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in energy harvesting  
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Abstract: The increasing demand for long-endurance Unmanned Aerial Vehicles (UAVs) has led to the exploration 

of solar-powered UAV systems. Solar energy offers a sustainable power source that can potentially 

extend the operational time of UAVs, especially during long-duration flights. However, to optimize the 

power generated from solar panels, it is crucial to operate the panels at their Maximum Power Point 

(MPP), which fluctuates in response to environmental conditions such as irradiance and temperature. 

Maximum Power Point Tracking (MPPT) technology is used to dynamically adjust the operating point 

of solar panels to ensure they operate at the MPP, maximizing energy harvest. This paper explores the 

importance of MPPT in solar-powered UAVs, delves into the principles of solar cell operation, reviews 

various MPPT algorithms (such as Hill Climbing and Incremental Conductance), and discusses their 

integration into UAV systems. Additionally, the paper highlights the design considerations and 

challenges involved in implementing MPPT for UAVs, including hardware efficiency, real-time tracking, 

and battery management. By optimizing solar energy harvesting and efficient power delivery, MPPT 

systems enhance the performance of solar-powered UAVs, making them suitable for a range of 

applications such as surveillance, environmental monitoring, and disaster response. 
Keywords: Maximum Power Point Tracking (MPPT), Photovoltaic Systems, Solar Panels, MPPT Algorithms, Hill 

Climbing Algorithm, Incremental Conductance Algorithm, Solar Energy Harvesting, Battery 

Management UAV Power Management, Renewable Energy Systems 

 

 
1. Introduction 

Unmanned Aerial Vehicles (UAVs) have become an 

essential tool in various sectors, including environmental 

monitoring, military applications, and search and rescue 

operations. The ability to operate autonomously for extended 

periods without needing frequent recharging or refueling is 

a key advantage of UAVs. This capability can be further 

enhanced by integrating solar panels that allow UAVs to 

recharge their batteries during flight, maximizing their 

endurance [1, 2]. 

However, solar power systems on UAVs face several 

challenges. The efficiency of a solar panel in converting 

sunlight into electrical energy fluctuates due to 

environmental factors such as sunlight intensity, cloud 

cover, temperature, and the UAV’s orientation to the sun. 

Therefore, to maximize the efficiency of the solar panels, the 

UAV must continually operate at the Maximum Power Point 

(MPP), where the solar panel delivers the highest possible 

power output. 

Maximum Power Point Tracking (MPPT) technology is 

an essential tool for optimizing the power harvested from 

solar cells by continuously adjusting the operating point to 

ensure the system works at or near the MPP. This paper 

explores the role of MPPT in solar-powered UAVs, 

examining the principles of solar cell operation, the 

algorithms used to track the MPP, and the design 

considerations for integrating MPPT into UAV systems [3, 

4, 5]. 
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2. Research methodology 

Solar Cells and Their Characteristics 

EN 13749 is a European Standard that specifically 

relates to the design and testing of railway bogie frames and 

associated components. This standard provides technical 

specifications and requirements for the design, calculation, 

and testing of railway bogie frames and their structural 

elements (bolsters and axlebox housings). 

Solar cells, or photovoltaic (PV) cells, are the 

fundamental components in solar panels. These cells convert 

light energy into electrical energy through the photovoltaic 

effect, where photons from sunlight excite electrons in a 

semiconductor material, generating an electric current. 

Understanding the current-to-voltage (I-V) characteristics of 

a solar cell is crucial for optimizing its performance in any 

application, including UAVs [6, 7]. 

Key Parameters of a Solar Cell: 

• Open Circuit Voltage (VOC). The voltage when 

the cell is not connected to any load (i.e., when there is no 

current flowing through the circuit). This value is influenced 

by the type of semiconductor material used (e.g., silicon, 

gallium arsenide) and the temperature. 

• Short Circuit Current (ISC). The maximum 

current that flows when the cell is shorted (i.e., the voltage 

is zero). 

• Maximum Power Point (MPP). The point at which 

the product of current and voltage is maximized, yielding the 

highest possible power output from the solar cell. This is 

where the solar panel operates most efficiently, and the 

power output reaches its peak. 

c https://orcid.org/0000-0003-1326-5828 
d https://orcid.org/0009-0002-0673-6994 
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• Voltage at MPP (VMPP) and Current at MPP 

(IMPP). These values correspond to the voltage and current 

at the MPP. The values are crucial for determining how the 

solar panel should operate under different lighting 

conditions. 

The I-V curve of a solar cell is not static, it changes based 

on external factors such as irradiance (light intensity) and 

temperature. For example, as irradiance increases, the 

current generated by the cell increases linearly, while the 

voltage changes only slightly. Conversely, as the 

temperature rises, the voltage decreases, and the current 

increases slightly. This dynamic nature of the I-V curve 

means that the operating point of the solar panel must be 

continuously adjusted to maintain maximum power output. 

 
Figure 1. I-V Curve of a Solar Cell (in the example of 

Sunpower C60 solar cell 

(a)  

(b)  

Figure 2. Variation of the I-V Curve with Irradiance 

(a) and Temperature (b) 

 

Maximum Power Point (MPP) 

The Maximum Power Point (MPP) is the operating point 

on the I-V curve where the product of current and voltage is 

maximized, and the solar panel delivers the most power. This 

is a critical concept because the energy harvested from a 

solar panel depends directly on the operating point. The MPP 

is not a fixed point—it shifts dynamically based on 

environmental conditions such as sunlight intensity 

(irradiance) and temperature [8, 9, 10]. 

The relationship between voltage, current, and power for 

a solar panel can be expressed mathematically as: 

𝑃𝑚𝑎𝑥  =  𝑉𝑀𝑃𝑃 × 𝐼𝑀𝑃𝑃 = 

Where: 

Pmax is the maximum power output of the solar panel. 

VMPP is the voltage at the maximum power point. 

IMPP is the current at the maximum power point. 

For solar-powered UAVs, maintaining operation at the 

MPP is crucial for maximizing the energy collected and 

extending the flight time. However, the MPP is highly 

sensitive to changes in sunlight intensity and temperature. 

For example, if the sun’s intensity decreases due to cloud 

cover, the I-V curve shifts, and the MPP moves, requiring 

the UAV’s power management system to adjust the 

operating point accordingly. 

Furthermore, the MPP is not static even during the 

course of a day. As the UAV moves through different parts 

of its flight path, the angle of incidence of sunlight changes, 

leading to variations in irradiance. The ability to track and 

adjust to the MPP is therefore vital for optimal energy 

harvesting. 

MPPT Technology 

Maximum Power Point Tracking (MPPT) is a technique 

used to ensure that a solar panel operates at its maximum 

power point under all conditions. MPPT systems are 

typically implemented using DC-DC converters that adjust 

the output voltage of the solar panel to match the optimal 

operating point. The DC-DC converter essentially converts 

the voltage from the solar panel to a level that is suitable for 

charging the UAV’s battery, while continuously tracking the 

MPP. 

Types of MPPT Algorithms.  

There are several algorithms used to track the MPP. The 

most common ones include: 

1. Hill Climbing (Perturb and Observe).  

This method involves perturbing the operating voltage 

of the solar panel and observing the resulting changes in 

power output. If the power increases, the voltage is adjusted 

in the same direction; if the power decreases, the direction is 

reversed. 

The Hill Climbing method is simple and effective but 

tends to cause oscillations around the MPP, meaning that the 

system never quite stays at the MPP but instead hovers near 

it. 

2. Incremental Conductance (IncCond). 

This algorithm uses the incremental changes in both 

current and voltage to calculate the slope of the power curve. 

It compares the derivative of the power with respect to 

voltage to determine whether the operating point is to the left 

or right of the MPP. This allows for more accurate tracking 

compared to Hill Climbing, especially under rapidly 

changing conditions. 

3. Constant Voltage Method. 

This method assumes that the solar panel’s voltage at the 

MPP remains relatively constant. By maintaining the panel’s 
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voltage at a fixed value (typically around 0.76 of the open-

circuit voltage), this method simplifies the tracking process. 

It is often used in systems where the irradiance does not 

fluctuate rapidly. 

Efficiency Considerations. 

The efficiency of MPPT systems is determined by both 

the hardware and the tracking algorithm. A well-designed 

MPPT system can achieve an efficiency of over 95%, and 

some high-end systems reach as high as 99%. Efficiency 

losses primarily arise from the power conversion process in 

the DC-DC converter and the algorithm’s ability to track the 

MPP in real-time. 

MPPT in Solar-Powered UAVs 

The integration of solar panels and MPPT technology in 

UAVs is crucial for achieving long-duration flights without 

relying on fuel or external charging sources. UAVs that use 

solar panels can recharge their batteries during flight, 

allowing them to extend their operational time significantly. 

However, the challenges of varying sunlight conditions 

make it necessary for UAVs to adapt in real time to the 

changing environment. 

Challenges. 

1. Dynamic Flight Conditions. UAVs experience varying 

flight conditions, such as altitude, speed, and orientation 

to the sun. As a result, the solar irradiance received by 

the UAV changes throughout the flight. MPPT systems 

must dynamically adjust to these changes to ensure the 

solar panels are always operating at their maximum 

efficiency. 

2. Energy Storage and Management. The UAV’s battery, 

typically a lithium-ion type, must be charged safely to 

avoid overcharging or thermal runaway. MPPT systems 

must be coordinated with the battery’s charging profile 

to ensure that power is delivered in a way that is safe and 

efficient for the battery. 

Impact of Flight Speed and Altitude. The speed and 

altitude of the UAV affect the intensity of sunlight. UAVs 

flying at higher altitudes may experience more direct 

sunlight, while those closer to the ground may encounter 

more diffuse light. MPPT systems must be designed to 

handle these variations. 

Design Considerations and Challenges 

Designing an efficient MPPT system for UAVs requires 

careful consideration of both hardware and software 

components. The key factors that influence the performance 

of an MPPT system include: 

• Hardware Design. The DC-DC converter that 

implements the MPPT algorithm must be highly 

efficient, with low losses in components such as diodes, 

transistors, and inductors. This ensures that as much 

energy as possible is harvested from the solar panel and 

delivered to the UAV’s battery. 

• Software Algorithms. The MPPT algorithm must be fast 

and responsive to changes in irradiance. For UAVs, this 

is particularly important because rapid changes in 

sunlight exposure can occur due to flight maneuvers, 

weather conditions, or time of day. 

• Battery Protection. Lithium-ion batteries are sensitive 

to overcharging. MPPT systems must switch to 

constant voltage mode once the battery is fully charged 

to prevent damage. Ensuring the safe charging of the 

battery is an essential consideration when designing the 

MPPT system. 

3. Conclusion 

MPPT technology plays a vital role in maximizing the 

energy harvested from solar panels in UAV systems. By 

tracking the Maximum Power Point in real-time, MPPT 

ensures that the solar panels operate at peak efficiency, 

which is crucial for extending the flight time of solar-

powered UAVs. With advancements in MPPT algorithms 

and hardware, the future of solar-powered UAVs looks 

promising, offering sustainable, long-duration flight 

capabilities for a wide range of applications. 

The development of more efficient MPPT systems, 

combined with improvements in solar panel technology, will 

make solar-powered UAVs increasingly viable for 

commercial and industrial use. As the demand for UAVs 

with extended flight durations grows, so too will the 

importance of MPPT technology in achieving this goal. 
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