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Fig. 4. Submarine model.
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Fig. 6. Trend of relative error of the model when the magnetic is uniform: (a) Three dimensional histogram of effects of number and

distance of magnetic dipoles on model error; (b) contour of effects of number and distance of magnetic dipoles on model error.

124101-7


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 71, No. 12 (2022)

124101

F 1 WEHERSNELT, RPN EEA RO R RS
W40 H MR
Table 1.

reaching the modeling effective range when the mag-

Number and distance of magnetic dipoles

netic is uniform.

mpm ot S g g O
r=2=84 1.050 3 r= 144 1.800 2
r=94 1.175 3 r= 154 1.925 2
r= 104 1.300 2 r= 164 2.050 2
r=114 1.425 2 r=174 2.175 2
r=124 1.550 2 r= 184 2.300 1
r= 134 1.675 2 r= 194 2.425 1

FAXTIR2EIX ] 6% HYERAT RO L WS REEHL T
FE 7 =104 (1.3 fiF) RHARX R 22 38 B &G Fl, H
T R A0 A8 P 32 P PR AR X EEEF:%‘?‘

= [ [ e
true = an ). Sy S (2 — 1)

o] sl

—a)(z—x)

AT 7 X R DA T AR B 0 K, AN 1.05 AR
AT 3 AR 7~ PRAER R 0 385 .

4.3 WHEARHE

R IER B R AN ST, WK
T, 38 AR R S (L B o7 5 LT Ak 1
25 B X TE O BT — a0 ) e A v B L A P
NG9 2= 0 B R 3 = 0 e R R = R B R A
90 WIIEDL. T AR UERESE 7800 R LRG0 A
AP XA L e, AR BNV e
PRI 22 S AR T BERIE AT T T 290

ay =a/5°,s=1,2,3, (15)

Hrra =1 x 109 AT R PIsmI H AL a1 IS HE
rh ] B, T REAR R T AR B RUTE o b7 ) %
YRy

1 p dxdydz

Ei/ / /. { ““<

9 — 1)

dzdydz

a}m’i)’(fﬂﬂo) (¥ — yo)
4 5

) dxdydz

T2~ 331 Y1

(X2 — 1)

(a —ay) (x — x2)

i / / ”/( [

$2 *ffl)

(a—ay) (z — x2)

)(ff—xl)Jra] mw 3 (z — o) (2 — 20

4 rd

_ 2_ .2
a} m 3@ = 20) — 17y dds

4 rd

22—21

(X2 — 1)

4 70

) dxdydz,

%2_%:3 I
))/z1 / /(12+11)/2|:

[(asz—xl)/z} ’

332—$1

v=1-—

FI A SCHS 3 795 B 15 2 ) g (A TR A «
5 0 RGP havgm , HH(10) SUARAEXT R 22, 7
SEXTHE BN 224 (>2.5 %) BP ALY AR X IR ZE T
SIHT, PRI REE e = 1 < 100, i pE R R
a1 433124 200000, 40000, 8000, BRIV H 74 i 1] s
LM TR, AR 2 AR E 7 R,
HEL 7(a) ORI P RS Oy 224 m B
Ff 1 i 22 5, B 7(b) AR [R] B (A AR A AR R
B S RERATAE 25 T AR 22, Bl R 4L
H W 2 | R 25 5 000800, AR RE X 25 12 T sl

(a —ay) (z —x9) " m 3 (x — o) (2 — 20
(v — z1) +}

|
A HARX 1R 22 5 I U B0 T R AR
T RN ar = 4 x 10* I AORE R AR X% 22 HEA T
G0, A5G 8 s, Horh AN R BB A R AR XS
wER 2SR, # 8(b) HE 8(a) M. Kl 8(b) H
E‘JH%%[EI%EEF:% 112 Fi 187, WL T4 H h 2,
6 12 i, — A AE AR AR X 1R 22 B 55 — AR
%E’J@Eﬂ:ﬁ%.
1) May =4 x10*, @AW FEH — &0, B
O S VR I S AR Ak, ARG 2 0 I S 1) R
PR, W& 8(b), FFE B AR A 233 AR X 1% 2248

124101-8


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. 71, No. 12 (2022)

124101

REGHE .

2) Hay =4 x10%, FEg—E W, A B %
THRH B 2, AHXFRZEZ WL, 40T 4 A
(I 5 A TR A 0 15 26 X AR B 1 O U RO,
FLAWEEh T BEAIE OB Bk SRS 2 (8 BEE wE (%
THRH R 22, R A I Sz A2

Xt R R AN 24 0 R R R ARl 1 AR A 1
PEAIHT, THEAUR SR 2 B W LLE R, RS
A ANB AR O B R D0 PR AR A 1 A8 AR X
IRZEARMEIRF] 6% HYEAAT RGE ], HER RS Xt

(2)

100 F Y74
—8— r = 224, a; = 200000
80 L —o— r =224, a; = 40000
—A— 1 =224, a; = 8000
E 60F =
4
K
B a0t
=
20 :\
ol fk‘—‘ S—g—0——S—B—8 —a

6 2 4 6 8 1.0 1‘2 1.4 1.6 18
TR T4 H /A

Bl 7

25 55 o A TR A Ko 15 2 5 1) A0 5 v £k R

B S Sy 224 I AR TR RO 15 22 I TS JUE % P 2 S B AR AR R

BREBUARR BRI R SE /)N, B3 5 368 1o AR
R AR A AR X R 2.

Ly L iy AT LA 20 AL AE B A A A
43 T3 B 7 2.3 4% i ¥ I I L, IR IR IR T
2.5 AHHES LIS K T F ARS8 PG TR
HABRREEREE. R P RE (R 1]
PR FERS YL R 4/ 1.3 4%, BIRE R B0 I a] DL
TR ASRR 18 H R PR R A3 T, S
AN A ) B A o A X R 2 ) Wi A A A 1
K H AR AR 22 R 2. ARG AN

46400
84800

123200

AHAT R/ %

161600

T D IBEHER /N / (A m?)

200000

2.4

48 72 9.6 12.0 144

BAB T EH /A

() V5 JEE 100 2 2 S o ABE TR R X 45 22 S W TR 185 (b) T SIE R 1

Fig. 7. Variation trend of model relative error with submarine magnetic difference when r = 224: (a) Line graph of the effect of sub-

marine magnetic differences on the relative error of the model; (b) Contour plot of the effect of submarine magnetic differences on

the relative error of the model.
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Fig. 8. Tendency of the relative error of the model when a; = 40000: (a) Three dimensional histogram of the effect of the number

and distance of magnetic dipoles on the model error; (b) contour map of effects of the number and distance of magnetic dipoles on

model errors.
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ic is nonuniform.
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Table 3.  Number of magnetic dipoles near equilibrium point and relative error.

g Ll T HH AHXT R 22 PR (fitid it 7% H AHXS 1R 2%
r=94 1.175 10 0.90% r=184 2.300 6 0.39%
r=104 1.300 9 0.77% r=194 2.425 6 0.32%
r=114 1.425 8 0.71% r= 204 2.550 6 0.32%
r=124 1.550 8 0.60% r=214 2.675 6 0.30%
r=134 1.675 8 0.52% r=224 2.800 6 0.27%
r=144 1.800 7 0.52% r= 234 2.925 5 0.30%
r= 154 1.925 7 0.46% r= 300 3.750 5 0.18%
r=164 2.050 7 0.41% r =400 5.000 5 0.11%
r=174 2.175 7 0.36% r = 500 6.250 5 0.085%
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Abstract

With the development of underwater detection and communication technology, the traditional magnetic
measurement model cannot meet the requirements for high precision and high efficiency modeling. In order to
solve this problem, according to the integral model of ship magnetic field, we comprehensively analyze the
discretization error caused by the composite middle rectangular and Gauss-Legendre integral remainders
generated by discretizing the integral model into the magnetic dipole array model, the algorithm error, the
fitting error caused by the model simplification, the model error, etc. and we also use these research results to
analyze the model applicability conditions. Then based on the correlation between model error and parameters
as well as accuracy and computational complexity, the multi-objective optimization problem is constructed. The
NSGA-II algorithm is used to solve the multi-objective function, and the optimal solution set with balanced
accuracy and complexity is obtained. The selection rules under the different requirements for accuracy and
complexity are proposed. In order to ensure the effectiveness of the results, the model is simulated by using the
actual submarine data on the basis of the hybrid model of ship magnetic field. The relationship between the
distance to reach the applicable range of the model and the number of magnetic dipoles is obtained through the
simulation analysis of the submarines with uniform and nonuniform magnetic field, and the simulation results
are compared with the existing research results to ensure the effectiveness of the simulation results. At the same
time, under the condition of ensuring the applicability of the model, the results obtained in the multi-objective
optimization process based on NSGA-II algorithm are of high computational efficiency and accuracy. Therefore,
this method has good engineering application value.

Keywords: magnetic dipole integral model, composite middle rectangular method remainder, multi-objective
optimization, NSGA-II algorithm
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