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Abstract—Research and development are active in electric
vertical takeoff and landing (eVTOL) aircraft. In particular, tilt-
wing eVTOL aircraft receive much attention as one of the most
efficient configurations; however, they are likely to be unstable
during the transition from hover to cruise because the lift and
thrust have limitations depending on the airflow and tilt angle.
This study proposes a new aerodynamic force control method
using airflow vector estimation. The airflow vector is estimated
by combining motor current, rotational speed, and Pitot-tube
measurements. Aerodynamic force control is achieved through
the proper design of a feedback controller using disturbance
observers to cope with propeller-wing interference caused by the
propeller slipstream. This method takes advantage of the motor
control performance and is unique in that it monitors the airflow
vector and actively changes the tilt angle to quickly obtain the
desired acceleration. The effectiveness of the method is verified
via simulations and experiments in a wind tunnel.

Index Terms—Aircraft control, motion control, observers, pa-
rameter estimation, force control.

I. Introduction

A. Electric Flying Mobility

OWING to the increasing demand for personal and eco-
friendly aviation, research and development in electric

flying mobility (EFM), e.g., in electric vertical takeoff and
landing (eVTOL), have attracted attention. Given that EFM is
powered by electric motors, it has the following advantages
from a control engineering viewpoint:

1) The motor torque generation is 100 times faster than that
of internal combustion engines [1].

2) The motor torque measurement is accurate [1].
3) Distributed installation (i.e., DEP: distributed electric

propulsion) and independent control of motors are easy
[2].

4) Power regeneration is possible [3].
These advantages enable EFM to achieve more secure,

efficient, and eco-friendly aviation.
The authors’ research group has been studying new control

methods for propeller-driven electric aircraft and proposed
quick thrust and lift control methods [4], [5] as well as range
extension systems [6] by adopting motion control theories
developed in the automotive industry [7].

Manuscript received Month XX, 2021; revised Month XX, 2022. This
work was partly supported by JSPS KAKENHI under Grant JP18H03768.
(Corresponding author: Kentaro Yokota.)

Kentaro Yokota and Hiroshi Fujimoto are with the Department of
Advanced Energy, Graduate School of Frontier Sciences, the Univer-
sity of Tokyo, Chiba, 277-8561, Japan. (e-mail: yokota.kentaro19@ae.k.u-
tokyo.ac.jp; fujimoto@k.u-tokyo.ac.jp)

Transition

Vertical Takeoff

Cruise

 ?α

 ?V

F

Fig. 1. Transition of tilt-wing aircraft.

B. eVTOL

Within the field of EFM, eVTOL is currently receiving
much interest; eVTOL is expected to play a significant role in
future urban air transportation. A few examples of passenger
eVTOL under development are CityAirbus (Airbus), Vahana
(Airbus), Ehang 216 (Ehang), Lilium Jet (Lilium), S-A1 (Uber
Elevate), Bell Nexus 4EX (Bell), and SD-XX (SkyDrive).
Most eVTOL aircraft can be categorized into four types: multi-
copter, lift+cruise, tilt-rotor, and tilt-wing [8]. The differences
in the configurations between these four categories are as
follows. Multicopters have only upward thrusters. Lift+cruise
aircraft have both upward and forward thrusters for hover
and cruise, respectively. Tilt-rotor and tilt-wing use the same
thrusters for hover and cruise by tilting actuators, allowing
them to vertically takeoff and land like helicopters, and cruise
like airplanes. Tilt-wing aircraft exhibit tilting wings with
thrusters, and tilt-rotor aircraft have only tilting thrusters.

Compared to multicopters, fixed-wing eVTOL (e.g., tilt-
rotor and tilt-wing aircraft) enable high-speed and efficient
cruise. In addition, tilt-rotor and tilt-wing aircraft require
fewer actuators than lift+cruise aircraft. In particular, tilt-
wing realizations present aerodynamic advantages over tilt-
rotor ones because the propeller slipstreams are not disturbed
by the tilting wings [9].

C. Transition of Tilt-Wing eVTOL

One of the most significant difficulties in the flight of tilt-
wing aircraft is the transition from hover to cruise, as shown
in Fig. 1. Given that the aerodynamic characteristics of the
tilting wings and thrusters are complex, and tilt-wing aircraft
in the transition state are similar to neither helicopters nor
airplanes, they are likely to be unstable. Several studies were
conducted on this problem [10], [11], [12], [13], [14], [15].
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NASA investigated the limitations of tilt angle and airspeed
using experimental UAV GL-10 [10], [11], [12] and LA-8 [13].
In addition, JAXA proposed a gain-scheduled control method
for a quad tilt-wing UAV AKITSU [14], where the tilt angle
was discretely altered to implement change in the aerodynamic
characteristics.

D. Airflow Vector Estimation

The airflow vector, defined by the airspeed and angle of
attack (AoA) as shown in Fig. 1, is a critical parameter for air-
craft motion. For instance, the lift is determined by the airflow
vector. Therefore, with real-time data of the airflow vector, tilt-
wing aircraft would achieve a more robust transition.

There are a few methods for obtaining the AoA. One such
method is airflow measurement [16]. However, it requires
additional sensors that are usually non-standard equipment for
personal aircraft. Another method is a model-based estimation.
Many estimation methods have been proposed [17], [18], [19],
[20], [21]; however, most of them are based on attitude and
velocity measurements as well as aircraft models, and are not
robust to propeller slipstreams, which are difficult to model.
This problem becomes non-negligible with DEP, which takes
advantage of the slipstreams for motion control. Therefore,
they cannot be applied to tilt-wing aircraft, and a new AoA
estimation method is necessary for a stable transition.

E. Aerodynamic Force Control

Feedback control in the acceleration dimension, such as
control of force [4], [5] and acceleration [22], is often studied
to improve aircraft stability. These methods make the most of
the quick response of electric actuators and are also effective
for tilt-wing transition. However, the lift and thrust of tilt-
wing aircraft have limitations, which vary with the tilt angle,
airspeed, and AoA. This limitation is a serious issue during
the transition, leading to instability. Therefore, monitoring the
airflow vector is indispensable for aerodynamic force control
of tilt-wing aircraft. In addition, the tilt angle should not be
considered as a change in the aerodynamic characteristics and
should be used actively in the controller.

F. About This Study

This study aims to realize a new aerodynamic force control
method using airflow vector estimation by taking advantage of
motor control performance, in particular torque measurement
from the motor current and quick torque responses. Accurate
airflow vector estimation and fast aerodynamic force control
cannot be achieved without these motor characteristics. How-
ever, previous studies did not focus on motor control. Thus,
the contributions of this study can be summarized as follows:
• Airflow vector estimation from the motor current without

requiring additional sensors
• Tilting algorithm for a stable transition in which the tilt

angle is altered continuously
• Fast aerodynamic force control using the quick response

of the motor

TABLE I
Parameter definitions

Symbol Description Unit Definition

α Angle of attack (AoA) rad, deg Fig. 3
δ Flap angle rad, deg Fig. 3
ρ Air density kg m−3

σ Tilt angle rad, deg Fig. 3
τδ Time constant of δ controller s (40)
τn Time constant of n controller s (39)
ϕ Resultant flow angle rad, deg Fig. 2
abx, abz Acceleration along body axis m s−2 (37), (38)
ap, bp Constants of sp − (22)
aPitot, bPitot Constants of sPitot − (24)
B Number of blades − Fig. 2
Bω Viscosity coefficient of motor N m s rad−1 (13)
c Chord of blade element m Fig. 2
CD Drag coefficient −
CF Thrust coefficient of propeller − (7)
CL Lift coefficient −
CQ Torque coefficient of propeller − (8)
Dbx, Dbz Drag and weight along body axis N (37), (38)
Dp Propeller diameter m Fig. 2
F Propeller thrust N (11)
Fσx, Fσz Force along tilt axis N Fig. 3
Fbx, Fbz Force along body axis N Fig. 3
J Advance ratio − (10)
Jω Inertia moment of propeller kg m2 (13)
Kδ Slope of δ–Fσz relationship N deg−1 Fig. 10(c)
Kn Slope of n–Fσx relationship N rps−1 Fig. 10(b)
m Mass of aircraft kg
n Rotational speed of propeller rps Fig. 2
q Dynamic pressure Pa (20)
Q Counter torque of propeller N m (12)
S Wing area m2

sp Angular sensitivity of propeller − (14)
sPitot Angular sensitivity of Pitot tube − (23)
T Input torque of motor N m (13)
TC Coulomb friction of motor N m (13)
V Airspeed m s−1 Fig. 3
Vp Propeller airspeed m s−1 (15)
VPitot Pitot-tube measurement m s−1 Fig. 3
W Resultant flow of blade element m s−1 Fig. 2

The remainder of this paper is organized as follows. Section
II describes the modeling of tilt-wing aircraft. The airflow
vector estimation method is described in Section III. Section
IV describes the aerodynamic-force control method. Finally,
Section V presents simulation and experimental results.

The definitions of the parameters used in this paper are
shown in Table I.

II. Modeling

In this section, tilt-wing aircraft are modeled with a partic-
ular focus on propeller and wing dynamics.

A. Propeller

Fig. 2 shows velocities and forces acting on the propeller
blade element when α = 0. The blade element is r away from
the center and has a thickness of dr; dL is the differential lift
and dD is the differential drag. The contribution of the blade
element to F and Q is

dF = dL cos ϕ − dD sin ϕ, (1)
dQ/r = dL sin ϕ + dD cos ϕ. (2)
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Fig. 2. Velocities and forces acting on propeller blade element (during cruise,
α = 0 in Fig. 3).

dL and dD can be calculated as

dL =
1
2
ρW2cdrCL, (3)

dD =
1
2
ρW2cdrCD, (4)

where c denotes the chord, CL denotes the lift coefficient, and
CD denotes the drag coefficient. Let B be the number of blades.
Then,

F = B
∫

dF = B
∫

(dL cos ϕ − dD sin ϕ) , (5)

Q = B
∫

dQ = B
∫

r (dL sin ϕ + dD cos ϕ) . (6)

Considering the theoretical equations (3)–(6), CF and CQ

are defined according to experimental results as follows:

CF =
F
ρn2D4

p
, (7)

CQ =
Q
ρn2D5

p
. (8)

From Fig. 2, the angle of the resultant flow ϕ is determined
by the ratio of V to 2πnr.

tan ϕ =
V

2πnr
=

J
π 2r

Dp

, (9)

where J is defined by

J =
V

nDp
. (10)

Thus, CF and CQ are functions of J; F and Q can be expressed
as follows:

F = CF(J)ρn2D4
p, (11)

Q = CQ(J)ρn2D5
p. (12)

The equation of motion of the electric motor is

T − Q = 2πJω
dn
dt
+ 2πBωn + TC . (13)
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Fbz
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Fig. 3. Velocities and forces acting on wing and propeller (during transition,
α , 0).

B. Tilt-Wing

As shown in (11) and (12), CF and CQ are functions of J =
V

nDp
when α = 0. However, when α , 0, CF and CQ become

functions of J and α. Let sp(α) be the angular sensitivity of
the propeller to airspeed. It is experimentally shown that CF

and CQ become functions of Jp, defined by

Jp = Jsp(α) =
Vp

nDp
, (14)

where Vp is the propeller airspeed defined by

Vp = V sp(α). (15)

Thus, F and Q can be expressed as

F = CF(Jp)ρn2D4
p, (16)

Q = CQ(Jp)ρn2D5
p. (17)

The forces acting on the wing and propeller, i.e., Fσx and
Fσz, are defined by the propeller thrust, wing lift, and wing
drag. The propeller thrust is determined by α, J, and V , as
described above, and the wing lift and drag are determined
by α, V , flap angle δ, and propeller slipstream. The propeller
slipstream is determined by α, J, and V , and can be estimated
by the Glauert’s hypothesis [23]. This interaction between the
propeller and wing makes the system complex and difficult to
control.

Let CFσx and CFσz be the coefficients, which are functions
of α, J, and δ. Thus, Fσx, and Fσz can be expressed as

Fσx = CFσx (α, J, δ) qS , (18)
Fσz = CFσz (α, J, δ) qS , (19)

where the dynamic pressure q is expressed as

q =
1
2
ρV2. (20)

III. Proposal of Observer-based Airflow Vector Estimation

In this section, an observer-based airflow vector estimation
method is proposed. This method estimates both the airflow
angle and magnitude (α and V , respectively). Given that
there are two estimation parameters, two sensors are required:
the Pitot tube and motor torque. This method is based on
propeller dynamics; therefore, a more direct estimation is
achieved than with conventional estimation methods using
inertial measurement units.
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Fig. 5. Step 1: Propeller airspeed estimator.

The proposed method comprises two steps. Step 1 is the
observer-based propeller airspeed estimation and Step 2 is
the AoA estimation using the recursive least-squares (RLS)
method. The overall estimation flow is shown in Fig. 4. The
proposed method is based on the idea that the AoA can be
calculated by the vector summation of Vp and VPitot; however,
the propeller and Pitot tube have their own angular sensitivity.
Thus, these sensitivities must be modelled using wind-tunnel
tests. This estimation method is based on a previous study of
ours [24].

A. Step 1: Propeller Airspeed Estimation

For Step 1, the observer-based Vp estimation method is
proposed. A block diagram of the Vp estimator is shown in Fig.
5. Because the motor torque can be accurately estimated from
the motor current, Vp can be estimated from the motor current
and the propeller model. The concept of airspeed estimation
using motor torque was proposed in [25] and adopted in the
observer-based estimation scheme in [26].

From (13), Q can be estimated by using a disturbance
observer [27], [28], as shown in Fig. 5. CQ

(
Jp

)
typically has

an inverse function in the operating region. Using (14), (17),
and the estimated value of Q, Vp can be estimated as follows:

V̂p = nDpC−1
Q

 Q̂
ρn2D5

p

 . (21)

Regarding the angular sensitivity of the propeller sp(α), the
wind-tunnel test results are shown in Fig. 6; sp(α) is fitted by

sp(α) = ap cosα + bp sinα, (22)

where ap and bp are constant.

B. Step 2: Airflow Vector Estimation

Using Step 1 and VPitot from the Pitot tube, the airflow vector
is estimated in Step 2. To achieve airflow vector estimation,
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Fig. 6. Relationship between Jp and CQ.
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Fig. 7. Pitot tube’s sensor characteristic.

the Pitot tube’s sensor characteristic must be considered when
σ−α , 0. Let sPitot be the angular sensitivity of the Pitot tube,
i.e.,

sPitot (σ − α) =
VPitot

V
. (23)

The relationship between σ−α and sPitot for the test Pitot tube
is shown in Fig. 7. Note in this figure that sPitot is not equal
to cos (σ − α).

There are several functions for fitting this curve, such
as a quadratic function. In this study, both cos (σ − α) and
sin (σ − α) were used for simplicity. Thus,

sPitot (σ − α) = aPitot cos (σ − α) + bPitot sin (σ − α) , (24)

where aPitot and bPitot are constant; aPitot and bPitot are de-
termined using the least-squares method for the data above
20 deg. Given that only trigonometric functions are used for
the AoA, this approximation simplifies the estimation equation
(27).

From (15), (22), (24), and Step 1,

V̂p = V
(
ap cosα + bp sinα

)
, (25)

VPitot = V {aPitot cos (σ − α) + bPitot sin (σ − α)} . (26)
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Thus,

− Vp (aPitot cosσ + bPitot sinσ) + VPitotap

=
{
Vp (aPitot sinσ − bPitot cosσ) − VPitotbp

}
tanα. (27)

According to (27), the estimation equation becomes a function
of only tanα. Note that σ is a measurable parameter.

Step 2 uses the RLS with a forgetting factor for noise
reduction. In this estimation, the regression model is

y = φθ, (28)

where the output y, regressor φ, and estimation parameter θ
are expressed as follows:

y = −GRLS(s)Vp (aPitot cosσ + bPitot sinσ) + VPitotap, (29)
φ = GRLS(s)Vp (aPitot sinσ − bPitot cosσ) − VPitotbp, (30)
θ = tanα. (31)

GRLS(s) is designed to align the phases of V̂p and VPitot
based on the fact that the response of the Pitot tube is
theoretically modeled as a first-order delay [29]. Updates of
these parameters are calculated as follows:

θ̂[k] = θ̂[k − 1] +
P[k − 1]φ[k]

λ + P[k − 1]φ2[k]
ε[k], (32)

ε[k] = y[k] − φ[k]θ̂[k − 1], (33)

P[k] =
1
λ

{
P[k − 1] − P2[k − 1]φ2[k]

λ + P[k − 1]φ2[k]

}
. (34)

Finally, the estimated value of the AoA α̂[k] can be calculated
by

α̂[k] = arctan θ̂[k]. (35)

The airflow magnitude V can be estimated by

V̂[k] = VPitot[k] {aPitot cos (σ − α̂[k]) + bPitot sin (σ − α̂[k])} .
(36)

IV. Proposal of Aerodynamic Force Control

In this section, an aerodynamic force control method is
proposed. As mentioned earlier, feedback control in the ac-
celeration dimension improves aircraft stability. However, Fσx

and Fσz have limitations depending on α and V , leading to
acceleration limitations. Let abx and azb be the accelerations
along the body axis, and let abx and azb be calculated by

abx =
1
m

(Fbx − Dbx) , (37)

abz =
1
m

(Fbz − Dbz) , (38)

where m is the mass of the aircraft and Dbx and Dbz are the
aircraft weight and drag on the fuselage along the body axis,
respectively. An example of the relationship between α,V and
abx, abz is shown in Fig. 8. The circle around abx = abz = 0
is called the steady area, and the achievable abx and abz must
include this area to maintain steady flight. If the aircraft were
flying at α1 and V2 (red area) and the airspeed were increased
to V1 by a gust (green area), abx = abz = 0 could not be
achieved. Therefore, the tilt angle σ must be decreased so

abz

abx

α2, V1,

α1, V1

α1, V2

Steady Area

α1 > α2

V1 > V2

Fig. 8. Relationship between α,V and abx, abz.

that the AoA is changed to α2 (blue area) to include the steady
area.

With an achievable acceleration area including a steady
area, the transition can be realized by accelerating in the
direction of decreasing σ. Many studies have been conducted
on path planning [14], [30]; therefore, this study focuses on
aerodynamic force control to achieve the desired acceleration.

A. Controller Overview

An overview of the aerodynamic force controller is shown
in Fig. 9. The force references Fref

bx and Fref
bz are converted into

Fref
σx and Fref

σz , respectively, by the rotation matrix R(σ). The
force reference and feedback can be substituted by acceleration
because most aircraft do not have force sensors.

CσFF provides the tilt angle command, which can be ob-
tained from the estimated airflow α̂, V̂ and the force references
based on the algorithm explained above.

B. Controller Design

In the aerodynamic force controller shown in Fig. 9, Fσx

is controlled by the propeller rotational speed n, and Fσz

is controlled by the flap angle δ. Note that Fσx and Fσz

interfere with each other owing to the propeller slipstream;
however, this interference is assumed to be a disturbance and
compensated by the feedback control.

The relationship between n, δ, α, V , and Fbx, Fbz in the
experimental model that will be described later on is shown
in Fig. 10. Note from Fig. 10(b) and Fig. 10(c) that Fσx and
Fσz increase with n and δ, respectively.

Let Kn and Kδ be the slopes of the approximated line in
Fig. 10(b) and Fig. 10(c). The nominal plant is given by the
following expressions:

Pσxn(s) =
Fσx

nref =
Kn(V)
τns + 1

, (39)

Pσzn(s) =
Fσz

δref =
Kδ(V)
τδs + 1

, (40)

where τn is the time constant of the propeller rotational
speed controller and τδ is the time constant of the flap angle
controller. Note that Kn and Kδ are the functions of V . Hence,

nref = P−1
σxn(s)Fσx + dσx, (41)

δref = P−1
σzn(s)Fσz + dσz. (42)
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Fig. 10. Wind-tunnel test results in experimental model.

The feedback controller of each axis uses a disturbance
observer (DOB). The DOB estimates and compensates the
disturbances dσx and dσz. Note that dσx and dσz include the
interference caused by propeller slipstream. Note also that
Qσx and Qσz are first-order low-pass filters. The estimated
disturbances d̂σx and d̂σz include the modeling error; therefore,
the plant is normalized to Pσxn and Pσzn [27]. CσxFB and CσzFB
are proportional controllers, and CσxFF and CσzFF are expressed
as follows:

CσxFF =
1

Kn(V)
, (43)

CσzFF =
1

Kδ(V)
. (44)

V. Experiments and Simulations

In this section, the wind tunnel experiments are described.
The effectiveness of the proposed method is also discussed
using additional simulations of aircraft motion based on the
experimental results.

Fig. 11(a) shows a picture of the experimental setup. The
experimental unit consisted of a Pitot tube, a tiltable wing with
an APC 9 × 6 E propeller, and a six-component load cell on
the stepping motor stage. The Pitot tube was tilted to simulate
the propeller wing during transition, as shown in Fig. 11(b).
Note that α can be altered by the stepping motor stage; its

true value can be obtained from this stage. The true value
of V was obtained by pre-experiments where the Pitot tube
was not tilted, and the rotational speed of the wind-tunnel fan
was set as in the main experiment. To maintain the accuracy
of the wind-tunnel experiments, α was limited for the frontal
height of the model not to exceed 1/10 of the height of the
wind tunnel. Note that the wingspan only affects the force
map shown in Fig. 10(a); it does not influence the estimation
or controller design scheme.

A. Experimental Results of Airflow Vector Estimation

Fig. 12 shows the wind-tunnel test results of airflow vector
estimation. In these experiments, α was set to 10 deg, V was set
to 10 m s−1, and σ−α was set to 30 deg. The sampling period
was 1 ms. Note also that α̂ without RLS expresses the result
of solving (27) for each sample. The estimation using RLS
started at 0.01 s. Moreover, λ was set to 0.995, θ[0] was set
to 0.178, and P[0] was set to 10, 000. Note from Fig. 12 that
the airflow vector estimation provided an accurate estimation
of α and V with little noise using RLS.

B. Experimental Results of Aerodynamic Force Control

Fig. 13 shows the wind-tunnel test results of aerodynamic
force control. The poles of the Fσx and Fσz controllers were
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Fig. 11. Expetimental setup.

placed at 5 rad s−1. The initial α was set to 10 deg, the initial V
was set to 10 m s−1, and σ−α was set to 30 deg. The rotational
speed of the wind-tunnel fan was changed stepwise at t = 5 s
to reach V = 12.5 m s−1, as shown in Fig. 13(c). Fig. 13(b)
and Fig. 13(c) show that the airflow vector was accurately
estimated during the dynamic change in the airflow. Fref

bx was
0.5 N, and Fref

bz was 4 N. In the conventional method, airflow
vector estimation was not employed and the same tilt angle σ
was kept. Meanwhile, in the proposed method, airflow vector
estimation was used and σ was flexibly changed to achieve
the desired force, as shown in Fig. 13(a).

The black × mark in Fig. 10(a) represents the force refer-
ence (Fbx, Fbz) = (0.5, 4). Both the conventional and proposed
methods started in the red area in Fig. 10(a), which includes
the × mark. As the airspeed increased, the achievable area
shifted to the green area, which did not include the × mark.
Thus, the conventional method had error in Fbx and Fbz, as
shown in Fig. 13(d) and Fig. 13(e). However, the proposed
method accurately monitored the airspeed, as shown in Fig.
13(c), and shifted to the blue area in Fig. 10(a) by changing
σ, as shown in Fig. 13(a). Therefore, Fbx and Fbz did not have
errors in the proposed method.

C. Simulation Results of Aircraft Motion

To evaluate the effectiveness of the proposed method, a
simulation of aircraft motion based on wind-tunnel tests of the
propeller-wing model was conducted. The simulation parame-
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Fig. 12. Wind-tunnel test results of airflow vector estimation.

ters were based on NASA’s GL-10 [12]. The pitching moment
was assumed to be controlled by the tail, and aerodynamic
forces on the fuselage and wing were considered in this
simulation.

A pre-experiment was conducted to improve the accuracy
of the GL-10 simulator, as shown in Fig. 14. Fig. 14(a) shows
the picture of the 3D printed GL-10 model. The lift and drag
on the fuselage were measured using the small wind tunnel
shown in Fig. 14(b). The measured forces were divided by the
product of q and the wetted area of the fuselage to obtain CL

and CD, respectively. The results of the pre-experiments are
shown in Fig. 14(c).

The simulation results are shown in Fig. 15; Xe and Ze

denote earth-fixed coordinates; V was set to 30 m s−1, α was
set to 10 deg, and σ was set to 40 deg in the initial state. The
airspeed along the Xe-axis was increased 5 m s−1 stepwise at
t = 5 s. The proposed method changed σ at t = 5.5 s to follow
the target path. However, the conventional method did not
change σ and could not obtain sufficient Fbx to stay in the
target path, as shown in Fig. 15(a). These results show that
aerodynamic force control using airflow vector estimation is
indispensable for tilt-wing flights.
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Fig. 13. Wind tunnel test results of aerodynamic force control.

VI. Conclusions

Remarkably, eVTOL aircraft are attracting considerable
attention for secure, efficient, and eco-friendly aviation. In
particular, tilt-wing is known to be an efficient configuration.
Tilt-wing aircraft tend to be unstable during the transition from
hover to cruise. In this study, a new aerodynamic force control
of a propeller wing for stability improvement is proposed. The
difficulty in the force control of the tilt-wing is that the lift and
thrust have limitations that vary with the airflow and tilt angle.
Therefore, the proposed method uses airflow vector estimation
to monitor the limitations and change the tilt angle to achieve
the desired force. The effectiveness of the proposed method
was verified experimentally and through simulations.
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