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This paper is proposed for the problems of model uncertainty such as the control of supercavitating vehicles.

Firstly, the nominal model of supercavitating vehicles is built based on the analysis of the vehicle dynamic characteristics.

Then we rewrite it as the uncertainty feedback system, and an orbit and attitude controller is designed via the backstepping

control theory. The radial basis function (RBF) neural networks are presented to approximate and compensate the

unknown functions, otherwise, the weights of the neural networks are designed by the adaptive method based on the

Lyapunov theory, and the stability proof is also proposed. Finally, the simulations prove the effectiveness of the above

controllers.
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Fig.1 Incomplete-encapsulated supercavitating vehicle

B A AT RS S AT (A ) B i ok s
AR, AR S, AR N7 R 4 2 YA T (A
R 2SR BRI AL, S S AN T,
SO AT B s Rt R A . T iR A
B AN WU R SR 1) 52 M i AN L A RS, R ATAT
PR AR T R GEE L T I 2 AR E L. AR
25 IATAT PR A RITFE 2 MR A0 PEASE TR o 4 52 Al 46
PESUA T, SR T B i HEm p R A i s i . B
VAL 5 SR T A 22 [ B AN 5 TR AT R R ZE 1

N R 2, ik R A E AR = A T —
M. (R, PRI IR AR T, A O ERA AU AN

128 ) 2% 2 — PP FE 2R G0 1 7 BB R AN 7 1
REMS IR EE H B AR R WL i D fig, B AR B AR Ltk
A, BERE R R RE A s xET
RBF #2245 19 H i M AL L i flF s g [ T
M A )iz 23151 RBF (Radial basis
function) #2845 4 FH T 18 3 DU AL 28 A 4B 8L 11
Fmnulol, Sun 0T BT T E TR MY [
IO ORI 2 AR A 3 A R R A, T R
B A7 AN 0 P 0 FR AT B B LT A B
0 PR R PR X — SR AR LR B R S, R A
2 W 4 0] DAFR IR R i R R g0 A, HaE
[ ph 28 M 2 88 5 ROEEAZS AR R 2 = iR
F 2 GR35 i e 10—,

ASC AR A A 28 8 25 AT RO AR R 5, B
THA KRSt 2% S R TR B M 1) ) 26 EAE AT
WA, XT3l )~ A, A6 28 AR AN 1 T 1
Hab b, BT TR T RBF B 28 W 4% (1) 2 8 42 i e,
T RO AT AR i 2 s il ) 2, R sk, A1 RBE
i 28 D) 246 208 3 - A M AR A TR O A . [ LS B
WE AR A5 A B A A i ROR .

1 HhFEE

JE A 0 AW AT R E SRR B S
OATAT (A i A

XY\ A2 30 43 B, (58 FH 1)t T A1 A 5% 0 14 Al
br%& O — X Y Z, MNE 2 fiR. KRR Oy — X, Y, Z,
J5 5 Oy BONE, =350 B I AT (4 A 538 D7 ke
Py Xy Bl FEET X Bl EOKFAA R Y il e
HT X0, ‘FHBEEN N Z, ZLFEE[Q’H-

K2 AR

Fig.2 The reference frame

R NEEENUT A2 IR 3 s,

ARSI S Y B A S A G 23 T AT 1A
A5 2 14 e R DX AE T UAT 1 2 B0 32 T 4 L i A [
FEGURER P i R RS2 ) B FRAIE A2 J1 . T B R
AT 1, WAL R A2 1 6% R iE T Fy
#E) Fr. HAEME ) F, L SR Fy KR EZE



736 H 3l 1k

i 46 #

4l

32 ISR 38 B T 3 Bl D 2R R Y 2
I}%Ejﬁyjﬁb FAT A 32 I A Sk S A 4 B 52
AT BB FY B B E ) Fy L M STy
e L A s B D R ] PAKE R A @ﬂmﬁ%ﬂﬁﬂk%@ﬁﬁ
filiik A

U+ quw — or
m| o+ur—pw | =Fpr+F.+F,+F,

w + pv — uq

J r+pQ( Jx)

Horr, (w, v, w) F (p, q, ) 535010 T AN A S JEEAE 2%
Tt Lo, (Jo, Jy, J2) 90500 58 = Rl e S
&, m M. Fy RIS 152 0]

K3 Ak ot
Fig.3 The vehicle force analysis

ICHUT BB L, Rk 0, RN 2, fil

AR R R E . S IR T DAY L,
LMV R O 1y, g Y
17 11

11 =EER

AR AT R Bl 2 7 R i L R o
TTD{%)'M?H%T 23V 2 S AT AR Sl A A
f, FEA A R E R Y. SRR
ﬁ%ﬂ(?ﬁﬂml.:iﬁlzﬁ‘ﬁ@%MﬁﬂZFE’JI%ﬁﬁj& TEA
TSN . X LSRR A BT (A 3h 22k, X
RIS TR S, —IFIRIE T KRB i KA, 2R
JEW AR B BT R RS IR — N EES RO

B o
_ Poo — Pc
7e = 05pV? (3)
Hr, peo HEHET), pe HEEWNERET). S0
PSR B HES L —. UHAT IR IE AR

F?{ilﬁlﬂﬂﬂﬁﬁﬁﬂhﬁﬁ Poo JESEfE, Tl
THE, ZHT A ZS AR T pe 1254, A

0.073\
o.=F"*+F7 <Ff4 + >

10, )

Hop, F #3585, HA Fr = V//gh, h2fif7
I, Qu MEAHE, hm?/s HEAL — B
E, MEEWE F @A, 23515 B AR08l
R, ARa AKX

Ca O, T
) =12 — )
r(z.) r( ln(oi)R 1n<C>R2) (5)
Hrp, r(xe) A=A T 2=, KBy x. AbpF
18 ca RIERE, REMUTHRE K4 FRT
HEF Savchenko #HL P AR 23 (L BTN R AS
[l 25 YR . LA R AR AR s 2SI K S AT 1A

KM, AR FRR i S Ae 525k de -k
TR HeAH.

10

0,=0.05

8t
- = =0,=0.1
A 6F ex— 0.=02
o)
S~ 4r /Z2BN
AN
21 \
\
0 L \ L L L
0 0.2 0.4 0.6 0.8 1

L

B4 AFEZARCR =S E
Fig.4 Cavity profiles according to the varying cavitation

numbers

HilE 4 HAMER H, ARPZEAECT, 2K
JEREAR R A Ay, B (4) WA, i —E A1
OUT, T RAE o A T R S B ) s v e B 1Y H
Y, HLZS A BERI A2 e B 2 A R e A 484
JNEY.

1.2 ZTkEss

Yz gmiE s, AR EWE 5 s, AT
e LR sh Il 48Ry @ ST i FLU DA
Wz o m) FS a3 alh:

F? = —L.sin(d, — o) —

c

D sin(a, —6.)  (6)

w  l.q

1
F* = —20.82p8,V2(1 v ta
- 208 pS.V( —i—a)( +(5C> (7)

H, oo AL, O ML, p oA
TR, S A R, L. Ml D, 53 53R



44 PR BT HIENY RBF 1 42 ) 28 (488 25 T AT 1R B s il 737

K5 gl
Fig.5 Cavitator

FAVER T2 eds LRI K

1 1
L, = EpVQSCch = 5,)1/256().82(1 + o) %
cos(a. + d.) sin(a, + d..)

1
D, = ipV2SCcld =
1
ipVQSCOBQ(l + o)cos?(a, + 6.)

1.3 EAH
2B B IR T R 7 A A AT AR R A, A
H Y Ze oy, FEARARAR R T, HEERACh

F, = —mgsind
F,” =mgcosf 9)
1.4 HERAZEN

oy zs iR e e L 2, S EUNAT 1k R HR
SFRAIK, %ER Iy EEZ B =M1, ST
Fy. B2 AF, Rt Fr. Q& 6 Bk

F,
AFP
F
X, f\ V@
I

6*~&(\

Ze

K6 whimREHzZh
Fig.6 Forces acting on the wetted body

FEFRIR A K H 1 AR R DARR I 25 H ) SBT3
3, WAbR R R R 23 T 3 50

Fy = —puyerg cos b (10)
Hrr, vyer Fom BEBIR ATK AR,

FEHRBH ) EESE ARG PERL Ty, 1 AR o
ORI EN VAR S Taw

1
Ff = —ipSfVQCf
0.075

©1= gk, 2y

(11)

Hrr, Fy 2R i VE AR IR SR i Aokt 14 FEL
BRI, T 1] 5 AT AR B ) BT A e, Re M ER
wEL
FE il 2= 3 2 AL Bl i 2 305 7K 8 el ) o 3
FAR T AR [ 3 B, 2206 28 ST
AF, = —épVQSfclfsgn(G) (12)
Hrr, Sy Az e s KBRS, oy AT R
B AR EZE AR T2 s e BT
1, R EZEAIE T AT RPN, K B AU T4 25
32 B WAk 1 22
AT, ZBE AT A ) AR AL, AN RS
HERICAZENY . 2SI FETE, SEUT IR Z 717 5
BTy AL WA, TR, 28
WA 0. m] DAS BN Y F- 10 a0~ - 4E3h J1= 07

T

m(w —uq) = F; + F; + F; + F] + AF;
Jyq = Ffl,+ Fily + Fily + AF:L, (13)

Hr, Jy, Fom Yy S5 1) L SR

TESCHR [4, 6] BAUELR B, PelBUNTAT (A Ay E 0 I
BE 2. A 0. G w. A AEE ¢ FIRES
Asde; g A 0. MEFRELREM 1 ) F, Sz
. HSOEZSINAT RS0 AR AN

z=w-—-V0
o —

M (14)
[7{)]:]\4 ; + M, + Bu+ F

q

;H\:E{:la M17 M27 B7 Fi@ﬂ‘j/\ébﬂg%ﬁiﬁﬁ

0 K _K KiltmV?
M _ m M _ mV mV
1 — 0 Koly | 2 - Kyl _Kllz )
mdy, Vi, Vi,

S VTR
B = !Koli}f Kzlzf]a Hw 2 B & & 54

Ty 7

F = [g+ in Fﬁlf] , Ky = %pVQSf sin(a..),
Ky =%2pV2S,.(1+0), Ko = $pV2S;cly



738 H 3l 1k

E N

46 &

2 ET RBF #HZMEH &EIEHIZZIZIT
2.1 o)A

N TR BT, JE e b 2 AT
B (14) mTAZRIE N

3'31 = Al.’L'1 —+ s
$2 = f($1,$2> + g(zl,mg)'v + F (15)

/E\:E'jv T = [279]T7 Ty = [w7Q]T7 Al == 8 _OV 9
g(@1,22) = [g1,9]" = [, KoLg]", f(21,22) =
[flva]T = [M1,M2][-’E1,-’E2]T, Bu = [Ubhuw]T =
[911)1,92112]?

y=xz (16)

T2, P2 RESE (Bt T
R A S AR ) SRR EEE I S B0 AR E], I,
REARAALRENREGEE f(21,22) F g(21,22)
% JEAE R R GERL AL T R AN R H e 2
Wt —N B i i T R T A 2 A BR R
il DA, (] BSp X ARE AR v () AR I I 4 1 B 3E . RBF
P22 W 2 i . YRR TR 2 ) 2% 1 A i ) fig
HABTES S SR N ST, TR, M0 T A i

BRig 1. aERYEERW, B f() I
fmax7 | g() ‘S Jmax; vxz e eR"

B 2. f(-) Flg(-) AuieR %L
2.2 RBF &M%

RBF #1828 X — MR LER AL f(x) BB n]
e
f(@) = WWh(x) + e(a) (17)

Hir, 2 € R" i AmE, W e R™ HIE, )
BT R E, ¢(x) = [91(2), ¢2(x), -, dn(2)]",
¢i(x) RARTEEEEL, @i RBF B3y

Nl —al?

20,

oi(z) = exp < ) , i=1,2 (18)
HAp, ey by 2RISR S TTH RO A E A TE L.
ERIE RBE At 25 [ 265 18 10T AT 352 o B A A,
T = 2k AR
i 3. FAAE— B AAUE W™, XSHMERES Hr/h
MIIERL ¢, RGUEITIRE n HP 2

n=If() = FC.W)| <¢ (19)

2.3 EHERIT
TEXIREFIREE €1 = &1 — 4, O g RWESR
Gl
él :i'l - $'d -

Aﬂ:l —+ x5 —d:d (20)

H z, = [xdla fL‘dQ]T-

8 o A EITERI A, [ RE 3

Ty =€+ Ty — e — Aixy (21)
Hit, ey = [ear, 2] ATANMAN R FIH53K15
ey =%y — g+ cre; + Aixy (22)
E S —A> Lyapunov pi%{
Vi = %elTel (23)
Vi PR S
Vi=e e, =

6?(14161 + ey — clel) =

6’11‘62 + e;r(Al — cl)el (24)
% = Ay, V1 CINYSiER )
Vi =ele, (25)

M (22), WA EH]
. [ én ]
€2 = . =
€22
Zay
Tz
A (15) 1 (26), ATRATHH]
€1 = f1+ givr + F1 — Za1 — V(e + Ta2) =

gi(gr fr + v+ g7 Ay)
€a2 =g2(gs ' fo 4+ Vo + g5 ' Ay) (27)

Ht, Ay =F—&g —V(enn+aa), Ay = Fo— T,

_ 1 _ Bly
Fl_mFb7F2_ 7

I, (R AT Al
i=1,2 (28)

o1

L22

€12 + Tgo
0

-V

Up; = _fi - giAi — ke,

Hp by @S WE k> 0,4 =1,2.
SR, T RGEAEAHEERMINATIL, R
f(@1,22) Fl g(xr,22) BWRH. FELBrH, 6 A



44 PR BT HIENY RBF 1 42 ) 28 (488 25 T AT 1R B s il 739

ANREEFENA]. PRI, FIAT RBE 1 28 0 28 55 2R J1 0
AT
EX

L, éx AT AT Ny

€9 = [WTT%(@ + Up; +N:Tfi($)Ai], 1=1,2
(30)
Horpr, WIT R NGT 2IEEARINI £ F gs SeAUACE.
FAb, TR S AT AMUS
31)
SEPREERIHA w = B up, upe]
$558 (31) fRAK (30), 7T DAFE)
€ = Qi[WiT‘Pi(m) + Nini(x)Ai — kiea; + dj],
i=1,2
(32)
Hrp, d; BWEM R fiitiRzE, vJARR A
di = [fi =W pi(x)] + [9: — N;"&(2)]A; (33)

Hd B, W2 |di| <e, e @R, HFE > 0.
JE X5 A~ Lyapunov pRELIT) 5 —HB55
1 1_- ~ 1 - ~
Vor=Vi+ 5631 + §W1TF1_11W1 + §N1TF1_21N1
(34)
K Voo SRS, FIBHREL (32) FOAFS
. . . ~ T 1y ~ T 1
Vor=Vi+ €910y —W, I'[yW, —N; I''u”N, =
. ~T . T
Vi+en{[W,pi(x) + N, & (x)A) — kiea+
~ T . - T .
dl]} - Wl FﬁlWl - N1 F;;Nl =
. ~ T -
Vi+ W, (esrp1(x) =T Wi)+
~T .
Nl (62151($)A1 — F1_21N1) — k‘legl + 621d1
(35)
i AT DATS 55— 2 AR Y 1 3 S AR
Wl = F11[€21§01($) - 7"1W1]
Nl = F12[621§1($)A1 - 51N1] (36)
Hrp, g F By 2B/NEEL, EE MG YT

RIE di fAFE N RGN EENE, 7N E W
A N G EERE L.

1 A (36) AR (35), Hl15

- ~ T ~ T
‘/21 :efeg + 7”1W1 W1 + ﬁlNl Nl — klegl‘i‘
€21d1 (37)

HU, 55 A Lyapunov sREEE 4> Vag 1T
DA

- ~ T ~ T
‘/22 :efeg + T2W2 W2 + ﬁQNQ N2 — k2€§2+
622d2 (38)

[ e SN EBAVA S|

W2 = 1121[622902 (33) - 7"2W2]
N2 = F22[€22§2 («T)A2 - 52N2} (39)

SHARIE ex AT 0, & X5 A~ Lyapunov

Vo= Vo1 + Voo (40)

KT

Vy =2eTe, —elke, +d e+

2 2
SrW, Wi+ S BN N: (41)
i=1 i=1

;H\:EP, k:dlag{kl,kg}
T T
KTMEGWM W, W, 85 N, N,, &
- T T .
v | Wa [l Wi || = [| Wi |P<
ri [WE P o | W2
2 2
_ T - T -
BiN,N,=03,N, (N; —N,;) <
Bi |l N, ] N5 [ =8 | N, ?<
Bill NP Bill N |?
2 2

(42)




740 H 3l 1k

46 &

E N

izt (42), s

Vy <2le, — elke, + cTey+

2 N =
Z i || Wi 1P N | Wi |1? 4
: 2 2

i=1

2 N ~
3 <5z‘ [ NFI?  BillN: ”2> <
4 2 2 -
=1

(i | W)
T 3 7
~elke, Y <2+
=1
N 112
2
min W 2
Nk || €2 || _<THH+
2

min N 2
76 H2 H >+H (43)

3 5, (A ) 1y
>N ) = 2 2

26’1TGZ~ (')min 7?‘: ()z Hgﬁ-i/J\{Ev 1= 172a )\mln(k)
SEHERE Ky 05/ DRFIE(E. PRI, BEREORIIE Vo < 0
HEH AL

lea <5 (49)

1W< 22 (45)
B

1N <)o (40)

SE 1. B AES (14) FEARRSS R (14),
%A (31), RBF MM 4 E (36), (39) PAK
WS (W, 65, k, Ty 48) AN, XS RIYILG
RS A R&, A2 ASH):

1) %t> 00, RETHIIAESEIREAR
1;

2) JHIA MBS, RGN v RIS
WU I PR Ak 1220,

A 2. fELbHESIRE, ATAK BN F
B BT B ;5 BEIN K, KR5S 20 il S i) 34 t 34
WL BRI, /N s BB R TJRYA BRI AE AR 22 N 25 18
SEREFAERIE T, RBF #0124 iU E S 2
BRAEN. AR BRI, N TR R BRI
TR, AR T RS SEL

3. TR A TR AR, )
AR e HIREA TR T T MY Lyapunov

PR Vor Al Voo, SRIGEEIT—VBIY Lyapunov pRi%L
Vo = Vor + Voo RAKIE €2 W] PAKELE] O TR/
DXTRI A X AR5 95 AT AR I AE HAR SR ALL I AR 4

3 {nEIIE

{5 FLALI E B sy — o R R eSS
WECABTERAE 5 59— 2R (55 B AT
EARZNEAS S B T I b4 i 2 1A R

RGN IHREH [2 0 w ¢]" = [0.200.50]T,
HWEV = 50m/s. LMty Wie(z) DA
W3 o) 92 4-9-2, s ¢; (0T [—4, 4], 50 b =
5. AWML NTE (v) PAJ N3&o(x) #92h 2-9-
2, Huls ¢ i T [—4, 4], B b; = 4. FaddE#Rng
it SH0 5 k = diag{3,3}, Ty = 'y = 2,
ri = f; = 0.15. PIHILE W, = N, = 0.5, H
REGSECE SCHR (23] M, B = 7 e B2
g = 9.81m/s?, Zfkge2k4E r = 0.019m, fiifrik
A2 R = 0.05m, Fifr kSR L = 1.8m, 2564
o =0.03.

W BR 15 S BR ER A 2 36 E

BEXE Bt i g, HIRER S HEN
Brikfe s, Rikh

3.1

0, t<1.25s
24 = (47)
1, t>1.25s
Gd = 0
P EEERAE 7~ E 9 FiR.
1t -
|
0.8 . \
. 0.6 3 | 1.0 - -~z
= 04f r A N
L 0.95
02f 0! 09l
1000501015 1 085,
U Y 121314
0% 05 i 15 2 25 3
Time /s
0.06 ‘ :
L2107
0.04f 2 —
k=l :42; -6,
£ 00226 1
< £0005010.15
O
_002 L L L 1 1
0 0.5 1 15 2 25 3
Time /s

K7 IR 2 A 0 BOE AR 55 5L PR ER BRI Y,

Fig.7 Desired trajectory and actual trajectory of z and 6



44 PR BT HIENY RBF 1 42 ) 28 (488 25 T AT 1R B s il 741

1
W

-2
I %0.0S 0.10.150.2

w /(m/s)
o N & o o

-2 . L L L . .
0 0.5 1 1.5 2 2.5 3
Time /s

. 0.05
< 0.5 0
? -0.05
> o 4« 0010203
_05 1 L 1 L 1
0.5 1 L5 2 2.5 3
Time /s

B8 I EE w MARHI AR g ALY,
Fig.8 State responses of w and q

0.4 \ :
s 0.05
21 0\/""‘
< ' ';‘{005 N
g oy
< ]
-0.2
04 05 1 15 2 25 3
Time /s
60 ‘
40} 10
0/\/\»——
z M "%_10000501
£ O i
_20_
40 05 1 15 2 25 3
Time /s

B9 il A,

Fig.9 Control inputs response

M B 5 HER AT DA ), e fF S 7E 1.25s
IR B ERAE S, TR 2 ST A 6 39 RERAr Hh R
ERBEAR T, AR5 A A SR R B S Ik 1] Py 7 A
Bhgl. i 3CH [6] WS s e iR BR y 25 °, A
SCBE I R T 12 M0 1k g 3 o 5% 6 6 1) A B Sy
120N Zefq, mlE 9 ArHl, ZRGE7 A Ry il i AR
BESATHURIRIR, AT ERIE R R RE
3.2 AEZM1E S IRERND R 30 IE

h TR UE bR Ty Ok R G A R R A
BOR, BT TR IR ERE S
zq = 0.15cos(t) + 0.4 sin(3t)
1

HE 10 ~ [ 12 e 7l (31). Had A
(36) A1 (39) BREFBUE(S T wa HIMIRLHIZE. o, 4]

10 ffiik TR = MU A 0 AEREECR. [ 10
A DAL 352K A AR AR BT REAS AR S b R BRI E
{52, X0 I A 22 X 28 50 2R 1 e R ) 3+ 20 R
K10 o, BREE 2 7E 0.4 A4 SE AR ER BiRElE S,
MR A 0 S 0.2s Z245 R 5% &5V A,
X 2 TR A 7 A R DR AR BT, R B
VR, a3 s 2 i A, DR B AT £ i
SRR R BRI w RGN
q MR AN IE 11 . flE 11 sl AR, BT
O\ 1) JEE R ) A (K 3 B0 TR = BOR DASE, Wi
P IIT AL, IR(ERD, 7 a BT i —
FECAUAT HILARE. 4 ol i AT 2 i 2 ) 90 505 2 o e
w MG AR g #Z I, A AT F Y
ANERIR BN, (H25 B A A AAF R,
A g A LT A 1. X2 i T T
DL AR, 23 dedm f 205 8 R — e i T 1k
HRIEMUT R ]

1.5

Time /s

p—

0.1 vy
’
OWV

0.3 05 1 15 2 25 3
Time /s

TRBE = BeARHATA 0 BERE LIl S B ER BRI 1Y,

0 /rad
f=)
3

& 10

Fig.10 Desired trajectories and actual trajectories of z
and 6

w /(m/s)

0 05 1 15 2 25 3

Time /s
0.1 . . B B
0.05¢ J
@
£
=—0.05F 1
_01 L L L L L
0 0.5 1 1.5 2 2.5 3
Time /s

B11 GRS w S g PRI
Fig.11 Longitudinal velocity w and Pitching angular

velocity g responses



i 46 #

742 H b
0.2
0.1 1
E 0 (\/\/\/\/\/\/\/\/\/\/\/‘_
©-01 1
025 05 I 15 2 25 3
Time /s
300F
2001
Z 100 |
< 0\/\/\/\/\/\/\/\/\/\/\/
-100+ B
05 1 L5 2 25 3
Time /s
B12 il A e Y.
Fig.12 Control inputs response
3
—Ah
= 2 [ - - - wip®)
s ! 1
= 0 g
=
g =1Hv i
IS
wATAY
_3 L 1 L L
0 0.2 04 0.6 0.8 1
Time /s
50, r

- T wieW)
0.8 1

04 0.6
Time /s
K13 f1, fo SHEHAGTHE
Fig. 13 f1, fo and its estimation

o 02

112 L 1 L L L L I L L
0o 01 02 03 04 05 06 07 08 09 1
Time /s
1.4 : : : :
8>
__ 135 - - -N' GO
Ro)
A 13
=
< 125
g
S 1.2
1.15 . . . . . \ . . ,
0 01 02 03 04 05 06 07 08 09 1
Time /s

K14 g1, g2 SHAEHE
Fig.14 g1, g2 and its estimation

Bl 13 AR 14 Sl T f: A g BIATHE S
BRI VIR O SEBR 0, %8 fi 70 g0 AR B9

TEEYHEX, HEAE T2 RNSE, IFH
KSRGS CHMEXHEMEG, TEMHR—S &
4 30 N7 YR 3R, I AR DA AR S o ) ) o 2
W2 BEAT AT, AT DA, B iy 3 d A
(36) A1 (39) BehF AL TT T SO BOE BIR T, L
UCUEW] RBE 1 22 (3 265 Xof AN 1 1 28 46 Ff 1 2 ST 0
AT .

4 i

AR SR B 25 HUAT (R B A5 ) R G i A AE
WA E PRI, B 5, X E et BRI T Al i
AT R UEAT Bl )22 AT B 40 SO, SR, et
T RESE RIS, HAH RBE M2 R 458 1T F Mz 2
FH R ED; fe)m, AN 24> Lyapunov %
AL T RGERVENE. SCHARIE Ve < 0 44FR
s e A, BOMORST, TEAERIBTIE TAR R A%
FEA MRS Y XS H R T Ak

References

1 Kirschner I N, Kring D C, Stokes A W, Fine N E; Uhlman Jr
J S. Control strategies for supercavitating vehicles. Journal
of Vibration and Control, 2002, 8(2): 219—242

2 Savchenko Y N. Investigation of high speed supercavitat-
ing underwater motion of bodies, High-speed motion in wa-
ter, AGARD Report 827, 20-1-20-12, NASA 19980020552.
NASA, USA, 1998.

3 Vanek B, Bokor J, Balas G. High-speed supercavitation ve-
hicle control. In: Proceedings of AIAA Guidance, Naviga-
tion, and Control Conference and Exhibit. Keystone, CO,
USA: ATAA, 2006.

4 Duzielski J, Kurdila A. A benchmark control problem for su-
percavitating vehicles and an initial investigation of solu-
tions. Journal of Vibration and Control, 2003, 9(7): 791—
804

5 Mao X F, Wang Q. Nonlinear control design for a super-
cavitating vehicle. IEEE Transactions on Control Systems
Technology, 2009, 17(4): 816—832

6 Mao X F, Wang Q. Adaptive control design for a super-
cavitating vehicle model based on fin force parameter es-
timation. Journal of Vibration and Control, 2015, 21(6):
1220-1233

7 Li D J, Luo K, Huang C, Dang J J, Zhang Y W. Dynam-
ics model and control of high-speed supercavitating vehicles
incorporated with time-delay. International Journal of Non-
linear Sciences and Numerical Simulation, 2014, 15(3—4):
221-230

8 Kawakami E, Arndt R E A. Investigation of the behavior
of ventilated supercavities. Journal of Fluids Engineering,
2011, 133(9): Article No. 091305



44 A BT HIEN RBF 4 229 45 14 8 2 AT P S s ol 743

9

10

11

12

13

14

15

16

17

18

19

20

Sanabria D E; Balas G, Arndt R. Modeling, control, and
experimental validation of a high-speed supercavitating ve-
hicle. IEEE Journal of Oceanic Engineering, 2015, 40(2):
362—373

Yuan X L, Xing T. Hydrodynamic characteristics of a su-
percavitating vehicle’s aft body. Ocean Engineering, 2016,
114: 37—46

Kim S, Kim N. Neural network-based adaptive control for a
supercavitating vehicle in transition phase. Journal of Ma-
rine Science and Technology, 2015, 20(3): 454—466

Liu J K. Radial Basis Function (RBF) Neural Network Con-
trol for Mechanical Systems: Design, Analysis and Matlab
Simulation. Berlin Heidelberg: Springer, 2013.

Park B S, Kwon J W, Kim H. Neural network-based out-
put feedback control for reference tracking of underactuated
surface vessels. Automatica, 2017, 77: 353—359

Wang T, Gao H J, Qiu J B. A combined adaptive neural
network and nonlinear model predictive control for mul-
tirate networked industrial process control. IEEE Trans-
actions on Neural Networks and Learning Systems, 2016,
27(2): 416—425

He W, Chen Y H, Yin Z. Adaptive neural network control of
an uncertain robot with full-state constraints. IEEE Trans-
actions on Cybernetics, 2016, 46(3): 620—629

Sun CY, He W, Ge W L, Chang C. Adaptive neural network
control of biped robots. IEEE Transactions on Systems,
Man, and Cybernetics: Systems, 2017, 47(2): 315—326

Sun T R, Pei H L, Pan Y P, Zhou H B, Zhang C H. Neural
network-based sliding mode adaptive control for robot ma-
nipulators. Neurocomputing, 2011, 74(14—15): 2377—2384

Liu D R, Wang D, Zhao D B, Wei Q L, Jin N. Neural-
network-based optimal control for a class of unknown
discrete-time nonlinear systems using globalized dual heuris-
tic programming. IEEE Transactions on Automation Sci-
ence and Engineering, 2012, 9(3): 628—634

LiY H, Qiang S, Zhuang X Y, Kaynak O. Robust and adap-
tive backstepping control for nonlinear systems using RBF
neural networks. IEEE Transactions on Neural Networks,
2004, 15(3): 693—701

Kwan C, Lewis F L. Robust backstepping control of nonlin-
ear systems using neural networks. IEEE Transactions on
Systems, Man, and Cybernetics — Part A: Systems and
Humans, 2000, 30(6): 753—766

21 Zhang T, Ge S S, Hang C C. Adaptive neural network con-
trol for strict-feedback nonlinear systems using backstepping
design. Automatica, 2000, 36(12): 1835—1846

22 Peng X G, Wu Y P. Large-scale cooperative co-evolution
using niching-based multi-modal optimization and adap-
tive fast clustering. Swarm and Evolutionary Computation,
2017, 35: 65—77

23 Vanek B, Bokor J, Balas G J, Arndt R E A. Longitudi-

nal motion control of a high-speed supercavitation vehicle.
Journal of Vibration and Control, 2007, 13(2): 159—184

24 Peng X G, Liu K, Jin Y C. A dynamic optimization ap-
proach to the design of cooperative co-evolutionary algo-
rithms. Knowledge-Based Systems, 2016, 109: 174—186

FF P Tl R B
LA, WSS 10 K R S AT
WS S A SCEG RS
E-mail: liyang_116@yeah.net
: (LI Yang Ph.D. candidate at the
\Mﬂ} School of Marine Science and Technol-

ogy, Northwestern Polytechnical Uni-

=

versity. His research interest covers
navigation and control of underwater supercavitating ve-
hicle. Corresponding author of this paper.)

XUBAZE  pudb Lol K. EEPR

Ty T R R AR ], RO 2 S, KR

TP, il S5 4.

E-mail: liumingyong@nwpu.edu.cn

(LIU Ming-Yong Professor at the
: School of Marine Science and Technol-

‘\\ o] ogy, Northwestern Polytechnical Uni-

versity. His research interest covers

control of flocking system, bio-inspired geomagnetic nav-
igation and navigation guidance and control of underwater

vehicle.)

SNV VL A A A B 1
geds. EEWIIETT 8 K AT A S
it

E-mail: xiaojiansin@mail.nwpu.edu.cn
(ZHANG Xiao-Jian Ph.D. candi-
date at the School of Marine Science
and Technology, Northwestern Poly-
technical University. His research in-
terest covers guidance and control of underwater vehicle.)



