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Abstract

General Background: The rapid advancements in solar-powered unmanned aerial vehicles
(UAVs) have increased interest in optimizing their energy management systems (EMS) to
enhance performance and flight endurance. Specific Background: Effective EMS in solar
UAVs requires advanced strategies for solar energy harvesting, energy storage, and power
distribution to maximize operational efficiency under varying environmental conditions.
KnowledgeGap:Despiterecentprogress,challengesremaininenergyconversionefficiency,
battery storage capacity, and the integration of intelligent predictive control mechanisms,
limiting the UAVs’ ability to operate autonomously for extended periods. Aims: This review
investigatescurrentEMSoptimizationstrategiesforsolar-poweredUAVs,emphasizingmulti-
objective optimization techniques, energy management algorithms, and the impact of
environmental conditions on UAV performance. It also explores the role of artificial
intelligence (AI) and machine learning in improving EMS efficiency. Results: Studies
highlight that multi-objective genetic algorithms (MOGAs) effectively balance energy
allocationbetweenpropulsion,batterystorage,andpayload, leading tosignificantendurance
improvements. Fuzzy logic-based power management systems enhance energy efficiency by
dynamically adjusting power distribution based on real-time UAV energy demands. Adaptive
energy management strategies that integrate environmental and operational data improve
flight timesbyupto30%underextremeconditions.Novelty:This reviewsynthesizesstate-of-
the-art EMS strategies, identifying key optimization techniques and emerging AI-driven
solutions for adaptive and predictive energy management. By consolidating findings from
diverse methodologies, it provides a comprehensive assessment of how intelligent control
systems enhance UAV autonomy. Implications: The findings underscore the necessity of
developingmoreefficientpowerconversiontechnologies,advancedbatterystoragesolutions,
and AI-based EMS frameworks to enable long-duration UAV operations. Future research
should focus on refining these technologies to improve UAV performance in energy-intensive
applications such as surveillance, environmental monitoring, and disaster response.

Highlights:

1.Optimization: MOGAs and fuzzy logic improve energy efficiency and endurance.
2.Adaptation: Real-time power adjustments enhance UAV performance in harsh

conditions.
3.AI Integration: Machine learning enables predictive, autonomous energy management.

Keywords: Solar-powered UAVs, Energy Management Systems, Optimization Algorithms,
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  Introduction  
Solar-powered Unmanned Aerial Vehicles (UAVs) represent a significant advancement in the field of UAV
technology, enabling extended flight durations and reduced reliance on traditional fuel sources [1, 2]. Unlike
traditional UAVs that rely on fuel or rechargeable batteries, solar-powered UAVs are designed for long-duration
flights, as they can harness the energy from the sun to continuously recharge their power systems while in the air
[3, 4]. However, achieving efficient energy management in solar-powered UAVs is crucial for their operational
viability, particularly for applications requiring long endurance, such as environmental monitoring, surveillance,
and communication networks [5, 6].

Energy management systems (EMS) for solar UAVs must balance the generation, storage, and consumption of
energy, while adapting to fluctuating environmental conditions such as varying solar intensity and temperature. As
these systems are integral to the UAV’s performance, optimizing EMS is essential for maximizing flight times and
ensuring reliable operations. To achieve long flight duration and maximize energy efficiency, wing design [7] and
selection of the right type of solar cells [8] play a crucial role. This paper reviews the state-of-the-art energy
management strategies for solar UAVs, examining both theoretical and practical advancements. It also identifies
gaps in current research and propose future directions for improving the efficiency and autonomy of solar-powered
UAVs. Solar-powered UAV components and energy management systems are shown in Figure 1 [9].

Figure 1.  Diagram of solar-powered UAV components and EMS [9] 

  Literature Review  
2.1. Energy Management Techniques and Strategies. Recent studies have introduced various strategies for
optimizing energy management in solar-powered UAVs. Wang et al. [10] proposed a multi-objective genetic
algorithm (MOGA) to optimize the allocation of solar energy between the battery, propulsion system, and payload.
This approach ensures that multiple objectives – such as maximizing flight duration and minimizing energy
consumption – are efficiently balanced. Their findings suggest that multi-objective genetic algorithm-based
solutions offer significant improvements in flight endurance, even under variable solar conditions.

MOGAs assist in determining optimal design parameters for solar-powered UAVs, including wing area, cruise
speed, drag, lift coefficient, and aspect ratio. By considering multiple objectives, such as payload capacity and
energy efficiency, MOGAs help in achieving a balanced design that meets various performance criteria [11].

A fuzzy logic-based Power Management System (PMS) has been proposed to optimize power allocation in hybrid
UAV power systems, improving energy efficiency. The system uses inputs like battery state of charge (SOC), power
demand (PD), and photovoltaic (PV) power to generate control commands, with PV power prioritized and fuel cell
power as the lowest priority. The SOC is classified into low, medium, and high states, while PD has fuzzy states
such as medium, high, and very high. Fuel cell power (PFC) also follows five fuzzy states, including medium and
high. An example of fuzzification for a battery/fuel cell control system is presented in Table 12 [12, 13].

 PFC  PD
 VH  H  M  L  VL

 L  VH  VH  H  M  L
 SOC  M  VH  H  M  L  L

 H  H  M  L  VL  VL
Table 1. An example of fuzzification for a battery/fuel cell control system [12, 13]  

ISSN 2714-7444 (online), https://acopen.umsida.ac.id, published by Universitas Muhammadiyah Sidoarjo
 Copyright © Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC

BY).
8/10 

https://portal.issn.org/resource/ISSN/2714-7444
https://acopen.umsida.ac.id
https://umsida.ac.id


Academia Open
Vol 10 No 1 (2025): June (In Progress)

DOI: 10.21070/acopen.10.2025.10638 . Article type: (Engineering)

2.2. Challenges in Extreme Environmental Conditions. Solar UAVs often face performance degradation in extreme
conditions, such as low-light or high-altitude flights, where solar energy availability is limited. Zhang et al. [14]
addressed this challenge by developing an adaptive energy management strategy. This system adjusts the power
distribution between the solar panel and battery based on real-time environmental data, ensuring that the UAV can
maintain optimal performance even in adverse weather conditions. Their approach demonstrated a 30%
improvement in flight time under such conditions, highlighting the importance of adaptive control in energy
management.

2.3. Design of Adaptive Energy Management Systems. Gao et al. [15] focused on the real-time adaptive control of
solar UAVs, integrating sensor data to dynamically adjust the UAV’s power distribution. By incorporating real-time
monitoring of battery charge levels, solar intensity, and energy consumption, their system optimizes energy usage
and prevents battery depletion during critical flight phases. The use of adaptive control algorithms in their study
resulted in up to 15% longer flight times compared to traditional EMS designs, underscoring the effectiveness of
adaptive energy management in enhancing UAV autonomy.

2.4. Future Challenges and Research Directions. Despite significant progress, several challenges remain in
optimizing EMS for solar-powered UAVs. These include reducing energy losses during conversion and transmission,
enhancing battery storage capacity, and integrating artificial intelligence (AI) to predict energy demands more
accurately. Future research should focus on developing more efficient power conversion technologies, improving
battery management systems, and leveraging AI for predictive and adaptive energy management to enhance solar-
powered UAV performance under varying conditions.

  Result and Discussion  
The reviewed strategies show considerable improvements in solar-powered UAV performance, particularly in
energy efficiency and flight endurance. Key findings include:

•Multi-Objective Optimization. Wang et al. [10] demonstrated that their multi-objective genetic algorithm approach
significantly improved flight duration by optimizing energy allocation between the solar panels, battery, and
propulsion system. In scenarios with variable sunlight, multi-objective genetic algorithm achieved up to a 25%
improvement in flight time compared to traditional methods.

•Adaptive Energy Management. Zhang et al. [14] showed that adaptive energy management strategies could
maintain optimal energy use even under extreme environmental conditions. By adjusting the power distribution in
real time, their system increased flight time by 30% in low-light and high-altitude conditions.

•Real-Time Monitoring and Control. Gao et al. [15] demonstrated the importance of real-time energy monitoring
and adaptive control in improving flight time. Their EMS system extended UAV flight time by 15%, thanks to
dynamic energy distribution based on solar intensity and battery levels.

The energy management strategies reviewed in this paper underscore the importance of balancing multiple
objectives, such as maximizing energy efficiency, extending flight times, and ensuring system reliability. The use of
multi-objective genetic algorithms, as demonstrated by Wang et al. [10], provides an effective solution for
optimizing energy allocation in solar-powered UAVs. Furthermore, adaptive energy management systems, like the
one proposed by Zhang et al. [14], offer significant improvements by responding dynamically to environmental
conditions, ensuring that solar-powered UAVs can perform well even in challenging environments.

However, while these strategies have proven effective, several challenges remain. For example, further work is
needed to reduce energy losses during power conversion and improve battery storage systems to support longer
flight durations. Additionally, the integration of AI and machine learning for predictive energy management could
revolutionize solar-powered UAV performance by allowing the system to anticipate and adjust to changes in
environmental conditions before they occur.

  Conclusion  
The optimization of energy management systems for solar-powered UAVs is critical to enhancing their performance
and extending the duration of their operations. By incorporating multi-objective optimization algorithms alongside
adaptive control strategies, notable advancements have been made in improving energy consumption and overall
flight endurance. However, several challenges remain, particularly concerning the efficiency of energy conversion,
the capacity of battery storage, and the integration of artificial intelligence (AI) for dynamic energy management.
Moving forward, research should aim at refining power conversion technologies, improving battery efficiency, and
developing advanced AI-based systems capable of both adaptive and predictive energy management. These
advancements will be key to enabling UAVs to operate over longer durations and improve their performance in
energy-intensive tasks.
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