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Recently, the number of companies which participate in flying cars such as electric vertical take-off and landing
(eVTOL) aircraft has been increasing. Those aircraft are expected as traffic jam relaxation and transportation means in
the disaster. However, there are very few examples of practical application because eVTOL aircraft has some problems
in cruising range and safety. In this study, we propose a method to reduce the power consumption during hovering.
The proposed system achieves power reduction by about 1 %.
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1. Introduction

1.1 Recent flying cars Recently, the number of com-
panies which are active in the development of flying cars such
as Airbus in France, Uber Elevate in U.S.A., SkyDrive in
Japan, etc. have been increasing. Many of them are sched-
uled for practical application in 2023. Flying cars are made
based on electric vertical take-off and landing (eVTOL) air-
craft and they are expected as traffic jam relaxation and trans-
portation means in the disaster. However, few flight tests have
been conducted, and there are large problems in the safety.
Regarding the cruising range, an eVTOL aircraft has a shorter
range than an electric vehicle (EV). In Europe, before com-
mercial flight of an eVTOL aircraft, it must be certified by
the civil aviation authority, and proper thrust and energy man-
agement are major hurdles . It means the main problems of
flying car are stability and cruising range.

Flying cars are often categorized into four types: Multi-
copter, Tilt-Rotor, Tilt-Wing and a type with Lift + Cruise ro-
tors, of which Tilt-Wing is a efficient type . Considerable ef-
ficiency improvements are possible utilizing distributed elec-
tric propulsion (DEP) technology because it enables a fixed-
wing eVTOL to provide lift with far higher efficiency than
rotors especially in cruise phase ®. In addition, to the im-
proved cruise efficiency a tandem Tilt-Wing has an advantage
of lower power consumption in hover than a Tilt-Rotor as the
impact of the rotor downwash on the wing is substantially ef-
fect®. A Tilt-Wing has an additional benefit as the induced
airflow behind the rotors reduces the angle of attack on the
wing in hover and low-speed forward flight .

1.2 Previous studies on Tilt-Wing eVTOL A Tilt-
Wing eVTOL flys in the three phases of hovering, transition,
and cruise as shown in Figure 1. Since the main wing is eas-
ily affected by a disturbance in hovering, the attitude tends to
become unstable. Among these disturbances, elevon and tail
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Figure 1. A whole flight of Tilt-Wing eVTOL aircraft.
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rotors are effective®. Model predictive control (MPC) has
been applied to improve the tracking performance in hover-
ing ®. On the other hand, in a Multicopter, by tilting each ro-
tor, pitching and yawing moment can be efficiently increased
to suppress disturbance ”®. These are expected to be applied
to the Tilt-Wing type in terms of tilting the rotor.

In the transition, since there are many kinds of aerody-
namic changes such as drag or airspeed, tilt angle, rotational
speed of rotor, etc. which act on the airframe, it is easy to
become unstable, and the research is widely carried out .

Also, there is research on a controller that can be applied to
the whole flight to stabilize a Tilt-Wing aircraft regardless of
the flight phase ““~"¥. Especially, in Japan Aerospace Explo-
ration Agency, a controller using stability augmentation sys-
tem and control augmentation system has been studied "%,

On the power consumption model necessary for consid-
ering the flight range of an eVTOL, the model adaptable to
various eVTOL operating at every conditions of vertical take-
off and landing, cruise, and transition is studied . Also, in
the flight of eVTOL, the power consumption during hover-
ing is the largest®. However, Tilt-Wing eVTOL has many
problems in stability, so there are few studies on the range
extension.

1.3 Necessity and problems of hovering While
some form of a structured airspace is capable, it is expected
that flying cars will be required to deal with high traffic den-
sities and will need to respond to conflicts due to a dynam-



Table 1. Nomenclature.

Parameter Definition ‘ Unit
@ angle of attack deg
o air density kg/m?
o tilt angle deg
X Y,2 position of aircraft m
¢,0,¢ attitude angles of aircraft deg
L lift of wing N
D drag of wing N
M pitching moment of wing Nm
n rotational speed of propeller ps
J advance ratio -
Jo inertia moment of propeller kg m?
D, propeller diameter
Cr thrust coefficient of propeller -
Co torque coeficient of propeller -
] counter torque of propeller m
F thrust of rotor N
Fg gravity force N
P power of aircraft w
Py, power of rotor w
P,,P.P; mechanical, copper and iron loss of motor W
iod> iog subtraction of copper loss current to dg-axis current of motor A
Ly, Ly, d-axis and g-axis inductance of motor H
R..R; copper and ilon resistance of motor Q
K, torque constant Nm/A
m wight of aircraft kg
S, wing area m?
L, Iy, 1 inertia moment of aircraft kg m?
I rotor distance to center of gravity along x axis m
Iy rotor distance to center of gravity along y axis m
\%4 airspeed m/s

ically changing aerodynamics ®. It is more efficient to wait
on the vertiport until it can arrive, according to the most effec-
tive speed profile computation under arrival time-constraint
for the operational success of tandem Tilt-Wing eVTOL air-
craft®.

1.4 About this paper In terms of the need for hover-
ing and the reduction of power consumption with Tilt-Wing,
we propose a method to reduce the power in hovering. In this
paper, Section 2 introduces the system of reducing the power
in hovering. Section 3 and 4 introduce each of controllers.
Simulation results are shown in Section 5 and experimental
results are shown in Section 6.

2. Power optimization system design

Figure 2 shows the system to reduce the power in hov-
ering with Tilt-Wing. It includes Model based feedfoward
controller, search system and position and attitude controller.
figplot shows the position and attitude controller. The gains
of the controller are selected by tuning. Propeller force com-
mands are converted for each propeller thrust.

Tilt angles are optimized by the following operation.

1. Yaw the fuselage to bring the crosswind into a headwind
2. Enter a position command to hover

3. Measure the airspeed in front of the aircraft with a pitot
tube

4. Calculate the exploration start point of the tilt angle by
Model based feedforward controller

5. Search the tilt angles to reduce power consumption with
the search system

6. Control the eVTOL by the position and attitude con-
troller

1-3 can be feasible by prior methods, so 4-6 which is the
process that the system searches the tilt angle is explained in
this paper.

3. Model based feedforward controller

The balance of forces in each direction of the aircraft in a
steady state at the airspeed V are expressed as follows:

X, —Fg sin9—Fsin(o-—§)+D:0, ------- )
ZbiFCOS(O'—g)-i-L—F(;COS@:O, ---------- 2)
Pitching moment is expressed as below:
My = My 4+ My =0, ccermnnnneeeeaanee.. (3)
where
4 8
M, = ZF,Z, sin o — ZF,I; Sin g, ~eceeeeeees @
i=1 i=4
2 4
M, = ZLJI - ZLill M (5)
i=1 =2

At this time, the thrust F' and counter torque Q of the pro-
peller of each rotor are expressed by advance ratio J as fol-
lows:

J = m’ ................................... (6)
nD,
F = CF(‘])pnzD:’ .............................. (7
0= CQ(J)anD; ............................... (8)
Represented by Q, the power of each rotor is given by
o L 9)
If d-axis current is 0, (9) are written as follows ®*:
Pry = 270Q, e veveeennee e (10)
R,
e 11
0 (11)
(27n)* . :
; R {(Ldz(,d + K',)2 + (quoq) }, ........ (12)
where
) 1 0 2
lpg = ——————2nnL,Ri— — 2an)"L,K; ;,(13
d Rl~2+(2ﬂn)2LqLd{ q K, ( ) q r} (13)
1
fog = —————— R,?(g) —27nK,R; b .- (14)
R? + (2mn)*LyLy K;

Since wings are fixed by the worm gear in steady state, the
power of the eVTOL is as follows:

It considers the number of rotors as shown in Figure 4. By
(1)-(3) and (15), a map of power consumption shown in Fig-
ure 5 can be obtained. According to the measured airspeed,
an exploration start point of tilt angles is determined based
on the map.
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Figure 2. Power optimization system with Tilt-Wing.

Figure 3. Body dynamics of the Tilt-Wing eVTOL.
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Figure 4. Upper surface of the Tilt-Wing eVTOL with 8 ro-
tors.

4. Tilt angle search system

Steepest descent method is used for the tilt angle search
system. Steepest descent method gives a step size of § and
a search direction of s for the single peak performance index
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10 10
0
-10
Wind Velocity[m/s] 0 -20 Pitch Angle[deg]
(a) Pitch Angle and Wind Velocity vs. Power.
249 T T T T T 5
248
0
247 ¢ —
= 3
5 =
i 246} <
5 g
g <
E?. 245 10 §
244 ~
15
243 1
242 -20
80 85 90 95 100 105 110
Tilt Angle[deg]
(b) Tilt Angle vs. Power (V = 2m/s).
Figure 5. Map for feedforward controller.
f(x)’
af
fxi+6s)—f(x)= a(xi)s O+0() - (16)

by updating the step size d and the search direction s as (16).
The optimum point can be obtained by searching until the
gradient of the evaluation function becomes appropriately
small. The specific procedure is as follows:



Table 2. Specifications of the Tilt-Wing eVTOL.

Parameter ‘ Value
m 726kg
D, 1.5m
Sa 4.5m?
Lx 1.07 x 10° kg m?
1,y 0.74 x 103 kg m?
I, 0.74 x 10> kg m?
1 2.0m
Iy 1.5m
Rated output of the motor 45kW
Number of rotors 8

Table 3. Parameters for simulation.

Parameter ‘ Value
\% 2m/s
Jo 0.55kg m?
o 1.22kg/m?3
R. 0.140Q
R; 0.01Q
L, 48.4mH
Ly 48.4mH
K, 0.361 Nm/A

1. Give the start point xg

. 91| is greater than desire , proceed to the next ste
2. 1f|Llisg han desired, proceed to th p

e (9 r
3. Culculate and update : s = — (ﬁ (xi))
Update : x;41 = x; + Js

In this controller, the evaluation function is defined as eV-
TOL’s power P, and the state variables are defined as two
tilt angles [o71, 02]. The exploration is performed by feeding
back the power P while updating two tilt angles alternately.
The step size ¢ is treated as a constant because the evalua-
tion function P is unknown. The exploration ends when the
gradient of P becomes smaller than the minimum step of tilt
angle or when the pitch angle 6 of the eVTOL tilts to a pre-
determined limit value.

5. Simulation

In the simulation, parameters of the eVTOL were set as
shown in Table 2 referring to Vahana of Airbus ®““®. The
simulation conditions are that the eVTOL is hovering in air-
speed of 2m/s, and the performance of the proposed system
is compared with that of a fixed tilt angle of 90 deg.

The simulation results are shown in Figure 6. As shown
in Figure 6(d), when the feedforward controller is turned on,
tilt angles fluctuates, and then the search system investigated
tilt angles to reduce power consumption. At this time, the
thrust of each rotor also changed according to the change of
the tilt angles. As shown in Figure 6(a) and Figure 6(b), the
power decreased by about 1 % compared with the case where
the tilt angle was fixed at 90 deg. This is because the thrusts
decreased as shown in Figure 6(e) and Figure 6(f). However,
as shown in Figure 6(c), as for the position, it deteriorated
compared to the fixed tilt angle since the fluctuation of the
tilt angles becomes a disturbance.

6. Experiment

In order to show the validity of the aircraft model, an ex-
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Figure 6. Simulation results for minimizing power in hover-
ing (V =2m/s) .

periment was carried out considering the rotation of a wing
and propeller in a large angle of attack.

The experimental apparatus consists of a wing model, an
air circulator, and a load cell as shown in Figure 7. The
load cell, WDF-6-A-100-2-AC1 manufactured by Wacoh-
tech, can measure the force and moment in each direction
separately. The specifications of the wing model used in the
experiment are shown in Table 4, and the Clark Y model was
adopted for the wing shape.

In the experiment, the characteristics of the lift, drag and
thrust against the change of the angle of attack and the power
of the motor were measured by making the airspeed and the
number of revolutions of the propeller constant value.

The experimental results are shown in Figure 8. Figure
8(a) and Figure 8(b) shows the forces on the wing in each
direction, with the x-axis and y-axis corresponding to x;-axis
and zj-axis of Figure 3. The pitching moment acting on the
wing changes similarly as shown in Figure 8(c). The greater
the angle of attack, the greater the drag on the wing, and
the greater the force moving the fuselage horizontally. On
the other hand, when the number of revolutions of the pro-
peller is constant, the amount of air flowing into the propeller
changes according to the change in the angle of attack, so
that the thrust changes as (9)—(15). Therefore, the power of
the rotor depends on the angle of attack as shown in Figure
8(d).

As the experimental results show, power can be reduced by
maintaining hovering by tilting the wings with steady cross-
wind, since lift and power vary depending on the angle of
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Figure 7. Experimental apparatus for characteristic in a large
angle of attack.

Table 4. Specifications of the wing model.

Parameter ‘ Value
wing area 678 cm?

chord length 23cm
wingspan 29.5cm

weight 1.6kg
propeller diameter 20.32cm

rated power of the moter T0W

attack of the wing.

In the future, the relationship between the tilt angle and
power consumption will be shown through experiments, and
the operation of the proposed control system will be demon-
strated.
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Figure 8. Experimental result for characteristic in a large
angle of attack with constant propeller speed and airspeed
(V=4m/s) .

7. Conclusion

In this paper, we propose a method to improve the power
consumption during hovering. Flying cars are assumed to be
operated at an altitude of 300 m or more, and in such a space,
a steady cross wind blows against an airframe by weather
conditions. In the proposed method, power consumption in
hovering was reduced by moving the tilt angle using such
cross wind. The system of the proposed method is as shown
in Figure 2, and by compensating the change of the dynamics
for the fluctuation of the tilt angle by the position and atti-
tude controller, it is possible to reduce the power consump-
tion while keeping the hovering.

The feedforward controller based on the aircraft model can
reduce the calculation cost of the search system and the posi-
tion and attitude controller, while the starting points are ob-
tained for the tilt angle exploration. In the tilt angle explo-
ration system, it was used in order to deal with modeling er-
ror which can not be considered by the feedforward controller
. In order to reduce the power consumption, and the explo-
ration using the steepest descent method with small fluctua-
tion of the tilt angle was adopted.

In the simulation, as shown in Figure 6, the power con-
sumption decreases about 1% than when fixed at 90deg.
However, the position was deteriorated in compared to that
of the fixed tilt angle, since the fluctuation of the tilt angles
became a disturbance.

In the future, the relationship between the tilt angle and
power consumption will be shown through experiments, and
the operation of the proposed control system will be demon-
strated.
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