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Abstract

The number of applications that use multirotor drones has significantly increased in the past year due to their
high manoeuvrability and capability to perform hovering. The main limit of such configuration is its endurance
especially when batteries are used as the energy source. This paper focuses on the evaluation of the en-
durance of multirotor drones in forward flight using a design optimization approach. Light-weight models to
represent accuratly the physics of forward flight are proposed. One significant finding is that the design opti-
mization code enables to rapidly obtain a design for a given set of requirements and has been validated on the
Parrot ANAFI USA. The end of the article illustrates the sensitivity of maximum takeoff weight to the drag of
aerodynamic frame.
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1. Introduction

In recent years, multicopters have been increasingly used due of their ability to perform both hover-
ing and complex maneuvers. These unique characteristics offer great potential for a wide range of
applications such as delivery, inspection and emergency rescue missions. The missions thus per-
formed by multirotor aerial vehicles (MRAVs) include forward flight phases, for which the operating
conditions are different from other flight modes. According to [1} 2, [3], rotor performance changes
significantly when the MRAV transitions from hover to forward flight. In addition, the airframe aerody-
namics cannot be ignored as the speed increases [4, 5]. This poses new challenges for drone sizing,
as it introduces new design drivers for the components [6), [7].

To date, most design and performance tools for multi-rotor UAVs do not consider forward flight, with
hovering being the main sizing scenario for component selection. Among others, the online tools
ecalc [8] and flyeval [9] allow to evaluate the performance of MRAVs but do not consider rotor aero-
dynamic changes in forward flight. Hwang et al. [10] proposed an endurance evaluation method to
minimize the energy consumption of MRAVs in level flight, but the propeller efficiency is assumed to
be constant with the flight speed. In [6], Ye et al. perform a propulsion optimization of a quadcopter
in forward flight. However, the fuselage is of fixed size, so the design process is not applicable to
drones of different scales. Oh et al. [11] developed a solution that enables the optimal design of
multicopter drones including all flight modes. In this methodology, the propeller analysis is based on
Blade Element Momentum Theory (BEMT), which requires the aerodynamic data and shape of the
blades.

In this sense, this study proposes a model of an electric multicopter in the forward state and presents
a sizing methodology that allows optimizing a configuration with flight distance and energy consid-
erations. To this end, the paper is organized as follows. In section [3.the aerodynamic models of
the MRAV are established and the component parameter models are recalled. In section [3.the op-
timization problem and the sizing procedure are presented. In section [4.the results of the design
optimization are validated with an existing commercial quadcopter. Finally, a sensitivity study is per-
formed in section [§.to investigate the effect of airframe drag on the components selection. Finally,
section [ offers concluding remarks.
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Nomenclature
Latin Letters
Cy Airframe Drag Coefficient
G Airframe Lift Coefficient
Cp Propeller Power Coefficient
Cr Propeller Thrust Coefficient
D Blade Diameter m
Dy Airframe Drag N
J Advance Ratio, %=
Jor,Jop Zero-Thrust and Zero-Power Advance Ratios
Jaial Axial Advance Ratio, Z=sinc
Ly Airframe Lift
N Rotor Normal Force
Npro Number of propellers
P Rotor Power N
Sref Reference surface of the UAV m?
Sside Side surface of the UAV m?
Stop Top surface of the UAV m?
T Rotor Thrust N
Veo Free-stream Velocity m/s
Ve Climb Velocity m/s
w Weight N
Greek Letters
o Rotor Disk Angle of Attack rad
B Blade Pitch Angle rad
0 Incidence Correction Factor
nr,Mp  Incidence Thrust and Power Ratios
Pair Density of Air kg/m3
Orp Flight Path Angle rad
n Rotational Frequency Hz
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2. Multirotor modeling

2.1 Flight physics

Consider the equilibrium of forces on a multirotor drone in a climbing forward flight situation, as shown
in Figure[T] In the figure V., is the free stream velocity and V. the climb velocity, so that 6xp is the flight
path angle of the drone [4]. The propellers angle of attack « is assumed to be same for each rotor k.

Figure 1 — Quadcopter in Climbing Forward Flight. Side view.

Satisfying the vertical equilibrium leads to

Nr{)tU"S
Z Ty cos (o — Opp) + Nisin (@ — Opp) =W +Dysin Opp + Ly cos Opp (1)
k=1

where Ty, N; are the thrust and normal force provided by the k' rotor. The forces W, Dy and Ly
represent the MRAV weight, parasitic drag and aerodynamic downwards force respectively.
Satisfying the horizontal equilibrium gives the equation

Nrorm‘s
Z Tisin (ot — Opp) — Nicos (. — Opp) = Dycos Opp — Lysin Opp (2)
k=1

Assuming all the rotors are identical and symmetrically positioned with respect to center of gravity of
the drone, the tilt moment can be neglected and their operating regime considered as equal: T, = T.
In addition, the normal force N is neglected compared to the thrust T - as it is an order of magnitude
lower [1].

The latter equations simplify to

NmmmTCOS(OC — 9FP) = W+DfSin 6FP+LfCOS Orp (38.)
NyotorsT sin (0t — Opp) = Dy cos Opp — Lysin Op (3b)

Solving for the angle of attack « gives

DfCOS GFP — Lf sin GFP
tan (o — Opp) = 4
an( ) W +DysinOpp + Ly cos Opp (4)

And, for the thrust

NyotorsT = \/(W —|—Df sin O p —|—LfCOS GFp)z + (DfCOS Orp —Lf sin 9Fp)2 (5)

The calculation of the parasitic drag D, and lift L, of the frame will be addressed further in this study.
However, these quantities are functions of the angle of attack of the UAV, so that a numerical solver
may be required to converge Equation 4]
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2.2 Propellers with incidence angle

The rotor converts the energy output from the motor into aerodynamic forces that drive the MRAV. It
is a key element to determine the efficiency of the propulsion chain. The performance of a propeller
can be expressed as a function of its thrust and power coefficients — Cy and Cp respectively:

T = Crpai,n2D4 (63)
P= Cppairl’ZSDS (6b)

where p,;, is the air density, n the rotational speed of the propeller and D its diameter.

The paper [12] has shown how surrogate modelling techniques can be used in order to obtain an
analytic model of the propeller based on datasheets. Applying dimensional analysis and Buckingham
theorem [13, [14], the authors proposed an expression of the thrust and power coefficients in axial
flight conditions (i.e., @ = 7). It is a function of the axial advance ratio Ju. = V";f—‘D““ and the pitch-
diameter ratio B of the propeller:

C%)f;’al = f(B:Jaxial) (7)

An approximation of the function f was then achieved by performing data regressions on filtered
APC propellers datasheets [15]. A 3" order polynomial model was retained for both thrust and power
coefficients:

Cal —0,02791 — 0.06543J i1 +0.11867B 4 0.273343% — 0.288523° (8a)
+0.02104J3 . —0.23504J2 ., +0.18677BJ>

axial X axial

C&rial —0.01813 — 0.06218B 4 0.00343J 44101 +0.357128% — 0.237743° (8b)
+0.07549BJ 4ies — 0.1235J>

axial

However, this model is valid in axial conditions only. For a multicopter in forward flight, the propeller
incidence angle could range between 0 and 90 degrees. The aerodynamic coefficients thus need
to be modified accordingly. In [1], Leng et al. proposed an analytical model to express thrust and
power coefficients at non-zero incidence angle as ratios to their respective values in axisymmetric
conditions. For a given blade geometry the authors suggested the following expressions:

Crp(o,J) =nrp(a,J) ?f]l;al (Jaxiat ) (9a)

(Jeosa/m7)?
2(1—]sina/]6‘§’;‘;f)5(a) (96)

nre(o,J) =1+

Where

« ais the angle of attack as defined in Figure ]

J = = is the advance ratio
o Juia = =312 js the axial advance ratio

« J§i'4 are the axial advance ratios where the thrust and power coefficients reach zero respec-
tively. These ratios can be obtained from Equation [8]

- 7 is the position of representative section of the blade, in percentage radius (taken as 75%)
* 0() is a solidity term correction

For further details, interested readers are kindly referred to the publication from Leng et al. [1].
The estimated Cr and Cp for a fixed pitch § = 0.3 APC propeller are depicted in Figure [2|

4
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Figure 2 — 3D models of estimated performance coefficients for a propeller derived from APC data -
B=03

2.3 Body frame aerodynamics
The drag Dy and lift Ly of the frame when the MRAV is in forward flight can be written as:

1

Df - Ecdpairvisref (103)
1

Lf = Eclpairvo%Sref (10b)

As depicted in Figure [T} L; acts as a downward force when the drone moves forward — the aerody-
namic surfaces on a multicopter are mostly disadvantageous.
The effective drag area S,. varies with the angle of attack and the surfaces facing the relative wind.

Srgf:StopSina+Sfrontcosa (11)

The evaluation of the planar areas of the airframe are derived from scaling laws based on dimensional
analysis. Under the assumption of geometrical similarity, i.e. the frame length ratios from one airframe
to another are constant, and considering that the drone mass is the main driver of these dimensions

then:
S M 2/3
fop :< > (12a)
Stop,ref Mref
S fron M 2/3
front :< > (12b)
S front.ref M, f

where Siopref, Sioprey @nd M,y are the properties of a reference MRAV. In the following Figure
surfaces data from several multicopters [16] are compared with their corresponding scaling laws.
The reference MRAVs are represented in red.

The deviations can be explained by the diversity of airframe shapes that can be found on the market
and by the different missions for which the multicopters are designed. However, it remains acceptable
for a preliminary model.

The drag coefficient C; and lift coefficient C; depend highly on the body shape. Other parameters
such as the flow direction and the Reynold’s number impact their value. In this research, these
coefficients are considered constant. In addition, the interferences between the rotor and the fuselage
are neglected, as indicated by Luo [17].
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Figure 3 — Frame surfaces vs Maximum Take-Off Weight for several DJI multicopters [16].

As shown in the examples of Baker et al. [18], the value of C,; is 0.47 for a sphere, 1.05 for a
cube, and 2.05 for a long rectangular body with Reynolds number approximately 10*. In [6], Ye et al.
proposed an aerodynamic model for a hollow fuselage of a quadcopter in forward state. However,
it is constructed using CFD methods applied to a self-designed drone, and is thus not applicable
for preliminary design of a generic system. In [19], the authors use high-fidelity CFD methods to
analyze a quadcopter specialized for forward flight, the SUI Endurance [20]. The results show that
for the entire structure (including the fuselage, landing gear, canards and arms) a drag coefficient
of C; = 0.425 and a beneficial lift with C; = 0.193 are obtained. It is worth mentioning that the SUI
Endurance fairing has been optimized to minimize drag and provide lift in forward flight mode, which
is not the case for most multicopter designs.

The uncertainties on drag coefficient on the final design of the UAV is evaluated in section 3.

2.4 Electrical components

A set of continuous models for the key electrical components is presented in paper [12]. The main
scaling laws for the battery, Electronic Speed Controller (ESC) and motors are presented in the
following Table |2 Interested readers are kindly reffered to Budinger et al. paper for further details
[12]. The use of such models is intented to facilitate the selection procedure of the components in

6
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the overall drone sizing process, as presented in [21].

Table 2 — Scaling laws for electrical components [12].

Parameters Equation

3/3.5

Motor mass Myor = Mmot,ref ( Toce

Lo gef

Motor maximum torque  Thuax.mor = Tmaxmot,ref 72>

mot,ref

5
Motor friction torque Tonor.fr = Tot frre f< T )

Tmm‘,ref
' % Y \-53S
Motor resistance Ruot = Runot ref (KT - f> ( o f)
o . \5/35
Motor inertia Jmot = Imot ref <T "f”’,,.)
b 173
ESC voltage Vese = Vserer (72 )
PFTC
ESC mass Mese = Mesc,ref g0
Cha
Battery max. current Iy par = Inax bat.re o=
Coir Upa
Battery mass Mpar = Mpat ref Chal;r[ef ﬁ
My
Battery energy Epat = Epat ref i1,

3. Optimization problem

3.1 Problem definition

The analytical models of the components presented in this article allow performing a preliminary
design of electric multicopters. In [21], Delbecq et al. propose an efficient sizing methodology which
allows to optimize a configuration for potentially very different missions and requirements. However,
no consideration is given to the forward flight scenario, so that the design drivers to select the system
components are associated with the three following scenarios: take-off, hovering flight, maximum
climb rate. In this research, additional focus is set on the forward flight.

When it comes to optimization, the objective is to find the best system design satisfying a set of
requirements by manipulating the values of design parameters. It is an iterative process that requires
the definition of design variables, consistency constraints and an objective function. The optimization
problem for multirotor drones with forward flight considerations can be expressed as follows:

minimize Eo(X)
withrespectto x=J,V.,kii=1,...,m. (13)
subject to R(x) > Rypec

filx)<cjj=1,...,n.

Here, the objective is to minimize the total energy E;, of the mission with a minimum range Ry,
requirement. The design variables k; are defined in [21] and represent component-specific sizing
coefficients. Additionally, the advance ratio J = ,‘l’% is introduced in this research to take account
for the rotor operating condition in forward flight. The freestream velocity V.. can be set either as a
specification or a design variable. In the latter case, the speed of the drone will be optimized together
with its design. Finally, the constraints f;(x) < c¢; ensure the consistency of the system to satisfy
the lift and power requirements for the different flight scenarios. A detailed description of the initial
optimization problem can be found in [21] which is implemented and solved in FAST-OAD [22], an
OpenMDAO based framework [23].

Another possible objective is to maximize the range R that can be reached by the multicopter. In that
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case, an upper value for the Maximum Take-Off Weight, M, 5., can be specified by the user.

maximize R(x)
with respectto x=J, Vo, kii=1,....m. (14)
SUbjeCt tO Mtot (X) S Mtot,spec

fj(X) Sij: 1,...,}1.

3.2 Sizing procedure

The selection of the components relies on the definition of sizing scenarios which are part of the
specification process. Once the required thrust for the missions is estimated, propeller torque and
speed are calculated. These values are used to evaluate the motor parameters and so on for the
ESC, battery and frame parameters. Finally, the objective function is evaluated and an optimization
algorithm is responsible for iterating the process until the best design is reached.

Delbecq et al. [21] proposed an efficient implementation of the sizing procedure to reduce the prob-
lem complexity and the resolution time. It makes use of the monotonicity analysis [24] and the
Normalized Variable Hybrid (NVH) formulation [25]. The sizing procedure is illustrated in Figure
where k; are the design variables, C; are the inequality constraints, and f is the objective function.
This flowchart follows the eXtended Design Structure Matrix (XDSM) notation [26] to visualize the
models involved and the shared variables. Green boxes represent generic processes, while par-
allelograms are used for data inputs and outputs. The blue rounded rectangle refers to the main
optimization driver, responsible for the iteration loop by evaluating the cost function and changing the
design parameters.

specifications specifications
@ /‘I7k17r0/ /kmol / /kesc/ /kbal / /kfmme/

Hover
Take — Of f
Climb

5]

Forward
Flight

@ Propeller [w Tpro,npro
[c] Maror
[} ESC
Battery / My / / Epars Ipars Voar /
@ Structure
TotalMass
Ob jective
: Range
Figure 4 — XDSM diagram for multirotor drone optimization.
4. Validation

To validate the results obtained with the overall sizing optimization, a quadrotor drone from Parrot is
used: the Parrot ANAFI USA [27]. It offers a theoretical range of 17.4 km for a Maximum Take-Off
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Weight (MTOW) of 500 grams, and features a triple camera module.

The optimization process is configured to maximize the flight distance in straight and level flight with
a maximum mass constraint, as defined in Equation [T4] The lift generated by the fuselage is not
taken into account here due to the lack of data.

Table 4| shows the results for different components and flight parameters. The calculated character-
istics are close to the manufacturer’'s data, with small deviations for the outreach and the associated
flight speed: -1.1% and +6.2% respectively. The discreprancies observed for the surfaces are prob-
ably due to the architectural choices for the layout of the components in the bodyframe.

The optimization was successfully completed in 3.06 seconds and 18 iterations on a Intel Core i7-
10610U CPU.

Parrot ANAFI USA

Figure 5 — Parrot ANAFI USA. Source: [27].

Table 3 — Specifications for design optimization.

MTOW: 500 grams
Payload mass: 250 grams
Payload consumption: 15W
Max. vertical acceleration: 2.5¢
Airframe Cy: 1.0

Table 4 — Comparison of results for the Parrot ANAFI USA.

Reference Sizing Rel. Error [%]

Range [km] 17.4 17.2 -1.1
Optimal Velocity [m/s] 11.3 12.0 +6.2
Battery energy [Wh] 40.0 42.2 +5.5
Battery mass [g] 195 183 -6.2
Top surface [m?] 0.026 0.023 -11.5
Front surface [m?] 0.009 0.010 +11.1

5. Sensitivity study: effect of the airframe aerodynamics

The airframe aerodynamics of the MRAV is an important aspect of forward flight performance, as
explained in Section [2. Although the drag and lift forces on the fuselage can be ignored in hovering
flight, it increases greatly with forward speed. As a consequence, uncertainties on these parameters
result in approximation errors in the performance evaluation.

To investigate this effect, we focus on varying the aerodynamic coefficient C, to satisfy the energy
minimization objective with a flight distance requirement (Equation [13). The main specifications for
this study are shown in Table [5 In this part, we focus on an octocopter configuration designed for a

9
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5 kg payload and a range of 20 km.

The mass breakdown Figure[6]shows how a higher drag coefficient implies an increase in the mass of
the configuration. This is mainly due to the battery, as the other components remain quite unchanged.
This is because the forward speed of the multicopter is optimized to reach the flight distance, such
that almost no power increase in the propulsion chain is required to maintain the straight and level
flight. Figure [7]shows the evolution of optimal flight speed with C,. As the drag coefficient increases,
the optimum speed is reduced.

Table 5 — Specifications for design optimization.

Number of arms: 8
Number of propeller per arm: 1
Payload mass: 5 kg
Max. vertical acceleration: 29
Design range: 20 km
B cd=04
B cd=038
10 W Ccd=1.2
8
=)
X 6
@
©
=
4
0 Payload Battery “Esc Motors Propellers  Structure

Figure 6 — Evolution of the component’s masses with respect to the airframe drag coefficient.
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Figure 7 — Evolution of the optimal flight speed with respect to the airframe drag coefficient.
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6. Conclusions

In this study, a design optimization of multicopter drones is carried out on the basis of forward flight
considerations. The aerodynamic models specific to this flight mode were presented and applied
in a design optimization approach. In particular, the variation of propeller performance in off-axis
conditions is performed. The results obtained with the sizing procedure were then validated on a
quadcopter from the consumer market. Finally, a sensitivity study has shown to what extent a more
aerodynamic airframe reduces the total mass of a drone designed for a specific mission. The accu-
racy of the design could be improved by linking the sizing tool to CFD methods or low-fidelity models
of the fuselage aerodynamics.
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