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Abstract

:

The market of solar-powered Unmanned Aerial Vehicles (UAVs) for defence purposes and drone services is expected to grow by a factor of more than 2 in the next decade. From an aircraft design perspective, the main challenge is the scalability of the proposed architectures, which is needed to increase the payload capabilities. Beside some successful examples of wing-tail UAVs, some newcomers are developing prototypes with tandem-wing architectures, hence enlarging the possible design. The present paper aims to introduce a further step in this direction, taking also the box-wing architecture into account to show how the presence of wing tip joiners can provide benefits from the aeroelastic point of view. UAVs with take-off mass within 25 kg are considered and the main tools adopted are presented. These are an in-house developed Multi-Disciplinary Analysis and Optimization (MDAO) code called SD2020 and the open source aeroelastic code ASWING, both presented together with an assessment of their accuracy by means of higher fidelity numerical results. SD2020 results are presented for the case of small box-wing solar UAVs optimized to achieve the longest endurance, focusing on the strategy implemented to achieve feasible solutions under an assigned set of constraints. Further results are presented for comparable box-wing and tandem-wing UAVs from both the aerodynamic and aeroelastic standpoints. Whereas the aerodynamic advantages introduced by the box-wing are marginal, significant advantages result from the aeroelastic analyses which indicate that, if the joiners are removed from the box-wing configuration, safety margin from flutter speed is halved and the bending-torsion divergence occurs at relatively low speed values.
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1. Introduction


According to [1], the market of solar-powered Unmanned Aerial Vehicles (UAV) will reach the value of of USD 380 M in 2025 and grow up to USD 880 M in 2035. The main drivers for such growth are the defence applications and the demand for drone services in the field of construction mainly, with Asia-Pacific region expected to hold for the highest share. The main reason behind the interest towards solar-powered UAVs is the possibility to increase the flight endurance dramatically, going well beyond the 24–30 h of the today UAVs. Although high, a limited endurance is a significant weakness for patrolling and similar applications, therefore a possible improvement can be achieved introducing full-electric solar powered UAVs, also called High Altitude Pseudo-Satellites (HAPS), designed for the “eternal flight”, i.e., to fly continuously during the day, thanks to the incoming solar power, and across the night, using the energy stored in rechargeable batteries during the daylight hours.



The research around this kind of UAVs has one of the most significant past examples in the Helios, a series of prototypes developed by NASA within the ERAST (Environmental Research Aircraft and Sensor Technology) programme and characterized by a flying wing architecture (Figure 1-left). In 2001, the latest developed Helios UAV, provided with a wingspan of 75 m, set the altitude record for propelled aircraft flying above 29,000 m, whereas it did not succeed in achieving the 24 h endurance objective, since its lightweight and flexible wing underwent catastrophic aeroelastic problems [2].



Today, the state-of-the-art is well represented by the Zephyr, shown in Figure 1-right. Developed since 2003 by QinetiQ and acquired in 2013 by EADS Astrium (now Airbus Defence and Space), the Zephyr is a 28 m wingspan wing-tail UAV, which in July 2022 succeeded in flying continuously for 26 days at altitudes above 20,000 km. In August 2022 a Zephyr prototype was lost after a 63 day flight, just few hours away from breaking the manned flight endurance record set in 1958 with a Cessna Skyhawk (64 days and 22 h).



The main challenge this technology faces since the first attempts is the scalability of the proposed solutions, which is needed to increase the payload capabilities. Taking again the Zephyr as an example, the payload mass fraction is less than 7%, i.e., about 5 kg of its 75 kg take-off mass. After the Helios mishap, several alternative architectures have been considered to increase the wing stiffness without introducing aerodynamic penalties (e.g., proposals for DARPA’s Vulture programme in [3]), thus allowing to scale-up the configuration. These new concepts did not turn into new prototypes, but in the recent years some start-up companies have started developing prototypes based on alternative architectures with interesting results. Some recent examples are reported in Figure 2, which shows the 10 m wingspan ApusDuo developed by the U.S. company UAVOS (left) and, at a smaller scale, the SolarXOne by the French company XSun (right, [4]). Although the connection between the two wings is obtained in different ways, both these architectures can be classified as tandem-wing.



At a research level, several studies have been performed considering different architectures and approaches. Some relevant examples are given by [5], which investigates the blended wing body architecture applied to High Altitude Long Endurance (HALE) UAVs from aerodynamic, structural and aeroelastic standpoints, and [6], where the wing-box optimization is highlighted. Ref. [7] deals with the aerodynamic design and experimental testing of a prototype with a twin-boom architecture and [8] proposes an optimization workflow for it. Significant for preliminary aeroelastic analyses is [9], in which flying-wing HALE UAVs are investigated within an optimization framework that implements aeroelastic analyses using the same mid-fidelity tool adopted in this research. One of the proposed alternative architectures for solar UAVs comes from the research on box-wing HALE UAVs carried out at University of Pisa [10,11,12,13]. The peculiar characteristic of this solution is the possibility to exploit the lower induced drag of the box-wing, known since the first studies due to L. Prandtl in the early 1920s [14], to obtain a more rigid but still aerodynamically efficient lifting system. As Figure 3 shows, this concept has been investigated for several aircraft categories, such as regional and short-to-medium range aircraft, achieving promising results in terms of fuel consumption reduction e.g., [15,16]. In this case, the application of the box-wing to solar UAVs (Figure 3-right) aims to obtain a reinforced tandem-wing in which the joiners act at the same time as stiffeners, aerodynamic surfaces and solar panels.



The tandem-wing architecture has been investigated in a number of papers dealing with several aspects of its applications to UAVs, such as design and test of VTOL drones [17], stability in turbulent flows [18], aerodynamics of tube-launched devices [19], whereas, to the best of authors’ knowledge, there is a lack of literature about the adoption of solar powered propulsion.



Therefore, the present paper aims to present the design methods and results concerning the application of box-wing and tandem-wing architectures to small-sized solar powered UAVs, i.e., with take-off mass within 25 kg, bringing attention to the aeroelastic behaviour of both. The paper is organized as follows:




	
the 2nd section provides an overview of the Multi-Disciplinary Analysis and Optimization (MDAO) tool, called SD2020, adopted to estimate the flight endurance of the solar powered UAVs once the amount of installed batteries is given as an input;



	
the 3rd section presents the analyses performed to validate the aerodynamic model implemented in SD2020, based on the vortex-lattice code Athena Vortex Lattice (AVL, [20]), by means of high-fidelity CFD data available for a tandem-wing UAV;



	
the 4th section provides a detailed description of the MDAO process performed to obtain feasible solutions adopting the box-wing architecture and presents an aerodynamic comparison between box-wing and tandem-wing architectures;



	
the 5th section deals with aeroelastic analyses, carried out for both the box-wing and tandem-wing architectures using the mid-fidelity tool ASWING [21];



	
the 6th and final section summarizes the conclusions and highlights the challenges for the further development of this research.









2. Overview of SD2020


SD2020, the MDAO tool adopted for the present research, has been developed at Pisa University starting from the research reported in [11,12], in which procedures and tools for the preliminary design solar powered HALE UAVs have been implemented in a MATLAB environment.



SD2020 has been initially conceived with a workflow, shown in Figure 4-left, for the achievement of “eternal flight” and, for such purpose, the goal of the “Energy Balance” block is to estimate the accumulators’ mass (   M  a c c u    ) needed to complete a 24 h flight. As for that case the accumulators’ mass fraction is 30–35% of the total, both aircraft structures and propulsion systems need to be resized iteratively until the input aircraft mass (   M  i n    ), initially estimated through empirical methods, and the output mass (   M  o u t    ) converge within a given threshold value.



In the cases this research deals with, the workflow is simplified as the accumulators’ mass is provided as an input, hence the initial mass (   M  i n    ) estimation is much more accurate and there is no need for an iterative process to obtain the mass convergence. As said, in this case, the objective of the design is not the achievement of a 24 h flight, but the maximization of flight endurance, which is obtained as an output of the workflow. Figure 4-right shows this simplified version of SD2020, which consists of the following main steps:




	
Input: the main data provided in this block concern aircraft geometric characteristics, position and mass of components (including accumulators) and mission requirements. The following are worth to be underlined:




	o

	
day of the year and latitude selected as design point;




	o

	
mission profiles, i.e., the time-history of the desired aircraft positions as shown in Figure 5;




	o

	
set of geometric parameters defining the aircraft configuration univocally;




	o

	
flight speed, maximum lift coefficient, minimum and maximum values of longitudinal static stability margin (  S S M  ) and vertical tail volume (   V H   ). These latter are defined in Equations (1) and (2), where   m a c   is the mean aerodynamic chord,  b  is the reference wingspan,    S  r e f     is the reference wing area,    S V    is the area of vertical tailplane and    X  C G    ,    X  N P    ,    X  A C V     are the longitudinal positions of centre of gravity (  C G  ), neutral point and aerodynamic centre of vertical tailplane, respectively;


  S S M =    X  N P   −  X  C G     m a c      



(1)






   V H  =    (   X  A C V   −  X  C G    )  ·  S V    b ·  S  r e f      



(2)








	o

	
masses, dimensions, positions and efficiencies of propulsion system, solar panels and accumulators;




	o

	
payload and systems masse and power demand;




	o

	
input data for the evaluation of the structural mass (materials, construction schemes, etc.).









	
Geometry: this block generates the aircraft configuration, providing graphic representations as those shown in Figure 6. It is also needed to calculate surfaces and volumes which are then used to estimate mass and   C G   of lifting surfaces.



	
Propulsion: in this simplified workflow information about propellers and motors come directly from the input, therefore there are no sizing model implemented in this case.



	
Structures: dealing with small UAVs, in this case the structural masses of fuselage and lifting surfaces are calculated adopting surface densities values, depending on materials and construction schemes adopted for each component. Although the structural mass is evaluated simply considering geometric characteristics, hence without physics-based models, it is worth to underline that the adopted densities have been derived from FEM data and manufactured components, made available by the industrial partners involved in the research.



	
Aerodynamics (Trim): this block performs the first aerodynamic analysis of the aircraft under investigation using the vortex-lattice method (VLM), setting the trimmed level flight as condition to calculate angle of attack and elevators deflection. Before launching the VLM, SD2020 assigns an airfoil drag polar to each wing section indicated in the geometry description, taking the local Reynolds number into account. For this purpose, a database of polars, obtained from experimental or numerical results, is created before launching SD2020 in order to allow the interpolation at the desired Reynolds number. In the present research, such database has been created using XFoil [22].



	
Mass Balance: if trim is successful, a balancing process is started in order to meet both the   S S M   and    V H    requirements. The mass balance is performed moving one or more components, previously declared, along the longitudinal axis until the estimated   S S M   and    V H    are within the desired intervals. In the cases at hand, the batteries’ positioning has been used to balance the aircraft.



	
Aerodynamics (Trim and Stability): a new VLM run is needed to confirm the   S S M   and    V H    values obtained from the previous block, always keeping the trim constraint active. If the stability requirements are not met, the present and the previous blocks are iterated for a limited number of times.



	
Energy Performance: the output of the previous block include the power required for flight, therefore this block calculates the flight endurance as a result of the balance between the power consumption and the power collected from the incoming sunbeams. This requires a time-marching analysis in which the shape of solar arrays covering the aircraft surfaces and their instantaneous relative position with reference to the sun, concur in evaluating the incoming solar power. The examples given in Figure 7 and Figure 8 show, respectively, the maps of instantaneous incoming solar power on horizontal and vertical surfaces and the time-histories of available and required power for flight.



	
Output and Penalty function: among the relevant output there is the flight endurance, as well as the penalty functions coming from the several constraints check that take place during the design workflow, about which more details are given in Section 4. The total flight endurance is defined as follows:


   T  t o t   =  T s  +  T  a 1   +  T  a 2    



(3)




where the symbols are related to the phases qualitatively represented in Figure 8, i.e.,:




	o

	
   T  a 1    : initial accumulator powered phase in which the available power produced by solar panels is below than required power level. Its duration depends on the time of day the mission initiates (   t i   ) and it is calculated assuming that the batteries’ initial state of charge is 100% and the final one is the minimum allowed (set in the assumptions, typically not less than 20% for Lithium-Polymer batteries). For the sake of simplicity, in the present study    t i    has been set as a constant and included in the mission input dataset;




	o

	
   T s   : solar powered phase in which the available power produced by solar panels is above than required power level. Its duration is calculated comparing at each time step the available power and the total power demand;




	o

	
   T  a 2    : final accumulator powered phase, define similarly to the 1st phase. Its duration is calculated evaluating the energy that can be stored in the accumulators during the solar powered phase and then released to compensate the difference between required and available solar power after the solar powered phase.














In the present study, mission parameters affecting the available power (e.g.,: day of the year, latitude, mission profiles,    t i   , etc.) as well as the amount of energy available from batteries are given as constant input, therefore the flight endurance only depends on the total power demand, given by the sum of power required for flight (   P  r e q    ) and payload and systems power demand. Being this latter among the constant input, the total power demand depends on    P  r e q    , which is calculated in level flight condition under trim constraint as indicated in Equation (4), Where  M  is the aircraft mass,  g  is the gravitational acceleration,  V  is the airspeed,    C L    is the lift coefficient and    C D    is the drag coefficient.


   P  r e q   =     D V  |    L = M · g   =  M     C L     C D      V  



(4)







Therefore, according to Equation (4) and considering that  V  is a given input data, maximizing the flight endurance implies the minimization of the mass-to-aerodynamic efficiency ratio, where aerodynamic efficiency refers to lift-to-drag ratio.




3. Aerodynamic Model Accuracy Assessment


The present section summarizes the outcomes of the accuracy assessment performed on the aerodynamic model implemented in SD2020, using as test case the tandem wing configuration shown in Figure 6 (centre) for CFD data have been made available ([23,24]). The fidelity of the aerodynamic models implemented in SD2020 can be classified as medium and consists of the following models:




	
AVL for the prediction of induced and viscous pressure drag and for the study of flight mechanics characteristics, as described in Section 2. Viscous pressure drag is calculated from airfoil drag polars generated outside SD2020 as sets of (   C L  ,    C D   ) values for different Reynolds numbers. The panel scheme adopted is represented in Figure 9, with the fuselage modelled as the lifting surface resulting from its projection on horizontal plane. Such modelling is known to provide good results in terms of angle of attack ( α ) derivatives 25,26, introducing acceptable errors on lift and pitch moment coefficients at   α    = 0°.



	
flat plate model to calculate friction drag of lifting surfaces and fuselage, with a proper calibration for fuselage-wing interference factor.








The following charts show the results of the comparison of the aerodynamic coefficients at the reference conditions indicated in Table 1.



In the legends, CFD1 refers to full-turbulent RANS data from [23], and CFD2 refers to results of STAR-CCM+ simulations from [24]. Figure 10 and Figure 11 show the differences between the CFD results and SD2020 predictions, reported as percentages with respect to these latter. The region highlighted in blue, where  α  is between 0° and 4°, indicates the interval which is recognized as the typical for level flight conditions.



Results in Figure 10 and Figure 11 indicate that within the blue region:




	
the lift coefficient (   C L   ) given by SD2020 is within the range of CFD predictions with a maximum error of 13%;



	
the lift-to-drag ratio (   C L  /  C D   ) tends to be underestimated by SD2020 with an average error between 5% and 10%, which leads to conservative estimations in terms of flight endurance;



	
the centre of pressure (   X  C P    ) estimated by SD2020 is moved rearward with respect to CFD predictions and accuracy increase as  α  approaches the value of 4°;



	
there is good accordance between SD2020 and CFD1 data on neutral point position (   X  N P    ), whereas there is a forward shift compared to CFD2 data, which means a conservative estimation of   S S M  .








For the purposes of this study, these margins of error can be considered acceptable since important parameters, such as lift-to-drag ratio and static stability margin, are predicted conservatively.




4. MDAO Applied to Solar Powered Aircraft


The box-wing and tandem-wing architectures have been parametrized using the following variables:




	
 b : wingspan, assumed equal for both wings;



	
   S  r e f    : front wing wet area, i.e., calculated without considering the wing-fuselage intersection;



	
   S r   : ratio between the rear wing area and    S  r e f    ;



	
   G v   : vertical distance between front and rear wings’ leading edges at root divided by the reference wingspan;



	
   G h   : horizontal distance between wings’ leading edges at root divided by the reference wingspan;



	
   Λ F   : sweep angle of font wing measured at its leading edge;



	
   Λ R   : sweep angle of rear wing measured at its leading edge;



	
   Γ F   : dihedral angle of font wing measured at its leading edge;



	
   Γ R   : dihedral angle of font wing measured at its leading edge;



	
   θ F   : twist angle of front wing measured at tip section (root section is fixed);



	
   θ R   : twist angle of rear wing measured at tip section (root section is fixed).








Once this set of parameters is defined, additional rules and formulas allow the generate the aircraft geometry univocally and to start the design workflow shown in Figure 4 (right). Depending on the optimization purposes, each parameter can be designated as a constant or a variable within a given interval, i.e., a component of the vector  x . Table 2 gives an example of optimization settings.



4.1. Objective Function and Constraints


The design of solar powered UAVs is performed implementing the SD2020 workflow within an optimization framework, whose ultimate goal is to define the values of the abovementioned parameters (or a subset of them) providing the lowest required power for flight, hence the longest endurance, for given energy accumulators’ mass, mission and other input data. For the analyses her reported, the mission has been simulated for a latitude angle of 42° N and year’s day set to 21st June, i.e., the summer solstice. Level flight conditions at speed of 14 m/s and altitude of 150 m have been assumed and, as energy accumulators, Lithium-Polymer batteries with a specific energy density of 225 Wh/kg and a minimum state of charge equal to 20%.



Although minimizing the required power is equivalent to minimize the mass-to-aerodynamic efficiency ratio (see Section 2), the MDAO strategy adopted in this study is a compromise aiming at stick as much as possible to SD2020 workflow (Figure 4). Therefore, the aircraft mass has been selected as the main component of the objective function, whereas flight endurance has been introduced as a secondary component. More in details, the optimization of problem has been posed as follows:


   {      min  M ¯   (  x , Ω  )         x  l o w   ≤ x ≤  x  u p         Ω = Ω  ( x )         



(5)




where:




	
the objective function to be minimized is the pseudo-mass    M ¯   (  x , Ω  )   , i.e., the aircraft mass multiplied by the penalty function:


   M ¯   (  x , Ω  )  = M  ( x )  · Ω  ( x )   



(6)







	
 x  is the vector of the design variables, whose lower and upper boundaries are given by vectors    x  l o w     and    x  u p    , respectively;



	
  Ω  ( x )    is the penalty function associated to the UAV configuration, which is equal to 1 if all the constraints are fulfilled, otherwise its value is higher. As explained in the following, flight endurance contributes to the definition of  Ω .








The problem has been implemented in MATLAB using the fmincon function with the “interior-point” algorithm to find the local minima, whereas the simplified workflow of SD2020 shown in Figure 4 (right) has been used for the objective function evaluation.



According to the proposed strategy of searching for solutions minimizing the aircraft mass, the objective function has been created in order to drive the optimization far away from those solution violating a set of constraints describing some desired characteristics the aircraft is asked to fulfil. The sensitivity of the optimizer to the constraint violation is provided through the penalty function, which need to be properly calibrated for each desired constraint. An example of constraints set is given in Table 3.



Each of these constraints can be represented by the following expression:


   a i  ≤  p i   ( x )  ≤  b i   



(7)




in which    a i    and    b i    are the lower and upper boundaries applied to the generic performance indicator    p i   . When any of these constraints are violated, the associated penalty function assumes a value higher than 1 following a law which can be as simple as the one shown in Equation (8).


   Ω i   ( x )  =  k i  ·  [  1 + max  (  0 ,    a i  −  p i  ,    p i  −  b i   )   ]   



(8)







In this case, in order to emphasize the role of primary objective of the flight endurance, one more penalty function has been added to those listed in Table 3, defined as in Equation (9), where    M  a c c u     is the input battery mass and    M  a c c u 24     is the amount of battery needed to reach a 24 h endurance. Since this penalty function is not related to any constraint, its influence on the objective function has been mitigated by assigning a low value to    k 7   .


   Ω 7   ( x )  =  k 7  ·    M  a c c u      M  a c c u 24      



(9)







Finally, the overall penalty function can be calculated according to Equation (10).


  Ω  ( x )  =   ∏  i 7   Ω i   ( x )   



(10)







The aforementioned sensitivity can be calibrated by changing the order of magnitude of the proportionality constant    k i    which appears in Equation (10). For instance, if one of the mandatory constraints listed in Table 3 is violated,    k i    gets a value 1 or 2 order of magnitudes higher than the same value associated to optional constraints. This allows both to introduce a hierarchy among the design requirements and to avoid discarding solutions which do not violate the constraints significantly. More details on the hierarchical implementation of penalty functions can be found in [11].




4.2. Example of Solutions for the Box-Wing Architecture


The present section reports the solutions obtained from one of the optimization run applied to the box-wing architecture, with the optimization settings indicated in Table 2. Endurance and required power for each generated aircraft configuration, feasible or not, are shown in Figure 12 and further details about the design parameters of some of the solutions are given in Table 4.



Table 4 provides the following information:




	
the 1st column ( n ) indicates the progressive number of the analysed configuration;



	
the columns from 2nd to 10th provide the values assumed, for each configuration, by the variable parameters declared in Table 2;



	
the 11th and 12th columns, respectively, are the UAV mass and the overall penalty function resulting from the constraints listed in Table 3 and Equation (9). By multiplying the values in these columns, the objective function values depicted in Figure 12 can be found;



	
the last two columns provide the total endurance (   T  t o t    ) and the required power (   P  r e q    ), where    T  t o t     is set to 0 for unfeasible solutions, i.e., configurations violating the constraints in Table 3, whereas    P  r e q     is always calculated.








Concerning the values reported in Table 4, it is worth to remark that:




	
the 1st row is the starting configuration, which is arbitrarily chosen and thus affects the solution, as fmincon algorithms search for local minima. In the present study, this influence has been somehow mitigated repeating the optimization with different starting points and verifying the achievement of the same minimum;



	
the following 9 rows are the results of fmincon algorithm perturbing one-by-one each of the 9 variable parameters (see numbers in bold), in order to evaluate their isolated effect on the objective function;



	
solution n. 30 is feasible and shows the longest endurance (and the lowest required power), therefore it is a candidate as the best configuration;



	
if an unfeasible solution shows lower values of    P  r e q     and penalty functions are only slightly above 1 (e.g., solution n. 43 in Table 4), it is worth to investigate if a manual fix of the configuration allows to fulfil the violated constraints.








The process described in this paragraph has been performed for both the box-wing and the tandem-wing architectures, varying the active constraints and mission parameters. The next paragraph gives a focus on comparable box-wing and tandem-wing architectures, obtained from optimizations as the one here described.




4.3. Aerodynamic Comparison between Box-Wing and Tandem-Wing Optimized Solutions


The present paragraph introduces the comparison between box-wing and a tandem-wing configurations with similar characteristics, as Figure 13 shows. The two UAVs have very similar values for the associated design parameters, whereas they have different directional stability characteristics since the box-wing takes advantage of the wing-tip joiners, whose aerodynamic centre is located rearward the   C G  .



Neglecting the differences in lateral-direction flight mechanics and in few other minor differences, it is possible to say that the tandem-wing configuration shown in Figure 13 can be obtained just removing the joiners from the box-wing one. Under this assumption, the two configurations have been first compared from an aerodynamic point of view, using the SD2020 aerodynamic model already described, and then from the aeroelastic standpoint, as detailed in Section 5.



The results of the aerodynamic comparison are shown in Figure 14, which indicates that adding the joiners to the tandem-wing architecture have the opposite consequences of increasing the friction drag of about 5% and reducing the induced drag of about 10%, on average, whereases viscous pressure drag is slightly increased (1–2%). More in details, in the most relevant region for trimmed level flight (highlighted in blue in Figure 14) the resultant of these effects is a small reduction (about 1%) in total drag in favour of the box-wing architecture.



The induced drag ratio observed here is, generally speaking, in line with the one that can be calculated from [27], according to which the ratio between the induced drag efficiency factors of a biplane and a box-wing with same  b  and    G v    is around 93%. The total drag ratio, instead, appears to be higher than the wind tunnel results reported in [28], which range between 89% and 94%. This latter aspect suggests that the observed 1% total drag reduction may be a quite conservative estimation, nevertheless it is important to underline that this result is limited to an aerodynamic point of view and does not consider the aeroelastic behaviour, which, as Section 5 shows, is deeply impacted by the aircraft architecture.





5. Aeroelastic Analysis of the Solar Powered UAV


The aeroelastic behaviour of the box-wing and tandem-wing UAV configurations shown in Figure 13 have been investigated using the mid-fidelity code ASWING [21]. As detailed in [29], ASWING implements a lifting-line model, with wind-aligned trailing vorticity discretized using a vortex-lattice approach, coupled with a non-linear Bernoulli-Euler structural model made of connected beams in order to represent all surfaces and fuselage structures. Static and dynamic analyses can be performed, allowing to investigate divergence, control reversal, flutter and trajectory perturbation due to the gust.



To perform the aeroelastic analyses, ASWING requires the stiffness properties, mass moments of inertia, centre of mass, elastic axis position and aerodynamics coefficients at each section of the beams. Therefore, the same mass distributions have been considered for the box-wing and tandem-wing architectures as well as the same constructive solution has been assumed for wing structures. This consists of a double spar scheme with reinforcement ribs in the most critical regions. Spars are made of carbon fibre composites, whereas ribs are sandwich made of glass fibre layers and Rohacell. The structural sizing of such components, performed under static and buckling criteria, has been performed outside the present study by XSun and made available for the aeroelastic analyses.



Before presenting the results for the cases at hand, it is worth to report the main outcomes of an accuracy assessment campaign carried out on ASWING in the case of box-wing aircraft. ASWING has been used to analyse the box-wing aircraft object of study in the project PARSIFAL (see Figure 3-centre), in which the aeroelastic behaviour has been investigated using the FEM code Nastran [30]. The wing system of PARSIFAL aircraft, modelled in Nastran with shell elements, has been converted in a beam model to investigate both static and dynamic aeroelastic behaviour. For the sake of conciseness, only these latter are reported in Table 5, which shows the first predicted natural modes and frequencies (   f  0      ), considering both the case with all the   C G   degrees of freedom constrained (“clamped” case) and the case with   C G   motion within the longitudinal plane allowed (“free symmetric flight”).



Table 5 shows an acceptable accuracy of ASWING. As reported in [13], the good accuracy of ASWING also reflect in the prediction of the flutter speed, for which error is below 8% if compared to Nastran results [30].



The next paragraphs report the main outcomes of modal and flutter analyses applied to the box-wing and tandem-wing solar UAVs, whose ASWING models are represented Figure 15. As shown, the fuselages have been approximated with axisymmetric bodies, trying to preserve the cross-section variation along the longitudinal axis.



5.1. Box-Wing Architecture


Modal and flutter analyses have been conducted on the ASWING model of the box-wing UAV shown in Figure 15-left, both considering clamped and symmetric free flight conditions. To better understand the shape of the natural modes, these are reported for the clamped case, whereas flutter results are reported for both.



For the clamped case, the first 4 natural modes, shown in Figure 16, can be described as follows:




	
the 1st mode involves an antisymmetric bending of the wings, with an out-of-plane bending of the vertical tailplane;



	
the 2nd mode is mainly characterized by a symmetrical bending of the wings and almost undeformed vertical tailplane;



	
the 3rd mode shows an antisymmetric bending-torsional deformation of the wings, with front and rear half-wings twisted in the same direction;



	
the 4th mode consists of an antisymmetric bending-torsional deformation of the wings, with front and rear half-wings twisted in opposite directions.








Flutter analyses have been performed setting sea level altitude and considering a speed range much wider than the operational one, whose upper limit is estimated to be below 20 m/s. Results are reported in Figure 17 in the shape of damping and frequency vs. speed charts. More information about the modes reported are given in Table 6, where    f  0     refers to natural frequencies at zero airspeed.



Figure 17-left refers to the clamped case and shows that the damping of mode E3 becomes positive for a flight speed between 50 m/s and 55 m/s. Looking at the frequency-speed chart, it is possible to observe that this flutter condition is probably related to the interaction of E3 with E1, rather than E4. In fact, in terms of frequencies E3 and E4 are close at each flight speed, whereas E1 assumes the same frequency values in the speed range where flutter occurs. When free flight conditions are considered (Figure 17-right), the flutter speed is slightly reduced and the flutter frequency is about the same, but the modes involved are visibly affected by the rigid motion. As Figure 17-right and Table 6 suggest, the rigid degrees of freedom moves the rigid-elastic mode M2 close to E3, hence leading to a coalescence that results into a flutter condition.



Being the flutter speed at least 2.5 times above the maximum expected level flight speed, it is possible to conclude that, from the flutter point view, the considered box-wing configuration does not show criticalities.




5.2. Tandem-Wing Architecture


Modal and flutter analyses of tandem-wing configuration shown in Figure 15-right have been carried out in analogy with the box-wing case. The tandem-wing model differs from the box-wing one for the absence of wing-tip joiners, hence, to keep the overall aircraft weight unvaried, their mass have been redistributed along the wing system. The first 6 natural modes, shown in Figure 18, have the following characteristics:




	
the 1st mode is a torsion of the vertical tailplane and yaw-like rigid motion of the rear wing;



	
the 2nd mode consists of the out-of-plane bending of the vertical tailplane and roll-like rigid motion of the rear wing;



	
the 3rd mode is characterized by a symmetrical bending of the rear wing;



	
in the 4th and 5th mode the front wing undergoes antisymmetric and symmetric bending, respectively;



	
the 6th mode is a superposition of the 2nd mode with an antisymmetric bending of the rear wing;








As expected, since removing the joiners reduces the overall stiffness of the configuration, in the tandem-wing case more natural modes are present in the same frequency range with respect to the box-wing case. In addition, for all of them it is possible to recognize a general independence between front and rear wings deformations.



Also in this case, flutter analyses have been performed at sea level. The clamped case reported in Figure 19-left shows that the damping value associated to the 1st mode (E1) is close to 0 at each flight speed and, as the close-up in Figure 19-left shows, the flutter condition is found at a speed between 15 m/s and 20 m/s. Details about all the modes are summarized in Table 7, where    f  0     indicates the natural frequencies at zero speed.



As the frequency-speed chart in Figure 19-left suggests, flutter is probably due to an interaction between the modes E1 and E2, i.e., to the bending-torsional dynamics of the vertical tailplane. In addition, Figure 19-left also indicates that a divergence condition occurs in the speed range 35–40 m/s, whose causes can be attributed to vertical tailplane and rear wing behaviour.



The flutter speed values found in the tandem-wing are less 50% than those of the box-wing and the resulting margin between flutter speed and maximum level flight speed is not sufficient to fulfil safety requirements. In addition, Figure 19 shows that this architecture suffers from divergence problems at speed slightly above 35 m/s, which is not enough far outside the speed envelope.



It is worth to observe that the modes associated to divergence, both in the clamped and free flight cases, involve the rear wing. Being this latter a forward swept wing this is not surprising, but an interesting remark can be drawn for the box-wing case, where the joiners connecting front and rear wings introduce a structural support for the rear wing which can take advantage of the intrinsic capacity of the front wing to contrast bending-torsion divergence, due to its positive sweep angle.





6. Conclusions


The present paper deals with research activities concerning the preliminary design of small solar Unmanned Aerial Vehicles (UAVs) with box-wing and tandem-wing architectures, focusing on the main tool adopted for such purpose. These are the in-house developed Multi-Disciplinary Analysis and Optimization (MDAO) tool called SD2020, and the mid-fidelity aeroelastic code ASWING.



Aspects concerning the accuracy assessment of the aerodynamic models implemented in SD2020, mainly based on the vortex-lattice method AVL, and ASWING are reported in the paper, showing acceptable margins of error. In details, the predictions of SD2020 aerodynamic model, compared to CFD (RANS) results available for a tandem-wing UAV, show a good accordance on lift coefficient (below 13%) and lift-to-drag ratio (between 5% and 10%, underestimated). In addition, the neutral point position is estimated with good accuracy and, more important, provide a conservative evaluation of the longitudinal static stability margin. Concerning ASWING, the accuracy assessment has been performed using results achieved for a box-wing passenger aircraft, investigated within the project PARSIFAL, using the commercial code Nastran. The comparisons have been focused on modal and flutter analyses, showing that within the range of frequencies between 0 and 50 rad/s (8 Hz) the natural modes are well recognized with a margin of error on natural frequency below 7%. The error on flutter speed estimation is lower than 8%.



The tool SD2020 is presented in the paper, providing details about the models implemented in its workflow are used to calculate the aircraft mass and how this is then translated into an objective function associated to the main goal of solar UAVs design, i.e., the flight endurance maximization. The strategy adopted for such purpose is presented, providing information about the use of penalty functions needed to connect the objective function to the fulfilment of design constraints concerning equilibrium and stability in flight, maximum aircraft dimensions as well as mass and position of components. The paper provides an example of solutions generated for the case of a box-wing architecture and observations are brought about the feasibility of obtained solutions and the role of the designer in discarding those indicated as non-feasible.



Comparable box-wing and tandem-wing UAVs configurations are then object of investigation, first from the aerodynamic point of view by means of SD2020 and then from the aeroelastic standpoint, using ASWING. The drag coefficients of the two architectures are compared showing that the parasite drag of the box-wing is 5% higher than the tandem-wing one, whereas the induced drag is reduced of about 10%, in line with literature data on induced efficiencies of these architectures. In terms of total drag the benefit introduced by the box-wing is marginal (about 1%), but it is from the aeroelastic perspective that the main advantages can be recognized.



After providing a description of the natural modes that characterize the two configurations in the frequency range 0-50 rad/s, flutter analyses are presented both considering the clamped case, in which all the degrees of freedom of aircraft   C G   are constrained, and the free symmetric flight case. The main difference observed in flutter analyses is the low-frequency rigid mode exhibited in the free flight condition, whereas flutter speeds are weakly affected by the different type of constraint. The box-wing UAV exhibits a flutter speed at least 2.5 times larger than the maximum expected level flight speed (20 m/s) and no issues related to divergence for speed up to 60 m/s are found. In the tandem-wing, joiners’ absence causes an overall reduction of stiffness and introduce different natural modes, among which the 1st one has a low frequency (about 1 Hz) which is consequence of the rear wing installed on top of the vertical tailplane. This makes the flutter behaviour much unsafe, reducing the previous speed margin of more than 50%, and introduce a divergence condition at speeds around 35 m/s. It can be observed that tandem-wing divergence is associated to rear wing modes, which is not surprising since the negative sweep angle of the rear wing make it prone to bending-torsion divergence. In the box-wing case, the joiners allow the front wing, which is swept backward, to support rear wing in contrasting the bending-torsion divergence.



As a final remark, it is worth to underline that the present paper does not want to state that a box-wing should be preferred to a tandem-wing architecture. In fact, the above mentioned comparison has been done between UAV configurations that probably cannot find applications in the real world but are easily comparable. Therefore, the results here presented should be considered as an assessment of the possible advantages of considering a box-wing architecture, which when applied to solar UAVs for High Altitude Pseudo-Satellites (HAPS) applications, is capable to exploit its peculiar characteristics in many ways, first of all improving the static and dynamic aeroelastic behaviour, then increasing the vertical surface available for solar panels thanks to the joiners and improving the directional stability if joiners are located properly. More important, according to the results shown in the paper, these possible advantages are not associated to any penalization in terms of reduced stability or higher aerodynamic drag.



For the future of the research here presented, the main challenge is the integration of aeroelastic tools in the SD2020 workflow, as well as the implementation of additional penalty functions associated to static and dynamic aeroelastic behaviour. This improvement would also bring a step forward in the structural model implemented in the current version of SD2020, which—although validated with industrial data—is not physics-based. Once physic-based models will be implemented to size the aircraft structures under aeroelastic constraints, next step could be both the exploration of other architectures and the investigation of scaled-up aircraft with improved payload capabilities.
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Figure 1. The flying-wing Helios developed by NASA (left) and the wing-tail Airbus Zephyr (right). 
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Figure 2. ApusDuo by UAVOS (left) and SolarXOne by XSun (right) tandem-wing prototypes. 
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Figure 3. The box-wing architecture applied to regional (left), short-to-medium range (centre) and solar powered (right) aircraft. 
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Figure 4. The complete design workflow of SD2020 (left) and the simplified version adopted in the present research (right). 
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Figure 5. Examples of vertical (left) and horizontal (right) mission profiles. 
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Figure 6. Examples of wing-tail (left), tandem-wing (centre) and box-wing (right) aircraft architectures generated in SD2020. 
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Figure 7. Examples of incoming solar power maps for a horizontal (left) and vertical (right) wings with assigned airfoil and mission profile. 






Figure 7. Examples of incoming solar power maps for a horizontal (left) and vertical (right) wings with assigned airfoil and mission profile.



[image: Aerospace 10 00105 g007]







[image: Aerospace 10 00105 g008 550] 





Figure 8. Example of instantaneous total available solar power and required power for flight. 
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Figure 9. VLM model of the test aircraft created with AVL. 
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Figure 10. Percentage differences on lift coefficient (   C L   , left) and lift-to-drag ratio (   C L  /  C D   , right) predictions (SD2020 underestimates when values are positive). 
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Figure 11. Percentage differences on centre of pressure (   X  C P    , left) and neutral point (   X  N P    , right) longitudinal positions predictions (SD2020 underestimates when values are positive). 
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Figure 12. Results of the box-wing UAV optimization (left) and the graphic representation of the candidate best solution (right). 
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Figure 13. Box-wing configuration (left) and tandem-wing configuration (right) used for comparisons. 






Figure 13. Box-wing configuration (left) and tandem-wing configuration (right) used for comparisons.



[image: Aerospace 10 00105 g013]







[image: Aerospace 10 00105 g014 550] 





Figure 14. Aerodynamic comparison between box-wing and tandem-wing configurations. 
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Figure 15. Box-wing (left) and tandem-wing (right) solar UAVs modelled in ASWING. 
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Figure 16. First natural modes and frequencies of the box-wing UAV with clamped fuselage. 
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Figure 17. Flutter analysis results for the box-wing architecture under clamped (left) and free symmetric flight (right) conditions. 
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Figure 18. First natural frequencies and modes of the tandem-wing UAV with clamped fuselage. 
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Figure 19. Flutter analysis results for the tandem-wing architecture under clamped (left) and free symmetric flight (right) conditions. 
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Table 1. Reference data of the test aircraft and flight conditions.
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	   Airspeed   ( V )   
	14 m/s



	   Altitude   ( h )   
	150 m



	   Wing   area   (  S  r e f   )   
	1.42 m²



	   Mean   Aerodynamic   Chord   ( b )   
	4.6 m



	   Mean   Aerodynamic   Chord   ( m a c )   
	0.31 m



	   Maximum   Take - Off   Mass   ( M T O M )   
	<25 kg
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Table 2. Example of parameters settings in SD2020.
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Variables Parameters

	
Constants Parameters




	
   x   

	
    G v     [−]

	
  b   [m]

	
    S r     [−]

	
    S  r e f      [m2]

	
    G h     [−]

	
     Λ  F     [°]

	
     Λ  R     [°]

	
     Γ  F     [°]

	
     Γ  F     [°]

	
     θ  F     [°]

	
     θ  R     [°]






	
   x  l o w     [°]

	
0.10

	
4.00

	
0.1

	
1.0

	
0.20

	
0

	
−15

	
3

	
−8

	
0

	
0




	
    x  u p     

	
0.18

	
5.50

	
1.3

	
3.0

	
0.50

	
15

	
0

	
8

	
−3

	
0

	
0
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Table 3. Example of set of constraint implemented in SD2020 workflow.
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	Constraint
	Description
	Type





	   ( 1 )    C L  ≤     1.1
	   Upper   limit   of   lift   coefficient   (  C L  ) in   cruise   conditions   
	Mandatory



	   ( 2 )   5 %   ≤ S S M ≤     15%
	  Range   of   longitudinal   Static   Stability   Margin   ( S S M  )
	Mandatory



	   ( 3 )   7 %   ≤    V H  ≤     20%
	  Range   of   Vertical   Tail   Volume   (  V H   )
	Mandatory



	   ( 4 )    L  T O T       ≤    2.65 m
	  Upper   limit   to   overall   longitudinal   dimension   (  L  T O T    )
	Optional



	   ( 5 )    M J    ≤     0.5 kg
	  Upper   limit   to   wing - tip   joiner   mass   (  M J   )
	Optional



	   ( 6 )    X  a c c u   ≥     0.4 m
	  Lower   limit   to   longitudinal   position   of   batteries   (  X  a c c u    )
	Optional
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Table 4. Excerpt from the database evaluated configuration for the box-wing UAV optimization.
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	   n   
	    G v     [−]
	  b   [m]
	    S r     [−]
	    S  r e f      [m2]
	    G h     [−]
	    Λ F     [°]
	    Λ R     [°]
	    Γ F     [°]
	    Γ F     [°]
	    M  [   k g   ]     
	   Ω   
	    T  t o t      [min]
	    P  r e q      [W]





	1
	0.14
	5.00
	0.50
	2.00
	0.35
	10.0
	−5.0
	5.0
	−5.0
	25.5
	11.77
	0
	355



	2
	0.15
	5.00
	0.50
	2.00
	0.35
	10.0
	−5.0
	5.0
	−5.0
	25.5
	11.24
	0
	354



	3
	0.14
	5.10
	0.50
	2.00
	0.35
	10.0
	−5.0
	5.0
	−5.0
	25.5
	11.92
	0
	363



	4
	0.14
	5.00
	0.52
	2.00
	0.35
	10.0
	−5.0
	5.0
	−5.0
	25.6
	11.62
	0
	356



	5
	0.14
	5.00
	0.50
	2.02
	0.35
	10.0
	−5.0
	5.0
	−5.0
	25.5
	11.77
	0
	351



	6
	0.14
	5.00
	0.50
	2.00
	0.36
	10.0
	−5.0
	5.0
	−5.0
	25.5
	11.58
	0
	355



	7
	0.14
	5.00
	0.50
	2.00
	0.35
	10.5
	−5.0
	5.0
	−5.0
	25.4
	11.82
	0
	355



	8
	0.14
	5.00
	0.50
	2.00
	0.35
	10.0
	−5.5
	5.0
	−5.0
	25.4
	11.83
	0
	355



	9
	0.14
	5.00
	0.50
	2.00
	0.35
	10.0
	−5.0
	5.2
	−5.0
	25.5
	11.79
	0
	356



	10
	0.14
	5.00
	0.50
	2.00
	0.35
	10.0
	−5.0
	5.0
	−5.2
	25.4
	11.74
	0
	356



	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…



	29
	0.18
	4.68
	0.56
	1.98
	0.35
	9.5
	−4.5
	4.9
	−5.1
	25.8
	2.61
	0
	340



	30
	0.18
	4.68
	0.54
	2.00
	0.35
	9.5
	−4.5
	4.9
	−5.1
	25.7
	1.01
	476
	333



	31
	0.18
	4.68
	0.54
	1.98
	0.36
	9.5
	−4.5
	4.9
	−5.1
	25.7
	1.01
	469
	336



	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…



	43
	0.18
	4.67
	0.53
	2.00
	0.35
	9.5
	−4.4
	4.9
	−5.1
	25.7
	1.06
	0.0
	332



	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
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Table 5. Comparison of the first four natural modes for PARSIFAL test case.






Table 5. Comparison of the first four natural modes for PARSIFAL test case.





	
Constraint Condition

	
Mode

	
   ASWING    f  0        [rad/s]

	
   Nastran    f  0        [rad/s]

	
Error






	
Clamped

	
Mode 1

	
11.7

	
11.6

	
1.3%




	
Mode 2

	
21.5

	
21.1

	
2.3%




	
Mode 3

	
32.1

	
30.6

	
4.6%




	
Mode 4

	
37.4

	
35.0

	
7.0%




	
Free symmetric flight

	
Mode 1

	
12.4

	
12.3

	
0.6%




	
Mode 2

	
22.8

	
23.1

	
−1.4%




	
Mode 3

	
32.1

	
32.1

	
−0.1%




	
Mode 4

	
38.7

	
36.6

	
5.7%
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Table 6. First modes observed in flutter analysis of the box-wing architecture (R: mostly rigid; E: mostly elastic; M: mixed rigid-elastic).






Table 6. First modes observed in flutter analysis of the box-wing architecture (R: mostly rigid; E: mostly elastic; M: mixed rigid-elastic).





	
Clamped Condition

	
Free Symmetric Flight Condition




	
ID

	
Mode Description

	
    f 0       [rad/s]

	
ID

	
Mode Description

	
    f  0        [rad/s]






	
-

	
-

	
-

	
R

	
Rigid vertical translation and pitch rotation

	
1.9




	
E1

	
Antisymmetric wings bending and vertical tailplane bending

	
18.2

	
E1

	
Antisymmetric wings bending and vertical tailplane bending

	
18.2




	
E2

	
Symmetric wings bending

	
32.6

	
M2

	
Symmetric wings bending mixed with rigid mode (R)

	
41.7




	
E3

	
Antisymmetric wings bending-torsion ( F  vs.  R  wing: same twist direction)

	
44.9

	
E3

	
Antisymmetric wings bending-torsion ( F  vs.  R  wing: same twist direction)

	
44.9




	
E4

	
Antisymmetric wings bending-torsion ( F  vs.  R  wing: opposite twist direction)

	
53.4

	
E4

	
Antisymmetric wings bending-torsion ( F  vs.  R  wing: opposite twist direction)

	
53.4











[image: Table] 





Table 7. First modes observed in the flutter analysis of the tandem-wing architecture (R: mostly rigid; E: mostly elastic; M: mixed rigid-elastic).






Table 7. First modes observed in the flutter analysis of the tandem-wing architecture (R: mostly rigid; E: mostly elastic; M: mixed rigid-elastic).





	
Clamped Condition

	
Free Symmetric Flight Condition




	
ID

	
Mode Description

	
    f 0       [rad/s]

	
ID

	
Mode Description

	
    f  0        [rad/s]






	
-

	
-

	
-

	
R

	
Rigid vertical translation and pitch rotation

	
1.9




	
E1

	
Torsion of the vertical tailplane with rear wing “yawing”

	
7.2

	
E1

	
Torsion of the vertical tailplane with rear wing “yawing”

	
7.2




	
E2

	
Out-of-plane bending of the vertical tailplane with rear wing “rolling”

	
10.6

	
E2

	
Out-of-plane bending of the vertical tailplane with rear wing “rolling”

	
10.6




	
E3

	
Symmetrical bending of the rear wing

	
19.3

	
M3

	
Symmetric bending of front and rear wings mixed with rigid pitch rotation

	
22.8




	
E4

	
Antisymmetric bending of the front wing

	
29.7

	
E4

	
Antisymmetric bending of the front wing

	
29.7




	
E5

	
Symmetrical bending of the front wing

	
33.2

	
M5

	
Symmetric bending of front and rear wings mixed with rigid vertical translation

	
36.6




	
E6

	
Antisymmetric bending of the rear wing and vertical tailplane bending

	
40.4

	
E6

	
Antisymmetric bending of the rear wing and vertical tailplane bending

	
40.4
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