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ABSTRACT

In this paper, a Wind Energy Conversion System (WECS) coupled with a Three-Level Boost Converter (TLBC)
using a Grey Wolf Optimization (GWO)-based Maximum Power Point Tracking (MPPT) approach is studied.
The proposed WECS is designed for HVDC transmission line applications and is connected to the grid. It
consists of two power converters: a TLBC and an unregulated rectifier. The TLBC is employed to increase the
voltage gain, while an unregulated rectifier, powered by a Permanent Magnet Synchronous Generator (PMSG),
is used for AC-to-DC conversion. Furthermore, a metaheuristic optimization method, namely the GWO-based
MPPT approach, is applied to determine the optimal power point for the TLBC powered by the PMSG-based
WECS. The system’s performance is evaluated under both fixed and variable wind speed profiles, specifically
at 8 m/s, 10 m/s, and 12 m/s. The wind-powered TLBC with the GWO-based MPPT approach is modeled,
simulated, and tested in MATLAB®/Simulink®. In addition, the proposed wind-powered TLBC with the GWO-
based MPPT approach is compared with the traditional Perturb & Observe (P&O) method. The performance of
the TLBC is assessed in terms of voltage gain, output ripple, settling time, and accuracy of the PMSG-based
WECS. The proposed system demonstrates superior performance, achieving a high voltage gain with a boost
factor of 5.996, minimal oscillations, improved settling time, and high accuracy of 99%, compared with the
P&O-based MPPT approach.

https://doi.org/10.30501/jree.2025.512594.2304

1. INTRODUCTION

Wind power occupies a foremost position in research on
new energy generation, and its production share is rising
steadily. Wind energy remains a clean and widely utilized
resource. In India, it serves as a primary source for peak power
generation and helps reduce dependence on fossil fuels,
thereby contributing to a more sustainable environment
(Catalan P. et al., 2023). The rapid development of Electric
Vehicles (EVs) has further increased attention toward
renewable energy resources for EV applications within the
research domain.

The fundamental principle of wind power generation lies
in harnessing wind energy and converting it into mechanical
energy through turbines, which is subsequently transformed
into electrical energy via wind turbine generators. Together,
these components form the Wind Energy Conversion System
(WECS) (Kiran K. B. et al., 2021).. The output of WECS can
be directly supplied to the power grid, High Voltage Direct
Current (HVDC) transmission lines, and end-users. HVDC
transmission requires very high voltage for efficient long-
distance power transfer. Compared to High Voltage
Alternating Current (HVAC), HVDC offers several
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advantages, including fewer conductors, smaller tower size,
reduced corona effect, lower losses, and higher reliability.

Currently, the most widely used wind generators in WECS
are Doubly Fed Induction Generators (DFIGs) and Permanent
Magnet Synchronous Generators (PMSGs). A key control
challenge in WECS is Maximum Power Point Tracking
(MPPT). Much research has focused on metaheuristic-based
MPPT approaches for WECS and DC-DC boost converters.
MPPT methods are applied below rated wind speeds (Pande J.
et al.. 2021) and include techniques such as power signal
feedback, optimal Tip Speed Ratio (TSR), and Hill Climbing
Search (HCS) (Mousa H.H. et al., 2021).

Global energy challenges, such as environmental pollution
and energy crises, have intensified the demand for renewable
energy sources. Renewable energy—derived from solar, wind,
hydro, and biomass systems—depends on resource
availability and can be categorized into mechanical,
electromagnetic, and thermal forms. Wind energy can be
converted into mechanical energy for applications such as
water pumping, or into electrical energy using alternators. The
growing demand for industrial energy has made Renewable
Energy Systems (RES) increasingly important worldwide
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(Haque et al, 2008). Wind energy, in particular, is considered
one of the most reliable RES options for both environmental
and commercial applications. Its environmentally friendly
nature has positioned WECS as a leading RES (Pranupa S. et
al., 2024).

However, wind energy output varies due to continuously
changing wind speeds (Hajer Gaied et al., 2022). The power
output of WECS depends directly on wind speed availability.
Therefore, effective MPPT methods are essential for
extracting maximum power from PMSG-based WECS
(Veerabhadra, J., & Rao. S. N., 2023). Maintaining continuous
WECS operation connected to the grid or load is challenging
due to fluctuations in turbine capacity utilization
(Rajapandian, B., & Sundarrajan, 2020). The MPPT approach
is critical to ensure consistent operation, though metaheuristic
MPPT techniques have both advantages and limitations
(Sarang et. al., 2024).

Variable-speed and constant-frequency technologies are
commonly applied in WECS. The MPPT approach is
particularly important for variable-speed, fixed-frequency
systems (Priyadarshi N. et al., 2019). WECS has also proven
valuable in remote areas because of its economic and
environmental advantages compared to other RES options.
Many studies have examined small-scale WECS using
PMSGs and DFIGs (Pranupa S. et al., 2023). PMSGs, in
particular, are highly reliable, require minimal maintenance,
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do not need gearboxes, and exhibit higher efficiency (Das M.
and Agarwal V., 2016). To consistently extract maximum
power under varying environmental conditions, metaheuristic
MPPT approaches are employed.

MPPT strategies can generally be categorized into direct
and indirect approaches (Pranupa S. et al., 2022 and
Teklehaimanot et. al., 2024). Direct approaches, such as HCS
and Fuzzy Logic Controllers (FLC), operate autonomously
based on generator characteristics and meteorological
conditions (Ahmad R. and Abdul-Hussain M., 2017). Indirect
approaches rely on generator features such as Optimal Torque
Control (OTC) and Power Factor Stability (PSF) (Nagaraja
Rao S. etal., 2022).

This paper focuses on a novel TLBC design to enhance
voltage gain, combined with a metaheuristic GWO-based
MPPT approach to identify the optimal operating point for a
PMSG-based WECS connected to an HVDC transmission
line. The TLBC achieves up to a sixfold increase in voltage
gain and exhibits significantly reduced ripple content
compared to conventional DC—DC converters. The proposed
PMSG-based WECS coupled with a TLBC using the GWO-
based MPPT approach is simulated in
MATLAB®/Simulink®. The system is evaluated under both
fixed wind speed (10 m/s) and variable wind speed profiles (8
m/s, 10 m/s, and 12 m/s).
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Figure 2. TLBC with PMSG based WECS using GWO MPPT approach.
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2. PROPOSED SYSTEM CONFIGURATION

The block diagram representation of the proposed WECS
is shown in Figure 1. The performance of the WECS interfaced
with the TLBC, employing the metaheuristic GWO-based
MPPT approach for HVDC transmission line applications, is
demonstrated. The wind turbine is designed according to
selected specifications, and its characteristics are analyzed
using MATLAB®/Simulink®. The mechanical output of the
wind turbine is supplied to the PMSG, whose AC output
power is converted to DC using a diode rectifier. The rectified
PMSG output is then boosted using the TLBC. To achieve
maximum power extraction, the metaheuristic GWO-based
MPPT approach is employed. Finally, the maximized output
is delivered to the HVDC transmission line. The circuit
representation of the wind-powered TLBC with the
metaheuristic GWO-based MPPT approach, coupled with the
PMSG-fed rectifier-based WECS, is presented in Figure 2.
The TLBC consists of an inductor, an Insulated Gate Bipolar
Transistor (IGBT), a diode, and a capacitor for energy storage.

2.1 PMSG Based WECS

The variable-speed PMSG is coupled to an identical wind
turbine (Ahmad R. and Abdul-Hussain M., 2017). The
mechanical output of the turbine is analyzed, and both turbine
torque and rotational speed are recorded. Figure 3 illustrates
the mathematical model of the wind turbine, while Figure 4
shows the relationship between the power coefficient of the
wind turbine (Cp) and the tip speed ratio (TSR, A) for various
pitch angles (B). The Cp value is 0.4105 when the pitch angle
is zero. Eq.s (1) to (3) present the turbine modeling equations.
The variation of the wind power coefficient Cp is evaluated
for pitch angles of 0°, 2°, 4°, 6°, 8°, 10°, and 12°. For this
study, pitch angles are considered within the range of 0° to
12°.
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Figure 3. Wind turbine mathematical model.
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Figure 4. Wind Characteristics of Cp Vs A (Lamda) for different
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Eq. (1) represents the power output of the wind turbine,
where Pn is the mechanical output power, C, is the wind
turbine power coefficient, A is the swept area (m?), Vm is the
wind speed (m/s), p is the air density in K;m?, and w,, is the
rotor speed in rad/sec (Pranupa S et al., 2022 and Rao et. al.,
2018).

P Cp (A, B)PAVS, ()

C, (4, B), Wind turbine’s Power Coefficient is given by Eq.
2.
_Ce
Cp(l, B)zcl(% —C3B—Cuf*—Cs)e M 2
The rotor aerodynamic torque is given by Eq. (3):
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Figure 5 presents the power characteristics of the turbine,
illustrating how turbine power varies with angular velocity
under different wind speeds, as well as the per-unit power
characteristics.
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Figure 5. Turbine power characteristics at Pitch angle f=0°.

C; to Cg are constants shown in Figure 3.

Radius, R=1.91431, Air density in Kgmz, p=1.225, Sweft
area in m?, A=rR?=11.506, Wind speed in m/s, V,= 12 m/sec,
for f=0, 1=8.1, ;= 11.304

Figure 2 illustrates the model of an uncontrolled diode
rectifier integrated with a PMSG. The output of the PMSG-
based WECS is transmitted to the load through the rectifier
and TLBC (Nagaraja Rao et al., 2022). Eq. (4) consists of two
components: the primary term represents the DC output
voltage of the rectifier in the absence of commutation, while
the secondary term accounts for the voltage drop caused by the
commutation process involving synchronous reactance.

2.2 Three Level Boost Converter (TLBC)

A booster is necessary to raise the output voltage level, as
very high DC voltage is required for HVDC transmission line
applications. The conventional boost converter is insufficient
for achieving such high voltage levels (Sulake et al., 2018). In
this paper, a new TLBC converter is introduced. In this
converter, the DC output voltage is boosted to three times the
input voltage. The TLBC is suitable for both HVDC and AC
grid applications. Standard DC-DC converters have restricted
voltage output. Traditional DC-DC converters employ




S. B. etal. /JREE: Vol. 12, No. 4, (Autumn 2025) 64-73 67

expensive high-frequency transformers because of their
limited power capabilities, and designing high-frequency
transformers for high-power applications is exceedingly
challenging (Mohamed S. A. and Abd El Sattar M., 2019).
Conventional DC-DC converters can be configured in several
ways to provide high voltage gain; however, they require
significant maintenance.

Figure 6 illustrates the circuit configuration of a TLBC.
The model enhances output voltage in three levels: Vdc x 2,
Vdc x 4, and Vdc x 6, representing the three-level operation
of the converter. It primarily consists of a conventional boost
converter, five DC bus capacitors, and five diodes. The main
advantage of the TLBC is its scalability: additional diodes and
capacitors can be incorporated to extend the number of levels
without altering the core circuit configuration. The voltage can
be doubled without the use of transformers and with a
relatively low duty ratio (D) (Rao et. al., 2018). The TLBC
circuit operates in three stages. The absence of inductor power
loss in the TLBC provides critical design benefits. The boost
factor for a traditional voltage-gain boost converter is given in
Eq. (5) (Pranupa S. et al., 2022).

in. Yo _ 1
Voltage gain, Ve 1-D %)
Vy=output voltage, Vdc=input DC voltage, D=duty ratio.
Since no loss system, voltage gain for N-level boost converter
is calculated as follows:

Vo N

Vac = E (6)
Input current for no loss system is:
NI
Idc=1_]0) @)

In Eq. (7), the input current Idc is controlled by the duty
ratio D using Pulse Width Modulation (PWM). The switching
frequency is assumed to be 25 kHz to ensure fast operation.
For an N-level boost converter, the voltage gain is derived
assuming zero average voltage across the inductor L. The
expression for the total inductor voltage in the ON—OFF states
is given by
VL =D(Vge —ILRL) + (1 = D)(Vgc — Ve — ILRL) = 0 ®

where ‘I, = inductor current, equivalent to'l;.’, ‘R,’=
inductor resistance. Another phrase is written when switch "S"

is turned off; initial term is valid when it turned ON. From Eq.
(5), the input DC voltage is written as follows:

Vge(D+1-D)+ I R(-D—1+D) = (1-D)V 9)
From Eq. (9), we have:
Vic = (1 = D)V, + [ R, (10)

Therefore, from Eq.s (8) to (10), the input voltage, V., can
be written as follows:

NV,
(1-D)R,

Vac=(1-D)2+ Ry (11)

Therefore, from Eq. (11), it can be stated that

Vdc 1

= TpNR (12)
Vo T+(1—D)];20

Eq. (12) reduces to Eq. (5) when N=1 and D=0. From Eq.
(12), it is observed that the maximum voltage gain is achieved
at D=1 and subsequently decreases to zero. The influence of
RL introduces constraints on the boost factor. The relationship
between the boost factor and duty ratio is analyzed by varying

RL in Eq. (12). The TLBC achieves a significantly higher
voltage gain compared to conventional boost converters
(Rajapandian, B., & Sundarrajan, 2020). For the analysis, the
duty ratio is assumed to be 0.5.

The optimal working TLBC duty ratio ranges from 0.4 to 0.6.
Eq. for voltage gain is as follows:

Vo1 = (i) * V4. For voltage gain of two (13)
Voz = (ﬁ) * Vyc For voltage gain of quadruple (14)
Vo3 = (%) * Vy. For voltage increase of six times (15)
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Figure 6. TLBC Configuration.

2.3 Wind powered TLBC with other boost converters
A comparison is made between various boost converters
and the TLBC. The different boost converters considered are
the traditional boost converter, modified SEPIC, quadratic
boost converter, and double-boost converter. Figure 6 shows
the variation of voltage gain, or boost factor, with respect to
different duty ratios. Compared to the other boost converters,
the TLBC achieves the highest voltage gain. From Figure 7, it
is observed that at a duty ratio of 0.5, the TLBC attains a
significantly higher voltage gain than the other converters.
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| Double boost
|——TLBC
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Boost factor or Voltage gain
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Figure 7. Boost factor of various boost converter with duty ratio.

3. MPPT APPROACHES to WECS

WECS has been receiving significant attention as a
renewable energy technology due to its environmental
benefits. Wind speed in a WECS fluctuates continuously



68 S. B. etal. /JREE: Vol. 12, No. 4, (Autumn 2025) 64-73

throughout the day, and the output power depends on tracking
the maximum power at the MPP (Dahmane et al., 2024).
Therefore, an appropriate metaheuristic-based MPPT
approach is required to extract the maximum output power.
The choice of a suitable metaheuristic-based MPPT method is
independent of the generator type employed (Bollipo N. et al.,
2020). Such an MPPT approach can be implemented at the
generator side for effective control. This study focuses on a
metaheuristic-based GWO MPPT approach, which is applied
to a PMSG-based WECS and compared with the conventional
Perturb & Observe (P&O) MPPT method.

3.1 GWO based MPPT Approach

A primary challenge for WECS is its performance under
unpredictable weather conditions, which can lead to reduced
power generation. Therefore, it is essential to develop an
effective metaheuristic-based MPPT approach to extract the
desired optimal power. The conventional P&O MPPT method
has been applied to PMSG-based WECS and analyzed in
(Pranupa S. et al., 2022); however, its performance is often
unsatisfactory. The P&O approach can suffer from power
losses due to perturbations and fails to track the maximum
power point quickly under variable wind speeds. The
metaheuristic-based GWO MPPT approach is inspired by the
leadership and hunting behavior of grey wolves in nature
(Uddin M. N. et al., 2018). This approach is accessible,
flexible, and straightforward to implement. It balances
exploration and exploitation during the optimization process,
resulting in improved system performance. Nevertheless, it
also has some limitations, such as unsatisfactory convergence
speed and limited population diversity. Unlike the
conventional P&O MPPT, which tracks the MPP in a single
trial, the GWO-based MPPT continuously tracks the MPP to
achieve optimal power. Grey wolves are apex predators that
live in packs and organize their hunting through four
hierarchical roles: Alpha (a)), Beta (B), Delta (8), and Omega
(). The o wolf occupies the highest rank, followed by B, o,
and ® wolves. The @ wolves explore diverse regions to
enhance global optimization, while the a, B, and & wolves
guide them toward the optimal positions.

Grey wolves encircle the prey during a hunt. This behavior
is mathematically represented by the following simulation Eq..

D=CxX,(®-X(t 17
X(t+1) =X, (-A x D (18)

where t = current iterations, D, A, C = co-efficient vectors,
Xp= prey positions vector, X= grey wolf vector position, and
r; and 7, are stochastic vectors within the interval 0 to 1.
Random vectors values are assumed to be 1 and 0.

GWO algorithm fitness function is as follows:

P(dX) > p(dk™) (19)

The meta-heuristic-based GWO algorithm is utilized to
minimize the fitness function. Procedures for fitness
assessment; Create a grey wolf population with N Particles Xi
at random from 1, 2, 3,..., n.

Find the fitness value of every grey wolf in population;
mark alpha wolf as having the lowest fitness value, beta wolf
as having second lowest fitness value, and the delta wolf as
having the third lowest fitness value.

Iterate within the range: execute the loop a maximum of
max_iter times, determining the value of a = 2 at each step.

The GWO algorithm involves three main behaviors:
hunting, attacking prey, and searching for the target. Grey
wolves possess the ability to detect prey, with the alpha wolf
directing the hunt. The hunting patterns of grey wolves are
defined by the following rules:

Dy = [C; x Xy — X (20)
X; = [Xq —A; x (D] @1
Dp =C; xX5 X (22)
X, = X5 — A x (Dg)| (23)
Ds = |C5 x X5 — X 4)
X; = [Xs — A3 x (Ds)]| (25)

The final phase of grey wolf hunting involves attacking the
prey, during which the fluctuation range decreases to a. The
GWO algorithm updates the positions of all search agents to
converge toward the prey. During the exploration phase, grey
wolves initially diverge and subsequently converge toward the
target (Hajer Gaied et al., 2022).

Figure 8 illustrates the flowchart of the GWO MPPT
approach. The GWO is a population-based algorithm that
emulates the hierarchical guidance and hunting strategies of
grey wolves in the wild.

Construct ‘n’ grey wolves at random
position in ‘d’

Compute the fitness function of each
wolf

Solve the group in pack based on fitness fher =itered
function & rank the wolves

Find o, p, & and initialize ‘a’

Update position of wolves using
equation (20-32) &update ‘&’

Optimized rule base No. of
with corresponding iterations <
weights itermax

Figure 8. Flow chart of the meta-heuristic based GWO MPPT
approach.

The GWO algorithm was proposed by Seyedali Mirjalili
(Mirjalili. S. et. al., 2014). Grey wolves, considered apex
predators, occupy the highest level of the food chain and
typically live in social structures known as packs. Each pack
consists of 5 to 12 wolves (Wong L. I. et al., 2014).

Figure 9 illustrates the hierarchical dominance structure of
the grey wolf optimizer. The alpha (o) wolf is the leading
individual within the pack, and its authority is followed by all
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other members. Beta () wolves are subordinate wolves that
assist the alpha wolf (Yang et al., 2017), representing the most
influential members after the alpha. Delta (8) wolves support
the alpha and beta wolves and help manage the omega wolves;
they perform roles such as scouts and custodians (Yang et al.,
2017). The omega (®) wolves are the lowest-ranking members
of the pack, often serving as scapegoats and given the least
priority during feeding. Figure 9 also illustrates the position
update process of the grey wolf optimizer. Eq.s (20), (22), and
(24) are used to update the positions of the omega wolf and the
location vectors of a, B, and & wolves, respectively.

Here, X denotes the location vector of the current
individual. Eq.s (20), (22), and (24) calculate the distances
between the current positions of individuals and their
respective alpha, beta, and delta positions. The final positions
of the vectors are determined by Eq.s (21), (23), and (25).
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Figure 9. Position updating of grey wolf optimizer.

4. SIMULATION RESULTS OF WIND POWERED TLBC
BASED WECS

In this section, the simulation results of the PMSG-based
WECS with TLBC using the GWO-based MPPT approach are
presented, considering both fixed and variable wind speed
profiles. Table 1 provides the parameter specifications of the
proposed PMSG and TLBC.

4.1 PMSG fed Rectifier Output under Constant Wind
Profile

The DC link voltage of the PMSG-fed uncontrolled
rectifier and the corresponding output power are shown in
Figure 10 and 11, respectively.
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Figure 10. PMSG DC-link voltage at wind profile 10 m/s.
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Figure 11. PMSG power output at wind profile 10 m/s.
Table 1. Specifications of PMSG and TLBC.

;l(') Configuration Parameters Values
Type of the rotor 3® round rotor
used type
pole sets 15 poles set
| PMSG Speed : 3.00-rpm
Wind speed Variation from 2 to
12 m/s
Air density (p) p=1.225kg/m
radius (r) 40 m
TLBC’s CandL | ©° 133 mmf} C=100
2 TLBC Duty ratio (D) 0.5
Switching 25 kHz
frequency
Initial population
40
of wolves
Number of
) . 10
iterations
Number of tasks 500
Previous Previous position
solutions of wolves
Current positions
Xo, XB, and X3 of a-wolf, B-wolf,
and 6-wolf
. Every wolf with
3 GWO Best solutions hi glil};st fitness
The creation Position of a, B and
process of a new 5
solution
Random vectors
rl and 2 values between 1
and 0
Da, DB and D5 Distance difference
between wolves
Traction directions
X1, X2 and X3 of 3 primary
wolves

Figure 12 shows the output voltages of the wind-powered
TLBC using the metaheuristic GWO MPPT approach at a
wind speed of 10 m/s. The proposed wind-powered TLBC
output waveforms, coupled with the PMSG-fed rectifier-based
WECS, are analyzed. Figure 13 illustrates the TLBC output
power using the GWO MPPT approach at a fixed wind speed
of 10 m/s, with the corresponding power output reaching 5200
W. Figure 14 presents the wind-powered TLBC output voltage
across the individual DC capacitors C1, C2, and C3 for a duty
ratio of 0.5, with respective voltage values of 1666 V, 1110V,
and 552 V.
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Figure 12. Wind powered TLBC output voltages using GWO at
10 m/s.
o 350 1 1 | 1 = 1 1
2 L— DC link voltage 2 l
6000 ! : ) 0300 m/s L
[— TLBC output power 2 300 10 mfs 10 m/s
0 oeq | L
- 5000 - - 2 250 8 ms
£ 3 200 - -
£ 4000 i 9 200
= X
s £ 150 i
2 3000 1 - &
o 01001 -
3
2 2000 F 0
5 9D 50+ -
: :
1000 i i 0 T T T T T T T
0 0 1 2 3 4 5 6 7 8
0 05 1 15 2 Time (seconds)

Time (seconds)

Figure 13. Wind powered TLBC output power using GWO at
10 m/s.
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Figure 14. Wind powered TLBC output voltages using GWO at
10 m/s.

4.2 PMSG fed Rectifier output under variable Wind
Profile

Figure 15 shows the wind speed profile applied to the
PMSG-fed rectifier. A wind speed of 10 m/s is considered
from 0 to 2 seconds, 8 m/s from 2 to 4 seconds, and 12 m/s
from 4 to 6 seconds.

Figure 16 shows the PMSG DC-link voltage under a
variable wind profile. At a wind speed of 10 m/s, the DC-link
voltage of the PMSG is 278 V. Similarly, at 8 m/s, the DC-link
voltage is 220 V, and at 12 m/s, it reaches 340 V.

Figure 16. PMSG DC-link voltage under variable wind profile.
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Figure 17. Output power of PMSG under variable wind profile.

Figure 17 shows the output power of the PMSG under
variable wind speeds. At a wind speed of 10 m/s, the PMSG
output power is 4200 W. At 8 m/s, the output power decreases
to 2500 W, while at 12 m/s, it increases to 6800 W. The results
of the PMSG-fed rectifier under various wind profiles are
summarized in Table 2. These results indicate that the PMSG-
fed rectifier produces higher output voltages and power with
increasing wind speed. The general parameters for the GWO
MPPT approach are provided in Table 2. These vectors are
generated randomly (Mirjalili. S. et. al., 2014).

4.3 PMSG Based WECS Interfaced with TLBC

The proposed wind-powered TLBC wusing the
metaheuristic GWO-based MPPT approach is modeled,
simulated, and analyzed under both fixed and variable wind
speed profiles using MATLAB®/Simulink®. Additionally, its
performance is compared with that of the conventional P&O
MPPT approach. The performance of the wind-powered
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TLBC is evaluated in terms of voltage gain, output ripple,
settling time, and the accuracy of the PMSG-based WECS.

Table 2. PMSG fed rectifier under various wind profile results.

Wind Rotor PMSG fed rectifier
Speed Torque speed outputs
(m/sec) (N-m) (rad/sec) Power Voltage
(watts) (volts)
12 23 290 6800 340
11 21 250 6480 298
10 19.5 240 4200 278
9 17.4 190.8 4064 230
8 14 180 2500 220
7 12.9 141 2215 168.1
6 10.8 110 1520 135.6
4 9 89 930 100.5

4.4 Wind Powered TLBC using GWO MPPT Approach

Furthermore, the performance of the wind-powered
TLBC-based WECS with the GWO MPPT approach is
analyzed under the variable wind profile shown in Figure 15.
Figure 18 presents the TLBC output voltage across each
capacitor (C1, C2, and C3using the GWO MPPT approach for
wind speeds of 10 m/s, 8 m/s, and 12 m/s, respectively, with a
duty ratio of 0.5. In the figure, the orange line represents the
TLBC output voltage across C1, the purple line across C2, and
the green line across C3.

Figure 19 shows the final TLBC output voltage for the
same variable wind speed profile and duty ratio. The
corresponding output voltages of the TLBC are 1666 V, 1315
V, and 2038 V for wind speeds of 10 m/s, 8 m/s, and 12 m/s,
respectively.
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Figure 18. Wind powered TLBC output voltage using GWO under
variable wind speeds.

The TLBC output voltages are summarized in Table 3.
Figure 20 shows the output power of the wind-powered TLBC
using the GWO MPPT approach under a variable wind speed
profile of 10 m/s, 8 m/s, and 12 m/s. The corresponding output
power values are 5200 W, 3200 W, and 7800 W, respectively.

Furthermore, the performance of the wind-powered TLBC
is compared with that of a conventional wind-powered boost
converter. From Table 4, it is observed that the proposed wind-
powered TLBC achieves an improved voltage gain of 5.98 at
a duty ratio of D=5.

The Voltage gain is calculated as Vgain = % 30)
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Figure 19. Wind powered TLBC output voltage using GWO under
variable wind profile.
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Figure 20. Wind powered TLBC output power using GWO under
variable wind profile

Table 3. Wind powered TLBC using GWO MPPT approach.

TLBC outputs
P
Wind Voltage (volts) ower
(watts)
speed -
Conventional TLBC
(m/sec) | Input Output
Boost output
voltage power
Converter voltage
12 340 678 2038 7800
11 297 574 1723 5883
10 278 554 1666 5200
9 235 459 1371 3754
8 220 435 1315 3200
7 171 343 1027 2090
6 150 286 885 985
4 110 215 652 611
Table 4. Comparison of different MPPT approaches at a fixed wind
speed of 10 m/s.
Si. No. Parameters GWO P&O
1 PMSG Voltage (volts) 554 510
2 TLBC Voltages (volts) 1666 1542
3 TLBC Power (watts) 5200 4751
4 Settling time (sec) 0.5 0.2
5 Oscillations Very Less More
6 Accuracy (%) 98.99 94
7 Voltage gain 5.996 5.55
9 MPP tracking speed Less More
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In contrast, the wind-powered conventional boost
converter achieves a voltage gain of 1.98, whereas the wind-
powered TLBC attains a voltage gain of approximately 6. The
wind-powered TLBC using the metaheuristic-based GWO
MPPT approach is particularly suitable for HVDC
transmission line and EV applications due to its lower ripple
content, higher accuracy, and ability to track the optimal
power point under variable wind speed profiles. The TLBC
provides a voltage gain that is roughly three times higher than
that of the conventional boost converter, making it well-suited
for PMSG-based WECS employed in HVDC transmission line
applications.

5. COMPARISON OF RESULTS

This paper proposes a wind-powered TLBC using a
metaheuristic-based GWO MPPT approach for HVDC
transmission line applications. The WECS serves as a peak
load source for the HVDC line connected to the grid. The
system performance is evaluated under both fixed and variable
wind speed conditions. The proposed GWO-based MPPT
approach demonstrates superior performance compared to the
conventional P&O MPPT method.

The performance of the wind-powered TLBC is assessed
in terms of voltage gain, output ripple, settling time, output
power efficiency, and the accuracy of the PMSG-based
WECS. The proposed wind-powered TLBC using the GWO-
based MPPT approach achieves a high voltage gain with a
boost factor of 5.996, minimal oscillations, improved settling
time, and high accuracy of 99% compared to the P&O MPPT
method.

The efficiency of the PMSG-based WECS is also
improved with the integration of the GWO MPPT and TLBC.
Table 4 presents a comparison of the metaheuristic-based
GWO MPPT and conventional P&O MPPT approaches,
including parameters such as output voltage, settling time,
ripple content, accuracy, MPP tracking speed, and voltage
gain for the wind-powered TLBC. From Figure 21, it is
observed that the P&O MPPT approach exhibits more
oscillations, and the TLBC output voltage is 1510 V.
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Figure 21. Wind powered TLBC output power using GWO and
P&O.

For the wind-powered TLBC using the metaheuristic-
based GWO MPPT approach at 10 m/s, the output voltage is
1666 V, with minimal oscillations observed. The settling time
for the GWO-based MPPT is 0.5 s, whereas the conventional
P&O MPPT exhibits slightly faster settling but with
significantly higher oscillations.

The output power obtained with the GWO-based MPPT is
higher and more accurate compared to the P&O MPPT.
Therefore, the wind-powered TLBC using the metaheuristic-
based GWO MPPT approach is highly suitable for HVDC
transmission line applications, where a stable, accurate, and
low-oscillation voltage is essential for reliable operation.

6. CONCLUSIONS

The proposed PMSG-based WECS coupled with the
TLBC utilizing the GWO-based MPPT approach has been
analyzed under fixed and variable wind speed profiles of 10,
8, and 12 m/s, with the pitch angle (B\betaf) set to 0. The
results are also compared with the traditional P&O-based
MPPT approach. Simulation results indicate that the WECS
generates higher voltages as wind speed increases.

For the wind-powered TLBC, the GWO-based MPPT
approach achieves an output voltage gain with a boost factor
of 5.996 at a wind speed of 10 m/s, whereas the P&O-based
MPPT approach achieves a boost factor of 5.55 under the same
conditions. In comparison, the traditional wind-powered boost
converter achieves a voltage gain of 1.99 with the GWO
MPPT and 1.97 with the P&O MPPT at 10 m/s. Thus, the
TLBC enhances the output voltage approximately threefold
compared to the conventional boost converter.

The GWO-based MPPT approach provides an output
power of 5200 W, a settling time of 0.5 s, and an accuracy of
98.99%, with minimal ripple content compared to the P&O
method. Consequently, the wind-powered TLBC using the
GWO-based MPPT demonstrates superior performance in
terms of voltage gain, output stability, and accuracy. Although
several other MPPT approaches exist, they are not discussed
in this study. In conclusion, for HVDC transmission line
applications, the proposed PMSG-based WECS coupled with
the TLBC using the GWO-based MPPT approach is highly
suitable, offering optimal performance in terms of settling
time, voltage stability, and minimal oscillations.
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