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RESEARCH ON ADAPTIVE NEURAL NETWORK
TRACKING CONTROL OF VTOL AIRCRAFT

ABSTRACT

Vertical Take Off and Landing (VTOL) aircraft have flexible
maneuverability and can take off and land without a runway, making them
suitable for small spaces or places without a fixed runway. Therefore,
vertical takeoff and landing aircraft have a wide range of application fields,
which can be used to perform various special operations tasks,
reconnaissance, transportation and other military tasks. They are also
suitable for civilian tasks such as medical rescue, fire rescue, police patrol,
tourism and sightseeing, as well as support tasks such as search and rescue,
disaster rescue, border patrol, etc. Its unique characteristics and flexibility
make it an indispensable and important tool in various fields. The
characteristics of VTOL aircraft are highly nonlinear, underactuated, and
non minimum phase, and their design and control face many challenges.
This article conducts in-depth research on the trajectory tracking control
problem of VTOL aircraft, with the main research contents as follows:

Firstly, based on the propulsion system characteristics and flight
principles of vertical takeoff and landing aircraft, and considering the
influence of uncertain factors, a hypothetical VTOL aircraft dynamic

mathematical model is derived. The modeling process was described in
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detail, and the characteristics of the model were analyzed.

Secondly, for the trajectory tracking control system of VTOL aircraft,
unknown dynamics and external disturbances are common and inevitable.
If dynamic uncertainty and internal and external disturbances are not
considered in control system design, the expected control performance may
not be guaranteed, and the system may even become unstable. Therefore,
dynamic surface control (DSC) technology and radial basis function (RBF)
neural network were applied to design neural adaptive dynamic surface
control law and adaptive update law. In the recursive design process, to
prevent repeated differential operations on the designed virtual control law,
a first-order filtering method was adopted, and an RBF neural network was
used to handle the unknown nonlinear dynamics of the aircraft system. In
addition, by utilizing the designed parameter update law, approximation
errors and external disturbances were effectively handled, resulting in a
well-designed control law with excellent control performance.

Finally, an Active Disturbance Rejection Control (ADRC) based on
adaptive neural networks is proposed to address the uncertainties in the
VTOL aircraft system during flight, such as susceptibility to external
disturbances such as gusts and loads, as well as internal parameter
uncertainties and model mismatches. Active disturbance rejection
technology does not require the accuracy of the system model or precise

measurement of system parameters. It improves control performance

v
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against internal and external disturbances and model uncertainties during
flight. RBF neural networks have excellent generalization properties and
can approximate any nonlinear function. A VTOL controller was designed
based on self disturbance rejection control technology, and the nonlinear
functions of the system were estimated using neural networks and
unknown parameters were estimated using adaptive algorithms. The
controller has fast and accurate tracking speed, exhibits outstanding
robustness in the face of external disturbances, reduces flight control errors,

and significantly improves control accuracy, stability, and safety.

KEY WORDS: dynamic surface control, neural network, adaptive

control, VTOL aircraft, active disturbance rejection control
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HrE6niE, Prde RS n] ORIUE A R G AR — Bum &G SR, RN R 27
RERATREE TN

FVUFE: EEXF VIOL KAT & RGFAE VATIIRE T 5 SE /MR X TSP ah
M LL S NS HOA I E , SRR ILEC S AN R, SR 12k H a2k
51 B PTILIER A . A TR B PR RISOR M VIOL RATHMHI4%, 4iafis
2850 2R G AR LA R BCHEAT A T, I B G NSRRI IR RIS AL Il I 2
WRARE I, Wik T REGHEREEN.

S T EE : XA SR AR A FC SR BEAT 245, 70 B AT AN 2 AL,
Xt VTOL BRER 2113 n] BEAFAE IR 2 2 MRS 1 28— 25 I SURIER I

ARICANH Z A0 F

(1) AICHEFE 7 BASMERPLSNE VTOL "KHLRIH T izl a8 . B )
AT BORAN RBF LS M2 BT 1 48 F 3 N Bl 2 T2 AT B 3 . ST
M. IR AE T, Dy R R TSR, SR I AR >
EE WO R, M RBF #i M g A B 1 KL R GIR AL B 105 1A,
MBS ECE A, AR IR RSN RS, A BT 4%
A EAT AR I 2 1R 2R

(2) Btoxt HoAth 2 il s 45 M R % MO RS RURG EEANA% 48 B P42 i 4E
VTOL U EREE A7 A (1 S U8 8 N XE . HTatrErefa IR iR, $R i 17— Fh2E T
RBF 122 [0 25 () itk B DUHAz il s . 1207 7870 K% RBF 140 R 48 48 YA S5
FERT R BOE I T3 T AR S, 456 B3 NRE SIS HOR REH T 5 R SR
SCIR I, A% ] S A ORI PRI RS B B ER A RN, R BB AIPT T IRE ST, AR
fifttk ¥ VTOL FEILENIAEE T B2 BRER 7] 7L o

9
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SR T HE P 14 TR

BHCH BIE %L

wins |

RERE 23 VIOL B AU R B AT
(o e h
T egmERR |
| | RAERS ) SRR |
| I :
| KA, SR |

|

|

WA | ey |

— VTOL & ;

| HERR ) rass i |
| ) |
: $3% ETHENMERLHETHARNVIOCTRAARERN | |
| I |
|| s BT EERHENS BFREAR MVIOL AT B4 B :
|

/
N— -
)
BERE | 5% M4 SR

1-4 1S5 RIHE
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% 2EF VIOL YT F =R KM &AL ER
2.1 315

ARERHRNII T VIOL RAT A3 72RO AL b 2 A0 B AR i
Ko FETRWUEE RN EEN, BOMS RO IR, i
AT TR, Dlaimmds UTamisshfert; FiF, A48 7 RBF 4
P, HAA W OR R BOEITRE /1, RN RS R R R B A RO % it
Gb, ARTE AN ) IR AR T SRR e R, M ARE MR S FHE A5 5 T R
RGBT 5N @R IL S BRI, JF A PRI SR L EEEH, S
BRI E R HES 5IRIE. @I XX LA A R AU, O e S E R
VTOL ¥4 #5% S5 3E 47 il SRS (1T 72 B8 e S Ak A o

2.2 VIOL k1TEssh1F1&E8Y

ARSCHE TN VTOL K AT 8% S A g5 [ 22 08 22 =] A RS Uik /L (YAV-8B),
HIZgREAARP-EE P, W TS HRBALR R, 1% UTSHRARSE
Huifi AR bR R R MIUIRARAR 2R Ao HBTHIARAR R THfE RATA LB 5 AL, P
AABR AR R RBCAE AT A8 B0 A (o 2-1) .

2-1 VTOL k4788
AT SRR ST ) A B e G BRI AR R S, A S T b i AR
bR R IR R Geah J1 2R, AT S 5

11
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i 2-1: ML RAT @R NIE, ZESHLE SHLS kAR, HBTEEE .
Bk 2-2: AR =330 0 .

Bk 2-3: b AAAR RONIIPEASAR R, B IIIEE N & .

R 2-4: WATHAE x-yORP-TRH) VIS E).

Bk 2-5: KRBT E () R &, (t) A ARMTH, HHEFHMAR.

VTOL W4T 882 i 2-2 i, (1K) AiAsts &, (1K, 0, ) A6
TRAT BB OHINUARIR R, Hhi =i, W8 -k PHEiEsh, K2 s

W

Mg = —Mgk

=(J,sina+k,cosa)F (2-)
=

F
F,=(],sina-k, COSa)F

Hep, MOAATEFUR, C oML, T AR CHURHHES, FAF, NEA
TENLR PRI P, b AEF 77, O AE TGRS, 0 REHfM, aNF.. FE5HH#

ISP

Kl 2-2 VTOL k4732 /1l
HI A5 e A A B R E AR, RATERBLLIZA TR
Ma, =T +Mg+F, +F,
5, =CP,xF,+CP,xF,
Horpr, @ f e ke C MR A s, dal 2-1) %

12
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M (%j + yk ) =Tk + 2Fsina ] — Mgk

..{Xj+y ) f+ Pl = (2:3)
JOi, =2Flcosaj,
Her, (0,x,y) 7 C AN FHUH AL bR RGO E, I ABLC KT FHNLE I, T
(3% Bl 15 &

EE:N

J.| [coso sinol| j )
K, | [-sin@ cos@] k. i
ghigy (2-3) M1 (2-4) WS

MX =-T sin@+2F sinx cos @
My =T cosé + 2F sin asin & — Mg (2-5)
JO =2Flcosa

Zi b, VTOL ¥AT# sl /1Ay

., sin@ cos @
X=—U ——+U,¢&, Ve

.. cos@ sin@
yzulv-i'uzgov—g (2-6)

U,

gt
J

oot BB, =T KD, U, =2FIcosa WIREE NI, 6 = Ak I
AP IEEZE G R KGR Ml v, =x, y,=y, =N HBE:
(x,y,0), Bk VTOL &7 %% &R G2 SR ) R KB R 4t
FEEEMANT RGO T, VIOL YAT#30 /)BT .
K=—(u,+&(t))sin@/M + g, (u, + &, (t))cosd /M

§=(u+&(t) )cos&/M +& (U, + &, (t )sm@/M g (2-7)
6=(u,+&(t))/

Hor, & () FIE, (t) 2 AN A1 N7 8] b B A H s MR AR Sh AN 7 R (A
e T
H kX -7, &

13
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i (t

=& (t)sin 0 +¢,¢, (t)cosd

, (1)=& (t)cos+ &, (t)sing (2-8)

s(1)=5(t)

HB B 2-5, d(0)(1=12,3) RIL—Br SHh A A 1.

Rk, i 2-7) M (2-8) [FEASCHH VIOL ¥ATEE AR T
sin@ cos@_kdl(t)

)
)

X=-U, +U,&,
M

M M
. . Cos@ sin@ d,(t
y=u o=ty ~-g+ T\/(I) (2-9)
[9':&+—d3(t)
J J

VTOL ¥AT AR (2-6) [FIFEIE M TR SR AIXEh Z5 4 1 K AT 4%, an iU e 3
TN AEBEAT T B IsIPERS, RDREAT R e R AR T /19K, JFE Ry A
Jie B (3 T 22 SO B A . HIRRBI AAR AR, AR KR R D e
YERFTH 0, TARERBT A CAT S . WX BUA R AT 1& 2 8, 2R w1
MTF 3BT AT 7 H P L R ER o

2.3 RBF M4

RBF #1258 [ 2% DL i 5 1) = J2 S5 A AN U USSR v, R B H A 3 0 R B0
EEE 1. WIRRY, ZMEEAELM ARG BA —Sugiat, B Tk .
BRI S AR RAT 2 S B,

RBF &M 250 5 H =2 KA £ ERMAE, TTRiBESMAYEE
HE; FERRESE, W AEED T BRI S E ft E
a2, A& ot him AR B4R OE N B H TR R s E =,
I 78 DU 1) FH A2 [ s R 50 S UL AR A 2 ) PR I E 2 P RS, i b 2 AR 9 = 1) i
P I 25 B . RBF #2082 470 18 JHG e i P A 0 AR 1, T S B0 55 B PR RS A0
G, EHTEIRREIUA ARG 1t R G

RBF &M 25 0] DL RIEL R FNSH, BIX TAEE A e AR R 5, 1717
— MR B P 2%, 1S

H., (X) =¥ ¢ (%) (2-10)

14
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S, xeR" & RBE WAMGHHN, W=y, ] R ERIERE, 1518
AWK A, C(x)=[4(X), ()] eR BRERBHE, £(x)
(=1 i H R e R 8, 0.

§i(X)=eXDL—MJ (2-11)

Forb, ¢ =[ogC, | I D, o AIEER BT

2.4 FHEEIRRRENLIER

RN R GRS TR R G0 FT L AU 565 SR I E R . 1982 4F,
W W KO ve i « 51 0 Je A e ST « 2RHEE R % (Aleksei Lyapunov) T {k##
AR E IR BT, R A 2 Ve R IR AR R T R
B AL GRS R Y], &M RGN E A KRGS EIRE, 5P
A RN T o T LR P R G 1 AR P U S S A R A R A A AR B
Lyapunov 5 “JXENREE T HNEA TR, Al RS TR AEL M. a8
IR RG AR E A E, BA ZMERE. 25 & RO R T
M, R fE & 1M R BRECHI R GRS E M.

FEAE SR BT, 2 R R BT DIE 98 3, DA IR RGEEISHI A R
ORIFRSE . (RIL, 2R oA e M I R SRR RGP R3] T T2 A

NTITTENE, FELLI AR

x=f(x1) (2-12)

Horp, xyngEfeRaa R, G RRERE, RQ-12)77FIE (G, %) PIiH 5%
F, A

X=g(t, %, 1) (2-13)
X 1 CPEPIRE) = £ (2-13) 1, HHAEIRESREX,, WA Kt AL
f(x,t) =0, WFRX ARG TFERS
X 2 (FREHERETRE) « =X (2-9) MMER >0, FEAEX R SEEL

15
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S(e,t) >0, 2|x—x[|<S(e,to) I, MAEBEHIHEE X, H K (RO AR I 12«
It %5, t,) = % || < .ty <t <0 (2-14)
URRT RS X, R o R MR . Hh 5Sio e 1, HBH 5L A

X, HHGTIR, WHRHA—FFE.
FEX 3 CHTERaE) « PRI PR X RRUE Y, Ui T OBRARS, HH
WAE () YERIN, HBRZUST X, TFRIZIRA i A e
MR IR Rt
E RN R
()= f(x,t), f(0,)=0,vt=0 (2-15)
PR R X, =0, L F(X) =0, FEAAERREREV () (EHH 2 LUF 5%
1
(1) V) X} Fra i X #f B AL — B S8
(2) V() RZIEER, BZx=0V(X)=0; Hx=0V(x)>0,
(3) V) URREHUE T 19 S5V (X) =dV (x)/dt . EREV(X) A
OFAsE, MFRFHRRA X AEA T 6 KRB SO RE, bk A4 .
@i, BV (X) EGE, EXHEEIERE X () #0150, B x =015
A, TR X, V(X) =0, T S HPERR S VNI R e, AT R I .
QIEE, HPEPRE X RATEER, HAATEEHE.

2.5 FIFSEEFHIFAR

SN — b e E A AR LR 42 1 SRS, e 2 B i R R A AN PEAT
ARLRAERFIE I AR Ge ] (r) i, H AR A 51N — KRBV — B RE B8 B AR A
G OB R I a5 RS it P B F xR RS 5 R 2,
WEE RGN O, s R SN, I HA] B 8 R e 1A,

T e K ) T SR BRI 7 AR AN A A2 PR SR T o 1T 80 285 T 42 A1) R PR A JE e 4%
R S22 (3R 8 A D9 Xt IR 25 it PR ] BRLAC B, A7 RO IBE S 1 TRl AR

16
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N T VEM - ARSI T, Regs th PU T ShaS mis ] as st AL IR
1B ERIEX G

X, =X,
{XZ:: £ (x)+b(X)u (2-16)

He, %, X, NRGRESEE, uRRgGEfEA, T(X) . b(x) NRmAELE
¥, b(x)#0,
F2p: wURERE:
Z =X =Xy (2-17)

W1, Xq NIEAES, 2 RG A

21:X1_X1d (2-18)
SE X T B O
1
w=§ﬁ (2-19)
Xf R (2-19) K GH15:
V, =22, =2,(X,—%,) (2-20)

X B R EE Rz I, , IFHA

Z,=X,—0q (221
M2, >0, WA X, > X, AL R U

o =2 + %, (2-22)

Tk,

vl = Z1(22 o _de)
=72,(2,~ .2 + ¥y — Xyq) (2-23)
=—C 2} +2.2,

ENASHHE I BAK ] — P IREIE B a5, A ROTik 1 4% G0 S D ik B 1
SR, AR EL o R X, RSB PE I 28 1 (v +1) RO% e, IR XX, =—Czy+ %y, H
T2«

17
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{z‘dl +o, =X,

,(0) = %,(0) (220

B (2-24) ATEndy =06 —a)/7t, BIN—P @IS, PEAE D iR 2

Y, ==X (2-25)

B30 BT ERE. B R AERK IR ZE, M Lyapunov BT

1, 1, 1
V25212+5222+Ey22 (2-26)
BT,
Z,=%X—a,=f(X)+b(X)u—e, (2-27)
j="% g -V s g, (2:28)
T T

b (2-23) F=0 (2-28) mJ40:

v :21(22+YZ+X2_de)"'zz[f(X)“‘b(x)u_dl]"'yz(__yz"'clzl_xm)
N (2-29)
= 2,2, +, 4%, =)+ 2, [T+~ ]+, (22 +B,)
:/H\:I:P7 Bz=C121—5<1do
BT,
Bzzc1(xz_)z1d)_5<1d =?1(22+y2+xz_)'(1d)_xld (2-30)
= Cl(zz +Y, _C121) — Xy
IR (2-30) ATHIB, Mz, 2, Y, Bl Ky ML
D428 i B8 1 A s
U= [ F()+dy—0,2,] (231
b(X) 1~ Y24

Hrb, QAR TERLEHEE
SANEAEALNE RS H &GRS S b o B B0, (H R il
HIELLR 3 5 P EIBIAK, X —SREEE R R ICN R o Bl 2 1 i

18
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—BME E R A T R R AR T RO K, RN L TS
BN 6 25 BT R EE -

2.6 BIUMITHIA

H BrP st AR B I SERAG T RIAMEE R GRS T A RKIORS A 5
TR T 5 ST A BUE I T RGP AR L AU & P ), 45 GRSt
RGHLEIRTE T RGEshASNERE, RIS, Kk B i &
gErtn i 2-3 Frok.

\Y
—>» TD |24

=

|
>
\ A 4

[ | >
NLSEF —¢ b » PLANT

\ 4

z
— ESO

A

Kl 2-3 HHuiiisml A g

7E & 2-3 1, TD(Tracking Differentiator) 3% 7~ ER EZ 1 73 %% » ESO(Extended State
Observer)F /R~ TR WM 2%, NLSEF(Nonlinear State Error Feedback)Z& 7 3E 4k
PEPR A 1R 22 IR 1 ) 35

ADRC J8 1 BRER 073 2R AR 3 S, R FR G0 15 e (B AN Bl S R P R o

AR, AR T e T R R Y (R OP s SR A DR 25 U I 2 A A

NN G — Ml T LR GBI BEAT S /M2, SEBL T G 22 45 HOG =5
FAGERTT: [N, SR IER MR R 2 R AL G R IR A, A BT
TR RE

(1) BREFST 35

LA R 000, #atiEm oL AR 7 — B EOE IR R 25, RS
KU

e(k)=v,(k)-v(k)

Vi (k+1)=v,(k)+Tv, (k) (2-32)

v, (k +1)=v, (k)+Tfhan(e(k), v, (k). R, )
Horr, VONEIAGESVIEREME S, Va2V IR 55, R A B IS B

19
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FEEF, h AT, RAIh (G S IREREE, Solss &35l mE fhan
d =Rh?
a, =hv,
y=(v,—Vv)+a,
3, =/d(d~+8ly)
a, =a,+sign(y)(a,—d)/2 (2-33)
a=(a,+y)fsg(y,d)+a,(1-fsg(y.d))
fsg(x,d)=(sign(x+d)-sign(x—d))/2

fhan = —R(gj fsg(a,d)—Rsign(a)(1- fsg(a,d))

(2) F ARSI 2%
TR ARZe M R Gian:

X, = X,

%, = f(x,%,,d(t))+bu (2-34)
y=X

b, d(t) FmsbEsatgh, f(x,x,,d(t)) FmpiaMEIREIaA, b A REL

Axg=f(x,%,d(t), BXSHEEER, R8RS N

X =X,
X, =X, +b
%2 _ Xa T OU (2-35)
X; =0
y=X
XA (2-35) P 5RARZS LM Z5 7T AR R N

=X, — Bu fal(xl Y)
= Xs Doz fa|(X1 y)+bu (2-36)
_ﬂos fa|(X1 y)

Hrr,  fal(-)E

e
fale,o,7)={ ¢° el <= (2-37)
€| sign(e) |¢|>r

(3) AEL MR ZIRES S e

20
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BT TD it (U ERERAS 5 vy ATy, BUK ESO 1A 2,2, Z [BIHI 22, #iE R4

iR ZEAE SR EMIE T
& =V—1%4
€, =V, — 7,
u, = f, fal(e,, 0,,7)+ B, fal(e,,0,,7)0 < 0, <1< o,
u=u,-2;/b,

(2-38)

o, by AAMER T

BEXT B IR SRS BOR TR IR M A, m SRR g 12 B PiiiE
Wk, ARG T SR EERE, e 7 TR, T RS (2-34) Wik
FUL T B

X = AX + Bu + Gf

(2-39)
y =Cx
010 0 0
HfrA=|0 0 1|, B=|h, ,C=[1 0 O],G: 0
0 00 0 1
R (2-39) YA HARA LI &5 7T DL & W T
2=Az+Bu+L(y-Y
: (y=3) (2-40)
y=Cz
KA L=[4, 5, B,] FWNIHE %S5
AR e, 4
S+ BS2+ Bys+ By =(s+w,) (2-41)
W13 B =3w,, B,=30, Bo=a), a, NWMEHT. Fit:
u0=kp(V0_Zl)_kd(vO_ZZ) (2-42)

K, ATk, 7355 Pl A G L) 2R O ol e R 8. M PR3 OB TN 245 O i 1
BEAT P BN A

(2-43)

21
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2.7 HBx35|E

BIEE 1) X T USRI Qe R EIESILIEREG(x), f2/E—1> RBF
WEM% () ¢(x), 5

G(x)=(¥") ¢(x)+5(x) (2-44)
Hor, & (x) FRMRA L BT BRI H L |5 (x)| <67, P FoR AU E
LA

¥ =arg min{sup‘G(x)—‘PTg’(x)‘} (2-45)

YeR" | xeO

2P W TEREn >0 ceR, BLRASERAL:

K2
O<|n]-———==<n (2-46)
K°+n

5] # 30361, Young A% 3(Young’s quality), H 8 A X FAEREMI X eR", Y eR",
Pl p>0F19>0, HifE(p-D(@-)=0, NA:

XY sl|><|"+1|\/|q (2-47)
p g

Eﬁi¢uﬁ%ﬁ7ﬁ%ﬁ%%%ﬁ&wmx%amﬂé%mﬂﬁ%%v>m
p>1, 9>13:H (p-1)(a-1)=1.
BIE 4.4 N:={feR:|¢<w}c RAII=R xNCR"™ AT, #EH RS
X=ftX), HFXi=[w, ¢ eIRRE, HE R xI>R7IEL ForBUES:
HAE ¢ ER# Lipschitz, fER 3 E—#. XFEARER: R'xR™ >R Al
VN R, R E USRS AT R IE R,

{ V,(¢)— o0, ¢ | < o0
(2-48)

m, (Jo) < () < m (o]

Heim fm, 2 K, B 2V(X)=V,(¢)+R H0)eN, WL T AR g

22
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V':ﬂfS—AV+B (2-49)
oX

fEEAT, XeT, A BHIEMEE, Moo RFEEREL)eN THIE

te[O,oo)o

2.8 REING

AREHISE VIOL WAT &% B AR AL SRR AR IR T o B G, BT
WS SE R A e, S T VIOL VAT IIAZ-OBh 127/, 204 15
ANTIT RGRIERI, R 7 HISSRE. Bi)m, /43 1 RBF #4245 e uE
IEREST, JVAEEE RS IR KN BT T ARl [N, 83 T Lyapunov 2 E PEEE
W, I TRSRIERISOR MR e B, iz R G 5 iR gt TN S
Ffo I EIRTHS, ARTEOYSGEE VTOL AT a4 G HEFE i) Sg BT 703 0E 1 RS2 H
BRI, LAR R ARIERIINEIT K 5 N .
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3 E ETHENHEMKZNSHEBARR VIOL K755
IR R R

3.1 5|§

BT E—EHET A VIOL 3B 48 7RG HIR, £ VTOL KAT
FARHIE AR TR T, PO IRER S I AR B 2 —, HEEGT AT
R RGUEPAT B RALS, W SRR R . 21T, BEEXT VTOL ®AT#%
VEREIHER AT ZE T, IRANIR U @R RS HE 42 ] SRS Il rE JE B

WAL R RE ], ARG T BAERXT VIOL "KAT 3 IR 3) 115 4¢
VEIS 5 I o ZE TRV (5 S, B Tl i T kAT AR sbria
AT AR MER I, — B AT RS B A% 00, Aok A IS AT B s R
TR, R KT 0. R — SR 2R M i ) vk, (52 obik, BRIk
EXHERERG A& —ENATEE )y, AITE TARSEER L, RAEM AR 3N, “H
GRRRNE” T U BRI 22 o IXANDOL AR R O AR R A, T HAR 5 TN
P, BUE A H R G 00ARE M TSR A DU BB AR

VTR, B IERARE I 28 B A T AR AR B WG IR B JE, AR 2
RGN G IR T B R ARG T 2R I 48 FE 8 T A A R KO T 1
DR R R 745 T 28 1| A 38 O “ B BRAE ” D7 T RIS A RGBS & 1 K 3R
AT, ZHOR BN RGURAS RS HEIC T . LA B 22 26560 R S St
RRECELT, HEM PR SECT L EEN AT, RS BEhA iR FIEH,
PR RS A, MM VTOL "YATERTE R 4 20 1 KAT IR A A7) e SE I ks
JE HI T R R

AREFETIEWT:

1. Bit3ET RBF M M2 1) [ & NS e d a5, <3 VTOL K HLEJHE
PR

2. GIN—F IR AR A THA,  BEARE MR A I SR AR

3. M H RBF #h& M 2@ T JE LM, JFilid SHCEF MRz, 8 TH S H

4. AR MM AT EIRAE, E PSR RO AR
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3.2 o) &k

WX =X, =X, X=Y, X,=Y, %=08x=0, WE %K VIOL %

MR (2-9) AIRRH

X =X

_ g Sinx o cosx, d, (t)
2 1 M 270 M M
X3 =X,

COS X sin x, d,(t) (3-D
X, =U 2 +U,E —g+——
4 1 M 2%0 M g M
Xs = Xg
d,(t
)'(G—u—2+ (Y
J J

Hop, X R 2P B VTOL KAT SO K7 [ RITE B A7 FIRLE X e R
Fi1, Uy U, 23 SR RAT BB Oy P A N AR S RN, O S 200 sk B,
&0 FEVRBN P HIAR AR A I 0% R & A%, d(0)(1=12,3) IR KA W
A THRAINE T REMRBAL =X, Y2=X, Y3=X%.

2 B ) B T 20 O B AS TR U u, R U, KPR IR LA
B XAy B Y B T A SR AN B T T M B B T % B X, Ay, o I
TEVETIOPEIER T, B0 6 1k T LIWHE HUBRER 45 2 1 6,

9T ARSI, AT CHLRGE M T LR B

B8 3-1: KA SMBHEEN d, (1) (i =1,2,3) AT 50, BIAEAE A0 IE 3% d)
{7

d; (t) <d; -

I 320 SR X Yoo O BICEI YOI SHURKES: FLA S0

3.3 EHIRR TR E M D
33.1 B NHEMESHIESIZR T

AN RBF M4 M2 5% R 48 R AR s Ao AT IE T, RN Bl
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TR BT 3 B AR 2 X B2 il . AN R R SN R IR
F1: KT EIREL =X X AR 7, =X, =Xy, HiH, X4 &

PURE FOE 114 o A NI 45 7€ — M dg s s i e oh A e R e R i e i o o
BEH—AMER T R, =22 /2 Al TV, i 1 S 5
V=22, =2,(2,+ Xpq — Xy (3-2)
N T G AR S o RIS SR I B, ik o 3l NI A
N W —Hrignds, MHrI1
T Xoq + Xoq = 0y, (0) = Xyq (0) (3-3)
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