© March 2026 | IJIRT | Volume 12 Issue 10 | ISSN: 2349-6002

Hybrid Power Generation Using Solar, Wind and Piezo

Shinde Avinash Audumbar!, Kerba Vitthalrao Barchemod?, Santosh Balasaheb Borhade®, Harshal
Shamsundar Chaskar*, Rahane Jayashri Dagu®
12345vjdya Niketan College of Engineering University: Savitribai Phule Pune University

Abstract—The increasing demand for reliable and
sustainable energy has accelerated the development of
hybrid renewable energy systems. This project presents
the design and implementation of a Hybrid Power
Generation System using Solar, Wind, and Piezoelectric
Energy Sources. The system integrates photovoltaic
panels to harness solar energy, a wind turbine to capture
wind energy, and piezoelectric sensors to generate
electricity from mechanical vibrations or pressure. Solar
energy provides power during daytime with high
irradiance conditions, while wind energy complements
generation during cloudy or nighttime periods.
Piezoelectric modules are incorporated to capture
energy from mechanical stress such as footsteps or
vibrations, enhancing overall system efficiency. The
hybrid configuration ensures improved reliability,
reduced intermittency, and optimized energy output
compared to standalone renewable systems. A charge
controller regulates input from multiple sources and
stores the generated power in a battery system for
continuous supply. The proposed system is cost-effective,
environmentally friendly, and suitable for rural
electrification, smart infrastructure, and low-power
applications. By combining multiple renewable sources,
the system enhances energy security, reduces
dependency on fossil fuels, and promotes sustainable
development.

Index Terms—Hybrid Power Generation, Solar Energy,
Wind Energy, Piezoelectric Energy, Renewable Energy
System, Photovoltaic Panel, Wind Turbine, Sustainable
Energy, Energy Storage, Charge Controller.

I. INTRODUCTION

The rapid depletion of fossil fuel resources and the
growing environmental concerns associated with
conventional power generation have intensified the
need for sustainable and renewable energy solutions.
Increasing global energy demand, population growth,
and industrial expansion require reliable and eco-
friendly power generation systems. Renewable energy
sources such as solar and wind energy have emerged
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as promising alternatives due to their abundance,
cleanliness, and sustainability. However, standalone
renewable energy systems often face challenges due to
their intermittent nature. Solar power generation
depends on sunlight availability, which varies with
weather conditions and time of day. Similarly, wind
energy generation fluctuates with wind speed
variations. These limitations can affect system
reliability and continuous power supply.[1]

To overcome these issues, hybrid renewable energy
systems have been developed by integrating multiple
energy sources. The proposed Hybrid Power
Generation System using Solar, Wind, and
Piezoelectric Energy combines three renewable
sources to enhance reliability and efficiency. Solar
panels convert sunlight into electrical energy through
photovoltaic cells, while wind turbines generate
electricity from Kkinetic energy of moving air. In
addition, piezoelectric sensors produce electrical
energy when subjected to mechanical stress,
vibrations, or pressure such as footsteps or structural
movements. By integrating these sources, the hybrid
system ensures continuous power generation under
varying environmental conditions. The energy
produced is regulated through a charge controller and
stored in batteries for uninterrupted supply to loads.
This system is particularly suitable for remote areas,
smart buildings, street lighting, highways, and other
low-power applications.

The combination of solar, wind, and piezoelectric
energy not only improves system stability but also
maximizes energy harvesting from available natural
resources. Therefore, hybrid renewable systems
represent a practical and sustainable approach toward
achieving energy security and reducing dependence on
conventional power sources.[3]
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I1. SOLAR POWER SYSTEM
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Fig 1. Solar Power System

1. Introduction

A solar power system is a renewable energy setup that
converts sunlight directly into electricity using
photovoltaic (PV) technology. It is one of the most
practical and widely adopted clean energy solutions
because sunlight is freely available, abundant, and
non-polluting. In a hybrid power generation system
that integrates solar, wind, and piezoelectric sources,
the solar subsystem typically serves as the primary
contributor of electrical energy during daytime
conditions.

2. Principle of Operation

The working of a solar power system is based on the

photovoltaic effect. Solar panels are made of

semiconductor materials, most commonly silicon.

When sunlight falls on the surface of a PV cell:[2]

e Solar radiation contains energy packets called
photons.

e These photons strike the semiconductor material
and transfer their energy to electrons.

o The energized electrons break free from their atomic
bonds and begin to move.

e This movement of electrons creates an electric
current.

Each PV cell generates a small voltage (approximately

0.5-0.6 V). Multiple cells are connected in series and

parallel combinations to form a solar module capable

of producing usable voltage and current levels.

The output of a solar panel is Direct Current (DC),

which can either be stored in batteries or converted

into Alternating Current (AC) for operating standard

electrical appliances.[5]
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3. Main Components of a Solar Power System

a) Solar Panel (PV Module)

The solar panel is the core component of the system.
It absorbs sunlight and converts it into electrical
energy. Panels are rated in watts (W), which indicates
their maximum power output under standard test
conditions.

Types of solar panels include:

¢ Monocrystalline — Higher efficiency and longer
lifespan.

o Polycrystalline — Slightly lower efficiency but more
cost-effective.

e Thin-film — Lightweight and flexible but lower
efficiency.[7]

b) Charge Controller

The charge controller regulates the flow of electricity
from the solar panel to the battery. Its main functions
are:

¢ Preventing battery overcharging

o Protecting against deep discharge

¢ Improving charging efficiency

There are two common types:

e PWM (Pulse Width Modulation) — Simple and
economical

e MPPT (Maximum Power Point Tracking) — More
efficient, extracts maximum power from panels

MPPT controllers can increase system efficiency by

15-30% compared to PWM controllers.

c) Battery Storage System

The battery stores excess energy generated during the
day for use at night or during cloudy weather.
Common battery types include:

o Lead-acid batteries

o Lithium-ion batteries

o Gel batteries

Battery capacity is measured in Ampere-hours (Ah).
Proper battery sizing ensures continuous and reliable
power supply.

d) Inverter

An inverter converts DC power from the battery into
AC power required by most household and industrial
appliances. Inverters are rated in watts or kilowatts and
should be selected according to load requirements.[11]
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4. Working Process in a Hybrid System

In a hybrid solar—-wind—piezo system:

1. Solar panels generate electricity when sunlight is
available.

2. The charge controller regulates the generated
power.

3. Energy is either supplied directly to the load or
stored in the battery.

4. During low sunlight conditions, wind and
piezoelectric sources support the system.

This integration ensures uninterrupted and stable

power supply.

5. Design Considerations

When designing a solar power subsystem, the

following factors must be considered:

e Solar irradiance level of the location

e Load demand (daily energy consumption in Wh or
kWh)

o Panel efficiency

o Battery backup requirement

e System voltage (12V, 24V, or 48V)

o Installation angle and orientation [13]

For maximum energy production, panels are usually

installed facing the equator (south-facing in the

northern hemisphere) at an optimal tilt angle equal to

the latitude of the location.

6. Advantages

¢ Environmentally friendly and zero emissions
¢ Low maintenance requirements

¢ Long operational life (20-25 years for panels)
e Modular and expandable

o Suitable for rural and remote areas

7. Limitations

o Dependent on sunlight availability

Higher initial investment cost

Requires energy storage for continuous supply

Efficiency affected by dust, shading, and
temperature

8. Applications

Solar power systems are used in:

o Residential and commercial buildings
e Street lighting systems

o Water pumping systems

e Remote telecommunication stations
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e Smart city infrastructure [17]
o Hybrid renewable energy systems

I11. Wind Power System

Fig 2. Wind power system

1. Introduction

A wind power system converts the Kinetic energy of
moving air into electrical energy using a wind turbine.
Wind energy is renewable, clean, and widely available
in coastal regions, open fields, and elevated terrains.
In a hybrid power generation system that combines
solar, wind, and piezoelectric sources, the wind
subsystem plays a crucial role in generating power
during cloudy weather, nighttime, or low solar
radiation conditions.

Wind energy complements solar energy because wind
speeds are often higher during evenings and rainy
seasons when solar output decreases. This makes wind
power an essential component for improving system
reliability and continuity.[19]

2. Principle of Operation

The working of a wind power system is based on the

conversion of kinetic energy into mechanical energy

and then into electrical energy.

The process occurs in three main stages:

1. Wind Flow: Moving air possesses kinetic energy.

2. Blade Rotation: When wind strikes the turbine
blades, it creates lift (similar to an aircraft wing),
causing the rotor to spin.

3. Electricity Generation: The rotating shaft drives a
generator, which converts mechanical energy into
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electrical energy  through  electromagnetic
induction.
The generated electricity is typically Direct Current
(DC) in small-scale systems and can be stored in
batteries or converted to Alternating Current (AC)
using an inverter.

3. Main Components of a Wind Power System

a) Wind Turbine

The wind turbine is the primary component

responsible for capturing wind energy. It consists of:

o Blades — Capture wind energy

¢ Rotor — Connects blades to the shaft

o Nacelle — Houses generator and gearbox

e Tower — Elevates turbine to higher wind speeds
[23]

There are two main types of wind turbines:

o Horizontal Axis Wind Turbine (HAWT) — Most
common type; high efficiency

o Vertical Axis Wind Turbine (VAWT) — Suitable
for low wind speed and urban areas

b) Generator

The generator converts rotational mechanical energy
into electrical energy. Small wind systems often use:
e Permanent magnet generators

o Alternators

The output voltage depends on wind speed and turbine
rating.

c) Charge Controller

The wind charge controller regulates power before it
reaches the battery. It:

e Prevents battery overcharging

e Protects system components

o Diverts excess energy to a dump load if necessary
Wind controllers are specially designed to handle
variable voltage and fluctuating input.

d) Battery Storage

The battery stores generated power for use when wind
speed is low. In hybrid systems, both solar and wind
subsystems may share a common battery bank.[29]

e) Inverter

If AC loads are used, an inverter converts stored DC
energy into AC electricity.
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4. Working in a Hybrid System

In a solar—wind—piezo hybrid system:

e During windy conditions, the turbine generates
electricity.

e Energy is regulated by the wind charge controller.

e Power is supplied to the load or stored in batteries.

e When solar output decreases, wind energy supports
the system.

This complementary behavior ensures a more stable

and continuous power supply.

5. Factors Affecting Wind Power Generation

The power generated by a wind turbine depends on:

o Wind speed (power increases with the cube of wind
speed) [30]

o Blade length

e Air density

e Turbine efficiency

e Height of installation

Even a small increase in wind speed significantly

increases power output. Therefore, turbines are

installed at higher elevations to capture stronger and

more consistent winds.

(o2}

. Advantages

e Clean and renewable energy source

e Produces power day and night

e Low operating cost after installation

e Reduces dependence on fossil fuels

o Complements solar energy effectively

7. Limitations

Power output fluctuates with wind speed
Requires open space or elevated installation
Initial installation cost can be high

Noise and vibration in some cases [28]

8. Applications

Wind power systems are used in:

o Rural electrification projects

e Hybrid renewable energy systems

o Water pumping systems

o Coastal and island power generation
o Street lighting applications
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IV. PIEZOELECTRIC POWER GENERATION

Internal
Structure

A single stack composed of
piezoelectric diaphragms
spaced by rings

Fig 3. Piezoelectric Power Generation

1. Introduction

Piezoelectric power generation is a method of
producing electrical energy from mechanical stress
such as pressure, vibration, bending, or movement.
This technology is based on the piezoelectric effect,
where certain materials generate an electric charge
when subjected to mechanical force.

In a hybrid power generation system that combines
solar, wind, and piezoelectric sources, the
piezoelectric subsystem acts as a supplementary
energy source. Although its output power is relatively
small compared to solar and wind systems, it is highly
useful for low-power applications and continuous
micro-energy harvesting.[27]

2. Principle of Operation

The working of a piezoelectric power generation
system is based on the direct piezoelectric effect.
When mechanical force is applied to a piezoelectric
material:

1. The internal crystal structure deforms.
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2. Positive and negative charge centers shift within
the material.

3. An electric potential difference is created across
the material.

4. When connected to a circuit, this potential drives
an electric current.[26]

Common piezoelectric materials include:

e Quartz

e Lead Zirconate Titanate (PZT)

e Polyvinylidene Fluoride (PVDF)

The generated voltage depends on the magnitude of
applied stress and the material properties.

3. Main Components of a Piezoelectric Power System
a) Piezoelectric Sensors/Transducers

These are the core components that convert
mechanical energy into electrical energy. They are
often available as:

o Piezoelectric discs

o Piezoelectric plates

o Piezoelectric stacks

Multiple sensors can be connected in series or parallel
to increase voltage or current output.

b) Rectifier Circuit
The output from piezoelectric elements is usually
alternating in nature. A bridge rectifier is used to
convert AC to DC.

c) Energy Storage Element

Since piezoelectric output is intermittent and low
power, the energy is stored in:[25]

e Capacitors

e Rechargeable batteries

e Supercapacitors

d) Voltage Regulator

A regulator stabilizes the output voltage to make it
suitable for powering electronic devices or charging
batteries.

4. Working in Hybrid Power System

In the hybrid solar-wind-piezo system:

o Piezoelectric modules are installed in areas with
frequent mechanical activity (e.g., floors, roads,
staircases).
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o Mechanical pressure from footsteps or vibrations
produces electrical energy.

o The generated power is rectified and stored in the
battery system.

e This energy supplements solar and wind sources,
especially in high-traffic areas.

Though the contribution is small, it improves overall

system efficiency and utilizes otherwise wasted

mechanical energy.[24]

5. Advantages

o Generates energy from otherwise wasted
mechanical movements

e Compact and lightweight

¢ No fuel required

e Environmentally friendly

o Suitable for micro-power applications

6. Limitations

Low power output

Requires continuous mechanical stress

Material fatigue over long-term usage

Higher cost per watt compared to solar and wind

7. Applications

Piezoelectric power generation is used in:

e Smart floors in public places

o Railway tracks for vibration harvesting

o Roadways for vehicle pressure energy harvesting
e Wearable electronic devices

o Low-power sensors and 10T systems [22]

V. HYBRID SYSTEM INTEGRATION (SOLAR-
WIND-PIEZO)

| ig 4. Hybrid Power system
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1. Introduction

Hybrid system integration refers to the coordinated

combination of multiple renewable energy sources—

solar, wind, and piezoelectric—into a single power

generation framework. The primary objective of

integration is to ensure continuous, reliable, and

efficient electricity supply despite the fluctuating

nature of individual renewable sources.

Each energy source has unique characteristics:

e Solar energy produces maximum power during
daytime.

¢ Wind energy can generate electricity during day or
night depending on wind conditions.

o Piezoelectric energy produces power from
mechanical stress and vibrations.

By integrating these systems, the limitations of one

source are compensated by the strengths of another,

resulting in improved performance and stability.[21]

2. Overall Working Principle

The hybrid system operates by combining outputs

from three subsystems into a common energy storage

and distribution unit.

Step-by-step operation:

1. Energy Generation

o Solar panels convert sunlight into DC electricity.

e Wind turbines generate electrical energy from
moving air.

o Piezoelectric sensors produce electrical pulses
when mechanical force is applied.

2. Power Conditioning

e Each source passes through its respective charge
controller or rectifier.

e Voltage and current are regulated to safe operating
levels.

3. Energy Storage

o Conditioned DC power is directed to a common
battery bank.

o Batteries store energy for continuous supply.

4. Power Distribution

e The stored DC power is supplied directly to DC
loads or

e Converted into AC using an inverter for AC
loads.[20]
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This coordinated flow ensures uninterrupted energy
supply even if one or two sources are temporarily
inactive.

3. Integration Architecture

Hybrid systems generally follow one of the following
configurations:

a) Common DC Bus System

All energy sources feed into a shared DC bus
connected to a battery bank. This is the most common
configuration for small-scale systems.

b) AC-Coupled System

Each source generates AC power and connects to a
common AC bus. Suitable for larger systems.

c) Priority-Based Control System

A microcontroller-based system gives priority to
available energy sources depending on generation
levels and load demand.

4. Control and Energy Management

An effective hybrid system requires a control strategy
to:

e Monitor voltage and current from each source

e Prevent battery overcharging and deep discharge

e Automatically switch between sources

e Maintain load stability [18]

Advanced systems use microcontrollers or smart
energy management systems (EMS) to optimize
performance and increase efficiency.

(62}

. Advantages of Hybrid Integration

e Increased reliability and reduced power
interruption

o Better utilization of available natural resources

¢ Reduced dependency on fossil fuels

o Improved energy efficiency

e Suitable for remote and off-grid applications

o Lower overall carbon footprint

6. Challenges in Integration

Complex control system design

Higher initial investment cost

Synchronization and voltage matching issues

e Maintenance of multiple subsystems [16]
However, the long-term benefits outweigh these
challenges.
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7. Applications

Hybrid solar—wind—piezo systems are suitable for:
o Rural and remote electrification

e Smart cities and intelligent infrastructure

e Street lighting systems

e Highway energy harvesting

o Small residential and commercial installations

Advantages of Hybrid Power Generation System
(Solar-Wind-Piezo)

Hybrid power generation systems combine solar,
wind, and piezoelectric energy sources into a single
integrated setup. This combination offers several
technical, economic, and environmental advantages
compared to standalone renewable systems.

1. Improved Reliability

One of the major benefits of a hybrid system is
enhanced reliability. Since solar energy is available
during the day, wind energy can operate during both
day and night (depending on wind availability), and
piezoelectric systems generate power from mechanical
movement, the overall system ensures a more
continuous power supply. If one source becomes
unavailable, the others can compensate.

2. Reduced Intermittency

Renewable sources are naturally variable. Solar power
depends on sunlight, and wind power depends on wind
speed. By integrating multiple sources, the fluctuation
of one source is balanced by another. This
significantly reduces the intermittency problem
commonly associated with single-source renewable
systems.[15]

3. Better Energy Utilization

Hybrid systems maximize the use of available natural

resources:

o Solar radiation during daytime

e Wind energy during windy conditions

e Mechanical energy from vibrations or human
movement

This improves overall system efficiency and

minimizes wasted energy potential.

4. Continuous Power Supply
Because energy is generated from multiple sources
and stored in a common battery bank, the system can
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provide uninterrupted power. This is especially
beneficial in remote or off-grid locations where grid
electricity is unreliable or unavailable.

5. Reduced Dependence on Fossil Fuels

By utilizing renewable resources, hybrid systems
reduce reliance on coal, diesel, and other fossil fuels.
This decreases greenhouse gas emissions and supports
environmental sustainability.[14]

6. Cost-Effective in the Long Term

Although the initial installation cost may be higher,
hybrid systems reduce fuel costs, maintenance
expenses, and electricity bills over time. The long
operational life of renewable components further
improves cost efficiency.

7. Scalability and Flexibility

Hybrid systems are modular in nature. Additional
solar panels, wind turbines, or piezoelectric modules
can be added based on increasing load demand. This
makes the system adaptable for both small and large
applications.

8. Suitable for Remote and Rural Areas

Hybrid systems are ideal for:

o Rural electrification

e Remote monitoring stations

e Street lighting systems

o Isolated communities

They eliminate the need for long transmission lines
and reduce transmission losses.

9. Environmental Benefits

e Zero air pollution during operation

o Low noise (especially solar and piezo systems)
e Minimal ecological impact

o Reduced carbon footprint [12]

10. Enhanced System Efficiency

When integrated with proper control and energy
management systems, hybrid setups optimize power
flow, battery charging, and load distribution. This
increases overall efficiency compared to independent
systems.
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Future Scope of Hybrid Power Generation System
(Solar-Wind-Piezo)

1. Integration with Smart Grid Technology

In the future, hybrid renewable systems can be
connected to smart grids for better monitoring, control,
and energy distribution. Smart grid integration will
allow real-time data analysis, automatic load
management, and efficient power sharing between
consumers and utility networks.[11]

2. Advanced Energy Management Systems (EMS)
The implementation of intelligent controllers and
microcontroller-based energy management systems
will improve system performance. Artificial
Intelligence (Al) and Machine Learning (ML)
algorithms can predict weather conditions, optimize
energy generation, and manage battery charging
efficiently.

3. Improved Energy Storage Technologies

Future developments in battery technology, such as
advanced lithium-ion, solid-state batteries, and
supercapacitors, will increase storage capacity, reduce
charging time, and improve system lifespan. Better
storage solutions will make hybrid systems more
reliable and cost-effective.

4. Expansion in Smart Infrastructure

Piezoelectric technology can be widely implemented

in:

e Smart highways to harvest energy from vehicle
movement

o Railway tracks to capture vibration energy

e Shopping malls and public walkways for footstep
energy generation

This will convert everyday mechanical activity into

useful electrical energy.

5. Increased Efficiency of Renewable Components
Ongoing research in photovoltaic materials (such as
perovskite solar cells) and improved wind turbine
blade designs will enhance energy conversion
efficiency. Higher efficiency components will reduce
system size while increasing power output.[10]
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6. Application in Electric Vehicle (EV) Charging
Stations

Hybrid renewable systems can power EV charging
stations, reducing dependence on grid electricity and
fossil fuels. This will support the global transition
toward sustainable transportation.

7. Rural and Disaster Management Applications
Future hybrid systems can be designed as portable or
modular units for:

o Disaster relief camps

e Emergency power supply

¢ Remote healthcare centers

o Military field operations

These systems can provide reliable electricity in areas
where grid infrastructure is damaged or unavailable.

8. Cost Reduction Through Mass Production

As renewable technologies become more common,
large-scale manufacturing will reduce component
costs. This will make hybrid systems affordable for
households, institutions, and small industries.[9]

9. Integration with 10T and Remote Monitoring
Hybrid systems can be integrated with loT-based
monitoring platforms that allow users to track energy
generation, battery status, and load consumption
through  mobile applications. This  improves
maintenance efficiency and system reliability.

Applications of Hybrid Solar—Wind—Piezo Power
Generation System

Hybrid power generation systems, which integrate
solar, wind, and piezoelectric technologies, are
versatile and can be applied in various sectors due to
their reliability, sustainability, and adaptability.

1. Rural and Remote Electrification

o Hybrid systems provide electricity to areas without
grid connectivity.

o Useful for small villages, remote schools, and
community centers.

e Reduces dependence on diesel generators and
fossil fuels.

2. Street Lighting and Highways
Solar-wind hybrid systems can power streetlights,
traffic signals, and highway lighting.
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e Piezoelectric modules embedded in roads can
generate additional energy from passing vehicles.

e Ensures continuous illumination even in off-grid
areas.

3. Smart Buildings and Infrastructure

e Integration of hybrid systems into buildings
reduces energy bills and carbon footprint.

o Piezoelectric floors can harvest energy from
human movement in malls, airports, and offices.

e Enhances sustainability of smart city projects.[8]

4. Remote Monitoring and Telecommunication
Stations

e Powers remote weather stations,
telecommunication towers, and 10T sensors.
Ensures uninterrupted operation where grid power
is unreliable or unavailable.

5. Water Pumping and Irrigation

Hybrid systems can power agricultural pumps for
irrigation in rural areas.

Reduces the need for grid electricity or diesel
pumps.

6. Railway Tracks and Transportation Systems

e Piezoelectric modules can be installed along
railways to generate electricity from vibrations.
Solar and wind subsystems can provide auxiliary
power for signals and station lighting.

7. Emergency and Disaster Relief

e Portable hybrid systems can be deployed in
disaster-hit areas for lighting, communication, and
medical equipment.

e Provides clean, renewable power where grid
infrastructure is damaged.[6]

8. Off-Grid Residential and Commercial Applications
e Homes, small offices, and shops can use hybrid
systems for daily electricity needs.

Reduces electricity bills and enhances energy
security.

9. Electric Vehicle (EV) Charging Stations
Hybrid systems can power EV charging points in
remote or off-grid locations.
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e Supports sustainable transportation initiatives and
reduces reliance on grid electricity.

10. Educational and Research Applications

e Demonstrates renewable energy integration in
universities and technical institutions.

e Encourages research in hybrid systems, energy
management, and sustainability technologies.[4]

V1. CONCLUSION

The Hybrid Power Generation System using Solar,
Wind, and Piezoelectric Energy offers a sustainable,
reliable, and efficient solution for modern energy
demands. By integrating multiple renewable energy
sources, the system overcomes the limitations of
individual power generation methods, such as the
intermittency of solar and wind power. The inclusion
of piezoelectric modules allows the capture of
otherwise wasted mechanical energy, further
enhancing overall energy harvesting efficiency. This
hybrid approach ensures a continuous power supply by
complementing the strengths of each energy source:
solar energy during the day, wind energy during
varying weather conditions, and piezoelectric energy
from vibrations and mechanical stress. The system is
environmentally friendly, reduces dependence on
fossil fuels, and is suitable for rural electrification,
smart infrastructure, street lighting, water pumping,
and other off-grid applications.
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