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Abstract—Research and development have been very active in
electric airplanes (EAs). EAs use electric motors as the power
source; therefore, EAs are expected to achieve more secure,
more efficient, and more eco-friendly aviation. The conventional
airplanes use mechanic air brakes such as spoilers to adjust
the descent angle; however, they are difficult to control even
for a skilled pilot. Previous research showed that electric motors
enable EAs to regenerate their potential energy while descending
as the windmilling propeller produces negative torque and
thrust. This negative thrust works as a substitute air brake,
called regenerative air brake. This paper proposes the thrust
control method of regenerative air brake for automatic descent.
Furthermore, the observer-based thrust estimation method is also
proposed since adding force sensors decreases the stiffness of the
thrusters. The effectiveness of the proposed method is verified
by simulations and experiments in the wind tunnel.

Index Terms—Electric airplane, electric motor, regeneration
power, regeneration energy, propeller

[. INTRODUCTION
A. Electric Airplane

Over the past few years, the demand for personal and eco-
friendly aviation has increased. Accordingly, several studies
have been conducted on electric airplanes (EAs) [1]. As
EAs are powered by electric motors, they have the following
advantages:

1) Motor torque generation is 100 times faster than that of
internal combustion engines [2].

2) Motor torque measurement is accurate [2].

3) Distributed installation and independent control of mo-
tors are easy [3].

4) Power regeneration is possible [4].

These advantages enable EAs to be more secure, more effi-
cient, and more eco-friendly aviation.

The authors’ research group has proposed a quick thrust
control method [5] and range extension systems [6] [7] by
adopting the motion control theories developed in the auto-
motive industry [8].

B. Power Regeneration by Propellers

Previous studies showed that the windmilling propeller
allows the motor to generate electric power [9] [10] [4] [11]
[12]. A propeller in the windmill state produces negative thrust
and negative torque; therefore, EAs regenerate about 10%
of their potential energy while descending [4]. Additionally,
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Fig. 1. The conventional and proposed descent routes [9].

the energy generated during descent allows an EA to cruise
about 60% of the descent distance at most, according to
[12]. Regeneration during descent reduces the batteries for the
descent, loiter, go-around, and taxiing.

C. Regenerative Air Brake

This paper focuses on the control of the descending airplane.
The conventional method uses mechanic air brakes such as
spoiler to adjust the descent angle; however, since they cannot
be controlled continuously, even a skilled pilot finds it difficult
to operate the brakes [9]. The airfield usually requests the top
of descent (TOD) and the bottom of descent (BOD), but due
to this difficulty, the conventional airplane descends a zigzag
path, as shown in Fig. 1.

The idea of regenerative air brake suggests the negative
thrust of the windmilling propeller can substitute the con-
ventional mechanic air brakes [11]. Compared to mechanic
air brakes, regenerative air brake does not require additional
actuators and has a better control performance.

In [11], the method of descent using regenerative air brake
was proposed and demonstrated in the flight tests. In this
method, the controller gives the input torque command on a
feedforward basis, leading to poor robustness. In addition, the
adjustment of the descent angle still depends on the ability
of the pilot since the pilot can only change the input torque.
In order to achieve a better performance of descent control,
the propeller thrust should be controlled. Previous research on
force control of rotors includes [5] and [13].

D. About This Paper

The lift, weight, drag, and thrust determines the descent
angle of an airplane. If the airspeed is constant, the thrust is



Tab. 1
DEFINITION OF PLANT PARAMETERS.

Parameter Definition Unit
B propeller pitch angle rad
0 descent angle of airplane rad
p air density kg m3
n rotational speed of propeller rps

By, viscosity coefficient of motor ~Nmsrad—!
Cp drag coefficient of airplane —
Cr thrust coefficient of propeller —
Cr lift coefficient of airplane -
Cao torque coefficient of propeller —
D drag of airplane N
Dy propeller diameter m
F propeller thrust N
J advance ratio —
Jw inertia moment of propeller kg m?
L lift of airplane N
M mass of airplane kg
P input power of motor w
Q counter torque of propeller Nm
S wing area m?
T input toque of motor Nm
To coulomb friction of motor Nm
\%4 airspeed ms~!

the only factor that changes the angle. Hence, it is crucial to
control the propeller thrust to keep the desired descent angle.

The purpose of this study is to achieve negative thrust
control in the regenerative area. The proposed method consists
of three steps.

Step 1 is the observer-based quick airspeed estimation. The
conditions of regeneration vary depending on airspeed, but
the pitot tube has poor responsiveness. The airspeed must be
quickly estimated.

Step 2 is the observer-based thrust estimator. The existing
airplanes do not have force sensors on propellers, and adding
such sensors degrade the stiffness of the thrusters. Therefore,
the propeller thrust cannot be measured and should be esti-
mated.

Step 3 is the negative thrust control method. By using Step
1 and Step 2, the negative thrust controller is designed.

The negative thrust control enables EAs to achieve more
robust descent and higher followability to the target route. The
descent routes of the conventional method using mechanic air
brakes and the proposed method using regenerative air brake
are shown in Fig. 1.

Table I shows the definitions of the plant parameters in this

paper.
II. MODELING OF SINGLE MOTOR ELECTRIC AIRPLANE

In this section, a single motor EA is modeled.

A. Airplane Dynamics [10]

Fig. 2(a) shows a view of the airplane in a steady descent.
The vector sum of all forces is zero since the airplane is in
equilibrium. Hence, in the direction of descent,

Fcosd+ Mgsiny— D = 0. (1)

Normal to this direction,

L+ Fsind — Mgcosy = 0. 2)
These equations can be solved for v to give
D — Fcosé
t = — 3
WY + F'siné ®
L and D are given by
1
L= 5pCLSV2, “)
1 2
D= EpCDSV . (5)

L and D are constant under constant p and V'; therefore, v
becomes a function of only F'. Also, from (3), the negative F’
allows a wide range of ~.

B. Propeller Dynamics [10], [14]

A propeller-driven airplane gets all of its thrust from the
propeller. Fig. 2(b) shows velocities and forces acting on
the propeller blade element. V; is the induced velocity, dL
is the differential lift, and dD is the differential drag. The
contribution of the blade element to F' and @ is

dF =dLcos (¢ + ;) —dDsin (¢ + o) , (6)
dQ/r =dLsin (¢ + «;) + dD cos (¢ + ) . @)
Similar to (4) and (5), dL and dD can be calculated by
1
dL = 3 pCredriv?, (8)
1
dD = 3 pCpedr?, )

where c is the chord. Let B be the number of the blades, then
F= B/dF

:B/{chos(quLozi) —dDsin (¢ + a;)}, (10)
o-5 [4q

:B/r{dLSin((b—l—ai)+chos(¢+ai)}. (11)

Considering the theoretical equations (8) — (11), C'r and
Cq are defined from experimental results as follows:

F

= — 12

Cr DY’ (12)
Q

= ——. 13

Ca pn2D3 (13)

From Fig. 2(b), the angle of resultant flow ¢ is determined by
the ratio of V and 27nr.

tan ¢ = 4 = i . (14)
2mnr WD—Z
J is defiend by
J= v (15)
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Fig. 2. (a) A view of the airplane in a steady descent. (b) Velocities and forces acting on the propeller blade element. (c) A view of the powering propeller

(left) and windmilling propeller (right).

Thus, Cr and C are functions of .J. F" and () can be written
as

F= CF(J)pn2D§,
Q = Cq(J)pn* Dy,

(16)
a7

Fig. 2(c) shows a view of the powering propeller (left)
and windmilling propeller (right). As the figure shows, if
the directions of F' and () are assumed to be positive when
powering, the windmilling propeller produces negative F' and
Q. In other words, Cr and Cg become negative at high J. n
is small and V' is large in the regenerative area; therefore, the
conditions of regeneration are limited.

The equation of motion of the electric motor is

d

T-Q= 2wade; +27Bun + Te.

Ignoring the friction of the motor in (18), P is calculated by

(18)

P =2mnT = 2mnQ. (19)

P becomes negative when () is negative, enabling power
regeneration.

III. PROPOSAL OF NEGATIVE THRUST CONTROL USING
OBSERVER-BASED THRUST ESTIMATOR

The proposed method consists of three steps. Step 1 is the
observer-based airspeed estimation, Step 2 is the observer-
based thrust estimator, and Step 3 is the negative thrust control.

A. Step 1: Observer-based Airspeed Estimation

The conditions of regeneration vary depending on airspeed,
but the pitot tube has poor responsiveness. The time constant
of the pitot tube on most airplanes is about a few seconds.
In order to stay in the regenerative area, the airspeed must
be quickly estimated. In Step 1, the observer-based airspeed
estimation scheme is proposed by taking advantage of the
quick response of electric motors.

The idea of airspeed estimation using motor torque is
proposed in [15]; however, the motor friction is ignored, and
the response time is not discussed. Since this study focuses on
the regenerative area where the torque is small, the friction is
not negligible. The propeller motor is precisely modeled, and
the response time of the pitot tube and the proposed method
is compared.

From (18), the counter torque observer is designed, as
shown in Fig. 3(a). By using (15), (17), and the estimated
value of (), V can be estimated as follows:

. L (_Q

B. Step 2: Observer-based Thrust Estimation

In order to control the descent angle, the thrust must be
estimated since adding force sensors decreases the stiffness
of the thrusters. In Step 2, the observer-based thrust estimator
is proposed. The block diagram of the observer-based thrust
estimator is shown in Fig. 3(b). As shown in Fig. 2(b), F' and
@ are produced from the same aerodynamic force; therefore,
it is reasonable to estimate F' from Q.

Cp(J) and Cg(J) are approximated by a polynomial in
the conventional modeling. However, as seen in Fig. 4(a)
and Fig. 4(b), the relation between the advance ratio and the
coefficients have significant errors due to the difference in
Reynolds number.

The proposed modeling uses Cg — C relation. There are
mainly two advantages of this model. The first advantage is
that it has fewer errors due to the difference in Reynolds
number, as shown in Fig. 4(c). The second advantage is that
Cg — CF can be linearly approximated in the regeneration
area, as shown in Fig. 4(d). Thus,

Cp = aCo +1, 1)

2 Q 2194
F= aDp +bpn”D,,.
In general, higher-order approximation gives a better fitting of
the data. However, when the propeller is put in an untested
area, the difference between the actual performance and the
high order approximation could be significant. This is why
the order of the approximation should be as low as possible,
and this discovery of Cg — Cp linear relation is valuable.
Regarding APC propeller 11 x 4, the maximum error of the
conventional model is about 9%, but that of the proposed
model is about 4%.

(22)

C. Step 3: Negative Thrust Control

The negative thrust must be controlled to keep the constant
descent angle during power regeneration. In Step 3, the neg-
ative thrust controller is proposed using Step 1 and Step 2.



" Counter
Torque
Observer

0.14 0.03
o2 l]’l Too2sfg
‘ =3 .
S o1 l <
= I , ‘ l L = 002
£ 008 £ I ]
= ‘\‘ £ 0015 "lh
£ 006 L E LYY
S 1 S b
ey [y = 001 3 )
5004 ) 8 )
£ [} = L]
E 002 LN & 0005 >
.
et L]
0 0
04 0.6 08 1 12 14 04 0.6 0.8 1 12 1.4
Advance Ratio J[- Advance Ratio J[-]
(@) (b)
0.14
-’ T
- = -0.04
S
£ 006
g
g
S -008
¥ E 01
< —Tinear Approximation
0 -0.12
0 0.005 001 0015 002 0025 003 - -5 -4 -3 2 -1 0
Torque Coefficient Cqp| Torque Coefficient Co[—] 103
© (@

Fig. 4. (a) The relation between J and C'r of APC propeller 10 x 10 [16].
(b) The relation between J and Cg of APC propeller 10 x 10 [16]. (c) The
relation between Cg and C'r of APC propeller 10 x 10 [16]. (d) The relation
between Cy and Cr of windmilling APC propeller 11 x 5.5 [4].

The negative thrust controller is designed as a two-degree-
of-freedom control and uses the estimated thrust F' in the
feedback controller. Fig. 3(c) shows the block diagram of the
controller.

1) Rotational Speed Controller: Firstly, the rotational speed
controller is designed. The block diagram is shown in Fig. 5(a).
The rotational speed controller is a proportional controller us-
ing the feedforward compensation by the disturbance observer
shown in Fig. 5(b). In Fig. 5(b) the disturbance torque T} is

Ti=Q+2rB,n+Tc. (23)
The nominal plant is
n 1
== — 24
T 2nJ,ns 24)
The proportional gain C'p is given by
Cps—i—
ﬁ _ 27er,15 _ w1 ) (25)
n* 1+ Cpm S+ wq

2) Feedforward Controller: Secondly, the feedforward con-
troller is designed. Applying quadratic approximation, C'g(J)
can be written as

CF(J)ZGCFJ2+bCFJ+CCF. (26)

Thrust
Estimator

Fig. 5. (a) Rotational speed controller. (b) Disturbance observer.

From (15), (16), and (26),

F = (acpJ? +bopd + ccr) pn®Di 27)
=p (aCFVQDf, + bCFVDgn + cchénQ) (28)
= f(n). (29)

From (29),
F=f(=n). (30)

Thus,
Loont s+wy
n=—. fTNF) = ——f"(F). 31)
n w1

Since (31) is not proper, the feedforward controller is given
by

* S + w1 -1 (Ug
= — F)——. 32
a2 w1 F( )s + (32)
Sj_’i}q is the reference model. The feedfoward controller is a

nonlinear variable controller because f(n) is also a function
of V. V is given by Step 1.
3) Feedback Controller: Finally, the feedback controller is
designed. The filter Go(s) is given as follows:
w
G =—7 33
o(s) P (33)
Taylor expansion of (29) at the operating point n = ng gives
the first-order approximation of F,

Fr~ap(n—ng)+bp, (34)

where
ap = bopV D} + 2ccrDyno, (35)
br = acrV>D} + bopV Ding + ccrpDpng. (36)

The rotational speed controller is assumed to be fast enough
to get n = n*. The plant is assumed to be
AF AF
= — =ar.
An*  An E

(37
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The feedback controller is an integral controller and the gain
Cs is given by
F Cr(s)ap %a F wo

= = = ) 38
Fx 14+ Ci(s)ap 1+%GF 5+ wo (38)

The feedback controller is a nonlinear variable controller
because ar is a function of ng and V. V is given by Step
1, and the output of Step 2 is used as the feedback.

IV. SIMULATION

A simulation verifies the proposed method in this section.
The poles of each controller are as follows:

wi = 100rads™?, (39)
wy = 50rads™!, (40)
Wy = 50rads!. 41)

The simulation model uses the parameter of APC propeller
11 x 5.5 propeller. The J — Cr and J — Cg curves are shown
in Fig. 6(a) and Fig. 6(b). B,, and T are assumed to be zero
in this simulation.

The step response and the tailwind disturbance response are
shown in Fig. 7. F is the estimated thrust, which is controller
feedback. F is the real value. V was set at V = 7ms~ .
The thrust reference was exponentially changed from —1N
to —1.2N at ¢ = 1s, and V was changed to 6ms™! at
t = 4s. Fig. 7 shows that the proposed method achieve
the quick responses to both reference change and tailwind
disturbance. The result also indicates the effectiveness of the
thrust estimation as the maximum error is 0.42%.

V. EXPERIMENT

In this section, the proposed method was verified by exper-
iments in the wind tunnel.
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at constant n. (c) Ramp response with propeller. (d) Measurement of drag of
setup.

Tab. 1I
EXPERIMENT PARAMETERS

Parameters Value

1.29 x 10~ *kg m?
4.32 x 10"°Nmsrad—!
2.48 x 1073Nm

inertia moment of propeller J.,
viscosity coefficient of motor By,
coulomb friction of motor T

A. Setup

Fig. 10 shows a diagram and a picture of the experimental
setup. The experimental unit consists of a linear guide, a
load cell, a motor, an encoder, an APC propeller 11 x 4, an
anemometer, and a wind tunnel. The load cell measures F,
the encoder measures n, and the anemometer measures V.

Before the experiment, J,, B, and T are identified. As
shown in Fig. 8(a), motor torque was measured at constant
speeds without connecting the propeller, which determines B,
and T¢. Then, the torque was measured with the propeller at
constant n and V' = Oms~! as shown in Fig. 8(b). Since
V =0ms™!, Cg is constant; therefore,

Q xn?,

T = (CqpDj)n® + (21 By,)n + Tc.

(42)
(43)

Thus, a quadratic approximation can be applied to the torque in
Fig. 8(b). Finally, J,, was calculated by measuring the torque
with the propeller at V = O0ms~! under constant acceleration
command and by subtracting the result in Fig. 8(b), as shown
in Fig. 8(c). Table II shows the parameters measured in the
preliminary experiment.

Additionally, the drag of the experimental unit is measured
and linearly approximated, assuming the drag is proportional
to the dynamic pressure, as shown in Fig. 8(d). The drag on
the experimental unit is subtracted from the output of the load
cell.

The performance of the propeller was also tested, and the
results are shown in Fig. 9(a) and Fig. 9(b).
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B. Result

1) Step 1: Observer-based Airspeed Estimation: Fig. 11(a)
shows the step response of V. The rotational speed of the
wind tunnel fan was changed stepwise at ¢ = 4s. The time
constant of the pitot tube is 1.5s, and that of the proposed
method is 0.3s. The proposed method achieved five times
faster estimation.

2) Step 2 & 3: Negative Thrust Control: Fig. 11(b) shows
the step response of F'. The thrust reference was exponentially
changed from —0.82N to —1.32N at ¢t = 2s. F'is the output
of the observer-based thrust estimator, which is the controller
feedback. F is the real value of the thrust measured by the load
cell. Fig. 11(b) shows that the observer-based thrust estimator
achieved accurate estimation, and the negative thrust controller
achieved a quick response.

VI. CONCLUSION

EAs are attracting considerable attention as secure, efficient,
and eco-friendly aviation. The electric motor enables power
regeneration during descent, but keeping the desired descent
angle requires the control of the thrust. In this study, the
thrust control method was applied to the windmilling propeller.
Also, observer-based airspeed and thrust estimation methods
were proposed. The negative thrust control enables EAs to
achieve more robust descent and higher followability to the
target route. The simulations and experiments in the wind
tunnel show the effectiveness of the methods. Future works
include descent angle control by using negative thrust control
and variable pitch propeller for efficiency improvement.
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