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Abstract - In recent years, Photovoltaic (PV), Wind Turbine (WT) and Fuel Cell (FC) Hybrid Renewable Energy Sources (HRES) 

have been used to reduce greenhouse gas emissions and energy consumption. PV and wind are the primary renewable energy 

sources, with fuel cells serving as supplemental sources to compensate for power fluctuations and ensure uninterrupted power 
delivery to the load. Grid-connected systems comprise renewable generation systems and distributed loads that operate under 

system control and grid-connected mode. However, the growing amount of clean energy sources and distributed generators 

necessitates novel approaches for the operation and management of the electricity grid for the purpose of increasing power-

supply consistency. Thus, this work introduces a novel combined Luo converter along with a Bat optimization-based 

Proportional Integral (PI) controller for a hybrid PV/wind/FC system to enlarge and uphold the reliability of power supply to 

the grid system. Owing to the intermittent nature of the PV system, the output of the PV panel gets fluctuates, resulting in poor 

voltage and unable to meet the load demand. With the implementation of the Luo converter, the unregulated DC output is 

regulated with high efficiency and reduced current ripples. Furthermore, the Bat-optimized PI controller efficiently maintains 

the constant DC link voltage with improved dynamic response. The Boost converter is employed to strengthen the low output 

voltage of the fuel cell. Finally, the entire developed system is executed in MATLAB /Simulink in order to validate the proposed 

system’s working functionality. 

Keywords - Bat optimized PI controller, Boost converter, HRES, Luo converter, MATLAB / Simulink, PV / wind / FC system. 

1. Introduction 
Energy is a key component of a sustainable economy and 

the engine of a country’s social and economic development. 

Energy sources ought to be reliable, safe and environmentally 

benign [1, 2]. Human life requires energy usage, and modern 

society cannot survive without a reliable and plentiful supply. 
Government policy is promoting the use of RESs since the 

majority of energy comes from traditional sources that 

contribute to pollution. In addition, electricity is sometimes 

only available for a few hours in several locations [3, 4].  

Several RESs are integrated into a Hybrid Energy System 

(HES), which offers a workable solution to meet the world’s 

power demand and the electricity shortage at such locations 

[5]. The widespread use of RESs has been prompted by the 

development of smart grid capability, which fundamentally 

alters the conventional network architecture. To meet the peak 

load demand, a HES typically consists of two or more RESs 
[6, 7].  

With benefits including high overall efficiency and low 

environmental impact, PV, wind, and Fuel Cell (FC) are the 

most popular RESs [8], which are utilized in this work. This 

offers a workable remedy for the energy problem, lowers CO2 

emissions and improves power grid dependability. However, 

power quality is still compromised, and the hybrid system 

obtains unstable and poor voltage, to improve the voltage, the 

DC-DC converter is necessitated [9, 10]. 

Various conventional converters are employed to boost 

the low voltage generated by the PV system. Conventional 

Buck and Buck-boost in [11, 12] is employed to improve the 

voltage from PV systems; such systems have an issue where 

high-frequency current harmonics are introduced in order to 

remove it, the system needs passive input filters, which adds 
bulk and expense to the system [13].  

In contrast to buck-boost converters, the Cuk [14] and 

SEPIC [15] converters can provide voltage conversion ratios 

that are both higher and lower, and their input current is 

continuous. However, both of these converters have the 

drawback of having an important amount of input current 

ripples [16].  

Therefore, the implemented work incorporated with the 

Luo converter for producing high efficiency reduces the ripple 
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content in voltage and current with reduced switching losses. 

Additionally, selecting an appropriate controller is crucial for 

enhancing the converter’s dynamic performance, achieving 

unity power factor and lowering THD.  

When used in a set range, the traditional PI [17] controller 

method is easy to use and efficient but inappropriate in non-
linear operating situations. In the event of shocks and 

uncertainties, the PI controller responds slowly and 

experiences peak overshoot issues. [18] Optimization 

techniques have recently been used to control and enhance the 

behaviour of complex systems. However, evolutionary 

optimization is being used for good purposes by researchers 

quite rapidly and generally.  

In [19] PSO, Artificial Bee Colony [20] and Whale 

Optimization Algorithm [21] are thought to have benefited 

greatly for their robustness, high flexibility and high 

computation efficiency. However, those optimization 

algorithms’ primary drawbacks include their propensity for 
slow convergence, poor local optimization abilities, limited 

precision and inadequate population variety [22, 23].  

To conquer the above mentioned limits, the proposed 

work utilized the Bat optimization algorithm, which 

characteristics include resilience, simplicity, less number of 

parameters and ease of implementation with rapid 

convergence speed. The following provides an illustration of 

the developed work’s contribution. 

 In order to continuously supply electricity to the grid, a 

separate voltage source converter is used to implement 
the grid-connected hybrid renewable system. 

 By utilizing the Luo converter, the low voltage attained 

by the PV system gets efficiently boosted. 

 The bat optimization algorithm-based PI controller is 

employed to provide rapid convergence speed with 

robustness. 

2. Proposed Modelling 
Various electrical power generation sources are referred 

to as hybrid energy systems. In this system, several renewable 

energy sources are combined, either independently or in 

conjunction with traditional energy sources, to make up for the 

erratic nature of RES and boost overall energy efficiency.  

As a consequence, this work presents the grid-integrated 

hybrid PV/wind/FC system using bat algorithm based PI 

controlled Luo converter, and the block diagram for the 

implemented framework is represented in Figure 1, which is 

described as follows. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 1 Block diagram for the proposed framework 

The PV system’s output voltage is low due to its 
ecological changes, which are boosted by the developed Luo 

converter with high efficiency and reduced ripple current. The 

implemented converter is constantly stabilized by utilizing the 

Bat-optimized PI controller, and the controlled output is fed to 

the PWM generator to give pulses for better function of the 

Luo converter. On the other hand, the DFIG-based wind 

energy system provides the AC supply, which is converted 

into DC by adopting the PWM rectifier. 𝑉𝑎𝑐𝑡  Actual voltage 

and reference voltage 𝑉𝑟𝑒𝑓  is compared, which generates the 

error signal.  

PI controller and PWM pulses compensate for the error 

signal produced by the PWM generator for better functioning 

of the PWM rectifier. Moreover, the energy obtained from the 

fuel cell gets improved by employing the boost converter.  
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The enhanced and controlled DC link voltage is delivered 

to a three-phase VSI to convert the AC supply for delivery into 

the grid system, which is controlled by the PI controller. 

Finally, a constant and uninterrupted power supply is supplied 

to the grid system with the help of the proposed system. 

2.1. Modelling of PV System 
Solar PV panels convert solar radiation into DC 

electricity to ensure power generation. A solar cell module, 

also known as a photovoltaic module, is made up of frequent 

solar cells installed on a surface and connected in series or 

parallel to improve power production. The one-diode 

equivalent circuit is used to represent the PV cells, as shown 

in Figure 2. Equation 1 is utilized to ascertain the PV current. 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑜 [𝑒
(𝑉+𝐼𝑅𝑠 ∗

𝑞

𝑛𝑘𝑇𝑁𝑆−1
] −

(𝑉+𝐼𝑅𝑠)

𝑅𝑠ℎ
   (1) 

Where, T represents the absolute temperature, Iph 

indicates the light produced current, n denotes the linearity 

factor, k specifies the Boltzmann gas constant, Rsh refers to 

the cell shunt resistance, V represents the output voltage of the 

solar cell, Rs indicates the cell series resistance and Io 

indicates the dark saturation current value respectively.  

The voltage obtained from the PV system is low due to its 
climatic variations, which is enhanced by implementing the 

Luo converter described below. 

2.2. Modelling of Luo Converter 

This study employs a Luo converter to boost the low 

voltage attained from the PV system. This converter has two 

inductors, one diode, one switch and two capacitors, as 

illustrated in Figure 3. Capacitors 𝐶1,𝐶2 and inductors 𝐿1, 𝐿2 

are the energy storage passive elements, and 𝑅 is the load 

resistance. The circuit can be split into two modes to evaluate 

the Luo converter’s operation. The following Figure 4 

indicates the modes of operation for the proposed Luo 
converter. 

 

 

 

 

 

 

 
 

 
Fig. 2 Equivalent circuit diagram of PV system 

 

 

 

 

 

 

 

 
 
 

Fig. 3 Circuit diagram of Luo converter 

 

 

 

 

 

 

 

 

 
Fig. 4 Modes of operation (a) Mode 1, and (b) Mode 2.

Mode 1: The supply voltage charges the inductor 𝐿1 during 

the switch is in the ON state. At the same time, the 

inductor 𝐿2 absorbs the energy from the source as 

well as the capacitor 𝐶1. The capacitor 𝐶2 provides 

the load. The analogous circuit for a Luo converter 

operating in mode 1 is portrayed in Figure 4(a). 

Mode 2: The current drawn from the source is zero when the 

switch is in the OFF position, as seen in Figure 4(b). 

The diode receives current 𝑖𝐿1 in order to charge the 

capacitor 𝐶1. To maintain itself, the current 𝑖𝐿2 

passes through the diode 𝐷 and the 𝐶2-R circuit. 

2.2.1. Analysis of Luo Converter 

The 𝐼𝐿2 the inductor current is determined by the below 

equation, 

𝐼𝐿2 =
1−𝑎

𝑎
𝐼𝐿1  (2) 
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Fig. 5 Waveform for the proposed converter 

The capacitor 𝐶1 across the average voltage, 

𝑉𝑐1 =
𝑎

1−𝑎
𝑉𝑖𝑛   (3) 

The inductor current peak-peak is determined as, 

𝛻𝐼𝑙1 =
𝛼𝑇𝑉𝑖𝑛

𝐿1
 (4) 

The inductor 𝐿1 value as Equation 5 as, 

𝐿1 =
𝛼𝑇𝑉𝑖𝑛

𝛻𝐼𝐿1
   (5) 

The inductor current 𝐿2 peak to peak value is defined as, 

𝛻𝐼𝐿2 =
𝛼𝑇𝑉𝑖𝑛

𝛻𝐼𝐿2
 (6) 

Following this, the proposed technique utilized a bat 

optimization algorithm to regulate the Luo converter, which is 

expressed as follows, 

2.3. Modelling of Bat Algorithm 

The bat algorithm is designed to resemble the way little 

bats use echolocation to find their way around in the dark, 

avoid obstacles, and spot openings.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
Fig. 6 Flowchart for the proposed Bat algorithm
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Bats and certain other creatures use a navigational 

mechanism called echolocation, which uses sound signals to 

identify things in their surroundings. Every virtual bat in the 

original population updates its position inside the BA using a 

similar echolocation phenomena.  

A sequence of powerful ultrasonic waves is delivered to 
produce echoes in the perceptual system bats use for 

echolocation. The bats analyze these waves, which return at 

varying audio levels and with delays, to identify a particular 

prey. The behaviour of bats employing the echolocation 

process can be summed up by the following laws, which form 

the basis of BA: 

a) Every bat classifies its prey and obstacles based on the 

features of the echolocation process. 

b) In order to reach their starting position 𝑥𝑖, bats fly at 

random at a speed 𝑣𝑖. They can also alter their frequency 

from fmin to fmax, as well as their wavelength (λ) and 

intensity (𝐿) in order to find prey. The amount of pulses 

a bat emits varies on the proximity of its target or prey, 

and it can automatically modify the wavelength or 

frequency of the signal it emits. 

c) From a constant lowest value 𝐿𝑚𝑖𝑛  to a high-value 𝐿0, the 

intensity or volume fluctuates. Every bat must have its xi 

position and  𝑣𝑖 speed provided and updated in each BA 

iteration during the optimization process. The equations 
that follow provide guidelines for determining new bat 

solutions and velocities. 

𝑓1 = 𝑓𝑚𝑖𝑛 + (𝑓𝑚𝑎𝑥 − 𝑓𝑚𝑖𝑛)𝑟𝑎𝑛𝑑 (7) 

𝑣𝑖
𝑖+1 = 𝑣𝑖

𝑡+ (𝑥∗ − 𝑥𝑖
𝑡)𝑓𝑡  (8)  

𝑥𝑖
𝑡+1 = 𝑥𝑖

𝑡 + 𝑣𝑖
𝑖+1  (9) 

The intensity or volume varies from a fixed lowest value 

𝐿𝑚𝑖𝑛  to a high-value 𝐿0. Throughout the optimization process, 

each bat’s xi position and  𝑣𝑖 speed must be supplied and 

updated for each BA iteration.  

New bat solutions and velocities can be found using the 

following equations as a basis. From a fixed lowest value 𝐿𝑚𝑖𝑛  

to a high-value 𝐿0, the intensity or volume fluctuates. Every 

bat must provide and update its xi position and  𝑣𝑖 speed for 
every BA iteration during the optimization process.  

Using the following equations as a guide, new bat 

solutions and velocities can be determined. 

𝑥𝑛 = 𝑥𝑎 + 𝜖𝐿′    (10) 

Where 𝑥𝑎 represents the best previous solution and 𝑥𝑛 

represents the new one. The average volume of all bats in 

iteration t is represented by 𝐿𝑡 , while ε is a random value that 

falls between −1 and 1. The loudness can be changed to a 

useful value in the following manner: as the bats get closer to 

their meal, the intensity decreases and the number of pulses 

they produce increases. 

𝐿𝑖
𝑡+1 = 𝛼 + 𝐿𝑖

𝑡  (11) 

𝑟𝑖
𝑡+1 = 𝑟𝑖

0(1 − 𝑒−𝛾𝑡)   (12) 

Where γ is a constant value greater than zero, and α is a 

random constant between 0 and 1. The flowchart displayed in 

Figure 6 depicts the basic steps involved in the application of 
the BA algorithm. On the other hand, the DFIG-based wind 

energy system is implemented in this work, which is 

illustrated below. 

2.4. DFIG Based Wind System Modelling 

Windings from the stator and rotor make up the DFIG. It 

has rings made of slip, mounted on the stator and connected to 

the grid via a three-phase transformer or three-phase shielded 

windings. The rotor and stator are constructed using three-

phase insulated windings. An external stationary circuit is 

connected to the rotor windings using a series of brushes and 

slip rings. Following Figure 7 indicates the equivalent circuit 

in the dq reference frame.

 

 

 

 

 

 

 

 

 

 

 
Fig. 7 Equivalent circuit in dq reference frame 
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The following equation provides a d−q reference frame 

for the dynamic modelling of a doubly-fed induction 

generator: 

{
 
 

 
 𝑉𝑑𝑠 = 𝑅𝑠𝐼𝑑𝑠 +

𝑑

𝑑𝑡
𝜑𝑑𝑠 −𝜔𝑑𝑠 −𝜔𝑠𝜑𝑞𝑠

𝑉𝑞𝑠 = 𝑅𝑠𝐼𝑞𝑠 +
𝑑

𝑑𝑡
𝜑𝑞𝑠 − 𝜔𝑠𝜑𝑑𝑟

𝑉𝑑𝑟 = 𝑅𝑟𝐼𝑑𝑟 +
𝑑

𝑑𝑡
𝜑𝑑𝑟 − (𝜔𝑠 − 𝜔𝑟)𝜑𝑞𝑟

𝑉𝑞𝑟 = 𝑅𝑟𝐼𝑞𝑟 +
𝑑

𝑑𝑡
𝜑𝑑𝑟 − (𝜔𝑠 −𝜔𝑟)𝜑𝑞𝑟

       (13) 

The rotor flux and stator are expressed as, 

{
 

 
𝜑𝑑𝑠 = 𝐿𝑠𝐼𝑑𝑠 + 𝐿𝑚𝐼𝑑𝑟
𝜑𝑞𝑠 = 𝐿𝑠𝐼𝑞𝑠 + 𝐿𝑚𝐼𝑞𝑟
𝜑𝑑𝑟 = 𝐿𝑠𝐼𝑑𝑟 + 𝐿𝑚𝐼𝑑𝑠
𝜑𝑞𝑟 = 𝐿𝑟𝐼𝑞𝑟 + 𝐿𝑚𝐼𝑞𝑠

     (14) 

The DFIG torque equation is given as follows 

𝑇𝑒𝑚 =
3

2
𝑝

𝐿𝑚

𝐿𝑟
(𝜑𝑑𝑠𝐼𝑞𝑟 −𝜑𝑞𝑠𝐼𝑞𝑟)  (15) 

The below Equation 16 indicates the stator’s reactive and 

active powers, 

{
𝑃𝑠 =

3

2
𝑉𝑑𝑠𝐼𝑑𝑠 +𝑉𝑞𝑠𝐼𝑞𝑠

𝑄𝑠 =
3

2
𝑉𝑑𝑠𝐼𝑑𝑠 − 𝑉𝑞𝑠𝐼𝑞𝑠

      (16) 

The rotor’s active power can be illustrated as 

𝑃𝑟 =
3

2
(𝑉𝑑𝑟𝐼𝑑𝑟 −𝑉𝑞𝑟𝐼𝑞𝑟)     (17) 

Following this, another power generation source of fuel 

cell is utilized in this work that is described below. 

2.5. Fuel Cell Modelling 

A fuel cell is a device for converting chemical energy 

from hydrogen fuel into electrical energy by reacting 

positively charged hydrogen ions with oxygen to produce 

heat, water, and electricity. The following Equation 18 
indicates the chemical reaction. 

2𝐻2 +𝑂2 → 𝐻2𝑂+ 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 + ℎ𝑒𝑎𝑡   (18) 

Equation 19 can be utilized to define the cell voltage as 

the difference between the total voltage losses in the fuel cell 

and the ideal Nernst voltage ENernst. 

𝑉𝐹𝐶 = 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 −∑∆𝑉 (19) 

The sum of voltage losses ∑∆𝑉 is determined as below, 

∑∆𝑉 = 𝑉𝑎𝑐𝑡 +𝑉𝑜ℎ𝑚𝑖𝑐 + 𝑉𝑐𝑜𝑛 (20) 

The thorough model of FC, which serves as a regulated 

voltage source, is displayed in Figure 8. This study uses a 

boost converter, explained below, to increase the fuel cell’s 

voltage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 8 Electrical model of fuel cell 

2.6. Modelling of Boost Converter 

The boost converter is utilized to raise input voltage to a 

greater level, and this converter has an inductor, a switch, a 

diode and a capacitor. Moreover, it has two modes of 

operation based on the switch’s position. The inductor current 

increases when the switch is turned on because the output 

voltage is equal to the voltage across it. The current 

diminishes, and the inductor voltage equals (𝑉𝑖𝑛−𝑉0).when the 

switch is turned OFF. Figures 9 and 10 display the circuit 
schematics of the Boost converter’s equivalent circuits during 

switch ON and switch OFF conditions. 

 

 

 

 

 

 

 

 
Fig. 9 Circuit diagram of boost converter 

The duty cycle can be determined using the following 
formula: 

𝑘 = 1 −
𝑉𝑖𝑛

𝑉0
 (21) 
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Fig. 10 Modes of operation (a) Mode 1, and (b) Mode 2.

Where voltages (Vin −Vo) for the input and output are 

located. As shown below, the load R_s is computed: 

𝑅𝑠 =
𝑉0

2

𝑃𝑝𝑣
   (22) 

Where 𝑃𝑝𝑣 represent the power of the solar panel. The 

following formulas are used to determine the input and output 

currents: 

𝐼0 =
𝑉0

𝑅𝑠
 (23) 

𝐼𝑖𝑛 =
𝐼0

1−𝑘
  (24) 

The inductor value is estimated by, 

𝐿 =
𝑘𝑉𝑖𝑛

𝑓∆𝑖𝐿
 (25) 

Here, ∆ denotes the ripple current and the capacitor value 

is defined as follows, 

𝐶 =
𝑘𝑉0

𝐹∆𝑣𝑐𝑅𝑠
 (26) 

Here, ∆𝑣𝑐 specifies the ripple voltage.  

3. Results and Discussion 
The hybrid PV/wind/FC system using a bat algorithm-

based PI-controlled Luo converter is implemented in this 

study. By exploiting the proposed converter and optimization 

topology, high efficiency, low THD, and less settling time 

with rapid convergence speed, The overall developed system 

is applied in MATLAB/Simulink to demonstrate the efficacy 

of the developed system.  

The comparative analysis is represented as follows with 

various conventional topologies, and Table 1 specifies the 

parameter specification, which is defined below. 

Table 1. Parameter specification 

Parameter Description 

Solar PV System 

Open Circuit Voltage 12V 

Peak Power 10kW, 10 panel 

Series Connected Solar PV Cell 36 

Short Circuit Current 8.3A 

DFIG System 

Rotor Inductance 0.16mH (pu) 

Pairs of Poles 3 

No. of Turbines 4 

Stator Resistance 0.023 Ω (pu) 

Magnetizing Inductance 2.9mH 

Rotor Resistance 0.016Ω (pu) 

Line-Line Voltage 415V 

Stator Inductance 0.18mH (pu) 

Frequency 50Hz 

Friction Factor 0.01F (pu) 

Nominal Power 10kW 

3.1. Case 1: Under Varying Condition 

Figure 11 represents the solar panel waveform for the 

proposed system in case 1; from Figure 11(a), the temperature 
varied slightly up to 0.3s, and after 0.3s, the temperature was 

constantly upheld at 35C. Likewise, the irradiation of solar 

panels is constantly maintained at 1000 (W/Sq.m) after 0.3s, 
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as demonstrated in Figure 11(b). The voltage waveform is 

specified in Figure 11(c), which analyzed that after 0.3s the 

voltage gets continuously upheld at 80V after a certain 

oscillation. Also, as indicated in Figure 11(d), the current 

oscillated initially and after 0.4s, a constant current is upheld 

at 18A respectively. The converter output waveform for case 
1 is illustrated in Figure 12, which states that the converter 

voltage using the PI controller highly raised initially and 

fluctuated after 0.4s; the constant voltage is preserved at 

500V, as shown in Figure 12(a). Also, by utilizing the 

proposed Bat-PI controller, the voltage is highly oscillated for 

a certain period of time. After 0.1s, the voltage gets preserved 

at 600V, as indicated in Figure 12(b). Furthermore, the current 

waveform is given in Figure 12(c), which analyzed that the 
current slightly varied initially after 0.1s constant current is 

upheld at 3A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 11 Solar panel waveform for case 1 (a) Temperature, (b) Irradiation, (c) Voltage, and (d) Current.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 12 Converter output waveform for case 1 (a) Voltage waveform using PI controller, (b) Voltage using Bat-PI controller, and (c) Current.
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3.2. Case 2: At Constant Condition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 13 Solar panel waveform for case 2 (a) Temperature, (b) Irradiation, (c) Voltage, and (d) Current.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 14 Converter output waveform for case 2 (a) Voltage waveform using PI controller, (b) Voltage using Bat-PI controller, and (c) Current.

In Figure 13 for case 2, the solar panel waveform 

represented that the solar panel temperature and irradiation are 

constantly maintained at 35C and 1000(W/Sq.m) as specified 

in Figure 13(a). Likewise, the solar panel voltage and current 

are maintained constant at 80V, and the current is initially 
raised with fluctuation after 0.05s; it is constantly maintained 

at 18A, respectively, as indicated in Figure 13(d). 

Figure 14 illustrates the converter output waveform; from 

the results, it is observed that the voltage varied highly at the 

initial time, and after 0.4s, the constant voltage is upheld at 

500V by using the PI controller as specified in Figure 14(a). 

Similarly, Figure 14(b) represents the converter voltage using 
the proposed bat algorithm, which attained its constant voltage 

at 600V. Moreover, the converter output current oscillated at 
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the initial period, and after 0.08s it constantly upheld at 5A as 

indicated in Figure 14(c) correspondingly. The implemented 

fuel cell voltage is represented in Figure 15(a), and the current 

fluctuates at a certain period of time and after 0.3s, the 

constant voltage is upheld at 12A, respectively, as specified in 

Figure 15 (b). 

Boost converter waveform is indicated in Figure 16 for 

case 2; as stated in Figure 16(a), the converter voltage is 

initially highly raised at a certain period of time. After 0.2s, 

the constant voltage is maintained upheld at 600V, and as 

represented in Figure 16(b), the current is highly oscillated and 

constantly maintained at 4A after 0.4s, respectively. 

Figure 17 represents the DFIG and PWM rectifier 

waveform, from the result stated that the constant DFIG 

voltage gets constantly preserved at 600V, as represented in 

Figure 17(a). Additionally, the PWM rectifier output voltage 

is highly varied initially, and after 0.2s, the constant voltage is 

upheld at 600V, as specified in Figure 17(b). 

The grid waveform for case 2 is illustrated in Figure 18; 

from Figure 18(a), the grid voltage is constantly maintained at 
400V, and the grid current is upheld constantly at 12A, as 

specified in Figure 18(b). Also, the grid current and voltage 

are constantly maintained at 0A and 400V, respectively. 

The power factor waveform is specified in Figure 19, and 

it is observed that the power factor gets continually upheld at 

1(PU) after certain oscillations, as illustrated in Figure 19(a). 

Real and reactive power is accomplished at unity by utilizing 

the proposed system, as demonstrated in Figure 19 (b) and (c). 

 

 

 

 

 

 

 

 

 
 

Fig. 15 Waveform for fuel cell (a) Voltage, and (b) Current.

 

 

 

 

 

 

 

 
 
 

Fig. 16 Waveform for Boost converter (a) Voltage, and (b) Current.

 

 

 

 

 

 

 

 

 
Fig. 17 Output voltage waveform (a) DFIG, and (b) PWM rectifier.
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Fig. 18 Grid waveform (a) Voltage, (b) Current, and (c) Voltage and current, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 19 Waveform for (a) Power factor, (b) Real power, and (b) Reactive power.

Table 2. Comparison of converter efficiency 

Converters Efficiency (%) 

Boost [24] 80 

Buck-Boost [25] 84 

Cuk [14] 88 

SEPIC [26] 80 

Proposed converter 93.89 

0             0.1           0.2            0.3            0.4           0.5           0.6 

400 

200 

0 

-400 

Time (s) 
(c) 

V
o

lt
ag

e 
(V

),
 C

u
rr

en
t 

(A
) 

-200 

0            0.05          0.1           0.15          0.2           0.25         0.3 

200 

0 

-200 

-400 

Time (s) 
(a) 

V
o

lt
ag

e 
(V

) 

400 

0             0.1            0.2           0.3           0.4            0.5           0.6 

10 
5 

5 
10 

Time (s) 
(b) 

P
o

w
er

 (
W

) 

15 

15 

0 

0             0.1           0.2            0.3           0.4           0.5           0.6 

1.5 

1 

0.5 

0 

Time (s) 
(a) 

P
o

w
er

 F
ac

to
r 

(P
.U

.)
 

2 

0            0.1            0.2           0.3           0.4            0.5           0.6 

0 

-500 

-1000 

-2000 
Time (s) 

(c) 

P
o

w
er

 (
V

A
R

) 

0             0.1           0.2           0.3           0.4            0.5           0.6 

8000 

6000 

4000 

2000 

Time (s) 
(b) 

P
o

w
er

 (
W

) 

1000 

-1500 

-0.5 
0 



Monika Singh et al. / IJEEE, 11(3), 187-200, 2024 

 

198 

 

 

 

 

 

 

 

 

 

 

 
Fig. 20 THD waveform 

 

 

 

 

 

 

 

 

 

 

 
Fig. 21 Comparison of converter (a) THD value, and (b) Efficiency.

 

 

 

 

 

 

 

 

 

 

 
Fig. 22 Comparison of convergence speed 

Table 3. Comparison of optimized controller 

Controllers Settling Time (s) Rise Time (s) 

PSO Optimized 

PID [27] 
9.7825 0.5783 

ABC Optimized 

PID [28] 
5.57 0.261 

FFA-PID [29] 0.32 0.23 

Proposed 0.09 0.01 

The proposed Luo converter THD value waveform is 

specified in Figure 20, which is analyzed that the developed 

converter attains 0.95% respectively. The proposed Luo 
converter achieved a high efficiency of 93.89% compared to 

the other conventional converters like Boost and Buck-boost, 

as evidenced by the comparison graph for converter THD 

value and efficiency in Figures 21(a), and 21(b).  

Cuk and SEPIC are specified in Figure 21(a) and Table 2. 

Likewise, the THD value is obtained lower by utilizing the 

implemented converter with a value of 0.95% than the 

conventional converter topologies, as indicated in Figure 

21(b). 

Table 3 represents the optimized controller comparison, 

which analyzed that the proposed bat-PI controller achieves 
less settling time of 0.09s and rise time of 0.01s than the other 

conventional optimized topologies like PSO-PID, ABC-PID 

and FFA-PI algorithm. 

The proposed Bat optimization algorithm is compared 

with the existing techniques like PSO, ABC and FFA, as 

specified in Figure 22, which states that the proposed 

algorithm achieves rapid convergence speed compared to the 

other topologies. 
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4. Conclusion 
In this investigation, a hybrid PV/DFIG-based wind 

system and Fuel cell with Luo converter and Bat optimization 

algorithm are proposed to enlarge and preserve the reliability 

of power supply to the grid system. Owing to the ecological 

changes of the PV system, the output of the PV panel 

fluctuates, which is effectively boosted by the Luo converter 

with high efficiency, reduced switching losses and THD value. 

On the other hand, utilizing the Boost converter greatly 

enhances the voltage from the fuel cell. Furthermore, the 

proposed Luo converter is efficiently regulated by 

implementing the Bat-optimized PI controller, which has the 

ability to provide rapid convergence speed within less settling 

time. The overall established work is performed in 

MATLAB/Simulink, and the proposed topology is contrasted 

with the conventional techniques to show the proficiency of 

the developed work. As a result, the outcomes obtained from 
the comparison graph illustrate that the developed Luo 

converter has a high efficiency of 93.89% and a low THD 

value of 0.95%, and rapid convergence speed is achieved by 

the bat-optimized PI controller with less settling time of 0.09s 

than the existing topologies respectively. 
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