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Abstract—Recently, electric vertical take-off and landing has
been attracting attention as a potential solution for alleviation
of urban traffic congestion, alternative tools of delivery, and
inspection missions in disaster situations. We focus on the
advantages of the tilt-wing type, such as the low drag of the
wing during ascent and the ability to use the propeller wake
even during transition phase to control the lift by flap. This paper
focuses on the how to determine the tilt angle reference to track
the desired trajectory. Some previous research uses the tilt angle
that achieve trim state as the reference. It has a disadvantage
that the actuator in the inner layer saturates when the high
acceleration command is given or when wind disturbance exists.
Proposed wing angle correction method enables aircraft to track
the trajectory even in those situations by correcting the tilt angle
to solve a optimization problem that considers the actuator input
and disturbance estimated by the inner layer DOB. The results
of the numerical simulation and hardware in the loop simulation
show that the proposed control system reduces the actuator
saturation and improves the trajectory tracking performance.

Index Terms—trajectory tracking, unmanned aerial vehicle,
eVTOL, tilt-wing.

I. INTRODUCTION

A. Research trends in eVTOL

Recently, electric vertical take-off and landing (eVTOL) has
been expected to play a role in various scenarios such as
transportation, last-mile delivery, and inspection in the event
of a disaster [1], [2]. It is owing to technological development
such as high-performance batteries, electric propulsion tech-
nology, and autonomous driving technology [3]-[5]. Electric
propulsion technology is especially important for an eVTOL
system. Electric propulsion has the advantages of quick thrust
control with high torque response [6], accurate torque esti-
mation, and power regeneration [7]. It leads developing new
control methods such as wind speed estimation using motor
current [8] and fast and efficient thrust control of variable pitch
propellers [9].

There are a lot of configurations in eVTOL, and a tilt-
wing type as shown in Fig. 1(a) is one of the promising
configurations. It has the advantages of high energy efficiency
in cruise mode and low drag of the wing during ascent. In
addition, the propeller wake can be used to control the lift by
flap even in low-velocity flight. In this paper, we focus on the
tilt-wing type eVTOL.
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Fig. 1: (a) Quad tilt-wing aircraft. (b) Schematic figure of
the aircraft. [X,, Z.] is the earth-fixed coordinate system,
[Xs, Zp] is the body coordinate system and [X,,, Z, ] is the
wing coordinate system.

B. Research trends in tilt-wing eVTOL

A tilt-wing eVTOL often faces instability during the transi-
tion phase due to the changes of aerodynamic characteristics
when the wing angle changed. To mitigate this problem, a lot
of studies have focused on attitude control and velocity control
of the tilt-wing eVTOL. [10]-[13].

In [10], a flight control system was developed for a tan-
dem tilt-wing aircraft, and the stability of the longitudinal
and lateral motion was discussed. In addition, the complete
transition from hover mode to cruise mode was performed
under the control of the pilot; however, velocity control is not
considered. In [11], the velocity control of a tilt-wing aircraft
was achieved using a feedforward controller derived from wind
tunnel experiments. However, the flight test results showed a
steady-state error in the velocity response. In [12], flight tests
were conducted to verify the velocity control in the transition
state. The flight test showed good performance to track the
velocity command in the vertical and horizontal directions.
However, there are three points that have not been discussed.
The first point is the robustness against wind disturbances. The
second is the performance degradation caused by modeling
errors resulting from linearization. The last is that the actuator
may saturate when the high acceleration command is given or
wind disturbance exists. In [13], which is written by the same
group of [12], a nonlinear model predictive control (NMPC)
was employed for velocity control. It shows a good velocity
control performance for the vertical and horizontal directions.
However, due to the high computational cost, the NMPC



sampling time is 0.1s, which is slow considering the motor
response. To enhance the disturbance rejection performance,
the inner layer controller needs to be sophisticated.

C. Contribution of this paper
The main features of our proposed controller are as follows:

o The inner layer controller that achieves fast suppression
of the disturbance and the modeling error by the pro-
pellers and flaps.

o The outer layer controller that corrects the wing angle so
that the actuator in the inner layer does not saturate.

In [14], the velocity controller which employs disturbance
observer (DOB) as the inner layer controller was proposed.
DOB is widely applied in various fields such as electric
vehicles, robotics, and drones because of its effectiveness and
simplicity [15], [16], and it has proven to be also effective in
the velocity control of tilt-wing eVTOL.

In this paper, we propose a new outer layer controller that
corrects the wing angle so that the actuator in the inner layer
does not saturate. The tilt angle is usually determined by the
outer layer controller because the tilt actuator cannot move as
quick as the propeller actuator and the flap actuator due to
the large moment of inertia of the wing. Some research used
the tilt angle that achieve trim state as the tilt angle reference
[11], [12]. However, it has a disadvantage that the actuator in
the inner layer saturates when the high acceleration command
is given. The saturation of the actuator is undesirable because
it reduces the room for reacting to the wind disturbance or
aerodynamic modeling errors. On the contrary, our proposed
method reduces the actuator saturation and improves the
trajectory tracking performance even the dynamic trajectory
or the situation where wind disturbance exists. It is achieved
by determining the tilt angle by solving a optimization prob-
lem that considers the acceleration command and disturbance
estimated by the inner layer DOB. The proposed method is
validated in the numerical simulation and the hardware in the
loop simulation (HILS).

II. PROPOSED CONTROL SYSTEM

The schematic figure of the aircraft is shown in Fig. 1(b).
This paper focuses on the aircraft motion in [X., Z.] plane.
Overview of the control system is shown in Fig. 2. The
parameter definitions are listed in Table I.

The position controller produces the acceleration commands
to track the desired trajectory. The acceleration of the aircraft
is controlled by the tilt angle correction block and acceleration
controller block. The tilt angle correction block is the outer
layer that corrects the wing angle so that the actuator in the
inner layer do not saturates. The inner layer controller is the
acceleration controller that produces the propeller rotational
speed commands and flap angle commands. The attitude con-
troller controls the pitch angle of the aircraft by the difference
of the front and rear propeller thrust and the flap lift. The
mixing block blends the output of the attitude controller and
the acceleration controller. Each control block is detailed in
the following subsections.

TABLE I: Parameter definitions.

Parameter Definition Unit
m mass of aircraft kg
Iyy inertia of aircraft around Y3 axis kg m?
w propeller angular velocity rad/s
é flap angle deg
o tilt angle deg
Otusclage pitch angle of aircraft body rad
Owing angle between main wing and ground rad
r=[X,2]" position of aircraft m
V =[V.,V:]"  velocity of aircraft m/s
a=[az,az]" acceleration of aircraft m /s>
v airspeed vector m/s
Fin force vector produced by the propeller thrust N
Focro aerodynamic force vector N
Fy gravity vector N
Min moment produced by the propeller thrust Nm
Mero moment produced by the wing Nm
(e variables in the earth fixed coordinates -
(Nw variables in the wing coordinates -
Of variables in the body coordinates -
() limited variables -
) reference value -
(o operating point -
(")cent center of the achievable range of the actuator — —
A(Y) deviation from the operating point -
()tot output of the acceleration controller -
(O output of the attitude controller -
() value of the front actuator -
()r value of the rear actuator -
()" psuedo-inverse matrix of (-) -
A. Mixing

The mixing block blends the output of the attitude controller
and the acceleration controller as

w%k wo + Aa}:{ot + Aa)?r

wi | | wot Ay — Adg 0
oF | | G0+ A, +AN |
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Operating point [w, 6] " is the actuator value that balances
the forces acting on the aircraft at each airspeed v,;, and wing

angle Oying.

B. Limit of the actuator output

We consider the saturation of the actuator output. To prevent
the wind up of each controller, the output of the attitude
controller and the acceleration controller is limited in each
controller as shown in Figs. 3 and 4. Though the attitude
control is essential for the safety flight, we consider the limit
of the attitude controller output firstly. To ignore the operating
points [wp,dp]" and output of the acceleration controller
[Awiot, Abiot] T in (1), the limit of the attitude controller is
given as follows:

_Awfr,max < ACDE} < AWfr,maxy (2)
_A(sfr,max < AS;} < A(Sfr,max- (3)
Awsr max and Adg: max are given as follows:
AWt max = M’ 4)
’ 2
5max - 5min
A(sfr,maux = #a (5)
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Fig. 2: Overview of the proposed control system.
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Fig. 3: Attitude controller (The blue part is the PI-D controller
and the green part is the control allocation).

where wpax and wpi, are the maximum and minimum pro-
peller speed, respectively. dpax and dpi, are the maximum
and minimum flap angle, respectively.

Next, we consider the limit of the acceleration controller
output. Taking into account the output of the attitude con-
troller and the operating points based on (1), the limit of the
acceleration controller is given as follows:

Wmin — WO + |A@E| S ALZJ:Ot S Wmax — Wo — |ALD;;|’ (6)
6min - 50 + |ASE;| S Agzcot S 5max - 60 - |AS;;| (7)
C. Attitude control

The attitude control is performed by a PI-D controller and
control allocation. The structure is shown in Fig. 3. The blue
part is the PI-D controller and it generates the desired pitch
angular acceleration. The gain of the controller is designed
by the pole placement for the nominal plant s% The pitching
moment is generated by the difference in the front and rear
propeller thrusts and the flap lift. It indicates that the aircraft
has redundant actuators for attitude controller, therefore the
control allocation to the propellers and flaps is needed. The
control allocation is performed by multiplying the psuedo-
inverse matrix of the matrix B and it is expressed as follows:

. ACUfr

=5 { Ady }
The size of the matrix B is 1 x 2, and scheduled by the
airspeed. The matrix B is obtained from the wind tunnel test.

The output of the control allocation is limited by the saturation
block detailed in (2) and (3).

®)

D. Acceleration control

The acceleration control is achieved by the aerodynamic
coupling observer (ACO). This is the name given to the DOB

Aerodynamic coupling observer (ACO)

Aircraft

Fig. 4: Acceleration controller.

based on the acceleration measurement in wing coordinates
proposed in [14]. By using the ACO, the acceleration parallel
to the wing is controlled by the propellers and the acceleration
perpendicular to the wing is controlled by the flaps indepen-
dently. The structure is shown in Fig. 4. In the figure, Aq , is
a diagonal part of a nominal matrix of A which is expressed

as follows:
Az, | _ Awgor
[ . } —A[ Adrer ] ®
The matrix Ag, is scheduled by the airspeed, and it is

obtained from the wind tunnel test. G(s) is a nominal
actuator dynamics matrix, and it is expressed as follows:

1 1
G, (s) = diag , ,
TehnS + 1 Tsns +1

where 7, and 75, are the nominal time constant of the
propeller and flap actuator dynamics, respectively. Q(s) is a
low-pass filter and it is expressed as follows:

WDOB

. WDOB
s) = dia, , ,
Q() g{erwDOB erwDOB}

where wpop is the cut-off frequency of the disturbance
observer, and it is determined by trial and error. The ACO
estimates the disturbance d as the dimension of the actuator
reference and suppresses it. For the output of the acceleration
controller, the variable limiter is used to prevent the wind up
explained in (6) and (7).

(10)

Y

E. Position control

The position controller generates the acceleration command
in wing coordinates. It consists of the major position control
loop, the minor velocity control loop, and feedforward com-
mand of the velocity and acceleration reference. The structure
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Fig. 5: Position controller.

is shown in Fig. 5. K, and K, are designed by the pole
placement for the nominal plant S% R(6) is the rotation matrix
which is defined as follows:

R(0) = {

Owing is the angle between wing and ground. Multiplying
R(Hwing) indicates the rotation from the earth fixed coordinate
system to the wing coordinate system.

cos 6
sin 0

—sinf ] (12)

cos 0

F. Wing angle correction method

In some previous research, the tilt angle reference is given
by the trim of the aircraft [11], [12]. This method is effective
in low-acceleration situations. However, in high-acceleration
situations, the actuator used in the acceleration controller may
saturate and the desired acceleration may not be achieved.
To prevent this, it is necessary to consider the saturation of
each actuator and change the wing angle so that the actuator
does not saturate. In this paper, we propose a method to
approximate the achievable acceleration as a rectangle field
with sides parallel to the wing, and determine the rectangle by
using the relationship in (9), the estimated disturbance ci and
the operating point [wy, 6] . Then, the wing angle command
is given every 0.1s so that the acceleration command is as
close as possible to the center of the achievable acceleration.
This method performs transition with less saturation of the
actuator, and maximizes the room for reacting to the wind

disturbance or aerodynamic modeling errors.

Using the relationship of the acceleration of the aircraft and
the output of the acceleration controller in (9), the proposed
method comes down to solving the following optimization
problem:

min [W1S1(Ag L R(0%)a — d +uo(0™) — ucent )|

—+ W2S2|0'st — 0'*| + W352|0'prev - 0'*|
st. o €[5,90],

13)
(14)

where Ci = [Czthy (Z(S]T: Ug = [UJO7 50]—'—’ Ucent = [chnt7 (Scent]—r
Though the range of the flap angle is not symmetric about
0deg, dcent 1s set at 0deg. S; and Sy are scaling factors to
normalize the each term by the range of each actuators, W7,
Wy and W3 are weighting coefficients which are determined
by the trial and error. The first term is the infinite norm of
the difference between the acceleration command transformed
into the actuator command and the center of the actuator output
range. It evaluates how close the actuator commands are to the
saturation at each tilt angle. The second term is the penalty for
the trim wing angle, and the third term is the penalty for the
previous solution to prevent violent changes in the solution.
This optimization problem is solved using a brute-force search

TABLE II: Aircraft parameter.

Symbol  Description Value

m mass of aircraft 7.7kg

- wingspan 1.4m

Sa wing area 0.73m?
Ss wing area in slipstream 0.58 m?
Dy propeller diameter 0.58 m

la distance between CoG and main wing 0.40m
Iyy moment of inertia of aircraft around Y axis 0.8 kgm?

TABLE III: Controller settings in the simulation.

Symbol  Description Value

— Pole of position controller —0.75rad/s
— Pole of attitude controller —2rad/s
WDOB Cutoff frequency of the DOB 5rad/s

wy Weighting coefficient 1 diag {0.5, 1}
Wo Weighting coefficient 2 0.3

Ws Weighting coefficient 3 0.1

with 5-degree intervals. This solution is applied because the
evaluation function is not unimodal.

III. SIMULATION

The simulation is conducted based on the control system
shown in Fig. 2. We conducted two simulations. The tracking
performance in dynamic trajectory is evaluated in the first
simulation, and the robustness against the wind disturbance
is evaluated in the second simulation. The aircraft parameters
are shown in Table II, and the simulation parameters are shown
in Table III. The simulation model is built based on [14], and
modified for quad tilt-wing type and including pitch dynamics.

In the first simulation, the assumed situation is that the
aircraft moves from hovering state to the forward flight state
while tilting its wings at first, and back to the hovering state
finally. Simulation results of the first situation are shown in
Fig. 6. Conv. means the conventional method that the tilt
angle command is given by the trim of the aircraft according
to velocity command. Prop. means the proposed method that
the tilt angle command is given by the wing angle correction
method. Figs. 6(a) and 6(b) show that the proposed method
has less tracking error because the tilt angle is corrected to
prevent the actuator saturation as shown in Fig. 6(c). Fig. 6(e)
indicates that the proposed method reduced the duration of
the saturation. Hence the proposed method has better tracking
performance than the conventional method.

In the second simulation, the wind disturbance is added
when the aircraft trajectory is set at a constant ground speed.
The simulation results are shown in Fig. 7. The headwind
is increased by a wind disturbance as shown in Fig. 7(a).
The conventional method has large tracking error as shown
in Figs. 7(b) and 7(c) because the flap actuator saturates
as shown in Fig. 7(f). This is because the tilt angle is not
changed even when the achievable acceleration changes by the
wind disturbance as shown in Fig. 7(d). On the other hand,
the proposed method has good tracking performance than the
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Fig. 6: Simulation results for evaluating tracking performance
for dynamic trajectory. (a) Position in X direction. (b) Position
in Z direction. (c) Tilt angle (reference is before limited by
rate limiter). (d) Propeller speed. (e) Flap angle.

conventional method because the tilt angle changed properly
considering the achievable acceleration field.

IV. EXPERIMENT

The HILS is conducted in the same situation as the second
simulation to validate the proposed method. The first situation
is not conducted because wind tunnel cannot generate the
dynamic and precise wind which is the same as the actual
trajectory. The experimental setups are shown in Fig. 8. The
force and moment acting on the aircraft are measured by the
6-axis load cell under the body. Only the wind sensor 2, which
is placed on the nose of the aircraft, is logged.

The block diagram of the HILS is shown in Fig. 9. The
simulator block calculates the aircraft dynamics to satisfy
following equations:

d Vz sim Vz sim
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Fig. 7: Simulation results for evaluating robustness to the wind
disturbance. (a) Wind disturbance. (b) Position in X direction.
(c) Position in Z direction. (d) Tilt angle (reference is before
limited by rate limiter). (e) Propeller speed. (f) Flap angle.

Fig. 8: Experimental setups.

Fiy 4+ Faero and Miy, + Moo is @ measured value by the
6-axis load cell. Fj is the gravity that added to the load cell
measurement.

The controller settings are shown in Table IV. The aircraft
mass is set to 5.0kg.

The HILS result is shown in Fig. 10. The wind speed is

Va0

Aircraft |Fin + Faero

Actuator reference My + Maero

Simulator —

Controller Actuator

@i Viim: Tsims Gsim Osim

Fig. 9: Block diagram of HILS.



TABLE IV: Controller settings in the HILS.

Symbol  Description Value
— Pole of position controller —0.35rad/s
- Pole of attitude controller —2,—14jv3rad/s
WDOB Cutoff frequency of the DOB 1.5rad/s
\% %1 Weighting coefficient 1 diag {0.5,1}
Wa Weighting coefficient 2 0.4
W3 Weighting coefficient 3 0.2
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Fig. 10: HILS result. (a) Airspeed. (b) Position in X direction
(c) Position in Z direction. (d) Tilt angle reference. (e)
Propeller speed reference. (f) Flap angle reference.

increased to assume the wind disturbance situation as shown
in Fig. 10(a). Figs. 10(b) and 10(c) show that the tracking
performance with the conventional method deteriorates due
to the wind disturbance because the flap actuator saturates as
shown in Fig. 10(f). On the contrary, the proposed method
can maintain the command velocity by changing the tilt angle
even when the wind disturbance is applied. The result, which
is almost the same as Fig. 7, shows that the proposed method
has better performance when the wind disturbance exists.

V. CONCLUSION

In this paper, we proposed a wing angle correction method
which produces the wing angle reference considering the
achievable acceleration field. In the simulation, the proposed
method has better tracking performance than the conventional
method even where the high-acceleration situation or the
wind disturbance situation, and the HILS result of the wind
disturbance situation shows almost the same result as the

simulation result. In the future, we will validate the proposed
method through flight tests.
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