2023 4F- 8 A
EaBEEAM

[ DA N e 3

Journal of Northwestern Polytechnical University

Aug. 2023
Vol.41 No.4

https.//doi.org/10.1051/jnwpu/20234140774

:::1

N

BIZSE T /K TR i 72 18 % 2R g 5 35

1 N > 1
EPRBREL

REE' TR

(1P EMAEE RN T 45 705 BFFEHT, BV P22 710077 2. 0846 Tol k2 Mik2Ebs, Berd 1§42 710072)

i EAAREHLTARATEAGEA, ZLTHREEA ST Bl R & F & F (anti-torpedo
torpedo, ATT) R 49 = 77 B B AR F AR, & H 8 =7 T ey F40 T, ¥ =7 W FE P A1
F AL kg TR & FZ A 6Gi8 T P e AR ST ATT 5k £ E A & F 2 1) 69 2 BB
TR R T RAAL R A At R AT R T 18 AR = o G R R, 4 A i Oy
BT AR T =7 AN R AR E R A RN, BT T =55
iR BIBAT TR, TRET AR LT =7 R A R 6 6945 BX 3, 45 R A A ATkt o

KT B 2 R R

x #
HE 525 :T630.1 SERARERE A

B o BORE h  BOR B H 25 % R T Y B
THVBE 7 Tl B IR PR, BB E A
MR FEE )TN —, MR R R E R
G R R anti-torpedo torpedo, ATT) S
T A= 8, ] I >R P AL 2l A0 e S g 1 — 20 1 R Ok 28
R0 TR B ERMERE . SRR R A ] 1 AR T A
Z IR 7 X P =X, A8 S = T A LG8 R — AR 5k
IR, T RO XA HAR Ry ATT FIEAE i
THATAT BP0 AR AR SR MGE TR A B . =5 I
BIi TR 3 50 O ATT FIRZ2 TR

2P S RIHLBh AR O T R, R AR R X
FMZRHEE T T A -k 5 PR R A
A, ARMEDY DR SR ) BRI T ALBh
MR H AR AT R AE S, R AED £
XoF X ) R T R SRR 15 T R RDR
PiigEdl S, Talebi 51 EF X 24— 0 I F R B
Mg R, Wit T 3 FORFE YR BIE IR RS . Faru-
qi > BT =y 3 MR A AT TR AT T
THEHTRARFHIBIE A =05 S 6, Singh &' 18
W5 B s - 25 - B 2 1Y = 7 TR ] N, 2R 1

%5 B £9:2022-09-05

W KT S LS M R 8

X

(b AT A A 8§ S TR TN S TATERR,

#
E 45 :1000-2758(2023) 04-0774-10

P X 5 PR R R B S, Garcia 25774 P
5 A SR Al Ay VA 2 A {2 I T e TR
ABETTTE LA 55 10500 11 7 3 52 30 490 £ 25 47 i)
Kf#

5460 75 00 T A SR — R TR < A A RS, 7B
WK K T IO oY T 2 —, S R
FRZE 55 F 4 o 7 R E T N 2 S 8 A, Ye
AUV YR T T AR 4 R o £ T o S,
BRSO 2%, B T bR A
SR, BT B T AR A R B A v
RS S TR, IME S Y T 4
PR ARER S TR [F B B R T IR R
W, Wu 20 RSy T AN TSI B R 51 0
T PRI TR, N LR 07 05
SHEFTIURTT LAE 1, H AT =3 B sy £ 4 h
TR 055 0 o bR A0 R IR AR S B ST, 4 ok
MV 2 0055 0T K22 055 =)y B I A T IR
R S 70K T BB W 7 T ST, i
Pt S E R AR e R RSB AR R AU, TR
Sep i i rh RA R SR T R R A 2, AR

E&WH . F P EaEHTR (JCKY2021206B005) % B

EF BN : ErP (1968—) , PR MEARSE A2 FITSE 61, EENF K SR8 BREOR TS .
BEEE G SC(1992—) , h EAARSE AT A LTS A | 322K i I B ARBORBFSE

e-mail ; wenzhiwen@ mail.nwpu.edu.cn



o541

SR RE/N T FARE B, H AR 2 50E 1 20 i ML 3h g
FIABR, X L8 5K N T B 5t T i A S £ i
KGR TR (I R LSRR TE AN 2 RO,
WA T T KR Ty 25 SRS 5

ARICVIK T =I5 MR P ¥ 5  i#Ar = 7 I
B )3 Bl A AR 15 7% 18 = J7 HL B R RE 2 A A+ 1
BT AR SR I ATT il S, Sk 28 £
T TS EOR R A B P

1 =AXBEHFRE

=5 BB 2R ) BT LU 2 AP 5 B kIR
R, 3 ) A 2 0 R AP B A 7 1B 2 [ R S AT
MR E MBS M, P, B SEE X PiTs
IR R N B S

TR B AL bR B AR B T AR IV IE B
TiREN

d d d

di g T g T (1)
d d d

—u. =a.; —0v, =a ;3 —W: =a

de © 7 de T T A b
A, AR OB R] ¢ B RREL  x, Ly, 2 AR TR
FEME R E s, 0, 0, 30T A% | TEWE
R Jilm),y Il 2 I sa, a, a. AT AR
TR R « 710,y Fl,z J5 Il BN

2 ST A% 22 18] B A RS, AR X2 3] 4

d d d
4T g T g =
d — —
Eui}. = axi]_ = axl_ - (Ixj;
q (2)
Evlj = (l}.l_j = a),i - axi;
d
EW-- =a, =a, —a,
t

s xy,y,,2; PR &% @ REXET AT 4% j 7E15
PER x J7 1)y J7 18] 2 D5 ) B AR AL B 5w, v, 0,
G3 I RAAT AR | ABRE TR T A% TR E R e a gl Ly
Jr1a] 2z J7 [a] AR §0,,,0, .0, SRR TR @ A
XA AR j PR« Il y Jrial 2 7 I A
pap) 157y

Ry 7 A R L B HEA TR AY B R
LB SR T PR R S T R

T, 4 BRUSESTOKR T B B R SR 0 5% - 775 -
d d
—X.=U.. —U =A.
de Ui dtUL ' (3)
ﬁEP:Xi:<xi Yi Zl)T%%Z?%%ZE‘Fﬁ‘@/%EPE/‘J{j

E%%;Ui = (u,: v; wl')T j‘]ﬂﬁ;ﬁ?%& i E'fﬁ‘fi/%qj
R RTA, = (a,,  a,  a)' AT AR

E SIS
[FIFE , AT DASEAR X iz ) 7 R iR
d d
X =Us Uj=A;=A -4, (4)

K. Xij = (xg,‘ Yij zg,’) ! y‘jﬂﬁﬁﬁ%ﬁl*ﬁxﬁﬂ:ﬁi%ﬁ]
TEME R A XS L B R B0, = (uy vy wy)'
UATAS @ AN TRCAT A% j 7RI AR i AR R X
BelitiAy = (a,, a,, a) WA O TR
TEE 2 ARG IR B O

K WE SRR, WS — Rk

i 0 1 i 0 0
iyi' = i xl = x] + Ai — A
de ¥ dt u; 0 0 u; 1 1|’

(s)
0 1 . 0
ﬂ$F=& Jﬁ%@%ﬁﬁmﬁz[Jﬁ
Pl AR HEE.

W8I T SRR AT I A RS, B B T 5K
T, 85T A, RSB,

2 WO EEREILT

21 AHIFESEFEFEFERT
— AR A AP T TSR DAL IR P RE A s ok KR
nr

]:0(X12’t{> +f0f¢(X125ulsu25t>dt (6)
AR w ,w, (515 LUT AR

J* =min max{J| = min max{6(X,,,t;) +
uy uy u) uy

[ 6Ky 0] (7)
XET 7 L RR 37  7 2
i), FEd/IMAR BB 9 T A
HEHE, TS5 A B R ORI A, KT
ASRIBEHL 9 ) J LD RE G, PSR
R ) % O o B, LB B 35 P A
HEPER A PERE A 07 , 40 T 961366 07 00 B 1
T A HERE A B B



- 776 - Wodb T ok ok

¥ 841

1 1 [l D e
J= g 0¥ s, 5 T IAT G = 145 1 D
to

(8)
Kb EY || =a'Aa,s = {S‘ 52} xR I
2 S3

S AR B ST R 38 85075
e MR VRS A R A58 7 i
BRI VS A ;A7 3B 8507 LA B3
HEIE S AL WHERE AR R

BAY AT S EOT MAET R
B Y7, (1) 38 - A HIXT 50
R R 2

JCAY D) < J(AT AT ) < J(ATAT) (9)

T RN

H =T ((AD'RAD) - ((4)'RAD] +

A'[FY,, + GA® - GA}]
KX, A e R NEASHE,
A% Hamilton-Jacobi-Isaacs BiE, B 50 18
RN A ELME — ) 8 A Al R AT M S
XTI AR AV AL AT R L B A
R &% i A5
oH

(10)

——=0=R"A} +G"A
SA°
SH .
— =0=-RA; -G'A (11)
8A;
SH .
=—A=F"A
8Y,,
L 55 M
A(t) =8SY,(t,) (12)

MR EE AR AL AR Ml ALY R AT
A" =—(R")'G'A
. (13)
A" == (R°)'G'A
4 il ARG 2 ZR GE AR R AR A 1 pR B, i
A HITRIER
A=PY, + & (14)
K. P e R HHEFER R T RRIIRE
R” Ry it BRI T R A
A1
A'" =- (R*)'G'PY,, - (R") 'G"¢
Ay =- (RC)_IGTPYQ - (RP)_IGTf
i A FiA 15

(15)

A=PY, +PY, + &
B AL AARA LB S, il
|{P+PF +F'P -
PGI: (Rp>_1 -1- (Re) _IJGTP} Y12 =
[-£-|F-G[(R)" - (R)"]G'P|'£]
(17)
M TR (17) BRI 19 Y, BT LA
BRI I LR i A
P +PF +F'P-
PG (R)"' -1 -(R)']G'"P=0 (18)
—£-{F-G[(R)"' - (R)"']G'P|"¢=0
(19)
WYELIR AT P(1,) =S M E(1,) =0, FTFE(18)
PRI RE R R, RE (19) B R B
PR TR R R 2 N TR A R AST
22 =FHEZFEEE
MR W 7736 1k 2R I8 ST e iE by =1,
ATT Ky i =2, %80T N i =3, WAXHE 3 2 4
Xt 58 2 AR AU IR, E 5 VA I AF X 58 i B
AT AT R R A
d
dt
X, vy, R SR AR IR 5 A il
h A TR RILRE AL 30 SR AL Ay £ 138
TR
ATT 55078 1055 A0 X 58 %28 Bl 2 B i nf 3%
A

(16)

Y, =FY, + G(A} -A)) + GA; (20)

¥ = FY, (AL - AY) - GAl
Koty ¥, W ATT 5200 T AR 40 A
IR A RRZE M R ATT BIPLSHIR G AL R
KT I B MG A K ATT 5
oW

T 2 B S AT e, 57 8 W
b REIE bR 1,

1
Ji =? Y5, |l §1¢=z, +

(21)

L2 el 2

A - A Ja @
AU 8, 5 SRR R SR 0 £
R R RS 5 SR B R K2 B
S 0 4 R ST



o541

VPR RR R 04 Y, FR 2E DT FEmA T
LA L 1675 7 L ) AL B R38R T R
I, B S R A B R AR LT

ST ATT ARZE TR, 7 B PR e e
YL RERE AR J,

1
J, :? 1Y, |l §2L=l|~ +

1 .
Sl A - A Ja 29

K. S, 5 SRy ATT FIR 28 £ 7 2w 0 2 1) A
FEFE RS RS 7€ SCM Ok 28 400 7 Wikt SRS A ATT 298
TR AR 24 RIS R ST A6
TE(22) ~ (23) U i {55 BT s I s B A
SR IMABES 78 REF8 A P S2 B XU B A
RA T BRZY A MEREFRAR A FE I MAUE FE R RS
R, R U3 T X3 e 2 R i i o T IO P 4 s i s A
(AR AR T, — BB B IAUE 4T 0 RS = 1,
R; =r31 R} = r{1,R; = rid A ARIE Riceati i REFRAT
TE,B0R 0 > s > b, BIRESEESS 2 L i AL 20
KFBEFRA LWL, BT RE S, b, b, rs WE
Vel B35 BLAE RS 48 A v BRI RT D% IR =y
PUBIPERE I LU BIOC RIEE 15 b 1), rs REL,
Wit FIRFEBR BT, B = R B ) T A
R 2 ARG AR AR ] AL
Ji(AS7,AY) < J,(AY A7) < J(ALLAY)
L (A} ,AS) < J(AYT ,AYT) < J(ASLA57) (24)
BAE— AR B T 2 AP B R T 2R ) S
[*) 50, AR A o P 4 T BEAE , AT LA E SC 2 I 2 JR T

1 . .
H, =?[((A>§)1R‘“A2) - ((A)'R°AS) ] +
A'[FY, + GA! - GA® + GA:]
1 . .
H, = S [ ((AD)'R°AY) - (A 'RAD ] +

Al[FY,, + GA} - GA: - GA!] (25)
AR i DI il 14 A0 B 2 A, AT AT 3ok I 2 J0 T PRy
RO A — B -5 0 0 3R

SH, :
=0 =RIA, + G"A,
SA?
SH, :
=0=-RA° -G"A,
SA
SH, .
=—G'A, = (26)
SA:

Torp, 55 LRSS KR By o R 2R SR mE Al 51 <777 -
oH,
=0=RA} + GTA2
0A}
oH, T
=0=-RA; -G A,
0AS
6H, '
==GA,=0 (27)
0A}
W 5885 R - 118 e A A5 At v AAS 3 40 R ¢
EA
oH, . .
== A =F A A (1) =8,Y;(t,) (28)
0y
oH, . "
— == A, =F A, , A (1) =8,Y,.(¢;) (29)
0y

B AL, A, AT DUEAE R B R G RPIR S AR
PREL A, =P Y, +& FA, =P, Y, +&, XHEHEAT
DI 3] = J7 I8 e SR mE

A} == (R})'G'P\Y, - (R}) 'G'¢,
A =- (RY)'G'PY, - (R}) 'G'¢,
A5 == (R)'G'P,Y,, - (R;) 'G'¢,
A== (R})'G'P,Y,, - (R}) 'G'¢, (30)

M (26) ~ (27)XAT153%8 P, ,P,, &, ,&, M
SRAFM(31) ~ (32) AR RIE 2 KRR
P TR

P, +PF+F'P, -
P.G[(R))™" - (R)"']G'P, =0
P, + P,F + F'P, -
P,G[(R})™" - (R;)"']G'P,=0 (31)
£ +IF-GL(R)™ - (R)™'] -
G'P,|"é, + P,GA; =0
&+ I{F-GL(RY) ™" - (R)™'] -
G'P,|"¢, - P,GA! =0 (32)
L, PP, FRNBRIEHBE £, £, RAR KR
S

LAWY TR IR P (1, ) =S, ,€,(1,) =0,

Py(1,) =8, F£&,(t, ) =0, T e R SRS 1 b

3 = EEMT R

T H R R R R 5 RN O k7 RRARAEAR 5 At A
fige, WA HE— 2 WU RRBRAE DL T A REIAT A b A '



- 778 - [T | S| A = = %414
WP Q. =0;S, =diag[s, s, s; 0 0 0], =s, XA (30) AT LLARAS v At foe 0 Tobi 2 R0 st
=5, =s,i=1,2,R, =ry ], Ry, =1l R,y =1,,)] RS = REEHRATRIEAY
FILR, =/ LR = LR =L, r > 0t > o2, A == (R)'G'PY, - (R)'G'E, (35)
AEHE T, =1, - t’Tz :.tfz _.t’m‘ﬁ%?ﬁ%{t%ﬁ}i ATT B 32 2l 19 25 42 ) 5 AR 1) A A 2 i
T3S g N

~(R)'G'P, = A, == (R})'G'PY,, - (R}) 'G'€, (36)
00 T o 6055 1 PR 2 T ) S R A AT e
—ip 3r3lT,3 . 01 T 0 A, =A! +AS=- (R)'G'P,Y, - (R)) 'G'¢, -
ndmthl 0 0 o T (R;)fG'PZYB - (R;)'G'¢, (37)
o b 12 34 4 B A A (23) SR TT 200, 4 9 A
- (&) TGP = AT 430315 FE B O TR RS e 3y g
Coaer |00 0 IR | U050 A R EUR AR 2R i
s a0 000 5 B4 = R 2 S ) T 48, A VR AR £
Moot 0 0o SRR, B T ATT i £ R . SE bR B A
- (R))'G'P, = AS() L AL(e) ARAERE B0 375, AT LR F Rk 25
00 1, 0 J2 ISR T8 W T RR I, SR AT AT SR AR
L L R ‘ .
rs 3y +Tz_ 01 0 o T 4 {FEWIE
~ (BTGP, = BRI B FBE 12 /s, 35 S 6 25 £ 0 1
R R 1o/s, MEAKTFI PR, ATT JEHE 4 25 m/s, ok
R R 5 T 60°/s, R TR 46 T B 30 /s, Jik
oloo1r o0 0T KA Ny 359/,
(33) P BRI E AR 3 000 m, 2k 78 i 5 il
75 =05 S T [ £ 1200, ATT #7015 £ 4 30° , HEAEEAL ) £71 H 0°,
- as (1) ] WRMERT HE TR 200 m KB M0 HIHATRIE 100 m, K
R GE = L TRHRFIAEAR AR, I AT £ d@
3, T R TR G  IFARL L7 B, =T gk eisfT, k8
= o) ] WS 0 o PR B
. - a5, (1) 41 THR— REATFXALLGISSIEFTHRE
(R)'GE, == - ]~ (o) 1) S 1 AR T 2
R P ) VRS LS , S 2 10 T R T L 1) 5 5 T o 0
Iag 0 ) SRR ELES FEAP 1~2 BT
R 1 3T : 0
(R;) "G &, =- 723"23 + Tﬁ a3y(t) £ w0
| ah.(1) | 5
_ _ = -80]
R) ! 12:_7 - 3a3}l -
(RY) ¢ ry 3ry, + T, () igﬁ&ﬁ'ﬂg?m < %@i&
(34) Bl 1 WA R I G I3 SR W5 L R I 7K R a2 sl
A, A1) = (a5,(1),a5(0) ,a5.(0)) " A1) =

(a5.(1) a5 (1) ,af (1)) "



T, A RSN KR SO R R R SR AT 5 - 779 -

30
0 T[T LR
f55: 67.25 0.76

FIXBERS /10°m

S

0 10 20 30 40 50 60 70
t/s

B2 T REAS RIS AL SR M 7 0 T f 7 e FL i

BT 25 3T T EAS SR I 2T A SR T 1) 7 e
MK N Eshal, mE 2 aTLE AR
U 5 AR R T RA RN 67.25 s AT LA Ry i | i 40
5 0.76 m,

2) A 2 T ME R FH T2 R akE SR s

TS JHEE SR EBCTT 2 A0 B oA 28 £ T R H LU 9]
ST 05 B 25 i 3~4 o,

FET 3 Ay TS R ST L S T 1 i O 0 0
BIK Fizshal, dE 4 v LIE B AETE 72.25 s
AT LA rp VA RN 0.98 m, SAEN 1 AL, T
JIEE R BRCR 3 o 1 O o s RIS 0 5 s, 0 L 6 3
27.5% A0 B FHLBIRE 1 AH 2230 90 £, i #1245 5%
BRSPS AR X CRIE 1 B 22 4

HIXTFE /m

B3 d MR IR 2 LR SRS 17 N W7 7K i sl

30R
R CTIA l
a5 7225 0.98

[
=3
T

FIXFBERS /10°m

10 20 30 40 50 60 70
t/s

P4 TR BTG SR HLBE SRS A L T 1 R AL A

3) A 3. M R B E TR G KT ATT SR 5
HEAT T R

VO JHEE SR TR 2 0 SR DT R iR FH P2 )
A ATT X280 T A TR, Sk 28 10 75 R L A7)
FHV TR 7 FLAE R E 5~6 R,

S VA  ATT SR ECIHEZR 5 e, 80 £ 75 R
LB S = K N s sh Bl ki 6 v LIE H
HTRTE 72.25 s APV AE , I FE L4 0.98 m, ATT 7E
52.55 s, g d, PR EE A 0.63 m, &5 AT A
ATT iy v £ 75 (4 R [a] B £ 75 iy o o i st 1), FL 42
HI19.75 s, AEREA RO TR 0 22 4

FIX R /m

K5 T RESR BUZRSR IR DL T =75 /K iz gh ik

30p,

| |

f] A
fa5E:72.25 098
R :52.55 0.63

[353
=3

HIXT RS /10°m

1020 30 40 350 60 70
t/s

Pl 6 T AER USRS T 055 A ATT A

21X T —8 3 AR TR XS L, i 2%
4 2 FZA4 1 AT 0 A R T A SR WSS 1 T
£ T MG T B BT 15 T VS A 1) TR 2 L3 5 s A B
THEEERERI B RE J1 . 2% 3 FNS&AF 2 WA
RER T ATT J5 R SRR SR W, ATT kB
A OB B AT A RO LA T R, TR T AR SO i
T ATT 125 ] 3 1A R
£®1 IR— 3FEGFAIMEREITEE
M fmEmT ATT EHIR ATT frhokZ®

%#‘F [=3 Sk - M =) == It
WiE/m WERE/s BEE/m  AERE/s
1 0.76 67.25
2 0.98 72.25
3 0.98 72.25 0.63 52.25




- 780 - Wodb T ok ok

4) SFF 4. % BT NE CEZE M ATT Ml (E A7
FEITFRME RS BT X I R 25 M +2 % (1) 1E
BT RN B R 22 IR £ 1 m/s B IEZS 4
Ao BEXTAEME 1,2,3 43 545 5 100 K, 3 F &5 F
2 I R MR S (R REXT EL AR 7 FNER 2 B

M 7 Fe 2 gk 1 AR 2 e 4 i
PERERT LA M, VAR P 2 LR SR 5, 3 K 1
ERA R BN 18.7%., MK 7T FFE 2 R4
8 2 FAcF 3 00 B i G PR RE X L W] LA Y, FH
T RO 5 ARSNT ATT £E80E 47 B8 fF
P2 B R T B AR B WA AL SN I RICR B A AR

ECIE 4%
A, £ 624,
1.0
f —— TR B
S L 5 0
& 08 ¢ ——— ZJthge
3 I3
B i
£ 06 i
= ;
= ;
R 04 i
= i
Z 02 /
/ .'
0 1.0 2.0 3.0
JEE L /m

K7 To— 3 R aerF T s i S i R A i

R2 Ih— SEHFEHE3 RGN

FwTE B

fE b AT ATT drhor

ATT Al ATT iy ok 78 M ATT drh 28105

7B/ m 2 /m® MEPIII s ] Dy 2287 BB /m f )y 28 /m® EOFRINEL s PR IRy 2 /s
1 0.64 0.17 67.20 0.03

2 076 0.21 72.95 3.95

300.736 0.24 72.84 3.86 0.93 0.39 52.38 0.05 s

42 THZ RFEBFEXRBEFSS|IRHAITRE P18 ~ O Shy 5 AN R H 12 O sl 54 g i) A 28 £

1) Z5F 1 T AEA R F TG 2 JL sk
TERFREAS W st | e 28 100 7 R F 0 3 5 AR A T i i
FIE Y07 LA RN 8 ~9 Fi7R
0 o it

30

30
0
K AN !

“pe -130 o e
8 PMHEAS SR I T 2 3k v 8 2R >R FH
T2 ] S A G 7 7K T i sh il

% W B
i 67.25 0.20
E
[=1
< 20}
"
=
'
=z
10}
010 20 30 40 50 60 70
t/s
B9 VA RIS AL T 4 7R
G ] S e £ 7R ol A

B R FH TR ] A o s M A £ R 1) 7K T 38 Bh B
& 9 Al IE T 1E 67.25 s Al LUAr i ag , i 0
£ 5020 m,

2) Sl 2. VA PR ALk

TR R BRI 2 R R e, e 28 0 T R R &
S AT AR A0 4SRN 10~ 11 Fis

£
=
1z
7
=
20 L5 2
HIRHHRE /10°m 08 &
B 10 WA ok 22 4075 I T YR L
IR SR B 79 7 7K T iz sh ik
30,
BfIR] YA
fa5E: 7220 0.44
£ 20
"
H
'
Z 10
01620 30 40 350 60 70
t/s
B 11 WS ok 22 A0 TR I T SR L

L U R Uy



o541

T, A RSN KR SO R R R SR AT 5 - 781 -

B 10~ 11 R A 5 ok 78 0 T Wi R B 2R R
WS B A P R F8 B (R OK R g sl Bl 11 il A
HRAERTE 72.20 s AT LAAE O AR, LA IS 0.44 m,
540 1 AH G W R R BRI 3k F5 YK A v S R 34
4.95 s, AT 3TN 120% , {0 i T AL 3 RE 1 4122 90
£, R S ATS SRR, A SV A 1 5 R AR M CRIE
Bia,

3) ZcMF 3 KRBT ATT = ¥R
FEXF BT M

TR R I 2 LR S W6, T BRI ATT X ok 28 £
AT A, R 28 40 7 R FH PR SR W ML akE ATT
() T o v O ) £ FL 2 SR AN 8] 12~ 13 B,

20

10 %’\\&6\
% -150 ﬁﬁw

B2 =y BRI I =5 K T 32 sh ik

30 i B
a7 :77.45 083

R fa 7R a5 :53.80 1.25

20

HIXBER /10°m

20 40 60 80
t/s

K13 =07 PR B g e ms i £ o i

B 12 S =07 PR BUR ZR SR g Bf = 57K iz g
Bk, R 13 ATLLAE AR 77.45 s iy P AE,

JHHIEER 0.83 m, ATT 7E 53.80 s Al frrh a5, i
N 1.25 m, 550 2 ML, TR T PRkt ATT &
YA R A — A K3 0.83 m, fif ATT sy
075 A IS () 7 T £ i TR T RE RS 1], HL 3R 1T23.65 s,
REAS A S ORI TS RE 1) 22 4

3 M O 3 A SR T R RE X 1L, HH 4%
5 2 FnZR 1 AT, B 7 R 28 £ H R FH 12
AT RETEE T, VR R A T 2R R 3kt SR S
A5 T f T R S UE B T 38 T A 0 A T S R
SR ] BN e IS N B A, Ak 3 AR
2 AT, P A R 28 £t R FH 2 ) S Ak A 7 2K
T HIRTHE T, T HE & 5 ATT J SR J 195 2 0 e 5 s
ATT TEKZ2 4055 i v A 1T AT A 800 e T2 4,
UEBH T AR SCAT A T ATT 125 il S 43 v] 38 07 35 B 25
PO ERESEAT IS, M 1.3 3 P ATT £44k 4%
XL AT A Sk 28 60 B R U 2R SR 5 | 8 2o
BaRT ATT BB 2 33% , [) If-t 48 1 %) s i
A FT o5 B FE 24 93% , UFE A T FEZR S m i 2 e

F3 TR 3#EMEHMRERTLE

y faEm e ATT R ATT rHp
At WE/m RN s BE/m o T s
1 0.20 67.25
2 0.44 72.20
3 0.83 77.45 1.25 53.80

4) SR 4.5 BT ME EZE M ATT W =57
FEITFRME RS B AE X I ) 5 2 IR £ 29% 11 1F
Ao A AR R iR 22 R £ 1 m/s B IE A3
i, BEXFARME1,2,3 40004 E 100 1K, 3 R AR
2 R R MR S ) MERE XS L AN 4 BTN

P R RS T 2 4 1B 14 v SR
LRI 2 ISR g R W] LA, Ve AR
TR RIS W 5, 36K T M S P AR B Y
92.8% , BIXATHII TGN 5.47 s, M2 K4 H

R4 TRZ SEHFBRHE 3 MEGAMEREL

A IV GEBME  mEa GEAPEET ATT AR ATT AR ATT Aok ATT Aok

F R /m 52 /m® MEFRIISE] s HHE Dy 2287 BB /m #BE Dy 22/m® EOFRIN AL s SRRy 2 /s
1 0.28 0.16 66.90 0.02

2 054 0.25 72.37 0.71

3068 0.33 77.65 1.90 1.10 0.41 52.56 0.13




. 782 - Piodb Tk ko o IR 4%
1.0 e L
T LR

0s SO e TE 5 77 T 2 o 0ff
a i -—— =) 13 %
N i
S 7 2 o6l
& 06 if €0
& i X
= i E
B% ; A1
= 04 il g
= i =

0.2
02 [ £/ ! — TH—iR AT TR
Y, ——— TB TR AR R PR
k=2 0 1.0 2.0 3.0
1.0 2.0 3.0 "
B /m B /o
o R BI15  Thi— = ATT 4B R A R A
Bl 14 TH 3 FhaF T s i
SRR E
5 &

K15 Al R R 0 AR TR 2RSS Jm , ATT $44

WiF N T 29 18.2% , i 4 & 14 H&1F2 M
S 3 R ST ERE X L T LR Y, th T

AR SRR UL RIS SR K Ty aod A 12 o et
TETFE . AN =07 BC7 09 #8157 1 ik =7

RLRE ATT AR, R S RAR Wgn S5 p, 5 ORI BRI SIBUAL. s =0y PRI LR 90 2 4
T

BT A FT o B A 38 N 2 25.9% , B T — |
B 4 T EAS R T UE S AR, =
T BIANGE S I S I T S ms , (H A A R 3 5 0 i

PR R 2, 55— AN IR B T A ST s
T =07 PRI S 1) A 3

Iy MBI MRV, B T 7 BB R 2 R
AR BR A, 35 TR RO P S B T
SRR N R 7 (ORI S, K
TR 2 T 00 G LR | B T A
SCEEHHHSE S AT

SEH .

(1]

(2]

(3]

(4]

[5]
[6]

[7]

(8]

SC. ST RS I S RS R AT D] YRR RFHETOR Y, 2017

LI Bowen. Research on missile interception guidance law based on game theory[ D ]. Shenyang: Shenyang Ligong University (in
Chinese )

ACHEW, skifEhn, R0, A5 — R TUR SR AL > IOPLE MR AR B Ok (0] URHE ], 2022, 40(3) : 28-36
ZHU Yameng, ZHANG Hairui, ZHOU Guofeng, et al. A design method of maneuvering game guidance law based on deep rein-
forcement learning[ J]. Aerospace Control, 2022, 40(3) : 28-36 (in Chinese)

S, KA, FESE, SF. RO RPN R S H AT D] 2 KB, 2022, 5(2) : 58-64

SU Shan, XIE Yongjie, BAI Yuliang, et al. Research on differential game cooperative confrontation guidance law method[ J ].
Air & Space Defense, 2022, 5(2) : 58-64 (in Chinese)

TALEBI S, SIMAAN M A, QU Z. Cooperative, non-cooperative and greedy pursuers strategies in multi-player pursuit-evasion
games[ C] /2017 IEEE Conference on Control Technology and Applications, 2017 2049-2056

FARUQI F A. Integrated navigation, guidance, and control of missile systems;3-D dynamic model[ R]. DSTO-TR-2805, 2013
SINGH Sharad Kumar, PUDURU Viswanadha Reddy. Dynamic network analysis of a target defense differential game with limited
observations[ J]. IEEE Transactions on Control of Network Systems, 2023, 10(1) ; 308-320

GARCIA E, CASBEER D W, PACHTER M. The complete differential game of active target defense[ J].Journal of Optimization
Theory and Applications, 2021, 191(1): 1-25

SKPUEE, EAR. SR T RS St TR A TR AR S BT[] BRI, 2014, 31(5) ¢ 473-478
LI Zongji, ZHANG Xiyong, WANG Shuzong. Design of anti-torpedo torpedo longitudinal intercepting guidance law based on var-
iable structure[ J]. Journal of Shenzhen University Science and Engineering, 2014, 31(5) ; 473-478 (in Chinese)

RGN
2RO,



o541 S RS ROK T By i A R A AT S - 783 -

[9] YE Huijuan, ZHANG Xiyong. A new anti-torpedo torpedo’s guidance law based on variable structure control[ C] /2017 3rd
IEEE International Conference on Control Science and Systems Engineering, 2017 163-166

[10] M-E4E, skPG5, Forme. JETARGSM A0 I a5 T XU B A T ] I TR R 242440, 2018, 30(1): 91-97
YE Huijuan, ZHANG Xiyong, WANG Xinye. Anti-torpedo torpedo twin sliding mode guidance law based on variable structure
control[ J]. Journal of Naval University of Engineering, 2018, 30( 1) : 91-97 (in Chinese)

[11] 5kBE, =k, XEAR, 5. s e o I J]. BE TRIEFR, 2019, 31(4) : 36-41
ZHANG Rui, YUAN Zhiyong, LIU Zhongle, et al. Design of variable command periodic guidance law for anti-torpedo torpedo
[J]. Journal of Naval University of Engineering, 2019, 31(4): 36-41 (in Chinese)

[12] AMIRHT, UK A K AR b £ i B 2 ORI AT SE [ ] K R ARG, 2020, 28(6) : 699-705
SUN Zhenxin, GU Tianjun. Research on anti-torpedo torpedo interception strategy of surface ship[J]. Journal of Unmanned
Undersea Systems, 2020(6) : 699-705 (in Chinese)

[13] WU Baoqi, GUAN Xiaocun, GUAN Shaohua, et al. A capture probability analytic model for the electromagnetic launched anti-
torpedo torpedo[ J]. Defence Technology, 2022,18(2) : 261-270

[14] ENGWERDA J. LQ dynamic optimization and differential games[ M]. New Jersey: John Wiley & Sons, 2005

Research on game strategy of underwater attack and
defense process in typical situation
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Abstract; Aiming at the problem of underwater attack and defense in typical situations, a mathematical model of
three-party attack and defense problem composed of torpedo, submarines and anti-torpedo torpedo is established.
Under the condition of considering three-party game confrontation, the three-party game problem is transformed into
the pursuit and escape game problem between the submarine and torpedo, and the interception and evasion game
problem between the submarine launched ATT and the torpedo. Based on the optimal control theory and differential
game theory, the three-party optimal game problem is studied, and the three-party game performance evaluation
function is designed based on the optimal performance of the two parties of pursuit and escape and the two parties of
interception and evasion. According to the optimal necessary condition of the bilateral extremum, the strategy of
pursuing , escaping, blocking and avoiding in the three-party game is deduced. The effectiveness of the game strate-
gy designed in the underwater attack and defense process is verified by simulations. The results show that the game

strategy can improve the effects of submarine escape, anti-torpedo torpedo interception and torpedo attack.

Keywords: underwater attack and defense; optimal control ; differential game; anti-torpedo torpedo
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