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Fig. 2.1: A flying car developed by SkyDrive
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Fig. 2.2: A flying car developed by NEC
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Fig. 2.3: A flying car “EHANG216” developed by EHANG
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Fig. 2.4: A flying car “CityAirbus” developed by Airbus

Fig. 2.5: Single rotor UAV equipped with a 2-DOF titable coaxial rotor

TARMDED . UTTIE2EKIEE—XIZ2 HRERZEF L MEEEZ T2 2
YIZEkoT, ZOMERERETS.
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Fig. 2.6: Tandam rotor UAV equipped with two 2-DOF titable coaxial rotors
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Fig. 2.7: Ospery style UAV equipped with two 2-DOF titable coaxial rotors

Fig. 2.8: Tri-rotor UAV equipped with three 2-DOF titable coaxial rotors
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Fig. 2.9: Quadrotor UAV equipped with four 2-DOF titable coaxial rotors
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Fig. 3.1: Coordinate systems related to a fully actuated single rotor UAV robot
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7L, BT IV RE—ZDOEREE R @, j=1,2(X3.1%22) 35 .4 H
HERZF L M Z2EBERIET — X DR MV Y Tioordngi FATD X 1725,

Trotor,drag,i — [0 0 <_1)ka@ﬂT (39)
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Or—XDHEEENIIEE L TELT, bbEA3AT—XDEREEER TS
HARETH S L (BIZIF, TE—RDEHLZ A F I 7 ZARFR LI WO Lk yx
i), RIKRE—2H2 VI —XDEMEZEERE LY v 4 BIRZIM DAL Z &
HARETIEH S. Lo L, RIFFETIE, ZOO5DREINNIVWE LTUTTIEE
&L, KDffifERETALZIKD.

[EILIREE)

Za— Y oA A T—EEHVT, 2ERIZT — X —DFEERIIBWT, 4 HHE
AJZEFIL M Z 2 ERKIER —RICX > THERINS LY 7p ZRD XD ITRT.

2
TP = Z (IlePl + wp, X IP,'wPi + 7'rotor,drag,i) (311)
i=1
72720, Ip 34 HHERZF L MIZ 2EKIR — XK —XDEEE—X ¥
FTHBETH. T, a4, =0,6;,=0,8=0,05 =0FRETII, 4 HHEA
EF L IMIZ2ENRIET—XDY ¥y A iR e F v L322 eDA[EEICRD,
BT K ML DADERBERE D,

0
Tp = 0 (3.12)
(_1)ikm@i2
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Fig. 3.2: Coordinate systems related to a single rotor UAV robot
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Fig. 3.3: Hovering
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Fig. 3.4: Translational motion in X-axis direction
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Fig. 3.5: Translational motion in Y-axis direction

Fig. 3.6: Translational motion in Z-axis direction
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Fig. 3.7: Rotational motion in 1) angle
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Fig. 3.8: Simplied 2 DOF coaxial rotor unit
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Table 3.1: Parameters of the UAV with a single 2-DOF tiltable coaxial rotor

Parameter | Description Value Unit

g Gravitational acceleration | 9.800 m/s

m Mass 0.840 kg

h Distance 0 m

Ig,, Roll inertia 0.010 kg - m?

Ip,, Pitch inertia 0.010 kg - m?

Ip.. Yaw inertia 0.006 kg - m?

k¢ Thrust coefficient 1.956 x 1077 | N/(rpm)?
km Drag coefficient 4.802 x 107? | Nm/(rpm)?

34 =al—I3y

QHHEF L MY E 2ENIET — X DFEARREEZER T 27720, H—0D2 HHE
AIEF )L M & 2 BRI — X 2D UAV OfIE L I — A= iTwv, ETR
L7-HllH#s% Z ZCHEHTS. £/, BUE> I 21— a3 U ChEE I —ADH
HEEBETEZ L 2HRIET 5.

34.1 HuEERERE

ZZTE, H—02 HHERZF L M Z 2 EHKine — X 2D UAV O E
(z,y,2) Ol#IZ UAV @ 3 ZITZEE T OHLEE/RS I 2 L —> a Y THEET 5. 3
RICZEEC O BREHE X (t)=[xq(t) ya(t) z40)]T EZLT DX S ICHET 3.

rq = 0.5sin (gt)
ya = 0.5sin (t) (3.35)
zg = —0.6 — 0.4sin (§?)

72720, tI3REERT. ¥ I 21— 3 ToOUAV OFHPIREEX, UAV D&
DBIEMRELMEET 2 7-DI2 X =0 0 0T ICRRET 5. K31WE¥Ia2L—ra
YTHOLRZO—ZDYFHART X —REZRLTWAS.

/2T 4= KRNw 754 E K, = 100.0, Ky =100.0, K, = 100.0, K4 =
30.0, Kg =300, Kgi3=300THDH, ZHoIFFAITEHRICEDRDT.

X 3.9 I3HUEBREY I 2L — 3 X I2BIF3 UAV MEBOREZRLTWAS.
K310EF L Hak BOIREERLTVWS. K3 I11IKIXAIEF L MIE2EK
i — X DEFSEEDIEEEZRLTWS. T2, K 3.12 1% 3D 22/ TO#Z R
LTW3s., ¥Ial—rayfRhro, R LA PDHIEER, &K UAV OfER
IXENTH 3 2 e DRI T,
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Fig. 3.9: Position control responses in trajectory tracking of a single rotor UAV
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Fig. 3.10: Tilted angles in trajectory tracking of a single rotor UAV
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Fig. 3.11: Rotational speeds of rotors in trajectory tracking of a single rotor UAV
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Fig. 3.12: The trajectory in 3D space of a single rotor UAV
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Fig. 3.13: Controlled position z in trajectory tracking of a single rotor UAV
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Fig. 3.14: Controlled yaw response in attitude control of a single rotor UAV
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Fig. 3.15: Rotational speeds of rotors in attitude control of a single rotor UAV
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EETELT 5. —F, 360 EDF L MEMTIX 2 ERIED—XDE vy FAEIX
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2-DOF tiltable
coaxial rotor 2

2-DOF tiltable
coaxial rotor 1

Fig. 4.1: 3D model of the proposed UAV robot
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WREOF LM o, & ;13085 5. o OHEIFIX [-2,2] THD, 5, OHIFHIX
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Ot E, WIKEBIEER Fp H bR Fy NDEHEITH VR 1ZLLTD XK 5
12725,

clcyp  spshc) — copsiy  copsbeh + spsip
YR =Rz (Y)Ry (O)Rx () = | cBstp spsbsp + cocp  chshsi) — spcp | (4.1)
—s6 soch coch

ZZT, cAldZcosA, sAlIsinArd 5.

X 43122 EKInR —XEF )L b XH 5K, AJRERF L MADOE(LDRETFERT.
0 — X FEAERD Yp, #iE] D OAE B, TOF L b EK 43() IRL, B—XEEER
D Xp, BHEI D DARE o, TOF L b ERK43(0b) ITRT. B—XD 7L — L ik
R T 2720, 01— XOEHRIERIE P — X EERD Yy, #-Xp, I TH 2. 2O
X, Fp, 220 Fp NOEHRITH PRp, ZAT DX 51272 5.
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Fig. 4.2: Coordinate systems related to a tandem rotor UAV
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DFER Op, DEIDHHETH 5.

i HEHOREF L MIE 2 ERIRT — X OfHE wp, & Z DHIEE wp, 1ERD
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{wﬂ = lan 51 @ =] (4.5)
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ZIT, 77 VAE—XDOEEER w;, j =1,2,3,4(K42%22R) 52
HIFREHO 2 HHERMZAZF NV MIZ2ERIEA - XD ML Ty AT D XS
12723
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m\*~2
—92 —o\1T
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(b) Rotate around the Xp,-axis of the rotor

Fig. 4.3: Visualization of possible orientation of the rotor around Yp, and Xp,
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Fou M & 2 BRI T — X OHESE Tty (K42 ZSH) BLLT O X 51272 %

{ T1thrust,1 = [O 0 - kf((;)% + w%)]T (4 7)

T;hrust,Z = [O 0 - kf(a)g + QE)F

72120, k> 037 aRTOHENRETD 3.

43 FHEETILOEH

Ryll & @OGD - Morbidi & “® B X tf Kamel 5 @ OWHFLIZHEL, 2R L 72 UAV
DETHYETNZEMNT 5.

4.3.1 [ClE5ESH)

Za— b Y FATFEEHWT, 2ENER—X—DEERIZBWT, 2HH
EREF L MIE 2 ERIEO — XIS K > TERIND MUY 15 BERD X 5K
3 60,

Tp, = IdePi + wp, X IP‘-UPZ» + Tdrag,i (48)

7270, Ipld2 HHEZF L Mt Z 2ERKIED — X OEHE—X Y FTH 3.
FBREERICBWT, A4 7 —0EHHFEREHEHT 2 2, UAV OMAHE w;
BT ko1ck 5.

Igwp +wp X Ipwg = 78 + 1oy (4.9)

ZZTC, IgdtikoEEE— X THD, ANt EBrL, EETAL
NELZ 1o &5 5. FFETMEANELZEHT 2, 7oq =02k, EXOHLZ
ROES B TEDALLS.

TB = Tthrust T Tdrag (410)

2HMERIZF NV MIE 2B RIET - X DK MV ZIZE D MV Thg ERD X 5
2725,

2

Tane = Y (PRp,7p)) (4.11)
=1
2 HEERIAF L MM & 2 BRIR T — X OS] Tiusei 18K 2 PV T 1ERD &
12755,
2

Trst = Y (POp, X " Rp, Tipmust ) (4.12)

=1

35
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BT ko1t 5.

2
fB = ZBRP,L-T’thrust,i — [Ff FyB FZB]T (416)
flifm, HAEEER Fu icBWT, BIEONEEZ P =[ry 2 L LTEXT 2L,

A @4.15) & (4.16) 2T 2 Z T, IR EEEROE) 1% €7 MIXK TR
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i o] FP
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5. 12770, w & wo B2 HHENZEF L MIZ 2ERKER—XD T 7L R
E—RE 1D RB LA ZOEEEETHS. (72, @, =0, ¢; =0, 5 =0,
Bi=0tRETZILT, 2HHEAZLF L MIZ2ERIER—XDa Y F ) 1%
Dx AR EEAT LI NAREICR S, £ LT, UAV Ol 27 4156 A
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[fB] —Qkfag, — Qk}fag (4.18)
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441 EEBFILIE

Z 2T, Xu b O @ THSRICHE, BHE ML ZIEOENZITS . EEGIE
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X=f (X) +g(X)U (4.19)
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72721, g(X) € RS, My, =diag(Is,,, Ip,,, [5..) £ 3 5. £/, FHEATHIY Ry
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ZPEfi~=— a2l — X YOflENCHEON BEE ML 7 IETIE, —RICEERES
HiZBELRDZ ANETITRTIAZZHiIRE LTWS. 24U LT, R
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T EIWHEERIN V.
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@2 RHEHAL, RU2) 0 X L ANEZT, BORU19YOUICETE, X
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RA2ELN 5.
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Fig. 4.4: Block diagram of the proposed computed torque method
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r§ = cayef; - w?

a b b
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Fig. 4.6: Attitude control responses
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Fig. 4.7: Tilted angles of rotors
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UAV OBUEBREBED S T 21— a YIZBWTIE, HEHEE LT X,(t) =
[24(t) ya(t) za(t) 0 0 07 Zff 5. UAV OB & ZEDM /T DBHEMREE MEES
572912 X0 =1[000 7/40 7/18 n/12]T WK&ET 5. TD& = 3IXLZE/MTD
HEHLEZLI T DO X 5 ICRET 3.

\'l
11

rq = 0.5sin (§t)
ya = 0.5cos (5t) (4.34)
zqg = —0.6 — 0.4sin (g1)
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Fig. 4.9: Position control responses in trajectory tracking
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Vi = 58{81 (437)

Z ORI S 25 Vi ik
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YD, ke BRENIE R DI, REBBE 2 1355k HAZHE %
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Y45, ZIZT, ey = ag — oo EPRIHIEREZE, 3 IREEBGREX L, Z
DAY "M e, =0 & 72U,

Vi=—-elKie, <0 (4.41)

R0, VIIFPEERBERD, t 500 Tey RXTZ PADBELERD, Wk e
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AT v 7 2 ARREEEIGRAEZ B S, 2T
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1 1 1
Vo=V + 56562 = 561T61 + 56;62 (4.44)
ZOREMI Va2 B L
Vo=V +ele, (4.45)

Y725, R@440) XA RAHT 2L, VIZUTO XS IcEIN 3.

Vé =— eiK:lel + ele22 (4.46)
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ZIZT, Ky>0¢tLl, HEIANU %
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Fig. 4.15: Position control responses with backstepping control
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EFRIZ UAV ORATIAIZIE, BEOGOEELD X 5 REEONENELICER T 5.
AMETEEE RS54 TV RHOBEETNZHES I 21— a Y CHEHT 3. %
7z, EHE R 54 7 BT 7L COCD 13RI D & 5 I IERLRIE O G969 L
TERT 5.

Vo (t) = V24> VAQ® () sin (Ut + 1) (4.49)
=1

7272l V() IEEONRZ brTHD, VOIIFEFERERNRY ML (F7ITFREN 2
ML) THY, nXEEEOBTHS. AQ FFEFEKEOMBEERT. & (Q) &
R — 27 MVEEBB(PSD) TH 3. Q; & 0137 VX 2ISGEIN AL
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HPHIZ00H2TH2S. 2L —2ayiBWT, nld501CLT, AQ; % 0.01
W55, EET LI rIX, AQ, DEPERINEAE T VORBICHET L b
Thp. WmH, # HHFEDOEDPSDIIXD XS ICERINS.

,2L, 1

o, (Q) = 4.50
O = Loy 30
2
®, (Q) = UQﬁLL”Q)Q 4.51)

T (1+ (L)%
2
B, () = o2 Lw 13 (Lul) (4.52)

2w

T (14 (L))
BEWEE 2 (1000 7 4 — bRE) O5E, L, L, BXU L, I3EE, #, Hoze
BOEXDRr —)LT, XDXIIEIETES.
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(0.177 + 0.0008232) "

F72, 04, 0, BE W0, WFEESTW, MM, BXEHAMOELIRBETHH, X
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XY MBI RCERET S, Fe, PUNGEHHEXL 15 Tfa=D LT
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D = §pCdSV;ﬁ2 (4.55)
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E, SIESHEAER/TDH 3. 2R LT, UAV OMEMEEV, =V, -V 27 3.
2T, VLIXEGET, VIIUAVOEETHS. T2, V13K 4.49)~4.54) 25
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72 DERD XS IcEREIND.

Dm %pCdsm (vw,a: - l’)2
Dy| = | 1pC4S, (Voy — 9)° (4.56)
Dz %pcdsz (Vw,z - 2)2

FEL, §=18, 8, S.JT, Vi =[Vou Vi, Vo]l 5 5.

451 HE>IalL—aroER

AT, ¥Ialb—YarZ@E L TRET 2 HMPANY 7 27 v ¥ ZHilfH
(CBC) rEIE M2 (CTC) DIFEH T D 25D UAV (UAV1, UAV2) DPERELL
BEITS. 3R TOEHEHEIZLTD XS ITRET 5.

rq = 0.8sin (§t)
ya = 0.8cos (5t) 4.57)
zg = —0.6 — 0.2sin (§1)

72720, tI3REERT. ¥ I 21— 3 ToOUAV OFHIIREEX, UAV D&
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=4ThH?. ¥I2L—2aryTOH YV UIEIZ00s T3, ¥Ial—
> a v T, UAVI & UAV2 OEIFDENRZ b (F721F, BRENRZ L) %
Vi=[-361TLAE, K49WKFEERIATUVEBILETMVES EL
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Fig. 4.19: Wind velocities generated from under the Dryden turbulence
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Fig. 4.21: Position responses in trajectory tracking under the wind disturbances
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Fig. 4.22: Attitude responses in trajectory tracking under the wind disturbances
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Fig. 4.23: Tilted angles of rotors in trajectory tracking under the wind disturbances
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ELTER., 22T, A > 03ERDITHIRT X =%, V] (p, e;) DRFREICE S
V3% GaNEs
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= plAe +el (21y— o)
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L%, e R BENEEST-01T, BEEEE
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= —elKie +el(e +é)
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Fig. 5.1: Block diagram of the proposed robust backstepping control system
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Fig. 5.2: Wind velocities generated from the frozen Dryden turbulence model
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Fig. 5.4: Position responses in trajectory tracking with wind disturbances
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Fig. 5.5: Attitude responses in trajectory tracking with wind disturbances
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Fig. 5.6: Tilted angles of rotors in trajectory tracking
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Fig. 5.7: Rotational speeds of rotors in trajectory tracking
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Table 5.1: Root mean square error of the positions and attitude angles

States | RBC' | CBC | CTC
x 0.0382 | 0.0630 | 0.0925
0.0452 | 0.1293 | 0.1894
0.0197 | 0.0534 | 0.0802
0.0538 | 0.0647 | 0.0905
0.0538 | 0.0647 | 0.0905
0.0538 | 0.0647 | 0.0905

SIS RSN RN NS

T, ZHEEGFELBERFZ (RMSD) &, 188 L 7= RBC #lfHl#s, CBC fil{Has
BEIUPCTCHITHIZBRD T 3 —< Y A% T 27-DI1EH L. 7272L, RMSD
DERIIRDE ST o>TWVW5.

N AN\2
RMSD = ¢Ziﬂ%_@ (5.24)

N

CIZT, il TV IR ERDT TG A—RT, NiZvIar—rarHo
YT TRETHY, o ZBREOREEL HEEOR OERDRAETH 5.
By Ial—yaryRRoPERETHL. 511K, 2L L7 RBCHlfH
¥, CBCHIHIZREB KX CTCHIIER L D bEN AT+ —< A ZR L. TH
X, WSS CRIMBERE#H T2 b2, V77 JEKTEEDED ZEA
L7z7-ThsreEbhs.

55 ¥

CDETIE, BRIy 727 v ¥ 7L (RBC) &, 0 —X52HH
ERZEF L MEE RO v T ARl LT — I L CEA L. BBELOT,
124 L 7= RBC fill{Hlgs DENMEZ2 R T 72912, CBCHilfHlgsd X Of CTC g &
MEREHES T 272008 I 2L — a v & {To 1. FORR, IEX N/ RBC
HEERE, D2 OoDHELHEBLTEY AN N TH DL BHERLT-.
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R FILS 7 (Vector Shear) : 24U, EEICOWTOYIGED HHRDZEAL
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d, distance, x ft

m

Fig. A.1: A discrete gust model
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Fig. A.2: RMS turbulence intensities

e. 20,000ft L EDEFTIZOWTIE, EEDKE XL, RDD DD SR
HLENBE D LI

(1) Ve &2 B LT, 20,000 ft TD 66 ft/sec D EAS 725 50,000 ft TD 38
ft/sec D EAS \

(2) Viax F=HFIZEE LT, 20,000 ft TD 50 ft/sec D EAS 225 50,000 ft TD 25
ft/sec @ EAS ~\

(3) Vinax SRIFIZBAL T, 20,000 ft TD 25 ft/sec D EAS 5> 5 50,000 ft TD
12.5 ft/sec @ EAS ™\

f. 50,000ft ML EDEFTICOWTIX, 50,000 ft THEE X 317= S5l 72 22 HGH 1S
50,000 ft TOREHERKE I T 2 EHEDZEREEDILRDOFE TR TH 5%
B/ p/pso 2 HNT 5.

Al3 EBRERILETI

ZITE, TRTOHITIY —CARL— a VIZHHINZKKEBILOEST
NEHETS. VA4 Y Ry 7, 8RB L OREOHE TN L o INs 0D

76



Ug Vg Vg
Gy’ Oy’ Ow

Ug

NORMALIZED DISCRETE GUST MAGUNITUDE,

0 I I R R R | I I [ R R N R
01 0.1 1 10

NORMALIZED DISCRETE GUST LENGTH, %, 22, &2

Fig. A.3: Magnitude of discrete gusts
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Table A.1: Changes in direction of the mean wind speed over a given height change

LR SEI RO F7 AL N7 MILVS 7 DEE
(Disturbance Intensity) | (Change in mean wind heading)[deg] | (Height of vector shear) [ft]
Light 0 -
Moderate 90 600
Severe 90 300

LS

D74 AN BHIZ0NE R4 F Uy AOELRRET AMEDLN S, Y]
A —ILEiX, SEOEKE L TKASIIEZONS.

h
(0.177 + 0.000823h)"-2

L, = L,=
Ly, = h

72720, hix10 < h <1000 ft £ 3 3.
XN 2 ELLTEER, 0, = 0.1uy, BEUL o, EEBEDOREEE LTFig. A6
Tz Bb0,k 0, THS.

Oy Oy 1

Ow  Ow A2
0w 0w (0.177 4 0.000823h)04 (A2)

72720, hIZ1000ft AT &5 5.
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BEOELZIZEDLELNDE LI LBINTHHAIN S, ZEDOKE XI1IK AS
BIXOXKA6LOHEYIREEFEALT, KMA3ILLREXINIZ DL TS, 2&
ZEED EFZIRCEZXH D2 WVIIKREXTH BZHEZR.
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Fig. A.5: Low-altitude turbulence integral scales
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Altitude Above Terrain, h, Ft
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Fig. A.6: Horizontal turbulence RMS intensities
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