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Cascade control strategy for depth tracking of supercavitating vehicle

SUN Mingwei' , ZHOU Yu', ZHANG Jianhong® , CHEN Zengqiang'
(1. College of Artificial Intelligence, Nankai University, Tianjin 300350, China;

2. Beijing Institute of Mechanical and Electrical Engineering, Beijing 100074, China)

Abstract; To enhance the stability of the supercavitating vehicle caused by the nonlinear planing force between the cavitation and the vehicle,

a cascade control method for the depth tracking was proposed based on the circle criterion theory and the Nelder-Mead algorithm. The mathematical

model of the supercavitating vehicle and the circle criterion theorem were introduced. The cascade error state equation of the supercavitating vehicle

was established based on the model, and the absolute stability of the inner-loop was studied using the circle criterion. The inner-loop feedback

parameters were further optimized through the Nelder-Mead algorithm. The simulation analysis results show that the control method proposed in this

paper is convenient for feedback parameter tuning, and can realize the accurate depth tracking effectively.

Keywords: supercavitating vehicle; planning force; circle criterion; Nelder-Mead algorithm; cascade control

A5 U T A 2 A K N AT AR ARG 23 £k
v TR B S 3, AT LRI T 1A R e S B
) R U4 A 3] 3 i R 2 T RS
90% ) EE {5 BHL 0, {47 1R 1) 3 A7 3 L 3 3
100 m/sHER 0 558 4 R LA T IR A T
H T il 55 K B S, B S WA AT Rk TR
HA AT P A TR s s s 1
sor MG I 7= A2 1 T 7 8 P A, X0 SR AT AL 119
PERESR I T RS K AN, T B A A
WA Z T, AT A 23 I BE K A= ilf 43 7
A R IAR RN T AT 0 2 HARE AT PR 1 AR
E B Bl 3k LU 2 i A VAT TR B AR E 1 Al
Al

Dzielski 25 $i H T — A~ i 25 9 i 17 14 #
AU TR RE 7503 SR X 2 T B R

«  UgFE HER.2021 —11 -29

FERT TR 3, PR Ay R ERE R )3z 51 . 3¢
k[ 14 =21 | S22 7E Dzielski #5 R ILA] E JEAT A
RLNE B 2 M SRR T . AE =S TR
e e 45l 7 1T, Daielski B2 §2 Hy 1 2R PRARAS 5
7 i, SR RE S B 2 1 ATA T A AR E T (HL4%
HIRCR I A TR, BRI B, Lin 5 724
PR Al BT 1 i i SR, 7R TG
11 11 Bk Ik S it , 724 3 15 1 B Bek I
RERVEAG AT JT AT AME . Mao %7l Zhao
SRR T SR I R A A T AR A 2 A
P, T AR A P RIAS TR — RN IS
755 BLEHIR ) SR P RE R R BB
SN E AR S R P 5 A R A T
OB T B LTl A T A ) & o X AR
AT A T RO B AR(E X A TR ™ B, A S B

BE&TH: HEARREIE 4RI H (62073177,61973175,51777013)
TEZ BN INAER(1972—) 5 b A #8082, 14 i 44 50, E-mail : smw_sunmingwei@ 163. com



- 206 - B BE K 2= 2 i

5545 &

WA — R R BR o Li S5 2 A4 1) 5 R S0k 22
P 28 o A TR H AN if E T R4 T 3 T 5T Lyapunov
T PERIIE H 38 I 18 B 9 28 AL, PR IIE T R ST
Stk

AR AR R T 28 B e P Nyquist 48
AEL [R] AT AR SR 2 R AR L MR, RE IS A B2
2 B R A R e R R ke e
PE 53 BT A K A R0 5 | 38 A T 45 S5 R iz
A AT R s VY T 9
SE BT 1R A M AUAT M 200 ) A R A o 5 R
I L

ARSCEE G S AU T R R B A -
HRIRER QAT R 45, HE S T A RIS R,
TR E BT T HA AL IR AT I NI
XAE LI )5 I Nelder-Mead 5335 % A
WSt — 2 A, i i 5 B S R Rk i
P LR

1 B=amiTEEFRERE A REE

1.1 BZEMTEHFER
Dzielski A IR A5 25 ) R A R

{.;czAx+Bu+E+PFp(w) (1)
y=Cx
Hrp.x=[z60 w ¢]",C=[0010],u-=
0 -V 1 0 0 0
s 5]TA=O 0 0 1 . 0 0
o 0 0 ay ay) by by, |’
0 0 ay ay by by,

E=[0 0 g 0]",P=[0 0 p; p,]"5zH
TREE, 0 MARAN AR, w S9N 3 BE, g SR A
FE,8. F1 S, 43 i 2 e e A AR R 2s AL 2 I AR
V IR O m B F, FORWAT 1 R

- CVI/1—n
L Z M E BN 0, :—(1 17 ),

I S+%nL

CVr 17 11 ~11C,VTnL
(l43= m (—%—% ),(144—367’”, 31:
CVTn (- C VTS
1 n (7S+HL)’ b32 - 1 i b41 _
m L 36 ml
1161V2Tn B 17C1V2T _1 i llL
T 36m’p3_m(L 36)’
_ ur, I 133, )
p4 - 36m’ - 60 R =+ 405 L s T
1

C,=Cy(1+ C =
(7/9)S - (289/1 296)L*" * W(1+a), C

C.R

2R °
WATIR SRR B EZ e m =2, iiA TR K L =
1.8 m,Z5 k8 o =0. 03, fif 71 E42 R =0.050 8 m,
ZbgeAE R, =0.019 1 m, fig 5 2568 A 3L
n=0.5J+ HEEC,=0.82, W47 F, 991
U w I RREL, B

Fy(w) = -V[1 —(

Hrh V=75 m/s, T IHEE g =9.81 /s,

R. -R :
h'(w)R +R, —R) ] |
1+h"(w)

ma'(m (2)

A o AU T AR R RS 23 WA A IR A A 5
R, D= S TAT IR0 B A, TR PR 25 3
s h AT IR A K PRI ST AR Z T,
RS EAREE . MM EARE SRAMEE
UEHERINIES /X 7/RL ik =g

V(R. - R
§ 0 ‘w‘ﬁ%
= Lw_RC—R ‘ ‘>V(RL_R>
R|V R v L
R
w c
T, w >0
o' = .
R
%+7“ w=<0

Horp 25l R, DR A R R AR R 1T
R Logvinovich A2, B 46 LA 4L

-1
k, :Ri(ﬁs) -1

o
B _4. S50\, o 2
kz_[l_(l 1+0')kl ]

RIETF BN 2 AR A
0.5
R, =R“(O. 82 lﬂ) ,

g
1.2 EHIEEE
o | B E B2 AR E X
EX 1RG5 R R E AR E W R
G0, B AR T ST Rz AN
Lur'e 20 i #e , E 1 R,

T o o e
v()
Bl 1 Lur'e B RIBHEH:

Fig.1 Lur'e feedback connection

EX2 LIl k% y:[0,0) xR R, %




56 ]

PN, 25 ¢ 2 YU T A TR B2 R s 20 A ol SR £ 207 -

ALy (e,y) - Ky 1 [ Ky, - (1,,) ] <0 HK, =
K, -K, =le >0, WFRAE L R4 1 & T B
BRLK,, LKy ], B T 264

EX 3 FIE Lur'e B % e, AN
AT =0, REMRETTERN

x, =Ax +Bu,

y=Cx, +Du, (3)

u = —¢(t,y)
Hepx, eR';u,y, eR"; (A, B) W45, (A,,C))
AR 5. [0, 00 ) x RY R AL 5 T X 3 5% 1
USRS 25 %8 1 B3 T DX 3 P 11 i A Al 2R Pk b
J5t R AR 4Ry — B AR E Y, I B G 2 R B
FE

EX 4 D(a,B) 51 by A3 A,
RIEERE - (/o) +§0 1 = (1/8) +j0 P 5K
LB

5 e ) LR P AT

FEEMAX ) WAERS, X8 1A,,B,,C,,D |
72 G(s)M— M i/NEBL, H e [a, Bl MR
JEVUR /2 — W R G4 X € o

FM 1RO <o <B, 6(jo) B2 20 il
LATENBR D(o,B) N, HATIHI 7 0] BRGE 7
W, 7 02 G(s) BA RSB AR R 8k

FAE2 MR 0 =a<B,6(s) EMRYEHRN,
HG(jo) MRZEHR AN T HL Rels] = -1/
B A,

M3 AR a <0 <B,G(s) MIRLERA,
HG(jo) M AZEER IR T B D(a,B) NER.
WERALAE— A DX [E] [, b ] P06 2 B I X2 AF
M SR SR UE T R GEAEA PRI 48 X0 A€

E 25 IR A 4 25 AT, 24 B TCRR #2101,
5 D(a,B) FAbEE - (1/8) +j0 Mo bR
KLY B =0 B AT A4S 3] — A4~ SRl 8] H] 48 5%
FORER—IR a <B =0, G (s) &R GE R
1, H C(jo) 2Rt &AL T H & Re[s] =
~ Vo 72, M R GEAE R R E o

B S A T —MGE I 6 (o) B2 ZE B
b2 A0 AT LA T 2R e A M T s, )RR 4
G(jew) 73 4 Rl 42, o 7] B 2 R 496 4 X A
It Fe v B B I DX

2 BEEMITEREES

AR 2 YA T A Dzdelski 410, in=X (1) e
R P AT DL AR ERES [w,q ] RS [0,
q]" XA E PR (2,007, B o] LUK 5

RGN - SN P 454, SR L
P A SR AU S VRN NI RIS H A
FEAS AL ALAT PR A A i S5 A an 18 2 B, oo
K, K, 732 x2 S5 g A o

B2 S A T A G i 2 A

Fig.2 Cascade control structure of

the supercavitating vehicle

X Dzielski #70, 4 = [2,0]",£ = [w,

. N 0o -V 1 0
‘]]I,E%ﬁﬁﬁfxuz[o 0],1412:[0 1],
Azzz[an a34],B'=[b31 sz],C’:[l]T’E'z

Ayz Ay b41 b42 0

o[-

Jii Dzielski BLRY AT LA N -
7} =Am+A,¢
£ =A £ +B'u+E +P'F (w) (4)
y=C¢§
RS R ER 1R K2 (4) Fe Ak iR 22 RS T
&qﬁﬁﬁ% ne :1, _n(l’ge :f _§(15/E\:[:FI 1’(1 \fd éj\
B RSB E . W

7}@ =Am, +ALE A M HALE, _ﬁd

{g.e :A22§e +B'u +E’ +P(Fp(w> +A22§d _éd

(5)

M (5) FTULAE , FOET e A iR 22 IR 7 1T
A Ay R A DR 2, xR (5) AT S
A, AR IR R IR A RO, '€, =

-Kiy. %
Apx, =ApE, +A,m, -1, (6)
|
1.= (A, ~A,K)n +Ax. (7)
X x. RS
X =€ +ALA g, ALy, (8)

#H(5) K(6) M€, = -Kn KAKB) ,JF2
A= _A22A1_21 (A, _ﬁd) +ARE, +
K, (An -A,K, )m +A1_21 (Allﬁd _”}}d)
Ul

X.=(KA,+A,)x. +A+B'u+E’ +P’Fp (9)
W E SR, e=-B " (E' +A) +v, 5



- 208 - B BE K 2= 2 i

5545 &

R, WA
X.= (KA, +Ay)x. +B'v+P'F, (10)

K, v ANFFRZRE TS HERMA N
1@@%,/§\M=A“ -A,K, ,N=KA, +A22’E;€j
(7). Z(10) AT A5 HA Y Ef g 4 i 200 152
ZERETTHE

ﬁe =Mn, +Ax.

X.=Ny.+Bv+P'F, (11)

y=CY%.

— RN, IR S S AR B K, B R AIE M
R AEZL R PR F ORI — A
(] AT e i N R IR ORI x . RENECR O,

BEXf A SCrp Dazielski 58 89 5% 19 8 47 )
F o (w) 0Bt RGEMARLNE SO AT o X Tt 2
wmy=Cyx, %5Es g, =z 6,1 =[z 0],
ni=0z, 6,1"=00 01", iz (11) "7 y=
Cx.=C¢é.. XHRC' =[1 0], 9\n#ERE
HR 0, Hitt y =w, A5, ¥ (1) 55 =4 %K
AR I ] 38 A RS RO Lur e 342
Ko Bv=-Kyx NI Lur'e EEIELAN

x.=(N-B'K,)x. +B'u,

y=Clk. (12)

u,=-(-B'PF)
RAZHMEITHETH W= -B""P =
[0.006 O], AN A 22 GE i ]38 18 475 0 ki A
HE RS, AELME BT WE, 59\ 1) FE
()5 72 e FL 5 90 38 LA AR el Z an &l 3 iy
o ATUUE ARG ST R 5 R
Thila,Bl,a=-0.476 2 <p =0, KL
B SBRRLRE K, (o i 1) 300 308 1% 328 oR B50E b 71K 4E
200, B R R Rt &AL T A 4
Re[s] =2. 1 22, W] GRAE PN BF 2 G0 0 46 X0 B e

25
20F

10 F

0k

P

WF /N

-10F

=20}

Y1 / (m/s)

(a) WF, ik
(a) WF, curve

T B E L E

I 2/ ()
(b) WF, 5901 B HfE

(b) WF, ratio to vertical speed

K3 ARSI WE, g K
5 9N i) R ) L (L
Fig.3  Nonlinear feedback WF curve and its

ratio to vertical speed

B, SEELGT HEFULEE 2 A RS .
3 EF Nelder-Mead &t R ImS ML

Dt B N 3 B G S R (L S
APATHUR A, X B4R —Fp 5L T Nelder-Mead
FEM R B S B AL Tk o Nelder-Mead 5995 )2
B TG irp oA SR AR B g ) TR T 488 £ 11—
FhELATE R R Tk, 12k A A B 1R S
PEATY I, 16) ST R B 5 ) R R 1) L) A, AT 3K
A RBCRT O Xk R B, e k4 1
MR BN SRR A« dE1 (R X
PR PG T) o XLES BTN « 4o B
25 [R] P LA Y T, RS RO R — > F AR PR AL
{Ho MRS HAR R BE R/ A UL Faiie i
KA, B ALY 1) 3 H b o8 BE I8N 7 1)
AL, B AL 1) 25 TR0 LAY H b ek 2 {E G
W22 5 PEPE AR AR R AL

J = f:(gj'Qge +u"Tu)de (13)

A, QT By SEXEARAE R , 73 2 /R BR B 1R 22
AN il A P . SR Nelder-Mead 277
PR AR AN 1 B,

4 HEKIESXLETH

FIRTRIE TS CA RSN J5 35 Al LR =S
TR T PRI AR TR E R A L’ e JUBBUE S,
UnSCHR[27 - 28 [R5 (1) Fe b M iR 2R Ty
i, SR JA T B PR, SEBE T X RS Lur e
P AL, RT3 M bR 25 YA T MR F) 26 0 A



56 ]

PN, 25 ¢ 2 YU T A TR B2 R s 20 A ol SR £ 209 -

Hixl RESBMAUER

Alg. 1 Feedback parameter optimization algorithm

B SR M 4 DIT R, B8 S SRR
A=Ay ,A0,A5,A0,),i=1,2.3,4 5, 4K N a;
i NSRS HARR B T

MR ARALSERIR N A, i=1,2,3,4,5,

L RS HO B AR R R
2. e J, =max(J;) ,J; =min(J,) , HAS 9 208 7331
iCH A, LA
3. REEIRMSEOL A, TR HER 4 SR L
(SRR AR IME)
HEA =c+r,(c-A,),r, BHFER1
I HFRREUE T =J(A")
if /" <J, then
HWRBFSERIAT =27 +r. (A7 —c),r, HHE 2,
HE T =J(A™)

N o A

8. ifJ” <J" then

9. HATRE A, 524

10. else

11. HACE A, 524

12.  end if

13. else if J* > J,(J, WAEEER A, ZIMSEUER NI H

P R )
14, HEA" =c+r (A, —c¢),r, BHEELO0.5
15, R HARREIE J7 =J(A7)
16. if J™ <J, then
17. FHATRE A, 524
18.  else
19. FHO.5(A + A) A AL He 1
20. end if
21. else
22. HARER A, 24
23. end if

5
24. if Z(Jl. -J)? <& then
i=1

25 IR S g
26. else

27.  Hi 1
28. end if

(93

SEPEMRI i A RS SO AR 2 AT TR Lur'e
T 4 s, Hob K Sy ROGRELRE, Ak W=
- (B'B) 'B'P, F:FASCHCR A AT 1
B, BB ST R ERERN X =
(00 2 07", B B H W&+ N
(1 0 0 0]", WE=4{iH S1.52.S3, #%H
WIEE MR 05 5 B R 0.5X,0.7X X, Hip X =
[ =30 -45 -50 -60], fEGAERHRLE T
SIMTRE S MO TR L X R e PR 5 ELAE AN 5

X4 =

6 7o HIIELS ATLIE i, Rl P BN i 2 e
b A DR B AR I T 2 238 PR RSP 28 22 TR P £
AR AT P BOR BT 4 SR A R E L 5 R,
FLA T IR AL o i A2 i v A I S B iR oo 9 21
WS, dnlEl 6 fras o RUBIHERE K X AR Gtk S kAT
e, SEBL AU T A X R e A AT
HFIEERE ORI, B AR GUAE P a , 47 e
WEZHTE IR S S, R A 22 et 1
JEIZL, AL 5 (d) fir s, 2 ms AT 200(°) /s /Y
R, R EEC 2R TR X

WF  |e

P

B4 A RS R 2 1A TR Lur'e JE5C
Fig.4 Lur'e feedback connection of supercavitating

vehicle with state feedback

-4} =
it
............... S Y
-6 ‘ : v .
-6 -4 -2 0 : ! i
Tekh

S ARSI BRI o 8 A 2 WA R
Fig.5 Nyquist plot of forward transfer function with
state feedback

5 -
4 -
2F
g
£
i
1%
.......... Sl
ok |2
— 53
0 0.1 02 03 0.4 05 0.6

mfIH /s
(a) MLATATREE M4k

(a) Depth curve of the supercavitating vehicle



- 210 - ES A sl N 2 1 5545 4
s0r 1.2x[ -5 -8],09 x[ -5 -8],0.6 x
60F [ -5 -8 ]o lj‘] ﬂ‘ fi /L’ﬁ %E ﬁ Kz =
ol ~0.15 -0.37, o

PREEE 2 ANAE, MR Lur'e B

THIHE/ (m/s)

—60

0 OI. 1 0..2 0..3 0..4 0..5 0..6
mfIH /s
(b) FeAT iAo B o i 2.

(b) Speed curve of the supercavitating vehicle

100
sof
e
&
&
=
£ 5t
.......... Sl
“100F |- - -5y
—s3
~150 :
0 02 04 0.6

mfIH /s
(o) MLAT A0 A i £k

(¢) Pitch curve angle of the supercavitating vehicle

200
100
@
A
= 0
=z
il
=
£ -100
=
&
—200
-150 .
0 1 2 3 4 5
14 /s X107

(d) FATPARRHAD 2 1 £

(d) Pitch rate curve of the supercavitating vehicle

Bl6 RSB BHERIU T AR th 2k
Fig.6 State curve of the supercavitating vehicle under
state feedback control
A VLA A T A B AR ] A R HAT S BRI A BR
PR K 5 K, SR80 E IR, 3
AWM TR RS A % = [0 0 3 0],
EEEAR R x, =[1 0 0 0], BHEPULL S4,
S5.56 ST fjj KL, £ S Bt M K, lif A 3R R 4
M M RSN LS x [ -5 -8],

0.2 -0.2

2 ) % 3% R AR 28 A Rp i 2 n P 7 o, i
B TRl A Y, Sh3R SRS K, X Lur'e 5
GUAT 1 {8 s BOA R, (H AU R Lur’e 5
G ENE. K 8 JyBESNR S i AL L i)
AT ST HER, 18 9 S AR AT (IR A S AL il 46
L0 AT AT T A L i 4. T LA, B
PC AT 2 R, R R Y [ AR, 4% il
HHBR, S 2 98 N T R 4 o A/
BEER AR P T BB K RERE AL N 3R 4 Xt
R T B0 VRIS P ) RS A THLA A
ARICH, BEAT YL i A SR VRIS L O+ 30°, i
P 10m] 1, 7475 B 85,56 ST HR i BLAT LA
T

7 PR Lur'e JE 2RI i) £ bR AR 2200 i 26
Fig.7 Nyquist plot of inner-loop Lur’e

forward transfer function

150 p—

100 b n
0
150
100
~100 R A U
K

R T
— [}
100 — 84
_ —200}
200 Y ---85

0 0.05 0.10 s7

WwITH/N

—300

—350

0 0.’2 0..4 0..6 0?8 l..O
Wik /s
8 RSN SR AL AL AT ) 2R
Fig.8 Planing force curve under different outer-loop

control parameters



5 6 1] PN, 25 s

PR TR TR FEE IR A2 o SR r 211

T Nelder-Mead 32 1) P 3042 il S 504k 7
AT LAE— A A4 B 2 T Bkt S A T LA
AMA, FE5 B ST JEah b K RS HAR i BN
x,=[25 0 0 OJT PRAE SR K, A2, LA

-0.15
K, = ]Wﬁmﬁ s 2
0.2 -0.2
200 O
A [ - |
Q= 0 20 0 200
10r __——
08| 7 e
£ 06f s
1 157
04r ) — 4
[ -=--55
:/
02F ',/ S6
2 7
0 . . . . .
0 02 0.4 06 038 10
A E /s
(a) AATHEREZ L
(a) Depth curve of the supercavitating vehicle
5 r
— 4
4
---s5
S6
- |- 87
)
b
o
#
-3 L L L L '
0 02 0.4 06 038 10

mfIH /s
(b) AT IARZE B B £

(b) Speed curve of the supercavitating vehicle

0.l4 OI.6 0f8 1..0
mfIH /s
(c) FLAT IR0 A i e

(¢) Pitch curve angle of the supercavitating vehicle

2
<
Z
=
®
& —s4
£ o s
&
$6
----- 7
~150
Zi%o . . X . ,
0 02 04 06 038 1.0

mfIH /s
(d) MUATIARIREAD Ff1 2 J3E Hh £

(d) Pitch rate curve of the supercavitating vehicle under

different outer-loop control parameters

B9 BEANR S AR AR AT (AR 2k

Fig.9 State curve of the supercavitating vehicle under

different outer-loop control parameters

40
— 54
30 F -==385
20k S6
s | N ST S7
& 1o}
1
=
= s
il
—10
—20
_30 = N L L N 1
0 02 0.4 0.6 0.8 1.0
A/ s
(a) z b mis 2
(a) Cavitator deflection curve
151
0]
ot
=
&= —10
= — 54
e ---55
—20
S6
----- 57

=30

35 \ \ \ \
0.2 04 0.6 0.8
mfIH /s

(b) R e thk

(b) Elevator deflection curve

B 10 BlA I S AR R AR A0 B P T Dl 1 2K
Fig. 10 Actuator deflection curve under different

outer-loop control parameters

AL NK a=0. 1, ZHHHRFEM =001,

i 24 WEAQ, R &0 N IR S B RK, =

1.0

QX



$212 - [ BB 4K ¥ i 4 45 %
~0.0426 -0.2370 or o
4 & 11~ -
0.0768 -0.400 9] VIILE R UE 1 —
— . RSN N - -- - HIl
K13 7R . ATV Y, AL HT G N 3R R GEHRR 4 . — AL
X E HY , WA T VA e 2 S IR B A BB L 1ELAR 7 -
AT AARA T AL IS S A vt B T S it A e & h
B3 AL (AL L B ok 4002 R B |
151 - —“ N
AL S
_60 0.I5 l.IO 1.I5 2.;)

=20 =15 =10 =5 0 5

B UAERTE 3R Lur'e JE 2RI
i R MR ZE e 26
Fig. 11  Nyquist plot comparison of inner-loop forward

transfer function without and with optimization

250 ee—===-
7’ - -
.
20F .,
4
d
/
/
g8 15 ’
™~ 4
i ’
s ’
b/
/) - = = fhAkAr
] TS
05F 1 HALE
1
Y/
0 . , . .
0 0.5 1.0 15 2.0
B AL/ s

(a) HZS AT TR BE M2k

(a) Depth curve of the supercavitating vehicle

.
] - -~ bk
4 -

— bR
3
2

THIHE/ (m/s)

0 0.5 1.0 1.5 2.0
mfIH /s

(b) A5 AU TR R Hh 2

(b) Speed curve of the supercavitating vehicle

mfIH /s
(c) BASHLMTAT AR £ th 2k

(¢) Pitch angle comparison of the supercavitating vehicle

20
[ e
ok 1
o i
= 1
& -soh
o i
= 1
® ]
g 1
-100 f
&= : - = = {hAkHT
] — ks
1
=150 ¢
—160 , . . .
0 0.5 1.0 1.5 2.0

mfIH /s
(d) HEZSDMHUATIARIAN # 3 E fh 45

(d) Pitch rate curve of the supercavitating vehicle
K12 AL Rl a i = A T AR SR 1
Fig. 12 States contrast of the supercavitating vehicle
without and with optimization

fefme iR - 50° iy . Gl b 2 J5 1 5E i 458
2 BT P o i s R0, B4 TR A T HILAY
FVFE R Mo Nelder-Mead %53k H b pi B 22 1L
thZanlal 14 frs, i 14 a I RS R 00E
ARBIHEAT , FUbR eR B 1] 25 98/ N T 1) 224k

40

- - - fRAkET
A

30

20

10

0

AL/ ()

|
—_
<

=20

-30 = . : * !
0 0.5 1.0 1.5 2.0
mfIH /s
(a) A AT A e ith 2k

(a) Cavitator deflection curve of the supercavitating vehicle



55 6 34 PNITER 25 B 25 AL TA T VR TR B B B A 0 il SR et P 213
20 investigation of critical air entrainment in ventilated cavitating

&
=
2
L3
- = — Ak
— ks
—60 L L L 1
0 0.5 1.0 1.5 2.0

mfIH /s
(b) Bz IEMAT R EBAC TS Hh £

(b) Elevator deflection curve of the supercavitating vehicle

K13 OUALRT 2 A T AR T 2 D 5% 72 1k
Fig. 13 Actuator deflections contrast of the supercavitating

vehicle without and with optimization

X 10*
3571

25

LA

7

20F

EE;

10 L L L L .
0 5 10 15 20 25

BRIRE
[ 14  Nelder-Mead 3% H b bR EUE A5 10 T 26

Fig. 14  Loss function value variation curve with

Nelder-Mead algorithm

5 #it

ASCHE T8 H 5 318 A1 Nelder-Mead 5575
BT A WA T AR TR B BR R R S R vk . AR
Dzielski BERURAMENE I R SR AL N - ShIR R 47
LA S HOR T E IR E, NI RGA]
DA 48 1] 20 48 e 3O iF H: 4 X6 A 1, 5 A
Nelder-Mead B35 %5 N3 [ B 24— 204k, 72
3 ) A B4 il S B IR B RS e BRI o X L
D5 A5 RIUE T A SRR ITERN AR . TR
FHER AR S50, IR UEREAN R R, WA RS
BORBAR S 9. MR RMIFR TAED K&
SUFSE S WA T A B A T 250 T i Jmis e
P R R
22 3R ( References)

[1] ERFANIAN M R,

MOGHIMAN M.  Experimental

(2]

(3]

(4]

(5]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

flow for a forward facing model[ J]. Applied Ocean Research,
2020, 97 102089.

ZHOU Y, LI J D, SUN M W, et al. Cascade control design
for supercavitating vehicles with actuator saturation and the
estimation of the domain of attraction [ J ]. Ocean
Engineering, 2023, 282 114996.

ZABK, BRiGoR, PhIEE, 55, JET P IKR 2 W 5 F s
AL AR R A YT R R [T ] S Be 5 h
JH, 2023, 40(2) : 373 -380.

QINHY, CHEN Z Q, SUN M W, et al. Longitudinal control
of nonlinear supercavitating vehicle based on extended state
observer and backstepping method [ J ]. Control Theory &
Applications, 2023, 40(2) : 373 —380. (in Chinese)
MANSOUR M Y, MANSOUR M H, MOSTAFA N H, et al.
Numerical and experimental investigation of supercavitating
flow development over different nose shape projectiles [ J].
IEEE Journal of Oceanic Engineering, 2020, 45(4) ;. 1370 -
1385.

PR, WL, skonte. BT iRt = s Ak
] EBRHREAR, 2010, 32(4) : 37 -41.

LIN M D, HU F, ZHANG W H. Optimal design of conical
cavitator of supercavitating vehicles[ J]. Journal of National
University of Defense Technology, 2010, 32(4). 37 - 41.
(in Chinese)

RS, WL, BRTHE, A5 A T IR RUR S A 3
RGN [T]. EB R RS2 4R, 2011, 33(4) .
43 -47.

MA Z Y, HU F, CHEN G N, et al. Dynamic stability
analysis of supercavitating double shells [ J]. Journal of
National University of Defense Technology, 2011, 33 (4) .
43 —47. (in Chinese)

XIONG T H, LI X Y, LYU Y P, et al. Research on the
numerical simulation of the nonlinear dynamics of a
supercavitating vehicle [ J ]. Shock and Vibration, 2016,
2016: 1 -10.

HAN Y T, XU Z, GUAN L W. Predictive control of a
supercavitating vehicle based on time-delay characteristics [ J ].
IEEE Access, 2020, 9: 13499 - 13512.

HANY T, XU Z, GUO H. Robust predictive control of a
supercavitating vehicle based on time-delay characteristics and
parameter uncertainty [ J ]. Ocean Engineering, 2021,
237 109627.

WANG J H, LIU Y, CAO G H, et al. Design of RBF
adaptive sliding mode controller for a supercavitating
vehicle[ J]. IEEE Access, 2021, 9. 39873 -39883.

ZHAO X H, ZHANG X Y, YE X F, et al. Sliding mode
controller design for supercavitating vehicles [ J ]. Ocean
Engineering, 2019, 184, 173 —183.

Z0U W, WANG B L. Longitudinal maneuvering motions of
the supercavitating vehicle [ J |]. FEuropean Journal of
Mechanics; B/Fluids, 2020, 81 105 —113.

DZIELSKI J, KURDILA A. A benchmark control problem for
supercavitating vehicles and an initial investigation of
solutions[ J]. Journal of Vibration and Control, 2003, 9(7) :
791 -804.

B—dh, BERLL, R, % RESBOHEZEMATE
et 3 AR R (], PR35 i, 2017,
36(24) . 156 - 164, 169.

LYUY P, XIONG T H, YI W ], et al. Influences of system



- 214 -

(FE TR SR S AN S

5545 &

[16]

[17]

[18]

[22]

parameters on  mnonlinear dynamic  characteristics  of
supercavitating vehicles[ J]. Journal of Vibration and Shock,
2017, 36(24): 156 - 164, 169. (in Chinese)

RERLL, WAHA. 25 WU MR AT B 5 1 3l ) 2 R A T
gilJ]. #Rsh S uhdi, 2015, 34(17) : 167 -173.

XIONG T H, BAO B C. Closed-loop control dynamic
characteristics for supercavitating vehicles [ J ]. Journal of
Vibration and Shock, 2015, 34 (17 ). 167 - 173. (in
Chinese)

LIN G J, BALACHANDRAN B, ABED E H. Dynamics and

control of supercavitating vehicles [ J |. Journal of Dynamic

Systems, Measurement, and Control, 2008, 130 (2 ).
021003.
MAO X F, WANG Q. Nonlinear control design for a

supercavitating vehicle [ J ]. IEEE Transactions on Control
Systems Technology, 2009, 17(4) . 816 —832.

ZHAO X H, YE X F, LIU Y, et al. Boundary sliding mode
vehicles [ C ]//
Proceedings of IEEE International Conference on Mechatronics
and Automation (ICMA), 2017 1245 —1249.

Wridfis, BAE, I, &5 Bss TR A
PEE[1]. dbst3R TR A% 44, 2016, 36 (10): 1031 -
1036.

CHEN C Q, CAO W, WANG C, et al. Modeling and

simulating of supercavitating vehicles based on optimal

controller design for supercavitating

control[ J ]. Transactions of Beijing Institute of Technology,
2016, 36(10) ; 1031 - 1036. (in Chinese)

Frife, wKEph, TIFF, & BT sl gy
A W (] MR Tl K 2% 24 i, 2010,
42(9): 1351 - 1355.

WANG J H, ZHANG J Z, YU K P, et al
modeling and control design for a high-speed supercavitating
vehicle[ J]. Journal of Harbin Institute of Technology, 2010,
42(9): 1351 - 1355. (in Chinese)

LIY, LIUM Y, ZHANG X ], et al. Global approximation

based adaptive RBF neural network control for supercavitating

Dynamics

vehicles[ J]. Journal of Systems Engineering and Electronics,
2018, 29(4) : 797 - 804.
tag, BHk SETIRAE A —Fh LML 48 %5485 Ik (]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

o FHECEEFN A1 2, 2003, 24(8) ; 805 —811.

YANG Y, HUANG L. Absolute stabilization related to circle
criterion: an LMI-based approach[J].
and Mechanics, 2003, 24(8) ; 805 —811. (in Chinese)
KHALIL H K. Nonlinear systems[ M]. 3rd ed. New Jersey:
Prentice Hall, 2002.

ASTOLFI D, ALESSANDRI A, ZACCARIAN L. Stubborn
and dead-zone redesign for nonlinear observers and filters[ J].
IEEE Transactions on Automatic Control, 2021, 66 (2):
667 - 682.

BLONDEL P, POSTOYAN R, RAEL S, et al. Nonlinear
circle-criterion observer design for an electrochemical battery
model [ ] ].
Technology, 2019, 27(2) . 889 -897.

HUT S, LIN Z L, CHEN B M. An analysis and design
method for linear systems subject to actuator saturation and
disturbance[ J]. Automatica, 2002, 38(2) : 351 —359.
JOME, TRFIC B A AT E AR A BT S AR L M )
(], e 5 AT, 2009, 26 (11) 1211 -
1217.

FAN H, ZHANG Y W.
switching controller design for supercavitating vehicles [ J].
Control Theory & Applications, 2009, 26 (11). 1211 -
1217. (in Chinese)

WiadE, MEE, 058, 55 TR 00 2 AT A
FELEER YR (] TR %, 2015, 32 (8):
236 -242.

HAN Y T, QIANG B C, SUN Y, et al. Nonlinear control

research on

Applied Mathematics

IEEE Transactions on Control Systems

Stability analysis and nonlinear

supercavitating  vehicles based on circle
criterion[ J |. Engineering Mechanics, 2015, 32(8); 236 —
242. (in Chinese)

NELDER J A, MEAD R. A simplex method for function
minimization [ J ]. The Computer Journal, 1965, 7 (4):
308 -313.
EFHUE, LR
HiL, 2004.
WANG X F, LU G Z. System modeling and identification[ M ].
Beijing: Publishing House of Electronics Industry, 2004. (in

Chinese)

ROE@EBSYHRIM]. dbat: iF Lk



