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ABSTRACT 

The global push towards sustainable transportation has concentrated the development of electric vehicles (EVs) as a applicable alternative to conventional internal 

combustion engine vehicles. However, the adoption of EVs faces challenges such as long charging times, and battery degradation. This paper proposes a hybrid 

electric source (HES) system for electric vehicles, integrating a battery with a controllers to address these issues. The Hybrid Electric Source system leverages the 

high energy density of batteries and the high power density and rapid charging capabilities of controllers, offering a balanced solution for enhancing EV performance 

and longevity.  The development of a hybrid electric source system for EVs, leveraging solar and wind energy to enhance the vehicle's independence and reduce 

dependence on conventional grid power.  

The proposed system integrates photovoltaic (PV) panels and wind turbines, alongside a battery storage unit, to create a robust and flexible energy source. The 

hybrid system is designed to maximize energy capture from both solar and wind resources. The hybrid electric source system not only addresses the limitations of 

current EVs but also concrete the way for future innovations in sustainable mobility solution. 

Keywords Energy Management System, Hybrid System, Wind Energy Source, Solar Energy Source, Charge Controller. 

NOMENCLATURE   PV, photo voltaic; WT, wind turbine; DC, direct current; AC, alternating current; MPPT, maximum power point tracking, FC, 

fuel cell; RES, renewable energy system; UPS, uninterrupted power supply; PWM, pulse width modulation; LPSP, loss of power supply probability; 

TNPC, total net present cost; TAC, total annualized cost; BEDA, break even distance analysis; 

Greek Letters η, efficiency; ρ, density. 

INTRODUCTION 

A hybrid energy management system (HEMS) for electric vehicle (EV) battery charging is an advanced approach that integrates multiple energy sources 

and storage solutions to optimize charging processes, reduce costs, and enhance sustainability. As the popularity of EVs grows, the demand for efficient 

and eco-friendly charging solutions also increases. HEMS addresses this need by combining renewable energy sources (such as solar and wind power), 

energy storage systems (like battery banks), and traditional grid power to provide reliable and flexible charging options. In a typical HEMS, renewable 

energy can be prioritized for charging whenever available, reducing reliance on grid power and lowering carbon emissions. 

Additionally, energy storage systems play a key role in storing excess renewable energy or lower-cost grid energy during off-peak hours, making it 

available for use during high-demand periods. This not only reduces peak demand on the grid but also allows EV charging stations to operate more cost-

effectively by minimizing energy expenses. Smart controllers and advanced algorithms within the HEMS manage the real-time flow of energy, balancing 

the availability of renewable sources, the state of the energy storage system, and grid usage to ensure seamless, efficient charging.  

Month Daily Average POA Irradiance (kWh/m2/day) DC Array Output (kWh) 

1 6.233 604.235 

2 6.833 590.143 

3 6.75 630.027 
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4 6.468 583.052 

5 5.801 544.115 

6 4.676 430.798 

7 4.124 394.705 

8 3.794 365.43 

9 4.666 428.435 

10 5.37 516.268 

11 5.411 514.142 

12 5.283 520.976 

Table 1 Monthly PV performance data of Rajam. 

The provided table offers a comprehensive overview of the monthly performance of a solar photovoltaic (PV) system. It details the average daily DC 

power output of the PV array, along with the corresponding total AC energy generated by the system. By analyzing this data, several key insights can be 

derived. For instance, the system's peak performance appears to occur during the summer months (likely due to increased solar irradiance), while the 

lowest output is observed in the winter. These seasonal variations can be further explored to identify potential optimization strategies. Additionally, the 

table provides valuable information for assessing the system's overall energy production capacity and its contribution to reducing carbon emissions. By 

comparing the actual output to the theoretical maximum, the system's efficiency can be evaluated. Furthermore, this data can be utilized to estimate future 

energy generation and to inform decision-making regarding potential system upgrades or expansions. 

The benefits of HEMS in EV charging include improved charging efficiency, cost savings, reduced grid load, and environmental sustainability. By 

enabling a dynamic mix of energy sources, HEMS supports faster, more consistent charging, even in areas with limited grid capacity. It also contributes 

to reducing the environmental impact of transportation by increasing the use of green energy sources. Hybrid energy management systems are becoming 

essential in public EV charging stations, fleet charging facilities, and residential charging setups, where they help stabilize the power grid, lower 

operational costs, and promote the adoption of clean energy in transportation. 

Solar Power system consists of three major blocks namely solar panels, solar photovoltaic cells, and batteries for storing energy. The electrical energy 

(DC power) generated using solar panels can be stored in batteries or can be used for supplying DC loads or can be used for inverter to feed AC loads. 

Solar Energy is available only during the day time whereas wind energy is available throughout the day depending upon the atmospheric conditions. 

Wind and solar energy are complementary to each other, which makes the system to generate electricity almost throughout the year. The main components 

of the Wind Solar Hybrid System are wind aero generator and tower, solar photovoltaic panels, batteries, cables, charge controller and inverter. The Wind 

- Solar Hybrid System generates electricity that can be used for charging batteries and with the use of inverter we can run AC appliances. 

Problem Definition 

The increasing adoption of electric vehicles (EVs) necessitates efficient and cost-effective charging solutions. Traditional grid-based charging strategies 

often lead to peak load demands, grid congestion, and increased energy costs. Moreover, the intermittent nature of renewable energy sources poses 

challenges in ensuring reliable and sustainable EV charging. 

 

Fig 1 Block Diagram of Hybrid System 

Grid Congestion and Peak Load Demand 

Increased load on the grid during peak hours can lead to power outages and system instability. Inefficient utilization of grid resources. 
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High Charging Costs 

Time-of-use (ToU) electricity tariffs can significantly increase charging costs, especially during peak hours.  

Intermittency of Renewable Energy Resources 

Unpredictable nature of solar and wind power can affect the reliability of EV charging. Difficulty in integrating renewable energy into the grid. 

Battery storage 

Most importantly, the lack of power storage at an affordable cost is another drawback. Renewable energy sources generate most of their energy at certain 

times of the day. Its electricity generation does not match with the peak demand hours. The intermittency of sunshine and wind cannot provide an on-

demand power source 24 hours a week. Solar energy and wind are unpredictable. There is volatility in generation and volatility in loads. 

Energy generation by the burning of fossil fuels is more consistent. On the other hand, intermittent power generation by renewable energy sources poses 

a need for an efficient battery storage system. A battery storage system helps to store the surplus energy for later use. It can help with grid instability, 

thereby preventing blackouts. Technological advancement has improved the longevity and battery capacity of the storage system. Its high cost stands in 

its way of being wide installation. Battery prices have to come down to make storing of solar energy more cost-effective. 

Components of Solar-Wind Hybrid System 

Solar Photovoltaic (PV) Panels 

Function Converts sunlight energy into electricity. Working Solar panels composed of several solar cells, typically made of silicon. When sunlight strikes 

these cells, it excites electrons within the silicon, generating an electric current. This direct current (DC) electricity is then converted into alternating 

current (AC) electricity, suitable for household use, by an inverter. Solar panels can be used to power homes, businesses, and even large-scale utility 

systems, contributing to a cleaner and more sustainable energy future. 

DC Motor Generator Set 

A DC motor-generator set is a system that interconnects a DC motor and a DC generator. It functions as a power conversion system, capable of both 

motor and generator operation. When used as a motor, it converts electrical energy into mechanical energy, driving a load. Conversely, when used as a 

generator, it converts mechanical energy into electrical energy. This versatility makes it suitable for various applications, such as energy storage systems, 

adjustable speed drives, and emergency power supplies. 

Solar Charge Controller 

Function: Regulates and controls the charging of batteries. Working: A solar charge controller is an electronic device that regulates the charging and 

discharging of batteries connected to solar panels. It monitors the voltage and current from the solar panels and adjusts the charging rate to prevent 

overcharging, which can damage the battery. Additionally, it ensures that the battery is not drained excessively by limiting the discharge rate. By 

optimizing the charging process, solar charge controllers help prolong the life of batteries and maximize the efficiency of solar energy systems. 

Boost Converter 

Function: it increases the voltage level of a DC power supply. A boost converter is a type of DC-DC power converter that increases the voltage level of 

a DC power supply. It works by storing energy in an inductor and then releasing it in a controlled manner to boost the output voltage. The converter 

switches between two states the charging state, where the inductor stores energy, and the discharging state, where the energy is released to the output. By 

rapidly switching between these states, the boost converter can effectively step up the input voltage to a higher output voltage. 

Arduino UNO Board 

The Arduino Uno board is a versatile microcontroller board that serves as the "brain" for a hybrid energy system. It monitors various parameters like 

solar panel voltage, wind turbine speed, battery charge levels, and load demand. Based on these readings, it intelligently controls the flow of energy 

between different sources and storage devices. For instance, it can prioritize solar energy during the day, switch to wind power at night, and utilize stored 

energy from batteries during peak demand or low renewable output. This dynamic management ensures optimal utilization of available energy resources, 

maximizing efficiency and minimizing reliance on traditional power grids. 

Speed Controller 

A speed controller, also known as an electronic speed controller (ESC), regulates the speed of an electric motor. It achieves this by adjusting the voltage 

or frequency supplied to the motor. By varying these parameters, the ESC can control the motor's rotational speed, enabling precise control over its 

operation. This is crucial for applications like hybrid energy systems, where motors are used to drive pumps, fans, or other components, and their speed 

needs to be optimized for efficient energy utilization and system performance. 

Voltage sensor 

A voltage sensor is a device that measures and monitors voltage levels within a system. It works by detecting the potential difference between two points 

in an electrical circuit and converting it into a measurable signal. This signal can be used to control various components, trigger alarms, or provide data 
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for analysis. Voltage sensors are essential in hybrid energy systems to monitor the voltage levels of batteries, solar panels, and other components, ensuring 

optimal system performance and preventing overvoltage or under voltage conditions that could damage equipment or compromise safety. 

Relay channel 

A relay channel in a hybrid energy system acts as an electronic switch, enabling the controlled connection and disconnection of various components like 

solar panels, wind turbines, batteries, and loads. It operates by utilizing an electromagnetic coil to actuate a mechanical switch. When a low-voltage 

control signal is applied to the coil, it generates a magnetic field, attracting a movable armature. This movement physically connects or disconnects the 

circuit, allowing for precise control of power flow within the system. By strategically switching components on and off, relay channels optimize energy 

utilization, ensuring efficient operation and maximizing the benefits of renewable energy sources. 

Battery 

In a hybrid energy system, batteries serve as energy storage devices. They store excess energy generated by renewable sources like solar panels or wind 

turbines during periods of surplus and release it when demand exceeds supply. This energy storage capability helps stabilize the system's power output, 

ensuring a continuous and reliable energy supply. Batteries work by converting electrical energy into chemical energy during charging and vice versa 

during discharging. The charging process involves applying a controlled voltage to the battery, causing a chemical reaction that stores energy within the 

battery's cells. When discharging, the reverse chemical reaction occurs, releasing stored energy as electrical current.   

Working Details 

Solar Power Generation 

During daylight hours, solar panels harness the power of the sun to generate electricity. These panels, composed of photovoltaic (PV) cells, convert 

sunlight directly into direct current (DC) electricity. When sunlight strikes the PV cells, it excites electrons within the semiconductor material, causing 

them to flow and generate an electric current. The output of solar panel is given to a boost converter. A boost converter, a type of DC-DC power converter, 

efficiently increases the voltage level of this DC power. By rapidly switching a transistor on and off, the boost converter stores energy in an inductor and 

then releases it in pulses, boosting the output voltage. This elevated voltage is essential for various applications in solar energy systems, such as charging 

batteries, powering inverters, and driving DC motors. The boost converter's ability to optimize power transfer and improve system efficiency makes it a 

vital component in modern solar energy systems. 

The charge controller manages the flow of electricity from the output of boost converter to the battery bank. It ensures that the batteries are charged 

efficiently and safely, preventing overcharging or undercharging. By regulating the charging process, the charge controller optimizes battery life and 

performance. 

DC Motor Generator Set Power Generation 

A DC Motor Generator Set (M-G Set) is a system that converts electrical energy from one form to another. It consists of a DC motor mechanically 

coupled to a DC generator. The motor, when supplied with electrical power, rotates the shaft, which in turn drives the generator to produce electrical 

power. An M-G set generates DC power, which can be further processed using a boost converter. This power converter efficiently increases the voltage 

level of the DC power. By rapidly switching a transistor on and off, the boost converter stores energy in an inductor and then releases it in pulses, boosting 

the output voltage. 

This elevated voltage is crucial for various applications in M-G set systems, such as charging batteries, powering inverters, and driving DC motors. 

The charge controller manages the flow of electricity from the boost converter to the battery bank. Charge controller makes that the batteries charging 

efficiently and preventing overcharging and undercharging. 

Monitoring and Control 
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Voltage Sensing 

Voltage sensors continuously monitor the voltage levels of various components like batteries, solar panels, and the grid. These sensors convert the analog 

voltage signals into digital signals, which are then transmitted to the Arduino microcontroller. 

Arduino Processing 

The Arduino microcontroller receives the digital signals from the voltage sensors. It processes these signals to determine the current state of the system, 

such as battery charge levels, solar panel output, and grid power availability. Based on this information, the Arduino makes decisions about how to control 

the system. 

Relay Channel Activation 

The Arduino sends control signals to the relay channels. These signals activate or deactivate the relays, which in turn connect or disconnect different 

components in the system. For example, a relay can be activated to connect the solar panels to the battery bank during daylight hours or to disconnect a 

load during periods of low energy generation. 

By effectively monitoring and controlling the various components of a hybrid energy system, the Arduino can optimize energy utilization, and enhance 

overall system efficiency and reliability. 

Charging Battery Using Solar Energy 

 

Fig Prototype model for Solar energy generation 

A prototype solar energy generation system operates as an integrated unit to harness and manage solar power effectively. The solar panel serves as the 

primary energy source, converting sunlight into direct current (DC) electricity. This output varies with sunlight intensity, so the power needs regulation. 

The solar charge controller ensures efficient energy management by maintaining optimal voltage and current for charging batteries, safeguarding them 

from overcharging, deep discharging, or voltage spikes. Advanced controllers also implement Maximum Power Point Tracking (MPPT) to optimize 

power extraction from the solar panel under varying sunlight conditions. 

The boost converter plays a critical role in stepping up the output voltage from the solar panel or battery to meet the operational requirements of connected 

devices or systems. It ensures stable power delivery, even when the input voltage fluctuates. Optionally, a battery can be integrated into the system to 

store excess energy, enabling power availability during periods of low sunlight. This combination of components ensures efficient, reliable, and scalable 

energy generation for applications ranging from standalone systems to grid-connected setups. 

Charging Battery Using Wind Energy 

 

Fig Prototype model for wind energy generation 

A prototype wind energy generation system using a DC generator, charge controller, and boost converter is designed to efficiently capture and regulate 

wind energy. The DC generator converts the mechanical energy from the wind turbine's rotating blades into electrical energy. Since the generator's output 

varies with wind speed, a charge controller is used to regulate this power, ensuring that the voltage and current remain within safe limits for charging a 

battery or powering a load. The charge controller also protects the system from overcharging, deep discharging, and other electrical faults, enhancing its 

longevity and performance. 

To make the generated power compatible with higher voltage requirements, a boost converter is employed to step up the DC voltage to a stable and usable 

level. This regulated output can be used to power devices directly or stored in batteries for later use. This combination of components creates a compact 

and efficient wind energy generation system, capable of providing sustainable power for standalone applications or integration into larger hybrid systems. 

Charging Battery Using Solar and Wind Energy 
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Fig Prototype model for hybrid energy generation 

A prototype model for a combined solar and wind energy generation system with an energy management system integrates components like a DC 

generator, charge controller, boost converter, relay, voltage sensor, and an Arduino UNO board for efficient power generation and control. The solar 

panel and DC generator (from the wind turbine) act as energy sources, converting sunlight and wind energy into electrical power. The charge controllers 

regulate the energy from both sources, ensuring safe and optimal charging of the battery while protecting it from overcharging or discharging. The boost 

converter steps up the voltage to meet specific load requirements or for storage in a battery. 

An Arduino UNO board serves as the central controller, interfacing with voltage sensors to monitor the output from both sources. Based on the energy 

availability and demand, the Arduino controls relays to switch between solar and wind sources or combine them for maximum efficiency. It also manages 

load distribution and prevents overloading. This setup creates a hybrid renewable energy system that optimizes power generation, storage, and delivery, 

ensuring a reliable and sustainable power supply for various applications. The energy management system enhances efficiency by dynamically adapting 

to environmental changes and energy demands. 

Advantages of Installing a Hybrid Solar Wind System 

Installing a hybrid solar-wind system offers a range of compelling advantages, making it an increasingly popular choice for both residential and 

commercial energy needs. One of the most significant benefits is the increased reliability and consistency of power generation. Solar and wind energy 

are complementary, with solar panels generating electricity during daylight hours and wind turbines often producing energy at night or during cloudy, 

windy conditions. This complementary nature reduces the chances of periods without power, providing a more stable and continuous energy supply 

compared to relying on a single source. 

A hybrid system also optimizes energy output by harnessing both solar irradiance and wind speeds, which can vary throughout the day and night. This 

results in a higher overall energy yield, as each source works during its optimal times, helping to maximize the system’s efficiency. The combination of 

solar and wind power also helps to reduce reliance on the electrical grid, which can lead to lower energy bills over time. In many regions, hybrid systems 

qualify for government incentives or tax rebates, making the  

Initial investment more affordable and contributing to a faster return on investment. 

The environmental impact of installing a hybrid solar-wind system is another major advantage. Both solar and wind energy are renewable, clean sources 

of power, meaning they generate little to no greenhouse gas emissions. By adopting such a system, homeowners or businesses can significantly lower 

their carbon footprint, contributing to broader sustainability goals and reducing reliance on fossil fuels. Moreover, the hybrid nature of the system enhances 

energy independence. In remote or off-grid locations, it can provide a reliable power source, while also offering increased energy security for those 

connected to the grid by serving as a backup during outages. 

Additionally, hybrid systems can improve long-term durability. By balancing the workloads between solar panels and wind turbines, the wear and tear 

on each component is lessened, potentially extending the life of the individual systems. Furthermore, hybrid setups can be tailored to suit specific 

geographical conditions, ensuring that both energy sources are optimally matched to local wind patterns and sunlight availability. This scalability and 

flexibility also make hybrid systems well-suited for various applications, whether it's for large commercial operations, off-grid cabins, or residential 

homes. 

Ultimately, hybrid solar-wind systems provide a more resilient, cost-effective, and environmentally friendly energy solution, with the added benefits of 

energy security and greater performance under varying weather conditions. As renewable energy technologies continue to improve, hybrid systems will 

likely play an increasingly important role in meeting both personal and global energy needs. 

Disadvantages of Installing a Hybrid Solar Wind System 

While hybrid solar-wind systems offer many benefits, such as increased reliability and energy generation flexibility, there are several disadvantages to 

consider before installation. One of the main drawbacks is the high initial cost. Combining solar panels with wind turbines requires significant upfront 
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investment in equipment, installation, and infrastructure. This includes the cost of two separate energy systems (solar and wind) as well as the necessary 

components for system integration, such as power conversion systems, battery storage, and energy management systems.  

Another challenge is the complexity of system design and integration. Solar and wind energy have different operational characteristics, which makes 

it more difficult to design an efficient, reliable hybrid system. Solar panels generate power only during the day, while wind turbines depend on wind 

conditions, which can be intermittent and unpredictable. Balancing these two sources and ensuring that the system can seamlessly switch between them 

or integrate them into a unified energy flow requires sophisticated energy management systems, which can add to the complexity. 

The maintenance and operational challenges of hybrid systems are also considerable. Wind turbines, for instance, require regular maintenance due to 

their moving parts and susceptibility to wear, particularly in harsh weather conditions. Solar panels, though generally low-maintenance, also need periodic 

cleaning and may degrade over time. The combination of these systems increases the overall maintenance burden, and the need for specialized knowledge 

to maintain both types of systems can lead to higher ongoing costs. 

Moreover, space requirements can be a concern. Wind turbines need a considerable amount of space to operate efficiently, particularly to avoid 

interference from nearby buildings or vegetation. In areas where land is limited or expensive, it may be challenging to find an appropriate location for 

both the wind and solar components of the system.  

Additionally, aesthetic and environmental concerns can be a downside for some users. Wind turbines can be seen as an eyesore, especially in scenic 

or residential areas, and their noise can be an issue for nearby inhabitants. Similarly, solar panels require significant roof space or land area, which might 

not be available in urban settings or in places with limited sunlight. 

Finally, the reliability of energy generation from a hybrid system still depends on local environmental conditions. In areas where both solar and wind 

resources are limited or unreliable (e.g., regions with low wind speeds or frequent cloud cover), the hybrid system may not be as effective at providing 

consistent power. In such cases, the system might still require supplementary backup power, often from the grid or fossil fuel generators, reducing the 

overall environmental benefit. Overall, while hybrid solar-wind systems provide a potential solution for sustainable energy generation, these challenges—

ranging from high costs and complex integration to maintenance and space requirements—should be carefully considered before installation. 

Weather 

Condition 

Solar Output Wind Output Hybrid Output 

Sunny High (max output during peak 

sunlight) 

Low (wind may be calm) Moderate to High (solar output 

dominates) 

Cloudy Low (cloud cover reduces solar 

generation) 

Moderate (depends on wind 

speed) 

Moderate (solar reduced, wind 

still active) 

Windy Moderate (depends on sunlight) High (wind speeds increase 

turbine output) 

High (wind turbine output 

dominates) 

Calm/No Wind Moderate (solar can still 

produce) 

Very Low or None (no wind) Low (rely on battery storage or 

grid) 

Nighttime None (no solar generation) Variable (depends on wind 

conditions) 

Low or No 

  Table 2 System performance under different weather conditions. 

Equations 

Solar Energy Generation 

The solar energy generated by a photovoltaic (PV) system depends on the solar irradiance (G) and the efficiency of the solar panels. The power output 

can be calculated by 

𝑃 𝑠𝑜𝑙𝑎𝑟 = 𝐴 ⋅ 𝐺 ⋅ 𝜂𝑠𝑜𝑙𝑎𝑟 

The energy generated over a given time period t (in hours) is  

𝐸𝑠𝑜𝑙𝑎𝑟 = 𝑃𝑠𝑜𝑙𝑎𝑟 ⋅ 𝑡 

Energy Generation from DC Motor generator set 

Assuming that the DC generator is connected to the DC motor and is being driven by the motor's mechanical power, the electrical power generated by 

the DC generator will depend on its own efficiency (ηgen) and the load voltage ( Vgen ). 

The power delivered to the load by the generator is 

𝑃𝑔𝑒𝑛 =  𝑃𝑚𝑜𝑡𝑜𝑟 ⋅  𝜂𝑔𝑒𝑛 
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Thus, the mechanical power of the motor can also be written as 

𝑃𝑚𝑜𝑡𝑜𝑟 = 𝑇𝑚𝑜𝑡𝑜𝑟 ⋅ 2𝜋𝑁𝑚𝑜𝑡𝑜𝑟/60 

Assuming that the DC generator is connected to the DC motor and is being driven by the motor's mechanical power, the electrical power generated by 

the DC generator will depend on its own efficiency (ηgen) and the load voltage (Vgen). 

The power delivered to the load by the generator is 

𝑃𝑔𝑒𝑛 =   𝑃 𝑚𝑜𝑡𝑜𝑟 ⋅  𝜂𝑔𝑒𝑛 

The total energy generated by the DC motor-generator set over a time period t (in hours) is the electrical power generated by the generator multiplied by 

the time of operation 

𝐸 𝑔𝑒𝑛 = 𝑃𝑔𝑒𝑛 ⋅ 

𝐸 𝑔𝑒𝑛 = 𝑇 𝑚𝑜𝑡𝑜𝑟 ⋅ (2𝜋𝑁𝑚𝑜𝑡𝑜𝑟/60) ⋅ 𝜂𝑔𝑒𝑛. 𝑡 

Output of Boost Converter 

The output voltage (Vout) in a boost converter is related to the input voltage (Vin) and the duty cycle (D) by the equation: 

𝑉𝑜𝑢𝑡 =  𝑉𝑖𝑛/(1 − 𝐷𝑉𝑖𝑛) 

The duty cycle D is the fraction of time the switch is "on" in one switching period. It determines the voltage boost. The duty cycle can be calculated based 

on the required output voltage: 

𝐷 = 1 − (𝑉𝑖𝑛/𝑉𝑜𝑢𝑡) 

For proper operation of the boost converter, the inductor's current ripple (ΔIL) is important. It is influenced by the input voltage, the inductance value, 

and the switching frequency. The peak-to-peak inductor current ripple is given by: 

𝛥𝐼𝐿 = (𝑉𝑖𝑛 ⋅ 𝐷)/(𝐿. 𝑓) 

Battery Charging and Storage 

The power available to charge the battery is the sum of the power from both the solar and wind energy sources 

𝑃 𝑐ℎ𝑎𝑟𝑔𝑒 = 𝑃 𝑠𝑜𝑙𝑎𝑟 + 𝑃𝑔𝑒𝑛 

The State of Charge (SOC) is a measure of the battery’s charge level. It is defined as the ratio of the current charge  

𝑆𝑂𝐶 =  ( 𝑄 𝑐𝑢𝑟𝑟𝑒𝑛𝑡/𝑄𝑚𝑎𝑥) × 100 

The battery charge/discharge rate is the rate at which the battery stores or releases energy. This can be expressed as 

𝑑𝑄 / 𝑑𝑡 = 𝑃𝑐ℎ𝑎𝑟𝑔𝑒 ⋅ 𝜂𝑐 − 𝑃𝑙𝑜𝑎𝑑 

Simulation Results 

Solar Simulation 

A solar conversion system refers to the technology and processes used to convert sunlight into usable energy, typically electricity or thermal energy. 

These systems harness the sun's abundant energy and transform it into power for homes, businesses, or even entire power grids. Solar energy is a clean, 

renewable resource that helps reduce reliance on fossil fuels, mitigates greenhouse gas emissions, and provides an eco-friendly alternative for energy 

production. 

The provided Simulink model likely simulates a photovoltaic (PV) system with Maximum Power Point Tracking (MPPT) functionality. The simulation 

process would involve defining parameters for the PV panel, inverter, and MPPT algorithm. The model would then be executed, with the PV panel 

generating power based on simulated solar irradiance and temperature conditions. The MPPT algorithm would continuously adjust the operating point of 

the PV panel to extract maximum power. The inverter would convert the DC power from the PV panel into AC power for grid connection or local 

consumption. The simulation would provide insights into the system's performance under various conditions, such as varying solar irradiance and 

temperature, and help optimize the system design.  

The graph displays the State of Charge (SOC) of a battery system over a 4-second period. The SOC value starts at around 45% and then decreases to a 

minimum of approximately 44.985% at around 1 second. It then increases to a peak of approximately 44.995% at around 3 seconds before decreasing 

again to 44.985% at 4 seconds. This fluctuating pattern suggests that the battery is likely being charged and discharged during this period, possibly as 

part of a renewable energy system or a load balancing application. 
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Fig Solar Conversion System 

 

Fig Solar System Model 

 

 

Fig Irradiation and temperature waveforms 
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Fig Battery SOC Waveforms 

 

Fig Battery Voltage Waveforms 

The solar simulation results indicate the effective performance of the solar system in generating power and charging the battery. The MPPT algorithm 

successfully tracks the maximum power point, ensuring optimal energy extraction from the solar panels. The battery system efficiently stores excess 

energy for later use, contributing to grid stability and reducing reliance on conventional energy sources. Overall, the simulation demonstrates the potential 

of solar energy systems in providing sustainable and reliable power solutions. 

Wind Simulation 

Wind energy, a clean and renewable source of power, is gaining significant attention globally. Wind turbines harness the kinetic energy of the wind to 

generate electricity. However, wind energy is intermittent, as wind speeds fluctuate throughout the day and across seasons. To address this variability 

and ensure a stable power supply, energy storage solutions like batteries are integrated with wind power systems. Batteries store excess energy generated 

during periods of high wind speed and release it during periods of low wind or high demand, thereby improving the reliability and efficiency of wind 

power systems. 

The provided MATLAB Simulink model appears to simulate a wind turbine system, primarily focusing on the power conversion stage. The model 

incorporates blocks representing key components like the wind turbine, generator, power converter, and grid. It likely aims to analyze the system's 

dynamic behavior under varying wind conditions, evaluate power output and efficiency, investigate the impact of control strategies, and study the 

interaction with the electrical grid. The presence of gain blocks and summing junctions indicates signal manipulation and feedback mechanisms. While 

the model's specific details remain unclear, it serves as a valuable tool for understanding and optimizing wind turbine system performance. 

 

Fig Wind turbine system supplying batteries 

 

Fig Wind and battery combined model 
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The provided graphs depict the waveforms of wind temperature and pitch angle, which serve as crucial inputs for the wind simulation model. The wind 

temperature waveform shows a fluctuating pattern, likely representing variations in atmospheric conditions. These temperature changes can significantly 

impact the density of the air, which in turn affects the power output of the wind turbine. The pitch angle waveform demonstrates a stepwise pattern, 

indicating that the turbine blades are being adjusted to optimize power extraction under different wind conditions. 

By controlling the pitch angle, the turbine can regulate the amount of wind energy captured and converted into mechanical power. These two inputs, wind 

temperature and pitch angle, play a vital role in accurately simulating the performance of a wind turbine system. 

 

Fig Temperature varies with waveform respect to time 

 

Fig Pitch angle varies with respect to time 

 

The provided graphs depict the waveforms of wind temperature and pitch angle, which serve as crucial inputs for the wind simulation model. The wind 

temperature waveform shows a fluctuating pattern, likely representing variations in atmospheric conditions. These temperature changes can significantly 

impact the density of the air, which in turn affects the power output of the wind turbine. The pitch angle waveform demonstrates a stepwise pattern, 

indicating that the turbine blades are being adjusted to optimize power extraction under different wind conditions. By controlling the pitch angle, the 

turbine can regulate the amount of wind energy captured and converted into mechanical power.  
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Fig Wind turbine output voltage waveform 

 

Fig Wind boost voltage waveforms 

 

Fig Battery SOC waveform 

The provided battery SOC waveform illustrates the dynamic behavior of the battery system within the wind simulation model. The SOC value initially 

increases, indicating that the battery is being charged by the excess wind energy generated. This charging phase continues for a certain duration, allowing 

the battery to store energy for later use.Once the wind energy generation decreases or the system load increases, the battery SOC begins to decrease. This 

discharge phase demonstrates the battery's ability to supply power to the system when needed. The overall trend of the SOC waveform suggests that the 

battery system is effectively managing energy storage and release, contributing to the overall stability and efficiency of the wind power system. 

Controller’s Model 

MPPT controllers are essential components in hybrid energy systems. They maximize the power output of renewable energy sources like solar panels 

and wind turbines by continuously adjusting the operating voltage and current to match the maximum power point (MPP) of the source. This ensures that 

the system extracts the most possible power from the available energy, even under varying environmental conditions. By efficiently utilizing renewable 

energy, MPPT controllers contribute to the overall performance and cost-effectiveness of hybrid energy systems.    
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Fig MPPT controller system model 

These inputs include solar panel voltage and current, irradiance, and temperature, as well as wind turbine wind speed, rotor speed, generator voltage, and 

current. Based on these inputs, the MPPT controller generates a control signal, often a duty cycle, which is sent to power electronic converters to regulate 

power flow. This optimization of power output improves the overall efficiency of the hybrid system, maximizing energy harvested from solar and wind 

sources. 

 

Fig Bus controller and Battery controller 

The simulation begins by initializing the system parameters, such as the initial state of charge of the battery, the ambient conditions (irradiance, wind 

speed, temperature), and the load demand. The models of the renewable energy sources generate power outputs based on the input conditions. These 

power outputs are then fed into the power converters, which convert the DC power from the sources to AC power suitable for the load or grid. 
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The MPPT controller continuously tracks the maximum power point (MPP) of each renewable energy source and adjusts the operating point of the power 

converters to maximize power extraction. The energy management system (EMS) controller coordinates the power flow between the renewable energy 

sources, load, and battery storage. It determines the optimal power sharing between the sources and the load, as well as the charging/discharging strategy 

for the battery. The simulation model allows for the analysis of system performance under various scenarios, such as changes in weather conditions, load 

variations, and grid disturbances. By simulating different control strategies and system configurations, engineers can identify optimal operating conditions 

and make informed decisions for the design and operation of the hybrid energy system. In conclusion, the simulation model plays a crucial role in the 

development and optimization of hybrid energy management systems. It provides a valuable tool for understanding system behavior, evaluating the 

performance of different control strategies, and identifying potential areas for improvement. 

 

Fig Boost converter system model 

The simulation of a boost converter involves modeling its electrical behavior using mathematical equations and software tools. Key components like the 

inductor, capacitor, and switch are represented in the simulation. The simulation starts by defining parameters like input voltage, output voltage, inductor 

and capacitor values, and switching frequency. During the simulation, the switch is toggled between on and off states according to a predefined duty 

cycle. When the switch is on, the inductor stores energy. When it's off, the stored energy is released to the output capacitor, raising the output voltage. 

The output voltage is calculated based on the capacitor voltage and load current. By simulating the converter under various conditions, engineers can 

analyze its performance, including efficiency, voltage ripple, and transient response. The effects of non-ideal components and parameter variations can 
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also be studied. Simulation helps in optimizing the design of boost converters for specific applications, ensuring efficient power conversion and stable 

output voltage. 

Hybrid Model 

The model appears to have distinct sections for wind and solar energy systems, each with its own power conversion and control mechanisms. The wind 

energy section likely includes blocks representing the wind turbine, generator, and power converter. The solar energy section would include blocks for 

the solar panel, inverter, and potentially an MPPT controller. The integration of these two systems might be achieved through a common DC bus or by 

combining the AC outputs of the inverters. The model could also incorporate energy storage elements like batteries to manage the intermittent nature of 

renewable energy sources. The  simulation of this hybrid system would involve defining parameters for each component, such as wind speed, solar 

irradiance, turbine and panel characteristics, and control algorithms. The model would then be executed to analyze the system's performance under various 

conditions, including varying wind and solar inputs, and assess the effectiveness of the integration strategy. 

 

Fig Solar bus voltage waveform 

 

Fig wind bus voltage waveform 

The provided simulation results demonstrate the dynamic behavior of a hybrid solar and wind energy system. The wind voltage plot shows a gradual 

increase in voltage over time, indicating a ramp-up in wind power generation. This is likely due to a simulated increase in wind speed or a change in 

turbine operation. The bus voltage plot shows a similar trend, suggesting that the wind power is being effectively integrated into the system. The battery 

voltage plot, however, remains relatively stable, indicating that the battery is not actively discharging or charging during this period. This might be 

because the system is operating under optimal conditions, with sufficient power generation to meet the load demand without relying on battery storage. 

Overall, the simulation results suggest that the hybrid system is functioning as intended, with the wind energy component contributing significantly to 

the overall power output. 
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Fig combined wind and solar output voltage waveforms 

 

Fig Battery and bus output voltage waveforms 

 

 

Fig State of Charge (SOC) of Battery without load 

 

Fig State of Charge (SOC) of Battery with load 
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Conclusion 

In conclusion, represents a promising solution to meet the growing demand for reliable, renewable energy sources. By integrating solar and wind power, 

this system leverages the complementary nature of both energy sources—solar energy during the day and wind energy during periods of low sunlight—

providing a more consistent and efficient energy supply for battery charging. The use of a sophisticated energy management system allows for seamless 

control of energy flow, optimizing battery storage and enhancing overall system performance. This approach not only reduces reliance on the grid but 

also contributes to sustainability goals by reducing carbon emissions and promoting clean energy. 

However, challenges remain, such as high initial costs, the complexity of system integration, and the need for ongoing maintenance. Additionally, the 

effectiveness of the system can be limited by local weather conditions and land availability for installation. Despite these hurdles, the long-term benefits, 

including energy independence, cost savings, and reduced environmental impact, make hybrid solar-wind systems a viable option for both residential and 

commercial applications. As technology advances and costs decrease, hybrid systems are expected to play an increasingly significant role in the global 

transition to renewable energy, paving the way for a more sustainable and resilient energy future. 
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