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Research and development have been very active in electric aircraft (EA). EA use electric
motors as the power source; therefore, EA are expected to achieve more secure, more efficient,
and more eco-friendly aviation. Electric motors enable EA to regenerate their potential energy
while descending as the windmilling propeller produces negative torque and thrust. This
paper proposes descent angle control method by using windmilling propeller as an alternative
to mechanical air brakes. In addition, the use of wide range of propeller pitch angle is discussed
in order to produce enough drag to eliminate mechanical air brakes. The effectiveness of the
proposed method is verified by simulations and experiments in the wind tunnel.

I. Nomenclature

a, g = perturbation variables of angle of attack, trim angle of attack [rad]

B = propeller pitch angle [deg]

Oab = deflection angle of air brakes [rad]

O = throttle setting [—]

0,0 = perturbation variables of pitch angle, pitch angle of aircraft [rad, deg]
P = air density [kgm™3]

m = mass of aircraft [kg]

n = rotational speed of propeller [rps]

q = perturbation variables of pitch rate [rads™!]
u, Uy = perturbation variables of velocity of x axis, trim velocity of x axis [ms™!]
D, = viscosity coefficient of motor [Nmsrad™!]
CL = lift coefficient of aircraft [—]

Cp = drag coeflicient of aircraft [ ]

Cr = thrust coefficient of propeller [-]

Co = torque coefficient of propeller [-]

D = drag of aircraft [N]

D, = propeller diameter [m]

F, Fy, AF = propeller thrust, trim thrust, thrust change from trim [N]
Iyy = inertia moment of aircraft [kg m?]

J = advance ratio [—]

Jo = inertia moment of propeller [kg m?]

L = lift of aircraft [N]

0 = counter torque of propeller [N m]

S = area of wing [m?]

T = input toque of motor [N m]

Tc = coulomb friction of motor [N m]

1% = airspeed [ms™']

X, ZuMy, X0, Zoy Mo, My, Xy, Zy, M, = stability derivatives

X0 Ly Moy, Xos Zs, M s, = control derivatives
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I1. Introduction

A. Eleric Aircraft
OVER the past few years, the demand for personal and eco-friendly aviation has increased. Accordingly, several

studies have been conducted on electric aircraft (EA) [[1]]. As EA 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 motors are easy [3].

4) Power regeneration is feasible [4]].

These advantages enable EA to be more secure, more efficient, 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 automotive industry [8].

B. Power Regeneration by Propellers

Previous studies showed that the windmilling propeller allows the motor to generate electric power [4][9][10][LLL][12].
A propeller in the windmill state produces negative thrust and negative torque; therefore, EA can regenerate about 10%
of their potential energy while descending [4]. Additionally, the energy generated during descent allows an EA to cruise
about 60% of the descent distance at most [9]]. Regeneration during descent reduces the batteries for the descent, loiter,
go-around, and taxiing.

In [12]], the concept of regenerative air brake which enables descent without using mechanical air brakes was
proposed and demonstrated in the flight tests. This method uses the negative thrust of the windmilling propeller as the
substitute for mechanical air brakes. The pilot can control the descent rate without the mechanical air brakes, but since
the pilot can only change the motor torque, the operation mainly depends on the ability of the pilot. In addition, the
negative thrust the windmilling propeller produces is not large enough to eliminate the mechanical air brakes in order to
follow the guideline of motor gliders.

C. About This Paper

This paper focuses on the control of the descending airplane. The conventional method uses mechanical 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 [[L1]. 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. [T}

The purpose of this study is to discuss the control performance of regenerative air brake, and achieve descent angle
control in the regenerative area. The proposed method includes observer-based airspeed estimation, thrust estimation
observer, negative thrust control, and descent angle control. In addition, the use of wide range of propeller pitch angle is
discussed to produce enough negative thrust to follow the motor glider guideline.

This paper is organized as follows: Section III describes the modeling of a single motor EA, and Section IV describes
the experimental setup. The observer-based airspeed estimation, thrust estimation observer, negative thrust control are
explained in Section V, and the descent angle controller is designed in Section VI. Finally, the use of various propeller
pitch angle is discussed in Section VII.

IT1. Modeling of Single Motor Electric Aircraft

In this section, a single motor EA is modeled.

A. Aircraft Dynamics [10]
Fig. shows a view of the aircraft in a steady descent. The vector sum of all forces is zero since the aircraft is in
equilibrium. Hence, in the direction of descent,

F cos g + mg sin(® + ag) — D = 0. (D)
Normal to this direction,

L+ Fsinag —mg cos(®g + ap) = 0. 2)
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Fig. 1 The conventional and proposed descent paths [11].

These equations can be solved for @ to give

D - Fcosag
tan(®g + = 3
an(® -+ ao) L+ Fsinag 3)
L and D are given by
1 2
L= 5,oCLSV , “4)
1 2
D= ipCDSV . (®)]
L and D are constant under constant p and V; therefore, ® becomes a function of only F.
The state-space equation of vertical motion is as follows:
% = Ax + Bu, (6)
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Let AF be the thrust change from the trim. If AF is the only control input, # and B becomes
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Fig. 2 (a) A view of the aircraft 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).

u=AF, (1)

(12)

o o o 3-

Therefore, the transfer function of the system regarding the pitch angle is given by

i=[0 00 1](s1—A)-‘

AF (13)

o o o3~

B. Propeller Dynamics [10}13]

A propeller-driven aircraft obtains 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 Q is

dF =dLcos (¢ +a;) —dDsin (¢ + ;) , (14)
dQ/r = dLsin (¢ + «;) +dD cos (¢ + a;) . (15)



Similar to (@) and (5)), dL and dD can be calculated by
1
dL = EpCLcerZ, (16)
1
dD = EpcherZ, (17)

where c is the chord. Let B be the number of the blades, then

F:B/dF:B/{chos(¢+a/l~)—stin(¢+a,~)}, (18)
Q:B/dQ=B/r{dLsin(¢+al-)+chos(¢+a/i)}. (19)
Considering the theoretical equations (I6)—-(19), Cr and C are defined from experimental results as follows:
F
Cr=—7> (20)
pn*D3,
0
Co=—2_. @1
pn*Ds,
From Fig.[2(b)] the angle of resultant flow ¢ is determined by the ratio of V and 27nr.
1% J
tan ¢ = = . (22)
2nnr g2
D,
J is called the advance ratio and defined by
\%
= . 23
nD,, 23)
Thus, Cr and Cg are functions of J. F and Q can be written as
F = CF(J)pnzD‘},, (24)
Q =Co(J)pn*D;,. (25)

Fig. shows a view of the powering propeller (left) and windmilling propeller (right). As the figure shows, if
the directions of F' and Q are assumed to be positive when powering, the propeller in the windmilling state produces
negative I and Q. In other words, Cr and Cp become negative at high J.

The equation of motion of electric motor is

d
T-0= Zﬂj‘”d_’: +27Bn+Tc. (26)
Ignoring the friction of the motor in (26)), the input power P is calculated by
P =2anT =2nnQ. 27

P becomes negative when Q is negative, enabling power regeneration. Also, from (3), the negative thrust allows a wide
range of ©.

IV. Experimental Setup
A diagram and a picture of the experimental setup are shown in Fig.[3(a)}-Fig.[3(b)] The experimental unit consists
of a linear guide, a load cell, a motor, an encoder, an APC propeller 8 X 4, a pitot tube, and a wind tunnel. The load cell
measures F, the encoder measures 7, and the pitot tube measures V.
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Fig. 3 (a) A diagram of of the experimental setup. (b) A picture of the experimental setup.

Tab. 1 Experiment parameters.

Parameter Value Unit
inertia moment J,, 1.29 x 107 kg m?
viscosity coefficient B, 4.32x 10™® Nmsrad™!
coulomb friction T¢ 2.48 x 1073 Nm
V. Thrust Control

In this section, observer-based airspeed estimation method, thrust estimation observer, and negative thrust control
are proposed.

The propeller thrust control method is proposed in [5]], and adopted to windmilling propeller [14]] as shown in Fig.
A(a)] In order to achieve quick control of the propeller thrust, airspeed measurement should be faster than conventional
pitot tubes, which have poor response. Also, the thrust must be estimated since adding force sensors decreases the
stiffness of the thrusters.

The idea of V estimation from motor torque is suggested in [15], and adopted to the authors’ observer-based
estimation scheme [[14]]. The counter torque Q can be estimated by the counter torque observer shown in Fig. By
using @, @, and the estimated value of Q, V can be estimated as follows:

V=nD,C' ) (28)

25
pn=Dy,

Since the motor torque has a quick response, V can be estimated faster than the conventional pitot tube. The step
response of V is shown in Fig.[5(a)] Note that only the rotational speed of the wind tunnel fan was changed stepwise at
t = 4s, and the actual change of the airspeed can not be measured. As seen in Fig.[5(a)| by using the counter torque
observer, V can be estimated about five times faster than pitot tube. This quick estimation enables quick thrust control.

The basic idea of the thrust estimation observer (TEO) is similar to the airspeed estimation scheme. Fig. shows
the overview of TEO. In F(Q, n), F is calculated by and (25). There are several ways to obtain £, but the proposed
method uses the linear relation between Cr and Cg as shown in Fig.[5(b)} Thus,

Cr =aCg +b, (29)
F = a2 +bpn*D? . (30)
D, p

The negative thrust controller is designed as a two-degree-of-freedom control and uses the estimated thrust £ in the
feedback controller. Fig. [A(a)]shows the block diagram of the controller. The effectiveness of TEO and negative thrust
control is verified by a simulation and wind tunnel test.

The simulation model uses the parameter of APC propeller 11 x 5.5 propeller. D, and T, are assumed to be zero in
this simulation.
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Fig. 4 (a) Negative thrust controller using thrust estimation observer [14]. (b) Disturbance observer (DOB).
(c) Thrust estimation observer (TEO).

The step response and the tailwind disturbance response are shown in Fig. F' is the estimated thrust, which is
controller feedback. F is the real value. V was 7ms~!. The thrust reference was exponentially changed from —1 N to
—1.2Natt = 1s,and V was changed to 6ms™" atr = 4. Fig. shows that the proposed method achieved 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%.

Fig.[5(d)| shows the step response of F. The thrust reference was exponentially changed from —0.82N to —1.32N at
t=2s. Fisthe output of the thrust estimation observer, which is the controller feedback. F is the real value of the
thrust measured by the load cell. Fig. shows that the thrust estimation observer achieved accurate estimation, and
the negative thrust controller achieved a quick response.

VI. Descent Angle Control

In this section, the descent angle control method is proposed. This method is unique in that only thrust is used to
control the pitch angle. Conventional aircraft usually use mechanical air brakes or elevators to change the descent angle,
and the thrust is not used actively to control the attitude. However, by taking advantage of electric motors, EA can
actively change their thrust. Therefore, the proposed negative thrust control enables not only power regeneration but
also high control performance of their attitude.

The block diagram of the descent angle (pitch angle) controller is Fig.[f] Note that this paper focuses on the pitch
control, and an outer loop should be added to control the descent path. The proposed method consists of a pitch rate
controller and a pitch angle controller.

The remainder of this section focuses on the controller design and the simulation of the proposed method for
Diamond Aircraft HK-36 TTC ECO. The picture of HK-36 TTC ECO is shown in Fig. [/} and the simulation parameters
are shown in Table[2] These parameters were theoretically estimated from flight tests [I6H18]. The estimation formulas
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Fig. 5 (a) Step response of V. (b) The relation between Cp and Cr of windmilling APC propeller 11 x 5.5
[4]. (c) The simulation result of step response and tailwind disturbance response of F. (d) The wind tunnel test
result of step response of F.

are shown in Table[3][19]. ao was assumed to be very small. From (I3) and Table 2] the transfer function of the plant is

0 1.58x 10735+ 1.25 x 107*

— = . 31
AF  s*+3.96534+7.5652 +7.88 x 10715 +9.78 x 10! (D

A. Pitch Rate Controller
The pitch rate controller is a PD controller using a disturbance observer. The control input of the pitch rate controller
goes to the negative thrust controller shown in Fig. Regarding AF* and AF,

F* = Fo + AF*, (32)
F = Fy +AF. (33)

First, disturbance observer was used to nominalize the plant to P, (s) [21]. From , the transfer function of the
real plant from AF to q is

1.58 x 107252 + 1.25 x 1074
P(s) _ 49 _ X s+ X s . (34)
AF 5% 4+3.9653 +7.5652 +7.87 x 10715 +9.73 x 10~
The transfer function of the nominal plant is
1.58 x 1072
Pn(S) = s—2 (35)
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Fig. 7 Diamond Aircraft HK-36 TTC ECO [20].

However, since the negative thrust has a lower limit depending on airspeed, anti-windup has to be considered. This is a
critical issue of the regenerative air brake. Therefore, a saturation was placed in the disturbance observer as shown in Fig.
[l The calculation of the lower limit is as follows. First, apply a linear approximation to the relation between J and Cr.

Cr =acrJ +bcr, (36)
o F = (acrJ +bcr) pn*Dy, = acppD3Vn + beppn® Dy, (37)
Then, calculate the value of n.,;, where F is minimized at constant V.
oF

e - =0, (38)
S Amin = Zb_zTcng. (39)
Note that acr is a negative value. Finally, calculate the thrust lower limit Fy,j, from npy;y.
Funin = acrpD3,Vimin + bep pngyn D5, (40)
The upper limit is determined by the specification of the motor.
The PD controller was designed to the nominal model P, (s), and the poles were placed at
wg = 10rads™. 41)

B. Pitch Angle Controller
The pitch angle controller is a proportional controller. If the pitch rate controller is fast enough, the transfer function
from g to 6 is

g 1



Tab. 2 Diamond Aircraft HK-36 TTC ECO parameters.

Parameter Value Unit
mass m 8.00 x 10° N
wing area S 1.53x 10 m?
wing span 1.63 x 10 m
length 7.28 m
propeller diameter D, 1.75 m
inertia Iy, 1.60x 10 kgm?
chord ¢ 1.00 m
air density p 1.20 kgm™3
trim pitch angle ®g -3.00 deg
trim velocity Uy 3.00 x 10 ms~!
trim thrust F{ 1.48 x 10 N
X, -3.54x 1072 57!
Zy, -6.52x 107! s7!
M, 0 m~!s!
X, 8.07 ms2
Za -445%x10  ms™?
M, -4.58 s72
Mg -5.82x 107! s7!
Xy 0 ms~!
Z, -8.87x 107! ms!
M, —-1.88 7!
The poles was placed at
wg = lrad s7h, 43)

C. Simulation

A simulation verified the proposed method using the parameters of Diamond Aircraft HK-36 TTC ECO. The
simulation considered a descending aircraft; therefore, the trim pitch angle was set to —3 deg at Uy = 3.00 x 10 ms~!
and Fp = 1.48 x I0N.

The simulation results are Fig. 8(a)l-Fig.[8(d)] Fig.[8(a)]shows the step response of the pitch angle, Fig. [8(b)| shows
the reference and output of the pitch rate controller, and Fig. shows the control input. As seen in Fig. the
response is quick enough for an aircraft. Also, in Fig. the control input was saturated, meaning the anti-windup
controller is indispensable.

The comparison of the proposed method and the conventional air brakes is shown in Fig. [8(d)]

Fig. [8(d)| shows the descent path of the proposed and conventional methods. The proposed method uses the descent
angle controller, and the conventional method uses the mechanical air brakes. The control derivatives of the mechanical
were estimated from the flight test [16]. The mechanical air brakes change the airfoil and reduce L/D. When the
mechanical air brakes were half opened, the L/D is reduced to 10.54, and when fully opened, it is reduced to 7.17.

Since the mechanical air brakes usually do not have their actuators, only the choices of open, half-opened, and
closed are available. Thus, in the simulation, they are half-opened when the aircraft is at a certain distance from the
target path and closed when it is on the target path. To be more specific, the mechanical air brakes were half-opened at
X, =0.9m, and closed at X, = 1.65m.

The conventional method descends a zigzag path because the mechanical air brakes cannot be controlled continually.
However, the proposed method takes advantage of electric motors’ high control performance and follows the target path.

10



Tab. 3 Estimation and transformation formulas of stability derivatives [19].

Non-dimensional Stabilit
. o Estimation Formula ) ‘y Transformation Formula
Stability Derivative Derivative
C., ~2(Cr tan® + Cp) X, £005 (Cy, +2C1 tan @p)
UoS
C,, 0 Zy, 2= (Co —2CL)
UoSé
Cmu 0 M pyzyc Mu
Uzs )
Cy, CL (1 - 27%;‘ ) Xo pm(jl (Cx,, +2Cy tan ag tan ©)
Uzs
C, -Cy, Z, 2= (C,, —2C tan )
* 3k UZS C
Cing aW{(h_hnW)_Vhs_; (1 - [g_fz]o)"'vfus %} Mo pz+yyccma
wl - UoS
Cong —2V g [%]o Mg p4})y; mg
UoS
Cxq 0 Xq p4/(i/[ i Cxq
C, -2Via, Z e,
" UopSé?
Cong 2V %al My 94})”6 Con,
Cr, aW{1+5_;% (1_[%]0)}

VII. Various Propeller Pitch Angle

[12] attempted to use windmilling propeller as a substitute of mechanical air brakes. However, [[12] concludes that
the mechanical air brakes can not be eliminated since the negative thrust is not large enough to follow the motor glider
guideline. The wight and drag of the glider are about 8000 N and 400 N. The negative thrust at constant pitch angle is
about 300 N; therefore, the lift—drag ratio L/D can be reduced to about 11. However, according to the guideline of
motor gliders, L/D must be lower than 7 when all the brakes are on. In order to solve this problem, the use of wide
range of propeller pitch angle 8 should be discussed by using variable pitch propeller. Hereafter, 3 is the constant pitch
angle when cruising, and A is defined as the difference from gy in the direction where 8 increases. Therefore,

B=PBo+Ap. (44)

Propeller characteristics at A = 180 deg, which have never been discussed, are measured. Hereafter, A = 0deg is
called normal pitch, and AB = 180 deg is called opposite pitch. The relations between n and F of APC 8§ X 4 normal
pitch at V = 5.6ms~! is compared to that of opposite pitch in Fig. Also, the relations between n and P of APC
8 x 4 normal pitch at V = 5.6 ms~! is compared to that of opposite pitch in Fig. As shown in Fig. E], the opposite
pitch produces about 2.2 times larger negative thrust. This suggests that the use of opposite pitch has a potential to lower
L/D and eliminate the mechanical air brakes. Regarding the efficiency, if the regeneration efficiency 7 is defined as

P

Valk (45)

7]:

the opposite pitch propeller has 1.2 times better regeneration efficiency.

VIII. Conclusion

EA 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 windmilling
propeller. In this study, the descent angle control method based on the negative thrust controller was proposed. In
addition, it was discovered that the use of opposite pitch has a potential of eliminating the mechanical air brakes. The
effectiveness of the proposed methods was verified by simulations and wind tunnel experiments.

Future works include auto-landing control and optimization of descent path to maximize the regeneration energy.
Also, the regeneration capability of reverse pitch and other pitch angles can be tested and discussed.

11
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and F,. (d) Descent paths of conventional and proposed methods.
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