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Aircrafts are desired to be more energeticaliyogent and safer due to the increasing demand of air transportations.
Generally, business airplanes tend to have low stability under wind disturbances especially during landing. Due to
electric motor’s high performances among motion control compared to internal combustion engines, electric airplanes,
in which electric motors are used for propulsion, can satisfy the demands of ficierey and safety. In this pa-
per, by utilizing electric motors’ advantages, lift control method using propeller slipstream as well as thrust control is
proposed. ThefEectiveness of the proposed method is verified by simulations.
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1. Introduction V
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1.1 Background Recently, due to global warming
and oil price pumping, hybrid electric vehicles (HEVs) and
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electric vehicles (EVs) have been wildly developed among ain propeller .1, propaler P
the automobile industry. Due to the increasing demands of ) _ )
. . . . (a) Propeller (b) Thrust and wind speed, air density.
air transportation, aircrafts are also desired to be more energy diameter
efficient® @, '
Electric airplanes (EAs) are believed to be a solution to- Fig.1. Definitions of the parameters.

wards these problems by the utilization of electric motors
for propulsiorf® ®. Apart from the environmental benefit,

motors have the following remarkable advantages Compareoconventional internal combustion airplanes, because that the

with internal combustion engines (ICES). weight of the battery-powered EAs does not change through
« Response of motor torque is much faster than that of flight while the fuel-powered conventional plane become
ICEs. lighter as oil have been combusted.
« Distributed installation and independent control are easy. /e have proposed a lift control system adapting the slip-
e Motor torque can be measured precisely from motor cur- stream of propell_ers on the wiffy However, this control
rent. method does not include thrust control which can cause fatal
Furthermore, as the technological exchange between théccident when the airplane received back wind. Furthermore,
automotive and the aviation industry have been very active, € control system creates an ineligible thrust change while
the highly developed motion control theories in the automo- actively changing the revolution speed of the propellers on
tive industry can be adapted to airplanes. the wing, causing a fatal acceleration while landing. In order
There are some studies on safety afitiency control for to solve the problem, this paper proposes a vertical and longi-
EAs by utilizing these advantages, among some of which tudinal force concurrency control method using independent
EAs with multiple motors and prope,IIers are selec@édl control of motor torque to of propellers on the nose and the
1.2 Objective  Including EAs, present airplanes are wing. The proposed method can be applied to an airplane th.at
designed to give higher stability and controllability. The Nas three propellers. In the future, the proposed system will

thrust and the lift are the essential factors that must be con-P€ néeded for a vertical and longitudinal velocity control.
ItroI(Ije.d, in order to prevent accident during approaching and 2. Modeling
anding. . _

However, landing weight of EAs are larger than that of To design the lift and thrust concurrency control system,
the plant model should be discussed. First, the model of pro-

a) Correspondence to: ikegamil5@hflab.k.u-tokyo.ac.jp peller and its slipstream are explained by using fluid dynam-
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airplane longitudinal velocity and air densify, is defined as
propeller diameter as shown in Fig. 1(a)is defined as pro-
peller revolution speed. Advance ratlds defined by Eq. (1).

Vx
J= :
nD,

(1)

Then, thrus¥ generated by propeller revolution and counter
torqueQ can be calculated by Eg. (2),(3).

F = Ce(J)pn’Dj, 2
Q = Co(J)pn*D3, (3) Fig.2. Position of main and sub-propeller.
where,Cr(J) andCq(J) are non-dimensional céicient of Q
thrustF and counter torqu®. Generally, both of them is a Propeller

controller
T

function of J. Jis a function ofn, soCg(J) is also a function
of n.

2.2 Modeling of propeller slipstream speed When
a propeller rotates and creates thrust, propeller slipstream is
amplified with an increase of airspeed. The aerodynamics of
propeller slipstream is studi€d®. In this part, the model of
propeller slipstream is introduced.

V, is defined as wind speed the crossing rotational surface
of propeller andvs is defined as the wind speed of the pro- Sw = 2Sp + Sp. 9)
peller slipstreamP,, is defined as the atmospheric pressure, . : . .

Ps is defined as the pressure at the front of the propeller, and .CL andCp |s're§pect|velylllft and drag cdiecient deter-.
P, is defined as the pressure of the rear of the propeller. mmgd by the alrfo_|l of the wing or angle of attack. Total lift
Eq. (4) and Eq. (5) are calculated by the Bernoulli’'s princi- La is the summation of the lit o, Created by thés, area.

ple. Eg. (4) shows the balance of the infinite distance aheadThe liit L, created by th&, area as .Eq' (10). .
to the front face of the propeller, and Eq. (5) shows the bal- In the same way, the total drag, is a summation of drag
ance of the rear face of the propeller to the infinite distance Dprop Created by thes, area and dra@, by created by the

Fig.3. Propeller revolution speed control system.

of behind. Sh area as Eq.(11).
1 1 _
EPVf +Ps = szS + Py, (4) La Iin + 2L prop )
1 .5 1., = EpCLSnV)% + EpCLSpvg, (10)
5PVp + Pr = 5pVs + Peo. (5)

Da|| = Dn + 2Dpr0p
Thrust can be interpreted as the force on the propeller
caused by the air pressurdfdrence between the front and
the rear face of the propeller. Eq. (6) is obtained as propeller
thrust can be calculated by multiplying the disk-area of the 3. Controller design
propeller to the pressureftirence.

1 1
E,ochnvf + E,ochpvg. (11)

In this part, lift and thrust concurrency control is proposed.
The proposed method needs high-performance propeller rev-
olution speed control system. First, the revolution speed con-
troller including counter torque observer (CTO) is explained.
Second, multi-input multi-output (MIMO) system for lift and

1
F= 21an)(Pr - Py). (6)

Eq. (7) can be obtained by Eq. (4)—(6).

I TAYA 2 thrust is proposed based on the characteristics experiment.
F= épVxDp (V_) -1 (7) Finally, the controllers of MIMO system is designed.
X 3.1 Revolution speed controller Equation of pro-

Then, the model of propeller slipstream can be rewritten peller motion is expressed as

as® .
3 2tdph=T - Q. (12)
Vs =Vyi4/1l+ =Cpg(J)J2 (8)
4 whereJ, is defined as the inertia of the propeller. If mo-

23 Modeling of wing aerodypamlcs_ In th's Paper, — oy torqueT and revolution speed are measurable, counter

It s as.sumed t_hat an airplane is equipped W'th three Ioro'torqueQ of the propeller can be estimated by disturbance ob-
pellers: tW_O bigger sub-propellers on b(.)th WwIngs and a server named the propeller counter torque observer. By using
smaller main-propeller on the nose shown in Fig. 2. that, the plant is nominalized as Eq. (13) at frequency ranges

Sw 1 d(_afined as the total main_ wing area, SH,jS d_efined below the cut-& frequencyw, of the low pass filter (LPF)
as the wing areaffected by a single propeller’s slipstream

while S, is defined as the wing area ndfected by propeller 1

slipstream. Thus, the equation below holds Prom = 21,8’ (13)
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1/2
%_‘ Lau
1/2
Left wing system
F* Fau
main system

Right wing system

The revolution speed controller is designed by proportional
controllerc, shown in Fig. 3. The gain of, is decided by
pole placing atv,. Then, the transfer function from revolu-
tion speed referenad to revolution speed is expressed as
Eq. (14).

n wn

= — = . 14
Gn N S+ wp (14)

Here, the gairt, is calculated by Eq. (15).
Cn = ZﬂJpa)n. (15)

3.2 MIMO system In this paper, the object is simul-
taneous control of thrust and lift by the propeller. Therefore,
a multi-input multi-output system is proposed (Fig. 4) due to
two target values for simulation thrust and lift.

The accent means the reference input. The subscripts
r/l means lefright. The blocksc, , are reference models "
for feedforward controller. The blocksy,, is the feedfor- <
ward controller, The blocks,,, andc; are the feedback con-
trollers. The Rev blocks in Fig. 4 are revolution speed con-

trol system shown in Fig. 3. The blocks,,, are the transfer " it

functions from the revolution speed of sub-propeller to the lift

caused by inpstream. The b|0Qkﬁ,/| are the transfer func- (a) Revolution of main-propeller.  (b) Revolution of left-propeller.

tions from sub-propeller to the thrust. The blaglk is the

transfer functions from main-propeller to the thrust. Finally, 5

the blocksys»,, are the transfer function from main-propeller as

to the lift. A
The slipstream of main-propeller interfere to the lift. Inter- “-“ i

ference of main-propeller is experimented using wind tunnel = i tiongit

shown in Fig. 5. The propeller APC %00 is used for the g

sub-propeller and APCxX7L0 is used for the main-propeller zz

in this experiment. The main-propeller is fixed at in front oa

of airplane model in the wind tunnel and changed the rev- a2 e propeler APCTx0

olution speed reference like Fig. 6(a). The sub-propeller is al . o SRR

fixed at the left wing of airplane model in the wind tunnel Time{s]

and changed the revolution speed reference like Fig. 6(b).

The wind speed set at 10/snand the angle of attack of the

airplane set at 7 deg. The variation of the lift is measured.
The characteristics experimental result shown in Fig. 6. In Fig.6. Interference by main-propeller.

this experiment, the sub-propeller is fixed at only the left

wing. When 2 sub-propellers are fixed at both wing, the vari-

ation of the lift from O rpm revolution speed should be twice neglected angi, can be put as Oy, = 0).

bigger than what the Fig. 6 has show. Thus, the change of lift 3.3 Lift controller and thrust controller Lift con-

caused by the slipstream of the main-propeller is much smalltroller consists of a integrated feedback controller and the

than that of the main wings (as shown in Fig. 6(c)). As a re- feedforward controller. The propeller performance has been

sult the lift caused by the main-propeller’s slipstream can beresearched for yeafs®, however the propeller analysis

(c) Lift variation caused by main-propeller and
sub-propeller.
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model is not available. In this paper, the propeller model Table 1. Poles of pole placement.
is built by linearization using experimental dat&€ can pole | value
be quadratically approximated using experimental data as
Eq.(16)°.
Cr(J) ~ac, J? + b J + ¢, . (16)
Then, Eq. (17) is derived from by Eq. (8), Eqg. (10) and
Eq. (16). Table 2. Parameter of airplane and propéfler
Lprop = aLn? + 8N+ vy, a7 parameter | value | dimension
where, ) 123 kg/m?
4 S, 0.440 m?
_ 2 o 058
aL = ﬂ-CLpSSCCFDP’ Dj, of main-propeller, 0.178 m
4 Dy, of sub-propeller 0.254 m
BL = —CLPSstbCFVx, Jp of main-propeller | 0.000156|  kg-m?
s Jp of sub-propeller | 0.000213| kg:m?

1 8
YL = ECLpSS(;aCF + 1)V)%

Eqg. (17) is defined as functiof (n) = a.n? + BLn + y.. 4. Simulation
Eq. (18) can be obtained from Taylor expansion of Eq. (17)  |n this part, the simulation of proposed method has been
atnnom for linearization. done by using MATLABsimulink. Two kinds of simulation
fL.(N) = (221 Nnom + BN + LN + BLMom + yL.  (18) have been done to verify thdfectiveness of the proposed
control system.
¢ A step lift reference from 14 N to 16 N assuming the
situation that a lift increase is needed during landing.
¢ A step thrust reference from 10 N to 11 N assuming the

From Eqg. (1) and Eq. (16), Eqg. (2) is approximated to
Eqg. (19). And Eg. (19) is defined as functidi(n) =
a,:nz +,8|:n + YE.

F =~ apn? + BeN+ ¥, (29) situation that a thrust increase is needed when hit by a
where, tgilwind. _ _ N _
4 Consider the airplane is cruising at airspeed/3.rithe poles
ar = pCc: Dy, of controllers are shown in Th. 1. The simulation has used
BF = pbc, D%Vx, propeller APC 1&10 as the sub-propeller and AP&I0 for

_ D2\/2 the main-propeller. The performance of the propellers at the
YF = paceDpVx: revolution speed 5000 rpm are shown in Fig. 7 and Fig. 8.
Using fe(n), g21 andg,, are approximated as Eq. (21) and Fig. 7(a) and Fig. 8(a) are the thrust foeent curve and

Eq. (22). its approximation curve whose parameter is shown in Th. 3
g11 =fL.(ng), (20) and Tp. 4. Fig. 7(b) _and Fig. &_B(b) are the counter torque
~f 21 codficient curve and its approximation curve what param-
921 = frap (M), (21) eter is shown in Th. 3 and Th. 4. The simulation parame-
922 = fr g (Nm).- (22) ters are shown in Tb. 2—4. In this simulation, it is supposed
The controllerc; for the lift in Fig. 4 is designed as Eq. (23) that theS, is half of S,. Here, thrust and counter torque
placing the pole ad . codficient characteristics are quadratically approximated as
wL Eqg. (16) and Eg. (27) using the experimental data shown in
=5 23 i i
©1 = Sarne 50 (23) Fig. 7 and Fig. 8.
Due to the delay of the system, feedforward controller Co(J) = ac,J? + beyJ + Cey. (27)
needs reference modg) designed as Eq. (24).

w, The integral controller is designed es = 28/s. To com-
9= gr o (24) pare motor and engine, the MATLABiImulink sample file
g sldemaenginewc.slx is used as the engine mdéelThe in-
From Eq. (20) — Eq. (22), the equation of the MIMO sys- put of this engine model is throttle angle, and the output is

tem can be expressed as Eq. (25). revolution speed of shaft. The gains of revolution speed con-
Lai = Ln + 2 (Gn - %) (25) f[roller are Qesigned as proportiona}I gain equal.&BM and
Fai = fray(Gn - M) + TFran(Gn - M) integral gain equal t0.0723. The integral gain of lift con-

Then, the feedforward controllecs; is designed as trol by engine is % and the integral gain of thrust control by

. engine is 5.
Eq. (26) using reference model Eq. (24). The simulation results are shown in Fig.9 and Fig.10.
~ 99 g1 26 Fig. 9 shows the response of a step lift reference. Fig. 10
Ctt L. (L) (26) -
Gn shows the response of a step thrust reference. Fig. 9(a), 9(b)

Supposing the convergence of the revolution speed con-and Fig. 10(a), 10(b) are comparing motor (red dash line) and
troller is fast enough, the transfer function frathto n can engine (black chain line).
be regarded as 1.The constant temmﬁom + BLNnom + YL IS From Fig. 9(a), the lift is controlled and the response of
canceled out by the feedback controller. motor is faster than that of engine. The thrust has kept the
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Table 3. Coéicients of main-propeller.

codficient| value 16 ;

3 ) 3 0
times] times]

Table 4. Coficients of sub-propeller.

codficient | value

(a) Response of lift. (b) Response of thrust.

ﬁ

|

thrust[N]

revolution speedirps]

0.025 25 30 35 40 45 50 25 30 35 40 45 50
time[s] timels]

(c) Revolution speed of each
propeller.

(d) Thrust of each propeller.

0015
»

001

Thrust coefficient
Counter torque coefficient

0.005

Fig.9. Simulation results of lift and thrust control sys-

. tem for step lift input.
Advanie ratio 0 o /\dvanis ratio ° :
(a) Thrust co#cient (b) Counter torque cdgcient 2 12
Fig.7. Propeller performance of APKQT0® o e
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Fig.8. Propeller performance of APC200*®

revolution speed[rps]

3 [ 3 s
time[s] time[s]

target value by feedback. The main-propeller compensates
the change of the thrust along with the change of the lift ref-
erence. In Fig. 9(b), when using the motor, thrust variation is
slightly smaller than when using engine, and the time needed
to converge the reference value also becomes faster than that
of the engine. When the lift reference changes, the controller
increases the revolution speed of sub-propeller and decreases
the revolution speed of main-propeller for keeping the thrust
constant shown in Fig. 9(c)-9(d).

In Fig. 10(a) and Fig. 10(b), the lift remain constant and
thrust created by motor is controlled faster than that created
by engine. It is shown that the main-propeller has compen- This paper proposed a vertical and longitudinal force con-
sated the thrust variation and kept the lift at the lift refer- currency control system using propeller slipstream. In this
ence. When the thrust reference changes, this system inpaper, the MIMO system has been built. Further more
creases only the revolution speed of the main-propeller forthe experiment has been carried out to decide whether that
increasing the thrust keeping the lift constant as shown inthe lift caused by the main-propeller revolution can be ne-
Fig. 9(c)-Fig. 9(d). glected. According to the experimental result, the lift caused

From the above, thefiectiveness of proposed method is by the main-propeller revolution can be neglected. Com-

(c) Revolution speed of each
propeller.

(d) Thrust of each propeller.

Fig.10. Simulation results of lift and thrust control sys-
tem for step thrust input.

verified.

5. Conclusion
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paring the lift caused by the main-propeller revolution and
the lift caused by sub-propeller, it is found that the interfer-
ence between the main-propeller revolution and lift is small
enough. The interference between main-propeller revolution
and the lift can be neglected. Then, the simulation of pro-
posed method has been done and compared to that of engines.
The dfectiveness of the proposed method is verified by sim-
ulations.
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