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Abstract

In recent years, unmanned aerial vehicles applications have grown in various fields. New design configurations
have emerged to address these needs. This paper focuses on the multidisciplinary design optimization of
three popular concepts of drones under a common framework: multicopters, fixed-wings, and the more recent
fixed-wing VTOLs. Low-fidelity but computationally efficient models for drone sizing are proposed, some of
them being shared by the different concepts. The models are integrated with a design optimization approach,
and an efficient sizing methodology allows for reducing the problem complexity. This approach is instrumental
because of the large number of design variables and contraints involved in the multidisciplinary design process.
Examples of sizing results are provided to validate the methodology for fixed wing UAVs. In addition, a study
case demonstrates the benefit of a common framework for comparing the performances of different drone
concepts. A key finding is that the VTOL propulsion of the fixed-wing VTOLs must be carefully optimized to
avoid an undesirable mass penalty.

Keywords: UAV, Drone, Multicopter, Fixed-wing, VTOL, Design optimization, MDO

1 Introduction

Unmanned aerial vehicles (UAVs) have been increasingly used in recent years to meet a diversifying
industrial market. These flying vehicles cover a broad spectrum of applications: agriculture, transport
of medical equipment, and aerial inspection among others [1H5]. To meet these needs, designers
have developed and tested different concepts of drones. Multicopters, or multirotor drones, are ro-
torcraft composed of several propellers providing lift and thrust simultaneously, with the advantage of
agility and precision. Multicopter configurations include quadcopters, hexacopters and octocopters
with either one or two propellers per arm. In contrast, fixed-wing UAVs use surfaces for lift, while
thrust is provided by one or several propellers. Many configurations for fixed-wing UAVs exist, but
only the tail-aft configuration with a single engine is addressed in this paper. That is, the drone con-
sists of wings, a fuselage, and an empennage mounted at its rear end. The propeller is located at the
front of the fuselage. Finally, fixed-wing VTOL (FW-VTOL) drones are hybrid platforms combining a
fixed-wing with the ability of vertical takeoff and landing (VTOL). The present paper covers the sep-
arate lift-thrust configuration, also known as quad-planes, where the forward flight uses a different
powertrain compared to the hover flight. More precisely, four lifting propellers are attached to hori-
zontal arms connected to the wings, as depicted in Figure [Tc] UAVs can be powered by a wide range
of sources such as batteries, fuel cells or combustion engines. The focus is here on battery-powered
drones with electric powertrains.

As the applications of UAVs become more diverse, it becomes necessary to develop holistic design
approaches with better technology integration, lower costs, and faster development time. A few so-
lutions for UAV design exist, but none of them offers both comprehensive multidisciplinary modelling
and coverage of multiple drone concepts. The popular web-based solutions eCalc [9] and flyEval
are used for evaluating the performance of multicopters, but no practical design optimization tech-
niques are considered. Gatti and Bershadsky developed systematic approaches for sizing
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Nomenclature
Opro propeller clearance
A sweep angle
A taper ratio
Ar fuselage fineness ratio
Omax maximum allowable stress
Vpy horizontal tail volume ratio
Vyr vertical tail volume ratio
Q1o takeoff acceleration
AR aspect ratio
by, wing span
c chord length
Cp, parasitic drag coefficient
Cy skin friction coefficient
Cr,.. maximum lift coefficient
dy fuselage diameter
dour arm outer diameter
dpro propeller diameter
e span efficiency factor
FF shape form factor
hspar spar height
karm kspar — @rms and spars aspect ratios
Iy fuselage length
L tail moment arm
M0 bending moment at root
Myay total mass of the UAV
Npro number of propellers
q dynamic pressure
N area
Stop top area of the airframe (projected)
Swer wetted area
t/c thickness-to-chord ratio
T/W thrust-to-weight ratio
nax flight endurance
twing minimum wing thickness
V, rate of climb
Velimb climb speed
Vieruise cruise speed
Vitall stall speed
w/S wing loading
Xeg center of gravity
Xnp neutral point

electric multicopter configurations by taking into account the mission profile and a few performance
requirements. However, the scope of the models is limited to the propulsion system. The authors
of CLOUDS [13H15] propose a similar solution for sizing UAVs with considerations for the main dis-
ciplines of aircraft design such as aerodynamics, weights, structures and propulsion. Although the
CLOUDS solution is very efficient, the models are only applicable to multicopters. A preliminary
sizing method for FW-VTOL drones is presented by Tyan [16] and An [17]. Yet, the use of empirical
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v
(a) DJI Matrice 600 Pro [6] (b) Delair DT26 [7] (c) AeroVironment JUMP 20 [8]

Figure 1 — Multicopter, Fixed-Wing and FW-VTOL concepts

mass fractions limits the exploration of new configurations and technology improvements. In addition,
no specific strategy is employed to solve the optimization singularities such as the mass calculation
loop, which is time-consuming. Stahl presented a design and performance analysis tool for FW-VTOL
drones in [18,|19], that relies on a comprehensive modelling of the UAV’s systems and disciplines.
Here again, no practical strategy is adopted to solve the design problem. The optimization is achieved
through a statistical design of experiments, which makes it inefficient when many design variables
are involved. Finally, the sizing of different drone concepts with a design optimization approach is
addressed by Leng et al. [20],21]. However, the focus is mainly on the aerodynamics.

The current paper covers the development of a multidisciplinary design optimization (MDO) method-
ology applied to fixed-wing, multicopter and FW-VTOL configurations. It relies on a comprehensive
modelling of the main disciplines including geometries, propulsion, structures, aerodynamics and
stability. In addition, the efficient formulation of the optimization problem significantly reduces the
computational cost. The implementation of this methodology into a design tool allows for sizing and
comparing different UAV concepts for similar specifications at a preliminary stage. The rest of this
paper is organized as follows: Section [2| provides a set of design models for the main components
and disciplines of electric UAVs. Section[3|presents an efficient sizing methodology that optimizes the
vehicle with respect to the flight endurance or maximum takeoff weight. Finally, Section 4| provides
examples of sizing results obtained with the methodology.

2 Design Models

The focus of this paper is on low-fidelity models. These models provide sufficiently good predictions
for preliminary design while dramatically reducing computation time compared to higher fidelity mod-
els. In addition, the use of analytical design models facilitates the implementation of computationally
efficient solutions for sizing.

2.1 UAV simulation model

The goal of the UAV simulation model is to derive the main quantities for the selection of the vehicle’s
components, based on a few sizing scenarios. We focus here on the two most important parameters
affecting UAV performance: the thrust-to-weight ratios 7 /W and, when applicable, the wing loading
W/S.

Wing loading

For UAVs with lifting surfaces, the wing loading is the vehicle’s total weight divided by its wing area.
The wing loading must be optimized depending on the application. High wing loadings lead to poor
maneuverability, but improve performance at high speeds. Raymer [22] provides methods to estimate
the wing loading required under various performance conditions. To maximize the range during
cruise, in effect when flying at the speed for the maximum lift-to-drag ratio, the optimal wing loading

must be such that:
(W/S)cruise 261\/ CDO/K (13.)

1
" TARe (1)
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where ¢ = 0.5p,;,V? is the dynamic pressure at the selected airspeed V and air density p,;.. AR,, is the
wing’s aspect ratio and Cp, is the parasitic drag of the UAV. The span efficiency factor e for straight
wings can be calculated as follows [22]:

e =1.78(1 —0.045AR%%) —0.64 (2)

Low-speed UAVs generally have wings with low sweep, as it provides better performance under these
conditions. Consequently, the use of Equation[2)is extended to low sweep angles for which it remains
a good approximation.

Optimizing the wing loading for cruise generally leads to small wings, and consequently a high stall
speed. Although this issue is not critical for drones with lifting rotors, it can compromise the safety of
a fixed-wing UAV. Given a required stall speed or, indirectly, an approach speed, the maximum wing
loading not to be exceeded is expressed as [22]:

W/S < (W/S)stall = CICL,W (3)

where Cy,. is the maximum lift coefficient of the wing. For wings with a fairly high aspect ratio, C;,,,,
can be approximated as 90% of the airfoil maximum lift coefficient C; [22].

Thrust-to-weight ratios

The thrust-to-weight ratios are used to size the propulsion system for the various flight scenarios.
Endurance scenarios like hovering flight or cruise flight directly affect the battery selection through
the required energy. Extreme criteria such as takeoff acceleration impact the sizing of the whole
propulsion system.

The thrust requirements for a multicopter at takeoff, climb, hover and forward flight are presented
in [23] and [24]. The equations are recalled in Equation [4] for convenience, where m,,, is the total
mass of the UAV, «,, is the acceleration at takeoff and D i, Deruise are the drag efforts to overcome.

(T /W Vhover = 1 (4a)
Ato
(T/W)takeoff =1+ j (4b)
Dclimb
4
(T/W)Lllmh 1+ Myavg ( C)
Dcruise :
T 1 erse 4d
(1 WS =1+ (D) )

When a UAV flies in a fixed-wing configuration, the thrust-to-weight ratios are calculated as follows
[22]:

(T/W)crmse - L‘{‘f/Dg +— K W/S (53)
(T /W)y = o+ WS (5b)

climb = vcltmb >+ W/S

where W /S is the wing loading and V, is the rate of climb. Takeoff is assumed to be performed via
a catapult that launches the UAV at a speed ten percent greater than the stall speed. Similarly to
Equation [5b), the thrust-to-weight ratio for takeoff — or initial climb is expressed as:

v, K
T/W>takeoff Vtakeoff + W/S CDO +— W/S (63)

mGeoff = 1.1Vgau (Gb)

2.2 Estimation models for the electric propulsion system
The electric propulsion system (EPS) is composed of propellers, motors, electronic speed controllers
(ESC) and batteries, connected by electrical wires. A set of estimation models for the propulsion

4
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system, that is, models that return the main characteristics of the components from a few sizing pa-
rameters, is provided by Budinger et al. [25]. These estimation models are based on dimensional
analysis. Such an approach provides a better understanding of the underlying physics compared
to pure empirical models, which helps identify the performance drivers in the final design. The use
of scaling laws makes it robust to scale changes and enables the exploration of new technologies,
as only one reference value is needed. Finally, the continuous mathematical form of the estimation
models facilitates the selection procedure of the components during the design process [23].

We assume in this paper that the models provided in [25] can be applied to both multirotor propulsion
systems and fixed-wing propulsion systems with an appropriate change in the models’ parameters
where required. In particular, a new regression model for the performance of fixed-wing UAV pro-
pellers is obtained by applying the same methodology used for multirotor UAVs. The FW-VTOL
configuration includes two separate propulsion systems sized from their respective flight scenarios.

2.3 Geometry
This section provides the main analytical models for the geometry of the drone concepts.

Multicopter

The arms supporting the propellers for multirotor drones are sized such that the propellers do not
collide with each other, given a clearance distance. The top surface S;,, and front surface Sy,,,; of the
body frame are assumed to scale with the total mass m,,, of the vehicle [24]:

2/3
Stop — ( Myay > / (7a)
Stop,ref Myay,ref
Sfront _ < Myay ) 2/3 (7b)
S front,ref Myay,ref

where the subscript .. ; refers to the properties of a reference multicopter. The derivation of Equation
[7]assumes geometric similarity, i.e. the frame length ratios from one airframe to another are constant.
A validation with commercially available multicopters can be found in [24].

Fixed-wing

For the fixed-wing parts, the surface S,, of the wing is first derived from the total mass of the UAV
and the previously selected wing loading. The wingspan b,, and chords lengths ¢ at various positions
y of the wing are derived from the dimensionless aspect ratio AR,, and taper ratio A,,, assuming a
trapezoidal wing planform:

by = \/AR,,S,, (8a)

28, 1-A,

The areas of the stabilizing surfaces are obtained from the horizontal tail volume coefficient vy, and
the vertical tail volume coefficient v,, introduced by Raymer [22]. These non-dimensional ratios com-
pare the product of the stabilizing surfaces to the wing geometry, and are strongly linked to the aircraft
stability (see Section [2.6).

[
Oy = — (9a)
CMACWSW
ltSvt
Vy = 9b
= (9b)

Here, I; is the tail moment arm, that is the distance between the quarter of the wing’s mean aerody-
namic chord (MAC) and the quarter of the tail's MAC. Here, the MAC is approximated by the mean
geometric chord (MGC), which is a common assumption in aircraft design [26]. Typical values for
homebuilt aircraft are 0.50 for v, and 0.04 for v,, [22], but other values may be applied depending on

5
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the application and stability requirements. The other geometrical parameters of the tails are derived
similarly to the wing. However, lower aspect ratios will be preferred during optimization because the
structural criterion is dominant over the aerodynamic criterion for these parts [27,[28].

Finally, the fuselage is made of a semi-spherical nose, a cylindrical mid-fuselage housing the batter-
ies and the payload, and a conical rear-fuselage aft of the wing’s trailing edge, as depicted in Figure
The total fuselage length is the sum of the wing position and the tail moment arm. Its maximum
diameter is derived from a fineness ratio.

Fixed-wing VTOL

The VTOL propellers of a FW-VTOL drone must be located outside the high-turbulence area defined
by the diameter of the fixed-wing propellers. Consequently, their distance from the axis of symmetry
of the UAV must lie within the following range:

arv MR MR b
ro ro w
172 + I; +6P’0 Sypro < 7 (10)

where y)'X are the locations of the propellers on the y-axis, 5, (d%X) is the diameter of the fixed-wing
(multirotor) propellers, and 6,,, is the clearance distance. The location on the x-axis (i.e. along the
fuselage and from the nose tip) is set such that the propellers do not collide or overlap with the wing.

Therefore, the minimum length of the arms supporting the VTOL propellers is:

1 1
MR MR
larm Z Croot,, +ypm (tan ATEW - tal'II\LEW) + (dpm + 26pr{)) (COS ATEW + cos ALEW > (1 1 )

where c¢,,0, is the wing root chord and Arg, (Arg,) is the sweep angle of the wing’s leading edge
(trailing edge).

Figure 2 — VTOL propellers location for FW-VTOL geometry

2.4 Structures

The primary structures, that is, the arms supporting the VTOL propellers and the spars ensuring the
wing’s integrity, are sized using a bending stress calculation based on the maximum loads provided
by the UAV simulation model.

The arms are represented by cantilever beams of length /,,,, with a circular hollow section of diame-
ters d;, and d,,;, at the extremity of which a maximum load F;,,, corresponding to the takeoff thrust is

6
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applied. The corresponding bending stress at the root is expressed as

o _ Moot dout _ 32d0utMroot _ 32Mr00t <o (1 2a)
o I 2 T (dﬁut - d?n) ﬂdgut (1 - k3r1n) -
T
Mroot = t;/i;;]ef]rlarm (1 2b)

pro

where I is the moment of inertia of the beam, k,,.,, is the ratio of inner diameter to outer diameter, and
Nl’ﬁf is the number of VTOL propellers. The bending stress must not exceed the maximum allowable
stress o, of the material.

An |-beam model is used for the wing spars, as I-shapes provide good structural properties at the
cost of higher manufacturing complexity. However, other options such as hollow square beams will
be implemented in future works. In a first approach, it is assumed that the bending moment is entirely

reacted by the flanges of the I-beam. Equation[12a|is transformed into:

Mmothlange ( I+ kspar)
O, = <o
root h3 kz (1 + k2par/3) = YUmax

spar’spar s

(13)

where K, is the ratio of the flanges’ thickness to the flanges’ length, generally in the order of 0.1
and taken constant here. k., is the flanges’ thickness divided by the distance #;,,- between the two
flanges. Two sizing cases are considered for the spars, as they must support the aerodynamic forces
acting on the wing and, for FW-VTOL drones, the vertical take-off thrust. The aerodynamic load on
each half-wing is obtained from the equilibrium in cruise conditions and a load factor .. It is assumed
to be applied at the wing’s MAC location [22]. The thrust generated by the VTOL propellers at takeoff
is transmitted to the spars via the arms. The point of application of this load is equal to the y-location
of the arms, ylf‘frﬁ. The resulting bending moments for each half-wing are:

nMyav8

Mf()‘(/)‘;: ) YMAC (14a)
Tiakeof f
ety — ke (14b)

Finally, the height of the spars must not exceed the minimum wing thickness:
hspar < twing (1 5)

For simplicity, torsion and shear stresses are neglected for sizing the wing, limiting to applications
with low speeds (i.e., low control surface hinge moments). A conservative approach is adopted for
sizing the ribs and the skin. These components are sized from their materials properties (e.g. balsa
wood for the ribs) and wing’s geometry, with a constant thickness. The spacing of the ribs is assumed
to be approximately one half of the mean aerodynamic chord [26].

The loads applied to the tails and the fuselage are neglected. The weights of these components
are obtained directly from the densities of the materials they are made of, for example, monolithic
carbon-fiber-reinforced polymers (CFRP).

2.5 Aerodynamics

The drag coefficient Cp and lift coefficient C; of the whole UAV are two important parameters im-
pacting the flight performance, as they relate to the aerodynamic forces applying to the vehicle. In
particular, the calculations of the wing loading and thrust-to-weight ratios introduced in Section
require the value of the parasitic drag coefficient Cp,. The aerodynamics models presented here are
reduced to the description of this parameter.

The aerodynamics of multicopters in forward flight have been introduced by the authors in [24]. It
consists of a fixed drag coefficient and the calculation of the airframe’s projected areas. The reason
for having a user-defined drag coefficient is that the shape of the frame is largely dependent on the
application and payload, which a generic model will not be able to properly assess.

For fixed-wing and FW-VTOL concepts, the parasitic drag Cp, is computed with a component buildup

7



A COMMON FRAMEWORK FOR DESIGN OPTIMIZATION OF UAVS

method [22], assuming no aerodynamic interaction between the different parts of the airframe, and
with the propellers. It consists of estimating the parasitic drag of each part of the UAV with an equiv-
alent flat-plate skin friction coefficient and a shape form factor:

N,
1 surfaces MR MR
Cp, = 5 ( ; CriF FiSweri +Cpy Spro (16)
Fixed-wing parts

The flat-plate skin friction coefficient Cy is calculated assuming a complete turbulent flow and taking
into account compressibility effects [29]:

0.455

 (logoRe)> (1 4 0.14442)065 (17)

The shape form factors FF are calculated as proposed by Raymer [22]:

60 A
FFfuselage =1+ F + ﬁ (1 83)
o 0.6 (1 0.18 0.28
FFyings = [1 e ( ) 100( ) } [1.34M% 18 (cos A,,) 2] (18b)

where A, is the fuselage fineness ratio and ¢/c is the thickness-to-chord ratio of the wing’s airfoil. The
parameter (x/c),, is the chordwise location of the airfoil maximum thickness and A,, is the sweep at
this location.

The wetted areas of the wing and tails are taken as twice their area, and the fuselage wetted area is
calculated from its diameter dy and length [ [28]:

2\%*3 1
SW@tfu.selage = ﬂ’-dflf (1 - )~f> 1 + T}% (1 9)
Stopped propellers

The term CM’f in Equation refers to the parasitic drag originating from the stopped propellers of
the multirotor propulsion system, specifically for FW-VTOL configurations in forward flight. In feather
position, when the blades are parallel to the airflow, Hoerner [30] provides a value of 0.1 for the drag
coefficient of a single blade. This value is corrected with a solidity ratio to obtain the parasitic drag
coefficient at the propeller scale:

CUR — .16, — 0.1 MbladesChiade (20)
pro jrrpro
Based on the geometry of three-bladed APC propellers [31] retrieved from UIUC data site [32], a
mean value of 0.15 is adopted for the solidity ratio.

2.6 Stability

The longitudinal static stability of the fixed-wing and FW-VTOL concepts is assessed by the static
margin of the UAV. The static margin is the relative distance between the centre of gravity of the
UAV and the neutral point. A centre of gravity located ahead of the neutral point results in a positive
static margin and a stable configuration. The centre of gravity x., of the UAV is estimated from the
individual masses and positions of the components. Among others, it is assumed that the batteries
are centred at the wing position. The centre of gravity of the lifting surfaces is approximated by the
centre of mass of the airfoil at the MAC position, which is located at 40% of the chord for most NACA
airfoils.

The neutral point represents the most-aft position of the centre of gravity before the UAV becomes
unstable. At neutral point, the pitching moment of the UAV is zero. Solving the equation of the pitching
moment for the neutral point yields [26]:

(L, e
Xnp = Xac + cmac, Vne C, e (1 - aa> (21)

Oy
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The contribution of the fuselage in neglected in Equation The wing’s aerodynamic centre (ac) at
low Mach numbers is located at the quarter-chord of the MAC [22]:

Xac = XMAC /4 (22)

The lift curve slopes Cy,, of the 3-dimensional wing and horizontal tail are calculated with the Prandtl’s
lifting-line theory:

C 21
CL, = ’té - a (23)
1+ + A
meAR meAR

The € term in Equation [21]is the downwash at the tail, originating from the trailing vortex behind the
wing. The downwash slope with respect to the angle of attack is determined as follows:
e 2Cy,,

Jdo meAR, (24)

Finally, the static margin resulting from the calculations of the centre of gravity and the neutral point
is obtained as:

sy = Tnp " Xes (25)
CMAC

3 Sizing Procedure and Design Optimization

A multidisciplinary design optimization (MDO) approach is adopted to solve the design problem. Be-
cause of the high number of variables involved, the optimization process can be computationally
expensive. However, the application of an efficient sizing methodology as presented by Delbecq et
al. [23] can significantly reduce the problem complexity. In particular, the Normalized Variable Hybrid
(NVH) formulation approach is implemented to solve the multidisciplinary couplings and singularities
such as algebraic loops [33]. The sizing methodology applied in [23] to multicopter drones shows a
significant improvement of the computational cost compared to the non-reformulated problem, while
providing accurate results. We propose here to extend the scope of the methodology developed
in [23}24] to fixed-wing and FW-VTOL UAVs.

3.1 Initial problem formulation

The optimization problem is defined by a single objective function, a set of design variables and sev-
eral constraints. In this study, the objective function is either the flight endurance #,,, of the drone
or its total mass m,,,. The latter is the most frequently used objective in the optimization of aerial
vehicles, as this parameter is directly linked to mission efficiency and vehicle cost [34].

For conciseness, only the optimization of the FW-VTOL concept is presented and discussed in this
section. The optimization problems for fixed-wings and multicopters are obtained by replacing or
removing the unnecessary design variables and constraints. The initial optimization parameters for
FW-VTOL drones are provided in Table A total of 25 design variables and 35 constraints are
defined. The rest of this section focuses on the application of principles to reduce the problem com-
plexity.

3.2 Monotonicity analysis

The first step of the efficient methodology presented in [23] is the application of the First Mono-
tonicity Principle (MP1) to remove a number of inequality constraints. This principle, introduced by
Papalambros and Wilde in [35], enables identifying the critical constraints of the problem, in effect the
constraints that are the only ones to bound the objective function with respect to a design variable.
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Table 1 — Initial optimization problem.

Parameter

Description

Design variables

Constraints

Objectives

w/s

AR, ARy, AR,y
Ay

XMAC /4

l

Yiro

Larm

dout » hspar

karm kspar

Xeps

W/S < (W/S)stull
SMyey < SM
Vbat + Vpay < Vf
gl( pr§> <0
g2(vp) <0

83 (larm) < 0
<

Orootyrm < Omax

h‘\'par S twing
cyrootjpw < Omax

8(Xeps) <0

Emission < Ebat

Myay < Myay,req
Myay

tmax

Wing loading

Aspect ratios of the wing and tails

Taper ratio of the wing

Wing location w.r.t. nose tip

Tail moment arm

Location on y-axis of the VTOL propellers

Arms length

External dimensions of the arms and spars

Aspect ratios of the arms and spars

Set of 9 design variables per propulsion system [23,24]
Constraint on the stall speed

Constraint on the static margin

Constraint on the fuselage volume

Constraint on the minimum y-location of VTOL propellers
Constraint on the maximum y-location of VTOL propellers
Constraint on the minimum arms’ length

Constraint on the arms’ bending stress

Constraint on the spars’ height

Set of 2 constraints on the spars’ bending stress

Set of 20 constraints per propulsion system [23,24]
Constraint on the battery energy

Constraint on the maximum total mass

Total mass of the UAV

Flight endurance

The critical constraints can be turned into equalities and removed from the problem formulation. Del-
becq [23] provides a detailed explanation on how to carry out a monotonicity analysis. By applying
this strategy to our case study, the following critical constraints are detected:

Equation[TT]critical w.r.t. Iy

1 1 (26a)
— larm = Croot,, +y%§ (tan Arg, — tarlA/\LEW) + (d%ff + 26pr0) (COSATE + COSALE >
. . 2Mpe \'
E ion ritical w.rt. dpyy — dpy = | ———m—5— 26b
quation [12a] critical w.r.t. dyu out (ﬂGmax(l kﬁrm)> (26b)

The two initial inequality constraints are therefore replaced by equalities and removed from the opti-
mization problem formulation.

3.3 Normalized Variable Hybrid formulation

The optimization problem can be further reduced by detecting and solving the mathematical singu-
larities in the initial set of equations. The problem defined in Section [3.1]contains algebraic loops and
over-constrained sets of equations.

Algebraic loops

An example of algebraic loop is the mass calculation. The propulsion systems and the structures
are sized from the thrust requirements, and the thrust calculations require the total mass of the
UAV to be known. Yet, the latter is computed from the contribution of the individual masses, thus
leading to a feed-back loop. Algebraic loops can be solved by a fixed-point algorithm, but it has
a significant impact on the computational effectiveness. Following the Normalized Variable Hybrid
(NVH) formulation introduced in [33], the mass loop is broken by setting an initial guess for the total
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mass, assumed to be a multiple of the known payload mass:

Myay,guess = kM Mpayload (27)

with &y, an input variable within the range [1,). A consistency constraint is added to the optimization
problem to ensure that the initial guess converges to the actual mass after several iterations:

Myay,guess = Mygy (28)

A similar issue is encountered with the drag calculation. The parasitic drag coefficient is calculated
from the geometry of the airframe and, for FW-VTOL drones, the diameter of the VTOL propellers.
However, the propulsion systems are sized from the thrust requirements, derived with the parasitic
drag coefficient. Although this feed-back loop can be resolved by re-organizing the equations in a
specific order, it would break the disciplines-oriented approach. Therefore, an initial guess of the
parasitic drag coefficient is obtained from a reference value, and a constraint is added to ensure that
both the initial guess and the final value tend to a unique solution:

CDO.,guess = kCDO CDO,ref (298.)
CDg,guess = CDO (29b)

In practice the equality constraint is treated as a pair of inequalities for better numerical handling.
Finally, an algebraic loop is found when computing the thrust-drag equilibrium in climbing flight. The
projected top area of the UAV is required for the drag calculation but is only accessible as an output
of the geometry module as it requires the wing, tails and fuselage to be sized. For the FW-VTOL
drones, an initial guess of the top area is obtained from the wing loading and the UAV’s mass:

m
Stop,guess = ks Wuc}\gg (303.)
St()p,thess Z Smp (30b)

Over-constrained sets of equations

Over-constrained singularities are found in the initial set of equations. For FW-VTOL drones, the y-
location of the VTOL propellers is defined from two inequalities (Equation and one undetermined
parameter, p,’j. To obtain a non-singular problem, one of the inequalities is moved to the problem
constraints. The remaining inequality is transformed to an equality by introducing a degree of freedom

Ky,
dFW dM{?
y%ﬁ = kyhm (l;) + Zr) + 817”0) (31 a)
MR bW
ypr() < 7 (31 b)
where &, is a normalized input within the range [1,). This allows to have a design variable whose

lower bound is independent of the application.
The structural sizing of the spars sets outs two equations (Equations 13} with two undetermined
parameters, A, and ky,q. The resolution strategy involves moving one of the inequalities to the
constraints of the problem, and introducing a normalized design variable ks to transform the second
into an equality.

Syoor
GMR

root

== kg Gma_x (323)
< Opmax (32b)

Or, expressing Equation in terms of the spars’ height:
. 1/3
hgpar = ki, M; oo K frange(1 + Kspar) (33a)
Spar spar Gmaxk%par(l + kﬂz'lmr/:;)

MR < Gax (33b)

root

11
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with k5, an oversizing coefficient within the range [1,e0).

spar
The introduction of normalized design variables, whose bounds are independent of the application,
improves the numerical solution accuracy and convergence properties [33]. For the same reasons,
the design variables representing the wing loading, the tail moment arm and the wing position are
replaced by introducing normalized variables:

W/S = kws (W/S)Cruisg (343.)
lt = ktbw (34b)
Xpac/a = kwbw (34c)

The design variables kys, k; and k,, are used to scale the physical parameters with respect to an initial
guess.

3.4 Reduced problem formulation and implementation

The final optimization problem is summarized in Table 2| A visual summary of the MDO architecture
is provided in Figure [3| with an extended design structure matrix (XDSM) [36]. In addition to better
handling of algebraic loops, the number of design variables has been reduced from 25 to 23, and the
number of constraints from 35 to 28.

Table 2 — Reduced optimization problem.

Parameter Description
Design variables ks Sizing coefficient on the wing loading

AR,,, ARy;, AR, Aspect ratios of the wing and tails

Ay Taper ratio of the wing

ky Sizing coefficient on the wing position

kt Sizing coefficient on the tail moment arm

ky, Sizing coefficient on the y-location of VTOL propellers

Knypor Sizing coefficient on the spars’ height

karm, Kspar Aspect ratios of the arms and spars

Xeps Set of 9 design variables per propulsion system [23}24]

ky Oversizing coefficient on the load mass

kep, Sizing coefficient on the parasitic drag coefficient

ks Oversizing coefficient on the wing surface
Constraints W/S<(W/S)ga; Constraint on the stall speed

SMyeq < SM Constraint on the static margin

Objectives

Voar + Vpay < Vf
yzﬂ;lrﬁ <by/2

hspar S twing
GMR < Omax

root

8(Xeps) <0

Emission < Ebat

Myay < Myay,req
Myay < Myay guess
CD07guess = CDO
Stop < Stup,guess
Myay

[max

Constraint on the fuselage volume

Constraint on the maximum y-location of VTOL propellers
Constraint on the spars’ height

Constraint on the spars’ bending stress during VTOL
Set of 17 constraints per propulsion system [23,24]
Constraint on the battery energy

Constraint on the maximum total mass

Consistency constraint on the total mass

Consistency constraint on the parasitic drag coefficient
Consistency constraint on the top (projected) area
Total mass of the UAV

Flight endurance

The design optimization is implemented in FAST-OAD [37], an open-source framework for rapid over-
all aircraft design based on OpenMDAO [38]. The object-oriented framework, written in Python,
allows easy switching between the models and adding or removing disciplines to match the desired

12
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Figure 3 — XDSM diagram for FW-VTOL drones optimization.

drone concept. The continuous nature of the models involved in the sizing process motivates the use
of a gradient-based optimizer, SLSQP [39]. This optimizer offers a shorter computation time com-
pared to other global optimization algorithms. The algorithm performances for typical optimization
problems using a 1.8 GHz quad-core processor are provided in Table [3]
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Table 3 — Algorithm performances for different concepts of drones.

Multirotor Fixed-Wing FW-VTOL

Number of function evaluations 101 139 129
Number of iterations 55 81 115
Resolution time (s) 4.1 14.2 21.8

4 Sizing results

A validation of the sizing tool for multicopter UAVs is provided in [23] and extended to take into ac-
count cruise flight in [24]. The wide variety of materials and technologies used for fixed-wing and
FW-VTOL UAVs and the lack of extensive data on existing vehicles makes it difficult to provide a
comprehensive validation of these concepts. However, we propose here to validate the sizing of
fixed-wing UAVs based on a high-level characteristic easily accessible from manufacturers’ data: the
product of payload mass and endurance as a function of the total mass.

Examples of sizing results for five drones of different scales are depicted in Figure |4/ and compared
with existing vehicles [7,/40-51]. The drones are sized for a constant share of payload mass, equal to
20% of the total mass. A fixed mass is added to account for the flight management system and the
communication systems. In addition, the same technological and material assumptions are applied
to the five designs. Also provided in Figure |4]is the sizing correlation derived by D. Verstraete et
al. [52] on the basis of 230 battery-powered fixed-wings introduced in the market before 2017.

The sizing results are consistent with the market trends, although they seem optimistic for small
UAVs compared to Verstraete’s regression. However, a great disparity is observed within the existing
fixed-wings on the market. This is explained by the multitude of technological choices and materi-
als available, in connection with economic factors. The low regression coefficient from Verstraete’s
correlation, equal to 0.827, highlights this phenomenon.

D. Verstraete correlation y = 0.096x161>

* Manufacturers data b
= X  Sizing results X
o *
~ 1]
= 10 Xy
o *
& xX* %
3 *
& * *
X *
® 10°
(o)
A &
o

*

1071 T " —— T
100 10!

Total mass (kg)

Figure 4 — Payload-endurance product as a function of total mass

The relevance of a common framework for sizing different concepts of drones is now illustrated with a
study case. Table [4| provides sizing examples for a multicopter, a fixed-wing and a FW-VTOL drone,
obtained with the same design tool. The UAVs are sized to carry a 3 kg payload at a cruise speed
of 16 m/s while maximizing the cruise endurance. Predictably, the hexacopter configuration has less
flight autonomy than its counterparts due to its lack of lifting surfaces. A drastic decrease in cruise
endurance can also be observed for the FW-VTOL compared to the fixed-wing configuration. One
of the reasons is that the VTOL propulsion system causes additional drag, which slightly increases
energy consumption. But the main cause is the mass allocated to the VTOL propulsion system
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which limits the amount of energy that can be carried to accomplish the mission. Therefore, future
work should focus on optimizing the VTOL propulsion to reduce the mass penalty. In particular, the
battery and the motors are the heaviest components of the propulsive chain [25]. Since the takeoff
scenario is the main sizing driver for the VTOL propulsion, battery technologies providing high power
densities will be preferred. The main criteria influencing the motors’ size are the thermal aspects [25].
Consequently, a trade-off between the duration of maximum torque scenario and the motors’ losses
must be found to minimize the overall weight.

Finally, the structures account for a large part of the total mass, which underlines the importance of
materials selection and structural optimization.

Table 4 — Sizing examples

Hexacopter FW-VTOL Fixed-Wing

Inputs Payload mass 3 kg 3 kg 3 kg
Payload volume 0.015m?3 0.015m3 0.015m3
Total mass 15 kg 15 kg 15 kg
Cruise speed 16 m.s~! 16 m.s~! 16 m.s~!
Climb speed / Rate of climb 3m.s™! 14ms'/3ms! 14ms!'/3ms™!
Stall speed - 13 m.s~! 125 m.s™!
Vertical takeoff acceleration 08¢ 0.3¢g -
Materials Carbon/fiberglass composites, balsa wood, foam

Outputs Max. cruise endurance 33 min 85 min 171 min
Max. cruise distance 31.8 km 81.8 km 164.2 km
Wing area - 1.2m? 1.3 m?
Wing span - 41 4.3
Wing aspect ratio - 141 141
Taper ratio - 1.0 1.0
Fuselage length - 1.6m 1.7
Footprint (length x width) 1.9 m? 6.6 m? 7.2m?
Parasitic drag coefficient 0.5* 0.031 0.023
Battery power in cruise 2067 W 211 W 178 W
Battery energy** 1428 Wh 374 Wh 635 Wh
FW propeller diameter - 0.68 m 0.72m
MR propellers diameter 0.46 m 0.48 m -
Structures mass fraction 15% 44% 46%
FW propulsion mass fraction - 23% 35%
MR propulsion mass fraction 65% 13% -

* Drag coefficient for multirotor drones is a fixed input (see Section .
** Including a 20% energy reserve. Excluding VTOL battery for FW-VTOL configuration.

5 Conclusions

This paper introduces a design optimization methodology for multicopter, fixed-wing and FW-VTOL
drones. Design models for the different disciplines (geometry, structures, aerodynamics, propulsion
and stability) are provided, and an optimization problem is formulated. The complexity of the problem
is reduced through the application of two methods: the monotonicity analysis and the NVH formu-
lation. These strategies enable to remove a number of constraints and design variables without
affecting the results, and to solve algebraic loops more efficiently. The implementation of the method-
ology into a sizing tool shows very low resolution times, making it suitable for preliminary design.
Moreover, the formulation of the optimization problem introduces design variables whose bounds are
independent of the application. Together with the previously presented models, this provides a design
tool that is valid for a wide range of UAVs. The validity of the methodology is demonstrated for fixed-
wings by comparing sizing results with existing drones. In addition, a first insight of the tool’s ability to
compare different concepts is provided through a case study. The results show limited benefit of the
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FW-VTOL configuration over the multirotor due to the mass penalty of the dual propulsion system.
Improving the FW-VTOL performance would require further optimization of the VTOL propulsion sys-
tem by implementing new design models (for example, electric motor thermal model) and carefully
selecting the power source (high-power batteries). Finally, the sizing tool could be further improved
by refining the structural models and selecting the appropriate materials, as the structures account
for a large share of the total mass. For example, taking into account wing torsion and empennage
loads would provide more accurate results.
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