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ABSTRACT: 

This paper introduces a novel 51-level multi-level inverter (MLI) topology, addressing the challenge of 

minimizing component count in renewable energy systems. The proposed design features a hybrid asymmetrical 

configuration with reduced switches and Direct Current (DC)sources, enhancing efficiency and reducing 

complexity. To optimize power extraction from photovoltaic (PV) sources, a Walrus Optimized Recurrent Neural 

Network (WO-RNN) is employed, accurately predicting the maximum power point (MPP) under varying 

conditions. A Fire Hawks Optimization (FHO) based Cascaded Tilt Fractional Order Proportional Integral-

Fractional Order Tilt Derivative (C-TFOPI-FOTD) controller governs the switching pulses of the MLI, ensuring 

precise voltage regulation and harmonic reduction. The proposed inverter control employs FHO due to its superior 

exploration exploitation balance and rapid convergence compared to conventional techniques such as PSO or GA. 

Simulation results confirm that FHO-optimized switching reduces THD and improves efficiency, validating its 

effectiveness for this system. In this work, a hybrid system integrates PV and wind power is used as input source. 

Simulation results, conducted in MATLAB/SIMULINK under an islanded single-phase microgrid with AC load, 

validate the effectiveness of the proposed system. The simulations demonstrate a low Total Harmonic Distortion 

(THD) of 1.29% for voltage and 1.78% for current, indicating high power quality. Furthermore, the proposed 

inverter topology achieves a high efficiency of 95.653%, attributed to reduce switching and conduction losses. 

These findings confirm the theoretical analysis and practical viability of the proposed 51-level MLI and its 

associated control strategies for the efficient integration of renewable energy sources into microgrid systems.  

Keywords: Fire Hawks Optimization, Cascaded Tilt Fractional Order Proportional Integral-Fractional Order Tilt Derivative 

controller, Walrus Optimized Recurrent Neural Network, Multi-level inverter, solar PV. 

 

INTRODUCTION 

 

With the ever-increasing need for electricity, the consumption of fossil fuels like coal and gas has skyrocketed in 

recent years [1]. These changes cause major issues and have a detrimental impact on the environment [2]. As a 

result, the electrical sector is seeing a rise in the usage of renewable energy sources (RES). Many studies have 

looked into the feasibility of generating power using RES[3]. Regardless of environmental concerns, all groups 

for power electronics and power system research agree that solar and wind power are the most popular RES[4]. 

The generation from solar and wind power systems varies with the weather.Furthermore, as an alternative energy 

generating technique, wind-based power generation is growing globally [5]. Seasonal fluctuations in the sources 

present a challenge to the use of solar and wind power generation. During winter, wind speeds typically rise, while 

solar irradiation often decreases[6]. The concept of hybridizing energy systems was developed in response to the 

increasing energy needs of the growing population. [7]. 

 

Many different Maximum power point tracking (MPPT) methods are used to maximize the power extraction from 

RES [8].A number of popular MPPT techniques have certain limitations; these include the Perturb and Observe 

(P&O), Incremental Conductance (INC), Open Circuit Voltage, and Short Circuit Current methods [9]. Therefore, 
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this paper proposed a novel MPPT method for obtaining a high range of power from sources. A power electronic 

device for converting direct current to alternating current is termed an inverter, which acts as an interface between 

DC sources and the grid [10]. The switching operation of the inverter is affected by the higher switching frequency 

and higher harmonics. Hence, necessary modifications are incorporated into the inverter designs [11]. In this 

regard, multi-level inverters are used in the power system to increase voltage levels. The multi-level inverter is 

widely adopted to outperform the two-level inverter in terms of output power quality while reducing switching 

losses, voltage stress, and filter needs [12]. Several authors suggested different control strategies to enhance the 

quality of output from the MLI. To improve MLI’s THD, the author of [13] suggested a tweaked absolute 

sinusoidal pulse width modulation method. Honey badger with reptile search optimization algorithm was 

suggested in [14] for grid connected PV applications. Sliding mode control with an Adaptive Neuro-Fuzzy 

Inference Strategy was suggested by the author in [15] to control the cascaded H-bridge (CHB)MLI. Several 

methods are utilized to enhance the performance of MLI with fewer harmonics and errors. 

 

As part of the suggested topology, the system uses a unique approach to inverter control: the C-TFOPI-FOTD 

controller. In [32],it is used to control the MPPT using the proportional integral (PI)controller. In [33], the DC 

motor is controlled by aproportional integral derivative (PID) controller that uses particle swarm optimization. 

Tilt Integral Derivative (TID)controllers are utilized in [34] for the transient lines’ MPPT. Here, the FHO method 

is used to control the controller’s gain parameters. Numerous researchers have developed various methods over 

time for regulating the controller’s parameters. For the Static synchronous Compensator (STATCOM) renewable 

hybrid power system, a PI controller based on the whale optimization method was used [35]. Grey wolf 

optimization-based MPPT was used in [36] to regulate the settings of the innovative controller in wind and 

numerous other situations. In [40] single stage three phase differential fly back inverter (DFI) integrates voltage 

boosting DC-AC conversion and MPPT using conventional and modified INC techniques achieves high efficiency 

with improved tracking speed.In [41] suggests a modified firefly algorithm (MFA) and a multi-level adaptive 

model predictive control (MPC) framework to optimize hybrid microgrid operations achieving cost reduction, 

emission minimization, efficient power dispatch, and improved system stability.In [42] a double vector optimized 

MPC method for two-level inverters that reduces common mode voltage, THD and switching losses. In [43] 

presents a high gain soft switching DC-DC converter with a coupled inductor, single low resistance MOSFET 

MPPT algorithms for PV applications which achieves 95% efficiency. 

 

MLI topologies are face difficulties by high switch counts, multiple DC sources, and rising circuit complexity, 

which make them unsuitable for scalability in medium and high-power applications. The majority of MPPT 

controllers experience slow convergence and are unable to track maximum power efficiently under rapidly varying 

irradiance.Inverters also face voltage stress, thermal losses, and decreased efficiency, particularly in large-scale 

renewable systems.To address these limitations, the work presented in this paper proposes a low-switch-count and 

low-DC-source-count compact inverter with a high-performance control scheme to achieve rapid MPPT 

convergence, efficiency enhancement, and power quality enhancement. To overcome the disadvantages in 

existing works, this paper proposed a novel controlling method. Among the various optimization algorithms 

reported in the literature like PSO, GA, FHO was selected for this study because it exhibits a strong capability to 

escape local minima, faster convergence rate, and robustness in managing nonlinear, high-dimensional 

optimization tasks. These features make FHO highly suitable for optimizing the switching angles of a multi-level 

inverter, where conventional techniques may require more iterations or yield sub-optimal solutions. The major 

objective of this paper is; 

 To propose a novel 51-level MLI with fewer switches and DC sources for renewable energy connected 

power systems to improve efficiency. 

 To accurate maximum power point prediction under varying PV conditions a Walrus optimized 

recurrent neutral network is used.  

 A  C-TFOPI-FOTD controller is designed to regulate switching pulses, improve voltage regulation and 

reduce harmonics and FHO is used to tune the gain parameters. 

The remaining section of this paper is organized as follows: section 2 describes the MLI for various control 

strategies. In section 3, the proposed methodology explains the MLI inverter for enhancing the power quality. The 

results and discussion for validating the performance of MLI are described in section 4. Lastly, the conclusion 

part is described in section 5.  
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RELATED WORKS 

 

Some of the existing works related to MLI with different control strategies are discussed in this section. 

Shivakumar et al. [16] suggested a novel MLI with 8 switches and 4 diodes. Grid connected PV with an MLI 

system was considered in this work. A space vector modulation technique was included in MLI to tune the 

switching pulses. This modulation method reduced the harmonics in the suggested inverter. The space vector 

modulation method performs better than a classical proportional-integral controller. Additionally, this modulation 

technique reduces the total harmonics in MLIs. A comparison between sinusoidal and space vector modulation in 

51-level topology is conducted and this suggested system is tested and validated in MATLAB.Vijayvargiya et al. 

[17] recommended a new 51-level inverter and MPPT method for high power extraction. They optimized the INC 

to monitor the peak power of the solar PV. This MPPT method was improved by including the emperor penguin 

optimization algorithm with an INC method. The extracted peak power of the SPV is used by the buck converter 

to lower the voltage. Multi-level inverters are utilized to provide a lower harmonic voltage waveform in the 

output.A proportional resonant controller was used to control the MLI, and the Rain optimization algorithm was 

integrated with the controller for better output signal performance of the inverter. In order to reduce the number 

of switches, Thiyagarajan [18] anticipated a new 51-level MLI topology. The 12 switches in this MLI 

configuration were positioned in an asymmetrical fashion.The inverter can be made smaller and cheaper by 

reducing the number of switches. In order to attain the specified output levels, an inverter circuit’s switching 

losses are defined by the number of conducting switches that must be used. The selective harmonic elimination 

pulse width modulation technique (SHEPWM) method is suggested in this study. The results are validated by 

changing the resistive and inductive loads.  

 

Four asymmetrical DC voltage sources and fourteen switches were used to construct the suggested MLI by Law 

et al. [19]. A series-connected RL load was used to provide a linear load on which the switches were connected. 

Each separate asymmetrical DC voltage source in the suggested system has its own DC-DC buck converter, which 

can be either PV-battery or PV-non-battery based. Using the Nonlinear control technique (NLC) technique, the 

hybrid MLI was propelled. A voltage-controlled pulse width modulation (PWM) operating at 20 kHz was used to 

power each buck converter. A PID controller governs the DC-DC buck converter and the hybrid MLI is powered 

by the NLC technique to produce 51-level AC output voltage waveform.Jefry et al. [20] suggested a novel MLI 

with 14 switches, 4 diodes, and 5 DC sources. The quality of the generated output was enhanced by the 51-level 

MLI. An almost sinusoidal 51-level output voltage may be produced by the suggested MLI. When simulating 

optimal modulation, the THDwas less than the IEEE norm for applications below 69 kV. MATLAB/Simulink 

was used to verify the operation of the power factor correction STATCOM application. With fewer components 

the suggested MLI has produced high output voltage levels and great output quality.  

 

Al-Samawi et al. [37] developed a minimum number of switches for PV systems in a nine-level cascade multi-

level inverter. The recommended inverter exhibits a unity power factor and a decreased output voltage THD. The 

proposed system consists of reducing the partial shading condition (PSC). A comparison with the cascaded multi-

level inverter (CMLI) topology was done in order to evaluate the performance of the suggested inverter. In order 

to provide a thorough performance benchmark, the assessment concentrated on modern cascade topologies that 

use the same nine voltage levels. The obtained topology is fed in MATLAB/Simulink, and the expected result is 

obtained in the system. Hassan et al. [38] established a reduced number of components with voltage boosting 

properties for a multi-cell 21-level hybrid multi-level inverter synthesizes. In order to create an output voltage 

waveform with 21 levels based solely on two uneven DC sources, the suggested system employs a hybrid 21-

Level multi-level inverter, which includes two units: an H-bridge and a modified K-type unit. The suggested 

topology is simulated using the simulation system, and the controller is used to support the system. Additionally, 

it prolongs the life of the switching devices and lessens the voltage load on them. Additionally, fewer parts 

contribute significantly to cost and size savings.Sarebanzadeh et al. [39] distinguished a reducing the switches in 

the multi-level inverter topology for renewable energy sources. The suggested system consists of 25-level multi-

level inverters for the renewable energy source, with the help of a PI controller to control the modulation technique 

of the fundamental frequency modulation. Large-scale multi-level inverters’ ideal topologies are created with a 

number of goals in mind, such as minimizing the overall standing voltage for increased efficiency and 

dependability, increasing the number of output voltage levels, and minimizing the number of components (such 

as gate drivers and DC sources). The comparison of different methodsis shown in Table 1.  
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Table 1: Comparative analysis of different methods 

Author 
Lev

el 

Numb

er of 

switch

es 

Numb

er of 

sourc

es 

Modulat

ion 

techniqu

es 

Type of 

MLI 

topology 

Techniq

ues 

TH

D 

Advanta

ges 

Disadvanta

ges 

Shivakum

ar et al. 

[16] 

51 8 2 SVM 
Asymmetr

ical MLI 
- 

2.82

% 

THD was 

reduced 

The loss 

was not 

considered. 

Vijayvarg

iya et al. 

[17] 

51 14 5 PWM CHB PR-ROA - 

Obtained 

maximu

m power 

from 

solar. 

Harmonics 

are high 

Thiyagara

jan [18] 
51 12 4 

SHEPW

M 

Asymmetr

ical 
PI 

1.59

% 

Harmoni

cs was 

reduced. 

High loss 

Law et al. 

[19] 
51 14 5 Unity 

Isolated 

asymmetri

cal 

PID 
1.63

% 

Extracted 

high 

power 

from 

sources 

Load 

demand 

was not 

optimally 

satisfied. 

Jefry et al. 

[20] 
51 14 5 PWM CHB PI 

3.19

% 

Power 

quality 

was 

improved 

The loss 

was high. 

Al-

Samawi et 

al. [37] 

9 7 4 

Phase 

dispositi

on PWM 

CMLI PI 
12.6

% 

Lower 

Switchin

g Losses 

Potential 

DC Voltage 

Imbalance 

Hassan et 

al. [38] 
21 14 2 PWM 

H bridge 

is 

cascaded 

with 

modified 

K-type 

unit 

- 
3.93

% 

Lower 

Voltage 

Stress on 

Switches. 

Challenges 

in 

Cascading 

for Large-

Scale 

Implementa

tion 

Sarebanza

deh et al. 

[39] 

25 10 2 PWM 

Asymmetr

ical and 

cascaded 

mode 

PI 

 

3.85

% 

Harmoni

cs was 

reduced 

High 

computatio

nal cost. 

Proposed 51 10 4 PWM 
Asymmetr

ical MLI 

FHO-C-

TFOPI-

FOTD 

1.29

% 

Faster 

converge

nce and 

less 

harmonic 

reduction 

Proposed 

work is not 

analyzed in 

grid 

connected 

mode 

 

Recent advancements in MLI topologies, modulation strategies and controller optimizations, several gaps. Most 

works are essentially aimed at minimizing switches, optimizing modulating techniques (like SVM, SHEPWM, 

and PR controllers), or enhancing MPPT algorithms for integrating PVs. Moreover, certain MPPT controllers 

have poor convergence speed, rendering them unsuitable for tracking the MPP under high-rapidly changing 

irradiance. The use of optimization algorithms enhances control accuracy but introduces computational 

complexity that is unwanted in real-time implementation. Additionally, inverters, although very important in 

power conversion, are very heavily challenged in large and medium power systems by voltage stress, and lower 

efficiency. Adding more levels enhances the quality of the waveform but also adds higher circuit complexity, 

increased gate driver requirements, and more DC sources. Several topologies suggested in the literature remain 

suffer from by a large number of switching devices, which results in higher switching loss and thermal stress, 
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ultimately degrading reliability. The majority of studies limit the performance analysis to ideal or steady-state 

conditions, ignoring resilience to nonlinear and actual disturbances. Thus, the evident research gap lies in realizing 

compact, economical, and experimentally proven inverter topologies with reduced switches and DC sources, aided 

by sophisticated control techniques that provide high efficiency, quick MPPT convergence, and better power 

quality for integration of renewable energy. 

 

PROPOSED METHODOLOGY 

 

Previous MLI topologies in solar PV power systems have needed a large number of switching components to 

generate the required output level. Hence, the power system suffers from switching losses and harmonics. In some 

topologies, a large number of DC sources were used, which increased the size of the inverter. One solution to this 

problem is a novel 51-level MLI that uses DC sources and has fewer switches for power systems that are connected 

to renewable sources. To provide input electricity, a hybrid system integrates PV and wind power. By utilizing 

the suggested WO-RNN, the maximum power that can be taken from the PV source is achieved. In order to 

enhance power quality, the proposed 51-level asymmetric multi-level inverter receives its input from the DC bus. 

The suggested inverter’s switching pulse is controlled by an FHO optimized Cascaded Tilt fractional order 

proportional integral-fractional order Tilt Derivative (C-TFOPI-FOTD) controller.The FHO algorithm is then 

used to optimize the C-TFOPI-FOTD controller’s gain setting to minimize error and harmonics.The performance 

of the proposed methodology is verified under an islanded single phase microgrid with AC load. Figure 1 

represents the block diagram for the proposed work.  

 
51 level 

Inverter

51 level 

Inverter

51 level 

Inverter

AC load

AC bus
WO-RNN based 

MPPT

Slave 1 DG

Slave 2 DG

Master DG

C-TFOPI-FOPD 

controller
FHO PWM

51 level 

Inverter

System controller 

DC
DC

DC
AC

DC
DC

Grid

 
Figure 1: Block diagram for proposed work 

 

The DC-DC Boost converter receives power from the PV system and sends it on to rectify the wind system’s 

output using a diode bridge rectifier. A battery is used as an energy storage system to store surplus power supplied 

by various sources. The PV and wind are regarded as slave units, with the battery serving as the master unit. The 

output of these sources is fed to 51-level MLI. This MLI is controlled using the proposed control strategy and fed 

to an AC bus connected tothe load.  
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3.1. Modelling of solar PV 

The PV effect is demonstrated by semiconductor materials used in PV cells, which are electronic devices that 

transform sunlight into electricity [21]. The PV cells are utilized to quantify the electric variables like resistance, 

voltage, and current, which vary with exposure to sunlight.Electron conduction happens when an electron in its 

bound state collides with other electrons, driven by the energy produced by the semiconductor’s band gap. In the 

equivalent circuit of the PV modules, a diode, resistor, and light generating sources are all connected in parallel. 

The voltage-current (V-I) characteristics of the PV model used are expressed as: 

 

SH

vsv

RVq

Shv
R

RV
e

vspv



























1


                                    (1) 

From the above equation, the photo current is represented by h , the saturation current of the diode is denoted 

by S , the electron charge is indicated by q , the ideality factor of the P-N junction is  , and the temperature is 

denoted by . The intrinsic shunt and series resistances of PV are represented by SHR and sR . In PV systems, 

DC-DC converters are frequently utilized to modify the PV voltage, whether stepping it up or down, while also 

playing a key role in maximizing power extraction via MPPT.Then, MPPT regulates the voltage and current of 

the PV module to maximize its output.  

 

3.2 Walrus Optimized Recurrent Neural Network for MPPT 

In this work, uncertainties in PV irradiance, temperature fluctuations, and converter non-linearities are addressed 

by the proposed WO-RNN based MPPT controller. RNN structure provides adaptive learning and dynamic 

mapping capability, enabling it to track the maximum power point even under rapidly varying conditions. Whale 

Optimization strategy ensures optimal parameter tuning, thus enhancing robustness against uncertainties 

compared to conventional deterministic MPPT methods. The duty cycle d is derived from a combination of the 

reference signal and voltage error, as expressed in the following equation [22]. 

  vstcER                                                          (2) 

     REFstcv                                                  (3) 

Based on the temperature/voltage coefficient  , the temperature gradient technique  stc  adjusts using the 

PV module temperature . The  coefficient values depend on the type of module. The temperature based STC 

is represented by
REF . A Recurrent Neural Network (RNN) is an advanced form of a traditional neural network 

designed specifically to handle sequential data [23]. An RNN maintains several features of a traditional neural 

network, such as neurons and connections. However, it is distinctive for its capability to process sequential inputs 

by using recurrent connections to repeat certain operations. This enables an RNN to maintain a memory of 

previously processed values, which can be utilized along with new inputs. For an input sequence,

 iiii ,.......,,, 321 the network executes the operation outlined in equation (4) at each step .  

 1,
ˆ

















ki

k
w

                           (4) 

From the above equation, the hidden and output state is denoted by k and ̂ . Additionally, w denotes a 

neural network defined by a weight matrix w .The flexible structure of an RNN makes it well-suited for solving 

a variety of complex problems. The capacity of RNN architectures to maintain memory is improved by 

incorporating attention techniques. Performance in general and memory retention over lengthy sequences, in 

particular, are improved by this enhancement. Among the several attention implementations available, the Luong 

attention mechanism is employed in this study. 

At each time step  , the Luong attention mechanism computes encoded weights w  for an encoded source 

sequence, as described by equation (5). 
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    0,1   



 wandw                         (5) 

The predicted output values at each time step are determined by a function that involves the RNN hidden state

k . This function also incorporates the weights assigned to the encoded hidden states, as outlined in equation (6). 

  



  kw ˆ                               (6) 

In the Luong attention model, sequence scores across the entire sequence are computed using the softmax 

function, as specified in the below equation; 

 
  
  




 









'
ˆ,

ˆ,

kkSCR

kkSCRExp
w                               (7) 

From the above equation,   denotes the scaling parameter that controls the attention mechanism behaviors. 

Scores  SCR for each sequence are defined by the dot product of each RNN hidden state k , and the encoder 

hidden state k̂ , altered with the matrix w is expressed in the equation below; 

   kwkkkSCR ˆˆ,                                (8) 

From the above equation,  denotes the extremeamount of repetitions.  

The walrus optimization algorithm[24] is utilized in this study to select the optimal weight parameters. The 

population of walruses is mathematically represented using a population matrix. The walrus populations are 

initialized randomly, and the population matrix is computed and expressed as; 


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,1,11,11

yyy

yyy

yyy

Y

Y

Y

Y

k

jkjj

k

j















 (9) 

From the above equation, the population of the walruses is denoted byY , the candidate solution, and the total 

number of walruses is indicated by jY and . The value of the 
thk decision variable, as well as the total number 

of decision variables, are denoted by kjy ,  and . During the exploration phase, the optimal position and 

corresponding weight value for the walruses are computed, and it is expressed as; 

 kjkjkkjkjkj yswRyy ,,,,, ..1 


 (10) 














else
Y

j

jjj

j
,

, 11

(11) 

where, updated weight value for thj walrus in the 1st stage and its 
thk dimension is represented by 

1

jY

and
1

,



kjy  , random number lies between 0 to 1 is denoted as kjR , , strongest walrus with best weight parameter is 

indicated by sw  and integers randomly selected from the interval 0 to 1 is indicated by kj , . 
1 j   denotes the 

objective function. 

In the migration phase, updated weight parameter is initially generated, and it enhances the objection function 

value, then it is expressed as; 

 
 












elseyyRy
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y
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,..
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,
2

(12) 
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



 





elseY

Y
Y

j

jjj

j
,

, 22

   (13) 

From the above equation, updated weight value for 
thj walrus in the second stage, along with its dimension, 

is denoted by 
1

jY and
1

,



kjy . 
2 j denotes the objective function,   ,.....,2,1, lYl and jk   it denotes the 

weight value ofselected walrus for migrating the 
thj walrus, 

thk dimension. Its updated objective value is 

indicated by kly ,  and l . 

In the exploitation phase, aupgraded weight parameter is randomly generated, and it is expressed as; 

  

kLkLkLkjkj LBRUBLByy ,,,,, .3 


  (14) 
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  (16) 

Based on the third stage, weight updated value for thj  walrus and its 
thk dimension is denoted by 

3

jY

and
3

,



kjy , the iteration counter and its objection function is represented by  and 
3 j , and the upper bound and 

lower bound of thj walrus are indicated by kUB and kLB  where
thk variable is represented by 



kLUB , and



kLLB , . 
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Figure 2:Block diagram for walrus optimized RNN based MPPT controller 
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Figure 2 represent block diagram of the proposed walrus optimized RNN based MPPT scheme. PV panel outputs 

like voltage and current along with ambient temperature and solar irradiation provide inputs to RNN. RNN 

predicts maximum power point reference. The optimized duty cycle is then passed to the MPPT controller that 

drives the DC–DC converter to ensure maximum power extraction from PV system. 

 

3.3 Modelling of Wind   

Wind turbines play a crucial role in wind energy systems, serving as the primary movers for electric generators 

that they directly power through their shafts. The transformation of wind energy into kinetic energy is the process 

that produces mechanical energy [25]. The power generated by the wind turbine can be represented as; 

  3,5.0   M                              (17) 

From the above equation, the swept area of the blades is denoted by  , the pitch angle of the blade is 

indicated by  , the tip-speed ratio is denoted by  , air density, and the wind speed is denoted by  and  . 

The turbine’s performance coefficient is indicated by
 .  

 

3.4Proposed 51-level MLI 

The proposed 51-level inverter with 10 switches and 4 voltage sources is shown in Figure 3.In the proposed 

inverter design, Insulated Gate Bipolar Transistors (IGBTs) are employed due to their high voltage blocking 

capability and fast switching characteristics. Each IGBT is selected to withstand at least 2–3 times the maximum 

expected blocking voltage per device to ensure safe operation. With the proposed 51-level MLI structure, IGBTs 

are subjected to a maximum stress of 120 V per switch, which is well below the selected device rating, thus 

guaranteeing reliable operation and reduced switching/conduction losses.In the suggested inverter design, the 

voltage sources for V1, V2, V3, and V4 were symmetrical in the ratio of 1:1:3:3, correspondingly. Additionally, 

the voltage sources are chosen in such a way that the output and load both have the step voltages that are intended. 

For V1, V2, V3, and V4, the selected values for the voltage sources are 30V, 30V, 90V, and 90V, 

respectively.Table 2 presents the 51 levels that were generated using the switching sequence in accordance with 

the recommended topology. In the tabular representation, the variables 0 and 1 denote the OFF states and ON 

switching states, respectively. The architecture under consideration yields a maximum voltage of 240 V and a 

minimum value of zero. Different modes of operations are investigated in Figure 3. 

V1

V2
V3

V4

S1
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S3

S4
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S9
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Vout

 
Figure 3: Proposed 51 level inverter  
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PV array output voltage is first processed through a DC–DC converter stage, which is controlled by the WQ-RNN 

based MPPT to regulate the voltage at an optimal DC link level. This regulated DC voltage is then supplied to the 

51-level inverter. Similarly, wind source after AC–DC conversion and the battery via a bidirectional DC–DC 

converter are also interfaced with individual 51-level inverters. This ensures that all DG units are properly linked 

to the AC bus.  

Table 2: Switching pulses for the proposed 51-level inverter  

                                 Switches  

Vout S1 S2 S3 S4 S5 S6 S7  S8  S9 S10 

0 0 1 1 1 0 1 0 0 1 25Vdc 

0 0 0 0 1 0 1 0 0 1 24 Vdc 

1 0 1 0 1 0 1 0 0 1 23 Vdc 

0 1 0 0 1 0 1 0 0 1 22Vdc 

0 0 1 0 1 0 1 0 0 1 21Vdc 

0 0 0 1 1 0 1 0 0 1 20Vdc 

1 1 0 0 1 0 1 0 0 1 19Vdc 

0 1 0 1 1 0 1 0 0 1 18Vdc 

1 0 0 1 1 0 1 0 0 1 17Vdc 

0 1 0 0 1 0 1 0 0 1 16Vdc 

1 1 0 0 1 0 1 0 0 1 15Vdc 

0 0 1 0 1 0 1 0 0 1 14Vdc 

1 0 1 0 1 1 1 0 0 1 13Vdc 

0 0 0 1 0 1 1 0 0 1 12Vdc 

1 0 0 1 0 1 1 0 0 1 11Vdc 

0 1 0 0 0 1 1 0 0 1 10Vdc 

1 1 0 0 0 1 1 0 0 1 9Vdc 

0 0 1 0 0 1 1 0 0 1 8Vdc 

1 0 1 0 0 1 1 0 0 1 7Vdc 

0 0 0 1 0 1 1 0 0 1 6Vdc 

1 0 0 1 0 1 1 0 0 1 5Vdc 

1 1 0 0 0 1 1 0 0 1 4Vdc 

0 1 1 0 0 1 1 0 0 1 3Vdc 

1 0 0 1 0 1 1 0 0 1 2Vdc 

0 1 0 1 0 1 1 0 0 1 1Vdc 

0 1 0 0 1 0 1 0 0 1 0Vdc 

1 1 1 1 1 0 0 1 1 0 -1Vdc 

0 1 0 1 1 0 0 1 1 0 -2Vdc 

1 1 1 0 1 0 0 1 1 0 -3Vdc 

1 1 0 1 1 0 0 1 1 0 -4Vdc 

0 0 1 1 1 0 0 1 1 0 -5Vdc 

1 0 1 0 1 0 0 1 1 0 -6Vdc 

0 1 1 0 1 0 0 1 1 0 -7Vdc 

1 0 1 1 1 0 0 1 1 0 -8Vdc 

1 1 1 0 1 0 0 1 1 0 -9Vdc 

1 0 1 1 1 0 0 1 1 0 -10Vdc 

0 0 1 1 1 0 0 1 1 0 -11Vdc 

0 1 0 1 1 0 0 1 1 0 -12Vdc 

1 1 1 0 1 0 0 1 1 0 -13Vdc 

0 1 1 0 0 1 0 1 1 0 -14Vdc 

0 0 1 1 0 1 0 1 1 0 -15Vdc 

1 1 0 0 0 1 0 1 1 0 -16Vdc 

1 0 0 0 0 1 0 1 1 0 -17Vdc 

0 1 0 0 0 1 0 1 1 0 -18Vdc 

0 0 1 0 0 1 0 1 1 0 -19Vdc 

0 0 0 1 0 1 0 1 1 0 -20Vdc 
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0 1 1 1 0 1 0 1 1 0 -21Vdc 

0 1 1 1 0 1 0 1 1 0 -22Vdc 

0 1 1 1 0 1 0 1 1 0 -23Vdc 

0 1 1 1 0 1 0 1 1 0 -24Vdc 

1 0 0 1 0 1 0 1 1 0 -25Vdc 
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Figure 4: Modes of operation of proposed inverter (a) mode 1 (b) mode 2 (c) mode 3 (d) mode 4 (e) mode 

5 

 

A low voltage of zero and a high voltage of 240 V are both produced by the suggested topology. The 51-level 

inverter’s several modes of operation are illustrated in Figure 4. Mode 1 uses a single voltage source to produce 

a 30V output. In the first mode, all but switches S1, S4, S5, and S7 are disabled. In mode 2, a 60V output voltage 

was produced by conducting two voltage sources. During mode 2, only switches S1, S4, and S5 are operational; 

all others are disabled. Using V1, V2, and V3 as inputs, Mode 3 generated an output voltage of 150 V. Switches 

like S1, S9, S5, and S4 are under on condition, and others are under off condition in Mode 3. All voltage sources 

operate in Mode 4 and produce a maximum output voltage of 240V. Switches S4, S5, S1, and S10 are all turned 

on in this mode.Mode 5 represents the zero state, which generates zero voltage as an output because no voltage 

sources are conducted. Only switches S1, S4, S5, and S8 are active in this first mode; all others are inactive. As 

more voltage levels are added and the voltage waveform gets closer to a sine wave, the output voltage becomes 

better. 

Power losses of any semiconductor switch, IGBT, can be divided into conduction losses and switching losses 

[26]. Instead, these are combined as the total power loss of the MLI )( LossT , as expressed in equation (18). 

SwitchingConductionLOSS TTT                               (18) 

where, SwitchingT denotes switching loss and ConductionT represent conduction loss in the proposed inverter. 

The efficiency of the MLI is calculated using the following equation (19). 

100



LOSSOutput

Output

TP

P
Efficiency       (19) 
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where, OutputP  indicates output power. The loss and efficiency of the proposed MLI are evaluated using the 

above equations [31]. The proposed inverter achieves an efficiency of 95.653%. This efficiency is based on a total 

conduction loss of 71.98 W and a total switching loss of 0.73 W, resulting in total power losses of 72.71 W.  

 

3.5 Proposed Control Strategy  

A master unit’s primary responsibility in microgrid isolated mode is to maintain a constant frequency and voltage 

at the Point of Common Coupling (PCC).As an inverter for voltage sources, the main unit can only be used in 

voltage control mode [30]. It is recommended that the master unit operate in current control mode (as a current 

source inverter) while the microgrid is connected to the grid.Since the slave units are responsible for injecting 

power, the steady-state current of the master unit should be zero when in islanded mode. Slave inverters in a 

master-slave architecture control the amount of current that can reach the loads. Consequently, the designated 

individuals bear the responsibility of introducing both reactive and active electrical energy into the interconnected 

loads through the PCC. In order to maintain a stable, balanced, and reliable voltage at the PCC, the master unit 

supplies the reference voltage to the slave units. Furthermore, the slave units function alone in both grid-connected 

and islanded modes under the present control mode. In this work, a cascaded TFOPI-FOTD controller is proposed 

to control the switching pulses of novel MLI. Gain parameters of this controller like 1tK , pK , iK , 2tK , dK  

, N ,  and   are tuned using the FHO algorithm. 

 

3.5.1Cascaded TFOPI-FOTD controller 

Fractional calculus can be defined through several approaches, with the most prominent ones being the Riemann–

Liouville definitions. The proposed cascaded TFOPI-FOTD controller is designed to regulate the output voltage 

of the MLI. The controller consists of two cascaded stages: a TFOPI stage and a FOTD stage. Equation (20) 

defines this operator in such a way that fractional derivatives and fractional integrals can be applied 

simultaneously. 

,
)(

)(

)(

1
)(

1






 

 d
t

f

dt

d

m
tfD

b

a

mm

m

ba  
     (20) 

where, m denotes the integer part of , Nmmm  ,1  , )(tf denotes the function, and )(x

indicates the Euler’s gamma function of x. Equation (21) presents the generalized transfer function of the TFOPI. 
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The FOTD controller’s transfer function is as follows. 

sK

s

K
sC d

N

i

tFOTD  2)(   (22) 

The transfer function of the proposed cascaded T-FOPI-FOTD controller is given by 
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where, 1tK   indicates tilt gain for TFOPI controller, pK  denotes proportional gain, iK  represent integral 

gain, 2tK  represent tilt gain for FOTD controller, and dK  means derivative gain parameter [27]. The adjustable 

parameter N  is preferably chosen between 2 and 3. Moreover, it includes two additional coefficients,  and 

 which are defined in the computation of the differ-integral order function. According to fundamental 

principles, the proposed controller maintains system stability. Figure 5 represents the structure of the proposed 

cascaded controller.  
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Figure 5. Structure of proposed cascaded controller 

 

C-TFOPI-FOTD controller governs the AC bus voltage by regulating the output of each inverter. The controller 

continuously monitors the AC bus parameters and adjusts the reference signals applied to the three inverters. For 

synchronization, a PLL mechanism generates a common reference angle, and each inverter adjusts its modulation 

index and phase accordingly. Inverter near PV source is regulated via the DC–DC converter and RNN-based 

MPPT to supply stable DC power, with its inverter output phase-aligned to the bus. Inverter in wind source 

through rectifier is synchronized using the PLL reference, ensuring frequency and phase alignment. Inverter in 

battery through bidirectional DC–DC converter operates as a balancing unit, injecting or absorbing power based 

on bus demand, while also tracking the common AC bus angle. This coordinated control strategy ensures stable 

AC bus voltage, smooth synchronization among the three sources, and effective power sharing under dynamic 

operating conditions. However, to enhance the controller’s efficiency, the gain parameters of the proposed 

controller are selected using an optimization algorithm. Therefore, this work utilized the FHO algorithm. 

 

3.5.2 Fire Hawks Optimization (FHO) 

The FHO is a widely used metaheuristic optimization algorithm suitable for tuning the gain parameter of a C-

TFOPI-FOTD controller, achieving minimal error and reduced harmonics [28]. To achieve precise error 

minimization, the proposed approach aims to optimize the constraints on proportional, integral, tilt, and derivative 

gains  dtip  ,,,  of the C-TFOPI-FOTD controller.The 51-level inverter was chosen for its ability to 

produce a higher quality output voltage with lower THD compared to lower-level inverters. The FHO algorithm 

was selected for its fast convergence rate, global optimization capability, and robustness to local minima, which 

are critical for controller gain tuning. Unlike GA or PSO, which may stagnate in local minima, FHO dynamically 

adapts its search strategy, making it more reliable for the nonlinear optimization problem of switching state 

selection.It imitates the way that solitary hawks forage, which includes starting and maintaining flames in order 

to capture prey. The initial vector starting positions within the search space are identified by an initial 

randomization technique. It is computed and expressed as; 
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From the above equation, jth  candidate solution within the search space is represented by j , the 

dimensionality of the problem is denoted by e , and the number of the candidate solutions is denoted by  . The 

initial positions of the candidate solution are denoted by  0k

jy , 
k

jy  represents the kth decision variable of 

jth  candidate solution as well as R indicates the random number lies between the range of 0 to 1. The maximum 

and minimum bounds within the jth  candidate solution for kth  decision variable is 
k

MAXjy , and
k

MINjy , . To 

help hunters find their prey, Fire Hawks are used to spread fires across the area where they are looking. The main 

fire that Fire Hawks use to cover the search area with flames is also thought to be the best gain measure [29]. 

Then, it is expressed as; 
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where, 
1F  denotes the mth  fire hawk in the search space for fire hawks n , lR  indicates the lthprey 

with the search space based on the wholeamount of n preys. The total distance among fire hawks and prey is 

calculated and expressed as below: 
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From the above equation, the wholeamount of fire hawks and prey is denoted by o and n . The distance among 

thl prey and 
thm fire hawk is represented by

1

ld , and the coordinates of fire hawks and prey are indicated by 

 22 , zy and  11, zy .  

  omFGFF nearbm

NEW

m ,....2,121    (29) 

The best gain parameter is represented by bG , the position vector for 
thm  fire hawk ( mF ) is represented 

by
NEW

mF , the random numbers are uniformly distributed, and it is indicated as 
1 and

2 .  
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From the above equation, the best gain parameter is denoted as bG , updated position for the 
th  prey (

rR ) 

is represented by
NEW

rR , the random integers lying among the range 0 to 1 is denoted by 3 and
4 , msp

indicates the secure location within the region of the 
thm Fire Hawk. 
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The random integers lie among the range 0 to 1 and are denoted by 5 and 6 . 
ALTERF  indicates one of 

the fire hawks in the search area; sp denotes a secure location beyond the terrain of the 
thm  Fire hawks. 

The mathematical representation of msp and sp is derived from the principle that animals commonly group 

in a safe location to protect themselves from danger, and it is expressed as; 
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From the above equation, 
rR  represent the 

th prey surrounded by 
thm  Fire Hawk and the 

thl prey within 

the search space is mentioned by lR .  

 

RESULTS AND VALIDATION 

 

The suggested project makes use of the MATLAB/Simulink software. The suggested inverter and controller 

proved the feasibility of the hybrid system, which combined wind and solar power in an isolated community 

microgrid. The parameters used to build the proposed controller are displayed in Table 3. The proposed work’s 

Simulink block diagram is displayed in Figure 6.  

 
Figure 6:  Simulink block diagram for proposed work 

 

Table 3. System parameter 

Description Parameters Value 

 

PV 

Maximum power 213.15 W 

Open circuit voltage 36.3 V 

Short-circuit voltage 7.84 A 

Voltage at MPPT 29 V 
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Battery 

 

Nominal voltage 200V 

Rated capacity 14 Ah 

 

Wind 

 

stator 0.023 p.u 

inductance 2.9 p.u 

Wind speed 15m/s 

 

 
Figure 7. PV voltage 

 

Figure 7 illustrates the analysis of PV voltage. This graph shows a solar PV panel working at a continuous 

irradiation level of 1000 W/m2. The voltage begins at 0 volts and gradually increases to 100 V. The PV voltage is 

obtained to enhance the MPPT performance, optimize system design, and facilitate battery charging. The graph 

shows the voltage of a system of a system reaching a steady state, the finalvalue of the voltage after the transient 

response is 100V. 

 
Figure 8. PV current  

 

Figure 8 provides the analysis of PV current. This graph illustrates the solar PV panel operating under a 

consistent irradiation level of 1000 W/m². In this graph, the current is increased from 0 to 14 A. An increasing PV 

current is utilized to enhance power output and improve system flexibility and efficiency. This shows that the 

current has reached a stable or steady state conditions. The graph clearly shows the current of the system 

stabilizing overtime.  
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(a)                                                                  (b) 

Figure 9:Varying irradiance for solar PV (a) Voltage (b) current 

 

Figure 9 shows the varying irradiance for solar PV (a) Voltage (b) current. Subplot (a) shows the voltage 

characteristics of solar panel under varying irradiance. The voltage ranges from 0 to 120 V and the times varies 

from 0 to 1 sec. At 0.3 sec, the voltage 50V when the irradiance reaches 400W/m2.  Then the irradiance is varied 

to 700W/m2the voltage is approximatly 95V at 0.7 sec. Then the irradiance is varied 700W/m2. Subplot (a) shows 

the voltage characteristics of solar panel under varying irradiance. The current ranges from 0 to 15A and the times 

varies from 0 to 1 sec. At 0.3 sec, the current 5A when the irradiance reaches 400W/m2.  Then the irradiance is 

varied to 700W/m2 the voltage is approximatly 11A at 0.7 sec. Then the irradiance is varied 700W/m2. 

 
                                       (a)                                                                             (b) 

Figure 10: Output of DC to DC converter 

 

The DC-to-DC converter’s voltage and current output at a constant irradiance level are shown in Figure 10. 

This converter obtained a high range of output power by the use of walrus optimized RNN based MPPT method. 

This method optimally selected the best duty cycle to generate a high range of output. Results analysis shows that 

the converter provides the output current and voltage of 14A and 200V. Thus, a high range of output power is 

obtained from solar panels. 

 
                                     (a)                                                                           (b) 

Figure 11: Characteristic response of wind turbine (a) voltage (b) current 
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Figure 11 shows the wind turbine’s input and output at a continual wind speed. Graph (a) indicates the voltage 

waveform oscillating between +100 V and -100 V, which has a peak amplitude of 100 V, while graph (b) indicates 

the current waveform oscillating between +5A and -5A, which has a peak amplitude of 5 A. The wind speed is 

set at 15m/s, and the wind turbine generates 540W of power at this speed.Wind turbines provide 100V of output 

voltage and 5.4A of current, respectively. These measurements indicate the peak magnitudes of the voltage and 

current signals, respectively, in their continuous oscillations. 

 
(a)                                                             (b) 

Figure 12:Varying wind speed in wind turbine (a) Voltage (b) Current 

 

Figure 12 shows the varying wind speed in wind turbine (a) voltage (b) current. Subplot (a) shows the voltage by 

varying the wind speed.The voltage waveform oscillating between -200 V and +200 V,Upto 0.3 sec the wind 

speed is 10m/s. Upto 0.7sec it has the wind speed of 12m/s then it has 15m/s.Subplot (b) shows the current by 

varying the wind speed.The current waveform oscillating between -5A and +5A.  

 
Figure 13: Characteristic output of battery 

 

Figure 13 represents the output of the battery in the master unit. This figure shows the battery’s output voltage, 

current, and state of charge. The bidirectional converter is used to maintain the energy balance of the islanded 

microgrid. In this work, the battery acts as a master and hybrid renewable energy sources are considered slave 

units. Excess power PV and wind sources are stored in the battery. During high demand times, the battery satisfies 

the load demand if hybrid source power is not enough.  
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Figure 14:Reverse DC-to-DC converter output 

 

The output voltage of the bidirectional DC to DC converter is given in Figure 14.The plot demonstrates a system's 

voltage response within 1 second, with the voltage starting near 0 V, rising rapidly, and finally stabilizing at a 

steady value of 110 V. The x-axis represents time in seconds, and the y-axis represents voltage in volts. As time 

progresses, the voltage curve approaches the 110 V position, in small rapid oscillations, or ripple, close to this 

value. These little oscillations have no effect on the general steady-state, and the graph shows that the system 

reaches a stable final voltage of 110 V once the initial transient response is over. 

 
                                             (a)                                                                  (b) 

Figure 15: Proposed 51-level inverter output (a) voltage (b) current 

 

Figure 15 shows the output characteristics of the suggested 51-level asymmetric inverters. Figure 15(a) shows the 

proposed 51-level inverter's output voltage waveform over a period of 1sec. The voltage is stepped sinusoidal, as 

is the case in multilevel inverters. The peak-to-peak voltage is approximately 400 V and varies from around +200 

V to -200 V. The accompanying current waveform over the same 1-second interval is shown in Figure 15(b). As 

with the voltage, the current is also a stepped sinusoid of approximately 10A peak-to-peak value, oscillating 

between +5A and -5A. The proposed FHO optimized cascaded controller generates this optimal 51 level step 

output with less THD. The characteristic response was obtained for a period of 1 seconds. 

 
Figure 16: Output voltage of inverter 
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The zoomed-in output voltage of the proposed inverter is illustrated in Figure 16. The stepped profile of the 

voltage is evident, with discrete levels closely approximating a sinusoidal waveform. The output voltage peaks at 

around +220V and drops to around -220V and the X-axis ranges from 0 to 0.02 sec.The availability of 51 voltage 

levels makes the output waveform closely mimic the form of a pure sine wave. With more levels, harmonic 

distortion is reduced, resulting in better power quality. 

 

 
Figure 17: Simulation results of the MLI’s output voltage and current under resistive load conditions. 

 

Figure 17 represents the simulation output of MLI output voltage and current under the resistive (R=200Ω) 

load condition. The simulation outcomes confirm that the proposed 51 MLI provides sinusoidal output voltage 

and current in resistive load conditions. The inverter produces a peak output voltage of approximately 220V and 

a peak current of nearly 5A, with synchronized and in-phase waveforms for voltage and current, thus verifying 

resistive load operation. 

 
Figure 18: MLI’s output voltage and current under RL load 

 

Figure 18 illustratesMLI’s output voltage and current under the resistive inductive (R=200Ω, L=200mH) load 

condition. These figures illustrate the in-phase relationship between voltage and current, confirming the expected 

behavior under R and RL load. The figures demonstrate the phase shift and smoothing effect on the output current, 

showcasing the MLI’s performance under a more complex load.  
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Figure 19:Simulated current waveform under dynamic R-load conditions 

 

Figure 19 depicts the dynamic response of current within an electrical circuit subjected to stepwise reductions in 

resistance. This figure illustrates the current waveform over a time interval of 0.2 to 0.4 seconds, during which 

the circuit’s resistance is progressively decreased from 400 Ω to 100 Ω in 100 Ω increments. Initially, with a 

resistance of 400 Ω, the current exhibits a relatively low amplitude sinusoidal waveform. As the resistance is 

reduced to 300 Ω, 200 Ω, and finally 100 Ω at approximately 0.25, 0.3, and 0.35 seconds, respectively, a 

corresponding increase in the current’s amplitude is observed.  

 
(a) 

 
(b) 

Figure 20: Simulated output current during dynamic load change (a) RL to R, R=200Ω (b) RL to R, 

R=100Ω 

 

Figure 20 illustrates the current response to a change in load parameters within an electrical circuit. The 

sinusoidal waveform signifies an AC behavior, driven by an AC voltage source. Two distinct regions are observed, 

representing an RL load (with a resistor and inductor) and an R load (with only the resistor). At approximately 

0.3 seconds, the inductor is removed, leading to notable changes in the current waveform. The removal likely 

reduces or eliminates the phase shift between currents, as in a purely resistive circuit, they are in phase. This 

analysis effectively demonstrates the transient response of the current to load parameter changes, highlighting the 
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impact of the inductor on the circuit’s behavior. Using the proposed control strategy, these load variations are 

effectively handled. 

 
Figure 21: Comparative analysis of MPPT 

 

The comparative study of MPPT is shown in Figure 21. The proposed method is compared with various 

approacheslike INC, P&O, Convolutional neural network (CNN), long short term memory (LSTM) and Artificial 

Neural Networks (ANN). In contrast, the proposed technique demonstrates superior tracking capability, 

potentially enhancing overall system efficiency compared to existing methods.The findings prove that the 

proposed model performs better than all the other methods compared by always has the highest and most 

consistent power from the PV system. It largely outperforms conventional methods like P&O,INC, ANN, CNN, 

and LSTM. 

 
Figure 22: THD analysis for voltage  

 

The THD analysis of the voltage for 51 level MLI is shown in Figure 22. From this graph, the results showed 

that the fundamental voltage obtained is 239.1 V and a THD of 1.29% for that fundamental voltage. It indicates 

that the inverter produces a high-quality voltage waveform with minimal harmonic distortion, ensuring reliable 

operation and maximizing energy conversion stability from the renewable energy source. 

 
Figure 23: THD analysis for the current   

 

Figure 23 presents the THD analysis of the current for a 51-level MLI. The analysis indicates a fundamental 

current of 6.822 A with a THD of 1.78% relative to this fundamental current. These results showed that the inverter 
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can maintain a primary current component while minimizing harmonic distortion, which is essential for stable 

performance. 

 
(a) (b) 

Figure 24: THD analysis for TFOPI (a) voltage (b) current 

 

Figure 24 provides the THD analysis for TFOPI. In Figure 24(a), the findings indicated that the fundamental 

voltage obtained is 238.7 V and a THD of 1.85% for that fundamental voltage. In Figure 24(b), the results show 

that the fundamental current is 6.814 A, with a THD of 2.18% for that current. When compared to the proposed 

technique, the existing technique has higher THD.  

 
(a)                                        (a)            (b) 

Figure 25: THD analysis for FOTD (a) voltage (b) current 

 

Figure 25displays the THD analysis for FOTD. In Figure 25(a), the analysis reveals a fundamental voltage of 

238.4 V with a THD of 2.26%. In Figure 25(b), the fundamental current is measured at 6.809 A with a THD of 

2.44%. These results indicate that compared to the proposed technique, the existing method exhibits higher THD 

levels. This suggests that the proposed technique may offer better performance in maintaining lower harmonic 

distortions in both voltage and current, which is critical for enhancing the reliability and efficiency of power 

systems.  

 

 
Figure 26: Comparative analysis of error performance 

https://pspac.info/index.php/dlbh/article/view/144


 

年 2025 體積 53 問題 4  
359 DOI: 10.46121/pspc.53.4.22  

 

Figure 26 provides a comparative analysis of error performance among different control and optimization 

techniques. The error, which quantifies the deviation from the desired performance objective, serves as the metric 

for comparison. Lower error values indicate better performance, reflecting a closer match to the target or a more 

accurate control action. The 3D bar chart visually represents the error for each technique, with the height of each 

bar corresponding to the magnitude of the error. The results show that the proposed method exhibits the lowest 

error, indicating its superior accuracy and effectiveness in achieving the desired control outcome. In contrast, 

other techniques, including TFOPI, FOTD, GWO, MCSA, and PSO, show significantly higher error values, 

suggesting their relative inferiority in achieving precise control.  

 
Figure 27: Convergence of FHO 

 

Figure 27 depicts the convergence plot of FHO, where MCSA is the multi-strategy boosted chameleon-

inspired optimization algorithm, PSO, and GWO. Using FHO, the minimum fitness is achieved by the 8th 

iteration. Existing optimizations like MCSA, PSO, and GWO require more iterations of 28, 41, and 15, 

respectively. Figure 26 represents the Comparative analysis of THD voltage and current with different controllers. 

By minimizing THD in both current and voltage, the suggested method attains a maximum voltage of 239.1 V. 

This indicates that the proposed technique is highly effective in maintaining power quality and stability. The 

TFOPI technique shows slightly lower voltage and higher THD for both voltage and current compared to the 

proposed technique. This means that although it performs relatively well, it is not as efficient or effective in 

minimizing harmonic distortions as the proposed technique. The FOTD technique has the lowest voltage among 

the three techniques and the highest THD for both voltage and current. This suggests that it is the least efficient 

in maintaining power quality and minimizing distortions. 

 
(a) 
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(b) 

Figure 28: Comparative analysis of THD (a) voltage (b) current  

 

Table 4. Comparative analysis 

Technique Voltage (V) THD for 

voltage 

Current (A) THD for 

current 

Proposed 239.1  1.29% 6.822  1.78% 

TFOPI 238.7  1.85% 6.814  2.18 % 

FOTD 238.4  2.26% 6.809  2.44% 

Table 4 shows a comparison of several methods according to voltage, THD of voltage, and current. The evaluation 

focuses on output voltage, voltage THD, output current, and current THD. Notably, the proposed technique 

demonstrates superior performance across all metrics. It achieves an output voltage of 239.1 V, the highest among 

the three, coupled with the lowest voltage THD of 1.29%. Simultaneously, it delivers an output current of 6.822 

A with a current THD of only 1.78%, again the lowest observed. 

 

In contrast, TFOPI exhibits a slightly lower output voltage of 238.7 V, accompanied by higher THD values: 1.85% 

for voltage and 2.18% for current. FOTD shows the least favorable performance, with an output voltage of 238.4 

V and the highest THD values, 2.26% for voltage and 2.44% for current. These results clearly indicate that the 

proposed technique effectively minimizes harmonic distortion, resulting in improved power quality compared to 

the TFOPI and FOTD methods. 

 

CONCLUSION  

 

This work proposed a 51-level asymmetrical MLI topology combines with the WO-RNN based MPPT and fire 

hawks optimization based C- TFOPI-FOTD controller which demonstrates the significant improvement in 

efficiency and reduces the power losses. The simulation output confirms the system's strength under different 

conditions, and it achieves a high voltage output of 239.1 V with an extremely low THD of 1.29% for voltage and 

1.78% for current. These values reflect better waveform quality, less harmonic content, and better stability 

compared to traditional control methods. In addition, the novel approach performs better than TFOPI and FOTD 

controllers that achieved higher voltage THDs of 1.85% and 2.26%, and current THDs of 2.18% and 2.44%, 

respectively. The system also obtains a total efficiency of 95.653% due to the fewer number of switches and 

conduction losses in the presented MLI structure. These results confirm that the presence of state-of-the-art 

optimization and smart control algorithms in the inverter design assures high reliability, low distortion, and 

efficient energy conversion, which makes the suggested system a promising candidate for renewable energy-based 

microgrids.In the future, it is possible to expand the suggested modified system to topologies of microgrids with 

multiple different energy sources like fuel cells, and diesel generators. This will allow further confirmation of its 

adaptability, stability, and efficiency in hybrid renewable energy systems. 
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