
Paper

Wind Tunnel Verification of Velocity Control in Wing Coordinate System
Using Acceleration-Based Disturbance Observer for Tilt-Wing eVTOL
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Recently, the development of electric vertical take-off and landing (eVTOL) has attracted much attention owing to
their potential applications in various scenarios of human society, such as advanced transportation, surveillance, and
inspections in hazardous environments. Among various eVTOL designs, the tilt-wing configuration stands out for its
advantages, including reduced wing drag during ascent and effective utilization of propeller slipstream during transition
phases. In this study, we propose a novel velocity control system designed in the wing coordinate system, employing an
acceleration-based disturbance observer for tilt-wing eVTOLs. This method achieves enhanced disturbance rejection
and decoupled control. The proposed approach was validated through computer simulations and hardware-in-the-loop
simulations conducted in a wind tunnel.
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1. Introduction
1.1 Background of eVTOL A vertical take-off and

landing (VTOL) has been developed since the 1900s because
of its advantage of not requiring a runway for take-off and
landing. In recent years, an electric VTOL (eVTOL) has at-
tracted great attention because of technological developments
such as high-performance batteries, electric propulsion tech-
nology, and automatic driving technology(2) (3) to provide a
new means of transportation(4) or to play roles in monitoring
and surveillance in dangerous places. To realize an eVTOL
system, electric propulsion technology is especially a key
technology. It has the advantages of fast torque response and
quick thrust control(5), which also provides accurate torque
estimation and enables us to power regeneration(6). Taking
advantage of these capabilities, we have been studying new
control methods such as airspeed estimation using motor cur-
rent measurements(7), and fast and efficient thrust control of
variable-pitch-propeller(8).

There are two types of eVTOLs: fixed-wing type and rotary-
wing type. This paper focuses on the fixed-wing type eVTOL
which can fly longer distances than the rotary-wing type.
Among fixed-wing type eVTOLs, the tilt-wing type is su-
perior in terms of a smaller drag force on the wings than the
tilt-rotor type during ascent because the wings face upward.

This paper is based on Reference (1), which published in the
10th IEEJ international workshop on Sensing, Actuation, Motion
Control, and Optimization (SAMCON2024)©2024 IEEJ.
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Fig. 1: The tilt-wing eVTOL used in wind tunnel experiment
with earth-fixed coordinate system and wing coordinate sys-
tem.

In addition, it can use the propeller slipstream during tran-
sition. In this paper, we focus on tilt-wing eVTOL such as
Fig. 1 because of these advantages.

1.2 Literature review on tilt-wing eVTOL The tilt-
wing eVTOLs are prone to become unstable during transi-
tions because the aerodynamic characteristics are significantly
changed by tilting the wing angle. To cope with this problem,
many studies have been conducted on attitude control(9) and
velocity control(10)–(12).

In Ref. (9), a controller was designed for a tandem tilt-wing
aircraft to stabilize the flight for both longitudinal and lateral-
directional motions. It shows a complete transition from hover
to cruise and vice versa under the control of a pilot; however,
velocity control is not considered. In Ref. (10), velocity con-
trol of a tilt-wing aircraft is performed in a wide range of
velocity commands using a feedforward controller obtained
from wind tunnel testing. However, in the experimental re-
sults, there are steady-state errors in the velocity response.
In Ref. (11), cruise control is validated in experiments for

© 2024 The Institute of Electrical Engineers of Japan. 1



Velocity Control in Wing Coordinate System for Tilt-Wing eVTOL (Takuma Katagiri et al.)

Table 1: Parameter definitions.
Parameter Definition Unit

𝜌 air density kg/m3

𝐷p propeller diameter m
𝑛p the number of propellers in the main wing m
𝑆𝑎 wing area m2

𝑆𝑠 wing area in slipstream m2

𝑚 mass of aircraft kg
𝐼𝑏 inertia of aircraft around𝑌𝑏 axis kg m2

𝜔 propeller angular velocity rad/s
𝛿 flap angle deg
𝜎 tilt angle deg
𝛼 angle of attack deg

𝜃fuselage pitch angle of aircraft body rad
𝜃wing angle between main wing and ground rad

𝒓 = [𝑋, 𝑍 ]⊤ position of aircraft m
𝑽 = [𝑉𝑥 , 𝑉𝑧 ]⊤ velocity of aircraft m/s
𝒂 = [𝑎𝑥 , 𝑎𝑧 ]⊤ acceleration of aircraft m/s2

𝒗 airspeed vector m/s
𝐹 thrust produced by a propeller N
𝑭th force vector produced by the propeller thrust N
𝑭aero aerodynamic force vector N
𝑭w aerodynamic force vector produced by the wing N
𝑭b aerodynamic force vector produced by the body N
𝑭g gravity vector N
𝑭tail force created by the elevator and the tail rotor N
𝑀th moment produced by the propeller thrust around𝑌𝑏 axis N m
𝑀w moment produced by the wing around𝑌𝑏 axis N m
𝑀tail moment produced by the elevator and the tail rotor N m
( ·)𝑒 variables in the earth-fixed coordinates –
( ·)𝑤 variables in the wing coordinates –
( ·)𝑏 variables in the body coordinates –

the transition state. It uses a feedforward controller and a
feedback controller to track velocity commands and shows
good performance in vertical velocity tracking. However,
this feedback method has two disadvantages. First, the wind
disturbance rejection performance is not discussed. Second,
there is a modeling error caused by linearization. Ref. (12) is
a paper on velocity control using Nonlinear Model Predictive
Control (NMPC) written by the same group with Ref. (11).
It provides good tracking performance in both vertical and
horizontal velocity reference. However, the sampling time
of NMPC is 0.1 s, and it is slower than motor response. To
improve disturbance rejection performance, an inner layer
controller should be sophisticated.

1.3 Contributions of this paper To solve the above
problems, we propose a novel velocity feedback control using
a disturbance observer (DOB). DOB was first proposed in the
1980s, and its effectiveness and ease of application have been
verified by numerous research in recent years(13) (14). Some
research applied DOB to a quadcopter(15)–(17), however, to the
best of the authors’ knowledge, no one applied it to velocity
control of a tilt-wing eVTOL.

In this paper, the proposed DOB is applied to the tilt-wing
eVTOL to introduce the wing coordinate system. It enables us
to construct a velocity controller easily, and it has strength in
disturbance rejection and decoupling control of thrust force
and flap force. This idea is an expansion of our previous
research on aerodynamic force control system using DOB(7).
We expand it to velocity control for the full body system using
acceleration measurement. The effectiveness of our proposed
method is validated by computer simulations and hardware-
in-the-loop simulations (HILS) using a wind tunnel. This
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Fig. 2: Model of aircraft. [𝑋𝑒, 𝑍𝑒] are the earth-fixed coor-
dinates. [𝑋𝑏, 𝑍𝑏] are the body coordinates. [𝑋𝑤, 𝑍𝑤] are the
wing coordinates.

paper focuses on the sagittal plane motion.
This paper is organized as follows: Section 2 describes the

simulation model, Section 3 describes the proposed control
system and Section 4 describes the simulation results. Section
5 describes the HILS results, and finally, Section 6 describes
the conclusion.

2. Modeling
2.1 Equation of motion Fig. 2 shows the model of

the tilt-wing eVTOL used in this paper. It has a main wing
whose tilt angle can be changed, an elevator, and a tail rotor.
The main wing has four propellers and two flaps. By control-
ling the propeller and flap, the forces acting on the aircraft
can be changed. The dynamic motion of the aircraft can be
expressed by the following equations:

𝑚
d2

d𝑡2

[
𝑋𝑒

𝑍𝑒

]
= 𝑭th (𝜔) + 𝑭aero (𝜔, 𝛿) + 𝑭g + 𝑭tail, (1)

𝐼𝑏
d2

d𝑡2
𝜃fuselage = 𝑀th (𝜔) + 𝑀aero (𝜔, 𝛿) + 𝑀tail. · · · (2)

The variables’ definition is listed in Table 1. In this paper, it is
assumed that the pitch angle of the aircraft is always controlled
by an elevator and a tail-rotor to 0 deg, i.e., 𝜃fuselage = 0 and the
created force by them is small enough. Therefore, only the
translational motion is considered. Under this assumption,
Eq. (1) can be rewritten as the below equation:

𝑚
d2

d𝑡2

[
𝑋𝑒

𝑍𝑒

]
= 𝑭th (𝜔) + 𝑭aero (𝜔, 𝛿) + 𝑭g. · · · · · · · · (3)

𝑭aero (𝜔, 𝛿) is aerodynamic force, and it is a sum of forces
produced by the wing 𝑭w (𝜔, 𝛿) and forces produced by the
body 𝑭𝑏.

2.2 Propeller model The thrust generated by the pro-
peller can be calculated using the thrust coefficient 𝐶𝐹 (𝐽) as
follows:

𝐹 (𝐽, 𝜔) = 𝐶𝐹 (𝐽)𝜌
𝜔2

4𝜋2 𝐷
4
p, · · · · · · · · · · · · · · · · · · · · · (4)

𝐽 is the advance ratio defined as 𝐽 =
2𝜋𝑣⊥
𝜔𝐷p

. 𝑣⊥ is the pro-
peller perpendicular component of the airspeed vector, which
is calculated as 𝑣⊥ = 𝑣 cos𝛼, where 𝛼 is the angle of attack.
𝐶𝐹 (𝐽) are the function of 𝐽, and they are fitted from the data
provided by Ref. (18) as shown in Fig. 3(a). Using Eq. (4),
𝑭th (𝜔) is calculated as

𝑭th (𝜔) =
[
𝑛p𝐹 (𝐽, 𝜔) cos 𝜃wing
−𝑛p𝐹 (𝐽, 𝜔) sin 𝜃wing

]
, · · · · · · · · · · · · · · · (5)
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Fig. 3: Coefficients used in the simulation. (a) Thrust co-
efficient(18). (b) Lift and drag coefficients of NACA0012
airfoil(19).

Fig. 4: Diagram of propeller-wing model.
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Fig. 5: Wing area in slip stream 𝑆𝑠 .

where 𝑛p is the number of propellers in the main wing, and
𝜃wing is an angle between the main wing and the ground.

2.3 Propeller-wing model A schematic diagram of
the propeller-wing model is shown in Fig. 4. In the figure,
𝛾 is an angle between ground and airspeed vector 𝒗. From
momentum theory, the induced velocity near the propeller 𝑣𝑖
is expressed as

𝑣𝑖 =
1
2

(
−𝑣⊥ +

√︄
𝑣2
⊥ + 2𝐹

𝜌𝐴

)
· · · · · · · · · · · · · · · · · · · · · (6)

where 𝐴 is the area of a propeller as a disk. Using this ex-
pression, the propeller-derived wind speed can be expressed
as 2𝑣𝑖 based on the momentum theory. By combining with
the airspeed 𝒗, wind velocity acting on the wing 𝑣𝑠 and 𝛼𝑠 in
Fig. 4 can be expressed as

𝑣𝑠 = |𝒗𝒔 | =
√︁
(𝑣 sin𝛼)2 + (2𝑣𝑖 + 𝑣 cos𝛼)2, · · · · · · · (7)

𝛼𝑠 = arctan
(

𝑣 sin𝛼
2𝑣𝑖 + 𝑣 cos𝛼

)
· · · · · · · · · · · · · · · · · · · · · (8)

where 𝛼 is angle of attack expressed as 𝛼 = 𝜃wing − 𝛾.
2.4 Wing model The forces produced by wing

𝑭w (𝜔, 𝛿) is a sum of the forces produced by the wing
with or without the propeller slipstream, i.e., 𝑭w (𝜔, 𝛿) =

𝑭ws−a (𝛿) + 𝑭ws (𝜔, 𝛿). Fig. 5 shows a definition of the area in
the slipstream 𝑆𝑠 . Lift and drag forces produced by the airfoil
where is out of the propeller slipstream are calculated as

Optimizer

rsetpoint,Vsetpoint

states
Velocity

controller

Aircraft

a (only for proposed method)

V

V
∗

σ
∗Tilt angle command

Fig. 6: Translational motion control system of aircraft. Ve-
locity controller is the target of this study.

𝐿𝑎−𝑠 =
1
2
𝐶𝐿 (𝛼, 𝛿)𝜌(𝑆𝑎 − 𝑆𝑠)𝑣2, · · · · · · · · · · · · · · (9)

𝐷𝑎−𝑠 =
1
2
𝐶𝐷 (𝛼, 𝛿)𝜌(𝑆𝑎 − 𝑆𝑠)𝑣2 · · · · · · · · · · · · · · (10)

where 𝑆𝑎 is the area of all airfoil and 𝑆𝑠 is the area of airfoil
in the propeller slipstream. 𝐶𝐿 and 𝐶𝐷 called lift coefficients
and drag coefficients. In this paper, the lift and drag coefficient
is affected by flap angle 𝛿, and modeled as(20)

𝐶𝐿 (𝛼, 𝛿) = 𝐶𝐿 (𝛼) + 𝐶𝐿0𝛿, · · · · · · · · · · · · · · · · · · · (11)
𝐶𝐷 (𝛼, 𝛿) = 𝐶𝐷 (𝛼) + 𝐶𝐷0𝛿

2. · · · · · · · · · · · · · · · · · · (12)

Experimental data for NACA0012 airfoil at Reynolds number
3.6×105 reported in Ref. (19) is used in computer simulations;
whose characteristics are shown in Fig. 3(b).

From Eq. (9) and Eq. (10), 𝐹ws−a is calculated as

𝐹wa−s (𝛿) =
[
−𝐿𝑎−𝑠 sin 𝛾 − 𝐷𝑎−𝑠 cos 𝛾
−𝐿𝑎−𝑠 cos 𝛾 + 𝐷𝑎−𝑠 sin 𝛾

]
. · · · · · · · · (13)

Using the propeller slipstream model shown in Subsection
2.3, the lift and drag forces produced by the airfoil where is
in the propeller slipstream are calculated as

𝐿𝑠 =
1
2
𝐶𝐿 (𝛼𝑠 , 𝛿)𝜌𝑆𝑠𝑣2

𝑠 , · · · · · · · · · · · · · · · · · · · · · ·(14)

𝐷𝑠 =
1
2
𝐶𝐷 (𝛼𝑠 , 𝛿)𝜌𝑆𝑠𝑣2

𝑠 . · · · · · · · · · · · · · · · · · · · · · ·(15)

Using Eq. (14) and (15), 𝐹ws is calculated as

𝐹ws (𝜔, 𝛿) =
[
−𝐿𝑠 sin(𝜃wing − 𝛼𝑠) − 𝐷𝑠 cos(𝜃wing − 𝛼𝑠)
−𝐿𝑠 cos(𝜃wing − 𝛼𝑠) + 𝐷𝑠 sin(𝜃wing − 𝛼𝑠)

]
.

(16)

To summarize the above, forces produced by the wing
𝑭w (𝜔, 𝛿) is calculated by the sum of Eq. (13) and Eq. (16).

2.5 Aerodynamic force of the body As the same
with the drag force of the wing model, the body drag force is
modeled as proportional to the square of the wind velocity,

𝑭𝑏 =

[
− 1

2 𝜌𝑣𝑥𝑒 |𝑣𝑥𝑒 |𝑆bodyx
− 1

2 𝜌𝑣𝑧𝑒 |𝑣𝑧𝑒 |𝑆bodyz

]
, · · · · · · · · · · · · · · · · · · · · (17)

where 𝑆bodyx and 𝑆bodyz are the coefficient that characterizes
the body drag force.

3. Proposed velocity control system
3.1 Translational motion control system structure

The translational motion control system of aircraft is shown
in Fig. 6. In the figure, the optimizer represents the outer layer
controller, and it has a role in creating the feasible trajectory of
tilt angle and velocity against wind conditions when given the
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position and velocity set point. The inner layer controller: the
velocity controller, has a role in tracking the two-dimensional
trajectory using the propeller thrust and flap deflection. We
use a propeller and flap because their response is faster than
the tilt angle response. This paper focuses on the velocity
controller.

3.2 Conventional method The conventional veloc-
ity controller is shown in Fig. 7(11). In Ref. (11), the control
allocation based on the following optimization problem is
applied:

min
𝒖∗

(
𝑯𝒖∗ − 𝒂∗𝑒

)⊤
𝑾

(
𝑯𝒖∗ − 𝒂∗𝑒

)
+ (𝒖∗)⊤ 𝑲𝒖∗

s.t. 𝒖∗ ∈ [𝒖min 𝒖max] . · · · · · · · · · · · · · · · · · · · · · · · · · (18)

𝑾 is a weighting matrix and 𝑲 is a regularization matrix. 𝒖∗

and 𝑯 are as follows:

𝒖∗ =

[
Δ𝜃fuselage

Δ𝜔

]
, 𝑯 =

[
𝜕𝑎𝑥𝑒

𝜕𝜃fuselage

𝜕𝑎𝑥𝑒

𝜕𝜔
𝜕𝑎𝑧𝑒

𝜕𝜃fuselage

𝜕𝑎𝑧𝑒

𝜕𝜔

]
. · · (19)

To compare the conventional method and the proposed
method, the pitch angle input is converted to the flap angle. In
addition, by setting the regularization matrix 𝑲 at 0 and ignor-
ing the constraints of the actuator as a simple implementation,
the following equation is used for control allocation:[

Δ𝜔∗

Δ𝛿∗

]
= 𝑨−1

n (𝑣𝑥𝑏 , 𝜃wing)
[
𝑎∗𝑥𝑤
𝑎∗𝑧𝑤

]
, · · · · · · · · · · · · · · (20)

where 𝑨n is a nominal value of 𝑨, and 𝑨 is expressed as
follows:

𝑨 =

[
𝜕𝑎𝑥𝑤

𝜕𝜔

𝜕𝑎𝑥𝑤

𝜕𝛿
𝜕𝑎𝑧𝑤

𝜕𝜔

𝜕𝑎𝑧𝑤

𝜕𝛿

]
. · · · · · · · · · · · · · · · · · · · · · · · · (21)

𝑨n is 2×2 matrix and which is scheduled at airspeed in the 𝑋𝑏

direction 𝑣𝑥𝑏 and wing angle 𝜃wing. Δ𝜔 and Δ𝛿 are deviations
from operating point 𝜔0, 𝛿0. The acceleration 𝒂 is equal to 0
at the operating point. In the figure, 𝑹 is a rotational matrix
that converts from the earth-fixed coordinate system to the
wing coordinate system, which is defined as:

𝑹(𝜃wing) =
[
cos 𝜃wing − sin 𝜃wing
sin 𝜃wing cos 𝜃wing

]
. · · · · · · · · · · · (22)

3.3 Proposed velocity control system We propose
the wing coordinate velocity control system with acceleration-
based DOB whose block diagram is shown in Fig. 8. From
Eq. (5), Eq. (13) and Eq. (16), propeller rotation speed 𝜔 and
flap angle 𝛿 affect forces in both the 𝑋𝑒 and 𝑍𝑒 directions,
so it is not possible to generate the forces acting on only one
axis with a single actuator. Moreover, the magnitude of this
interference depends on the wing angle. By introducing the
wing coordinate system, the propeller can control the force
parallel to the wing, and the flap can control the force perpen-
dicular to the wing, but they are not completely independent.
There is interference, such as an increase in propeller thrust
increasing lift, or an increase in flap angle increasing drag.
This is resolved in the proposed method by using the DOB
with acceleration obtained from an inertial measurement unit
(IMU). The plant system can be viewed as a SISO system
thanks to the decoupling part, so the control system can be

designed easily. In addition, it is possible to compensate
for high-frequency disturbances and modeling errors by the
proposed DOB system.

In the figure, each saturation block limits the output of the
block to [𝜔min − 𝜔0, 𝜔max − 𝜔0] and [𝛿min − 𝛿0, 𝛿max − 𝛿0],
respectively. 𝜔min, 𝜔max, 𝛿min, and 𝛿max are the limits of the
actuators.

Eq. (3) can be rewritten in wing coordinates as follows:

𝑚𝒂𝑤 = 𝑹(𝜃wing)
{
𝑭th (𝜔) + 𝑭aero (𝜔, 𝛿) + 𝑭g

}
. · · (23)

To derive the equation, ¤𝜃wing = 0 is assumed. The equation
can be linearized around the operating point as follows:

𝑚𝒂𝑤 = 𝑹(𝜃wing)
{
𝑭th (𝜔0) + 𝑭aero (𝜔0, 𝛿0) + 𝑭g

}
+ 𝑚𝑨

[
Δ𝜔

Δ𝛿

]
.(24)

Here, 𝜔0 and 𝛿0 represent the nominal values of the actuator
output which balance the forces acting on the aircraft, how-
ever, forces do not always balance even when 𝜔0 and 𝛿0 are
applied due to modeling errors and vertical wind conditions.
Let us define 𝒅op as

𝒅op = 𝑭th (𝜔0) + 𝑭aero (𝜔0, 𝛿0) + 𝑭g, · · · · · · · · · · · · (25)

which can be said as the modeling error of the operat-
ing point. If there is no modeling error for 𝜔0 and 𝛿0,
𝑭th (𝜔0) + 𝑭aero (𝜔0, 𝛿0) is canceled with 𝑭g. However, it
is not realized; that is 𝒅op ≠ 0. Using 𝒅op, Eq. (24) can be
rewritten as

𝒂𝑤 =
1
𝑚
𝑹(𝜃wing)𝒅op + 𝑨

[
Δ𝜔

Δ𝛿

]
. · · · · · · · · · · · · · · · (26)

Using this equation, the block diagram of the linearized plant
and DOB is shown in Fig. 9. In the figure,

𝑨d,n (𝑣𝑥𝑏 , 𝜃wing) = diag{A11,n (vxb , 𝜃wing),A22,n (vxb , 𝜃wing)}, (27)

𝑮n (𝑠) = diag
{

1
𝜏ths + 1

,
1

𝜏𝛿s + 1

}
, · · · · · · · · · · · · · (28)

𝑸(𝑠) = diag
{

𝜔DOB
s + 𝜔DOB

,
𝜔DOB

s + 𝜔DOB

}
, · · · · · · · · · (29)

𝒅 = [𝑑th, 𝑑𝛿]⊤, · · · · · · · · · · · · · · · · · · · · · · · · · · · (30)

and 𝑮 (𝑠) is a diagonal matrix whose elements are the true
dynamics of each actuator. 𝜏th and 𝜏𝛿 are the nominal time
constant of propeller speed control and flap angle control.
𝜔DOB is a cutoff frequency of the DOB. 𝐴11,n and 𝐴22,n are
the diagonal elements of matrix 𝑨n, and expressed as follows:

𝐴11,n (𝑣𝑥𝑏 , 𝜃wing) =
𝜕𝑎𝑥𝑤

𝜕𝜔

����
𝜔=𝜔0 (𝑣𝑥𝑏 , 𝜃wing ) , 𝛿=𝛿0 (𝑣𝑥𝑏 , 𝜃wing )

, (31)

𝐴22,n (𝑣𝑥𝑏 , 𝜃wing) =
𝜕𝑎𝑧𝑤

𝜕𝛿

����
𝜔=𝜔0 (𝑣𝑥𝑏 , 𝜃wing ) , 𝛿=𝛿0 (𝑣𝑥𝑏 , 𝜃wing )

.(32)

It means that 𝐴11,n, 𝐴22,n, 𝜔0, and 𝛿0 are scheduled at wind
speed parallel to the body 𝑣𝑥𝑏 and wing angle 𝜃wing, and we
assume that 𝑣𝑥𝑏 is obtained from a pitot tube. In this paper,
the situation where 𝑣𝑥𝑏 and 𝜃wing is constant is considered.
Disturbance vector 𝒅 is described as follows:

𝒅 =

(
𝑮n (𝑠)−1𝑨−1

d,n − 𝑮 (𝑠)−1𝑨−1
)
𝒂𝑤 + 𝒅op. · · · · · (33)
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Fig. 9: Block diagram of linearized plant and DOB.

The first term contains the coupling disturbance and the mod-
eling error of 𝑨d,n and the actuator dynamics, and the second
term contains the disturbance equivalent to the modeling error
of the operating point, i.e., 𝒅op = 𝑮−1(𝒔)𝑨−1 1

𝑚
𝑹(𝜃wing)𝒅op.

The DOB estimates the disturbance 𝒅 and suppresses it. Since
the control system is configured in the wing coordinates, the
pitch angle variation has no significant effect on matrix 𝑨.
However, pitch angle variation changes the drag force of the
body. It means that the value of 𝒅op changes, but it does not
matter because pitch angle variation is usually under the cut-
off frequency of the DOB, and the disturbance is suppressed
by the DOB.

4. Simulation
We show two simulations to evaluate disturbance rejection

performance and decoupling control performance. The air-
craft parameters are shown in Table 2. The controller settings
are shown in Table 3. An I-P controller is selected as each
velocity controller 𝐶𝑣 for fair comparison and is designed by
pole placement for the nominal plant 1

𝑠
. The cutoff frequency

of the DOB is tuned by trial and error. Various values of 𝜔
and 𝛿 are input to the aircraft simulation model, and acceler-
ation 𝒂 is obtained. These values are used to obtain matrix
𝑨d,n and 𝑨n by linearly approximating the relationships from
propeller rotation speed 𝜔 and flap angle 𝛿 to acceleration 𝑎𝑥𝑤
and 𝑎𝑥𝑤 .

4.1 Disturbance rejection We assume that a situa-

Table 2: Aircraft parameter.
Symbol Description Value

𝑚 mass of aircraft 2.0 kg
– wingspan 1.2 m
𝑆𝑎 wing area 0.30 m2

𝑆𝑠 wing area in slipstream 0.25 m2

𝐷p propeller diameter 0.254 m

Table 3: Controller settings in the simulation.
Symbol Description Value

– pole of velocity controller (prop. and conv.) 1.5 rad/s
𝜏th nominal time constant of propeller angular velocity controller 0.1 s
𝜏𝛿 nominal time constant of flap angle controller 0.063 s

𝜔DOB cutoff frequency of DOB 5 rad/s
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Fig. 10: The simulation result for performance validation of
disturbance rejection. (a) 𝑉𝑥𝑒 . (b) 𝑉𝑧𝑒 . (c) Wind disturbance.

tion where the ramp headwind disturbance shown in Fig. 10(c)
is applied during forward flight at a tilt angle of 3 deg and a ve-
locity command of 11 m/s. This wind generates a disturbance
force magnitude of −0.90 N and −2.6 N in the 𝑋𝑒 direction
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Fig. 11: The simulation result for performance validation of
decoupling control. (a) 𝑉𝑥𝑒 . (b)𝑉𝑧𝑒 .

15 20 25 30 35 40

1.9

1.95

2

2.05

(a)

15 20 25 30 35 40
-0.5

0

0.5

1

(b)
Fig. 12: The simulation result for performance validation
of decoupling control when modeling errors exist. (a) 𝑉𝑥𝑒 .
(b)𝑉𝑧𝑒 .

and the 𝑍𝑒 direction. Fig. 10 shows the simulation results.
It shows that the proposed velocity control system can com-
pensate for the wind disturbance faster than the conventional
method.

4.2 Decoupling control In this subsection, the situ-
ation where we only control 𝑍𝑒 the direction velocity while
the aircraft has the constant speed in 𝑋𝑒 the direction is con-
sidered. If perpendicular force and parallel force to the wing
can be controlled independently, velocity measurement in 𝑋𝑒

the direction should be maintained as a constant value. In
this simulation, the tilt angle is set at 50 deg, and the velocity
command in the 𝑋𝑒 direction 𝑉∗

𝑥𝑒
is set at 2 m/s. Fig. 11

shows the simulation results. Fig. 11(a) shows that the pro-
posed method has less error in𝑉𝑥𝑒 , meaning that the proposed
method has better decoupling performance than the conven-
tional method. Fig. 11(b) shows the tracking performance in
the 𝑍𝑒 direction, and we tried to keep tracking performance
in the 𝑍𝑒 direction the same by designing the same velocity
controller𝐶𝑣, however slightly differs because of nonlinearity
and coupling terms of the plant.

Generally modeling errors could affect the control perfor-
mance. We conducted the simulation to assess the effect of
modeling error. Modeling error Δ is defined as follows:{

𝑨d,n = 𝑨d + Δ𝑨d (In proposed method.)
𝑨n = 𝑨 + Δ𝑨 (In conventional method.) · · · · (34)

𝑨d is a diagonal term of matrix 𝑨 in Eq. (21), and it is ob-
tained from the simulation model. A simulation is conducted
under the same situation as the decoupling control simulation
but with a modeling error of Δ = ±50%. Simulation results
are shown in Fig. 12. It shows that when large modeling error
exists, the proposed method can effectively suppress the dis-
turbance caused by the modeling error and the velocity can
be accurately controlled.

Closed return wind tunnel

𝜙1.5 m

6-axis load cell

Aircraft

Fig. 13: Experimental setups.
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Simulatorcontroller Actuator

ω
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∗

σ

asim,Vsim

Tilt angle

Velocity

Fig. 14: Block diagram of HILS.

Table 4: Controller settings in the HILS.
Symbol Description Value

– pole of velocity controller (prop. and conv.) 1.5 rad/s
𝜏th nominal time constant of propeller angular velocity controller 0.1 s
𝜏𝛿 nominal time constant of flap angle controller 0.063 s

𝜔DOB cutoff frequency of DOB 3 rad/s

5. Experiment
HILS is conducted to validate the proposed method in this

section. The experimental setup is shown in Fig. 13. The
wind tunnel has a closed return system, whose diameter is
1.5 m. Forces applied to the body are measured with a 6-
axis load cell. The actuator command is generated by the
controller outside the aircraft. An I-P controller is selected
as each velocity controller 𝐶𝑣 for fair comparison and is de-
signed by pole placement for the nominal plant 1

𝑠
. Sensorless

PID feedback control is performed in the motor driver for the
propeller.

The block diagram of HILS is shown in Fig. 14. In the
simulator block, the calculation is conducted as follows:

𝒂sim (𝑡) =
1
𝑚

(
𝑭th + 𝑭aero + 𝑭g

)
, · · · · · · · · · · · · · · · (35)

𝑽sim (𝑡) =
∫ 𝑡

0
𝒂sim (𝜏)d𝜏. · · · · · · · · · · · · · · · · · · · · · · (36)

𝑭th + 𝑭aero is measured with a 6-axis load cell. 𝑭g is a con-
stant value added to load cell measurement because the offset
including gravity is removed before measurement. In this
experiment, the aircraft mass 𝑚 is set at 1.5 kg because large
mass leads to high loads to the motor during a long-duration
experiment. The controller settings in the HILS are shown in
Table 4.

5.1 Disturbance rejection The situation is the same
as the disturbance rejection simulation in Subsection 4.1, how-
ever, some setting values are different. The tilt angle is set
at 25 deg, and the velocity command in the 𝑋𝑒 direction 𝑉∗

𝑥𝑒
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Fig. 15: The HILS result for performance validation of dis-
turbance rejection. (a) Time series of software disturbance in
the 𝑋𝑒 direction (b)Time series of software disturbance in the
𝑍𝑒 direction. (c) 𝑉𝑥𝑒 . (d) 𝑉𝑧𝑒 .
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Fig. 16: The HILS result for performance validation of de-
coupling control. (a) 𝑉𝑥𝑒 . (b) 𝑉𝑧𝑒 .

is set at 5.8 m/s. To evaluate headwind disturbance rejection
performance, a software step disturbance was applied in both
the 𝑋𝑒 and 𝑍𝑒 direction. The magnitude of software distur-
bance is shown in Fig. 15(a)(b). The ratio of the magnitudes
in the 𝑋𝑒 and 𝑍𝑒 directions was determined from the ratio of
the lift and drag coefficients at the tilt angle of 25 deg, and the
magnitudes were determined by trial and error so that differ-
ences in the velocity responses are visible. The HILS result
is shown in Fig. 15(c)(d), and RMSE is shown in Fig. 17(a).
Fig. 15(c)(d) shows that the proposed method reduced the
maximum error and showed fast suppression of disturbances.
Fig. 17(a) shows that proposed method reduced RMSE 67%
in the 𝑋𝑒 direction and 60% in the 𝑍𝑒 direction compare to
conventional method. This means that the proposed method
has better disturbance rejection performance than the conven-
tional method.

5.2 Decoupling control The situation is the same as
the decoupling control simulation in Subsection 4.2, how-
ever, some setting values are different. The tilt angle is set at
25 deg, and the velocity command in the 𝑋𝑒 direction 𝑉∗

𝑥𝑒
is

set at 5.8 m/s.
Experimental results to validate the decoupling control per-

formance are shown in Fig. 16, and RMSE in the 𝑋𝑒 direction
of the experiments is shown in Fig. 17(b). Fig. 16(b) demon-
strates the tracking performance in the 𝑍𝑒 direction. In this
experiment, the response speeds of the conventional and pro-
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Fig. 17: RMSE of velocity in the HILS. Each experiment is
conducted three times. The mean and standard deviation of
RMSE are shown. (a) HILS for evaluating disturbance rejec-
tion performance. (b) HILS for evaluating decoupling control
performance.

posed method are matched by pole placement. The reason
why transient response of the 𝑉𝑧𝑒 differs between conven-
tional method and proposed method is the modeling error of
matrix 𝑨 due to the linear approximation in Eq. (21). In
the HILS experiment, difference in transient response of 𝑉𝑧𝑒

is smaller than simulation, and modeling error of matrix 𝑨
is smaller in the HILS than our assumption. Fig. 16(a) and
Fig. 17(b) show the tracking performance in the 𝑋𝑒 direc-
tion, and it shows that the proposed method has less error in
the 𝑋𝑒 direction than the conventional method. Fig. 16(a)
shows that the proposed method reduced the maximum er-
ror that comes from the coupling term. Fig. 17(b) shows
that proposed method reduced RMSE 33% in the 𝑋𝑒 direc-
tion compare to conventional method. That is, the proposed
method has good decoupling control performance.

6. Conclusion
We proposed a velocity control system that has strength in

easy tuning, disturbance rejection, and decoupling control for
tilt-wing eVTOL. By introducing a wing coordinate system
and using an acceleration-based disturbance observer, it is
possible to consider the control system as two SISO systems.
Computer simulation and HILS were conducted to assess the
disturbance rejection and decoupling control performance.
The results show that the proposed method has better per-
formance than the conventional one in terms of disturbance
rejection and decoupling control. In future works, an upper
layer controller to obtain the optimized velocity reference is
scrutinized, and the flight test including the proposed control
system will be conducted.
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