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Fig. 1. Modeling and application routes of ship magnetic

fields.
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Fig. 2. Fireworks algorithm flow.
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Fig. 4. The magnetic field 15 m below the submarine No. 1.
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Fig. 5. Iterative modeling process of submarine No. 1: (a) Modeling result of the first-generation; (b) modeling result of the second-

generation; (c) modeling result of the third-generation; (d) modeling result of the fourth-generation.

070803-7


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

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 7 (2026) 070803
#£1 1 SEEEAETRE
Table 1. Iterative modeling process of Submarine 1.
/& FEL A R ] X Y Z Z VA Z S
LA -2 0 5 — — —
R ) 18359
EERTT NN ~1577.04 4.74 ~1940.5 — — —
LA 2 0 -9 -1 — —
AR ) 7725
LR/ 1044.02 ~4.36 ~1128.67 -939 — —
(DAY 4 0 -11 -1 8 —
EER ) 1367
LR/ 152.27 1.14 —714.43 794.3 ~551.78 —
(OATS -8 — -11 -4 4 11
e . 1326
RN ~79.03 — ~552.4 ~548.09 ~642.13 -337.06

DU, XPEI X RIS 1A, S Z
T 4 AP BT RASKR AR, 3% 1 50 T SRl ar
A R L. AAORE BE (4 T A 3 T B — 1R E A
B, BRI AR E T R 5 RIEITEr
PERE 22 AR/, CUE AR £ 545 o A A e E i
P, WA i 5(d) Frs. B 5(d) 5E 4 8 H
BRG] H, AR = BE W) A R SR DU AR R
FCARTE N N B4R T, HRSaTERER &
TRETEL, MIAEAAC AL,

4.3 2 SEMEHESSLE

ASCHE Y 53 ST A TR AN TR
7 1), TERGEALIRSE K AR AR B 5 B8 L A8
NEEEERE ST, AUER] FIRNE, ASCE ek T g
ST XS L2 8. AT Bygunas = [2.8x10°5, 0,
—2.3x10° T ZM @7 K240 T RV AR S B2
DX, S AERE S A 6 Fs.

S e X, #1 Y, #1 Z HRRAS A

—, ARZE AR T IR A AL AR AL, N
22 Iy, MR R fife 45 L AR R AE IE R
15 m “FIRIRES A G 0L, GniEl 7(a) FR.

5 2 URE R R WL 2, 8 AR o A
W 7(b) fras. 5 = ARHE I X Bl i L A,
F YRl R, #EA AT AN 7(c) PR, 45
AIEI X b B IRER, #E A aniEl 7(d) .

B/(10-6 T)

K6 25T Jr 16 m VA #
Fig. 6. The magnetic field 15 m below the submarine No.2.

®2 2 SHERELAL R

Table 2.  Iterative modeling process of submarine 2.
fREC AR X X X X Y VA VA Z &IV
i (A — — — 1 0 -3 — —
F—R ) 575617
HL RN — — — 5340.51  9.77  —1423.9 — —
i (A — — 8 -3 0 -7 — —
AR ) 105758
HL RN — — 3179.06  5192.8  —4.37 —1633.17 — —
i (A — 12 2 -9 — -15 — —
AR ) 22512
HL RN — 1639.08  4194.58  4315.01 — -1022.64 — —
P (ALY 15 7 -2 -11 — -16 — —
BRI ) 14845
HL RN 668.74  2698.87 3764.54  3193.6 — -927.28 — —
. A 12 4 -4 -10 — 18 -12 —
A ) 10223
HL RN 1956.64  3564.17 3553 2537.45 — 635.28 ~1594.9 —
) (A 12 4 -3 -10 — 17 -12 11
AR ) 9058
SRV TN 2226.82  2758.9  3289.75  2763.57 — 862.02 -1276.83  -529.61

070803-8


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

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 7 (2026) 070803

B/(10-6 T)

(a)

3.0
2.5
2.0
1.5
1.0

0.5

B 7 25 WAk A AR
HERLEEAL; () /SRR 5

B/(10-5 T)
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Fig. 7. Iterative modeling process of submarine No. 2: (a) Modeling result of the first-generation; (b) modeling result of the second-

generation; (c) modeling result of the third-generation; (d) modeling result of the fourth-generation; (e) modeling result of the fifth-

generation; (f) modeling result of the sixth-generation.
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P B [ T A DRASE TR A 4 Jo 3 I P B U050
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S RE T - B RS A i AN A7 A S 5 Y [ E W
(BRI ARG S ) I, X DX I ) P R ER REAE A Sl
BHSH, ISR R i etk ks o il 4 5
/e

RS Y 0 AU 3 GG A SR AT R0
ALE T B e P AR AS R, B O T R A Y
e, AU RERERS A Sh iUl 3 S KBRS ) S R0
Y, B A AR RN URS B vy, ELX AR
L E HA RO . 1% R AR J5 S5 1L
1B S S TN 5 R B SR B T ] A A
LA 15 W ME Ao 191 P ri P DEE 4 AR S 3 B A A2
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Fig. 8. Overall effect drawing of the electric source model

(submarine No.1).

W FLAR RN, AT LORE R A <L SEY, TS PrE
PSS vy el WA B 4 1 3 A — iy R
FEIR, A, AR SCEREE POy b H AR g b g 1
+1 nT BYREPLER2Z, iR 22l TR R 2. 7EP
ANV REAREAY vpr i 58 22 OBy H bR 7 0 ik
Frat i, 193 R R sk 3 g, R4
SRAREE IR PP AEAS L IE R 7 15 m P18 1%
Gy Ao, W 9 Fis.

g T R R ARG R, B T AN, 7R
AN 4 IR ZERY TR T X, SR e s 2 T
M HE S, FHXT 5% 2% (relative residual error, RRE)
PIA 18 e A 30 540 ) DE FC AR B2, AR 1% 22
(relative error, RE) P 1) /& 455 U X 5 52 4548 1Y
PLRCFRE.

n 2
||Bcalc — Bmeas||2 \/Zi: 1 [(BcalcI - -Bmeasm)2 + (Bcalcy - Bmeasy) + (Bcalcz - Bmeasz)2]

RRE = (16)
B n 2 2 2 ’
|| meaS| |2 \/Zi:]. [Bmeasz + Bmeasy + Bmeasz]
[0 2 2 2
RE || Beale — Blure|| \/Zz: 1 [(Beate, — Buure,)” + (Bcalcy - erey) + (Beale. — Bure. )] (17)
B B a n 2 2 2 ’
|| ture||2 \/le 1 [Bturex + Bturey + Bturez]
3 WA Y A R
Table 3. The modeling results under noise.
WS RIS R X X X X Z VA Z 7 3 R
o — — — -8 -11 4 4 11
1% 1419
IR/ TN — — — ~114.87  -515.25  -576.67  —647.95 -353.24
o7 12 4 -3 -10 17 -12 11 —
25 8532
R NN 2358.35  2718.71  3376.45 2769.94  933.86 -1327.42 —575.68 —
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Fig. 9. The magnetic field distribution of the modeling results under noise.
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Fig. 10. Magnetic field distributions at different depths of submarine No. 1: (a) 10 m below the submarine; (b) 10 m below the elec-
tric source model; (¢) 20 m below the submarine; (d) 20 m below the electric source model.
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(d) ML AR IE R J7 20 m T
Fig. 11. Magnetic field distributions at different depths of submarine No. 2: (a) 10 m below the submarine; (b) 10 m below the elec-

tric source model; (c) 20 m below the submarine; (d) 20 m below the electric source model.
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Abstract

Ship magnetic field modeling is a core element in the development of naval magnetic detection and stealth
technologies. Currently, equivalent source modeling methods predominantly employ magnetic sources. However,
their inversion processes often suffer from abstract physical interpretations and the ill-posed nature of equations,
typically requiring multi-objective optimization or regularization to mitigate these issues. To fundamentally
circumvent ill-posed problems, this paper proposes an electric equivalent source modeling method based on
iterative modeling and a hierarchical optimization strategy. The proposed model utilizes current-carrying
circular loops with distinct physical significance as fundamental units, ensuring the model can directly serve
engineering construction. The iterative modeling follows a “simple-to-complex” principle, evolving from a low-
dimensional coarse model with few loops to a high-dimensional refined model. Results from the previous
generation serve as prior information to guide the construction of the subsequent model, ensuring the entire
inversion process remains well-posed and controllable. Once the quantity and structure of the loops are
determined, a position-current hierarchical optimization strategy is employed for parameter solving. Specifically,
the outer layer utilizes linear optimization to search for loop positions, while the inner layer leverages the
explosive search capability of the Fireworks Algorithm to determine optimal current magnitudes. This strategy
successfully transforms high-dimensional ill-posed inversion into a series of low-dimensional, well-posed
optimization problems. Numerical experiments based on finite element models under two geomagnetic
environments demonstrate the method's superior accuracy and stability. The relative error on the modeling
plane is consistently controlled within 5%. Even with superimposed measurement noise, the error remains at a
comparable level, exhibiting strong robustness. Meanwhile, inward and outward magnetic field extrapolation
errors are maintained within the 6%—9% range. This study confirms that the proposed method effectively
circumvents the ill-posed pitfalls of traditional inversion, providing a novel pathway with significant engineering

application value for high-precision and robust ship magnetic field modeling.

Keywords: ship magnetic field modeling, equivalent source model, fireworks algorithm, magnetic field

inversion
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