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Explicit Aerodynamic Model
Characterization of a Multirotor
Unmanned Aerial Vehicle in
Quasi-Steady Flight
In the last years, the research on unmanned aerial systems (UASs) has shown a marked
growth and the models to simulate UASs have been deeply studied. Although onboard
controller algorithms have increased their complexity, most of them still rely on simplis-
tic models. In essence, aerodynamic forces/torques are generally considered either insig-
nificant compared to propulsion and inertial forces or acceptably modeled with constant
aerodynamic coefficients estimated in a particular flight regime. However, the increase
of power in the onboard computers allows to make controller algorithms more complex,
and therefore, to increase the total performance of the UAS. In this regard, this work pro-
vides an explicit aerodynamic model for multirotor UAS that, unlike most of the current
models, does not need iterations to be adjusted to the flight conditions at a higher compu-
tational cost. This explicit nature makes it an excellent choice for being implemented in
onboard computers, thus covering a broad range of applications, from controller design
to numerical analysis (e.g., the capture nonlinear phenomena like bifurcations). To
obtain this accurate explicit mathematical aerodynamic model, a thorough analysis of a
batch of simulations is carried out. In these simulations, the aerodynamic forces and tor-
ques are estimated using computer fluid dynamics (CFD), and the propulsive effects are
taken into account via blade element momentum theory (BEMT). A study of its implemen-
tation for different regimes and platforms is also provided, as well as some potential
applications of the solution, like robust control strategies or machine learning.
[DOI: 10.1115/1.4047388]

I Introduction

Control algorithms are required to make unmanned aerial sys-
tems (UASs) autonomously reliable as a fundamental part of their
design, as discussed in Refs. [1] and [2]. This is primarily due to
their inherent lack of stability, which comes, on the one hand,
from unstable maneuverable operation regimes [3,4], and on the
other hand, from their associated high sensitivity (fast-dynamic
response) to disturbances [5–7].

In this regard, the usual approach to improve their performance
is the implementation of robust algorithms (against external dis-
turbances), such as those in Refs. [8–11]. These solutions tend to
oversimplify the aerodynamic effects of the blunt-body, as in
Refs. [12] and [13], focusing on algorithms able to override the
consequences of neglecting nonlinear phenomena. This results in
both an un-necessary energy consumption, compromising flight
autonomy, and more important, a considerable downgrade of their
capabilities outside the quasi-linear design regimes due to nonlin-
ear aerodynamic effects, such as wind gusts and thrust losses,
causing instabilities. Thus, obtaining an accurate and explicit aer-
odynamic model is essential: accurate, to fully understand these
dynamic effects in order to introduce control algorithms capable
of dealing with the inherent complexity of the problem, instead of
just minimizing the negative outcomes of the simplifications
taken; and explicit, to implement the solution obtained in onboard
computers, considering different platform configurations via
understandable parameters, as discussed in Refs. [14] and [15].

However, the nature of multirotor unmanned aerial vehicles
(UAVs) makes this estimation challenging due to two main fac-
tors: the blunt-body shape of the airframe [16] and its coupling

with the propulsion system [17]. Whereas streamlined platforms,
such as fixed-wing or underwater vehicles, can be characterized
via aerodynamic coefficients due to the prevalence of the laminar
flow, such as in Refs. [18–23]; blunt bodies—more associated
with turbulent states—demand a profound analysis (as in Ref.
[24]) before proposing a suitable model. This difficulty is, in fact,
worsen by the propulsion coupling: the aerodynamic effects
depend on the variations of the fluid field produced by the propul-
sion and, in turn, the propulsive regime is conditioned by the non-
trivial aerodynamic response.

To overcome these factors, two possible approaches are taken
into account: (i) to analyze the completely coupled system in a
single computer fluid dynamics (CFD) environment, and (ii) to
decouple both problems, propulsion and blunt-body aerodynam-
ics, using a blade element momentum theory (BEMT) estimation
for the first and CFD for the latter. When considering the first
alternative, a preliminary time-consumption estimation is essen-
tial. If the whole UAV model is introduced in a CFD software,
two limiting issues are immediately found. First, a CFD simula-
tion including N rotors rotating at different speeds would prevent
from taking advantage of the time-saving symmetry properties
and would likely imply the use of transient modules, which are
much more time consuming than its stationary counterparts [25].
Second, the coupling would add N DoF to an already complex
problem, to a total of 5þ N (three orientation angles, height via
air density and airspeed plus the N rotor speeds) for a fixed plat-
form, excessive for a problem in which the simulation sample is
expected to be extensive. Even using the Buckingham p theorem
[26] to obtain dimensionless parameters and simplifying the simu-
lations by not considering the effect of roll angle, the number of
DOF is still 2þ N (two orientations and N rotor angular speeds),
still resulting in an unmanageable number of simulations.

Moving to the second option, several benefits are found. The
estimation of the rotor angular speeds as a function of their thrusts
becomes trivial, and thus, the modeling time is significantly
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reduced. Moreover, as no rotating parts would be included in the
CFD simulations, a time-invariant solution can be used. Defini-
tively, as stated in Refs. [27] and [28], the coupled BEMT-CFD
approach estimations are not significantly different from the first
option and its results can be used for this paper, being this alterna-
tive finally chosen. After a preliminary analysis [29] neglecting
some desired properties of the model, such as a cross-validation
analysis or the application to different UAV configurations, some
simplifications to limit the sample needed to obtain a solid model,
are in order:

S1. UAV dynamics is considered quasi-steady, implying that
the rotor speeds must be so that the rotor thrusts compen-
sate both external forces and torques. Moreover, neither the
UAV quasi-steady rotations nor the propulsion forces con-
tained in the rotor plane are considered.

S2. The impact of external contour conditions, such as ground
or ceiling effects, is not considered in this work. Addition-
ally, yaw torque has been considered small in comparison
with horizontal ones, not needing the rotors to counteract it,
i.e.,

P
ð�1Þk�1Tk ¼ 0.

S3. The infinite fluid field is reduced to a cubic control volume
with a characteristic length of at least ten times the span of
the platform, being the airspeed conditions applied on their
faces (see Fig. 1).

S4. Small and sharp elements, such as wires, antennas, and cor-
ners, have been either omitted or smoothed due to their
small effect on the aerodynamics and their impact on the
meshing computational loads. Therefore, the UAV geome-
try is simplified (see Fig. 1).

Finally, it is considered of interest to discuss the possible devia-
tions of the proposed estimation when applied to different plat-
forms from the one considered in simulation. This will widen the
scope of application of the model, otherwise limited to similar
vehicles, providing both an accurate estimation for a wide range
of platforms and the first guess for those not included in this first
category.

Accordingly to the presented approach, the paper is structured
as follows: Sec. 2 is devoted to characterizing the UAV model,
excluding the unknown aerodynamic model; in Sec. 3, the meth-
odology used to overcome the coupling between aerodynamic
effects and flight conditions is explained; as a result of this
approach, an explicit aerodynamic model is presented and com-
pared with a well-known alternative in Sec. 4, being its implemen-
tation on different platforms discussed in Sec. 5. Finally, the
paper is wrapped up with a conclusions section.

Notation: Vectors are denoted in bold, with eð�Þ the unitary vec-
tor of ð�Þ. The subscripts k and 0 refer to the k-th rotor values and
hovering conditions, respectively, and ð�Þ† to the Moore–Penrose
pseudo-inverse. Simplified sinusoidal notation, i.e., cn ¼ cos n
and sn ¼ sin n, is used. Forces and torques are referred to fBg if
not specifically mentioned. Figures are recommended to be seen

in digital format, thus allowing the reader to zoom in and see
smaller details if needed.

2 Model Characterization

The quasi-steady flight conditions of the UAV (Fig. 1) are
described by means of the static equilibrium equations as

mg ezI þ F� T ezB ¼ 0 (1)

Mþ D ½T1 � � � TN �> ¼ 0 (2)

with D 2 R3�N the UAV rotor thrust-to-torque transformation
matrix (see Eq. (12) for N¼ 4). Moreover, defining RH 2 SOð3Þ,
the rotation matrix from fBg to fIg as

RH ¼
chcw shcws/ � swc/ shcwc/ þ sws/

chsw shsws/ þ cwc/ shswc/ � cws/

�sh chs/ chc/

0
@

1
A

being /, h, and w the roll, pitch, and yaw angles, respectively; the
forces equilibrium Eq. (1) can be expressed in fBg as

0

0

T

2
4

3
5 ¼ mg

�sh

chs/

chc/

2
4

3
5þ Fx

Fy

Fz

2
4

3
5

Thus, becoming the attitude reference

sin h ¼ Fx

mg
; sin / ¼ � Fy

mg cos h
(3)

and the required total thrust

T ¼ mg cos h cos /þ Fz (4)

Nonetheless, these aerodynamic forces depend on the air veloc-
ity, V1 :¼ Vg � Vw (with Vg the ground velocity and Vw the
wind velocity), which can be described by its module, V, and its
direction, given by

eV1 :¼ ½ cos w1 cos ch sin w1 cos ch �sin ch �>I
¼ ½ cos b cos ar sin b cos ar �sin ar �>B

where V1jB ¼ R>V1jI . In this way, an explicit form of the air
velocity in the body frame as a function of both the air velocity
conditions in the inertial reference frame and the rotation matrix
is obtained. Using it, this problem can be studied using an iterative
approach for each condition of the wind defined in fIg, as dis-
cussed in Sec. 3 (see Fig. 4). Having this approach provided a
solution for the equilibrium attitude, the thrust in each rotor
becomes

T ¼ � �D
† M

T

� �
(5)

with �D :¼ colðD; 1 � � � 1Þ 2 R4�N the extended thrust-to-torque
matrix. It is worth noting that, in a general case with N> 4, there
will be a nullspace associated with this pseudo-inverse that is
commonly used to shape the distribution of thrusts.

2.1 Rotary-Wing Propulsion Model. After obtaining the
thrust for each rotor, it is essential to determine the rotor speeds
(angular and induced) to provide accurate contour conditions for
the CFD simulations and avoid evaluating unrealistic conditions.
For that purpose, two complementary models are proposed: one
based on BEMT for forward flight and ascent and another one
directly based on empirical results to incorporate axial descend.

Fig. 1 Characterization of the UAV reference frame, highlight-
ing reference face and rotor order, and rotation criteria

081005-2 / Vol. 15, AUGUST 2020 Transactions of the ASME



For the first case, that includes most flight conditions, an actua-
tor disk model [17,30] is chosen, as done in Refs. [27] and [28].
This solution is based on selecting a streamtube as control vol-
ume, being the actuator disk (representing the rotor) one of its sec-
tions (as shown in Fig. 2). Then, the conservation of mass,
momentum, and energy are applied, leading to an estimation of
the disk load given by

Tk

A
¼ 2qvik

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V sin ar þ vikð Þ2 þ V cos arð Þ2

q
(6)

which can be transformed into a quartic polynomial given by

v4
ik
þ 2V sin ar v3

ik
þ V2 v2

ik
� Tk

2qA

� �2

¼ 0 (7)

whose solutions for this case must be real and positive. This
quartic is directly solved using the Ferrari’s method [32], neglect-
ing for the studied region two of the roots that are consistently
complex and another one that is always negative.

However, this theory shows estimation deviations on the rotor-
induced speed for certain descend regimes characterized by a
value of the parameter l=ki0 ¼ V cos ar=vi0 < 1 (see (A) in Fig. 3
for details), with vi0 the hover-induced speed. Nevertheless, this
limitation is here considered too strict for obtaining a diverse sam-
ple of contour conditions for simulation. Therefore, a tradeoff
between the accuracy of the contour conditions and the region
covered in the simulations is made by relaxing it to l=ki0 > 0:7.
Moreover, the blade tip Mach number should also be considered
due to air compressibility issues. To avoid such effects without
neglecting meaningful flight conditions, an Mtip< 0.55 limitation
is set. This delimiting parameter is obtained using a simplified
blade element model for rectangular blades with constant twist
[17,30], namely

CTk ¼
rCLa

2

h0

3
1þ 3

2
l2

� �
� kk

2

� �
(8)

which by multiplying by X2
k > 0 can also be written as

X2
k �

3vk

2Rbh0

Xk þ
3

2

V cos ar

Rb

� �2

� 6Tk

qAR2
brCLah0

¼ 0 (9)

Thus, the angular speed for each rotor is its positive root and
Mtip ¼ XkRb=a, with a the speed of sound. Additionally, an
empirical correction of BEMT ought to be introduced to cope
with the axial descent estimation deviations in the vortex ring
state (see Fig. 3(b)). The proposed solution is a continuous curve-
fit solution [34] given by

v

vi0
¼ 1:15� 1:125

vc

vi0

� �
� 1:372

vc

vi0

� �2

�1:718
vc

vi0

� �3

� 0:655
vc

vi0

� �4

(10)

Then, the rotor angular speed can be obtained from the blade
element theory as a particular case of Eq. (9) with Tk ¼ T=4 and
Xk ¼ X 8k namely

X2 � 3v

2Rbh0

X� 3T

2qAR2
brCLah0

¼ 0 (11)

2.2 Platform Physical Parameters. The generic multirotor
UAV considered in previous sections must be particularized in
order to be able to perform a detailed CFD study. For that pur-
pose, the coaxial octoquad AMUSE platform used for the early
stages of the AEROARMS project [1] is chosen, being its main
parameters described in Table 1. Moreover, the D matrix that con-
nects both aerodynamic torques and thrust for each rotor shown in
Eq. (5) is also particularized as

D ¼
L=

ffiffiffi
2
p

L=
ffiffiffi
2
p

�L=
ffiffiffi
2
p

�L=
ffiffiffi
2
p

L=
ffiffiffi
2
p

�L=
ffiffiffi
2
p

�L=
ffiffiffi
2
p

L=
ffiffiffi
2
p

1 �1 1 �1

0
BB@

1
CCA (12)

Fig. 2 Actuator disk model for forward flight tubular control
volume and Glauert’s flow model [31]

Fig. 3 Limitations of the BEMT in terms of rotor power: (a) for-
ward flight for different advance speeds (BEMT in green dashed
and performance measurements in blue) [33]; and (b) axial
descend flight (BEMT in green solid and dashed lines and
curve-fit based on measurements in NACA TN 3238 in red) [34]
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3 Methodology

To obtain a statistically significant sample of flight configura-
tions together with CFD simulation results, a solid methodology is
essential. The proposed solution (Fig. 4) is based on a recursive
approach derived from the formulation described in the model
characterization. First, the variation between iterations of the
coefficient of determination, DR2, the convergence criteria,
e ¼ ðe1; e2Þ, and the aerodynamic model, M, are initialized,
choosing the well-known constant aerodynamic coefficient solu-
tion for the latter. Then, a set of n simulation points in the inertial
frame, RI , is chosen to provide as much information as possible
to the future model.

Afterward, these simulation conditions are transformed into the
body frame, in which the aerodynamic model is written. However,
for each simulation condition (denoted by the index j), this transfor-
mation is dependent on the attitude of the vehicle, Hj, demanding an
inner loop whose results after convergence provide the simulation

conditions in the body frame, RBj , the aerodynamic force and torque

estimation of the used model, RM
j , and the equilibrium attitude, Hj.

With them, the thrust and induced speed of the rotors are estimated
and used as contour conditions, ccj, for the CFD simulations. To
apply them, both the standard CATIA V5R19 CAD software (Dassault
Systèmes, V�elizy-Villacoublay, France) and Autodesk

VR

Simulation
CFD 2015 (Autodesk, Mill Valley, CA) are used. While in the first
one the geometry of the UAV and the fluid field around it is imple-
mented, the second one provides the results of the fluid dynamics,

RCFD
j after several internal iterations.2

Therefore, having collected the data from n simulations, post-
processing is needed to determine the support functions that best
fit the results. For that purpose, the Curve Fitting tool of MATLAB

(MATHWORKS, NATICK, MA), which supports nonlinear functions, is
used. As a result, a new model, Mn, improving the accuracy in
terms of coefficient of determination, R2, without producing sig-
nificant cross-validation problems, is proposed. Furthermore, the
information obtained in this fitting step is also used to obtain a
more representative and dimensionlessly diverse simulation set
for the next outer loop iteration.

Finally, the procedure is considered concluded when the varia-
tion of the coefficient of determination does not show a sufficient
improvement in comparison to the previous model or when its
proximity to 1 evinces that the model has finally converged (after
3 model iterations comprised by 150 simulation conditions each
in our case), resulting in the final aerodynamic model bellow
presented.

4 Explicit Aerodynamic Model

This explicit aerodynamic model of a multirotor UAV in quasi-
steady flight is divided into the aerodynamic forces model
Eq. (13) and the aerodynamic torques Eq. (14). As previously
explained, vertical torques are neglected.

4.1 Aerodynamic Forces

F

1

2
qS
¼

Uxy ar;b;Vð ÞKxy

Kh þUz ar; b;Vð ÞKz

" #
(13)

with the aerodynamic force support functions defined as

Uxy ar;b;Vð Þ ¼ 1� ar

p=2

� �4
 !

V2
cos b

sin b

" #

Uz ar;b;Vð Þ ¼ V V2 V2j cos 2bj
� �

sin ar

and the aerodynamic parameters given by

Kxy ¼ K1

Kh ¼
K2

PI 2 forward flight

K3

PI 2 axial descend

(

Kz ¼
½K4 K6 K8�T

PI 2 forward flight

½K5 K7 0�T
PI 2 axial descend

(

Table 1 UAV parameters

m ðkgÞ L ðmÞ Rb ðmÞ wB ðmÞ hB ðmÞ wA ðmÞ c ðmÞ S ðm2Þ N b h ðdegÞ CLa

9.500 0.550 0.203 0.225 0.400 0.020 0.025 0.1003 4 4 8.09 5.7

Fig. 4 Recursive methodology to obtain the aerodynamic model, denoting fl the use of the equations in the subindex l, e.g.,
in f1;426 indicates that the step depends on Eqs. (1) and (4)–(6). The nomenclature used is defined in the text.

2The results of the CFD simulations will be provided upon request.
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Remark 1. The force parameters can be interpreted as follows: Kh

corresponds to thrust losses; Kxy and both K6, K7 can be assimi-
lated to aerodynamic coefficients, being K8 a wind-direction-
dependent disturbance; and K4, K5 describe the linear dependency
with the airspeed, which is dominant in the transition between
hovering and cruise flight.

4.2 Aerodynamic Torques

M

1

2
qSL
¼ Um ar; b;Vð ÞKm (14)

where analogously to Eq. (13), the support functions are

Um ¼ 1� ar

p=2

� �2
 ! �sin b

cos b
0

2
4

3
5 V2 sin ar V Vj sin 2bj
� �

and the corresponding parameters

Km ¼ ½K9 K10 K11 �>

Remark 2. Similarly to Eq. (13), the obtained parameters can be
easily interpreted: K9 can be assimilated to an aerodynamic coeffi-
cient whose support function changes its sign for ar ¼ 0 (likewise
sin 2ar), and K10 and K11 describe the linear dependency of the hor-
izontal aerodynamic torques with the airspeed, which is prevalent
in the wind-direction-affected (K11) transition from low speeds
(with asymmetry of thrust losses) to cruise flight (where body aero-
dynamic torques are dominant), just as occurred in Eq. (13).

Finally, the parameters obtained for the studied platform aero-
dynamic model are shown in Table 2. As discussed later, these
values can be used as a first estimation for relatively similar
platforms.

4.3 Comparison With Aerodynamic Coefficients Model.
The proposed model is compared with the well-known constant
aerodynamic coefficients approximation for UAVs (see Refs.
[12], [13], and [35–37] and the references therein), given by

FROT

1

2
qS
¼ Kf

aeroV2

cos bð Þcos arð Þ
sin bð Þcos arð Þ

sin arð Þ

2
64

3
75

MROT

1

2
qSL
¼ Km

aeroV2
� 1

2
sin bð Þsin 2arð Þ

1

2
cos bð Þsin 2arð Þ

2
664

3
775

where the aerodynamic torque model is here obtained by multi-
plying a constant coefficient matrix with rotated support functions

only dependent on the previously presented wind angles; Kf
aero ¼

diagð½kf
x; k

f
y; k

f
z �Þ are the aerodynamic forces coefficients and

Km
aero ¼ diagð½km

x ; k
m
y �Þ its counterpart for torques. These values

have been estimated from the CFD simulation results, analyzing
the accuracy of small changes to their proposed model equivalents

and using the symmetry of the UAV, resulting in kf
x ¼ kf

y �
Kxy; kf

z � 2:1 and km
x ¼ km

y � 0:55.

This comparison is used to quantify the advances of the new
model using support functions with comparable complexity. How-
ever, due to the nature of the model—i.e., each component
depends on three variables, a complete representation of the
results would be either difficult to read or imply reproducing
redundant figures without adding any relevant information. To
avoid both cases, a tradeoff solution is taken: showing the form of
both models for a representative value of b and then comparing
their accuracy. This sideslip angle chosen is b ¼ 33:75 deg, thus
including valuable data, i.e., away from symmetric conditions, but
indirectly illustrating the impact of the direction of the wind
through the contrast in the components of the horizontal forces
and torques.

First, to show the general structure of both models, their results
are depicted as a function of V and ar in Fig. 5. Apart from the
lack of cross-validation issues in the proposed model, it is worth
noting that the shape of both models are similar, being the appa-
rent differences minimal. Although this resemblance might indi-
cate a lack of significant improvements in terms of accuracy, the
subtle differences between these two models could imply an
advance whose extent must be studied.

To do so, the error of both approaches is represented in Fig. 6
as error bars centered at the simulation value they should estimate
(see Error bar and Definitions in Fig. 6). This representation
allows to understand in which conditions the proposed model out-
performs the standard solution, i.e., when the black segment of the
error bar is smaller than the white one—which is associated with
the constant aerodynamic coefficients model, and when the oppo-
site occurs. Therefore, going into the horizontal forces models,
both approaches show similar errors—being almost indistinguish-
able, as highlighted by the gray error bars—and they only differ in
the way medium-speed configurations are treated. Moving to aero-
dynamic torques, important differences arise in all regimes due to
the inclusion of nondimensionless terms, clearly outperforming
the proposed model the standard one away from small flight
speeds. Finally, the advances in the estimation of vertical forces is
utterly substantial in all cases thanks to the inclusion of propulsion
losses and complex behaviors. These results clearly indicate a
weakness of the standard model related to oversimplification of
these phenomena and the need of a new alternative capable of
modeling them.

Nonetheless, the tradeoff solution taken to represent the results
graphically does not provide a comparison of both models for all
the b spectrum. For this purpose, a statistical approach in terms of
coefficient of determination, R2, and root-mean-square error,
RMSE is presented in Table 3. These metrics evince that, as
indicated by Figs. 5 and 6, the proposed model outperforms the
standard estimation of both forces and torques, especially improv-
ing the accuracy of vertical forces (doubling the R2 and reducing
RMSE by more than 75%) and torques (increasing the first by
60% and reducing the root-mean-square error by 80%). Alto-
gether, the explicit aerodynamic characterization in Eqs. (13)–(14)
is proven to produce a significant advance in terms of accuracy
without substantially increasing the complexity of the model.

5 Implementation

In this section, some implementation concerns of the aerody-
namic model are addressed. These issues are focused on expand-
ing the applicability of the proposed solution both for uncovered

Table 2 Parameters of the CFD-based explicit aerodynamic model for the studied platform

Kxy Kh Kz Km

K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 K11

�1.490 52.549 75.500 7.500 8.053 1.218 �2.300 0.286 0.340 1.610 0.540
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flight conditions and for relatively similar platforms in size and
rotor configuration.

5.1 Nonsimulable Conditions. The support functions used
for the aerodynamic model, and thus the model itself, have been
cross-validated during the modeling procedure. However, some of
the regions covered by the proposed solution do not correspond to
simulated conditions due to BEMT propulsion model limitations.
As a result, these regions (Fig. 7) are inherently interpolation, or
even extrapolation, estimations between simulation conditions,
thus representing an implicit tradeoff solution. Among the inter-
polated regions, whose results are recommended to be used, two
cases can be identified: the hovering regimes, where the results
for different ascend angles are collapsed to create a homogeneous
model; and the slow descent, with a smooth transition between

Fig. 5 Structure of the proposed aerodynamic model for forces and torques and the commonly used constant aerodynamic
coefficients model for b 5 33:75 deg, as a function of the airspeed and the angle of attack of the rotors

Fig. 6 Comparison between the error produced by the proposed aerodynamic model (black segments) and the commonly
used constant aerodynamic coefficients model (white segments) as error bars (see “Error bar and Definitions” on the bottom
right corner) for b 5 33:75 deg, highlighting the CFD simulable region (see Fig. 7). Note: error bars in light gray indicate that
both models show errors below 1 N for forces or 0.05 N�m for torques.

Table 3 Comparison between the aerodynamic coefficients
model and the proposed solution in terms of coefficient of
determination and root-mean-square error

Model

Componenta Constant coefficient Proposed Variation (%)

R2 Fxy 0.991 0.994 0.003 0.3%
Fz 0.636 0.982 0.346 54.4%

Mxy 0.601 0.983 0.382 63.6%

RMSEb Fxy 1.252 1.035 �0.217 �17.3%
Fz 3.655 0.819 �2.836 �77.6%

Mxy 0.380 0.079 �0.301 �79.2%

aComponents of both forces and torques in fBg.
bRMSE expressed in N or N�m when associated to forces or torques.
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forward flight and descent. On the other hand, extrapolation-based
fast descent and fast ascent (including forward flight) results
should be avoided. Nonetheless, these estimations correspond to
uncommon flight regimes, faster-than-sedimentation descent the
first, and extremely energetically demanding ascent the second,
and are not expected to be used in multirotor UAVs.

5.2 Uniformly Scaled Unmanned Aerial Systems. In order
to use the proposed model on similar platforms, it is essential to
study its characteristic deviation depending on the scale of the
UAV. Although having parametrized the forces and torques with
the reference face area, S, some other factors have to be consid-
ered. First, the studied aerodynamic effects are dependent on the
induced speed produced by the rotors, especially for vertical
forces. A variation of the characteristic dimension of the UAV
would affect cubically the platform weight and quadratically the
rotor disk area. This implies that the induced flow speeds variation
must be greater than the vehicle weight change, impacting mainly
propulsion losses, and changing the angle of the streamtube. On
the other hand, aerodynamic forces and torques associated with
the platform body are expected to be scaled up or down directly
with the reference face area, resulting in the nonlinear thrust
losses in a deviation of the otherwise linear-like behavior of the
model with this area. For this analysis, the thrust losses have been
estimated as the drag of four square-section cylinders with the
same width of the rotor support arms under uniform wind [16].
The length for these cylinders is based on the CFD results, show-
ing that the best fitting option is between a 90% and a 110% of the
rotor diameter, being the scaled rotor diameters chosen. More-
over, the variation of the airflow deflection after the rotor disks
(see Fig. 2), associated with the fluid dynamic dimensionless simi-
larity of the problem, has also been considered.

The results for different percentiles of all the simulation points
R (Fig. 8) evince that the module of these deviations, F=Fn :¼
1þ DTðSÞ=Fn with F :¼ jjFjj and the subindex n indicating the
nominal case, show greater sensitivity to UAV scale than the
angular deviation, d=dn :¼ 1þ DdðSÞ=dn, focusing the proposed
analysis in this first component. Moving into the applicability
point of view, these results show that the deviation of the model
should be below 10% in the vast majority of cases (percentile 90)
for platforms scaled between 70% and 140% of the studied plat-
form, i.e., with weights between 7 kg and 14 kg, approximately.
However, the proposed model should acceptably model the aero-
dynamic effects for UAVs scaled between 50% and 180%
(5–18 kg), which includes most of nowadays platforms. Moreover,
other UAVs could also be modeled retuning the parameters via
CFD to counterbalance the effects of the size factor.

5.3 Other Rotor Configurations. Finally, to measure the
impact on the proposed model accuracy of having different con-
figurations or number of rotors, the deviation of the induced speed
in these load configurations is analyzed. As shown in Eq. (6), if
the load for each rotor disk is kept constant, the momentum theory
states that the rotor-induced speed does not change. Hence, con-
figurations that maintain the same rotor disk load, i.e., with the

same total rotor disk area NA ¼ N0A0 (referring the superscript 0
to the studied platform), produce the same rotor-induced speeds.
If this condition is met, the radius of each rotor should be

Rb ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
N0=N

p
R0

b and the addition of all the rotor radii, related to
the thrust losses explained in Sec. 4.1 (and more specifically in

Remark 1), would be NRb ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
N=N0

p
N0R0

b. Therefore, in configu-
rations with a different number of rotors, the thrust losses related
parameter, Kh, is recommended to be readjusted by multiplying it

by the factor,
ffiffiffiffiffiffiffiffiffiffiffiffi
N=N0

p
. Additionally, the use of the proposed

model on platforms mounting coaxial rotors is also considered. As
profoundly studied in Ref. [38], these configurations can be esti-
mated with an equivalent conventional rotor with the same radius,
twist, airfoil sections, root cutout, and total number of blades.
This result can be applied to induced speeds and thrust coeffi-
cients, thus ensuring low deviations for coaxial rotors. Further-
more, using the momentum theory model estimation Eq. (6), these
conditions can be relaxed in terms of rotor solidity due to its little
influence on the rotor-induced speed. Nonetheless, the number of
blades, associated with the solidity, affects the blade tip Mach
number and, subsequently, the simulable region in Fig. 7.

6 Conclusions

In the present work, the aerodynamic characterization of a
UAV in quasi-steady flight has been thoroughly analyzed, attest-
ing that an accurate CFD-based model with simple support func-
tions that comply with the symmetry conditions is possible. This
proposed model is then confronted with the most common alterna-
tive, having obtained important advances for both vertical forces
and horizontal torques, as well as improvements in the horizontal
forces modeling. Additionally, the implementation of the solution
on other platforms has been considered in terms of characteristic
deviation, revealing that it is applicable for a wide range of similar
UASs and that it provides highly valuable information in terms of
support functions for relatively different platforms. Altogether,
using the procedures presented, this work drastically reduces the

Fig. 8 Influence of the UAV scale on the aerodynamic model
forces error for percentiles 50, 75, and 90 of the simulation
points considered, respectively

Fig. 7 Simulable and nonsimulable regions of the model (see
Fig. 6) based on propulsion limitations, where interpolation sol-
utions are indicated with straight arrows, extrapolation with
curved ones, and the model for hover is collapsed
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number of CFD simulations needed to obtain a tuned aerodynamic
model for UAVs.

Furthermore, not only is the proposed model a key step for out-
door multirotor model-based control techniques as, e.g., in robust/
adaptive nonlinear control or model predictive control, but it is
also useful as a pretraining dataset for UAV machine learning
algorithms or as an advanced dynamic simulation add-on, such as
in Ref. [39]. These properties, as well as the bounded nature of
the proposed model, ensure the approximability of the solution
using neural networks (see the universal approximation theorem
[40]) and imply low computational burdens for complex simula-
tion models. Altogether, the proposed solution improves its com-
monly used counterpart without adding excessive complexity, is
suitable for diverse platforms and is potentially applicable to dif-
ferent emerging fields.
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Nomenclature

A ¼ area of the actuator disk of the rotors, m2

b ¼ number of rotor blades
fBg ¼ UAV body-fixed reference frame

c ¼ blade chord, m
CLa ¼ blade lift coefficient slope, rad�1

CT ¼ thrust coefficient
F ¼ aerodynamic forces on the UAV, N

hB ¼ multirotor body height, m
fIg ¼ inertial reference frame

L ¼ platform span from rotor hub to rotor hub, m
M ¼ aerodynamic torques on the UAV, N�m

mg ¼ weight of the platform, N
N ¼ number of rotors

Rb ¼ blade radius, m
S ¼ front area for parametrization of the model, m2

T, T ¼ UAV rotors thrust and total thrust, N
v ¼ airflow total rotor speed, m s�1

vc ¼ climb speed, m s�1

vi ¼ airflow-induced rotor speed, m s�1

V1, V ¼ air velocity and airspeed, m s�1

wA ¼ dimension of the platform arm section, m
wB ¼ multirotor body width, m
ar ¼ angle of attack of the rotors, rad
b ¼ sideslip angle, rad
d ¼ airflow deflection, rad
ch ¼ climb angle, rad
k ¼ total inflow ratio

kc ¼ climb inflow ratio
ki ¼ induced rotor inflow ratio
l ¼ rotor advance ratio
q ¼ air density, kg m�3

r ¼ rotor solidity factor
w1 ¼ wind direction, rad

h0 ¼ blade pitch angle (for all flight conditions), rad

X ¼ rotor angular speed, rad s�1
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