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Abstract- This article reports on the study of a small sized UAV Sun Falcon 2, capable of sustained multi-day and 
night flights powered from rechargeable batteries energized from solar cells installed on the wing surfaces. This project is 
part of a continuing collaboration between the staff and students of Tokai University of Japan and King Abdul Aziz 
University which was first reported by Harasani et al in the Royal Society’s Aeronautical Journal May 2014 on the 
successful launch of Sun Falcon 1 capable of long duration day flight. Such vehicles would be extremely useful for 
continuous surveillance of sensitive areas and other installations of interests to undesired groups or individuals.  The 
present UAV was designed using quick response algorithms using relationship which optimize aerodynamic attributes 
from framework geometry and weight considerations and then balance the power requirements from battery and solar 
cell attributes in consideration of the prevailing environment. It was learnt that Saudi climate with many hours of daily 
sunlight throughout the year was particularly suited for sustained flight of such vehicles. 

 

Nomenclature 

α    Angle of attack (deg.) 

θ  Instantaneous inclination of the vehicle (deg.)  

A Area (m2) 

AR Aspect Ratio 

B Full span of the main wing (m) 

c  Airfoil chord length (m) 

Cl  Sectional lift coefficient  

CL  Lift coefficient,  

Cp Pressure coefficient  

CDo   Profile Drag 

CDi    Induced Drag 

D  Drag  

Eff Efficiency  

E  Energy (joules) 

Eb  Total required battery energy (joules) 

Eg  Generated energy by solar panel (joules) 

Es  Specification energy of battery module (joules) 

Eq.    Equation 

g  Gravitational constant (ms-2) 

H Height (m) 

L  Lift force per unit length  

M  Mach number  

Mm  Module mass of solar panel  (kg) 

P  Power  (joule s-1) 

























 

 These equations actually model the variation of the temperature during the day. The day is divided up into three 

separate segments and each segment is dealt with separately. The first equation deals with the portion starting from 

midnight until the time when the lowest temperature of 300 oK is reached. The second portion deals with the midday 

temperatures starting from about 6 a.m to around 2 p.m. The last segment addresses the variation of temperatures 

from 2 a.m. back to midnight. The temperature on the ground as obtained through this expression is given by the 

curve shown in Figure 7.  

 

Figure 7. Temperature Distribution Curve 
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 We can obtain the temperature at some height using the atmospheric Eqs. 27 to 29. Here ΔT, with a value of 

about -0.000649 is the incremental lapse rate for the temperature grounds up, and h in above expressions 

corresponds to the height above ground. Then the actual efficiency of the solar module , at a given altitude 

and time can be calculated by first evaluating a solar cell lapse rate using a known efficiency value at given 

temperature μm and known altitude  (say at 300 oK at ground ) and then obtaining a time distribution value 

 (θ) using a time function relationship as shown in Eq.30: 
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Now using a similar time function relationship for time distribution value we have: 

 
 

(31) 

 



  The solar power supplied by the solar cell can be represented by the trigonometric function shown in Figure 7. 

The maximum power can now be obtained from the above mentioned daily global horizontal radiation through the 

use of the similarity rule. It is given by the Eq.: 

 cos  (32) 

 

Figure 7. Trignometric distribution of supplied power 

 

In above expression the value of the parameter pmax is given by the formula: 
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Where  is the area density of global horizontal radiation as shown in Figure 7. 

Critical Energy Requirements for Multi- day Flight  

The solar module must absorb sufficient energy to continuously charge the battery for night time operations 

when the source of energy replenishment is no longer available. The reservoir of energy is designated is S2 where the 

energy is deposited during the day and where the leftover amount is more than sufficient to feed the night time 

requirements. The energy schedule for night time operations is shown in Figure 8. 



 

Figure 8. Energy requirements for night time flight. 

Three types of energy requirements for the night time can be inferred from the graph in Figure 8. Seb represents 

the minimum energy requirements for the night, S1 is that portion of energy that is used up from S2 the total saved 

from the day long flight. The maximum power needed is calculated from, psmax= μsolmμmpptpmax in the case when  μsolm 

remains constant. In a more accurate analysis which follows, the quantity μsolm is allowed to vary as function of time. 

The maximum power needed for flight with constant velocity and altitude in a day has limitations which must 

satisfy the relationship: 

  (34) 

Where the critical power is recovered from the relationship: 
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And the critical value is indeed found from the relation:  
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Therefore, with constant cruise flight conditions, the solar UAV would satisfy a power condition: 
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in order to meet the multi-day requirement of flight. In the present conceptual flight design, this preceding 

limitation was used as a minimum power restriction for flight while μsolm is assumed to be a time dependent function. 

The Minimum Battery Capacity 

For a given multi day and night flight operation a minimum battery capacity must be determined. Using values 

of pcritical, θc1,θc2 in the following Eq. for p, θ1 and θ2 respectively in the Eq. for Seb:  



 

                                                                                                                                                              (38)  

Where Sc is the area of the solar cells.θ1 and θ2 could first be evaluated for preliminary start up values using: 
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Then a minimum energy capacity is obtained from: 
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Now if the energy always remains at about 20% of the capacity, then the actual required capacity Eb is given by: 
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The Mass Prediction 

The mass of battery Mbat and solar module Msolm are obtained from the relationships: 
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where  and  are mass rate of battery and solar module as itemized in Table 4. The total 

mass hence is computed from the individual sum of all the components as: 
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where Maf  is the mass of airframe including mass of motor, gear etc. The mass of airframe itself was calculated 

using Noth’s procedure of Ref. [5] derived from manned gliders and radio controlled  planes. Accordingly then, 
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Simulation Method for the Final Design Convergence 

The iterative procedure adopted to refine the configuration towards the most efficient design the flow chart 

diagram depicted in Figure 4 was meticulously executed. 

Various variables and their respective iterative steps are identified in Table 3. The decision whether a particular 

set of results produced a flyable configuration was left to the satisfactory outcome from the final flow chart 

condition. The Excel based algorithm contains all of the above mentioned aerodynamic, weight assessment, 

aerodynamic performance and design equations.  

Results 



Figure 9 outlines the distribution of power per unit area for various aspect ratios and cruise velocities for a 

prescribed span length of 4 m. The increase in power requirements with the increase in cruise velocity is clearly 

demonstrated. The curving nature of the graphs is brought about by the variation of the extent of the laminar and 

transition region. The model uses a fixed approach for arriving at a linear transition location, whereas in reality the 

expanse of these regions fluctuates according to a given 3D geometry and the immediate flow conditions. This being 

the case, the graphs do point to a minimum power distribution requirement at each cruise velocity and aspect ratio. 

 
Figure 9. Power Requirements vs Aspect ratio and Cruise velocities 

 

 



 
Figure 10- Weight and Minimum lift distribution vs Aspect Ratio 

Figure 10 shows the weight and minimum lift distribution plotted against the aspect ratio for a span length of 4 

m while the airframe mass is kept Maf = 0.66 Maf(noth). It is further noted that as the aspect ratio increases the 

requirement for minimum lift decreases as indeed does the requirement for minimum weight.  

 



 
Figure 11. Regions of flyable configurations for multiple days 

Through repeated iterations of the algorithm at a variety of aspect ratio, span and velocity conditions, it was 

observed that the number of flyable conditions (represented by green squares) amount to about 161 at CL2d = 0.6 and 

1268 for CL2d = 0.8. The outcome is duly shown in Table 4. 

TABLE 4. FLY TYABLE AND MANUFACURABLE CONFIGGURATIONS  

CL(2D) Flyable Manufacurable 

0.6 161 Cases 0 Cases 

0.8 1,218 Cases 84 Cases 

  

It should be mentioned that many of the cases included here represent configurations where the weight of the 

airframe is too light for practical purposes. It is difficult to declare configurations flyable where the stiffness does 

not measure up to the loading conditions. In order to determine whether a given weight is sufficient, one may make 

use of the Noth’s weight criteria as itemized in Reference [5]: 



 
 

(54) 

It is argued that if this condition is satisfied then the plane would have sufficient force to support the weight of 

the frame with the prescribed stiffness. Table 5 show that there was no flyable configuration at CL2d = 0.6, however 

there were as many as 84 configurations which were deemed as flyable at CL2d = 0.8. The various specifications, 

which in theory could meet the conditions supported by these 84 cases are identified in Table 5. The final design 

arrived at after careful consideration of all the design constraints is shown in Figure 12. The configuration finally 

selected is a double tail boom design supporting a simple fuselage housing the battery and other instrumentation 

hardware and joined at the rear end by an inverted V tail. The configuration is shown in Figure 12.  

 

TABLE 5: FLYABLE AND MANUFACTURE ABLE CONFIGURATIONS  

 

Span 
[m] 

AR 
[.] 

TR 
[.] 

Velocity 
[km/hr] 

Mass 
[Kg] 

2 15.20 1.0 40 1.2 
2 13.24 0.8 40 1.408 
2 12.26 0.6 40 1.508 
2 11.28 0.4 40 1.707 
3 13.19 0.6 40 3.323 
3 12.21 0.4 40 3.622 
4 18 0.8 45 5.5 
4 17.22 0.6 45 5.847 
4 16.24 0.4 45 6.343 

 

 

 

 

Figure 12:  Sun Falcon 2 test flight 

The double tail boom is used to provide a better structural integrity to the large span wing which must 

accommodate the battery as well facilitate the installation of solar panels spread across the entire surface of the 

wing. The inverted V- tail is adopted for superior aerodynamics at velocities of around 38 m/s. The Sun Falcon 2 

made its maiden flight in June 2015 and remained airborne for about 20 minutes where its systems for utilizing solar 

panels for transferring energy to batteries were successfully checked and the porotype has now flown again to 

validate it for a more sustained flight on 16 February 2016. Under civil air space provision regulations, the students 



were not permitted to fly it through the night hours but all system checks during its flight confirmed its viability as a 

long duration solar powered UAV.  

Conclusion 

      Sun Falcon 2 has been designed from the lessons learnt from the successful designs of Sun Falcon 1.  Suitable 

temperature models have been used to assess the functions of the solar cells and their inevitable impact on the power 

/unit area distribution and the weight estimates. Meticulous design procedures with fast turnaround times, were 

devised to arrive at the most optimum design for the multi day operation of the Sun Falcon 2. Sun Falcon 2 made its 

first test flight in June 2015 and a more sustained demonstrative flight on February 16, 2016. For the test flights 

conducted to date, all systems pertaining to sustained flight such as power requirements, solar cell energy recovery, 

battery replenishment and rates of power consumption and storage have been thoroughly checked to validate the 

mission success.   

ACKNOWLEDGMENT 

This project was funded by the Deanship of Scientific Research (DSR) King Abdulaziz University, Jeddah, 

under the grant No. (431 / 009), the authors, therefore, acknowledge with thanks DSR technical and financial 

support, furthermore the authors would like to express their gratitude and appreciation to Tokai University for their 

technical help and support. 

REFERENCES 
[1] P. MacCready, P., Lissman,  W. Morgan, and J. Burke,  “ Sun powered aircraft designs,” Journal of Aircraft, vol. 22, no. 10, pp 840-846, 

1985. 
[2] K. Flittie, and B. Curtin, “ Pathfinder solar powered aircraft flight performance,” vol. 4446. AIAA, 1998. 
[3] T. Noll, J., Brown,  M. Perez-Davis, S. Ishmael, G. Tiffany and M. Gaier, “Invertigation of the Helios prototype aircraft mishap report,” 

NASA 2004.  
[4] Solar Plane Breaks Two-Night Flight Barrier Renewable Energy World, July 5, 2005, 

http://www.renewableenergyworld.com/articles/2005/07/solar-plane-breaks-two-night-flight-barrier-34057.html 
[5] J. J. Amos, “Eternal plane’ returns to Earth. BBC News,” 2010, http://www.bbc.co.uk/news/science-environment-10733998. 
[6] A. Noth, W. Engel, and R. Siegwart, “Design of an ultra-lightweight autonomous solar  airplane for continuous flight,” Field and Service 

Robotics, vol. 25, pp. 441–452, 2006. 
[7] A. Noth, M. Engel, and R. Siegwart, “Flying solo and solar to Mars,” IEEE International Conference on Robotics and Automation, vol. 13, 

no. 3, pp. 44–52, 2006. 
[8] A. Noth, R. Siegwart, and W. Engel, “Autonomous solar UAV for sustainable flights,” in Advances in Unmanned Aerial Vehicles, ser. 

Intelligent Systems, Control and Automation: Science and Engineering. Springer Netherlands, 2007, vol. 33, pp. 377–405 
[9] W. Harasani, M. Khalid, M., N. Arai, K. Fakuda, and K. Hiroaka,’ Initial Design and Wing Aerodynamic Analysis of a Solar Powered 

UAV’, The Aeronautical Journal, May 2014. 
[10] C. A. Lyon, A. P. Broeren, P. Giguère, A. Gopalarathnam, and M. S. ., “Summary of Low-Speed Airfoil Data,” 

 Vol. 3, SoarTech Publications, Virginia Beach, VA, 1998, 418 pages. 
[11] H. Glauert, The Elements of Aerofoil and Air Screw Theory, second edition, Cambridge University Press, 1947 
[12] A. A. El-Sebaii , F. S. Al-Hazmi,  A. A. Al-Ghamdi, and S. J. Yaghmour, “ Global direct and diffused solar radiation on horizontal and 

tilted surfaces in Jeddah, Saudi Arabia,” Applied Energy, vol.. 87, Issue 2, February 2010, Pages 568-576, Elsevier. 
[13] A. Noth,, ‘Design of Solar Powered Airplanes for Contjinuous Flight’, P.47, ETH, Zurich, 2008. 


