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ABSTRACT: To address the non-convergence issue in
nonlinear iterations caused by improper reluctivity selection
during hysteresis-aware time-stepping finite element analysis,
this paper presents a magnetic reluctivity selection method. The
proposed approach dynamically adjusts the convergence factor
at each time step by setting a threshold, thereby stabilizing the
iteration process. First, the two-dimensional magnetic filed
finite element equation of magnetic vector potential and
excitation current is established using the fixed-point method,
and the fixed-point permeability is introduced to address the
nonlinear issue. Second, the field-circuit coupling relationship
is established based on the electromagnetic induction law, and
the Jiles-Atherton hysteresis model is utilized to characterize
the core’s hysteresis characteristics, thus a field-circuit
coupling model considering hysteresis is formed. Then, the
threshold is introduced to solve the convergence difficulties in
the nonlinear iterative process. Finally, the effectiveness of the
proposed method is verified by applying it to a composite core
made of amorphous alloy and grain-oriented silicon steel, from
which the excitation current, magnetic flux density distribution,
and no-load loss are successfully computed.

KEY WORDS: fixed-point method; time step finite element
method; J-A hysteresis model; field-circuit coupling model;
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Table 1  Structural parameters of composite core

ZH e

BJa REAR P9 242 r/mm 75
I A AR AR 242 rofmm 95.7
B AN 2 1 R K 0.97
e A4 LR rfmm 95.7
B £ A EAE rdmm 144
FEREEET REKa 0.86
AL EE himm 142
il £ 1) L4 N 20




13

WRAT IS 5 R RT R ) 58 i N 2D AT BROCIE S AL oL S B VR F T 439

3.2 HATKUHIHLTRILZ

23K FH KT 1% (particle swarm optimization,
PSO)MEAL BP0 J-A MR AT S MR EL, %553
HAT B R S R e, BB DU D 3R
B4 R AR T X IR, 45 RUE 2 Fron. JEH
4 RVHY 7] ek B0 P A 00 R 7 (] 28 15 S W i i (] 28
[0t F & 3o il an i 5. 6 BTs o

=2 JAERSY
Table 2 Parameter of J-A model

S a4 AN
- 135T 145T 1.28T 1.73T
Ms 1.780x10° 1.839x10° 1.759x10° 1.979x10°
k 9.539 11.189 20.294 20.116
a 1.936 2971 7.652 8.64
a 5.533x107° 6.569<10°  10.341x10°  9.093x10°°
c 0.131 0.207 0.016 0.018
— SIS [— SEEMH
1 — iR — i BLE
I ’ = y
= #
B 0 B 0
= Bl .
,1,
-10 0 10 -10 0 10
W75 I(A/m) W358 FEI(A/m)
(@) B=1.35T (b) B=1.45T

E5 IFREEHIFELZ
Fig. 5 Hysteresis loops of amorphous alloy

B
— il

Il Il Il J Il Il Il Il Il J
-20 -10 0 10 20 -30 -10 10 30

3758 % 1(A/m) W58 (A/m)
(a) B=1.28T (b) B=1.73T

[El 6 BRIa1REENHLIT O
Fig. 6 Hysteresis loops of oriented silicon steel
K AR 2 (mean relative error, MRE)
R AE S LB w2, H:
Mee == 3 dea ~ e 000 23
RE_ﬁzn—x 0 (23)

n=1 mea
SO 10 n ASSTRE SO 17, B
n NTRE B
IR, O B ST 2 T AR R
SN 3 R,
W 5. 6 Bl 3 LA LAE Y, (7L
5 S R A, BRI A SR bk 4

=3 FHHENRELER
Table 3 Result of MRE

B W SR %
135 5.93
B e
1.45 7.9
1.28 8.24
A
173 7.75

ITHABO LR S EARFENI R .
3.3 HEKOHIRIREERR ST

MR AR A SCHE S IR 37 R A A AU F |k 2 2
WEER, ERkAR0(10), RIAT5 R4 &80/
WEHLIR . ASCIREL C IWIME R 2, KRR T H G
E il FLUH 5 39~59 V(O S BB B2 9 1.1~1.6 T)
TR, 55LE. AR R BUER R R
LR R B 7 FroR. Hd, ARG RN
39~51V W, dEfmA &M AN KA 1.35
A1 1.28T IR A1 22 T B iG Ha 4 55 1 59V
I, A dn A S A EL A N 73 0l R A 1.45 AT 1.73 T B
(1 T s [ 28

W7 B, Tl I ) o0 AT B A R R
X5 B il P A v AR SR LA R S R AR . H
8 A SO 2 I BE 2 b G R (R34 K, b el
WA WIS . UL 3 P kvt SR F i R
FE FIREAE A I AE R 2ok i . iEd i, AN
B R RE R MRE 45 5% 4 Fion. 8
RKATUEY, RAAROERIE 2R, 5
73 30 110 Jh R FL I R AR R 22 /N T A R R B DA R
R L
3.4 HEKUHHBZEE SO

B T A O IR RIS 25 P A3 A o B SR
fifr=0(10)15 240 & 2R O AE b G FL D 39~59 VI %
TR RN A, SRR R AT R4 H 6
B S o 2H AR Co PE A [R] Jah i RS T R0 2%
WA I 220 P 10 5 P 43 A N 1 8 s, Tode % i g
X EESE R 9 . B 8 mI 0L, M4Jahfd sk
INTF 5LV I, NEREER RO IR N, R A
RSO T TS IR E R T 55V I, R
G IRBIMR, T N SRR T R
REANL 2] T B 1AM AR i & Sl S AN AR

PAIIRE B U=47 V A1 U=59 V i, 4 &4k
TE— A JE) 3 PR 365 53 AT (1) R Sl R 3 & S 43l Gl
K10, 11 ffion. A 100 11 7740, RS &4
T R PR30 25 O A R IR IE 52T A, XA RN
THE WM AR ROR E S, RN AT A



440 il CER | R N = 4 i 46 %
0.4 0.4 RSN
& — - SERMA 5
e — ARREE o4 T el
— AR RYE i — ARRNE
< o A < > _iiﬁiﬂ < 02 MR
2 AXT = g AT
& 0.0F = 0.0 D 00k
: = :
-0.2F -0.2F 02r
,0'4_
_04 1 J _04 1 J 1 J
0.00 0.01 002 000 0.01 0.02 0.00 0.01 0.02
NS LR LRI
(a) U=39V (b) U=43V () U=47v
1.0¢
05F - — Il — S - *%ﬁ
— &R Rk 05 — SRR o — RRAME
< — R R < EEES B < — R AREGE
2 — A7 2 — Ak 2 ATk
2 00} 2 0.0 D 00
& = =
=B =B =
-05
70'5_
,0.5_
1 J 1 J -1.0 1 J
0.00 0.01 0.02 0.00 0.01 002 0.0 0.01 0.02
I [a)/s i [7)/s & fil/s
(d) U=51V (e) U=55V () U=59V
E7 ATEHEETHR#ER
Fig. 7 Excitation current at different voltages
Fz 4 TREIBETHREER MRE &3
Table 4 MRE results of excitation current at different voltages
CENETAYS ERBEREI% R REE% ASCTTEIY EENETAYS ERBEHEI% R REE% AL TTVEIY%
39 19.88 14.76 6.82 51 17.61 16.63 6.92
43 17.95 10.87 6.09 55 16.40 —2.09 -5.46
47 1259 13.23 3.25 59 12.21 9.61 4.44
BIT BIT BIT
0.15 1.2 0.15 1.2 12
0.10 10 0.10 1.0 1.0
< 005 08 < <
b 3 00 08 £ 005 08
2 0.00 06 & 2
o & 0.00 0.6 = 0.00 0.6
B 005 04 = 05 04 B 005 0.4
-0.10 0.2 0.10 0.2 0.10 0.2
-0.15 0.0 0.15 0.0 015 0.0
-0.15 -0.10 -0.05 0.00 0.05 010 0.15 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 -0.15 -0.10 -0.05 0.00 0.05 010 0.15
/s I lil/s o lil/s
(a) U=39V (b) U=43V (¢) U=47Vv
BIT BIT BIT
14 16
0.15 0.5 16
12 1.4
0.10 1.2 0.10 14
< 10 10 < 1.2
<o < e
g 0% 08 = s B 00 10
B § © o :
£ o000 06 g 0.00 0o = 000 gi
B 005 0s E 005 0a =005 iy
-0.10 b2 010 02  -0.10 0.2
-0.15 o -015 00 015 0.0
-0.15 -0.10 -0.05 0.00 0.05 0.0 0.15 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 -0.15 -0.10 -0.05 0.00 0.05 0.0 0.15
I} filfs TS IS Tal/s
(d) U=51V (€) U=55V (f) u=59V

E 8 AEHBETIEENZINHZ
Fig. 8 Magnetic flux densities of composite core at peak of different voltages



F1M MRS : B REEIRRR I 10 2 U 2D BR vk e 2 A O R s il 9 441
16 — - 20
AL P - s
— 18 E=PIPN
14 — - AR 1.6f I AR By
14t
£ 12 e L2
2
poig
210
&L _
08k -
=
A . A A A )
o . . . . . 0 100 200 300 400 500
39 43 47 51 55 59 Y IHz

RN
9 FEEBETHHIBEEFIEEXTE
Fig. 9 Comparison of
peak magnetic flux density under different voltages
2,

TEBE LT
o

| gk

Y
— AN RO
_2 1 J
0.00 0.01 0.02
I [A]/s
(@) HAEBORHRE R
1.4-
RO
1.2+ -éﬂé%‘i‘[“
I FEAR R
1.0+
= 0.8F
o
= 0.6F
0.4t
0.2f

0 100 200 300 400 500
Az Hz
(b) HAHCITIRS R

E 10 U=47VEEROHHEST
Fig. 10 Magnetic flux densities of

composite core at U=47 V

—

—ALA R

— RERL ~

_2 1 J

0.00 0.01 0.02
T

(a) HEERLIILE R

(b) HEBrATuR LR

B 11 U=59V A& LRI E ST
Fig. 11 Magnetic flux densities of
composite core at U=59 V

FEPA 3 UGB, S DU 3 UGN 6 (K
BN T VAT ER PRI N FE R R, AEANINIE
SLIUI LR 2R, H A0 B RO AR5
oA, RSB E.
35 HHAEKRUHMZHIRFES

A S L 2K(24) 3R AR AL 5 Bk 00 1 25 SRR HE
Kl 12 xpbE 7R BLE 3 R BH AR B % A
(el ol P T B4 8 0 25 B AR AR A R

1,7
R== [IRIGNIGN (24)

b TOURY: 1 U 20 o i R R AT i R
ME 12 ATLCE H, BEE b R IER, 28
et 2GR,

201
—a— IO fE
—e— 4 5 R AL
—a— J5) ¥ R A
15F —w— AT

0 1 1 1 1 J

39 43 47 51 55 59
Jihh IV

B 12 ARIEERGEMNZEHMFETLLER
Fig. 12 Comparison results of
no-load loss under different selection methods

R 5 GRRW, KRR BEMA ST ik
AR MR E SN T 2R REE, AR
10%. [FII, AR EREARR 22 /N T AR P ARy
%, B BIE T ARSI .



442 SR G I =< T 1 R B = S )

i 46 %

#=5 ARIERGEANTZHFEENIRESLSR
Table 5 Results of relative error of
no-load loss under different selection methods

SRR RRABE%  REBRBE%  ESTE%
39 23.93 6.84 4.34
43 8.35 6.79 5.09
47 14.99 8.39 7.55
51 2.03 0.5 0.67
55 5.55 3.28 1.8
59 3.16 10.94 1.49

3.6 WHURE L

Bl 13 XfEe T 3 Aok ARINSIGE R, R
TR D BRI S % 6 B T HEZR AR
VP2 SRk Al . iR 13 ik 6 LG,
Jihtd FR A BIWEAA R, SRR E D, RIS XS 3
MR i%, ARSCR AR 78R AR IR R KL
()T BB A B K ABL AR LG T 42 R R A0 DL = &
BRI o BT UL B AT AL, A AR T
%, ARSCHERSORE A BRI S, J0IE T A

JIERI A AT M
— SRRSO
60 — iR Mk

A5k

0 500 1000
IR [R5

E 13 —/"EAHRNERESIERRE
Fig. 13 Number of iterations at each time step in a period
6 ARENEEGERIEZMHIERRE
Table 6 Number of nonlinear iterations of
different selection methods

IO AR MERACR B T AR IR AR B B KA
EEEY (R 28.877 58
VEEIEY (SR 6.946 10
LN Wi 4.655 7
4 LHip

ASCHET [ 5k, K 3-A B R i 3L
J2, FRSL Y S L ) PR - R AR SR, i
B AR I AE BRI 18] 25 30 25 SO WS 1 1 5
BEMARH R, SRR T AR di & - BRI R A2 5 Pk 0o

ANTR] B R R R, b T LS RO R
IR B 73 AT AN S BARFE RN

WS e R AL REARBUERIR L, A3
D7 AT B A R R BT 2 AR R R 2 DA
LA AR A R ZE BN T A A 7%, HAS
L 10%, $8AE 7 ASSCOEAA . RN, s
LA RN, AERARBIRACT Y, Bhw R
TARS G ET, BEEMBACT LT, BUR R )
WEE KT ARdh & s Hal i Wl g sl Rl A
H, AEPOBARNE 2IEZES, RRaEn
il AR 3 YRR 9, T B e e P 3 o
FP L 3 RIEBSL, R b UERG BhAh, A
JHEAS TSRS LA SR FE A3 21 T . AL
MR RS TR S

B3Rk

[ <A, R, WP, . ETRGHRITIEMER
AN MR ARG 2 ERASR-AB/ES I
[]. EHERA, 2022, 48(5): 1695-1704.

LIU Gang, RONG Shichang, WU Weige, et al. Two-
dimensional transient flow-thermal coupling field analysis
of oil-immersed transformer windings based on hybrid
finite element method and reduced-order technology[J].
High Voltage Engineering, 2022, 48(5): 1695-1704(in
Chinese).

[21 Zwedr, ci, BRi&E, & RERSR OIS TAE

LRI R AR AL [T]. SR EIR, 2005, 31(12):
9-11.
LI Xiaoping, WEN Xishan, CHEN Cixuan, etal. Study
of nonlinear characteristic curve for the core of
transformer with magnetic coupling[J]. High \oltage
Engineering, 2005, 31(12): 9-11(in Chinese).

[3] ABDULSALAM S G, XU Wenquan, DINAVAHI V.
Modelling and simulation of three-phase transformers for
inrush current studies[J]. IEE Proceedings-Generation,
Transmission, and Distribution, 2005, 152(3): 328-333.

[4] BANEE, BN, ZeBk, 5. FETE AUERCPEE R RO

W SEFERFE S AT[I]. HLHEOR 4R, 2014, 29(7):
10-18.
ZHAO Xiaojun, CUI Can, LI Lin, etal. Analysis of the
hysteresis and loss characteristics in the laminated core by
fixed-point harmonic-balanced method[J]. Transactions of
China Electrotechnical Society, 2014, 29(7): 10-18(in
Chinese).

[6] BR%, Z=#k, XIFE. 3ET Energetic AR IHLS 771
PR AN R PEARRUL[D]. A TR 24k, 2023,
38(12): 3101-3111.

CHEN Hao, LILin, LIUYang. Simulation of magnetic



13

WRAT IS 5 R RT R ) 58 i N 2D AT BROCIE S AL oL S B VR F T 443

hysteresis characteristics of electrical steel sheet under
mechanical stress based on energetic model[J] .
Transactions of China Electrotechnical Society, 2023,
38(12): 3101-3111(in Chinese).

[6] B, Br—1d, JUedR, 45, JETHS-dASKHEm
Energetic #57 [¥) miAL I 28 B sh A i A VA ).
[ HUL TR 24, 2025, 45(16): 6591-6603.
CHEN Bin, CHEN Yibo, WAN Nina, et al. Dynamic
hysteresis modeling method for iron core in

high-frequency transformers based on permeance-
capacitance analogy and energetic model[J]. Proceedings
of the CSEE, 2025, 45(16): 6591-6603(in Chinese).

[7] VECCHIO R D. An efficient procedure for modeling
complex hysteresis processes in ferromagnetic materials
[J]. IEEE Transactions on Magnetics, 1980, 16(5):
809-811.

[8] MOREE G, LEIJON M. Review of play and preisach
models for hysteresis in magnetic materials[J]. Materials,
2023, 16(6): 2422.

[9] JILES D C. Frequency dependence of hysteresis curves in
conducting magnetic materials[J] . Journal of Applied
Physics, 1994, 76(10): 5849-5855.

[10] Z0t, KR, K=, 5. J-A BB I FUsE

S5EETED]. P EBL RS, 2011, 31(3):
124-131.
LI Zhen, LI Qingmin, LI Changyun, et al. Queries on the
J-A modeling theory of the magnetization process in
ferromagnets and proposed correction method[J] .
Proceedings of the CSEE, 2011, 31(3): 124-131(in
Chinese).

[11] &%k, 23k, XME, 4. FETHEESRTF IR HIEIE J-A
h AR TYI]. AL TR RERBOR, 2019, 38(5): 90-96.
ZHAO Yue, LI Lin, LIU Ren, et al. New dynamic
hysteresis J-A model based on statistical theory of
losses[J]. Advanced Technology of Electrical Engineering
and Energy, 2019, 38(5): 90-96(in Chinese).

[12] B/, 2=, MRl 5. BT oud2 RESS J-A

R TC I e AN G B A R R0 o [ L R
R, 2025, 45(11): 4514-4526.
BEN Tong, AN Ni, CHEN Long, etal. Simulation of
magnetostrictive properties of non-oriented silicon steel
based on improved multiscale dynamic J-A model[J].
Proceedings of the CSEE, 2025, 45(11): 4514-4526(in
Chinese).

[13] YUAN Weiying, YUAN lJiansheng . Field - circuit
coupling numerical calculation method of transformer
remanence[J]. IET Electric Power Applications, 2022,
16(8): 856-868.

[14] SAITZ J. Newton-Raphson method and fixed-point
technique in finite element computation of magnetic field

problems in media with hysteresis[J]. IEEE Transactions
on Magnetics, 1999, 35(3): 1398-1401.

[15] Eb s, 20k, BOUNE, S 58 st e 8 PR ok &
FAEA 4% B RE AR % 23 b i S2 F [3]. o B L T
2R, 2017, 37(17): 5198-5205.

WANG Shuaibing, LI Lin, ZHAO Xiaojun, et al.
Fixed-point time-periodic finite element method and its
application for DC bias characteristics of transformer[J].
Proceedings of the CSEE, 2017, 37(17): 5198-5205(in
Chinese).

[16] HANTILA F I. A method of solving stationary magnetic
field in non-linear media[J] . Revue Roumaine des
Sciences Techniques . Sé&ie Hectrotechnique et
Energéique, 1975, 20(3): 397-407.

[17] HANTILA F |, PREDA G, VASILIU M. Polarization
method for static fields[J] . IEEE Transactions on
Magnetics, 2000, 36(4): 672-675.

[18] DLALA E, BELAHCEN A, ARKKIO A. A fast
fixed-point method for solving magnetic field problems in
media of hysteresis[J]. |IEEE Transactions on Magnetics,
2008, 44(6): 1214-1217.

[19] DLALA E, BELAHCEN A, ARKKIO A. Locally
convergent fixed-point method for solving time-stepping
nonlinear field problems[J] . IEEE Transactions on
Magnetics, 2007, 43(11): 3969-3975.

[20] DLALAE, ARKKIO A. Analysis of the convergence of
the fixed-point method used for solving nonlinear
rotational magnetic field problems[J]. IEEE Transactions
on Magnetics, 2008, 44(4): 473-478.

[21] MATHEKGAM E, MCMAHON R A, KNIGHT AM.
Application of the fixed point method for solution in time
stepping finite element analysis using the inverse vector
Jiles-Atherton  model[J] IEEE Transactions on
Magnetics, 2011, 47(10): 3048-3051.

[22] BRZ, Zedk. dE&ha<a-BUR AR AL & B O g BT 2
H-ARANFE AT, B LEAR YR, 2024, 39(10):
2925-2936.

CHEN Hao, LI Lin. Structure design and magnetic-
vibration characteristics analysis of amorphous alloy and
oriented silicon steel composite iron core[J]. Transactions
of China Electrotechnical Society, 2024, 39(10):
2925-2936(in Chinese).

[23] #hEEZZ, Zedk, TH. HRERRIELD 58 17E KA
[ 3474 BRIC B Bk Bh A5 BRI [J]. o Rl L LA o
., 2023, 43(6): 2426-2437.

SUN Jia’an, LI Lin, WANG Yagi. Finite element method
for transformers using parareal and core dynamic loss
analysis considering subsynchronous components[J] .

Proceedings of the CSEE, 2023, 43(6): 2426-2437(in
Chinese).



444 a2 SR 1 RS D I ) 46 5

[24] CHWASTEK K. Modelling of dynamic hysteresis loops University: Natural Sciences, 2015, 38(2): 133-141(in
using the Jiles-Atherton approach[J]. Mathematical and Chinese).

Computer Modelling of Dynamical Systems, 2009, 15(1):
95-105.

[25] PR, 2Bk, RO, 5. BB SRR G 4 -
B [ AR 4 Ak O LA R P i R PR AT 72 3] - [ AL
TRE2A4R, 2024, 44(19): 7877-7888.

CHEN Hao, LI Lin, SONG Wenle, etal. Study of dual
nonlinear excitation characteristics of amorphous alloy

FEZLHAR B 2025-04-22,

YisHE: 2024-07-16.,

fEEEN

MRAFI(2000), &, fALArss, £
W58 J5 1)y e k3 BB v 5, Chenguyu
085@163.com;

and oriented silicon steel composite core considering A} AH6(1962), B, %, 1RSI,
hysteresis effect[J]. Proceedings of the CSEE, 2024, BRI T ) BRI IS & N 5 4kt
44(19): 7877-7888(in Chinese). MR, lilin@ncepu.edu.cn;

[26] AmEsE, SRR . TR TR SRIER] Jiles-Atherton SUEER(1998), B, Wid-wrk,
BERASE R S RO S []. WL K540 BB, WEIE 7 109 R B L 2L, wsw1064@
2015, 38(2): 133-141. 163.com.

HAO Xiaoliang, YE Meiying. Parameter calculation of
the Jiles-Atherton hysteresis model using particle swarm
optimization algorithm[J]. Journal of Zhejiang Normal

(4R%E  [%4R)



