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Recently, the development of electric Vertical Take-off and Landing (eVTOL) has attracted much attention thanks to
their promising application in various scenarios of human society, such as new means of transportation, surveillance,
and dangerous place inspection. A tilt-wing eVTOL is one of the most promising type because of its small wing drag
during ascend and the ability to use the propeller slipstream during transition. We propose a novel velocity control
system in wing coordinate system with acceleration-based disturbance observer for a tilt-wing eVTOL. Our proposed
method has the merits for a disturbance rejection and decoupling control. To evaluate the effectiveness of these merits,
computer simulations and Hardware-In-the-Loop simulations using a wind tunnel is conducted.
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1. Introduction

1.1 Background of eVTOL Vertical Take-off and
Landing (VTOL) has been developed since the 1900s be-
cause of its advantage of not requiring a runway for take-off
and landing. In recent years, electric VTOL (eVTOL) has
attracted great attention because of the technology develop-
ments such as high-performance batteries, electric propulsion
technology, and automatic driving technology  to provide
a new means of transportation or to play roles in monitor-
ing and surveillance in dangerous places. To realize an eV-
TOL system, electric propulsion technology is especially a
key technology. It has the advantages of fast torque response
and quick thrust control ®, which provides accurate torque
estimation and enables us to power regeneration®. Taking
advantage of these capabilities, we have been studying new
control method such as airspeed estimation using motor cur-
rent measurements ), and fast and efficient thrust control of
variable-pitch-propeller ©.

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 distance than the rotary-wing
type. Among fixed-wing type eVTOLs, the tilt-wing type is
superior in terms of a smaller drag force on the wings than
tilt-rotor type during ascent because the wings face upward.
In addition, it can use the propeller slipstream during transi-
tion. In this paper, we focus on tilt-wing eVTOL because of
these advantages.

1.2 Literature review on tilt-wing eVTOL The tilt-
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wing eVTOLs are prone to become unstable during tran-
sitions because the aerodynamic characteristics are signifi-
cantly changed by tilting the wing angle. To cope with this
problem, many studies have been conducted on attitude con-
trol and velocity control ©-®.

In Ref. (6), 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 pi-
lot; however, velocity control is not considered. In Ref. (7),
velocity control 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 exper-
imental results, there are steady state errors in the velocity
response. In Ref. (8), cruise control is validated in experi-
ments for the transition state. It uses a feedforward controller
and a feedback controller to track with velocity commands,
and shows good performance in the vertical velocity tracking.
However, this feedback method has two disadvantages. First,
there is a modeling error caused by linearization. Second, the
wind disturbance rejection performance is not discussed. To
resolve these problems, we propose a novel velocity feedback
control in the paper.

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 ©?. There are
some research that applied DOB to a quad-copter *~"?, how-
ever, to the best of the authors’ knowledge, no one applied it
to velocity control of a tilt-wing eVTOL.

To introduce the wing coordinate system, we can apply the
DOB to the tilt-wing eVTOL. It enables us to construct ve-
locity controller easily, and it has a strength in disturbance re-
jection and decoupling control of thrust force and flap force.



Table 1: Parameters definitions.

Parameter Definition Unit
P air density kgm™
D, propeller diameter m
np the number of propeller in the main wing m
Sa wing area m?
Sy wing area in slipstream m?
m mass of aircraft kg
1 inertia of aircraft around Y} axis kgm?
w propeller angular velocity rads™!
o flap angle deg
o tilt angle deg
a angle of attack deg
Otuselage pitch angle of aircraft body rad
Oying angle between wing and ground rad
X,Z position of aircraft m
Ve, V. velocity of aircraft ms~!
ay,a; acceleration of aircraft ms~2
v airspeed vector ms™!
F thrust produced by a propeller ms™!
Fy force vector produced by the propeller thrust N
Fyero aerodynamic force vector N
F, aerodynamic force vector produced by the wing N
F, aerodynamic force vector produced by the body N
F, gravity vector N
nr force created by the elevator and the tail-rotor N
M, moment produced by the propeller thrust around ¥, axis Nm
M, moment produced by the wing around Y, axis Nm
n moment produced by the elevator and the tail-rotor Nm
(e variables in the earth fixed coordinates —
O variables in the wing coordinates -
(O variables in the body coordinates -
Xu
" propeller x4
Xb_ Tilt angle
[
) ®CoG elevator
Z/ / tail-rotor
-
Zy 0 flap angle

Fig. 1: Model of aircraft.

This idea is an expansion of our previous research on aero-
dynamic force control system using DOB ®. We expand it to
velocity control for full body system using acceleration mea-
surement. The effectiveness of our proposed method is val-
idated by computer simulations and Hardware-In-the-Loop
simulations (HILS) using a wind tunnel. As the first step,
this paper only focuses on the longitudinal and translational
motions.

2. Modeling

2.1 Equation of motion Fig. 1 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:

a [x,
m@ [Ze] = Fy(w) + Faero(w, 6) + Fg +nF, - (1)
d2
Ib_gfuselage = Mp(w) + Miero(w, 0) + mpg. v - - (2)
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Fig. 2: Coefficients used in the simulation. (a) Thrust coef-
ficient™. (b) Lift and drag coefficients of NACA0012 air-
foil 19,

v, =V +2v;

Fig. 3: Diagram of propeller-wing model.

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

d2

Xe
md? [Ze] = Fth(w) + Faero(wv 6) + Fg~ """""" (3)

F oero(w, 9) is aerodynamic force, and it is a sum of forces pro-
duced by the wing F(w, 6) and forces produced by the body
Fy.

2.2 Propeller model The thrust generated by the
propeller can be calculated using the thrust coefficient C(J)
as follows:

2

F(J,w) = CF(J)p:)?Dg, ........................ 4)
J is the advance ratio defined as J = i’g: v, is the propeller
perpendicular component of the airspeed vector, which is cal-
culated as v, = vcos a, where a is angle of attack. Cr(J) are
the function of J, and they are fitted from the data provided
by Ref. (14) as shown in Fig. 2(a). Using Eq. (4), Fp(w) is
calculated as

npF(J, ) cos Oying

Fip(w) = —npF(J, w) sin Oying |

where 7, is the number of propeller in the main wing, and
BOwing 1s an angle between wing and ground.

2.3 Propeller-wing model A schematic diagram of
the propeller-wing model is shown in Fig. 3. In the figure,
v is an angle between ground and airspeed vector v. From
momentum theory, the induced velocity near the propeller v;
is expressed as
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Fig. 4: Wing area in slip stream S ;.

where A is the area of a propeller as a disk. Using this ex-
pression, the propeller-derived wind speed can be expressed
as 2v; based on the momentum theory. By combining with
the airspeed v, wind velocity acting on the wing v, and «; in
Fig. 3 can be expressed as

Vs = |os] = V(Usin@)? + Qu; + 0CoS@)?, «-vvee-- @)
vsina

= t T 8

@ = e an(Zvi+vcosa) ®)

where « is angle of attack expressed as @ = o — .

2.4 Wing model The forces produced by wing
F,(w, ) is a sum of the forces produced by the wing with or
without the propeller slipstream, i.e., Fy(w,d) = Fy_ (6) +
F, (w,0). Fig. 4 shows a definition of the area in the slip-
stream S ;. Lift and drag forces produced by the airfoil where
is out of the propeller slipstream are calculated as

1
Loy = ECL(Q, O)O(Sa— SOV, cevveeeeeeen 9)

1
D, = ECD(a, )P(Sg— SOU% v (10)

where S, is the area of all airfoil and S ; is the area of airfoil
in the propeller slipstream. Cy, and Cp, called lift coefficients
and drag coefficients. In this paper, the lift and drag coeffi-
cient is affected by flap angle ¢, and modeled as "©

CL(@,8) = CL(Q) + CLob, «+cvrerrerreeeeeeeeens (11)

Cp(@,8) = Cp(@) + Cppd2. «eeerrrvemeeeeeeanns (12)
Experimental data for NACAO0012 airfoil at Reynolds num-
ber 3.6 x 10° reported in Ref. (15) is used in computer simu-

lations; whose characteristics are shown in Fig. 2(b).
From Eq. (9) and Eq. (10), Fy,_, is calculated as

Fy, (6) = [:gﬂ;—_fs] e (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

1
L= ECL(QS,(;)pSsU?, ........................ (14)

1
D, = ECD(QS’(s)pSSU? ......................... (15)

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

_ | ~Lssin(a — ay) — Dy cos(a — ay)
Fu@.0) =11 cos(a - ay) + D, cosa - )|
(16)

To summarize the above, forces produced by the wing
F(w, 9) is calculated by the sum of Eq. (13) and Eq. (16).
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Fig. 5: Translational motion control system of aircraft.

2.5 Aerodynamic force of the body
namic force of the body is modeled as:

1
_'pvx)|vx,|sbody
F;, = el e Nl R R 17

b [_%Epvzgh)zgwbodyZ ( )

The aerody-

where Spoqy, and Spoqy, are the coefficient that characterizes
the body drag force.

3. Proposed velocity control system

3.1 Translational motion control system structure
Translational motion control system of aircraft is shown in
Fig. 5. In the figure, optimizer represents the outer layer con-
troller, and it has a role to create the feasible trajectory of
tilt angle and velocity against wind conditions when given
the velocity set point. The inner layer controller: velocity
controller, has a role to track the two-dimensional trajectory
using the propeller thrust and flap deflection. We use a pro-
peller 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. 6®. In Ref. (8), the control
allocation based on the following optimization problem is ap-
plied:

min (Ju* —a*)" W(Ju* —a*) + )" Ku*
P
St U € [Upmin Umax] = - rvrrrerrreeremeneens (18)

where u* and J are as follows:

A8 day, oay,
* _ fuselage _ | 9Ouselnge  Ow
u _[ g }’ J_{ s da,, }(]9)

Aw e

OOuselage Ow

The control input allocation as shown in Fig. 6 is derived by
setting the regularization matrix K at 0 and ignoring the con-
straints of the actuator as a simple implementation. In order
to compare the conventional method and proposed method,
the pitch angle input is converted to the flap angle. The lin-
earized relationship between acceleration and control input is
written as follows:

o] -3
a,, A6

where A is 2 X 2 matrix and its element is a function of air-
speed in the X}, direction and 6y,;. Aw and A¢ are deviations
from operating point wy, dg. The acceleration a is equals 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:

COS Oying  — SiN Oying

R(Owing) = | . .
(Bwing) $in Oying  COS Oying

C, is PI controller to eliminate steady state errors.
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Fig. 7: Proposed wing coordinate velocity control system and structure of DOB

3.3 Proposed velocity control system We pro-
pose the wing coordinate velocity control system with
acceleration-based DOB whose block diagram is shown in
Fig. 7(a). The control system is structured so that forces par-
allel to the wing are controlled by the propellers and forces
perpendicular to the wing are controlled by the flaps. This is
achieved by decoupling control parallel and perpendicular to
the wing 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 possi-
ble to compensate high-frequency disturbances and modeling
errors by the proposed DOB system.

In the figure, C, is a proportional controller. The nominal
model for each DOB is written as follows:

axm(s) _ th(vxb, ewing)

an(s) = A (s) = s 1 (22)
a; (S) Kﬁ(vx/), Hwing)
P,.(s) = w = e 2
(5) AS*(s) 758 + 1 (23)

where v,, is an airspeed parallel to the body, and we assume
that it is obtained from pitot tube. 7y, and 75 are the nominal
time constant of propeller speed control and flap angle con-
trol. Ky, and Kj is linearized model around operating point:
day, da,

th = > K(S =
0w \w=wy.6=5 06 |w=wo.6=6,

e (24)

These are identical to the diagonal term of the matrix A, and
can be obtained by experiment.

The detailed structure of DOB in this paper is shown in
Fig. 7(b). In the figure, wpop is a cutoff frequency of DOB.
It estimates and suppresses the coupling term, the modeling
error and the disturbance caused by wind.

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

Table 2: Aircraft parameter.

Symbol Description Value
m mass of aircraft 2.0kg
- wingspan 1.2m
Sa wing area 0.30m?
Sy wing area in slipstream  0.25 m?
D, propeller diameter 0.254 m

Table 3: Controller settings in the simulation.

Symbol Description Value
- pole of velocity controller (prop. and conv.) 2rads™!

Tth nominal time constant of propeller angular velocity controller 0.05s

Ts nominal time constant of flap angle controller 0.1s
WpOB cutoff frequency of DOB 10rads™!

are shown in Table 3. The velocity controller is designed by
pole placement for the nominal plant % The cutoff frequency
of the DOB is tuned by trial and error. White Gaussian noise
is added to the acceleration measurement. Various values of
w and ¢ are input to the aircraft simulation model, and accel-
eration a is obtained. Ky, Ks and matrix A are obtained by
linearly approximating the relationships from propeller rota-
tion speed w and flap angle ¢ to acceleration a,, and a,,,.

4.1 Disturbance rejection We assume that a situa-
tion where the ramp wind disturbance shown in Fig. 8(c) is
applied during forward flight at a tilt angle of 3deg and a
velocity command of 11 ms~!. Fig. 8 shows the simulation
results. It shows that proposed velocity control system can
compensate the wind disturbance faster than the conventional
method.

4.2 Decoupling control In this subsection, the situ-
ation where we only control Z, the direction velocity while
the aircraft has the constant speed in X, the direction is con-
sidered. If perpendicular force and parallel force to the wing
can be controlled independently, velocity measurement in X,
the direction is a constant value. In this simulation, the tilt
angle is set at 50 deg, and the velocity command in the X
direction V7§ is set at 2ms~!'. Fig. 9 shows the simulation
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Fig. 8: The simulation result for performance validation of
disturbance rejection. Only one experiment is displayed due
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results. In the simulation, proposed method has less error in
V.,. It shows that the proposed method has better decoupling
performance than the conventional method.

5. Experiment

HILS experiment is conducted to validate the proposed
method in this section. The experimental setup is shown in

Table 4: Controller settings in the HILS.

Symbol Description Value
- pole of velocity controller (prop. and conv.) 1.5rads™!
Tih nominal time constant of propeller angular velocity controller 0.1s
Ts nominal time constant of flap angle controller 0.063 s
WpOB cutoff frequency of DOB 3rads™!
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Fig. 12: The HILS result for performance validation of distur-
bance rejection. (a) Vy,. (b) V... (c) Time series of software
disturbance in the X, direction

Fig. 10. 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.

The block diagram of HILS is shown in Fig. 11. In the
simulator block, the calculation is conducted as follows:

1
Agim () = —~ (Fth + Foero + Fg), ................ (25)

Vem(®) = f i (T)AT. e e eeeeee (26)
0

Faero + Fyp, is measured with a 6-axis load cell. F, is a con-
stant value added to load cell measurement because the offset
including gravity is removed before measurement. The con-
troller 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,
however some setting values are different. The tilt angle is
set at 60 deg, and the velocity command in the X direction
Vj; is set at 2.2ms~!. To simulate tailwind disturbance, a
software step disturbance of magnitude 0.5N was applied
in the X, direction. The HILS result is shown in Fig. 12,
and RMSE is shown in Table 5. Fig. 12 and Table 5 shows
that proposed method has good disturbance rejection perfor-
mance than conventional 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 60 deg, and the velocity command in the X direction V} is
setat2.2ms™.

The HILS result is shown in Fig. 13, and RMSE is shown



Table 5: RMSE of velocity in the HILS experiment.

Experiment Symbol  Conventional method Proposed method

Disturbance rejection Vie 0.0335 +0.0041 0.0166 + 0.0010

Ve 0.0101 + 0.0007 0.0078 + 0.0008

Decoupling control w/o modeling error Vie 0.0134 +0.0012 0.0093 + 0.0003
Ve, 0.0344 + 0.0010 0.0651 +0.0010

Decoupling control w/ modeling error

(difference from the case w/o modeling error is displayed in %)

Ve 0.0172 + 0.0008(+28%)  0.0114 + 0.0010(+22%)
Ve 0.0430 + 0.0015(+25%)  0.0662 + 0.0003(+1%)
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Fig. 13: The HILS result for performance validation of de-
coupling control. Only one experiment is displayed due to
the lack of space. (a) V,,. (b) V...

in Table 5. Table 5 shows that proposed method has less er-
ror in the X, direction than conventional method, and it in-
dicates that proposed method has good disturbance rejection
performance. However, the error in the X, direction of the
conventional method is smaller than the error expected from
the simulation results. This indicates that the effect of the
coupling term is smaller than expected. Therefore, the over-
shoot that comes from the zero of the PI controller, which is
masked by the coupling term’s effect in the simulation, be-
comes apparent in V.

To validate the performance of modeling error compensa-
tion, the situation that matrix A is set at 20 % larger than that
of experimentally obtained. It simulates the change of mass
of the aircraft. The RMSE and the RMSE difference between
w/ and w/o modeling error is shown in Table 5. It shows that
the proposed method has less difference in RMSE in the pres-
ence of modeling error, and it indicates that DOB compensate
the modeling error.

6. Conclusion

We proposed a control system that has strength in easy tun-
ing, disturbance rejection, and decoupling control. By intro-
ducing a wing coordinate system and using an acceleration-
based disturbance observer, it is possible to consider the con-
trol system as two SISO systems. Computer simulation and
HILS experiment were conducted to assess the disturbance
rejection and decoupling control performance. The simula-
tion and HILS result shows that the proposed method has
better performance than the conventional one. Experimental
setups will be improved, and an upper layer controller will be
built in future work.
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