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ABSTRACT: In recent years, with the development of high
frequency power electronic magnetic components, the dual
active bridge (DAB) converter topology has found widespread
application. It requires a transformer in series with a large
inductor for power transfer function. Traditional discrete
magnetic components for the transformer and series inductor
have low power density. Existing integrated magnetic
structures face issues such as the decrease in magnetizing
inductance and high losses. To address these issues, this paper
proposes a new integrated magnetic structure with distributed
air gaps set in the central column of the magnetic core. An
analytical model for the magnetizing inductance is established.
Through a systematic comparison of discrete magnetic
components, traditional integrated magnetic schemes, and the
proposed structure, it is verified that the proposed structure has
lower losses and compact size by manufacturing prototypes.
Additionally, to accurately calculate the leakage inductance of
this structure and achieve precise control of leakage inductance
in the optimization design process, this paper introduces a
leakage inductance modeling method based on the double
two-dimensional method. First, a double two-dimensional
calculation model consisting of the front view and left view is
established for the proposed structure. To consider the effect of
three-dimensional flux diffusion in the air gap, an air gap
correction factor is introduced to improve the accuracy of the
dual two-dimensional calculation. Subsequently, a systematic
sensitivity analysis of parameters affecting the leakage
inductance is conducted. Related factors are normalized and

subjected to parameter scanning. Then, a leakage inductance
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calculation model is established using a BP neural network
based on the ant colony algorithm. Finally, the accuracy of the
leakage inductance model is verified through testing on three

prototypes.

KEY WORDS: magnetic components; magnetic integration
technology; distributed air gaps; precise modeling of leakage

inductance; double 2D finite element model; machine learning
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Fig. 1 Several magnetic integrated structures
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R, = s (15
HolOwy + k,d, )(h, + k)~ 4K2d?]

1 dy=0.6mm, k,=12 K, 1=36.058 mm. %
1M, X FAFERBAS RS R TSR« 5f
PSR, 95 AT W 4 A FR T ik 5 A 2 4
i, SO RS R &, 7 1=36.058 mm. S
SRSk, 5 RR KK dyB BREERR Y
Bl & r:

53758 Sotole d 1
30.129¢ 34+2.857¢ B _Eq

~107.12322 21367 d, 1
1.964¢ 54+0.268¢ e
B 595

N (16) T 15 2N IE 5 iR LR 4, RE
N 1.160%~2.344%. BtAh, F(16)n] H T H AR
JOSIR ¢ (RAE, FRERFE ¢ BEARAA, WixdF 5 45
FIFENL 2, BT 3R1F =31 mm, BIEJG R KIRZH 11%
R 3%,

ELEik 3. 4 ATHn, HBIE T RBR=4ERN 5, //
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F4 BSRRATHGETEME EERE = Rigpe. (19)
Table 4 Single air gap located at the top of the magnetic Ri Rtype )

core after correction for leakage inductance

I/ uH ARRS
dy/mm
I XP Pyt =4 W Y%

0.5 68.74 14.971 98.682 99.84 1.160
1.5 32.64 14971 62.582 64.08 2.338
2.0 27.48 14.971 57.422 58.80 2.344
3.0 21.98 14971 51.922 53.10 2218
4.0 18.96 14.971 48.902 49.78 1.764
5.0 17.04 14971 46.982 47.54 1.174

BRI IR L AR, 1 XP AR AL R IR o, 31X
EIE 7 /A8 AT DU BB T BORE 7 XP AR A
TVFARBIX — Uik, BIEfE, W 4eliAlg E R
MORERE, BASLONFEMERAL, ST IR0
[ 2 NS BRIE SLE IE .
2.3 SR TEHESH IS SRMIEIERE
S B B RO T RS R 3l s
SR EI R A /NI, SR B B E H2 ek
AL A 2(b)Hh XIS AR AL AR A
TN, RA SBR[k, 7E
SRR (A b, AT R RGP S AR B T
ABRALT B ES H ER S IERE Y 1 R0 22 < S IE AR
2,
2.3.1  ABRAL T EIRLE A RS IE SR 1
SCHER[270%E 5 B 1L BT AR A BR IS Y 3l 26
T R HIUREE (1) B K FE R BT A K

w, 2 Th
Ripe :1/{ﬂ0[d_g+;(l+ln2_dg)]} (17)

w, 4 Th
Riper =171 d_g+;(1+lnE)]} (18)
A dg NEBRKE: we NG A K h
NGB K.

-

We d, 74
h h

(a) KA L (b) RBREAL2
B AESkEEIER
Fig. 11 Different types of air gaps
AT 2SS TTER 2 vh S RE S AR AR L, #s
PR  HY 1 BEL I LU AR e SO

ERIROCHR[27149 H 1)< RS BELAE AT 2 30 AN RE
P UK BUR R 28, (B AR ke 7T
YRR 2 (15) TR T THTAR 17 0 PR R FEL A2 1T 25 LR
AT S SRR, 2 I )5 BB RERE
Rgl = leRg (20)

B AN (13) AT AT i R -

1
Rtotal,l =(2Rcc +Rgl)+E(Rcl +2R32) (21)

MBS0k, @) 519 HE, H:
R_,=R (22)

xp,1 — “‘total,1
AT T B RS R 1 x4

_oxtx,+d, +0.5d,
2/10/1r1D(Rg1 +2R..+Ry,)

X3 (23)

AR SBRKE dy ARNEHR GRS x3, 735
BWAE A 104.7um, LB XP AR A ] $2 4k s %
1477 uH, R UESEIUE T R SCORRBEAL 1.

STEHCABRKE A 0.5~5 mm I =48 F R oA
IERT R e, X IRZEAN 1.096%~
3.150%, T FEMERIAUE E BB 1 5, MHXAHRZE
N 0.172%~1.444%.

FESEBR A, TR RE, SBRA EAMY
PR TR RS TR A b a), RIACPBREE B AR AR 4,
BUIEFEZN 0—F, HA F=31.5mm, ULRfZER
B 1 BAERANE d BREST. HH 3.1.1 Rl E,
1E di>10mm J&, d) S0y sukim s e gz, Fit,
B 1 /) dy=31.5mm 7] PRIFHEH T 10mm<
dy<31.5mm, AL LIEZ RS T di <
10mm BI1EHL, BT MR BlsE sk, 2r=4E R
NN 2 SO S A A5 B i 0 N 279 2 o K = T P
B, TESERRM A A, B 1A B S N
232 ZARKRIBHNEIERE 2

ZA BB LT HABRRA 1 Ak, BB
PR AR A BE ARG A BE 38 2] o3 A, D A K R B
AXH

h’
2 )1} (24)

w, 2
Rlype,S =n/ {luo[d—;'i'g(l +In
s n ARG dy MoV BR A BUSIR N
KIZ: b AFEETT BB . dg Fl b Bkt
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AR IR B BEAG, FRBRIG L LAY 1 AEXS T =4
% BT RAH AR 22 0.327%~ 1.566%, £/ TBRIFHL T
o (25)  BUE 2 (AR REEN 0.824%~1.405%, RIER,
)2, FEHHI B E,
n+1

DA BB RE TH AT 1) 22 <R ek L AR AL A2
FE, PR BR AR RE ) LU AR E SN

R
ey =5 (26)

Rtype,Z

[FJEE, 1) P A BE 25 2500 T A 2 SRR Ol xf
LI FR R B S B 300 B n=2,3,4,5, dy=2mm,
1S x35 “FIJHUEN 0.087mm, SEHS XP w4t
TR 13.375uH, Kb SEEUVE T B E O
2,

X n=2,3,4,5. THREKE dg=2mm, HR
AP FEESLT, ABIE TN e A BT = 4
RSP ) s A IR RS 3.222 uH, MAXT IR ZE N 6.947%~
7.839%. BIEZEM 2 j5, MHXTIRZEN 0.117%~
0.391%, AV EEARKIIRS .

NI UERLRL 2 pE e, AR RAE n=
2,3,4,5. [MREKSE d,=0.5,1.5,2,3,4,5 mm H1T
SRR, L0t 24 FEHL. XTHURERL 2 A =i
R RS, TN IRZEN 0.012%~0.561%,
UESE T AR 2 (& R
3 ERERMNERS

S 2 PR PR 2R 2 Ak A DL PRAN 8 23 1247
LA ER. [BREMRNE. WE 1(DFTR: do NS
YIRS s Hye NERALER B8 E RS TN R B 5
dy ARG B T (R ) PR S sy 9/ UBRIAI AT

SRR R 2 R, B 1L 2 GRAASEUUERIA
i d.=2mm, Hy.=6mm, {EATXLESEEESK
AR, IR R IUEEAN A S HC T B
112 f3E R

31 SAREFR

3.1.1 SAAMERE d.

XFER 1, ZHUEA de=0.5,1~25 mm(P
KA 2mm). Hye=5.5mm. dy=2mm. d;=30.5mm.
n=1; A 2 ZHHUEA d.=0.5, 1~25mm(GE KN
2mm). Hy=6.5mm. dy=3mm. d,=15mm. dr=
30mm. n=2. XN _4EARTTEM 1, 2 M=4AR
TOREAY () I B4 R 12 Fow . BEE d 38,

531 = 44
s2b i 3P
51 ') 0Lk
S sop Rl
# #
= T . 2 a0
48t 39h
47t \\\\ 38t
46 1 1 1 1 37 1 1 1 1
0 5 10 15 20 25 0 5 10 15 20 25
d,/mm d./mm
(a) M1 (b) BiR2

12 iRRS d BY*E R

Fig. 12 Relationship between leakage inductance and d.
3.1.2  SRAHPE B LG IR H,.

1E Hye=1~10mmCE KN 1 mm). d.=0.5 mm,
HARFMIIAB I FA T, AT g5 = YRRy
T E . R ELR, BEE Hy KN, REE
P BN, X 5 R Hye HOHG N2 S 800 280N A,
MY B E AR R, FEOREE . AR T
BERY 1 AT = 4E B AR X IR 20N 0.179%~
0911%, ZS BN FHEE 2 KHEXSRZEN
0.114%~1.471%0 Hyo BUK, G5, AT
REBAR, HHT US> REOR 8RR
I, BRI Hy T3 R 485 50T SR AR DL T 2R AT
Redvhh, TESLTEEIA, B 1. 2 iRZEDN, BER
TFHIRERE .
32 SREMER
3.2.1  ARRIE B T (i m ) PR S dy

B 1 ZHEWNT: d=0.1~28mm. d.=
0.5mm. Hy.=55mm. dy=2mm, n=1; 2%
BEAMH AN d=01~25mm . d.=0.5mm . Hy.=
6.5mm. dy=3mm. dr=(63-2d—dy)mm. n=2.
YA PR ICHERL 1. 2 A1 =4 PR oA i ik
PFEERINE 13 Fir. XTHRE 1, [EE d, Gk
I, JEFEAR, H > 10 mm J5 47 ks kNS 22
10 mm J5 R EGRNA IR GRS 1E dy > 10 mm B}
(2 WOARHBA 1 P& HTEE), SN T =4
R R 2R 0.339%~1.375%. S THH 2, W&
dy N, IeESREUE R, HIRREREE 4 B3gn
dy IBWRN, T 3.2.2 AL dy BNE—ERE
FES, 4R T B BuR R RGE g i, AR
IR K. 1F d,=0.1~18 mm Ff, FAY 2 AHXFT
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YRR 22N 0.127%~1.232%; d;=18~28 mm
I, REN 1.232%~3.245%, 15228k 1 R K S B

» TS 4 & KB ATFE R, HAEHL
HERAMBERE AT, R6HIE, n K

T XP REAUTCIE SR dy N R RIS

59 =y 45.0
58F e !
57+ B 4451
=s \ s
T RN
B g5l N, & 4.0\,
12 o 1
54r S 3.5
53k B S
52 1 1 1 1 1 43.0 1 1 1 1
0 10 20 30 0 5 10 15 20 25
d;/mm d/mm
(@) FEA1 (b) HERL2

B 13 RS 4 Bk Rz

Fig. 13 Relationship between leakage inductance and d,
322 ABRIEWIAKIE dy

BRI E TR H R 2. SCER[25]0F 7R 3
EZBRIEOLT, dy /N2 15 iR i 40 FE SR 1
n, fE—EEENIEK &, 7TURRKHFE: 4 d K
T Er, F d RS RFE R AR, i
28 dy S MERIFEG N AN, SR B
%, dy "THUERERE0E N . R, s s
&R di~ n RIE dye S56 SCHR[25] 50 A1 AR S
BRI, 2 dy=10~18mm, n=2~5 If, A
fEFERN e T o KT oy F n BOIEHEL, A2
MSZIRZR,  BRUAS i Bl gk A7 I BT PR T 20 #7 o
323 ABRKEE dy MAIRA L n

TEHAR SRR AR BT, 334
n=1,2,5 B, SBKE d, B =486 PR IGIR
PieEihZe, WKl 14@)fn, TR d 15
K, H d ¥R — R, dRaE38 nxt s
TR AL /N A SRS dy T, AR n B
Z, RN, 230 T B A R IR B B RCK
B2 Ak, T 22 SBRIR L T 4k L34 I BRAN B0k 8 1)
BAAR AN ERIRFE R SBRACE dy K, 255
HHPHIE R, RN ARAEIEm, <
HI 5510 20N, i 15 B, MY B s,
R R B N e n=1 I, XU 4ERERY 1 AT
SRR ZE LR 4, N 1.160%~2.344%; n=2,5
I, X ZERERL 2 A = AR R B an 1 14(b) s
n=2 BIRZN 0.391%~0.853%, n=5 KIiREN
0.012%~0.299%. WM., BEE n IGHN, =ZEEH
/N, 18 n=5 I, RECDLRDN, R NIEA
Bk Z, Xy g ) HI 55 7E R 2, Ry
ORGSR R Z /N . 48R, BN B

0 5.

1004~
\ -o- =4 n=1)
90} 3%@:2)
. =Yi(n=5
% (n=5)
T 70
g \G‘
E 60 \\a\‘
50 IS
40
p—
0.5 2.0 35 5.0
dy/mm
(@) SY4EHEAE(n=1,2,5)
=4i(n=2)
60t =Yi(n=5)
\\ -Aa- *é"ﬁ(n=2)
AN ~Yi(n=5)
as IR
5 sof
45t T s
-
40t

L5 2.0 25 3.0 35
dy/mm

(b) 4. YRR N H(n=2,5)
B 14 FRSENHTR~R#LZ
Fig. 14 Leakage inductance curves with

different number of air gaps

| -

15 SEANBIEN S B BB R
Fig. 15 The diffusion flux decreases due to an increase in

the number of air gaps
4 ETWEE LR BP MEME MR

41 BB\ERNFAITENL

R B L TRIARE AR iy 7 BE A, AR R W
TR IR TS HA R AT B SRR . i o AR
IR Z A S, A REAE, IR T f#
HAEARREE T AT N, E TS8R, F
B A RO P AR RIS, AR S U
Bl 1(d), WR¥E 2. 35008, n=1FMn>1HHM
SEPIFIAN RO A oA, PR, 7EEAT R
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VAT HTIN, R TZ 0 ) S S A A S TR AR A
AR e R AR B K HEE IR 5. 6.

x5 PHTESTEGERN S =1

Table 5 Sweeping variables and ranges

(number of airgaps n=1)

d. 0.5, 1~25mm 2mm 14
Hye 1~10 mm 1 mm 10
d, 10~18 mm 2mm 5
dyg 1~6 mm 1 mm 6

n 1 — 1

Fo6 PMETESTERESRTHn=2,3,4,5)
Table 6 Sweeping variables and ranges
(number of airgaps n=2,3,4,5)

A S| A K
d. 0.5, 1~25mm 2mm 14

Hye 1~10 mm 1 mm 10
d, 10~18 mm 2mm 5
dy 1~6 mm I mm 6
n 2~5 1 4

n=1 FFEFH 4200 FEI, n=2,3,4,5 TE
3 16 800 AL, L1t 21000 F. REH 20000
ZRANE AL E, (H X e A 73 LA 26 AL Wit
T S5 A, I, AR AR B s H VEH,
TEAT RN AL

TRENERE X #RN RGN ERE d X T
AR A T i B ) LT AR AL, T DA AE:
2d,

X, = 27
=E_B, 27
BE Xy Xov Xav Xs 8 SLUWITF:
=
28
4 (28)
U F
d
=%
=T (29)
Xs=n

D A A R o 0 B4 HI B SO s R
JRERELANEY, 1E 4.2 T4 ACO-BP #4 M
2% R TR IR TR AR Y
4.2 ETWEE]R BP #HZMETNER
4.2.1 BP #hZ M %%

Bl 16 MRS N4 [ EAR R TG, KA
HASE x FeLIAE w, TN W& b, 524 & 2,

Bl 16 EAMWZTLEN
Fig. 16 Basic neuronal structure

SRJEIEIT Relu. Sigmoid BY tanh S53EZE PEEIE iR £
AR y. BT Relu &G IUHEE AR,
B AR SO Relu A 305 B4

BP &MU EHAE . Bz M H =,
W 17 pros, FAES S E S AN 5 A
LA, SEARER E AR RSN BN, &
22 B E O 1, FEGE)Z RN R 250 5(30)
e, b nys my B ny SRR SR
BROBUZ T REG ¢ B 1~10, DR ERRIEUZ T A5y
N 3~12, Ml U7 3R 22 e /NS i B E N B R

RAL i, RRRERER T RSO 6, £
R EE SRR AL SO 10,

ny=.\/n +n, +c (30)

AR REE bR
17 BP #ZMLELEH
Fig. 17 Structure of BP neural network
BP 22 2% 0D R B A5 5 I AL IR AR
ZE IR AR ER 73 o 1E 1A% KB40 24 5 45 B A
BRI P, S EEREA IR ZEE IR 2%
OB AN i B, ANTATASE A3 U At 56 i LSl
yo MBI 1) Fros B35 75 1R 22 B B R e 22 45 1)
BURBREL N RoR NGB A E. SH0R B
R(32)FI(33) s

1 .
LOSSZEZ(yi_yi)Z (31)
i=1
w:w—a% 32)
ow
oL
b=b-o—= 33
= (33)
Kb a B2, ®EN0.01,
422 WUHEEL

BORFSHVA(ACO) 1 T oA B & p AN 5
HHABSFIEM A SR, 5 TR RARAT 75 )
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B B m RS, 2 EETT, AT @ BT S
MIFE BN dii,j=1,2,+,2), ACO BBt e
wR:

1) ¥iEtE ACO 8. BIFHEBUE m. B2
BN AR T AN BORIERREL BUE R B HL
EIEH . MR P B ERER R p AEERE
R Q%

2) RN E AL E, HRRGH) I E
k= 21 R icp BT A S

@@ o,0”
Pr=1 D @O @07 T gy

seay

0, JEa,

e Py(e) RS0k IR 7 5688 B3R T j HORE

7 NEHEIE RER: n(0)=1/d;, Tl k NI

Wi SRR j RS a IS k ARV 1A]

MRS o NMEERFT: AR KEEET.
3) THEEREE.

7,(t+1)= (1= p)7,(1) + pAT;

z (35)
k
Ari/ = k§—1 Ary.

Kb Athy=Qldy, RN k RUBTER T @ Mg
J AR FRERUNE B RIKEE ;s Aty NPT I I AR I
i AT j AR EREBUNE BRI E 2 .

4 ERIE. EEPE 2. 3), EREIEK
VO TR
423 ACO-BP #£: /4%

Rt — ST BP MM Iz AR RE, AL
i ACO X 44 25 [ 28 (1) BUAE A B 3347 340
% 7. 8 7758 ACO-BP #4245+ ACO Fl BP
EIVIMak S5 78 Matlab T ACO-BP #4
DR 28 A5 SR AT I AL AL TN, REAE AR 25 LR 9,
LIS AR 18 Fiom o

WG, HATEIE AL, RIEIEE, 80%N
WZREE, 20% NIMHASE, B 5247 2088 003 —1k .
B, i BP #HE ML, FHHIIEMHM L1

K7 ACOE¥
Table 7 ACO parameters

S8 HiE S8 Hd
LLTNE e 10 FERBEREE 1
BREER A 0.9 HEAAREL 50
HR MR AL 0.2 — —

45 %
#*8 BPEZESY
Table 8 BP parameters
24 HH 24 Bl
Hibrig 2z 107 o IN[E36 ) 1000
E IR 0.01 bl CEYER A Relu
EIESER 0.9 — —

F=9 BIBEHENIRE
Table 9 Features and labels of the dataset
s AL PR
SN =1

SR n=2,3,4,5

X]\ XZ\ X3\ X4\ X5 Lk
Xiv Xy Xy X X5 Ly

B, IF T a2

v
i 5 BP 4220 4 1) P S5

v
B BP AL £R K BUE AT &

|
|
: |
G
Eoh e
: |
|
|

v

T S

v

RIS ER =, #

|l G 242 3l

v
MR, R
v

iR EERR, EHRRAE

SRR T il

[=)
e

| o R TR |

[ BP ¥R fd IR 5K 15 BT |

[E 18 ACO-BP #Z M4 LINiTi2

Fig. 18 ACO-BP neural network implementation
BB W E . FIR, WIRBGE RS, FR4
BP #2258 Il 2RI (1) 35 75 ZE A NGRS 1AE B
7, AT R IEAN R E . &5,
1 H AR E0 S5 BP M 2%, H-45 2 TR

RIS UEAL I RE, R 10 JBIR AR R AR RT
ZH dy=1~6mm, d.=0.5mm, Hy.=3.5, d,=13.5,
SIRAE n=3 I, R Z 0. BP #h& 2%
A ACO-BO #Ze B4 (I R GL HHEAR A TC AT 5 I
e Hd, Guitfabsse g5 MR 115 4a Xt
%7 (mean absolute error, MAE). 377 %% (mean-
square error, MSE). ¥JJ7HR 1% Z (root mean squared
error, RMSE). R %%, oI55 2R 44 R
TCAE R A PRI AL (1)1 2 RS I ZE (AN Dayg) H1
R TAF 5 W ZE(IC A Dinax)
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Table 10 Comparison of the prediction results of
the three algorithms

¥ RMSE MAE  MSE R Dave  Dinax

ZWis\  0.1120 0.0916 0.01250 09981 0.4596 1.4539
BPNN  0.0279 0.0261 0.00077 0.9998 0.1748 0.9940
ACO-BP 0.0150 0.0134 0.00023 0.9999 0.0976 0.5278

L [ L0 = () |
D,,=— 100% (36
SN oy (36)

D =nmx|q?(n)_lgmeO|XIOG% (37)
max LiD (n )
X b2t AR, AR 1) ACO-BP #1482 W
LTI AR A T 2 WA . BP MM B
U HER AT AT SE

5 RN

NIGAE TR R v, wME T 3 RO
PR FEZRAENL, Wi 19 Frow, FEMLERGS R
11 FoR, BIRGGK 4,1 5% B A, 2518 14.1
A1 20mm, 15 Cy B H HREC T L= 2F $h5E

(a) FEHLI (b) FEHL2

B 19 3 FhEEH
Fig. 19 Three prototypes

R 3IMEINEHDSE

Table 11 Three prototype main core parameters g (7. mm

(c) FFHL3

ZH FEL 1 FEML 2 FEHL 3
4 126.0 101.6 80.0
B 59.5 57.1 65.0
c 20.0 25.4 30.0
D 28.0 25.4 215
E 70.0 50.8 37.0
F 31.5 317 43.0

TR RS FRENL 1 R SFEESLIY, Rt
AR PO AR B TRENL 2 FA 3, FREF RS
Z¥ E. F. C. D. B-F, 3IANRSFBIER$. &
S, BRCE R AR RS S B AR A R B T 5
BEER RS SEMEIEREG B G R L
JUT R AR A R i 52, 43 BLE S IE R AL

DARENL 1 RS RIR B 2R e, 25 R0k Tt A5

BN ZFENL 2. RS BSRASE Hye=2.
d.=0.5. di=13mm. dy=2. n=2, HEHANRF
SRR O B RF S 800, X TR 1
MRSE S TR IARLE LR 120 AT LUREL, KR e 5
ANRGE T AR LRI fE SR AR o 0.93623, ]
I SR T A ROT I AR 2 AR B 0.93947, P
BEAR—3, SERUERAE U SRS HOR S S 55 K
IHASE, BIRENLRSI 8 G, AT AAE IR B AEpL 1 2
PEAEHLN S R 1R R AR E SR B IE TR, 75 Sk
TR RN S S BN IRRAZ L. KRR L
& SR FRSHEIE R
F 12 BAENL 1 BIRENL 2 BER T, REROTELL

Table 12 The ratio of size and leakage inductance from

prototype 1 to prototype 2

IE AL JRERAE L SRR
E 0.726 0.935 687 0.93623
F 1.006 35 0.998 739 0.93623
c 127 1.039512 0.93623
D 0.907 143 0.982346 0.93623
B-F 0.907 143 0.981 084 0.93623
G2k — — 0.93947

SRI, HFENUGTE A, ROHEIE RBOFR
TERBE, BRI TESHENGASHNL
Wi, 3R 13 NHAFAAZE, PIMEAERA S
HEARSE, RMEERBRLERL. HECT
nMdy Hyen dev dy KRB IE RBCZIAR /N,
PRELRZETE n A0 dg IREIR, AL —A> n Al dy KT
B IE BB Nk R B AT (AR, #ALH)
X R ARG N T REAFENL,  WERAEHL(FE R ) B 4t
U 5 BT L R AR, H TSR R, X
R FEFE PR I AR D

R 13 SUESHMSRSHIEE RPN

Table 13 Influence of winding parameters and

air gap parameters on the correction coefficient

ZH fieAkE EIEFRH B
d. 0.5~5mm 0.9194~0.9221 0.0027
Hye 2~6mm 0.9221~0.9237 0.0016
dy 10~16 mm 0.9204~0.9238 0.003 4
dy 1~6 mm 0.9090~0.952 1 0.043 1
n 1~5 0.9458~0.9650 0.0192

3FFEHLI SR S HAN RS H IUE WK 14,
B 20 2y 3 FORERIL AR Js S A A TR

A5 I~ 359 % 22 A e K TE A 5 A 22 SR VA6 S0
BERIRE R, SRR 15,



5268 i oML T O % # 45 %

R 14 HHNWRESEMSESH

Table 14 Winding parameters and air gap parameters of

Fz15 FUNRENRETE

Table 15 Deviation calculations for predictive models ;. o,

the prototype H BEBLL FEL 2 FEBL 3
24 FENL 1 FENL 2 FENL 3 Dae 1.961 2.592 4.946
d/mm 1.5 1.2 0.5 Dinax 3.881 4.409 6.685
Hiyo/mm 65 55 65 N7 B R BRI B, AT
dy/mm 14 14 18 Y B BEAT: A P 22 SR Fy DF T A, 723y 2 1)
d/mm nHo o o DAFAEN/INI A, XL AR AT SERRAENLAT S
- - - - K RE KT BT BB B, 0 U 7
48 — FIEMR R . i RUAT DU — A B A
o . ELRE LA 052 2 R P At 2 4
o H1E] 20 A1 15 AIH, RV R EAT 20 I B E
% 2 . A TE P A B R 2, (HIX AR B0 T TUIAR Y )
ol MZERIAAK, AERLFRHET PR AT S8, Ptk
ol S ] T AR I AR R
362 3 4 5 6 6 é:éﬁ'e
o SR H T 505 B R 4
» L K B R A R A 7,
ul W
ol 1) @t — oA BRI AR R S5 K, SEBLR
T a0t N AR S BAE T, B i BN TR IR
E N Foo AIMERIIILS
36 e 2) iR YA TR AL ) Sk
i SRRSO, B[R] SR 1 A A A
2 3 dg/fnm 5 6 PERIDLF
(®) Febl2 SE 308k
32 (1] ZsE, KT WAERSRE R R RN TSRS
sl PERI]. R LIRS, 2024, 44(8): 3189-3201.
> LI Zhuolan, ZHANG Yu. Transient process and control of
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