20254 5 H B L & K % K Vol.40 No.9
5540 %5 9 1] TRANSACTIONS OF CHINA ELECTROTECHNICAL SOCIETY May 2025

DOI:10.19595/j.cnki.1000-6753.tces.240680

T K A B 1537 22 1 AY R4 BUHR 4 1 38 R

o3 a2k
sk 12

(1L SREAEEAHARANEALRE (ALILAY) XKt
2 MRHERG G BTHEREALRE (TLILKAY)

;g\—j—\%' 1,2 E_glg] 1,2

;L:-H-l- -H- |
i R BY
2 B 12

300130
X#E 300130)

T w4 R AR A R R xR B AR R AR, A B B 4 AR A
BAR G Dl E e R A Bl st AR A e R s AL A2, 4 T 38 Ak B 48 MR L R T
R, HYXRERUmEBTEUNEEF LR EAEYAFAERTR. X EETHE
AR I BN R AT AL R B, 15 B B 7 AR B 5 T A i 9 B Moo A0 Airrs JE OL PR AT O o A 3L
WA RN AR HRE TR ERE R NREAG 5 R EE LT, HER
FRAWTERMEM G RN R EFHRNREY, REEATERAE, RANANFLAEIENLFK
EFH AN A RBHERBELN SR, ERARNEERGLRBEA LN, AR REE
4 8 Ak B 4 AR 1 R DA AR 1B R e B 3 A T B A - A7 e B A R - R A VR
A B Y R A AR R R B R AU R SRR R

KR MR EE RN RE#T
FEDES: TM274

0 3|8
il B0 1h 45 B L 25 TR W R S ML B 2 1) ) R

B FA N E R BE R KSR R,
ol B BEALRL o 24 52 BUNLRN F7 I8 A4 R R I H Y
il A0 3 PR A 0 D AP 4 30 RN AT D, LRSI N
T R R ERD4, A% B O-LR B e ik e 7158 AT
B T T B 48 30 2 N BT B A 2 B T ORI
R

il B0V 4 45 1 0D ) R R R U L IR 9 ) X
i BL 2% A BOARAE i ER TR E FL A PR O 1) e L R 3
o BB S0 Bh T A R S AR SRR T A A AR R AR
b (CRIAAETE & W B WL ), 16 AR T R 11
MEBA R AL AN B 1K) & B BTG R — R . H AT
T, B0 AP 248 395 208 PR S R = AR v A 4 E i B 7 R
MO RER AL, SR T =5 8 ik 7 15 R St S I A5 7R X LA
HER B e 4% 15 S bR AR PR N A0S ke bk, DR
SE e A B 37 20 2 A8 B T B30 AeR 4 305 250l A
AT %5 HENIAT TR Lo

FHx B RB IS EBTE (51777053, 52077052)
WeRE H B 2024-04-29 4 HH# 2024-11-16

BT R

HMBEY  SHHR

Xt B AR A MR R R 4y (0 R BRI T, J-A
i 7R e - UL W B 67 7 R R A AL I R, I
e T A 5y B 5y D AT g3 RS W] 3 ) B R R R A
B RER AT 9, MR XEE, EX T AR
12 K ZEOF R E . SCHR[91FE J-A BET IR
Hafi B, SINERNM M RIUEIE THESH, 53
oS0t ) T B TN A N A i A R, (AR R T vk
08 R B BSOAH g A RS D B P AN O BE A E RE . 3L
BR[10]2E - S-W HE R (g LA RBAR , J o # /D Ab B A
FhWs I | BE o TF SR T N T B h R 1) R R AL
B, $EH AR IR Terfenol-D 7 UM 45 #4481 4F 25 M
BEIAT 9 I B RE B, EL o S A Y S
EMSHIR L . CER[1T]M e & A B R 357 1 4
JIFRERL, FEGINRL T S A5 1 AR 2% B 0] A1
R F1 A8 Tl 8CARR 6 AR R AT D, R TN TR
BE e MR, (H R IR T8 E (i B #E 7 5%
PEBEAT BB T -

SCER1210 8RB 5 it AT 1 AR B 26 1F T 1)
RGBS 2 B, R 2T Armstrong R BEAT
FEARE, AR AN SR (K AT S R BN 7 ARE (R E
Vit BT AR LA RE . SCHR[13]5E T R A



%4055 9 M # L EL

T 2 i B 1 3 73 A Y T A 4 08 20 e 1 B i A R 2841

RUGHERAR & G 34T LD WA N B AL ISR, A b
TR T 2R G 4 A AR 1E 8 e B RGN 1) TG MG G AL
AR SCHR[14125E T IR T RN I8 2 22 B H g
XoF e B WSO A% R PR AT AL, A v i b T
TR B AN ORI R, (T @ AR A [ A
WA MR R R . BRI, ASCHEEH
JE G ) e BT S, IR S A s BRSOk A I
B AT I S0 4 R RNAT

A Jedk T B R HE 15 B oG Ak
SRFE I RIE I, IS T-A BRI X IE RN R P 5
FEAEAR, SIAAATH &8 My A 5N 10—
Wi o 7 1, 19 2 Be 0% AL HEBUH 4 b1 R} 8 208 1)
WA Y s R T WA S5 AR, B N ) R 3
5HR JEE P 5 Wi 30 ek 40 L ) AR A ok e, ST T M
BRI A e B T SRR B AL s SRS B X i A
B2 H0 AR DR A ) e A, B R SO A A - KO
(Cuckoo Search-Grey Wolf Optimizer, CS-GWO) J&
G EEAT B ) S HAR L B 5 P AT B A
IOE: H il e R e G T B S B0 B B AR
SCHEH R o AL A B, SRS 2 TE E L
T PR S T FBCHE B U AR S A AR AU, S R i L I g%
AT ) B BBUAvR 48 30 2808 ) A R
1 BEETHHMFERNENL

T B A 4 25 1 18 Ab T WG AL 2 M) B 3%
A A B IR, 2 0 32 T Dy T 30 235 52 R 82 A% 1 £
g PRI, T B A A Rk ) A R AR TRl T LA 3 A
BUBE . J1 %N, T30 2 5 A AR gt o AR 4 2
SLIARE R O RME R W 1 B, B L AREL FE TE G
i Be BV SRR | W AN R B B R T R e B3

M) S5 0 bl e R R
NN A Y N
| [ [ |
| T i i
| M h | R L LB
i Hbias i1 SEy ZIK*’LJ e ‘
| T U N el
| R i |
| [ [ |
e T
| e I
P T

BT B S R AE
Fig.1 Model relationship block diagram
1.1 THHREE T IEE
o S5 i o A P A 3 R A W R T e AN W
BERLZN AR, BAEEY RZ A RENEL. K

T ET Armstrong FG S, G I AT B HH A4 R
ST T i 3 Bl A i AR R A I R ) TG R R T Y
LRIt

JH 1 W () B A 2R R e 3R 7 A W ) R T
i, [a1 oo as]RRNRL O\ o J5 W WAL R & 1) 77 9]
Rk, WRAKR b g B AL AL R B AR OR N

m=[a, a, a,]=[sinfcose sinfsing cosd] (1)

R 5 ) B

E =K/(ad]a; +aia; +aial)+ K,ala,a;  (2)

A, KM Ko N ) 5w 8.
T e A

3
E, = _Eﬂiooo_(afﬂlz +a, +a32ﬂ32)—
34,0 (0B, + a0 .y + e B ) (3

A, Aoo AT Ay N[100VAT[ 11175 ) 1) B S A 4
HEG (B P2 BIIANSI e B HIMIRZ; o N e
HIAAE o
T3 fe K
Ey =-pM H(ay, + oy, +aqy;) (4)

X, wo NETHFE: M, N, [y,
vy vy INWEIASREE H X RS AR
TEAMIBRIN. 71 & FIES H R, HERE I8 H B
e AR R N
E(c,H)=E +yE_+E, (5)

KA, y NGB IE R E F T 46 T30 s e LE
Tff 4 412 8 ) 0 RE LIRS G AT 9 R 520

W SR AT BT M A NEZE Tl B & B AR
Boltzmann P #(3R 7= AUS]

—E(c,H)
e 0
“E(o.H) (6)
Hsian@dgz)e 2
X, @ NREED M SH
T A A e il T AR I B R A 5 R DN

f0.9)=

M, :J.J‘(Ms sinHcos(pf(H,(p))sinedegoe_E(g) ) 7
W y BlR 2 BhJ7 18] 1) JC R A 9 . Man, A1
M. i MsinGsing F1 Mcos@ F AR ALY R8BS 155, Ul
A 777 1) 1 G B 1 A i B2 T DA Rl T R AR 54 [ B
Por PrIFRRN

Man = Manxﬁlk +Manyﬁ2R +Manzﬂ3R (8)



2842 BT R % i

2025 % 5 H

R AGRESEEE B

A =ﬂ-§ﬂ @fﬁ2+aﬂ?—ufﬁz—lj+

‘an 2 100 1 /”1R 2/72R 3/73R 3
340 (ala2ﬂlRﬁ2R + 2,0 Pog P +

—E(c,H)

a0, B Pix )} £(0,0)sin0dOdpe 2 (9

1.2 FEHTFITANAERE

FE 11 BB A DA A A A i i 2 T 38 11
152 & To WL AL B B o (H S PR A Bk B AL R P 4
P AT A A 35 A0 (R0 s 6 R AR R e 2 0 T 5 B 1)
8l T B AT HL N A S o FEARTT R, KL J-
A BRI BAR, 51NN B R AN T gy R R
AN IS FR ARG LA, ST R W SO 45 R
BN 1) A% ) s A 2

J-A R — Pl i o i A W RE LR AT HL SN R A
B REAETY  WEAL SR T M B B 25 5] kS g ]
BEA 5 B Moy 0 BE AR, 51 72 1) AS 1T 308 #4043 5
M IR, ¢ NPT REAL R0, FF3d Ik AN AT 30 Ak o
& Miw FUVH 3039 He W5 77 FE R R B3 H A
RL M GRS, S P a2 A8 Rk

M =M +M,, (10

Mrev = C(Man _Mirr) ( 11 )

dMirr _ Man _Mirr
dA, Sk

P

(12)

X,k NETHLAREL T2 AR 535 AR
LA S 6 NTTIRARE, 24 do/de=0 I,

6=1, % do/dt<0 B}, 5=-1.
9T A8 T AR 2 R R A 8L BN T T B
1708, REE (12D 15 3R 7 MR R AN W] 38 AL 5
& M 3R3E 35008
dM.

Sy
= M (M- M,

W, 6y, Sy Bk BLAR Y B A T 51N B 5 1A R
RN

1 sign(M._ —M)sign(do/dt) =0
5:{ gn(M,, — M)sign(do/dr) e

0 sign(M,, —M)sign(do/dr)< 0

g4 (10, X (). & (13), FHABR|
i 3 R B N 0l R B R Ak 5 - 8 R A R OE
XN

M _ on
do ko

ETFLAL B 1 B8 2401 2% [FRE 2 5 RS A R 3501 46
MR S o & LR ECR o, — E R AT AR
1R BEAC SR A AL B dM=Mdo, 5048 28L&
di=Asdo Qs AMFNEEE ARG &, 15BN T o A
N AR B 1) 2 B8 TG T ) R B0 45 - L 3 ik oy R IE N

dm
M, —M)+c—= (15)
do

i 4, i
s VI O S DI S
do @5(““ e ia (16)
WU AR R BB B FIENER ¢ N
B = u(H + M) (17)
O
AN
e=g (18)

b, E NSRRI, A NWEE N gE &

UL, T BT P TG A A 300 A A K A R A
CLESZ, W LA T- 45 5E 82 7 9% ah A i B R 37 T 1A B
ES QLI IBURS SRR X VI
1.3 W RIRE#HIDTCAHEKRIER

FESEBR A fF B AT T, e DUR. 2518 5E fi B 1
Dy Pt 2 A, i B G 08 W E R R B B £
VB B2 3t o 24 1 B80AF 246 14 L 52 20 S B HUSE /) SR B i
HA AR AR S AR B R 2 R A AR, EE LR
PR RL IR i B R 3 2 1N TR 3 2 50 T 5 1)
Rt MBS . T HRX SRR L
TRF AR B B 4 A R AT A R
PREMLER A 2 PR

I i

sTT T TR

FHLIL 5 i

; R
RO, 2(0)

[

2 SBR i R A B A RO AR Y
Fig.2 Actual magnetic circuit model and equivalent
magnetic circuit model
2 N 2@ N R 1, el 2 1 A= B
BN F AL G LR T P AEREE o A7 K i ARG 3



%4055 9 M # L EL

T 2 i B 1 3 73 A Y T A 4 08 20 e 1 B i A R 2843

B 48 M BE G RR 2 BC A Ry F1 Ru(o), WU HEIE o 7T
LR IR N
F N
PTR.(0)+R R, (0)+R,

MRMEEZN 3 Fr W] DA ER 388 5 104 BHLIK e AR R R A
R, (0)
R (o)+ R,

il B8UAFR 246 B4 R 3 25 N2 70 1) i B 3% H(o) RT EA
M PH Rim(0) & 7™ N

F NI R (o) R (o)
H(g)=2m -2 nl®) o Bwl@)
@=7"=1 R (o)+R R (o)+kR 2V

m

T, Lo 9 G EAR G B8 1 1) A6 G B% K B s H=N1/L o
MRS B A MK S, RoRA
] LI A RE RGP R, A ) T AB R 3 3 15 4% R L
TEASE R )3 AR A T ZEAER T S S BRAE, R SR8
CLRII 8 T W a6 B RE @il 50 (21) 5
Rn(0)5 R, MIHAH, HIH— LS Rn(0)+R,,
TE R IE AT FE T R(0)F R, PO o

GBI E X3 R=L/(uA) (L NHEBRKE, u
N RN SR, A4 VRGBT RD AT, RERHE
G S R, WREBR P LLR R A

(19

F,=¢R, (0)=NI (20)

R.(0.)=") R (5) (22)
Il'l(o-i+1)
B(.)
O)=——7 = (23
(o) LH (o) )

KA, o A | POEARTHE N M HE5: 2 G s
S E B=u(HAMan) PR5E » IXFERFIRN 7280 1 BEL B
AT LU b — kAR PR R B B T AR B, B
PR MR R P 00 28 51 S RGP P A 2 P S AR
b, F 5o B R .

F, G AT A B 20 A AR A ) R S
G 30N R BV S AR AR Y . Jo Y RE T S R Y
o, BRSNS N 1 o MY H(0), 8T
Wi (1 s [ B A6 1 1) G B o R A 5 P Mo R G A
BANAE Lans WERRAS Y28 FR T HE SSUA G 4R 0 10 B2 1)
FHEAER, #5159 20 B 3% 5 PR 1 E 26 4 ¢
X 21, ERRIERSFE T, KBl N AR 2 A
A 1) O LG 37 i N TG i R ST IR AL, 45 B
W35 A0 T ) JC R AL 9 . Mo R G T T A1
G dans BT RER FIBA BRI RE IS, WA
HEMBERL I R RERT LS, DR 5] N R A
P58 20 S sz A R E 2 00 T PR

2 EESHPHA

B Xof W i A Y 2 B AE i 2 3 B S B IR
PRI M ) A0, 4 M ot (VR A SV SR OB R S 4, R
58 UE AN 5] fm B S T ARE 2R R T S04 48 T 0 1)
B SOR . KRB (GWO) BB IR BHE B R bk
B TVEE 52 25k I A SR AR B2 FI U SICH 2 B R
UFERIL, SR SR 1AL B 7R 1R KRR b 5 > A
1Th, SRERERIRENIALE. A CETEE
R EHEE (CS) W Levy KAT SEMEHE = VL B AA
()4 R 48 ZRE U190, g fd Bk I R LAAROP K
WINR R, 5 W SRR AR e 7R BN D KARE R
X a i SR, 8 5] NAEZR M B & NP KR
o) B ST U I A A B IKORIR A B (CS-GWO),
DA 1 2 HHR B AR f M R O B, R VR
A R AT B0 E .
2.1 BHHHRERE

RE P IR B I R A S 8CA Mo Aroos 9+
Kiv Q1 kys cv Esv Hyy, X Xu=[Ms Jo 7y K1 2
ky cIATESE B H T IR HHRSHL Xi=[Ms Ao
y Ki Q ky ¢ H) NARTEE i B T 1R HER
ZH, MIRIEE E, AT DL AR -8 ) S0 A0 26 1%
X )RR E RS, A3 EMEA 59 GPa.

i B A N S R B G, DA R S
B Bu() SR Bu()RITHRRZE fiXn) N
HAreR 3, R EEWEWS N B-o LI HE IR
W24 Xu A, N R EHESEE.

i )\/Z(Bg(i)BMa))z .

i1
N

A i B2 AT N AR E W B L, YA (X0 8 H R
PR Bi(i) AR 18 HL UG B A SN T
) FAE 8 B R B R B-o SE 56 i 2R RIS H X,
I1E -

\/Z(Bl(i)—BMa))z (25)
fz(XI): N

CS-GWO FLy% 4 I sz I ity h 2 1 & A 2 B0
R 3 fros, ZEEMAR PRI

(1) IR A RE, It 58 51 35 il 150 2 ey
285 Rt S A6 1 A .

(2) AT CS SR RHTIR: X 2HT#E X(0) LA
Levy KAT SRBEA: BUBMA X(1+1), FFUTHHBE N EE,
AR P T 0 R K R



2844 BT R % i

2025 % 5 H

IR TP RE
DLE, TTH _pttl
Zﬁlﬁﬁjfﬁﬁ Ifi)esl f/ ‘<52?
. TREEALIR RE =AM
LG R LG R
GWOSIE: T

FOREOLE, TR
AR

W

"

BB RIE A VCEER H b33l 7 B H ) e £
K3 ZHHNRGRE
Fig.3 Parameter identification flow chart

X(t+1)=X(0)+al ®(X (1) - X, (1))

L=t s :{ T(1+ B)sin(nf/2)
step |V |% u F((l-i-ﬂ) / 2)',B~2(ﬁ‘1)/2

A NIERIREG L, WP K © IR 50 R
125 Xoest(1) N T T FRIVRARAR s 10 AT v FF 5 LS040 s
TC) NS g% pEL 1.5, u~N©O, ), v ~N(O,1),
B KT o 3EHBUE N 0.01, A e e TR
R AEL MR 2, BUE T EIR[0.5, 0.001], EP

a(t) :M[COS(%j+]‘j|+amin «27)

1
T(%)

2

X, a,, Ma,, 708 a W& KEMRNMEL TAH
SIERIEL

(3) LBOEMN M, RE&RNME. &2 X
R foest™ <&l (oesn 7193 A Xoest I 3E B JEE
B 2+ IERE N EMED B, RHABRSHE
BRI B s AR X I, (H ] B FF R R R X I 1)
LA, Wy GWO BEFANLE (4); &
T Bk AR R E R IR B BR (2D,

(4) @i GWO HikA BUH i«
X,(0=X,(0-S,|C,X,6)-X()

i=12,3;p=0a,B,y

S, =a2r,-1)

, (28)
a(t) = Z(I—Fj

X+ X, () + X,(1)

3
X, SHERPK: o RS RE: C=2r;
riv 12 N 0~1 Z A RIBENLEG X(0F R Xow X Xy
PSR E: Xy Xov X RN KRANMEEZ =N
IR R0 N AL E, BT 545 B RS 4

X(t+1)=

AW B E X(+1).

(5) IWFHEBPIE N EAE, RE &I R
B . ME B2 KR | foes— [ <E BT, R
IR BB B, (BT REfN R, i
Pl CS Bk NI (2); 75 WS Hrik AR L,
REEIE (4),

(6) F7 i AR K EIE B B K BIORS B0 2 2ok, U
4 ) L ) S A R R Y
2.2 BARITMEINE

16 WU € i B 13 % T B W35 66.9 Oe.
89.1 Oe (1 0e=100 mT) [P AL NI, W
iE CS-GWO Sy Xt fig & ~F ¥ i s 155 20 2 H0 1L 1)
AR, BE R RKIEARIRECH 100, EASEH Xy
HERE R IR 1. N7 B A H I UE F VL 0 A B,
Fi CS. GWO F1 PSO H ik AF Jyst B s2 46 47 2 50
W, SHAHRGER R 1, T SEHRE R
SRR 5 S 56 H s 45 BE 2 e B G R AN R IR
B-o L& M & HCR Bl 4 Fros .

=1 MMSHAHIRER

Tab.1 Recognition results for four parameters
HH
ZH
CS GWO PSO CS-GWO
M/(kA/m) 13309 1312.8 1320.7 1327.3
A100 (1074%) 221.6 221.7 210.7 214.8
y 0.84 0.81 0.86 0.85
K1/(kJ/m?) 20.7 19.2 18.7 16.5
Q/(J/m?) 973.2 931.7 1001.2 838.1
kp/(J/m?) 982.5 781.5 442.1 546.0
c 0.61 0.51 0.27 0.22
1.8
—=-C8 GWO - - PSO
1.7L ——CS-GWO o sl ¥edis
— L.6F
&
al
=Rl
=]
RIS B
1.3 18 -16 ~14 -12
1.2 L

1 1 1
-20 -15 -10 -5 0
N #16/MPa

K4 HE B T A FRSIEK B-o L& 4
Fig.4 Different algorithms on B-o¢ fitting curves under

constant magnetic field condition
H % m i BRI 45 R 5 LI B iR 2,
2
B_,(i)-B i
€%= \/Z[ rea.l( ) : model( )]
\/ZBrcal (l)

x100%  (29)



HA40EH oM FLERGE T R R A A 1R R U 430 AR e R S ) Tk v A AR 2845
:T:EEF“ Brealj‘jimﬂﬁ%}gi Bmodelﬁ‘j*ﬁﬂi—[‘ﬁ?g%o H &
ref, PID

4 h CS-GWO R & 56 S5 RS B I, A
045 5 S0 H e (1R 20N 2.13%.

3 AR BB AR A AR i B S B, 3K 2
JEon T AR SRR SR bR . B3R 2 FIIE 5 AT,
CS-GWO 52K B By H U SIOHE B e b, A%k AR 25
VO RENE B A 200 VL e T 380 s A TR 1 4 )
LS.

0.12

0.10

0.04
0.02
1 1 1 1
0 20 40 60 80 100
IERIEL

B 5 &SR N R E R AR A2 A
Fig.5 Plot of adaptation value of each algorithm with the
number of iterations
®2 MMHEKRMREXE

Tab.2 Performance comparison of four algorithms

HE
CS GWO PSO CS-GWO
IEAR K HL 30 38 27 25
Wi B T /s 411.7 319.5 362.1 308.5
R % (%) 6.14 4.03 4.29 2.13

3 HRBEIESTHS

HR[12]45 7RI H MTS R J) 04k 2% & xf
[100THLIA] 1) FesiGaro & < A4 B 77 BK Al T 1) I £ i
¥, BMKEN25.4mm, HAEN 6.35mm, fE
Iy v 2% BV 00 P VR 4 P O o R PR A, SEIO G
WA 6a I~ . SZ6 5t FegiGayo & 4 e B4 it A5
79 0.01 Hz. W§&-1&4E 5 115 MPa I 1ESZ R /7. SEI
Hh P E LA U R BB R . fE R B R
M AR PEE R S8 (PID #1028 8T s iR sz,
B AR RS R F W E 6b frs.

(a) SLIHEHE

I |

(b) SRR R4
Kl 6 Sus e B (i B HE SOE ) R 5
Fig.6 Experimental setup and biased magnetic field
feedback control system
Bl 7 AL 8 733 Fe s 1 B E Tl 3 ANVE 52 WL Uit
BT, FesiGay & &M NI EWLY) Hows WEIEE
€ B. N4 e 5N o BRI EHE . 1HEH R
fint B B Hoas 77 308 2230 4464 66.9. 89.1. 111,

500+ KA B Wi Hy;,=446 Oe
400+
j*3
<
§ 3001
& 200+
Hyp,s=22.3 Oe
100}
\
0 1 1 1 1 1
-120  -100  -80 -60 -40 -20 0
N j0/MPa
(a) H-o
2.0 -
SN TRk ] H;, =446 Oe

1.6
&=
m -
I 1.2
JeEl
Bost
=

0.4

— I 1 1

0
-120  -100  -80 ~60 -40 -20 0

[N F16/MPa
(b) B-o
500
O -
4K A B W
o —500F
= Hy;,=22.3 Oe
= -1000 - Hy;, =446 Oe bias™ <<
2
1500
~2000f =
72500 1 1 1 1 1
-120 -100 -80 -60 -40 -20 0
M. }jo/MPa
(¢c) g0

7 AEMEEAWE @IS T FesiGaw & 41 H-0.
B-o. e-0 SZH6 25
Fig.7 Experimental H-0,B-0, and ¢-o curves of Fes1Gaig

alloys under different constant bias magnetic fields



2846 BT Rk 2025 4 5 H
soof WRMERI g (0)-446 Oc T3ty e] A 3R AT BN, FOUI0 45 SR 5 Sz e 4 1 0k B
w0l Bl 9a Fiaw, BURBLILGE RS S0 IR %

S 3.85%. & 9b KRt GARMBIAL T AR, P
3001 . . L
5 RZEN 6.79%, HULFT L, WL L5 2 5 800
& 200 e H A £ AL 5 T 7 A A K AR 2%
100} | 20— ‘
7\ ik{ﬁﬁﬁﬁi& /Hbias:446 Oe
Hyoo(0)=2230e 7 o A L e
0 ; ! ! . ! 16+ ,
-120 -100 -80 60  -40 20 0 p
J¥ J16/MPa = V4
A Q1.2+ /)
9y (a) H-o {:‘LZ( '{;/
18K AL Hy,, (0)=446 Oc Hosgl .,/}{/ ;
4 e & Wi
L6 - ot
04| =m===="""
b s s e -
S 12 =
Lt;( 0 . . | : | 22.3 (e
ﬁg -120 -100 -80 60  —40 20 0
“‘§ 081 N Fjo/MPa
() ASCBAL S B-olh 222 (ki 25
041 5 Hiyos(0)=22.3 Oc 20
WRIMEWS g ~446 Oe
-120 -100 80 60 40 20 0 L6k
. F16/MPa ’
(b) B-o =
500 =T
2
oF %} 0.8-
KA B LR = —
o So0f 04l —
= _ogo Ton(©)=446 O Hy(0)-223 Oc =
“?( O T 1 1 1 1
4371500_ -120 -100 -80 -60 —40 20 0
. }jo/MPa
20001 (b) LGB 5L B-o i 2k (B (052 4%)
500
,2500 1 1 1 1 1
=120 -100 80 -60 —40 20 0 .
W /16/MP i
B aMPa 4K (B
Kl 8 AIFTEE BN E T FesiGao & &1 H-o. B-o. 7 3007
pap ;——'Jlﬁ % é}% ;;f( ~1000F Hy;, =446 Oe

Fig.8 Experimental H-o, B-o, and ¢-o curves of Fes1Gaio = 1500

alloys at different constant current biases
-2000

167. 223, 446 Oe, fHE HIiL B T &A™ A1)

. N -2500 : : . . '

5716 5090 05 B B0 i (0) 35 22.3~446 Oc 010 %0 60 40 200

TR¥F—0, B B R 1B WG K, S I is F
o P B B SR RN .
3.1 (EEREHAZHTHEFIREEIE
PR U B AN 2 8 T I A TR R A ) A Y () R A
i, A DL T 3R A E € i B G 3 2% A T G B 4 1
BRI R RIAT 9o AT R FH A € I B G T B S 58
B T T 2= 350 40 S 37 1) A R T AR AR AT IR R
FIFEE 1 F CS-GWO HIEHFRFTRR) 7 A3
KB Xu=[M; Jwo 7 Ki Q k, c]¥t22.3. 44.6.
66.9. 89.1. 111, 167, 223. 446 Oe W& F ] B-o

M. #16/MPa
(c) AT B e-ofih 22 (B (0 R 28)

9 A E L R R (REL) 5%k
Bl (BEsid) Xt

Fig.9 Model predictions (black line) versus experimental
data (colored solid line) for different bias magnetic fields
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Tab.4 Parameter values of Hs for different bias currents
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The output characteristics of magnetostrictive devices usually show a strong bias condition
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dependence. The bias magnetic field provided by constant current will change nonlinearly with the change of the
material permeability under stress excitation (manifested as non-constant bias magnetic field). This change affects
the accurate characterization of material magnetization process and the rational design of bias points. At present,
the inverse effect models of magnetostriction mainly focus on material characterization under constant bias
magnetic field. Models that solely consider a constant magnetic field fail to accurately reflect the output
characteristics of devices in their actual operating environments. Establishing a hysteresis model that accounts for
the inverse magnetostrictive effect with dynamic variations in the bias magnetic field holds significant research
importance.

The models established in this paper include the average model of non-hysteresis energy, the hysteresis
constitutive model and the equivalent magnetic circuit model taking into account the variation of the bias magnetic
field. Firstly, based on the free energy theory, the expression of the non-hysteretic magnetization is derived, and
the average model of the non-hysteretic energy is established. Secondly, using the modeling idea of J-A model for
positive hysteresis phenomenon, the first order differential equations of irreversible component M;., Lirr and stress
are introduced. The hysteresis constitutive model which can characterize the inverse effect of magnetostrictive
materials is obtained. Based on the equivalent theory of magnetic circuit, the influence of stress on magnetic field
strength is reflected by the change of magnetoresistance. Finally, an energy average hysteresis model is established
which can account for the change of bias magnetic field. Hysteresis models often have difficulty in parameter
identification. An improved cuckoo search-grey wolf optimizer (CS-GWO) hybrid algorithm is proposed by
introducing nonlinear adaptive step factor a(¢). Comparing the optimization results of the traditional optimization
algorithms of CS, GWO, and PSO, the CS-GWO algorithm has the highest accuracy and the fastest convergence
speed, and can accurately and efficiently identify the globally optimal parameters of the energy-averaged hysteresis
model. Model validation is performed in two steps. First, the basic parameters of the model were extracted based
on the experiments of Fes;Gajg alloy bar under —115~0 MPa compressive stress and 22.3~446 Oe constant bias
magnetic field. The error between the B-o curve simulated by the model and the existing experimental data is only
3.85%, which is better than the error calculated by the traditional model of 6.79%. The error of ¢-0 curve simulated
by the model is 2.93%. Then, based on the experimental data of Fes;Ga 9 alloy bar under constant current bias, the
parameter H; is further extracted. The errors of the simulated H-o curve, B-o curve and ¢-o curve with experimental
data are 4.74%, 4.31% and 3.97%, respectively. The simulation results can accurately describe the tendency of the
bias field to increase nonlinearly with the increase of stress, which also leads to a shallower sensing response under
constant current bias than under constant field bias.

The proposed model, in addition to predicting the sensing response of the device, can also be used to track
the optimal bias conditions of the material as well as to predict the trend of the AE effect of the material. The
model can provide theoretical guidance for the performance tuning and variable stiffness design of devices such
as sensors and energy harvesters based on the inverse effect of magnetostrictive materials.

Keywords: Magnetostritive inverse effect, bias magnetic field, energy-averaged hysteresis model, magnetic

circuit model, parameters identification
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