

Das et al. [17] presented a novel Modified Pack U-Cell (MPUC) MLI configuration tailored for smart
grid applications. The control strategy utilizes instantaneous active and reactive current methods
to produce reference currents, in addition to an Adaptive Fuzzy Hysteresis Current Controller
(AFHCC) to control switching signals with high accuracy.

Mohanty et al.[18] developed a reduced switch MLI through the use of Black Widow Optimization
(BWO), a bio-inspired metaheuristic algorithm. The BWO algorithm showed superior efficiency in
minimizing Total Harmonic Distortion (THD) within short periods. Furthermore, its convergence
speed and accuracy were compared with those of two other bio-inspired algorithms. The design
was mainly focused on the configuration of a 13-level MLI using a single PV source that was made
for grid integration purposes without any interruptions.

Govind et al. [19] introduced a systematic method to enhance PQ utilizing SAPF (Shunt Active
Power Filter). The study integrates neural network techniques to optimize SAPF switching control
under unbalanced conditions.
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Bansal et al. [20] recommended an inventive technique for improv-
ing the operation framework of a single-phase SAPF by combining
it with 5-level cascaded MLI and PV array. This technique includes
extracting the base part of the load current and effectively manag-
ing grid disturbances such as DC offset, phase shift, and harmonic
distortions.

B. Problems Identified

There is a critical need for the research due to several key reasons
such as grid stability, Harmonic Distortion Reduction, and reduced
Energy Losses. Challenges include enhancing control pulses while
maximizing energy output and improving harmonic levels in sin-
gle-source PV-based CHBMLI systems. Optimizing 15-level CMLI for
renewable energy applications, especially in integrating PV systems
and batteries under varying conditions, is essential. Advanced PWM
methods are necessary for better PQ and efficiency in five-level NPC
H-bridge configurations, while addressing issues like DC offset and
harmonics in two-stage PV grid-tied systems.

C. Novelty and Organization

The study suggests a hybrid control strategy that includes an
Evolved Multihead Cross Attention-based Optimizer with a BiLSTM
Network (EMCAOBN) and the Puma Optimizer (PO) to enhance
the performance of PV systems by managing MPPT, DC-link volt-
age, and harmonic currents. The complexity is reduced with the
minimal-switch CHBMLI structure, dynamic reactive power control,
and harmonic filtering for improving grid power quality, thus mak-
ing the topology viable for solar integration. The following are the
objectives:

« Create a hybrid control strategy to improve the power quality of
grid-integrated solar photovoltaic systems through efficient filter-
ing of harmonic currents from nonlinear loads.

+ Use a BiLSTM network to control the input of a 17-level cascaded
H-bridge multilevel inverter to provide the optimal output voltage
and minimize harmonic distortion.

+ Integrate the Puma optimizer with the developed multi-head
cross-attention mechanism to enhance the process of learning,
optimize power extraction, and reduce prediction errors during
real-time system operation.

The research has the following structure: Section two describes the
materials and methods, Section three results and discussion, and

Section four conclusion. An overall summary block diagram of the
article is given in Fig. 1.

Il. MATERIALS AND METHODS

The system includes PV modules, a cascaded multilevel H-bridge
inverter, a boost converter, and a grid-interfacing filter. Each string
in the PV modules' multi-string structure is coupled to a boost con-
verter to achieve MPPT. According to Kirchhoff's Voltage Law (KVL),
the cascaded H-bridge multilevel inverter transforms the PV array's
increased DC power into AC voltage, which is then distributed
among the output voltage's filter components, grid impedance, and
interface inductance. Current injection is controlled by the inverter
in accordance with the grid voltage, and energy transfer to the grid
is solely current-driven.

The objective is to minimize harmonics and improve power qual-
ity for a broader load range, including nonlinear loads. To balance
the DC-link capacitor voltage in the proposed inverter, a controller
is employed. The controller alters the switching patterns or uses
feedback control to regulate capacitor voltages so that the system
remains stable and generates proper multilevel output without con-
sidering ideal sources. Fig. 1 illustrates the advanced PQ enhance-
ment and harmonic filtering in the solar PV system.

A. Modelling of Solar PV

Various series and parallel arrangements of multiple PV modules
are connected to each other in a PV array. This is mathematically
expressed in (1):

im :iPH—i{exp(Hrsel’"]—q—V+r’elm (1)

via Ish

where, i, ipy ia V, V, I Iy, represents terminal current, the current
generated by photons due to incident light, the diode saturation
current, terminal voltage, thermal voltage, and resistances in series
and parallel, respectively.

B. Cascaded H-bridge Multilevel Inverter

Fig. 2 illustrates a CHBMLI topology designed for three-phase
operation. Three phases are connected to a series of H-bridge cells,
which consist of switches (S1-S12) and diodes arranged in a config-
uration to manage the voltage levels. The DC voltage sources (Vdc)
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Fig. 1. Advanced PQ enhancement and harmonic filtering in PV.
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Fig. 2. Cascaded H-bridge multi level inverter.

feed into these H-bridge cells, which modulate the output voltage
through the sequential switching of the transistors. The proposed
inverter output quality is enhanced by decreasing harmonic distor-
tion in this configuration, which allows the generation of several
voltage levels.

Table | outlines the switching logic for a CHBMLI to achieve specific
output voltage levels. For each desired voltage level, a specific com-
bination of switches (S1-S12) is turned on. Positive voltage levels

TABLEl. SWITCHING SEQUENCE OF CHBMLI

(+Vdc to +8Vdc) require different sets of switches compared to nega-
tive voltage levels (-Vdc to —8Vdc). Zero voltage output is achieved
by a unique combination that balances the positive and negative
contributions from the H-bridge cells. The combinational logic of the
proposed CHBMLI topology is shown in Table II.

C. MPPT Control

To optimize PV system performance and address mismatches, PV
modules operate at different voltages. As shown in Fig. 3, distrib-
uted MPPT regulation in a three-phase inverter happens when each
H-bridge module contains an MPPT controller that produces the ref-
erence DC-link voltage. This is compared to the actual voltage, with a

Switches To Be Activated Output Voltage Levels total voltage controller managing errors to set the reference current.

23,5,6,912 +8Vdc Reactive current is adjusted for compensation as needed.

1467912 +7Vdc The PWM method is critical to minimize low-order harmonics in
inverters. This is done by switching inverter switches ON and OFF

1,2,6,7,9,12 +6Vdc repeatedly within a half cycle and modifying the pulse width to
regulate the output voltage. This approach is utilized to regulate

2,3,6,7,912 +5Vdc g . il X .
switches in the CHBMLI to synchronize the output with grid needs.

1,4,58,9,10 +4Vdc The MPPT controllers receive the voltage and current signals, com-

558910 v pute the power, and adjust the DC-link reference voltage. The Pl con-

e o vde troller controls i, to vary the reactive power accordingly, allowing

2,3,58,9,10 +2Vdc compensation.

1,4,5,6,9,10 +Vdc

1,2,56,910 0 TABLE Il. COMBINATIONAL LOGIC OF PROPOSED CHBMLI TOPOLOGY

2,3,56,9,10 —1Vdc Voltage Level Switches ON

1,4,6,7,9,10 -2 Vdc +3Vdc S1,54,57,510

1,2,6,7,9,10 —3Vdc +2Vdc S1,54,57,58

2,3,6,7,9,10 —4Vdc +Vdc S1,52,57,58

1,4,5,8,10, 11 —5Vdc 0 $2,53,56,57,510,S11

1,2,5,8,10,11 —6\Vdc -Vdc S3,54,56,57

2,3,5,8,10,11 —7Vdc —2Vdc S3, 54,56, 59

1,4,5,8,10, 11 —8Vdc —3Vdc S3,56, 59,512
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D. Puma Optimizer for Maximum Power Extraction the algorithm enables it to revisit good solutions while dynamically
Pumas use theirintelligence and memory to hunt by revisiting success- venturing into new regions, an advantage, especially in nonlinear,

ful locations or exploring new areas [21]. The memory-based nature of multi-objective optimization problems such as harmonic filtering
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Fig. 4. Flowchart for PO algorithm.
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and power quality improvement in photovoltaic systems. PO is more
robust and converges faster compared to traditional algorithms in
evading local optima. Fig. 4 shows the flowchart for the PO algorithm.
Initialize a population of candidate solutions, such as PV input voltage
and current. The objective is to maximize PV power, so the fitness func-
tion reflects the power output at each candidate voltage.

In the two phases of exploitation and exploration, the experienced
puma selects one phase for optimization, with the selection deter-
mined by the following (2), (3):

exploit exploit
exploit __ Cold — C"eW
f =5 T gewot ()]
t
explore explore
fexplore =6,. Co/d - Cnew (3)
t - Texplore
t

where £ and £ represents the exploration and exploita-
tion phases of the first function are associated with their respective
Caplolt cedlotcosts, while the best solutions are represented before
and after improvement, corresponding to the costs of the improved

best solutions ;P over time.

The mathematical selection and upgradation are expressed by the
following (4):

ol f(E{’eW ) > f(E,‘”d)

E™” Otherwise

EM = and/<m (4)

E. Problem Formulation

Based on the above description, problems are restructured into
two distinct objective functions. The objective functions are given
in (5), (6):

OF, =max {Po } (5)

OF, =min{THD} 6)

Where, P,,, THD represents PV output power and THD, respectively.

F. Proposed Based Strategy for Tuning the System Parameters
Multi-head attention mechanism blends the information from many
subspaces built by many self-attention layers. It consists of a linear
transformation on query ('y’), key (‘e’), and value ('), whereby atten-
tion matrix gets worked out via (7) [22-24]:

t
attention(y,e,l)=softmax( e ]I (7)

/o,

where softmax, 't, and D, represents the determinant normalization
function, the transpose operation of the matrix, and the scale factor
respectively. First, the 'y, ‘e, and ‘I parameter matrices are obtained

TABLE Ill. SOLAR PV ARRAY, 17-LEVEL CASCADED MLI SPECIFICATION

Solar PV Array 17-Level Cascaded MLI
Maximum power 1000W Capacitor rating 80V, 4700uF
Maximum voltage 290V Voltage source 400V
Maximum current 345 A Modulation frequency 50Hz

Open circuit current 368.84 A Inductive load 98mH
Open circuit voltage 360V Load resistance 80Q

No of parallel modules 47 Carrier frequency 10 kHz

No of series modules 10 Output voltage, current 400V, 6A
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by multiplying the ‘j linear transformations in the module. The
obtained input ‘G’ parallels heads to perform different operations.

HEAD; = attention(yv? ,ev,Iv}) (8)

S =MULTIHEAD =(y,e,l) = Concat(HEAD:......., HEADG v* 9)

where, v}’,v?,vj», v represents the parameter matrices, 'S, Concat,
HEAD,. represents output result, the concatenation operation, and
the G™ head respectively. In multi-component systems, Bi-LSTM's

ability to incorporate bidirectional context offers improved accu-
racy in characterizing complex interactions and dynamics between
diverse materials. Fig. 5 shows the EMCAOBN with a Bi-LSTM Network.

The forget gate vector is given in (10):
he = Mvip(yk) +Wh(ga) + By (10)
In this case, v,, w,, B, indicate weighting matrices.

The cell state vector is given in (11):
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Ac=(hex Acq) + I x Ay (1)
where, h,, A_, represents forget gate vector and the cell state vector
at time step 'k}, respectively. The output gate vector (X)) is given in
(12):

Xie = Mvx(Yi) +Wx(gia) + By (12)

Hidden state is given in (13):

gi = (Xi) x tanh(A*) (13)

where g, denotes hidden state. Leverage the output from the multi-
head attention mechanism as input features for the Bi-LSTM network
to improve its capability in capturing sequential patterns. Apply the
PO technique to fine-tune the parameters of the Bi-LSTM and multi-
head attention components. Specifically, use the PO exploitation and
exploration phases to optimize the attention weights and Bi-LSTM
parameters. The EMCAOBN technique, enhances control over the
system, particularly for MPPT and managing the CHBMLI output.

11l. RESULTS AND DISCUSSIONS

This research introduces the CHBMLI and the EMCAOBN and focuses
on the MPPT control for optimizing efficiency in PV systems under
constant solar conditions.

The MATLAB simulation results for PQ enhancement and harmonic
filtering in PV systems are presented. The delta-connected resistive
load is fed by the inverter, in which line and phase voltages are equal
in magnitude. In order to reduce voltage and current wave harmonic
distortions, an output filter inductor with an inductance value of
4mH/phase is utilized [34]. The specifications are provided in Table IlI.

Case 1: PV system under linear load without considering fault
Case 2: PV system under linear load with fault

Case 3: PV system under unbalanced and non-linear load with con-
stant irradiation

Case 4: PV system under constant irradiation and non-linear load

A.Case 1

Fig. 6 (a-c) illustrates the variations in PV values for irradiation, tem-
perature, and duty cycle over time. Temperature is maintained at 25
degrees Celsius. The duty cycle remains constant at 0.5 from t=0 to
t=0.4. After t=0.4, the duty cycle value slightly decreases and is set
to zero until t=1 second.

This indicates that the PV output is constant since the duty cycle
remains constantat 0.5 until t=0.4, after which the duty cycle slightly
decreases to reduce the PV output until it is zero at t=1 second. The
temperature, fixed at 25°C, does not influence these variations.

Fig. 7(a) illustrates the CHBMLI output current under normal condi-
tions, with the current reaching a range of 6 A, Figs. 7(b) and 7(c) dis-
play the output voltage of the CHBMLI, showing both the standard
view and an expanded view, with a magnitude of 400V.

Fig. 7(d) presents the PV voltage over a period of 1 second, where it
reaches a magnitude of 240V without any fault conditions. Fig. 7(e)
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Fig. 9. Output response of CHBMLI with fault conditions: (a) PV
power, (b) Output voltage, (c) Output current, (d) Grid current, and
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shows the PV current over the same 1-second period, initially ris-
ing rapidly to around 250 A before experiencing fluctuations and
eventually dropping to zero. Lastly, Fig. 7(f) depicts the PV power (in
Watts) over time, starting from zero, quickly increasing to approxi-
mately 700 W within the first 0.1 seconds, and then stabilizing with
slight fluctuations. The rapid rise and eventual stabilization of PV
current and power indicate effective system performance without
fault disturbances.

Fig. 8(a) indicates the grid current over 1 second. The current oscil-
lates between around —0.4 A and 0.4 A, showing an AC current flow.
Fig. 8(b) indicates the grid voltage waveform over 1 second. The
voltage has an AC signal pattern, although the amplitude is slightly
lower than the anticipated +400 V, which is likely due to system
losses and filtering effects. Fig. 8(c) presents the grid voltage har-
monics analysis. It is observed from Fig. 8(c), the amplitude is nor-
malized, with the fundamental component expressed as a relative
quantity rather than the absolute value of the voltage. According to
IEEE 519 standards for harmonic analysis, the THD of 0.03% is deter-
mined as the ratio of harmonic components to the fundamental
component.

Fig. 8(d) shows the harmonic spectrum investigation of the grid cur-
rent using a proposed method. The fundamental frequency is 50
Hz with a magnitude of approximately 337.4 of the fundamental
component. The harmonics for the grid current is 0.06 %. Fig. 8(e)
represents the harmonic spectrum and harmonics for the output of
a 17-level CHBMLI. The fundamental frequency here is 50 Hz with
a magnitude of approximately 395.9% of the fundamental compo-
nent.The THD is significantly lower at 2.35%, which suggests that the
17-level CHBMLI is effective in reducing harmonics compared to the
grid voltage and current.

B.Case 2

The grid-connected PV system for linear load with fault conditions is
displayed in this section under continuous radiation of 1000 W/m>.
Phase-phase faults are taken into consideration.

The output response of the CHBMLI under fault situations is shown
in Fig. 9. In Fig. 9(a), the PV power response at the 1-second mark
reaches 520 W. Fig. 9(b) shows that during the fault, up to 0.5 sec-
onds, the output voltage decreases to 210V, then rises to a voltage
level of 400 V. The output current at one second is shown in Fig. 9(c),
where it fluctuates between —4.8 A and +4.8 A for 0.5 seconds. The
current rises to a range of —5.5 A to +5.5 A after 0.5 seconds. In Figs.
9(d) and 9(e), grid current and voltage are close to zero from 0 to
0.5 seconds, showing no power transfer. Both signals increase after
0.5 seconds, with current oscillating between —0.8 A and +0.3 A, and
voltage from —300V to +300V, showing system activation.

Thus, it reveals that under fault conditions, the CHBMLI experiences
fluctuations in output power, voltage, and current, with PV power
peaking at 520 W and voltage initially dropping to 210 V before
recovering to 400 V. Additionally, both grid current and voltage
remain near zero for the first 0.5 seconds, subsequently increasing to
ranges of —0.8 A to +0.3 A and —300V to +300V, indicating a delayed
recovery after the fault.

Fig. 10 (a-c) illustrates the harmonic spectrum and THD of various
system components. In Fig. 10(a), the fundamental frequency is 50
Hz with a magnitude of approximately 0.5563, and the THD is rela-
tively low at 1.81%. Fig. 10(b) shows the fundamental frequency at 50
Hz with a magnitude of about 337.2, and the THD is similarly low at
0.67%. Fig. 10(c) indicates a fundamental frequency of 50 Hz with a
magnitude of approximately 397.8, with the THD significantly reduced
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Fig. 11. Analysis of (a) source voltage, (b) source current, (c) load current, and (d) compensation current in case 3.

to 3.96%. This suggests that the 17-level CHBMLI is highly effective in
minimizing harmonics compared to the grid voltage and current.

C.Case3

The PV performance during imbalanced operation and non-linear
load is shown in Fig. 11.The PV keeps balanced source currents with-
out sacrificing power quality while one of the load's phases is cut off
for a predetermined amount of time. Fig. 11(a) is a source voltage
plot, while Fig. 11(b) shows the corresponding source current. The
load current fluctuation at the time when phase-b is interrupted is
depicted in Fig. 11(c), and currents of compensation generated by
the PV are presented in Fig. 11(d).

D.Case 4
The source voltage and source current waveforms for the three-
phase non-linear load that the source is feeding are displayed in

Fig. 12. Fig. 12 (a) displays the source voltages, while Fig. 12 (b) dis-
plays the source current waveforms. The load currents are displayed
in Fig. 12(c), and Fig. 12(d) shows the corresponding PV currents.
Depending on the PV output, the PV contributes a portion of the
active power and meets the load's reactive power and harmonic
requirements.

Fig. 13(a) shows the harmonic spectrum of the non-linear and unbal-
anced load current. Fig. 13(b) shows that even with the non-linear
load, the source currents remain balanced and harmonic-free. The PV
reduces the source current THD to 1.65% by dispersing reactive and
harmonic components to meet load demands.

Table IV summarizes the simulation results under different levels of
solar irradiance. For irradiance levels of 1000, 500, and 100 W/m?, the
maximum outputs are as follows: at 1000 W/m?, 600 W of power, 4.95
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Fig. 12. Analysis of (a) source voltage, (b) source current, (c) load current, and (d) compensation current in case 4.

A of current, 140 V of voltage, and a duty cycle of 0.5; at 500 W/m?,
558.2 W of power, 2.37 A of current, 115.2 V of voltage, and a duty
cycle of 0.35; and at 100 W/m?, 480.2 W of power, 0.431 A of current,
105.8 V of voltage, and a duty cycle of 0.002. Thus, it shows that as
solar irradiance decreases from 1000 to 100 W/m? the maximum
power, current, and voltage output also decline, with significant
reductions in duty cycle values. Specifically, power decreases from
600 W at 1000 W/m? to 480.2 W at 100 W/m?, indicating the system's
performance is highly dependent on solar irradiance levels.

Important parameters such as the number of switches, diodes, DC
sources, drive board circuits, Fundamental Component Compression
(FCQ), Total Switching Voltage (TSV), number of DC link capacitors,
THD, and Crest Factor (CF) are listed in Table V, which provides a com-
parative overview of various multilevel inverter topologies from vari-
ous sources. The suggested topology contains the minimum number
of diodes (12) and DC-link capacitors (0) compared to the topologies
under comparison. The proposed MLI topology achieves a THD of
2.35% and a CF of 3.1, which are among the better performances.

12

The TSV for the proposed topology is 17, indicating a relatively low
voltage stress on the components. Overall, the proposed MLI topol-
ogy exhibits favorable characteristics across the evaluated metrics
compared to other topologies.

IV. CONCLUSION

As a crucial part of the hybrid approach, this research presents the
cascaded H-bridge multilevel inverter, which uses MPPT control
to maximize PV system efficiency in stable solar circumstances.
MATLAB simulations are used to improve PQ and filter harmonics
in solar PV systems. The research also examines the dynamic per-
formance of a grid-connected PV system with constant irradiation,
analyzing both PV power output and total harmonic distortion. The
system's response to load disturbances, including scenarios with and
without faults—particularly line-to-line faults—is evaluated. The use
of the 17-level CHBMLI is highly effective in increasing the PV power
to 700 W. Future research could focus on optimizing the inverter
design for varying solar irradiance and load profiles, developing
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TABLE IV. SIMULATION PV OUTPUTS WITH SOLAR IRRADIATIONS

advanced control algorithms for dynamic fault detection and isola-
tion, integrating energy storage systems to further enhance PQ and

Solar Irradiations Power Max Current Max Voltage Max  Duty resilience, and conducting real-time hardware testing under diverse
W/m? (W) (A) (v) Cycle conditions to validate and refine these techniques. Under different
1000 200 195 140 05 sollar irradiance condltzlqns, the performance of the system is also
adjusted. At 1000 W/m?®, it delivers 600 W of power, 4.95 A of current,
900 594.5 443 1352 045 140V of voltage, and a duty cycle of 0.5. Under a reduction in irradi-
800 580.3 397 126.5 042 ance to 500 W/m?, the power is 558.2 W, the current is 2.37 A, the
700 5759 3405 1203 041 voltageis 115.2 V,zand the duty cycle is 0.35. At the lowest irradiance
level of 100 W/m?, power is reduced to 480.2 W, current to 0.431 A,
600 560 2.82 1185 0.38 T .
voltage to 105.8 V, and duty cycle to 0.002, indicating the reliance
500 5582 237 115.2 035 of the system on solar supply. The selected multilevel inverter con-
400 5302 185 1121 031 figuration demonstrates robust operation with a very low THD of
0 s .
300 5951 136 1105 025 2.35%, a CF of 3..1, and a TSV of 17, utilizing a mere 12 diodes and
no DC-link capacitors. Moreover, the system efficiently compensates
200 >105 0852 108.2 018 for harmonics and reactive power, lowering the source current THD
100 480.2 0431 105.8 0.002 to 1.65%, and providing balanced, distortion-free currents even in
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TABLE V. COMPARISON OF 17 LEVEL MLITOPOLOGIES

No of dc-Link Drive Board
Citation Ns No of Diodes Capacitors DC Source Circuits FCC TSV THD CF (0.5)
[25] 20 20 4 2 20 3.88 - - -
[26] 16 16 4 4 14 3.17 1 - 35
[27] 24 24 4 2 24 448 - - -
[28] 10 10 4 2 20 3.88 - - -
[29] 14 20 4 8 14 352 22 - 417
[30] 10 12 0 2 10 2 40 - 518
[31] 10 10 0 4 10 2 36 7.1 494
[32] 20 20 0 8 20 4 36 3.7 5.05
[33] 14 16 4 4 14 3.05 1 423 3.38
Proposed 12 12 0 3 10 2.02 17 2.35 31
nonlinear load conditions. In the future, the research will be further 8. J. Jaya, and M. M. Linda, “A new-fangled approach for optimal place-

extended by simulating realistic solar panel characteristics to verify
the performance of the system under real-world interconnection
conditions.
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