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ABSTRACT

With the increasing scale of industrial systems and the development of artificial intelligence
technology, especially machine learning, control methods for large-scale complex systems
have been applied in several fields. As a fundamental problem in complex systems,
interconnected control as well as multi-agent Nash equilibrium are often highly coupled as
well as nonlinear. Large-scale systems are usually focused on safety control systems, which
require certain optimization constraints to meet the safe operation requirements of the system.
In order to guarantee the safe and stable operation of the system, a safety assurance mechanism
can be added to the control level of the system. The safety assurance controller is a kind of
decision mechanism that comes from upgrading on the original system level control strategy
architecture to achieve safe and stable operation by the compensation term, so the research of
the safety assurance controller has high research value for the safety of large-scale system.

In this paper, a safety assurance controller is designed for complex systems including
interconnected systems, non-zero-sum games, etc. It meets the safety boundary constraint
requirements of convex and non-convex sets. The safety assurance control compensation term
is combined with nominal controller to apply to various systems, with good anti-interference
to the changes of system parameters and certain adaptiveness to the constraints of the safety
boundary. In this paper, the safety-securing controller design is carried out for non-zero-sum
game systems and interconnected systems, respectively. Firstly, a controller compensation
term is designed based on the gradient of the barrier function for security assurance. Secondly,
a nominal controller is established, which is required to satisfy the Nash equilibrium under
non-zero-sum game, while a distributed stability controller is required to be designed using
distributed stability theory in interconnected system. Finally, using the update law of
concurrent learning to iterate the neural network for controller approximation, with the help
of single network method, the computational effort is reduced by half.

This paper demonstrates the stability of non-zero-sum games and interconnected systems
under the security controllers with the Lyapunov stability theory, and proves that the
parameters of the concurrent learning are ultimately bounded. The theoretical analysis results
are verified by numerical simulation experiments, which show that the complex system can
secure the state variables under the nonconvex and convex security constraints under the action
of the designed safety assurance controller based on the barrier function.

To further verify the effectiveness of the safety assurance strategy in practical application
scenarios, this paper designs a UAV hardware simulation experiment, showing that under the
effect of the designed safety strategy, the UAV complex system can ensure safety avoiding
fixed obstacles and mutual avoidance of UAVs.

KEY WORDS: Adaptive control; safe reinforcement learning; barrier functions;
interconnected systems; non-zero-sum games
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2 PiERIR

T AT RIS A, E R B AR, W R T AR RE SR b -

Vi(x) = U (g, vo (i) + Vo (F (s, vo (1)) (2-6)
HECEPR, RIS IEH R v:
v;i(x,) = argminuk{U(xk,uk) + Vi (F (e wi))} (2-7)
PAL 8 AN WHEARRAF L RESR ARV -
Vig1 () = minuk{U(xk,uk) + Vi(F (e wi)) } (2-8)

BARW T XAEEARE AP IRWER 1.1 fin. TREFERERL, £ 1.1 REENE AHE
WU, WEBMHe, 12D BRI Vi (o) — V() |FIR N T /N BRIE I Wi AR
AR USSR, HROE &R A& IR

R2-1 | MEIAASE
H R N2
Stepl: ¥4k (Initialization) %> 1F & BB /E NV A 1E -
Vo (x) = P (xq)
Step2:  SRE&VFAili(Policy evaluation) 375 HH B A B Ik A2 il 4
v;(x,) = argminuk{U(xk,uk) + Vi(F(xk,uk))}
Step3:  SRE&EEHE(Policy improvement) 370 B 1T H B REFE AR
Vigr(xp) = minuk{U(xkv ) + Vi(F(xkruk))}
Step4:  HEE HIEVEAG S RIS, BV, (o) — Vilx)| < e, SWERA Step2, 4kE:7ER
Hilv R BRFR bRV 2 (R A WTRAR.

AR SEIRE B 2-1 Pon, SiEEUTr s —BisRgdEd, \%, A
R £l 0 2 A2 s 1) s (k) AR T3haS A, SR8 N — A ZI(e + DAPIREA R
x(k + 1), PRGN PERI L, BTSOO8R &8 (k + 1), #%
&, FHAHUMEREY ( + 1)5 £ 21 847 Ak (8 e8 2y () R Z (B R BB F I A
2%, R Ja HEOBTR A SAES FR 2R B 45

S VERESERR
> wHEs —0 >0
. X
. o
| e s WA | B
REO Ly s a2 e >

________________________________________________

K 2-1 7 ISR K



P ZASE R AR BT R3O

LR B E NSRRI SR ——— ) SURBSEAEE R D IR

I8 5 o e {1 e B A AR AT SRV VR AIE FE 27 R 5 B bR BB T 30 5 VR AE
R I RGP RS A AE VR 22 (PR XE, DAL 5 — P2 T SR s AU 1 30
SR EFEI G H B

SR IRARTL I 3 A48 SRS Rt R SIS DA P s D B, AR 2 1 55
A BV () N DB VIR, B BE AR T 26 0 pR 2L

Vo (ex) = U (g, vo (1)) + Vo (F (31, v (1)) (2-9)
AL EHTARAG N — 2D B IE A ) S -
v, () = argming, egm {U (g, tx) + Vo (xpe41)} (2-10)
A CAF 2 SRS TS A IR PR REFR ARV, () -
Vi) = U, v (i) + Vi(F (g, v (1)) (2-11)
PAS T — 20 B w41 () -
Vi () = argminukeRm{U(xk,uk) + Vi(F(xk,uk))} (2-12)

BARK)) SCRIGIENREE P IRIR 1.2 s, HEEERZ, & 1.2 KD N H
LR, WEBEe, PRI Vi (o) — Vi) |FR/NZE TN T BB A Wik
AR AUWEL, e 2B & IEIA A .

22 TSRS IRAEE

AR N
Stepl: ¥4k (Initialization) %> 1F & B B A/E NV HAE -
Vo(xi) = ¥ (x)
Step2:  SREB&EEHE(Policy improvement) K15 AHRN D IRA TR REFE -
Vilxy) = minuk{U(xk:uk) + Vi(F(Xk' uk))}
Step3:  SRE&VFAL (Policy evaluation) B8 370 I it 3254 42 il 4t «
Vip1 () = argminuk{u(xkruk) + Vi(F(xk:uk))}
Stepd:  HLERIKUOE RIS, BRIV (0) — V)| <& fBWERIE] Step2, 4hEE7EHE
Hilv A BEFR PRV 2 [ AT iAR.

AR SEZRE B 2-2 fon, FEERITE P fEd, &k is]
KISu(OMF T ahSHA, G DR ZI( + DIPRELEx(k + 1), #25EEHE
fil] WA, BRIV A2 0l SROMS (10 S A B (k) » PR Y B S 0 22 S SR BE 7 477 (1 o A
I 2, g 1247 Ml SIS BRI B w (k) S A PRI R 4%, RIVA] SR e 2 i e
J(ke+ 1), 5%, BATIMEREY (k + 1) 5 L — 204 E 28 EY (k) I ZEAE K B
HIoPHIIA 2% o I LI P 0 4 5 32 1) X 24 RO AN W SE TR AR, 0 I ) SR VP AG 5 SR g
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2 PiERIR

SO AE R AW R R, &P IR Mg, L5 ERhE
PRAL— 3, PR ER I 41k BIRE AT R RICR o

PERESEAR

PRI J—“‘)+>CA)

;,
Y. Pt @

) j‘q\ N B
R x(0) x}{ffn ulk) PERERSAT | D3R

il o — Ly ARE T EbIR wms >

\ 4

Y

Y

K 2-2 ) ORI IEASIR A 1 ]

2.2 e M 4538 ik

2 I ADP ST TG PSP 0%, VR4 RIS T, T
ST R ADP AR DP RIETEAR A, SR A B2 U2 A S 58
HEATA 4R
MR RO T SO, BN E 2 IR LR . R
S LUB YR 1943 AEHOFF A PG SER IR IOFEREFE . 290, A 1A 2L
T T RBE I T 2 I AOAR L R 00 TR R . 1Tz 2 LA
AR, WO T AL 4 RS AR TR S A A 3800, 45
4 A SR IV B BB T R AR, JUAATLA R JURPE AL
(1) NI FFEH K, FPI4TT LATE 02 T ISR A R IR T, STOURHERS
L B BRI , [FS T LURFR 660 S0 Sk SR G S
AR
(2) M TR 4 U KBTIV, M 26 T LR AR AR 0405 S B 1A
W S RIR BRI
(3) 2 A 25504 102 ORI T R I T AR T, AT e 0 2
AT
SR PSR G — R L = R, DB AR, KR
HIF 2.3 . SR IO SRV RO L, (2 A P I 2, B i
N REHPRAT R IV . ELIAERBZ ], N
FF 2 BAULRA BRI AT, SRS R 230 e
Betke. SR AT m NWOR B KR n MRS BRI, R
4 0-JE R L 2 0 5 B0 AR EE O . R TRLA—SEALTE, AR
R IR R EASCT, B4 REONR ARt SR & M B B2 2, 3
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P ZASE R AR BT R3O

ELPRATTH f () R I 2% 1 ) 45 2R

LN (SR i =

=N
g

X1

G

X2

AR B
=4

-
B 2-3 4281 TR o 0 5 A ek T o 420 ) 4 o )

F4 Rt 2 2% (R BE A R B m] 1, P 28 v DL SR UE I E s BB S E

HIFIE R, B A R 2 B EOE I
V =oWTh(x) + £(x)) (2-13)

Hrw € RPZ MWL EAERE, p&FREZE Mg, e(x) &M iRZE .
h(x) € R™P &G R B r) &, SRS B A Sigmoid. tanh F1 ReLu %5,

(B2 T SEPRM K S e iEm AR N LS, HEAHELAE—EiRE, BT
FEAH 2 WX 2% ) A HE AT LA IR N

V =o@Th(x)) (2-114)

Hd'd e RPN HIAL AL E, £ #12  2& dr st SeFr e it it . 35 H— R i

T, ML LR Z e () ANZET 0, {HIE ML N 2% 06T 2R BT bLs 22 7] DLBE & #2421

e BRSNS, BIFREITEH « W4 S B IE 2 38 i mT DASE S 48 R 4%
(38 1T P BE

2.3 [k R HOE 1R
B, EX—NEEc c RMIRETMAZME: R TAERE KX, € ¢, fE—TSEE
XHIET At € T(eo) s 1T (g ) R AWTIRAR A x5 LR FEAN FIBC IS (] X [6], RGBS 1Y
ffl fRx(t) € ¢, MBS CHARTMALNE. BARAAZERESG R “Z2M
£E7, EHNIALF MW E, TURR TR
c={x eR"| h(x) = 0} (2-1D)
dc ={x e R" | h(x) = 0} (2-12)

Int (¢) = {x € R" | h(x) > 0} (2-13)
12



2 PiERIR

Hrh h e RS FRE, fEE A AR BEm T 0. WHEFPIRSAZ &5 L x () € dc,
MIXAN R G 0e — N 22 RS

FE S 2.1 ISR — NS RRED ()T 2 LA = AN E R, IRR N PEAS 2R 2

1. BB REILES K, x € Int(c)if, EI||bx)|| < oo

2. MRS BB ET AR ERIL TR, Blx > och, BREb ()& R TI65 K,

A RINA limy_g.b(x) = .

3. PEAG R AR R AV 2R, BPb(0) = 0.

R T IT R g B 2 A DR s il 28 1 v o FRATTE B B AR TR U B0 2R 2b () 1)
A

b(x) = (L—L)2 (2-14)

h(x) h(0)
Hh()RBEAESNERD T RE, BfRb ()28 X 1 P =AM
FENLAS NI SEBR N v, A — b5 5T B AG R B 22 4 DR B 4 ) D7 VR RAL B

BN L3I, ZIniE R yiEd W E — e #aey, MHS Bt BMEERSG], 5
JE R DX A B e i i Ik B 2 ORI E T . 2E N T30k, A ae eIy
G RERG R B PR BT ART &,  Hi BE BR Ei 2 B i oK 280E SO i — A

2.4 AT R G E B L

NIRRT N R NI T RGN HE RS, HahS T ESuE A
FR:

% (t) = fi(xi(®)) + gi Cei ()w; (x; (1)), i = 1,2, ..., N (2-15)
TE 2-4 RSB RGH =0 Ak Wit m N iEslEas, NN T RE A

EENITIE
ul(X1)J7 uz(Xz)l

a3k
A A A A

K 2-4 BANDT RGH B R G A A H 251 1K
fE R, BAMRRY], BRI T R R BUE R, WUV ERHEIER G
SLARERE A AT A 28 o 32 ORFATI S tH LA e B, Ul B AT i S i e, DA
TREEANSL 7 R G R AS E M
EHE 2.1 HREAT ERMIGLT RS, Wit M S s i

13



P ZASE R AR BT R3O

(%) = fp; () = —%”iRi_lgiT(xi)V];(xi),i =12,..,N (2-16)
Y >1/2 (= 1,2, .., N) B, %53 5 ng v LU GRN A BRI F R AT
EBWIHIRES T HUEHTEE R E M . RIURE X AT 2 L HBCR S, FAENIESm; > 0
(i=12,..,N) , FESTAEM 7, >0 G=12,..,N) , il g ar LI
i FHFR B R GE W RE 1. 0T 2, %R (T, (xy), 1 (), oo, Ty () ) R
I RGN B SRS . N IH4A M SRS E R T, BEC R SRR e e .
UEH: 7RIS S A AR R -

0= dlag {91, 62, ...,GN} (2'17)
/111 112 /11N
A= 121 AZZ /12N (2_18)
ANl ANZ ANN
— diao {1 _11 _1 1 _1 ,
= diag {2 (m— ), 2 (ma = 1), .2 (g - 2)) 219

I HIIN—2N-YER &

&= (Wi D) g2 )R (220
(975 (x)) " 92 ()RS Y7

(775 Gea)) g )R,
R G HERARE B 0 R T 2B TN 1) S0 Lyapunov B30 f 5+

(2-21)

2 —¢TAE
B U B SR L AR RE A, BIE R RN m (=12, ,N) , AL
MFEARIEER, MABIL() < 0o Kk, £ EiR7p Az m S s e T, b
WHIERGUEHHARE K. 2k, 2 2.1 R e,

2.5 KRB/
AR R T AR ST S I 1 58 S SR F S Al v, ol 2 X 4% B B AT s

BREAHOCHE, 4t VA IR R SRR TR B, BB AS SO P AR O LR AR 4t
R 22 A 1) ) A o

14



3 AETALE R RN A R R

3 ARFTAIEE T PRIE 22 i ) s et

AR T A e REEE, DU IR Z BRGES Z R T R GUR R AT NI %4
Vo B HIEEE T SRR RL ZUR SRR AR AN SR S A5t an A i«
N T RRFFEL B ATENE, R T IAT A 2050k, AR5 ST A R AE  J S A
SIS Bl . v TR TH LAY, 207 A B PR R g AT IR . O TR Y
RN, JREENL T A PTE BRI AR ASE, 2 A Bt T AR O 22 4
NG EDR S e i se g AR S il

3.1 [m A

LR T TR, REERAGIEF WS NEN ARG 1ZH87 o Mo
KNWRGINF, BN 88 AT DA — M Redk,  H2 3 b 2548 52
i, [R]IN S 5 B A SR S 1 A2 oA A% S (X D0 &

BRI B+ 2 mME E SRR R X2 B EAIEE RS
JE T X ERMZ R AR HIR RS, Ho A ANl S50 TR S IR R st % &
TREESE R 88— € HIRIHE, HORTE B 2/ R AR T A IR 3 AT 08, 8Lt
ez Rl s, DUMEJR IR R gzl 4 Mo 5 it

AT MR R N B RER SR IR, 25 RE AR LIS /) A B R I &R 4t -

x=f(x)+XiL; gy (3-1
Hrbx(t) = [x1, x5, ..., xy] € R?, u;(t) € R™, g;(x) € R™™i, f(x) € RPEAELME
o FFHARESF(0) =0, f(x)EAEH Lipschitz Y. WU = [ug, uy, ..., uy |72 T H]4

o>

BEE R AL A BNV, HRAEER A

Vi(x(0), us, up, ..., uy) = ftoo 1 (x(t), Uy, Uy, ..., uy)dt (3-2)
Horr, € Ryo R BNZIZR s 2, 7€ SON:
r(x(t), ug, Uy, ..., uy) = Qi(x) + X1 u R;ju; (3-3)
R AEIER H bR 0 B — D S fd p st a2, R
U* = [uj,us, ..., uy] (3-4)
A s H A A A AR BB R e/, AR N B OME BRECT AR R
Vi (x(0),uj, us, ..., uy) = rrllllln ftoo i (x(t), us, u3, ..., uy)dt (3-5)

EINAE SN S VSE

15



P ZASE R AR BT R3O

u; = argminV; (3-6)

N T AG B B SIS AT, BATROME s BV AT o, 43 BIPCE R I-HE S b
Jites BRI RSN

0 =r;(x(8),uy, oo, uy) + (AT (F () + X1 g;(0w;) (3-7)
RIS AR BE, BT = U = [uf, s, ..., uy [P AR IR N
uf == Ri"gf (V)T (3-8)

Rl (3-6) RN (3-5) , HIFARIPCE /R -HE LR i) AR IR N -

0 = 7,(x(£), Uy, o, ty) + (AV{‘T (Feo +13i, ujTRiju;)) (3-9)

3.2 ST BB MO BRI AR 5

3.2.1 BEAG B HOBE LT
L= T 2R R AR AT IR RGNS R . 2 CHR2510E K, T
TS T — i - B b o R M A2 1 s«
up(x) = —a;g;(X)TT(Vb(x)T) (3-10)
Horbro e g FEhIG a5, TRy b Bk 2106 75 KRR .
IR U R D () A& FRATTHE b5 b g SRR RS R E o 25 b (o) i 1) T3 T8 55 K
BATAT LLi% £ tanh BY sigmoid BEET.

5I# 3.1 X7 F N AMEREARTI (3-1) iR MIsh& RS, BN EH%EInt (o)
IR Exg. RN THAL € I(x,), FEAFREAELLS K, B
11B(x())]] < o (3-11)

TN EBEEInt (¢) B AT 1A BT AR BRI
Ry e 1 L, fERERRERARNENT, RAEMNZEMFRIIRE. A TR
THRFE B 2 8/ ge kA E T A ZR g8, RATGH 7 LU MR%.
R 3.1 X N AR EEN G- ERREsIERS, 4E — Al A%SEe,
s LA T @ Mo
1 JERMEBIAEf (o)l — N EEFIE IR BRI f € Rygs BIIF (O] < F(X)
Allim, 5. f (x) < 00,
2 FEADTIRAGEOI TR, Blg < [|lg@)IXTHifix € c, g € Ryo2—4
B H
3 AFEMAETAIBOCH E AN (0c), EHAXNTAx € N(dc), airfEiz]
wAER, BI|ID(Vb(x)g(x)|| # 0.
BT 3.1 MUEHE 3.1, AT N @ BRIRG 2 am g, el G-D o

16



3 AETALE R RN A R R

JETR B RGN ER AR Int ()X R GU(1)R VL2 HT A ANZH o

FIE 3.2029 X N MR 3-1D TRRKISIE RS, — Ml A L c
R™, Hi#/20 € Int (c), I XbTENZ R AR AR PG oRE . £ TR¥ 3.1 AAL,
i (3-8) M fRFEIE R ERu = up () TR N £ Int (c) /2 [ T AR, Hodr (3-1) 1Y
MR ERE, RS RERY], e RED FHEE G20, AEEE Int (o) B R
S FTAZER . BTk, JAMFE] T —NHHR) ADP 4561 85 R kg I i ) . 2
5, BSReRiEERISAES S, REEEMN/AENERPRESAR T 22K ER

5B X 3.1 AR CIELLI [A]4% il #u; (x, ) B BT N AR A 2[R Lipschitz 1,
I EHLI5 2 PA R 4 u;(0,6) = 05%F Tt € T(xo) . MMBRBE 1 AL, % N\ 258 40 B 1) sh 87 5t
HANg(Ow;(x, O < gy» FHorbg, 5700 ORI FRR . 7531 1328 A T8 K

Up; = u;(x, t) + up(x) (3-12)

IRTEHIER DR N A A Int (C) 2 BB RS HT MR o 3648 IF ik
b RS R S (3-1) B A

I —AMRE GRS — N A MED, AT T — MRS 8wy, Int(c) REF
FOERAAM: £ /N, RS HAH RL J7iE0 4 S ER i TR 408
AT DL 38 B SR AR R 4R HE

3.2.2 PHZ W 25 AL

N T FRAGHR I BUER 1R 20 BT i, AV B BR ERE 3 T ARV, B 20 AT e, AR /N R — A B
— VPRI L RIE A R E Y, HE N

Vi = wl p(x) + ()T (3-13)
Hrhw; € RPiE B — TR N2 I BABRCE, M (x) € RV PRSI A&, p &
el 2 I e B, & () B VEHI & I AR 2 .
VIRERSE 0k ) S E
VW, = V()T w; + Ve;(x) (3-14)
PEARME BRI AT BUA Y, € SON:
V= ol (x) (3-15)

Hhd; € RPijE R — 2B THAUE, 785 — R SEIUHEV Il T
VSR T s SR P ki S OB UR P b PR EL- R s N TS S WS

w = = R gl (8] (w; + Ae] (x)) (3-16)
MG THE B, TN Ew;, SEPREEHES T LU PR B UK R
fl; = —= Rz g/ Vo[ (x); (3-17)

SRJE Kz A ORBEI (3-8) NN ) SR 1) 300 b 45 380 die 24 1) 22 4 DR B 5 1) 45 -
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P ZASE R AR BT R3O

ai

Up,i = ﬁi - _Ru gl(x)TVb(x)T (3-18)

3.2.3 BT HATHE I NS EE B
T 3-7), R 3-12) fxk (3-14) , ATLLE IE IR - 5% L5 FE I Aeh iR
7 /\ﬂ:/ﬁjj
8 =Qjo; +xTQix + XN, 1a)r-ra-’G--a-’Tay + Vel Q, (3-19)

:/H\:EPG = 9Yj T'lg;'r’ Gl] g] ]]IRLJR]] g] ’ U _V(l)(X)(f-f‘Zk 1gkubk)$l;]‘Q -
’ 1 IT A
O-if_EZj 1O_GO-T Wj o
FATAAE N R T 5 RoR R 2

= 0f; +xTQix + T, £ 0] 0/ G0/ & (3-20)
Vel Qi = —eham i (3-21)

i SNV
0; = €; — €ham i (3-22)

N TSR] — AR H RS, HTE G RE, FATT S0 T sk B AN
SERT B DL RE R E; I s &t ok, mIBLRRN:
Eo=1|—% 4y, ((’;) (3-23)
2 (1+GiT‘7i) (1+(a-k)Taik)
Hrpol BRI s . M2 DT s o; 12
MR Lk H AR eR E AT PER, FATTAT DAAS BN T BN ey RIE BYE, ST B
X 28 K B o ; ) BE TR G0 S Bl

(B g T g yM Lz (3-24)
'8 dw; ﬁ (1+‘71T‘7i) '8 =t (1+(a-k) a.)
Hord g R BB REAR 22 U as e TR AR B AZR 1) B Do) 288 A B 1) RSSO R o o
Eﬁﬁ&mﬁﬁ%jzﬁl—fﬁééﬂﬂ PRINSOEEE, (Bl TRk g s E e, o5

12 > F A ] g A2 — AR I R A S A

3.3 fE AR TERE o0 A

KA THHFCR I B4 30 ADP F2 SR AR e Ik, AR T A e v iR oL
TSR EE . B, BATSIANCUNMEGR, PSR E PEATIER .

¥ 3.2 N 7T T AR T R M, B BN A AR AL

1 BB o M R — PPN A, Bllloll < @;.

2. B 2% KU ABL R 22 & (x) FR R — P SR ) 4% A HL A L ) 56 R R AT S, T

18



3 AETALE R RN A R R

lle; CONl < &FNVe; Il < Vi i o
3. B — o £ 1B IR & g (o) MBS M B R AR MBS S AL A, B
||¢ Il < @ FNIVP; ()Nl < V.o
4. PUEIRWELZERA TN, B2 |enam ill < Ghamio
5. gl(x)mﬁlil?ﬂ’ Hlg;(x) < gio
EH 3.1 XN (3-1) FTERMNIES RS, ¢ c RENETRIAZREE, WX
BSEE PR U, 20 € Int (¢), F @8 XbVE N Z B RS 2R (M B AS i 2. ST
R 3.1 F1 3.2 |z, FF Hs 2

gi$; <0 (3-25)
p<0 (3-26)
ﬁl <P+1 Zﬂ'mln(rk)) < O (3-27)
Hotp =3, 62282 — (@i + 8Ty (G Gidillayl — g:8) |-

Rl (3-15) Hpgtl SR A= (3-19) Ehﬁﬁﬁ%%iﬂﬁ%ﬁﬁ?ﬁﬁﬁt (NI
HRERIEZE B A LR R (3-1) ALt ()X 2 BHA B NzhARR (3-1) kit
FEATRAAER . Besh, AR NERBE S, RSSO E

WEBH: BRATE LA R 2 v % s BUH T Fa e Mo #hr

V=3~ (Vi + V) (3-28)

FV,, g = 2 @F o, & 0 PP I 4 DU (B 1% 2250
X FEAE R, FATH

v, _(f’VL(")) [FG) =22, ;R gTVeT ()] (3-29)
I (3-14) | DUE/RE-HES L2 (3-7) Ak 3.2, FATTAT LIS 2
Vi < =1 — (@ + &) Zy (GGbilldyl - g:8) (3-30)
KRR B AR A AR Z BT MV, A3 AR A5
Vw,l =@l d; (3-31)
Ra, FETHEHENRKA (3-19) , B AR (1) B — PP P 2 B E R ZE N B A T
AR N
w; = =PBilla () + Tl (8) + BiAg (3-32)
FA g ?%Tu%Tﬁ
L(t) = 290 (3-33)

[1+(0))T0;]?
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P ZASE R AR BT R3O

=2, "‘(“lT) ; (3-34)
|14(f) o
k _k
— Oi€ham,i p O; €ham,i _
Aa [1+(o.l,)T0.l,]2 k=1 [1+(g'.k) ] ]2 (3 35)

B (3-25) AR (3-24) 1, 157

Vi < Bi |55~ ZAmm(Fk)] @17 + B = &, (3-36)

BAZR (3-23) ik (3-28) &k, nrLifEE|

V<=3 rkp+ Ty (g + B (B - 22 @O [0 (3D

TR AR, WREW 3.2 Al (3-200 wor, BATAV, < 0. A, RIE
AR R e M e T, BRI IR (3-15) MR R T R, ISR AR
PRI AR E PR BRI, AT DAORBE a8 2 R AR IR B R (3-1) B BG4
4tk 2k, e 3.1 IR,

3.4 Rz

AT E B FOV R 28 RGN AR TR GE R GHATIII, v 85 IR 2% 1 LK
A RS S s R T T . AR RSB 1 R T A R B 2 A IR
e ) e B AMEE T, DAAR PR AE A2 FRARGE B IR P )  RR . HE I g 3 — 21 2
AR IR, SR N DN RER AR T AN SR N S i . v T AR BRRF A
VESRD IR AR E P, ASTE N T RIS A P SR S IR S50 £ 947 2% 23 5 N 2R JE Bl
DS RIX 28 o N FEARXS THEL B IR 5K, ASTERIHT 1 P R 4 X fEL R Bk AT 3T
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4 BT ORBE R 00 KR G % e e S

4 FeTORRE 22 A 4% 1 LI R 5 2 e R e 15 )

X BB S HIRAGFNR R RGN AR TGRS, RATF T H 22k
Py, R e RBEIEH S RO, ARERE T M TERLIERS
BT 5L S ST IRRE I SRS o AT VR AR 24 RL AOFAT 52 3 (2Rt b A F
MEENEDP A=A BB T DT IR A S 08, TR
I PR R L) HIB A . HRETRISCRSE RGBT, SIS TRElG R 3 2 4
DRBEAME IR SEILXS 701 R GE I 2 o 5 Ja l FH B — PP 2 X 28 oK 5 R AT
S S IR SIS W E eR BRI . S R B R B 7T LI R G ) B AR AT
X

4.1 ] R
KBRS EE RS, X R RN T RGAR, Kol iR A

% (t) = fi(xi(£)) + gi (i (£)) (w; (i () + 1(x(2))) (4-1D
Hi =1, .., N, 2N T RGEHPRE . x;(0) € REFAN T RGRPRE, w;(x; (b)) €
RYE N T RAMNEBHIFA TR, x(t) = [x1(t), .., xyn O —MHITA T RGIREH
FRPPIRA . AL, f;e)RERIAELR MDD, g (e )IRRIMAIE i H B, 1(x(8)) N BBk
. BRELS; (D) Fg; () AR Lipschitz ¥
MTi=1,.., N, WEx; = ONEINTRERPFEIRE . BRI Hx; = OB, 150
AFE A () =0, XERE— BRGIEIPPE A, B8R AR 1215,
N TSR EER R G HPEE] H AR, AR E LW 1T RS 5] 5 2P AU s a5k
0. T T REEERIE P R A SR IEREIR HAR A, RATH T RE RG4S
Wit A IE R s R Bk, FIEE RS (4-1) X RIGLE 7 RS, RaRN:
% (t) = fi(xi(®)) + gi Cei (0w (x; (1)), i = 1,2, ..., N (4-2)
TAMR GBS T RAEH AR, I HAAE —MEQ € RMELE PRSI, 7L
B HERIASE T R Gti. Ny T AP IC PRI AL B s A ] I R, AN BT H AR 24k
FIFEHIEIEw; () G=1,...,N) , {HFFIH 55 A R 2 /ML
JiCrou() = fy7 QF (xi(0) + uf (i (D) Reu; (xy (1)) dx (4-3)
Hhi=12,...,N, Q;(x)R—MNIEERE, FHHWLq () < Q;(x)
BT AL, Wt RS HE A EE T RGAEQ; ((=1,..,N) F&E, M
HE EAR B S A R E A PRI . X TR — 4] DLSEEL kAR H bR i SR mg w; €
@;(Q) G =1, ., ND, WL R AL ZCAR R 1 AR o8 A T O, () A& TSR] A

JiCeon() = f,7 Q2 (1) + uf (i (D) Ryp; (x; (1))t (4-4)
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% SR AR (30

YUy LAE X B3 R AS o B I AT SR A5 BRI 1 AR GE I DU K R 4

H; (xiuui'vji(xi'.ui)) = Q7 (x;) + uf Oc)Rip; () + (Vji(xi))T X, (4-5)
Hrhi=1,..,N. W8N TRGHIBM AR E ] AR R N
Vi= min [ {QF ()] Cu@DRe X ()} (4-6)

Hbi=1,..,N, JF()i 2L FHJBJT 2.

0= minmeq;i(ﬂi) Hi (xi, Hi, VVL) (4-7)
HAwv, = ovi/ 0x;, AT R GRS S RI Y
wi(x) =arg min HiCx,pu, V) = =R 6] ()W, (4-8)
MRAESCERITTT R E B 1, A0 0] 7~ RGeS s ) R s e i 1~ 3K
= B (x) = =R gT )V (), i = 1, ..., N (4-9)

HrppAr s &, R ALB; = 0.

4.2 3T T B KO (R 22 &t B %

4.2.1 FERS R HORR T

KA RN B2 R Z3CBR25]0 B K, AR EEG D2 el s h & T
BECRS BR HR I AMEE T, 407 Pl

u, (%) = —a;g7 (x)Vb"(x;),i =1,...,N (4-10)

Hrbo 2 kS mg e, b))~ ANFERT SO E XN FERG R £, 77 2 RfE 2 4

()7 RGN S ATHE HI AT LA R IR«
u; = Biu; () +yiup(x),i=1,...,N (4-11)

Horby R B P38 IR E AR SR e B 1, @k ik B 2 1y, B,
Fr et B4z i 28 AT DU BLE RGE BT E o DRI, AT BT 2 4 R PR A o 2 3
W BT PAORFE 7 RGUAE VOE HPRASTE B NisAT, RIZRZ4At T2 4 Xidc.

4.2.2 #2830

N T A5 B S (TR gt A ELRR RV, A/ N R B — VPP R 48 BRI
XA s BV e, RO

V, = Wrp(x) + €(x) (4-12)
Hrhw; € RPiE B —PPAIPI 2% ) BAEAUE, T (x) € R™PHR UG KB A&, p;
e FE = A2 O HUR, € (o) R VPAIMIZE IR 2, ViIRIRR AT DL IR Y
VYV, = Vo (x)TW; + Ve! (x) (4-13)



4 BT ORBE R 00 KR G % e e S

PRARME R B A T AMEV B € SR
V, = W) (4-14)

HohW; € RPuZ B — PP 25 1Al T RO, 76 58— VP20 9 28 v S B0 S B R A 1
Bl Vo AT T, P et R O S B — A 22 X 24 S

u; = =R g] (V[ ()W, + Ve[ (x)) (4-15)
RIS THE BB, P R B B AL TR W, SR ) 3% 7T AR -
0 = =R g{ Vo] ()W, (4-16)

RN (4-14) Az (4-15) , ARG DR IR -HE & L7 A2 BRI LR 22 5E SON:
H;(x,u;, W;) = uf Ryu; + QF + [WVe; + (Ve)T]%; = —Ve[ (f; + giwy) (4-17)
A AR B35 i SR SO A VB, DU R - FHE & LU 7 R2 R ARl iR 2238 A
Hl'(x, ﬁi,Wi) = ﬁ?Rlﬁl + le + (WLTV(pl)(fl + giﬁi) = €; (4-18)
NT RS, ATCARIAL I R RR: Vel (f; + giwy) = —ey i M, = Vo (f; + gitty) -
N TAF B AT 2 (3 f SRS w I T30 AT N B4k, B Jes P e B A S N e
giailik, PSR E HARIERERR:
E=t—L o 4ym, _ ) (4-19)
2 (1+“’iT(‘)i) (1+(w£‘)Tw£‘)
H ol R w MR JT S 5HE . M2 B8RS %o, = (o] ... oM 2T %
Ftk
RYE EIR B AR E T, 7T DA 25 T i/ ZRIE R B IE BT, WS R wnE
ROV 9N 28 0 A1t (L 7 ) B 3 A

A 0E; wie; M w;e;
Wi=—a; k= —aq;— — g3, —2 (4-20)
t (1+w] w;) (1+(w{‘) w{‘)

Forhag RRRAT RGN ST, A AR 8 — VP o 4 B W S -
4.3 fx il gtk pe o

N T IR LSBT ) 3 AR S 1 5 A /N e R U R T R RIS A R 5
BEATREVE T . Jalh W IR ZE B0 -

L . Tw . k Tt W k.
Vl/l(t) = —qa Ta)l [(ul W(t)+eH,l:| _ al Zlkvl=1 wl w (tl)W(t)+eH""| (4-21)

' w; wi+l (‘)iT“)i+1 (a){"’)Ta)g"'+1 (wf)wa+1

EH 4.1 ELUTFRAMT, PEHMEACE & —BUR & A -
1. rank(®;) = p;;
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2. eH,iE(]J:ﬁj'g eHmax,i
WEBH: 8 X PR AR R R, DU T 8 Rs0E o i
Vi(t) = - W'W, (4-22)

XTEANT RS A USRI N A U % eR A S 4
i

Vi = =W/ ($a(t) + G(O)W; + W, (4-23)
Horb S BE T2 VA — 4 — IR B TR -
Calt) = e — (4-24)
AT p AN S B T ) VA — 4k — Ik B TR -
¢ = i:l ng (4-25)
[1+(w§‘) wi]
FF H S BdE 5 D sSE B R 45 A R ZETTR] PLRIR A :
_ wiey i D wfe};,i _
= [1+(@)Tw]? T 2= [1+(w5)Tw{‘]2 (4-26)
FHBET >0, ifIERIAELLR:
V, < -WTgOW; + Wy, (4-27)

RIEBRB AT 1, Blrank (@) = k, A LAE—B155):

M+1
2

. ~ 2 ~
Vi < =Amin GO + IW3 (*57) e, (4-28)

BRI || = LEDemmai g s ph |y AT DU A SR o R R (3R 2 W7 ik %

2/’Lmin((i)

R RN—SRAE RN . 2, EHF 4.1 EH%E,

4.4 AT NG

EEXT N SR RS TEE A B RS, ATt MR i >
¥y 22 4 b H AT ARSUE 4 4 . H 6L TS 20T RGN HIE RG22 R
FasE PRAL I, A FHAE 25 A 7 S SR A B L P 19 HIB D7 . HREE T ESCRIRTAL,
B — R 2 e ORBE T, SCL T RGN % e ORISR O 1 I GRIeAT il KU (Y
W&, AT T IATEE 5%, UIZRA TaE U e B S — PRI 2%, 15 203G A
Z 2 RBE SR 4% o B, AR T VPHIE I Il R Z S S R R &AL T«
BNR, E R BT s A T ik i) 2 e YRR E T
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5 HUEDIHISE

5 BfE i HISE

AN B R E N AR ESCH RT3 T B & B A S I 1 LI AR ST PR
ARSI AE, X HUE 07 A5 BT A

5.1 i EZHBE

5.1.1 XN RGN HSE

AN JEZ IR R G EUE I B T 2505 . A BB E— DM EWA
BRARIIHIE RS BRI A 25 0T U, 8T 52 et EZE . BRI ESH
BB R R

X=f(x)+g1(x)u; + g,(x)u, (5-1)
Hrhx e R?, ug,u, € Ro FATEEW FEANIEL .
Xy — 2%
;= _%xl_x2+ix2(cos (2x;) + 2)? (5-2)

+ix2(sin (4x2) + 2)?
PN REAR 80 0 2 N FE R 20 ) e A

0
91 = [cos(le) + 2] (5-3)

0
92 = [sin(4x12) + 2] (5-4)
W4 BRI BT ) ELAR ) 3 T kB -

Vi(x(0),uq, up, ..., uy) = ftoo 1 (x(t), Uy, Uy, ..., uy)dt
= ftoo (Q:() + XV uf Ryju;)dt

HrP A ESEFER/NAQ, = 2Q, = 2L, MRy = Ryy = 2Ry = 2Ry, = 2. WLLEH
PR BEAR I ME B — B, WO~ e e I EEZE.

TR E AR REAR AR RIS, FRATIR th a6 25 1 H i PrIER S x (¢) il
TF, FN#Rx () AEH 2R FEIc. EXMEERF, HFREIcH—MEER
HFAREh(x) = pxs —x; + 1, FEE ATV — &, Hipioe 2eE et
M Z2E. AR ER, BATERp = -1, 1p = LAIEMN4E.

IEIHIEEIRE Axy = [—4,2.2], RR—ANEFELLEEEGD ARG @@ T
B RREL b(x) = (1/h(x) — 1/h(0))* ik B Hl e IE st a; = 0.1, BRRVHL 7 ) #=15
BN REREEGIS . NS 580 RBHE N, = THB, = 0.1, FHEEYIHL
9 (t,) = [0.5,0.5,0.5]"

(5-5)
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P ZASE R AR BT R3O

5.1.2 B RGBS
AN E A BB RS 5 3 S 5 SR i B 5 DU 2 48 37 ) o A 2% ) 2 4 PR B TR B
FREFME, 1% REHHAEEN T RAEH, BARMEMER R TR

. 0 .
X = f(x) + [cos(2x11) + 2] (uy + (x11 + x35) sinx2, cos(0.5x5,)) (5-6)

. 0 2
X = fo(x) + [x21] (uz + 0.5(xy; + x2,) cos(e*?1)) (5-7)
_ —X11 + X1
fl (x) h [_O.S(xll + xlz) - 0.5x12(COS(2x11) + 2)2] (5-8)

Y22 ] (5-9)

f2(x) = [—x21 — 0.5x,, + 0.5x%, x5,

Hrbxy = [x12,%11]"7 € RERIRT RS | FPRE, w, RART RS 1 BFIFEHHIAN. x, =

[x21, %25]7 € RERIRT REG 2 FPRES, w,RoRT RS 2 Mkl . XA HEB

Hr, WFEEICH — R E LT R B (x) = x7, — xi0 + 1o HIEIREBETE N, o =

[1.2,0.47]. T EFEEIFRECHY b(x;) = (1/h(x) — 1/h(0))* 25, AT LASH]— %

REEEGES, HFH e = Ui IS B — A RS . BT RAEMF )Rk
WRNa, = 1Ha, = 1, MREYHEL NG (t) = [1,1,1]7-

5.2 BAETHEAR

5.2.1 RFAMEZE T 1 OB 22 kA6 IR

N T UEM T BRI R, AR/ RS ARSI T, AN %4
IRBE IR A0 R GUHEAT TR XA oL, JATBoEp = -1, EEER WA 5-1,
ORI 20 W 5-1 P, GEREA I (3-15) rb 42 i SRS R T ) 22 4 PR it
UL, RS x (O BREAETIRE, RN KEAZEIT %% T, B 2 iREI
IR SRR S RE 2%, BAETTHIRI, WESIEE & T 22240,

2.5 ‘
\

2 -

1.5F
|
0.5F
— MR AR
0F ™ JRiRIEHR
R R HE%
-0.5 I 1 | I 1
5 4 3 2 1 0 1

1

K 5-1 HA MR 2 5 PR RE R IR R AR R G i
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5 HUEDIHISE

wmE 52 MK 53 Fioas,

[0.5000,0,1.0002]#11[0.2500,0,0.5001], 43775 2| K4 & 26 K hn R Fiow:

'0.500077 [ xf
7, =10 X1,
11.0002] | %2 |
10.250017 [ xf
=] o X1,
0.5001) | x2 |

PSR BEAAR 70 I N2 A2 1 45 0 TS -

) 2x; 0 1770.5000
oy = _§R1_1191F X2 X1 0

L 0 2x,]1 11.0002]
) 2x; 0 1770.25007
2 = _ERz_zlng X2 X1 0
[ 0 2x,] 10.5001.

<

3 | T T T T _
u W(‘l,l
v W(‘I,Z
W(‘l,li
2 |
=
18
0
0 1 2 3 4 5 6 7 8 9 10
e (FP)
Kl 5-2 BREMAR 1 OB R B AL R
3'.', T T T T L— =
u Wcz,l
2.5 ( v ‘{V«w a
W(‘2,3
2 il
15| f
1) |
0.5
’-& = m— - m— = m— - o +
0 1 2 3 4 5 6 7 8 9 10

i (F9)
K 5-3 FREMR 2 IO E BRI BUE

BReds 1 MBEREMAR 2 W ER B ERET

(5-10)

(5-1D

(5-12)

(5-13)
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P ZASE R AR BT R3O

e, AT RN R e RBE S A s, BATEBRE 1 — AR 3L 7 BR 1.
5-4 J&R 1 AT/ A 2 A DR R 22 ) 4% R A ROR B 22 57 WTAR IR g = [1.5,3]
FERIUERTBL, PN 35 RPRES PUL R AR R o SR, 242 A DRI 2R 400 F
2 A R PR ITURE IR 25 B30 4 1 P o o 0P S TR P 7 P00 2 B 5 (Y B B S T 1 e
LA PREETR A FE I 2% eSO E . RN, TR UG 6 48 RS PLIL B oo 1
WA IRE], AR B T B ARG . 12350 E T, MR R da 4%,
BRI % A DR R HIAMR TR, AR AR RGNS I R 2 0 7 ik 5-4
FLLERS LR, XG0 RG22 A i Rk

3F T T T T T T |
2+

1 -

g0
gt
PARC
KA PRI 4%
-4 -3 -2 -1 0 1 2 3 4 5

T

K 5-4 AR a0 SN R RER AR Z A IR RS BIE
5.2.2 BERARGT) T A ORBE 2 IR
N T UM% A RBE I fI A B A, ATRE 17— MR R eid . 2R+
BT RGP N I B AR E AL I & 5-5 FE 5-6 . AT D&
H, TRSG 1T R 2 EHRBPIEIL S R0 A F RS, e MR GRRRE
PEZR o WA S DY 2 52 1K 20 R R B Jeii e AR R e . IR BAT#
B H R e 5 12 e ORBERFE -

—Wer [
—We2

1.1

1 W(?B
0.9
0.8 L
0.7 | I | I I | I | I
0 5 10 15 20 25 30 35 40 45 50
i ()
Kl 5-5 TR 1 PFAIMZ IR AR AL K
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5 HUEDIHISE

2 T T T T T T
— W a1
1.5F - a2 |4
Wa3
1 -
0.5 .
0r i
_0'5 | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
e (F)
Kl 5-6 1 &% 2 VP4 AL AR AL ]
1.5 T T T T T
m—T11
1 —T12 |
T21
0.5 ez
0
-0.5 |
1 I 1 I 1 1 I 1 I 1
0 5 10 15 20 25 30 35 40 45 50
i (FP)

K 5-7 AT RGHPIREZ

5-7 & 1 BEINARBE N2 A DR PR R A I AR 0L T, RS 1 MRSt 2
A RS AL 2R, W AR Y, e I 2 e RBEFE R I, T R GUARZARIEL

o2 —x1+1

1.5 T
— FRGI+ZE
U—TFR%2+ %4 ) I
05| TR : |
— FRG2
™~ Or { i
H
05F Q\ |
At -
-1.5F i
-1.5 -1 -0.5 0 0.5 1 1.5

T

K 5-8 fEAR Ik R AT G T T RGURES L
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P ZASE R AR BT R3O

K 5-8 WA H IR R G L RBEIEHI G BT EEEUR, K iE th seek Uk % 4
5. 2R 58, X REEINg EREER A, TR RSP LR 28
I, 51 R 2, HENZEREEIG 0T RGN, 22 RETURIRE
At T B A bR B S RV BB BE T 7)o 2 5 32 S R B R S G N 5 2 e DR B IO ) 532 1 gl
DK A, IRSWSONE. SIEAFKNE, IR Z&EHIH T R ERIRES
B ELAR T IRAS R, AT AR AT G 5 T R A R

3
2 L
— FRE2+EZE .
0l FRG1
— TRG2
e | | |
5 4 3 2 1 0 1

1

K 5-9 fEMME 2 el TG T T RGOS

5-9 N # e REE R S N R e ARG PSR, Kttt iR L e
AF. fEE 5-8 H, X REEIN G e REERIE, TR KRS L. 24
I, 51 R 2, HENZEREEIG N T RGN, 22 RETURIRE
At 2 B e bR B S RV BB BE T 7)o 2 5 300 S R B R S G N I 5 2 e DR B O ) 32 1 gl
DK A, IRSWSONE. SIEAFKE, IR Z&EHI T R ERPIRES
B B o R DIRASBR 1, A Rt S 5 3 SRR A R . TG B, B M S
AR PEIL T, ASCBRCTT I IR G 2 4 IR B I 1 R 4 B A R A B PR BRI AS AR B P
Wbtz i SR DL RICR, W] DA R R R U AR G IR AE T

5.3 Rz

A B3 i BE A FOR 5 =5 SR D S AR A SR A5 R AT IR, R YIAE
FITBETE 5 T B 5 o AR ) 22 2 DR R SRS PR R ), AR AR R G B R G0
REMSLEAR AR /AR L AT RGO P RSBl &y RRUE B R R P iseit
) 22 4 Ok B i 5% BE W 0 DR ™ AR BT AN 2 RS Xk, P B iHE s A2 LAY 0 AT
EVE 2NN b S e SR IO
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6 EHHLNGIHIE
6 AR G L

A8 BN E R ESCP BT 3 T B & N B AR I R G PTT URS I)
VARG E T v BRSO AR, IR0 A R AT 704

6.1 Jo NHLEEAF 7 F 3k

VSN AT R 2~ R SITsh (bR rse st PR & el e sy M 178775 ol N 70 o6 N ot QL
Boow CESLR RN FA50 EANUEBE AT EERIEN R FE-TG M, KA
Matlab/Simulink {F 9% il 45 FIBUE R AT, 5T SERHRSE AN E)x — y — 2=l
K13z 4 ] AR AR AT iy S U P A A1 55 A CopterSim AF )i 242 (1 417 FLAR 52
e, HEFTHEE S NI, R SRPEEDE TEANLIIREA, W] IARSE NS | B LR
B WSRO H S R R B S PR A AR, AR M 1 5 AR I T
F M, AEWS 5 Matlab, 3Ddisplay S EUIFSE 0. RIEAE IR, SCBLAE 247 il 47 )
DA SIS B o

WRHE F450 T ANUINLE FRIE, SETROA bR DA bRy . m AR AL,
AL 0 R A 2 AN TE AL B AR T

¥ +3.9811x + 0.529635x = 41.1632u, (6-1)
¥ + 3.89105y + 0.529839y = 41.1633u, (6-2)
h + 13.2188h = 13.2244u,, (6-3)
Y + 5.43658y = 5.45157uy, (6-4)

JRBATE IS NPTy, — R FANLSESS, £ TR HI7 5T Sl T PRk R B 22 4 R
Pyl gy, BT (6-1) ~ (6-4) FRALAITI 3 /) AR AT IRFOR MR S 4216, — 2
ZHUEIRSCS, IS AN UAERETT [ % B hs V)[R I L 55 4h— G TE ML, TE AL
2 /1R R i % CopterSim,  SEHLSE MG S PR CAT PR 45 5 5 i [ 38E e A AU SIE 56 o

o b

" 3 e )
Kl 6-1 15 B3 A RflySim3D F| ) HL 51 25X} F450 T AMLHERAR

St A 2 PR ¢
RUESR b e :
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6.2 I ML % 2 RIS

6.2.1 BLJo NAL 22 4 (R B ) 98 e vt

TR A QISR AR . PABKFy . @A ARG SRR, RIS AT
Tk, I FRREFR « ML FARAL B E - 2 AR S 5 HARRS R ZERE,, 2
E—&upr MRDIRZS 5 BTERERI O SR NE, 2 & — &

AT AN BB B A mT S, TS WL T RN I RS, TR A s
BLIKIR R SRR 9 ST A%, WA A I TFUZ B s 1t 2, X B ABLIK B 42 A%
B TR s, R A B R TS AL S . A B A0 Sy B I B T S
BB e A IR 55, T FIALJE St v s BT B, 7E 048 B R B 25 s ke, 1
YA S 22 A AR L) %) 4% 47 ) 2%

Unomial = _klgwp (6-5)

ST NHUAEK ) H AR B A N (o il T sy, A/ T T B bR 07
VBT AR B R . N T T RSB A BRI S, A B AN B R A
B3 AN — A B () SEBRBR BB o0 iR gy, R BN Ry . SEBRif 7
SRR R LR, TN REMRESZBRIA R, — BARRE SR, T AN BN
falARAS , o1t o ST B A AT 8% o T RO S SR AR B 30 R, TE
P PR R AL, T BT R B R AR I, T R R R RE R, Pk —E
MRS LR 0 BT S A S, O T RN TR b e S 2 4l A
A5 DRI A S B O 200k, B RS R K R B A A = (1€l — 7)s
T 7500 7 P Bt B A

1

&) = Gy

MR S VU T HLICR G 1 2 Pk oR B i) 2 A PR il e e v, B3, A8t v
TR 2 PR bs pR 1) 22 4 PR B L

(6-6)

_ 1 & _
= Kz (1= 1ol (6-7)

R oS TR RN SRS AL, D 1 Se Bl 22 2 O B 1) R B ORAIE 28 G5 A gt A
EVE, ASCBCE 4 AN TR A 2 R T R R L
V2 = %gv’[l;p'gwp + k2 m (6-8)
X2 R R B AT SR 3 T A5

1 5317
2 (18 1-r")? 1%l

N TSN T R BN UE 7 EEBAR AR 4 A\ 2 1 R A SRR K

V =k~ k = (af,, — b&,) @ (6-9)
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6 BRI FARIE

i = —aq (aé,, — bé,) (6-10)
ISR DLGRAE G0 AN S ST
V= —(aéwy — b&,) ao (ady, — bE,) <0 (6-11)
W2 2 2 DR P 425 ] SR AT DL O B - B g 40 1 S 1 24 TR
Dol > 15 (6-12)

I H A TE NHURIEBE I FAR 58 opigim > FEHIHIATE R, BINZIEH] SRS A 2
AHLBENERY = 0 LS H A1 167 150

a(gorigin - pr) + b(forl’gin - EO) = 02x1
SE Bz il A ) S OR/NS2 B — e BRI, o Tz BRI — Ao~ i S AR 4k, mT DA
i AR $sat (D FaR, A F450 T AN 24 (R b ) 28 7] LR IR N -

u = —sat (ag X (aé,, — béy)) (6-13)
6.2.2 FLIG ANHLIY 22 2 ORI 47 B0 S

AN 26 K P AT S A FlightGear #EATS2m @R, WA 6-2 Fix. A
Simulink A7 EH R AR S3EH K, TANSIESBIEH A (6-1) ~ (6-4)

=

/E\‘,le‘(%%ﬁjﬁmi? ﬁﬂ‘]iﬁj%ao =1, ko =1, k1 = 05) kz =10, r = 2m, r' = 4m.
P 20 #, ISR 88 T8 AL B & B ARALE - 12 1) 253 1 M AT B BN U, gy =
2’ uy’max == 2’ uz'max == 2$Hu¢'max == 20

AN FAS0 2 Jie 30 AR EaE s sEe an N B 6-3 s, AEIFRATLES], A
HUNBTAEIRZSAL B (0,0) i/, B & 23k H ARAL B (—6m, 25m), - HL5g 1 X SBR[
SE BT R TR A 55

TE AN Ryl skl fE v, i 6-3 Fiow, AT LA B ANWIIGALE
EDRIT 46t BN BN TR Y, B AFLR U ERIGa AL B 5 2 SAL B R IELenTEE, H20
NV [ 5 BEAS I, T AHLR R A B 5 S brir B B H R A T —E W2,
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