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Fig. 1. Ship magnetic field mixing model.
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7) AR R RIS ) A Y1 L A B R
T AL

8) MR P Z AL SR G, PR T Z M
AbFH:

9) A Ak Bl RIS, AR, 2k
PP ANARAGR R, W ARSER 125 2.

IR, ZHANFHEIESE v, ¢, e,
Niter, Nuy Nr, Ngi AT4H B BUEIE T &, K
F 1 BUE TS ] @rang = [@min, Tmax] 7T H (8) 235,
Wi RS B AT 1B N Vrang=[—0.4 (Tmax — Tmin) »
0.4 (max — Tmin)], TEFIEVILRACET, A BUE FIRL
TP (LA A I P B 3 Bl PR B

3.2 FRAYIEER

3.1 TR 2 BEritk @ (10) X
FE, Rz R g R A b Aotk Rl & (10) =X
() Pareto e M4, WA 07 B 1Y Fe o3 A ]
I Pareto SefLAfAE ik, RIS, (10) Zrgtitl
[ 2 i AR A S B i 00T RS fRT Ak IR) R, 17
B (9) AT, WA AR > Bl 2 7 2 AL R A

Y. T, R X Qi 32 B A A 4> B8R T DA
Pareto S Pt fif 4 Hh i B AR 1Y fift i AT IF 9T, 25
AHE B RERILIN).

FHHI T AT R0, A AR > R 3k BT L
N € [2,15], HAB A REH, LR M (9) =N, MRy
BN =23,---15, W (9) X AT @&k A (10) X, F)
H 3.1 iy 2 H bRk BEA K 15 3 Pareto
AR A O . A REIEN 180T SR8 1Y Pareto
AL NI IEE T = N3N --- NP5, U
fu] AT LS rh e U AR A A, 75 275 s 1 S B
T, X TR A, e BB () R RRS
TELRUFREAUAE BE 1G0T ST BRI AN E , i
ATLAGI AN @ st B FR 6 25 4

{fl (z) < eo
T = ,xeWw, (13)
min (f2 (z))
A, a2 G AL T B A (o, Br, 71, a2, Ba,
Yoy N, BN, YN, €0 K EERR IR R SR I AR X 1R 22
MVEH TR (13) 2R @, DX B R A A 11
A I e A e fHa A 745

(13) G T REARB 7 B R RE A 121
TEREARIN, 42 REGZSE BRI AT USRS AR I A LA
TS5, Az S804 (1) —3) L
AT LK A s AR RS I REHE Z88, R RIRERE S50
P (1) AE BRSBTS 8 637 oA, BSERL T
PO 7 ) AR

4 R R
4.1 REEE

TG B, X = P AR R BE S 1T Zo A0 21 I
AL FRRE AT T, WK 4 B, =Fb
TS P AR 2 BECK 5 R ST 4 S/ L R L R = s iy
INEUIRA RS K L =572 m. 5% W= 86 m.
WZKIRE D = 2.2 m; HRYRAEESE: K L =

X: zstar : dz : zend n
1 R = o
B2 Yy o= o~ — oo >___£
LR R R 3

K4

Fig. 4. Measurement mode.
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#1
Table 1.

Test parameters.

o REZH/m HEEE /m -
Hi5 fii1 /m
L w Zo A

M2/ m W3 /m

NI 572 86 86 17

X =-80:2:80, Y= -4.2

X =-380:2:80, Y=0 X =-80:2:80, Y =42

rhRIEE 765 8.5  12.75 20.5

X = -100:2.5:100, Y =-15

X = -100:2.5:100, Y =10 X = -100:2.5:100, Y =15

KEGEE 153 17.3

172 288 X =-128:3.2:128,Y = -8.64

X =-1283.2:128, Y=0 X =-1283.2:128, Y = 8.64

76.5m, % W = 8.5, WZ/KIRE D =53 m; KA
FRARARAE S K L =153 m. 96 W =173 m, IZ
KIRE D = 5.1 m. &S HCRMLATS % 1
Jii 4.

X L3R = AR R A 3 1 10 ikt T A
FEBPERE VT AL G5 HEASORS B R NG B, AN
JEE AT DA R A8 AR X R 25 e A L (4) 28 0
JEFE A T A0 e 5l AR, ) ST A A o
B — AR LRG0 B 1T LA 5
FIXHRZEATTAS, THAAZA T

e = || F'M — H'|,/||H||,. (14)
2 v R R B ST Z; b A R B AR
IREFESHL, A HY 5050 R 5 — R Z5 )
FRHOH A . 4B E PARST T 25 A
VT T BT A

HAMLE A £ B Ak F R IR B R i 2 80k
B MPREECE 200, HEACKEL 500, B 0.49,
AT o = o =2, WIEECH 20, SMERfiE AR
B 200. R T4 N IEUEBEE N: 2, 4, 6, 8,
10, 12, 14; (13) 20N R IR A A ) fe
BEFES L e 7391120 0.03, 0.03, 0.03.

4.2  AEIALAEARESSIE IR E 4
4.2.1 HEEAZESH

F IR 4.1 RIS, FIHZRE 1 b =R
RS Zo TR EE ST 1 A = R A 3 0 B A T A
5 3] = A A AR ) T 3 R A A, A A A5 R
B 5—E 7 Bt B A [R] B i A SR A [R]
WFELT Y Pareto S fUAREE, BEALAR fo FIYN AL PR
SIXERE (7) P A 2 HAR R, 43000 D AR A 2R
LG SURAEIFE Y EPORT =

M 5—E 7 AT LAE Bl AR
W42, XN Pareto e LS 1 EEABIA0L & AH X i 22
FUERRIUIN, SR fo BRI, ULITIR A A
M REAR A TR 2, A RORG By, {25 B[R] B

S K, AN AR . L, ERARORG
FEIRRS E AN P JE ), AR Pk,

P (13) BB, 435I 5] 7 h
HO2E AT VEBE, TEERIOLE SRANZE 2 TFl, % 2 4
T A ) AR B A R, AR R A T
B, X Iy 2R O B S ORI o I g A AR X 12 25
PN 2 AT T, /N TR S 3 5 E A T S B0 10
I, 2B B A8 85.13, AHXTIR 2 M 0.0295;

o1 ON=2
: ON=4
012 | N=6
bl 0.10 ON=8
| 0.05 % O N=10
0'10: © Qg ® N=12
M | 050 10 0 onN=1
= 0086 |/1
g !
0.06 |8 |
1, !
o |
0.04 I
L.
[ o
0.02

0 200 400 600 800 1000 1200
f2

B 5 /R RS SR AT B A A3 A

Fig. 5. Selectable distribution of modeling results for small

ships.
0.35
I ON=2
0s0P ! ON=4
M o N=6
| ool ON=38
0.25 It | & ON=10
o o o N=12
0.20 I} 0 o ON=14
. | 0 50
g
01512 |
| |
0.10 [ |
| CZ |
0.05 |-€’20|
Lo @on @ @o 0O O ao o
0 - 1 1 1 1
0 100 200 300 400 500

f2

6 b U AT AL SR T e AR A0 A
Fig. 6. Selectable distribution of modeling results for medi-

um-sized ships.
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T RIS BERE AR A B0 8 B, REUHFG &A%
BOh 76.5, FHXHREZE N 0.0290; KRS HE P05
WFAECHh 14 B, REUERFEAE0R 128.95, 4
XFiRZEHR 0.0256.

0 100 200 300 400 500
f2

P 7 KRB AR AL T e B 4 A
Fig. 7. Selectable distribution of modeling results for large
ships.

# 2 Zo REEFTE_ERY = AR A R

Table 2.  Modeling results of three kinds of ships
on the Z; depth plane.

EE7N ANEVRAR DAY RAEUIAR
TEARI 5K 10 8 14
FREBUHERE AL 85.13 76.5 128.95
AN 2 0.0295 0.0290 0.0256

Pl 8 [&] 10 Sy 2 2 Pl BB X IO Ay i A A
ORARIEOL, ML 8 WL, /NS R i A 1 R
SR AT ALAT AR | vh AR S T O A b A EE R BT
55 PR AR ZE R o A — 2, LS S SR A
R R LA FE F A BRESE | AE | B AE A5, e
HEJE T 7 B RE A AR T 8 1 Y S LA AR 43 (K Bl
BL) &5, FPIRIRE AL J7 B RE AR 10 A of 17 4 2
ARG 2 820 [RIRE, X EELIET 9 FIIE 10 HF B 44

P8 /N A ol A A T 20 135 20

Fig. 8. Distribution of magnetic dipole of small ship model.

BT A SRS AR A5, e BB SR AR 1
(8973 A1 5 AT Y SE PR A R B — 28, TR AR SC
J7 iR AT LIS S5 B G AR 1A

9 v Y A SR 8 e 1 A1 R L

Fig. 9. Distribution of magnetic dipole of medium ship model.

F10 KRB AR AR RE AR AR 53 A 5 L
Fig. 10. Distribution of magnetic dipoles of large ship models.

SRR 1 =R A A PR TR Zo A
Zy IEAT AR R A A ROE P TR A X R 22 A
BT IRIENZR 3 Fra). AT LA th, =AU AL A
HEBARXIRZHR/ N T 3%, BRI IR 22K
T 5%, MAEIE BB IREIT 6%.

%3 ARV EBAI 52 ARSI 522

Table 3.

lative errors of different depths.

Modeling relative errors and converted re-

HbE EBURREE/m  BOERE/m ADMRE
8.6 0.0295
8.6
17 0.0402
AN
8.6 0.0479
17
17 0.0256
12.75 0.0290
12.75
20.5 0.0323
SR
12.75 0.0387
20.5
20.5 0.0201
17.2 0.0256
17.2
28.8 0.0301
AR
17.2 0.0547
28.8
28.8 0.0152
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S A A ) S S AT T A
NHEARSE ] 1, AR S5 75 B AT S50 = RIS
B AT, AR A XHR 2T 3%, B EIEM
PRR T 5%, HIRIE SR BB IR AT
6%, >R fifk (R R AR B o7 B A8 A 0 55 L SIS 1) 45
FIRIAT &, B0UE T AR SO I RENS AT 550 AR i 1 10t
AT G P AR
422 IR FikEAELE AT

A ST SCRR (1], 3Tk [25] H Y
DIEEAT AN L, SCHik (1) i P RG220 4%
A IR SRR TR, SR [25] 0HR SRR A
AT TR, T R AR E A, A AR ALIR K
LA R BOE RS 9 25 8, LIRS WA A 0
Aig. SCHK [1] FISCHR [25] H3cA 25 72 g A AR 114
AIBUEL, T T T P AR 75 75 AR, 4% 5 7R3
7 i I ) AR AR 8

F RS [R) ) A 7 i X 35 1 v = o A
AR AN [ TR SIS R 7 AR, T
4P, Frp o FoR N— IR AR S — 1
REE, N 4 RN, AN HAR PR )53, SCRk [1]
AR B AR AN 58 2 A B TR 5 8 R 8RR R 2 1
JERROR Y, FEERRRH TR 22 A A X 22, L3

ik [25] /I, AR SO K SCik [25) 977 1 R AU
W S50 /N, AR X158 2 RIS B A o 15 22
K, T E P A PR R A i 0Tk 2R B
BRI ACHEAR 5340, BSR ] LISRAS e/ M
FBUR AR, (D206 T BRI T00 B 5 A G
PR ZR, (AR 5 A SEBRASE RUASA ,  3t
TR ZE P R 2 e R, M RE 22 AT
T T A Y 1 AR BRI A A B N T SCR (1,
FHROCTFSCHK [25], AR SR, BRI
/N, VLA SO EE A R B T HAL PR 5 3.
423 EEAAZESN

2t IR A AR R R 11 T R, AR
SRR i — AR AS A TR, R A R A
WHAURR, H A A A AR AT 2 S BOR i 45 S
ZEARA, Wt F— AL AR, LR S 00
BRBEAEN, BT R IRENE, WSS
OB (R R 5 R (R SR ARE. N T IRAE
AR R, i A AR TR
B ARG BE IR, X EUAFAE FONAEAE D B T30 R
AR EEAORS B NG AR Ak

Rt A1 B = A Zo TR R ST L Y 30 4
I 2 5080 A 38 20% WPl , A A SOk 3

R4 RIETT AR R 28 TR AR 15 22

Table 4. Modeling relative error and conversion relative error of different methods.

Hz SCHR[1] SCHik[25) A
T T4k 10 10 10
B 1.28 x 103 34.65 85.13
e 17 m 0.0464 0.1071 0.0295
JINFRLSIR A AR 2
8.6 m 0.0450 0.0458 0.0256
) . 8.6 m—17 m 0.0609 0.0913 0.0402
WA AR
17 m—8.6 m 0.1208 0.1523 0.0497
T T4k 8 8 8
FBOHE A 709.8 28.02 76.5
e 20.5 m 0.0568 0.0619 0.0290
R R AR 2
12.75 m 0.0655 0.0872 0.0201
) . 12.75 m—20.5 m 0.077 0.1726 0.0323
WA AR
20.5 m—12.75 m 0.129 0.1317 0.0387
T T4k 14 14 14
B 2.36 x 103 78.29 128.95
) e 28.8 m 0.0991 0.1302 0.0256
ISR AR 2
172 m 0.0525 0.0602 0.0152
B 17.2 m—28.8 m 0.0984 0.1033 0.0301
BRI
28.8 m—17.2 m 0.1769 0.1782 0.0547

164101-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 16 (2021) 164101

Bk [1] FISCHR [25] HP A TT IR AT, THI A Al T
TR AR DR 22, RN 5 B8 Nk 5 iy
THELR T, SORTTIEAEA TR RSO T,
FAXHRZEA KT 0.04, XS TIACIE, MRS DR 22
BeshTE 0.01 Z W, Bk 1A SO i T 7E
N A AT R s ) LU AR RR DT 1%, AR SO vA TG

F 5 T RARE I kAR R 22 R 2%
Table 5. Modeling relative errors and conversion

errors of different methods under interference.
AR iR 22
k) k(5] ARSI

KnFHE 0.0464 0.1071 0.0295

4k 0.0850 0.1167 0.0378

—_—— FIFHE 0.0568 0.0619 0.0290
4k 0.1179 0.0754 0.0313

FnFHE 0.0991 0.1302 0.0256

Sk 0.1256 0.1419 0.0303

HiR

AN

RIBLAT

WA TIMET BT, AR 2E AR i
/N, SR [25) A TR TE TR, iR s/,
S H TG Ak R B B SR R o T AR
SEPE, AR, T 20 T R R o A5 S A 25 44
M FR, MBI R ZERR, SATH 4.2.2 35
FIANTRIRRE [t —2k. £ Eal A, AR SO e
DS B A AE TR, HAA RS i BORG BE, fgts
ARG, EARXT HAB A 7 i, ik s dcds

Bl 11—[& 13 A [W AR A AN [ 7 75 A
THATC T YRR R R AR L X iR 2%, HaXiRZETT
BAN

Am’ = | M} — M}, (15)

A, i = 1 N OB FHFS, i = N+ 1
XERIWERIA, § = x, y, 2 QKA AR, M
NI SR AR AR, MM ETE T 2
HEESR A () R

106 106

104
104 ¢

102

100 t
102

Am,,

£
4
102 F

100

106
(b)

1 2 3 4 5 6 7 8 91011

i

—— R[5k o SCR[25]771%

104 ¢
£
<
12W V-
& 0 So
IR TR RN SN SR AN S N | 100:::::::::
1 2 3 45 6 7 8 91011 1 2 3 45 6 7 8 91011
A 7

A7k

B 11 T T AFE IR NS R R A X 1R 2% () a T M REFE A X IR 25 Amg ; (b) y 7 MBEF A5 X 1R 25 Amy 5 (¢) 207

i FE AL R IR 2E A,

Fig. 11. Absolute errors of magnetic moment of small ships solved by different methods under disturbance: (a) Absolute errors of

magnetic moment in a-direction; (b) absolute errors of magnetic moment in y-direction; (c¢) absolute errors of magnetic moment in

zdirection.

106 106 - 106
(a) (b)
1 | 10° ¢
104k 104
= > . 10%F
£ & g ¥
< 103
102 ¢ 4 102 ¥
V v 102¢
' 1
10() 1 1 1 1 1 1 1 10[] L L 101 I
1 2 3 4 5 6 7 8 9 1 2 3 5 6 7 8 9 1 2 3 4 5 6 7 8 9

—— L[] —o— SCR[25) ik

AT i

12 T TR D ER A H R RE L X R2E  (a) o )7 MIREE LN IR 22 Amy 5 (b) y T BEFELXTIRZE Amy s (c) 2707

[e] {6 HE 2 X R 25 A,

Fig. 12. Absolute error of magnetic moment of medium ship solved by different methods under disturbance: (a) Absolute errors of

magnetic moment in a-direction; (b) absolute errors of magnetic moment in y-direction; (c) absolute errors of magnetic moment in

zdirection.
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108 10%0
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(@) (b)
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106 4 L
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£ 10t £ 0P g8 000q £
4 { <4 @ g0 < mzw ?/&eﬁ\@/@\
100 b \d
2
10 E 10“',
100 1 1 | 10—5 1 1 1 1 1 10—2 1 1 1 1 1 1
0 5 10 15 1 3 5 9 11 13 15 1 3 5 7 9 11 13 15

—— R[] o SCHR[25) 51k

i

ARILT5 i

13 T T ARy 2R R B A IR X R 22 (a) o )7 IREAE A X 1R 22 Amg 5 (b) y I BEFELXTIR2E Amy s (c) 205

] g FE 2L R IR 2E A,

Fig. 13. Absolute errors of magnetic moment of large ships solved by different methods under disturbance: (a) Absolute errors of

magnetic moment in a-direction; (b) absolute errors of magnetic moment in y-direction; (c) absolute errors of magnetic moment in

zdirection.

M 11— & 13 g SRl 0, A SO ke
TR T, =RAEAY 0EHE 45 XF R 22 /N F 102
R TR R B2 1) (10% — 107) SR 2AR/INGY,
AIACAR I R 7R AR TE P L —30, 1t
BRSO R A B RS e T, RSO A RRE X
PR W 3 i A7 R e . )R, XF LB 11— &) 13
W =R VR TR RERE AR TR ATE TPt i R e
A X PR 25T, SCRK (1] F B 5 32 SR A e R 2
K, SCHR [25] IR Z, AR SCOT M 2 o,
SR T A8 =ik eh, AR SO TR ER AT B iR
M.

SO = AR AR AR A TR TC TR TR i
AT T A, X G T = b T A AR X 158 2 TR
Yaxf iRz, Wk TASONERA RIFMREr, 5
AT LA PG Rh 71, Ao PR i 1.

4.3 EXBRINBIBEEELER

R TR 2D A SO AR T 8 B S R
TR ST 00 P AR A A o S A T A SR S
RTEIH MG AT, TEHEIT 13 F1 22.3 m RHIR
JETE EATE T 5 A SR RS, AR T T
] 5L AR I MR 1, 43 R AR 1SR ] b s
IR, WG R G iz A G A E TR AR KT
RGN R G5, REfs 38 Rk B i S AR B 7, O HL
REMS 25 I SR TR AR bR 28 T ROALE. i
iR K 14.

A SO b AT 1 @8, THE AN R
T B A TR] At 1] 1 S A5 R T 15 2 A 46 B3 1R 22
(13 m — 22.3 m), THRZRWE 6 Fral. v LA

) ASCIT R AE PRSI AS  7 dB  ARX R 22 /)N
T 0.03, HBEIRZE/NT 0.07, VLA SO e A
BAE 2R T AR O .

y=—18moe-o0----=--- - - - — -0
y=—75m e -0 —-—-—-—-—-————"—"—"—"———————— -~ — — -
y=0m o -0 —-4-------——-—-———-—— >4>
Yy=T75m g - o0 - - - - o -
y=18moe-o0----------—————————————— -0

B 14 WaEssER

Fig. 14. The schematic diagram of measurement scene.

F 6 FL R R
Table 6. Modeling results of real ship measure-
ment data.

HicTa] HERIAT R iR
R fiin) 0.0243 0.0543
PaALI] 0.0257 0.0621
FafLIn 0.0236 0.0325
AL 0.0276 0.0421
5 % it

7SR G Qe ) AL % 70 v A R A A i
11 T WESE, TE ML RE 1R 5 A A AR Ty vk 10 S
b, SRR T AR R O I AR ORI R
i 22 1 b R B AR A TR RS, (1) A R
o 2 B AR R EUALSR AR, S T U R
K RERS B ATy . SISt i B g 2
REW, AR SOT IR RE A RO T, AR R R
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Abstract

Ship magnetic field modeling is not only beneficial to understanding the characteristics of ship magnetic
field, but also can predict the space distribution of ship magnetic field, which has an important application in
ship protection and underwater weapons. Aiming at the problems of low modeling accuracy and poor stability
in establishing the ship magnetic field hybrid model, a method of establishing a high precision stablity model is
proposed in this paper. A hybrid model of magnetic field of a ship is established by using a uniformly
magnetized rotating ellipsoid and a magnetic dipole array. Since the number and positions of magnetic dipoles
in the hybrid model have an important effect on the modeling accuracy and stability, the fitting error function
representing the modeling accuracy and the coefficient matrix condition number function representing the
stability of the model are constructed by taking the magnetic dipole parameters as unknown variables. The
multi-objective function is constructed by combining the fitting error function with the coefficient matrix
conditional number function, which indirectly transforms the modeling problem into a multi-objective
optimization problem. The multi-objective function is solved by using the multi-objective particle swarm
optimization algorithm, and an optional set of modeling solution results is obtained. In order to select the best
results from the optional set, the corresponding selection rules are designed based on the modeling accuracy.
The proposed method is validated by the measured data of three kinds of ship models, the modeling results
show that the relative error of the model is less than 3%, and the conversion error is less than 6%, which
verifies that the proposed method can effectively model the ship magnetic field. Though the measurement data
error exists, the modeling solution results from the proposed method have the best stability, which verifies that
the modeling method proposed in this work has good stability. Compared with the two existing modeling
methods, the proposed method has very good modeling accuracy and stability. Finally, the actual data of a ship
on the sea are used for modeling, and the modeling results further verify that the proposed method has high

modeling accuracy and conversion accuracy, and can be effectively applied to the relevant projects.

Keywords: ship magnetic field modeling, multi-objective function, multi-objective particle swarm

optimizatialgorithm, selection rule
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