
Australian Journal of Basic and Applied Sciences, 8(15) Special 2014, Pages: 252-259 

 

AENSI Journals 

Australian Journal of Basic and Applied Sciences 

 ISSN:1991-8178 

 

 

Journal home page: www.ajbasweb.com 

 

 

Corresponding Author: Dr. Parvathy Rajendran, School of Aerospace Engineering, Universiti Sains Malaysia, Engineering 

Campus, 14300 Nibong Tebal, Pulau Pinang, Malaysia  

   E-mail: aeparvathy@usm.my;   Tel: +604 5995963  

Review of the Elementary Aspect of Small Solar-powered Electric Unmanned Aerial 

Vehicles  
 
1Howard Smith and 2Parvathy Rajendran 

  
1Director of Aircraft Design Centre, Cranfield University, School of Engineering, MK43 0AL Cranfield, England, United Kingdom. 
2School of Aerospace Engineering, Universiti Sains Malaysia, Engineering Campus, 14300 Nibong Tebal, Pulau Pinang, Malaysia. 

 
A R T I C L E  I N F O   A B S T R A C T  

Article history: 

Received 15 September  2014  

Accepted 5 October   2014  
Available online 25 October  2014 

 

Keywords: 
UAV, unmanned aircraft, regulations, 

airworthiness, classification, solar 

power 

 The lack of small solar-powered electric unmanned aerial vehicles (UAVs), even when 

they have wide application potential, clearly indicates the need to develop solar-

augmented UAV power systems, including design and integration for optimized 
performance. Comprehensive work on solar and battery power system is essential for 

excellent UAV performance. Studying and understanding the basic aspects of small 

solar-powered UAVs is a crucial step in their development. This paper aims to review 
all aspects of small solar-powered UAVs, such as their basic definition, regulation, 

airworthiness, as well as use and application classification. Solar flight chronology and 

certain technical characteristics and specifications of existing UAVs are also reviewed. 
Small solar UAVs offer great opportunity to perform tasks previously carried out by 

manned aircraft, balloons, airships, satellites, or larger UAVs. This review concludes 

that only 10 small solar UAVs have been developed, indicating a research gap 
opportunity to cater to a wide range of potential applications.  
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INTRODUCTION 
 

 Unmanned aerial vehicle (UAV) has wide range of capabilities for both military and civilian missions. 

However, the low range and endurance of the electric UAV system that is solely powered by battery affects the 

mission performance output. Despite the recent battery system improvements, UAV endurance could barely 

achieve 4 hours (Cowley, S., 2013), thereby making the battery only power system no longer attractive for use 

in UAVs (Vidales, H.M.G., 2013; Bhatt, M.R., 2012; Rajendran and H. Smith, 2014).  

 Recently, a great of attention have been focused on the use of hybrid solar and battery powered UAV 

system. The lack of solar-augmented UAV system, even with its wide application potential, clearly indicates the 

research gap that need to be focused upon; that is, development of a small solar-powered electric UAV power 

system, including integration, design, and optimization. However, comprehensive work on solar and battery 

power system is essential for excellent UAV performance. 

 Therefore, studying and understanding the elementary aspects of small solar-powered UAV is crucial. This 

paper aims to review the basic element of small solar-powered UAVs, such as definition, regulation and 

airworthiness, classification, and application, including solar flight chronology and certain basic characteristics 

and specifications of the existing UAVs. Given the different names and acronyms used to refer to UAVs, this 

paper briefly provides an insight into their definitions. Descriptions of UAV regulation and airworthiness are 

elaborated. UAV classifications based on the regulation bodies and individual references are then discussed. A 

general description of the application of these UAVs is also presented. A brief history of solar flight that charts 

the beginning of solar aviation will be covered. Finally, the basic characteristics and specifications of the 

existing small electric fixed-wing UAV will be reviewed.  

 

Definition: 
 Different names and acronyms have been used to refer to unmanned aircraft. During the Vietnam War, 

these aircraft were commonly called Remotely Piloted Vehicle, which was then replaced in the early 1990s by 

the term Unmanned Aerial Vehicles or UAVs (Mueller, T.J., 2006). More recently, these aircraft have been 

described as unmanned aircraft/aerial systems. Other generic names that are less frequently used include 

Unmanned Aircraft, UnManned Aircraft, Unmanned Vehicle System, Uninhabited Aerial Vehicle, Unoccupied 
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Aerospace Vehicle, Remote Controlled Aircraft, Radio Controlled Aircraft, and Non-piloted Aircraft. A more 

extensive list is presented by March (2004).  

 The Joint Publication 1-02, from the Department of Defense (DOD) Dictionary of the United States of 

America (US) published the meaning of UAV as follows:  

 “A powered, aerial vehicle that does not carry a human operator, uses aerodynamic forces to provide 

vehicle lift, can fly autonomously or be piloted remotely, can be expendable or recoverable, and can carry a 

lethal or nonlethal payload. Ballistic or semiballistic vehicles, cruise missiles, and artillery projectiles are not 

considered unmanned aerial vehicles.” (DOD, 2010)  

 Similarly, this meaning was applied in the United Kingdom Defence Standard (2006), Canadian Aviation 

Regulations (2007), and Bloss (2007). These definitions clearly indicate the unity in defining the idea of an 

UAV and the diversity in referring them.  

 

Regulation and Airworthiness: 
 Basic rules and regulations are applied when designing and operating small civilian purpose UAVs to 

ensure the safety of any individual or property. Given that UAV regulations and airworthiness are country 

specific, this paper presents the typical restrictions provided by of the US DOD and the UK Civil Aviation 

Authority (CAA). Mainly, no aircraft is permitted to fly across border unless permitted by CAA (2012). All 

aircraft that weigh less than 150 kg are required to fly (1) below 400 ft. from the surface (2) and within the sight 

of or less than 500 m away from the operator (3) at maximum achievable speed of less than 70 kts. Therefore, 

any small UAVs for civilian purpose that intend to operate autonomously or remotely piloted beyond these 

limits are required to obtain permission from CAA prior flight.  

 Moreover, CAA also provided important guidance on the amount of kinetic energy at two conditions: free 

fall flight and total system failure flight. First, the free fall situation is an unpremeditated but controllable 

descent because of partial system failure/s that require the aircraft to descend at 1.3 of its stalling speed in 

landing configuration at maximum take-off weight (Haddon, D.R. and C.J. Whittaker, 2004; Haddon, D.R. and 

C.J. Whittaker, 2002). The other condition is when the aircraft landing is not in control; then it is required to fly 

at 1.4 of its maximum operating speed in landing configuration at maximum take-off weight at the incident of 

total system failure (Haddon, D.R. and C.J. Whittaker, 2004; Haddon, D.R. and C.J. Whittaker, 2002). Under 

these conditions, without relying on any parachute deployment system, the aircraft should not exhibit kinetic 

energy exceeding 95 kJ. CAA (2012) also prohibits the use of metal propeller for either internal combustion 

engines or electric motors.  

 Although small UAVs weigh less than 150 kg, operating or designing aircraft that weigh less than 7 kg 

would have more advantages. The foremost important element is exemption from having expensive aircraft 

insurance by CAA, which helps reduce the operating cost, although insurance may be beneficial in the event of 

an accident. Consequently, during aircraft flight demonstration, at least 30 meters distance from the crowd line 

is required for an electric aircraft and 50 meters for turbine powered aircraft.  

 However, aircraft that weigh between 7 and 20 kg without fuel would have the following additional 

constraints: 1) must obtain operating permission from air traffic control, 2) must have 50 ft. obstacle distance, 3) 

must be 30 meters away from the crowd line, 4) must possess adequate insurance coverage, 5) must have 150 

meters clearance from congested area, 6) performing aerobatics is prohibited, and 7) must have airworthiness 

certification issued by CAA (2012). Currently, aircraft below 7 kg require no air traffic control permission 

unless operating in restricted airspace.  

 Despite of this freedom, these aircraft are expected to obtain CAA permission before commencing 

operation in the future. Meanwhile, all UAVs developed for military, customs, and police services are subjected 

to the regulations set out by the Ministry of Defence regardless of its weight. Therefore, investigations in the 

design space for civilian purpose UAVs below 7 kg are highly encouraged.  

 

UAV Classification: 
 Several approaches are used by various individuals and organizations for UAV classifications. Some of the 

main categories in classifying these aircraft are based on their take-off weight, wingspan, payload weight, 

application, operating altitude, and endurance, as well as their kinetic energy. The CAA (2012) clearly defined 

UAV category based on its maximum take-off weight without payload and military and civilian applications.  

 UAVs for military use are categorized into four types: micro, mini, lightweight, and standard UAVs . Micro 

UAVs are aircraft weighing below 5 kg, mini UAVs are less than 30 kg, lightweight UAVs are less than 150 kg 

and standard UAVs are aircraft that weighs more than 150 kg. For the civilian UAVs, CAA (2012) simply 

defined small UAVs as aircraft weighing less than 20 kg, lightweight UAVs are between 20 kg to 150 kg, and 

standard UAVs are more than 150 kg. However, Mueller (2003) preferred small UAVs to be classified as 

aircraft weighing less than 25 kg because these aircraft operate at low Reynolds number and exhibit unsteady 

aerodynamic characteristics.  
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 The US defense department (DOD, 2011) categorized UAV weight into a number of different levels. Level 

0 is classified as UAVs that weigh less than 2 kg, Level 1 are UAVs weighing between 2 and 20 kg, and Level 2 

are UAVs weighing between 20 and 1320 kg. Bland (Bland, G., 2007), however, defined micro UAVs as 

aircraft weighing less than 6 lbs. to distinguish them from the Defense Advanced Research Projects Agency. 

Bland (2007) defined mini UAVs to be between 6 and 55 lbs. to describe the class of vehicle that can be easily 

lifted by one or two person and small UAVs to weigh below 330 lbs. The disparity among the mass 

categorization clearly indicated the immaturity of small UAV design and development in the current aviation.  

 Some suggestions on taking UAV wingspan for classification were given by Bland (2007) and Mueller 

(2003). Bland (2007) proposed that UAVs with a wingspan of less than 6 inches should be classified as micro 

UAVs. Mueller (2003) also preferred small UAVs to be designed with wingspan of less than 20 ft. Nevertheless, 

a summary of the weight classification from the CAA (both military and civilian applications) and the US DOD, 

who are the two major UAV operators, is shown in Fig. 1. 

 Payload weights are also considered by some designers in defining the type of UAVs. Bland (2004) 

suggested in his paper regarding small UAVs for Earth Science that the payload of small UAVs should not 

weigh more than 30 lbs. By contrast, Papadales (2004) presented that the payload weight for Low Altitude Long 

Endurance (LALE), Medium Altitude Long Endurance (MALE), and High Altitude Long Endurance (HALE) 

UAVs should be less than 20 lbs., from 10 to 100 lbs., and between 200 and 2000 lbs. respectively, based on the 

UAVs in the market for science missions to ensure lower cost. However, Papadales (2004) stated in his report 

that institutional bias may also exists in the UAV science requirements proposed to NASA.  

 Papadales (2004) also included altitude as a criterion for classification of civilian purpose UAVs. LALE 

UAVs are unmanned vehicles that perform missions in the region of less than 15000 ft., MALE UAVs operate 

between 15000 and 45000 ft., and HALE UAVs operate more than 45000 ft. The US defense also outlined 

altitude guidance, where Levels 0, 1, and 2 UAVs operate at less than 1200 ft., 3000 ft., and 18000 ft., 

respectively. Modes of application were also used in classifying UAVs. Okrent (2004) recommended that UAVs 

should be categorized into three groups: dangerous mission, scientific application, and other application. 

Moreover, March suggested an additional category for UAV classification based on the kinetic energy level of 

UAVs, which clearly indicated the risks associated in operating these vehicles. 

 

 
Fig. 1: Classification of the US and the UK Regulations on UAV Maximum Take-off Weight. 

 

Use and Application: 
 For more than 40 years, UAVs have been used by the military for dangerous operations (Romeo, G., 2007; 

Rasmussen, S., 2008). The effectiveness of UAVs in military operations in recent conflicts, such as in Iraq 

(2003), Afghanistan (2001), and Kosovo (1999), has been an eye opener for many to the advantages and 

disadvantages of unmanned aircraft (Bone, E. and C. Bolkcom, 2004). The potential of UAVs for civil missions 

was recognized when the European Commission launched UAVNET (UAV Network) in October 2001, 

followed by two more projects known as CAPECON (Civil UAV Applications and Economic Effectivity and 

Potential Configuration Solutions) and USICO (UAV Safety Issues for Civil Operation) in May 2002 (Joulia, A. 

and C.L. Tallec, 2005). 

 UAVNET is responsible for optimizing research efforts in civil UAV applications. CAPECON identifies 

civil UAV applications and the corresponding civil UAV configurations. USICO integrates civil UAVs into 
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airspace, in particular, airworthiness and Air Traffic Management. As a result, the current potential of UAVs for 

civil and commercial application can be summarized for scientific, emergency, surveillance, and communication 

missions (Frulla, G. and E. Cestino, 2008) that may be achieved using various off-the-shelf sensors and imaging 

devices.  

 Some of the missions that can be achieved using small solar augmented UAVs are atmospheric research, 

oceanographic observations, geological surveys, weather forecasting, disaster operation management, search 

and rescue, oil slick observation, hurricane watch, flood watch, volcano monitoring, nuclear radiation 

monitoring, traffic monitoring and control, forest fire detection, high voltage power line monitoring, pipeline 

monitoring, high accuracy terrain mapping, crop and harvest monitoring, broadband communications, 

telecommunication relay services, GPS/Galileo augmentation system, and pseudo satellite.  

 Pseudo space satellites are solar UAVs that may fly nearer the earth’s surface compared with satellites to 

provide higher image resolutions. Pseudo space satellites also do not need to be designed with expensive, high 

technology materials and systems to withstand high radiation and temperature as those with satellites (Moffitt, 

B.A., 2006). Moreover, the ability of small UAVs to fly at lower altitudes and speeds than manned aircraft, 

balloons, or larger UAVs may also improve the quality of data acquired. These findings further establish the 

need to develop small solar-powered UAVs for wider range of applications.  

 

History of Solar Flight: 
 On the 4th November 1974, the US made history with its first solar flight when Sunrise I, an aircraft 

designed by Boucher, weighing less than 12.25 kg with wingspan of 9.76 meters made its maiden flight of less 

than half an hour. Afterward, Sunrise II, an improved version weighing 10.21 kg, made its first flight on the 

12th of September 1975. This aircraft produces 600 W from its 14% efficiency solar cells (Noth, et al., 2006; 

Valavinis, K.P., 2007). Following the success of the US, Europe’s first solar-powered aircraft, Solaris, designed 

by Bruss and Militky, flew three times on 16th August 1976 for 150 seconds at an altitude of 50 meters. Since 

then, many solar aircraft have been built. Some of the more famous vehicles are Solar Solitude, designed by 

Beck in 1996; PicoSol, MikroSol, and NanoSol, designed by Dienlin between 1995–1998, and Solar Excel by 

Schaeper.  

 In the 1980s, the potential of HALE UAVs to be used in various missions was foreseen. The US took the 

first step in funding AeroVironment to study the possibility of high altitude long endurance solar-powered 

electric flight. In 1993, after more than 10 years of research, AeroVironment launched the Pathfinder. 

Subsequently, in the next ten years, this program led to a series of three successful solar aircraft, namely, 

Pathfinder Plus in 1998, Centurion also in 1998, and Helios in 2001. Helios was the only aircraft to use fuel cell 

instead of batteries as an alternative power source.  

 The German HALE project Solitair was developed between 1994 and 1998 (Grace, T.C., 2000). Another 

European project (Italy, Spain, UK, Slovenia, Hungary, and Switzerland) to study solar-powered HALE aircraft 

was carried out between 2000 and 2003, which produced the Helinet (Romeo, G. and G. Frulla, 2002). Recently, 

interest in the feasibility for continuous flight using solar power has increased. In 2004, the Swiss Federal 

Institute of Technology Zurich launched the Sky-Sailor project under a contract with the European Space 

Agency. The Sky-Sailor weighs less than 3 kg and has a wingspan of less than 4 meters. This project was the 

first of its kind to design a small continuous solar-powered electric UAV.  

 On the 22nd April 2005, another US designer, Cocconi, the founder of AcPropulsion, built and flew the 

SoLong UAV. Although SoLong’s wingspan is less than 5 meters, it weighs almost 13 kg and has recorded more 

than 24 flight hours. This figure was later improved by exceeding 48 hours on the 3rd June 2005. In July 2006, 

Qinetiq, a British company created Zephyr, which had the capability of flying 18 hours including 7 hours of 

flying in the dark (Noth, A., 2005). In 2005, Sun-Sailor, which achieved an 11 hour flight, was developed by 

nine undergraduate students from Technion.  

 Another similar project from the Swiss Federal institute of Technology Zurich was the Sun-Surfer. This 

short term project, conducted by Diepeveen (Diepeveen, N., 2007), studied the possibility of even lighter and 

smaller solar UAVs to achieve continuous flight. As a result, in 2007, Sun-Surfer made a 1-hour maiden flight 

although its wingspan was less than 1 meter and weighed less than 120 grams. However, the Sun-Surfer was not 

capable of carrying a payload.  

 By June 2008, Sky-Sailor became the world record holder in its size category for flying more than 27 hours 

(Noth, A., 2008). In 2007, the Cranfield University began a solar-powered UAV project. This project by 

Rajendran, also studied the possibility of small solar UAVs to achieve continuous flight for environmental 

research. Cranfield University’s solar UAV, which weighed 3 kg made its maiden flight on 22 July 2011 

(Rajendran, P. and H. Smith, 2013). A comparison of some unmanned solar-powered aircraft specification is 

detailed in Table 1.  
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Table 1: Comparison of Some Unmanned Solar-powered Aircraft Specification. 

Aircraft Maiden Year Take-off Weight (kg) Wing Span (m) Endurance (h) 

Pathfinder 1993 252 29.5 14-15 

Pathfinder Plus 1998 315 36.3 14-15 

Centurion 1998 861 61.8 14-15 

Helios 1998 929 75.3 40 

Sky-Sailor 2004 4 3 27 

SoLong 2005 11.5 4.75 48 

Zephyr 2006 53 22.5 336 

Sun-Sailor 2006 3.6 4.2 0.67 

Sun-Surfer 2007 0.12 1 - 

Cranfield University 

solar UAV 

2011 3 3.7 23 

 

Study on the Existing Small Fixed-Wing Electric UAVs: 
 The development of solar-powered UAV over the years showed more inclination toward developing small 

UAVs that are capable of flying for more than 24 hours. However, less than ten fixed-wing solar UAVs have 

been developed thus far. In addition, no rotary-wing UAVs has been included because it is not suitable for solar 

augmented power system given the lack of surface for solar cell attachment. Therefore, in this section, an 

investigation was conducted on the existing small fixed-wing electric UAVs around the world, which also 

includes solar UAVs. This UAV data would provide better numerical coefficient for a small fixed-wing solar-

powered UAV design.  

 Mission, weight, configuration, airframe material, propulsion systems, payload, and control system were 

collated. However, UAVs weighing more than 20 kg or with vertical take-off and landing features were 

eliminated. Furthermore, UAVs powered by fuel-cell were also excluded. A total of 84 electric UAVs with 

maximum take-off weight of less than 20 kg were identified as small UAVs (Munson, K., 1988; Lake, D., 2006; 

Masey, J., 2004; Masey, J., 2003; Masey, J., 2002; Waddington, S. and J. Masey, 1999; Donaldson, P. and S. 

Waddington, 1997; Munson, K., 1999; Munson, K., 1999; Munson, K., 2000; Munson, K., 2001; Munson, K., 

2002; Munson, K., 2008; Reed, A., 1979).  

 This survey clearly showed that more than half of the small electric UAVs were designed and built in the 

US, the UK, and Israel. Since 1997, 21 UAVs have been launched by the US, 16 from the UK, and 9 from 

Israel. Russia, Germany, and France have also been involved in designing this class of UAV, where they have 

successfully flown 8, 7, and 5 UAVs respectively. Switzerland, Argentina, Poland, and Korea also launched 2 

UAVs each. The countries that designed only one small electric UAV include Australia, Canada, the 

Netherlands, Finland, Turkey, Jordan, and South Africa.  

 Based on this survey, only four countries pioneered the design of small UAVs with integrated solar cells as 

additional power source. These four countries launched a total of 5 small UAVs to demonstrate their 

technology, which include the Sun-Surfer and Sky-Sailor from Switzerland, Sun-Sailor from Israel, SoLong 

from the US, and Cranfield University’s solar UAV from the UK.  

 With regard to mission capabilities of the 84 electric UAVs identified, more than half were designed to fly 

for at least an hour where large or solar-powered UAV achieved considerably more. This low endurance 

characterizes that most of the design specifications of small UAVs are for close-range or short mission radii. 

Low endurance limits the application of small electric UAVs; hence, more studies in the feasibility of small 

solar-augmented electric UAVs for long endurance are needed.  

 Almost 80% of the existing UAVs carry a camera. The rest are equipped with biological/ chemical/ 

meteorological sensors. Moreover, one-third of the UAVs were installed with an in-flight data transmitter. For 

the guidance and control system of the aircraft, more than three-quarters of the identified UAVs utilized an 

autonomous flight control system. Furthermore, one-third were also capable of manual operation.  

 Given that most small UAVs are designed without landing gear, the launch and recovery systems of the 

UAVs have been increasingly irrelevant in the conceptual design process. These aircraft are catapult, bungee, 

and/or hand-launched. Less than 10% of the UAVs included in this study utilized launching systems such as 

tube, balloon, car roof, and autonomously. Although belly landings were used in the recovery system of almost 

three-quarters of the existing UAVs, the other possibilities include water ditching, wheel landing, the use of a 

parachute or net, autonomous landing, or the design for an expendable system.  

 The airframe weight of UAVs contributes almost half of its maximum take-off weight; hence, the airframe 

material is one of the major criteria in weight estimation. Unfortunately, the airframes of these existing UAVs 

were mainly manufactured using composite, metal, and or balsa materials. However, the lack of airframe weight 

data prevents the appropriate estimation of the airframe weight.  

 Investigation on the wing configurations clarified that straight, swept, and delta wings are the only three 

types of wing configurations used in designing small unmanned electric vehicles. A combination of un-swept 

and swept wings seems to be popular, with 28 out of the 84 UAVs opting for this wing type, as illustrated in Fig. 
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2. Furthermore, 25 UAVs were designed with swept wings and another 18 UAVs were designed with un-swept 

wings. Moreover, up to 13 UAVs have flown with delta wing configurations. 

 

 
Fig. 2: Types of Wing Configuration for Small Fixed-Wing Electric UAVs. 

 

 The propulsion system of these electric UAVs consists of an electric motor, a speed controller, gearbox, 

propeller, and a battery. In addition, the presence of solar cells includes the maximum power point tracker 

(MPPT) and a step down converter into the propulsion system. A survey of the types of electric motor used in 

the designed UAVs revealed spare data. However, most of these UAVs used a single motor attached to a dual 

blade propeller. A folding propeller was also utilized for aircraft without landing gear.  

 The batteries used were also unclear. The battery types of up to two-thirds of these existing UAVs had to be 

estimated based on their performance. Almost all the existing UAVs used lithium-ion or lithium polymer 

batteries for power; nickel cadmium and nickel metal hydride batteries seem to have been used on older UAVs.  

 

Conclusion: 
 A small solar-powered electric UAV offers great opportunity to perform task previously carried out by 

manned aircraft, balloons, airships, satellites, or larger UAVs. Although several issues on airworthiness 

requirements and certification exist, UAV definition and applications have been straightforward. Some 

ambiguities in the classifications of UAV also need further investigation and definition. Conclusively, the low 

number of small solar UAV developed to cater a wide range of potential applications is a clear indication of 

research gap opportunity.  
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