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Abstract

A hybrid renewable energy system integrates multiple sources, including photovoltaic (PV) systems, wind energy
systems with permanent magnet synchronous generators (PMSG), fuel cells, and alternating current (AC), and
all contribute as energy sources. Batteries and super-capacitors are used to store excess energy from these
sources, which are connected to a DC microgrid. This study explores the modelling and simulation of a grid-
connected system powered by a hybrid solar-wind energy conversion system. The integration of renewable energy
sources, such as PV arrays and wind turbines with PMSG, is crucial in developing a resilient and sustainable
energy infrastructure. The primary aim of this study was to simulate and analyses the performance of this
hybrid system by incorporating a battery-based energy storage unit to enhance reliability and ensure energy
continuity. The optimal sizing of renewable energy power is contingent upon the mathematical model of the
system components. This study focused on examining different load conditions to achieve the objectives. This
paper details the mathematical modelling of various renewable energy systems using the MATLAB platform.

Keywords: DC micro-grid « Hybrid renewable energy system o Maximum Power Point Tracking e Simulation
studies

1. Introduction

The global energy landscape is changing rapidly
because of the growing demand for sustainable
energy and the transition from fossil fuels to
renewable technologies. Solar, wind, hydro,
geothermal, and tidal energy are increasingly uti-
lized for electricity generation, with solar and
wind achieving economic grid parity. Harness-
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ral communities.Bhandari and Pradhan (2020)
However, the availability of renewable energy re-
sources depends on local conditions, such as solar
irradiation, wind speed, and temperature. High
reliance on renewable energy resources introduces
challenges in energy management and requires
innovative approaches to maintain stable power
system performance.

Grid-connected DC microgrids that combine so-
lar and wind energy conversion systems (WECS)
are increasingly employed to provide clean and
These
systems reduce dependence on fossil fuels, im-
prove energy efficiency, and support backup
power, peak shaving, and demand-side manage-

sustainable electricity in off-grid areas.

ment in residential, commercial, and industrial
applications.
(PV) panels and wind turbines reduces green-
house gas emissions and contributes to a sustain-

The integration of photovoltaic

able energy future.

Hybrid AC/DC micro-grids, when connected to
the main power grid, further enhance overall
energy system stability.Li et al. (2023) Grid-
connected DC microgrids can operate indepen-
dently while supplying surplus energy to the grid
during peak demand or outages. Their bidirec-
tional energy flow enables both energy injection
into and withdrawal from the grid, thereby im-
proving system flexibility and reliability.Mondal
(2024) This study focuses on modelling and simu-
lating a grid-integrated DC microgrid with a hy-
brid solar-wind system.Gajbhiye (2022) The use
of a DC bus offers advantages, such as improved
power quality, reduced conversion losses, and eas-
ier integration of renewable energy sources. Com-
bining solar photovoltaic (PV) panels with wind
turbines enhances the overall system efficiency
and reliability by leveraging multiple energy re-
sources.

The modelling and simulation of hybrid solar-
wind systems under variable load conditions were
performed to determine the optimal sizing and
system performance.Li et al. (2023) MATLAB
was used to develop the mathematical models
of the renewable energy systems.Gajbhiye (2022)
The study highlights that while the voltage re-
mains relatively stable under varying loads, the
current fluctuates according to the load changes.

These insights provide a better understanding of
the real-time operational behavior of hybrid mi-
crogrid systems, addressing gaps in experimental
data and the existing literature.

Previous studies have investigated hybrid renew-
able energy-based microgrid systems, focusing
on their development, analysis, and operational
evaluation. The limitations identified include in-
adequate integration of energy storage models
with practical energy management strategies and
insufficient validation of power quality and sys-
tem reliability under realistic operating condi-
tions. A hybrid microgrid was analyzed under
grid-connected and off-grid modes with multiple
load profiles to assess its operational flexibility.
Energy storage devices were modelled to ensure
reliability and a continuous power supply.

The architecture of hybrid solar PV and wind
energy systems includes several components for
energy conversion and control.Mishra (2014) In
solar PV systems, maximum power point track-
ing (MPPT) is used to maximize the energy out-
put, and a boost converter increases the DC
voltage. The DC output was then converted to
AC using a three-phase pulse-width modulation
(PWM) inverter operating at 50 Hz. In wind en-
ergy conversion systems, permanent magnet syn-
chronous generators (PMSG) are driven by two-
mass drive-train-based wind turbines. Both sys-
tems were tested under individual and combined
loads of 1 kW each.

Standalone AC or DC micro-grids typically suf-
fer from multiple energy conversion stages, which
reduce overall efficiency. To overcome this limi-
tation, hybrid AC/DC microgrids with grid con-
nections through bidirectional converters have
been proposed.Deshmukh (2021) This approach
reduces losses, improves efficiency, and enhances
reliability. Simulation studies under dynamic
conditions with varying solar irradiance and wind
speeds demonstrated that the hybrid system
maintains stable operation, minimizes conversion
losses, and effectively uses batteries to stabilize
the DC bus during load variations. These results
confirm that hybrid AC/DC microgrids provide
a practical solution for the efficient integration of
renewable energy sources into the grid.
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2. Methodology

This study develops a hybrid renewable energy
system comprising a photovoltaic (PV) array,
wind turbine, permanent magnet synchronous
generator (PMSG), DC-DC converters, an AC-
DC converter, an inverter, and battery energy
storage system. The system was designed and
simulated in MATLAB/Simulink to evaluate the
performance of the hybrid generation model.
Maximum Power Point Tracking (MPPT) tech-
niques were applied to both the PV and wind
turbine systems to improve energy conversion ef-
ficiency. A bidirectional DC-DC converter was
used to control the charging and discharging of
the battery storage system.

2.1 Modelling of the Hybrid System

The hybrid system comprised three main com-
ponents: wind energy, photovoltaic, and battery
energy storage systems. Mathematical models
were developed for each component to represent
their operating behavior. The overall architec-
ture of the hybrid PV-wind-battery microgrid is
illustrated in Figure 1, which depicts the com-
mon DC bus, bidirectional converters, and grid

connection.

2.1.1 Wind Turbine
Model

and Generator

The wind turbine model was developed based on
the relationship between wind speed and turbine
output power.Kausiak (2008) Wind speed varies
with height above the ground and can be ex-

pressed as

Where v1, v3 and « are the wind speed at heights
h1 and hg, respectively, and is the wind shear co-
efficient. The mechanical power extracted from
the wind turbine is expressed as

where p is the air density, A is the rotor swept
area, Vying is the wind speed, and C), is the power
coefficient, which depends on the tip speed ratio
A and pitch angle $ Sohoni and Kulkarni (2016).
The power coefficient is defined as

Co _Ss
Co(\,B) = O (X 48— 04) ¢ 4 CoA
(3)

where C7 to Cg are turbine constants and \; is
given by

1 1 0.035

N A+0083 P31l (4)

The mechanical torque of the turbine can be writ-
ten as

P
T =T 5
= (5)

A wind turbine drives a permanent-magnet
synchronous generator (PMSG). The electrical
model of the PMSG is described in the dg ref-
erence frameWu (2011); ?); Wang (2014). The

stator current equations are

dig 1 . .

P L—d (vg + pwgLgiq — Raiq) (6)
di 1 . .
2 == (vg — pwg(Laiq + Mif) — Ryiq) (7)
a L,

The electromagnetic torque of the generator is
expressed as

T, =1.5p [¢miq + (La — Lq)idiq] (8)

where i4 and 7, are the stator currents, vy and
vy are the stator voltages, Ly and L, are the
stator inductances, ¢,, is the permanent-magnet
flux linkage, and p is the number of pole pairs.
The PMSG-based wind turbine parameters used
in the simulation are listed in Table 2 to ensure
an accurate representation of the generator dy-
namics and power output.
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2.1.2 Photovoltaic System Model

The PV module was modelled using a single-
diode equivalent circuit ?. The output current
of the PV module is given by:

. €Vd Vd
Ipv = IGC - IO [eXp (KFTC> - 1:| - Rp (9)

where Igc is the photocurrent, Iy is the diode
saturation current, V; is the diode voltage, and
R, is the parallel resistance.

The photocurrent mainly depends on solar irra-
diation and cell temperature and is calculated as:

IGC - [ﬂsc(Tc - TT) + Isc] G (10>

where I. is the short-circuit current and G is
the solar irradiance. The single-diode model of
the PV cell used in the simulation is illustrated
in Figure 2.

The saturation current is expressed as:

T.\? eVy (11

This model allows the PV output to vary accord-
ing to temperature and solar radiation. The over-
all architecture of the hybrid PV-wind-battery
microgrid is shown in Figure 1.

2.1.3 Modeling of Battery Energy Sys-
tem

A Dbattery energy storage system was included to
balance the power generation and load demand
?. The battery state of charge (SOC) is defined
as:

it

1 t
SOC:SOC——/iadt:SOC’——, it =
QN Jo P °Q

N
(12)
where SOC) is the initial state of charge, Qn is
the nominal capacity of the battery, and ipggy: is
the battery current.

The terminal voltage of the battery can be ex-
pressed as:

VUBat = VoC — Rin - 1Bat (13)

where voc is the open-circuit voltage and R;,
The battery sys-
tem characteristics, including the nominal volt-

is the internal resistance 7.

age, capacity, and number of series modules, are
listed in Table 3.

2.1.4 Control of the Photovoltaic System

To extract maximum power from the PV array,
a Maximum Power Point Tracking (MPPT) con-
troller is implemented. In this study, the incre-
mental conductance (INC) algorithm was used.
The MPPT controller adjusts the duty cycle of
the DC-DC converter so that the PV system op-
erates at its maximum power point under chang-
ing solar conditions.

2.1.5 Hybrid System Simulation Model

A complete hybrid PV—wind system was imple-
mented in MATLAB/Simulink. A wind turbine
with a PMSG, PV array, battery storage system,
and power electronic converters was integrated
into a single simulation platform. The model al-
lows the evaluation of power generation, voltage
behavior, and energy storage performance under
different operating conditions. The overall struc-
ture of the hybrid system is illustrated in Figure
1. The MATLAB/Simulink implementation of
the hybrid microgrid is presented in Figure 3.

3. Results and Discussion

Solar irradiance, wind speed, and battery storage
data were used as inputs for the simulation. The
I-V and P-V characteristics of the PV module
are presented in Figure 4, which illustrates the
g{)eﬁéimléﬁce of the module output current and
power on solar irradiation and operating voltage.
As the solar irradiation increased, both the maxi-
mum power output and short-circuit current cor-
respondingly increased. The power output of the
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wind turbine system under varying wind condi-
tions is shown in Figure 5.

The dynamic behaviors of the PMSG stator cur-
rent components, isq and is,, are depicted in Fig-
ure 6. Here, 744 is effectively controlled to zero to
optimize generator operation, whereas iy, varies
according to wind speed fluctuations, thereby
generating the electromagnetic torque 7T,. The
battery charging and discharging responses are
illustrated in Figure 7, demonstrating the role of
the energy storage system in balancing the gen-

4. Tables and Figures

eration and load demand.

The grid voltage, inverter current, and grid cur-
rent waveforms are shown in Figure 8, highlight-
ing the stable operation of the system under hy-
brid generation. The combined power profiles
of the system components, including Py, Ppy,
PBat, Paria, and Ppqq, are presented in Figure 9.
Finally, the total active power generated by the
hybrid wind-PV system is summarized in Fig-
ure 10, confirming the effective coordination of

renewable generation and storage.

Table 1: Solar module specification

Parameter Value
Maximum Power 250.205 W
Open Circuit Voltage (Voc) 374V
Voltage at Maximum Power Point (V) 30.7V
Current at Maximum Power Point (1)) 8.15 A
Short Circuit Current (Igc) 8.66 A

Temperature Coefficient of Voc

—0.36901%/°C

Temperature Coefficient of Ig¢c

0.086998%/°C

Parallel Strings

2

Series Connected Modules per String

15

Table 2: Wind turbine generator parameters

Parameter Value
Base Wind Speed 12 m/s
Maximum Power at Base Speed 1 p.u.
Number of Phases 3
Back-EMF Waveform Sinusoidal
Stator Phase Resistance (R;) 0.198 ©
Armature Inductance 0.000975 H
Flux Linkage Established by Permanent Mag- | 0.1688 Wb
nets

Number of Pole Pairs 4
Operating Frequency 50 Hz
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Table 3: Data and parameters of the battery system

Parameter Value

Battery Voltage (Vgat) 12V

Rated Capacity (Cpat) 48 Ah

Number of Modules in Series 35

Rated Battery Voltage 12 x 35 =420V

Aoy type: Useedefined;
15 seres modules2 parae trings
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Figure 1: Block diagram of grid connected hybrid
renewable energy system with common dc bus Figure 4: 1I-V and P-V output characteristics at
different irradiances.
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grid including PV, wind turbine, inverter,  Figure 7: PV model’s I-V and P-V output char-
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Figure 9: Grid Voltage, inverter current, and
Grid Current

Figure 10: Wind turbine and generator output
powers PWT, photovoltaic power PPV, battery
power PBat, grid power PGrid, and load power
PLoad

5. Conclusion and Recommendation

In this study, a novel PV/WT hybrid power sys-
tem integrated with a grid is proposed and mod-
elled. System components and an appropriate
power flow controller were included in the de-
signed algorithm. The model was created us-
ing the MATLAB/SIMULINK software package
and a dialog box similar to those found in the
SIMULINK block libraries. The simulation tests
demonstrated the effective use of solar photo-
voltaics, wind turbine generators, and battery
storage systems, as well as the good operating
characteristics of their subsystems. The overall
structure of the hybrid energy system, which con-
sists of a wind/PV /battery energy system, pro-

vides a good and reliable energy system. All en-
ergy sources in the system are capable of supply-
ing power, and any power drop can be compen-
sated for by additional energy from other sources.
When surplus power is generated, it can be sent
to the AC grid or stored in a battery. Even
under low wind speed or poor solar irradiation
conditions, the studied renewable hybrid system
can maintain a steady power supply to the load.
A converter system with battery energy storage
was added and connected to the common DC
Regardless of
whether there is a high or low demand for load
electricity, the wind and solar systems are sup-

link to store the excess power.

ported by this system. The simulation results
demonstrated that the hybrid renewable energy
system can possess the necessary technical and
energetic qualities. Even under low wind speed
or poor solar irradiation conditions, the studied
renewable hybrid system can maintain a steady
power supply to the load. The extra energy is
stored in the battery system if the photovoltaic or
wind turbine systems produce more energy than
is needed. The extra power is delivered back to
the AC grid if the battery is completely charged.
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