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Abstract—To explore the use of hydrogen fuel cells as a
feasible alternative on Unmanned Aerial Vehicles (UAVs), a
class I concept was designed at the Portuguese Air Force
Research Centre (CIAFA). This work focuses on the Multidis-
ciplinary Design Optimisation (MDO) methodology that was
used to improve the 3h endurance of the baseline concept that
had a Maximum Take-Off Weight of 21.6 kg, using 148 g of
hydrogen and a 800 W fuel cell to power conventional flight
operations. Another propulsive system comprised of batteries
and rotors is used for Vertical Take-Off and Landing (VTOL).
MDO was performed with the aid of OpenAeroStruct, a low
fidelity software that combines Finite Element Analysis (FEA)
and Vortex Lattice Method (VLM) to model lifting surfaces.
Initially, a cruise and a load flight conditions were used with
structural parameters and geometric twist as design variables.
In a second approach, complexity was increased by including
taper, wing chord and span as design variables in the problem
formulation. Lastly, a third flight condition was introduced
to ensure stall requirements were met. The use of MDO
led to a 21% increase in endurance with a smaller wing,
while satisfying all imposed constraints. This work marks an
important milestone in the development of a future prototype
at the CIAFA.

I. INTRODUCTION

The use of hydrogen (H,) as an alternative to fossil fuels
is of interest to the defence sector. It is considered key for
reaching the European Union goal of carbon neutrality and
sustainability [1], [2]. So it becomes necessary to explore
ways of using Hy. One possible use would be to power
Unmanned Aerial Vehicles (UAVSs).

Since 2009, starting with the project PITVANT [3], the
Portuguese Air Force has developed and tested Unmanned
Aircraft Systems (UAS) and thus acquired valuable know-
how and experience in both the design and operation of class
I vehicles. With the intent of exploring the application of fuel
cells on UAVs and gain experience in the field of renewable
energies, a project to design, build and later test an UAS
prototype begun at the Portuguese Air Force Research Centre
(CIAFA).

In the first phase of this project, the conceptual design, the
design team used empirical formula of aircraft performance
and a genetic algorithm to conduct optimal trade-off studies
with respect to Maximum Take-Off Weight (MTOW) and
endurance, resulting in a baseline concept with the desired
compromise between the two [4]. Then, the design team
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used low fidelity software to validate the concept and further
detail it. The proposed concept was used as a baseline for
subsequent studies. This paper explains the Multidisciplinary
Design Optimisation (MDO) approach chosen and presents
a 2" generation vehicle with extended endurance.

II. THE BASELINE CONCEPT

With the analytic hierarchy process (AHP) [5] and a set of
defined criteria, a lift+cruise configuration was chosen. This
type of configuration is characterised by having one or more
propellers to provide the thrust needed in conventional flight,
where the wing provides the lift needed, and several rotors
to provide thrust in vertical take-off and landing (VTOL).

The UAV is equipped with two independent propulsive
systems: one for conventional flight and the other for VTOL.
A fuel cell with 800 W of nominal power is used together
with a hydrogen tank, capable of storing 148 g of hydrogen,
to power the first mode. The fuel cell converts the hydrogen
into electric current to power the forward flight motor and
UAV avionics. The VTOL is powered by Li-Po batteries due
to the large power output required. Although the energetic
density of batteries is much lower than hydrogen’s and more
weight is needed, they can provide high power outputs almost
instantaneously while fuel cells cannot.

The proposed concept has four rotors and one propeller
which is located in the aft of the fuselage. A twin boom is
used to connect the wing to an inverted V-tail and to support
the rotors. A representation of the concept is given in Fig.
1.

Fig. 1: CAD model of the lift+cruise proposed concept.

The main wing is composed of three panels. The centre
panel is rectangular, with a constant chord of 0.399 m and
span of 1.5 m. The two tip panels are tapered with A = 0.55,
each with a span of 1.25 m. The SG 6042 airfoil [6] was
chosen for the entire wing which has a total span of 4.0 m.
The geometry of the main wing is shown in Fig. 2.
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Fig. 2: Geometry of the main wing.
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The inverted V-tail has a dihedral angle of -45°, a constant
chord of 0.255 m, a projected span of 1.43 m using the
NACA 0008 airfoil.

This hydrogen powered UAV will be used by the Por-
tuguese Air Force to conduct surveillance missions, such as
fire detection and incident control. Accordingly, the mission
profile illustrated in Fig. 3 was defined.

The typical mission starts with vertical take-off, where the
thrust required is provided by the rotors. After, transition be-
tween vertical and conventional modes occurs, accomplished
by turning on the propeller while the rotors are still providing
thrust. When enough forward speed is achieved, the rotors
are shut down and the UAV will climb to reach the mission
altitude to surveil a desired area or target. Afterwards, the
UAV will return back to the starting point to start the
descent phase. Close to the runway, a landing circuit will
be performed before vertical descent which concludes the
mission.

III. A MULTIDISCIPLINARY APPROACH TO AIRCRAFT
DESIGN

Multidisciplinary Design Optimisation (MDO) methodolo-
gies have been used in the aerospace field for more than
three decades. A survey of MDO methodologies and their
application in the aerospace field is given in [7].

The use of MDO allows the designer to understand the
trade-offs than exist among the different disciplines involved
and explore them with numerical optimisation algorithms to
achieve the best possible design for a given objective while
satisfying the prevailing constraints. Two common applica-
tions of MDO in this field are simultaneous optimisation
of aerodynamics-structures and simultaneous optimisation
of structures-control. The coupling of aerodynamics and
structures allowed designers to improve aircraft performance
with the use of more efficient wings. For example, Grossman
et al. [8] performed aerostructural optimisation of a sailplane
and demonstrated that the designs obtained with MDO had
a better performance than those obtained with sequential op-
timisation. In the aeronautical field, simultaneous structures-
control optimisation can be used for active flutter suppression
as demonstrated in [9] and in the space field for the reduc-
tion of vibrations in structures caused by, for example, the
transition from the Earth’s shade to sunlight [10], [11].

Although MDO had application potential, the cost of
using such methodologies to solve complex problems with
hundreds of design variables was often prohibitive due to
the lack of computational power and the lack of efficient
numerical methods. With both the development of more
capable processors and the development of efficient gradient-
based optimisation techniques, it is now possible to solve
complex problems and obtain results in shorter time frames.

Kenway and Martins [12] were able to perform aerostructural
optimisation of a conventional transonic aircraft configura-
tion using 476 design variables and eight different flight
conditions using Euler CFD and a structural finite-element
model within 36 hours. Still, the use of high-fidelity methods
requires powerful dedicated machines with many processors
which are not commonly available to students.

OpenAeroStruct [13], a lightweight open source software
can provide fast results with a reasonable accuracy [14],
hence it is appropriate to search the design space in the
early design stages. Since it is open source, new features
can be added to the source code to meet specific user needs.
Chaudhuri et al. [15] used this tool to perform optimisation
under uncertainty of a tailless aircraft and recently Ribeiro et
al. [16] used it to build different surrogate models and assess
their performance.

In this work, OpenAeroStruct was used to perform MDO
of the main wing. It is a low-fidelity software which uses the
Vortex Lattice Method (VLM) to determine the aerodynamic
forces acting on lifting surfaces, and Finite-Element Analysis
(FEA) to compute stresses and displacements on those same
surfaces. It was developed using the NASA’s OpenMDAO
framework [17] to couple the aerostructural model and
analytically calculate its derivatives to allow an efficient use
of gradient-based algorithms.

OpenMDAO provides a modular environment to facilitate
the integration of the different disciplines involved, each
defined as an implicit function, later used in the unified
derivatives equation to determine the total derivatives of
the coupled model using the Modular-Analysis and Unified
Derivatives (MAUD) architecture [18]. The developer defines
each individual component, provides the partial derivatives
of the outputs with respect to the inputs and makes the
necessary connections to ensure a correct transfer of the
coupling variables between them. OpenMDAO ensures the
correct data flow between the different disciplines, which
helps the developer to set up his/her own models. After the
model has been set up, analysis and optimisation with the aid
of gradient-based optimisation algorithms can be performed.

An illustration of the Vortex Lattice Method is provided in
Fig. 4. It models each lifting surface as a thin plate subjected
to a horseshoe vortex system. Each vortex filament induces
a velocity at an arbitrary point P, as given by the Bio-Savart
Law,

I' dixr
A e
where I is the circulation strength, r is the distance between
the vortex and P where the flow field is being assessed, and

dl is the length of the vortex filament. Integration over a
semi-infinite straight vortex yields

dv = ey

r

= 2
Vv Th (2)

with h being the distance between P and the start of the
vortex filament. After establishing the relation between the
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Symbol Component Description

Fig. 3: Typical Mission Profile.

strength of the vortex and the induced speed, the flow
tangency condition is imposed at all control points of each
horseshoe vortex. This results in a system of linear equations
of the form

AT = -V -n, 3)

where A is the aerodynamic influence coefficient matrix and
V o represents the non-disturbed flow field. By solving this
system, I is determined. Then, the aerodynamic forces acting
on each panel are calculated as

Decomposing each one in the direction of the free-stream
and its perpendicular, drag D and lift L contributions are
estimated, respectively.
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Fig. 4: Tllustrative VLM model with multiple horseshoe
vortices along the span [19]

The finite element analysis is performed using beam-bar
elements with six degrees of freedom per node. The stiffness
matrix for a single element is
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is the Young’s modulus, A is the beam cross sectional area,
L is length, G is the shear modulus, J is the polar moment
of inertia and I, are the second moment of area about each
axis.

After the assembly of the global stiffness matrix K, the
linear system of equations

Ku=f (6)

is solved for the vector of displacements u given the applied
aerodynamic nodal forces f. To determine the stiffness ma-
trix for each element, the cross-section properties are needed.
To compute them, a wingbox model is used, which allows
the use of the spar and skin thicknesses as design variables
in the optimisation problem. The position of the front and
rear spars are user-defined based on the airfoil coordinates.
Along the wingspan, these coordinates are scaled with the
local chord but their relative distance remains fixed.

The major limitations with this model are: the same
thickness is used for both the front and rear spars and the
same thickness is used for the upper and lower skins; it is
not possible to use different airfoils along the wingspan. A
detailed description of this model can be found in [14].

The lifting surfaces cause disturbances in the flow field
and therefore are subject to aerodynamic forces, which cause
stress and displacement on the structure. The deformed shape
induces new disturbances in the flow and the aerodynamic
forces generated are different. To ensure the coupling of these
two disciplines, it is required to transfer the aerodynamic
loads to the structures and determine the displacements and
stresses they produce until

Ri(y.y") =0, (7)
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i.e, when the target y’ and the state y variables match.
OpenMDAO has several solvers that can be used to converge
the model. After the multidisciplinary analysis, the objective
and constraints of the optimisation problem can be evaluated.
The extended design structure matrix (XDSM) [20] of the
aerostructural model is provided in Fig. 5.
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Fig. 5: XDSM diagram of the default aerotsructural optimi-
sation problem in OpenAeroStrcut [13].

The load and transfer scheme implemented in Ope-
nAeroStruct is both consistent and conservative [13]. The
process is simplified by using the same discretisation for
both the elements of the FEA and the VLM mesh.

To use the wingbox model, the shear centre location is
estimated as the average of the location of the spars weighted
by their respective area [14].

The baseline UAV is to be used to conduct surveillance
missions. As such, the objective of the optimisation is to
extended its endurance, given a set of constraints. Because
it is an electric aircraft powered by batteries, motors and a
fuel cell, the weight variation in flight is negligible when
compared to the MTOW. The endurance equation [21]

L Esbnlﬂsnp

E= Do rwor™ ®)
was added to the Functional Evaluations of OpenAeroStruct
(refer to Fig. 5) where Eg;, is the battery specific energy
in W.h/kg, mpes the system efficiency from battery to motor
output shaft, 7, the propeller efficiency, m;, the battery mass
in kg, Wy the aircraft empty weight and Wy the structural
weight. The total energy content given by Eg, - my in (8)
was replaced by the product of the available hydrogen mass
for the cruise segment and hydrogen’s specific energy

Etotal = MH,avail * €. (9)

First, an OpenMDAO ExplicitComponent class was cre-
ated. In its definition, the partial derivatives of endurance
with respect to each of the inputs were provided. The
partial derivatives were calculated using analytic methods.
Afterwards, an object from this class was instantiated inside
the total_perf, which is a class defining an OpenMDAO
Group. Some parameters such as the efficiencies 7,24, 7)

and the total energy content as given by (9) were assumed
constant during the optimisation process and stored inside
the prob_vars component. The other variables such as L,
D and W, are already calculated by other components in
OpenAeroStruct, therefore it was necessary to connect them
to this new component. An illustrative N2 diagram with the
endurance component expanded is provided in Fig. 6. Its
inputs are represented in orange and the outputs in green.

There are several standard OpenAeroStruct geometric ma-
nipulation functions that can be used to define the initial
shape of lifting surfaces and also modify them during
optimisation. An example of such function is the Taper,
which can be used to decrease the chord linearly from root
to tip, producing a tapered wing. A transformation about
the quarter-chord line. A new taper function was sought
to decrease the chord linearly from a user-defined position
until the tip, while keeping the leading edge perpendicular
to the fuselage. A bottom-up approach was used. First, a
new OpenMDAO ExplicitComponent class was defined: the
user inputs are the ratio A = M and an offset which
should be given as a percentage of the semi-span; the output
is the altered mesh. The partial derivatives of the output
(mesh) with respect to the inputs (taper and offset) were
defined analytically. A simplification was made: the partial
derivative of the mesh with respect to the offset was set
to 0, i.e the offset cannot be used as design variable in the
optimisation problem. An illustrative N2 diagram of this new
taper_with_offset geometric function is provided in Fig. 7.
With this new feature, the definition of a general trapezoidal
lifting surface is easier. Also, the use of A\ as design variable
is possible without affecting the constant chord segments of
the lifting surfaces.

IV. NEXT GENERATION UAV CONCEPT

As stated previously, the goal of using MDO is to extend
the baseline endurance while satisfying the constraints.

Initially, the aerostructural problem was comprised of two
distinct flight conditions: one corresponding to the main
surveillance mission where the objective function is to be
maximised; and another for a 6.0 g load case to safely
size the structure of the main wing. Two lifting surfaces
were defined, wing and tail, assumed built of a composite
material made from a mixture of bidirectional carbon fibre
and epoxy resin [22]. The structures were modelled as
simplified wingboxes, with the front spar at 10% of the chord
and the rear one at 60%. The geometry of each box was based
on the coordinates of the selected airfoils for the wing and
tail, SG 6042 and NACA 0008, respectively. A summary of
the these properties is provided in Tab. I.

To ensure that the UAV is in trimmed level flight, the
constraints L = W and C')y = 0 were added to the main
mission. In the manoeuvre case, only the former is imposed.
At this flight condition, a failure constraint based on the von
Mises stresses aggregated with a Kreisselmeier—Steinhauser
(KS) function [23] must also be satisfied. Finally, a mono-
tonic constraint was imposed to the geometric twist.
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Fig. 6: N2 diagram of the model with endurance inputs/outputs highlighted.
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TABLE I: Parameters and specifications of the baseline UAV.

Parameter Value Notes

Tank capacity 148 g of Hy Maximum hydrogen stored

Energy 3479.85 W.h Total energy available for main mission
MTOW 21.6 kg

Main mission Mach 0.05647

Main mission altitude 5000 ft ISA +20° C

6.0 g manoeuvre Mach. 0.07331 According to UAV’s flight envelope

6.0 g manoeuvre altitude 0 ft ISA +20° C

Drag counts for VTOL rotors 350

Aircraft weight without wing and tail structures  17.118 kg

Structural material density 1300 kg/m? Based on bidirectional carbon fabric + epoxy
Structural Young’s modulus 48.99 MPa Based on bidirectional carbon fabric + epoxy
Structural shear modulus 5 GPa Based on bidirectional carbon fabric + epoxy
Structural yield strength 567.79 MPa Based on bidirectional carbon fabric + epoxy

The design variables of the optimisation problem are:
the wing geometric twist, spar and skin thicknesses, which
are parametrised with b-splines; the angle of attack of the
manoeuvre «g 0, and main mission « cases, and the tail
incidence angle «;, which are scalars. The lower and upper
bounds for the wing twist, spar and skin thicknesses are -
15° and 15°, 0.6 and 3 mm, respectively. A summary of the
optimisation problem is given in Tab. IL.

The algorithm chosen was the SLSQP (Sequential Linear
Squares Programming) [24] available in the Python library
SciPy [25], with a tolerance set to 10”7 and 200 maximum
iterations as fallback.

To choose the number of VLM panels, aerodynamic
analyses of both lifting surfaces were conducted. During
the analyses, the aerodynamic efficiency L/D was observed
against the number of panels. A compromise between preci-
sion of the numerical solution and computational time was
achieved with 200 panels on each wing, each cross section
with 5 chord-wise nodes.

Before proceeding with the optimisation, the baseline
model was run to determine its performance, using only «,
a6.04 and qy; to obtain a trimmed level flight condition. For a
cruise speed of 38 kts, the obtained endurance of the baseline
was 3h29 at 21.6 kg of MTOW. This speed was kept fixed
during all subsequent optimisations.

A. Optimisation With Geometric Twist

With the optimisation problem defined in Tab. II and
the termination criteria defined, the program was executed.
After 16 iterations, a solution was found, while satisfying
all constraints. The obtained parameter distributions along
the wingspan and tailspan are provided in Fig. 8a and 8b,
respectively.

Because the wing twist was given as design variable, the
introduction of wash-out was expected to reduce the lift-
induced drag. A reduction in this drag contribution will
increase the aerodynamic efficiency L/D and improve the
endurance as given by (8).

The von Mises stresses on the wing and tail structures
are lower than the allowable stress limit, represented in red.
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Fig. 8: Optimised parameter distribution along wingspan.

Hence, failure is not expected.
The obtained endurance was barely higher than the base-
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TABLE II: Optimisation problem.

TAmonotonic <0

monotonic twist constraint

Function/variable Note Quantity
maximise endurance computed using (8)
with respect to  wing twist (case A. only) b-spline parametrised using 5 control points 5
wing taper A\ (case B. only) 1
wing root chord c¢ro0t (case B. only) 1
wingspan b (case B. only) 1
spar thickness b-spline parametrised using 6 control points 6
skin thickness b-spline parametrised using 6 control points 6
a for the main mission 1
o; for the main mission 1
Q60 g for the 6.0 g load case 1
Total design variables 20
subject to L=W for the main mission 1
Cy =0 in the main mission to ensure trimmed flight 1
Leog = Weog for the 6.0 g manoeuvre flight point 1
Oyon Mises < % von Mises stresses aggregated using a KS function 1
1
5

Total constraint functions

line, just improving 0.03%. Also, it was verified that the
optimal solution had worse aerodynamic efficiency when
compared to the original concept: L/D was 14.24 in the
baseline and it decreased to 13.1 in the optimised solution.
The increase in endurance was accomplished by a reduction
of the weight of the structures, Wy. In fact, Wy is the lowest
possible for this problem formulation, since both structural
design variables correspond to the lower bounds.

The reduction in the structural weight will impact the flight
conditions. Because the flight speed V is fixed, to satisfy the
equilibrium constraint L = W the angle of attack « has to
decrease. Flying at lower angles of attack will decrease both
lift and drag, but this reduction does not necessarily imply
higher values of L/D. If lift reduces more than drag, then the
aerodynamic efficiency will decrease. This suggested that,
with a weight reduction, it might be possible to fly at speeds
lower than the defined 38 kts and achieve higher endurance.
Nonetheless, because there was no intention on flying with
lower speeds than the defined 38 kts due to operational
requirements, planform design variables were introduced. By
allowing the planform to change, it was expected to obtain
a wing with lower area such that:

1) the structural weight W, further decreases;

2) the flight angle of attack « and consequently L/D

increase.

B. Optimisation With Taper, Root Chord and Wingspan

After experimenting with geometric twist, this parameter
was fixed at 0 and taper was used. As described in Section III,
the linear reduction of chord can start at an arbitrary position
on the lifting surface. To study the impact that this location
would have on both aerodynamic and structural parameters,
parametric studies were performed: 3 optimisations were
performed in total, each with a different taper offset. From
these studies, it was noted that the optimiser was driving the

ratio A to the lower bound to reduce the wing area Sying as
much as possible. The solution with the lowest area had the
highest endurance.

Later, the root chord was added to the set of design vari-
ables of the optimisation problem and the design framework
was executed again. The result was a smaller wing, achieved
with A = 0.23 and ¢;-pot = 0.196 m. Smaller wings were not
possible for the given flight conditions because the angle of
attack v was already at the defined upper bound of 10.0°.

Finally, the wing span b was added as well and the design
framework was re-executed. The result was a wing with a
higher aspect ratio, which was accomplished by an increase
of the span. The flight angle of attack o was again at the
upper bound. A summary of the results obtained is provided
in Tab. III.

Every time a new design variable was added to the prob-
lem formulation, the endurance improved and some patterns
could be identified:

1) smaller wings had higher aerodynamic efficiency L/D
and lower structural weight W, and, hence, higher
endurance as given by (8);

2) the angle of attack o was constraining the area reduc-
tion of the lifting surface.

The first point enumerated above could be explained by

how drag is estimated in OpenAeroStruct,

1
D= §pv;sm f(Cp, +Cp, +Cp, +Cp,),  (10)

where C'p, was used to account for the drag contribution
of components that are not modelled in the analysis such
as vertical rotors, fuselage, double-boom and landing gear;
Cp, is the lift-induced drag component; Cp, is the viscous
drag contribution, estimated based on flat-plate empirical
formulations [21, sec. 12.5.3]; and Cp,, is the wave drag
as given by the Korn equation [26]. Of all contributions,
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Cp, is the largest and was assumed constant. This value
was estimated conservatively due to the disturbances that
the vertical flight rotors will induce on the incoming air-
flow. Different lift distributions will contribute differently to
the lift-induced drag coefficient C'p,, nonetheless because
Cp, >> Cp,, the lift distribution along the wingspan will
not substantially affect the total drag D. Following the same
logic, variations of the angle of attack o will alter the lift-
induced drag coefficient Cp, but will not have much effect
on the total drag D. Hence, reducing the wing area Sying
will contribute to a decrease in the reference area S,.y in
(10), and ultimately contribute to reduce the total drag D,
even though higher angles of attack will be needed to satisfy
the equilibrium constraint L = W.

The second pattern identified is related to a missing stall
constraint in the problem formulation given in Tab. II. The
optimisation algorithm exploits the lack of a stall constraint
to reduce the wing area as much as possible and maximise
endurance. As a result, it might be possible that the UAV
will stall before the defined upper bound for the cruise flight
speed defined. If it happens, the solutions found would be
unfeasible.

C. Stall Considerations

To verify if stall occurs, first the maximum 2D lift co-
efficient of the wing airfoil was determined. XFOIL [27],
[28] was used to conduct aerodynamic analyses of the SG
6042 airfoil at different Reynolds number Re and Ncrit —
a parameter used for predicting transition — set to 5 and
9. It was verified that the maximum lift coefficient Cj,,,
was between 1.4 and 1.5. The data corresponding to the
optimal solutions found with the planform design variables
was post-processed and the sectional lift coefficient at cruise
conditions along the wingspan was produced in Fig. 9a. It
was observed that two of the solutions found would stall at
the defined cruise speed.

Therefore, a new constraint was added at the main mission

Cl < ClQD (11)

and the design framework was again executed with wing
taper and root chord as design variables and, afterwards,
with span as well. Since this C; constraint was active, it was
expected that the results of these two optimisations would
be different, as demonstrated in Fig. 9b.

With the addition of the constraint, the angle of attack «
was no longer at the upper bound and the wing area Sying
increased, which resulted in worse endurance. The results
with and without the C} constraint, for the cases where it
was active, are also summarised in Tab. III.

D. Final Optimal Solution

Although a stall constraint had been successfully imple-
mented in the optimisation problem and feasible solutions
had been found, the stall speed requirement which was set
in the beginning of this project,

V < 28 kts, 12)

Sectional C; 1.2
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(a) Without stall constraint.
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(b) With stall constraint.

Fig. 9: Sectional lift coefficients at cruise conditions.

is not satisfied, since at the cruise speed C; = C},,, for some
sections of the wings that were obtained previously.

In order to ensure that the requirement given in (12) is
respected, a third flight condition was introduced in the
optimisation problem where the C) constraint as given by
(11) was imposed. Similarly to the cruise condition, no loads
were applied and it was ensured that the lift being generated
would be equal to the weight of the vehicle.

The design framework was executed, and after 25 itera-
tions the optimisation algorithm was able to find an optimal
solution satisfying all constraints. Compared to the baseline
model, the wing area Sying decreased, the taper ratio A and
the wing root chord reduced, and finally the span b increased.
Because the stall constraint was imposed at a lower speed,
the area of the lifting surface did not reduce as much as when
the constraint was imposed at the cruise speed. A summary
of the results obtained is provided in Tab. III, together with
the results of all other cases for comparison purposes.

Similar to the previous results, the optimisation algorithm
reduced the wing area as much as possible being the stall
constraint the one that limited this reduction. The sectional
lift coefficient for this improved solution at a stall speed of
28 kts is provided in Fig. 10.

1.6
14

1.0
0.8

Normalised Right Half Span

Fig. 10: Sectional lift coefficients at the defined stall speed.

It is observed that the maximum C; value is reached
between 50 and 75% of the semi-span.
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TABLE III: Comparison between optimal solutions.

baseline wing twist with taper and chord with taper, root chord and span w. 3 flight cases
Parameter Value Value Value? Value Value? Value Value Unit
Endurance 03:29 03:35 05:13 05:29 05:20 05:41 04:14 h:min
Cr 0.601 0.536 0.813 0.868 0.814 0.890 0.630 -
Cp 0.042 0.041 0.044 0.045 0.043 0.044 0.041 -
L/D 14.24 13.1 18.3 19.1 19.0 20.4 15.2 -
MTOW 21.6 19.4 18.63 18.57 19.0 19.1 19.0 kg
W 498 2.8 2.02 1.95 2.36 243 241 kg
a 3.28 24 8.40 10.0 8.0 10.0 3.9 deg
a6.0g 11.0 10.6 20.8 23.7 20.1 23.9 12.6 deg
o -1.1 -0.8 -3.8 -4.7 -3.6 -4.9 -1.5 deg
Croot 0.399 0.399 0.210 0.196 0.186 0.166 0.272 m
A 0.55 0.55 0.37 0.23 0.25 0.1 0.44 -
b 4.0 4.0 4.0 4.0 4.9 5.0 4.7 m
Swing 1.373 1.373 0.677 0.596 0.696 0.598 1.057 m?

4with C; constraint

The structural design variables, namely, the skin and spar
thicknesses correspond approximately to the lower bound
defined: 0.6 mm. The exact variation of these parameters
along the wingspan and the corresponding von Mises stresses
are provided in Fig. 11.

0.00062 A - - Skin L
t[m] VAN Spar
0.00060 —e =
failure limit j
1 g ————

Ovonmises [MPa] 200 7
100 1

0

-1
normalised span
Fig. 11: Optimised parameter distribution obtained with three
flight conditions.

The spar thickness is constant and equal to the lower
bound, but the skin thickness has a small variation. It is larger
at the wing root where the stresses are higher, and smaller
towards the tips where they are lower. Because the allowable
stress is reached at the wing root, it was not possible to obtain
smaller thickness values.

The total endurance of the UAV increased from 3h35 to
4h15, which represents an increase of 21%.

V. CONCLUSIONS

This work focused on employing Multidisciplinary Design
Optimisation to improve the baseline concept of a small
electric UAV with VTOL capability, powered by a hydrogen
fuel cell, with the goal of extending its endurance.

First, some features were added to OpenAeroStruct to
calculate the objective function and allow the definition
of general planform shapes. To improve the computational
efficiency of the optimisation process, analytical partial
derivatives were defined for these new components.
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Afterwards, improvements to the baseline were sought.
Initially, structural parameters such as the skin and spar
thicknesses, as well as geometric twist were used as design
variables. The use of geometric twist was not sufficient to
improve the baseline concept.

Therefore, more design variables were added. Instead of
using geometric twist, taper was used with different offsets.
After the trends had been analysed, the chord of the inboard
section of the wing was allowed to change and the design
framework was executed. Lastly, the wingspan was added to
the set of design variables. By allowing the wing planform
shape to change, some common trends were observed: the
wing area was being reduced; and the aspect ratio was being
increased.

Through analysis of the results of the different optimi-
sation runs it was found that the lack of a stall constraint
allowed the optimisation algorithm to make considerable
reductions of the wing area and use high angles of attack to
satisfy the equilibrium of forces. Therefore, a stall constraint
was introduced in the problem formulation. Because it was
active for some of the previous solutions, changes in the
optimal solutions were expected. Even though the same
trends were verified, the area of the wing did not reduce as
much when compared to the cases when no stall constraint
existed.

Finally, to satisfy the stall speed requirement given in
(12), a third flight condition at 28 kts was introduced in the
problem formulation. No loads were applied and both the
equilibrium and stall constraints were imposed. Compared
to the baseline, the result was a smaller wing with higher
aspect ratio which resulted in 21% more endurance. Other
solutions with extended endurance were found but they do
not satisfy this last constraint.
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