540 & 5 2 )
2021 4F2 A

HLOTOHBE BT B R
Advanced Technology of Electrical Engineering and Energy

Vol.40, No.2
Feb. 2021

EZS5FEZHMD TEMEERFEORFBITHESWIE

XA, B

A,

(1. BREE LI EETERSFEAMBREEEZERE, I XS, K& 300130;
2. MAE B E BB THERELEERE, MRS, X# 300130)

HBE. REEZFEEZED THORCHABERG T EHE, SR EEBNERTSARA TR
T, AL B ALEZE EZRES, BRA L EFINR AR ARG AR BT EF K
5= Ak EER TS B FAEs B FAER FEd R TR EOESRENZTRAANZHIER
54 R RS MARIE, B IRERAE R EREE TS B —F Gt R SR
Wk, 52 AR A A SR SR R T RS R RS, AT
TR ZARCELEH T EERENEM BIET ALRBORERLr BEAGAZMRL

TATIE,

KR Ak EESR; AR BEL; BOSRAE;, SREER

DOI: 10. 12067/ATEEE 2010005

1 3|5

UTARSR , B R T HL T BOR B PR JE | R T R
TR R AR R E NS st
SO AL, B Sy A R g L T AR T A T
PRRNY ) BER Ly AR AR YRR R R AR
HRES S L B S -5 P T A5 AR 14 e A T 0 P
PR o T ARSI A R T, e WAL [ s
O BB RE AR N 8 o, 5 B30 o PN PSR B0 | A1
TRV s i ) {6 P A i LA S R G B RRE T, TR
BT AL i i (4 RGO ARFE A B

FRT, B OB 2RI L A 2E , — R
R R, o) — RO RR R A R T i i 9 1
AR B TR A B S ERS R (HAR R T
SR BB R XE | #E B 1] B, i LA — A T
RS v B SR 0 A R R R R ok AT AR
SCHRL7 45 50FE 70 B A 280 ply = 10 X8y IS, A
SRt R Al L R HEL ik G 22 R A I
3, AP L PS5 (R 5 A R, R BOREE R 2
HETSRAFRE ARG . (H T SO R AR AR T
TRLRURE , R T AR TS A 1, SCHK[ 8 ] Rt

¥ EHEF: 2020-10-10
HEWMB . BEEA/BAILTH (51677052)

XEHS: 1003-3076(2021)02-0025-08

HE S HES: TMA01

Bl HG T 10 42 55 0 (BT i 1) 2 AT 453800, SRARH A5 3%
WG DR W % B SRR 2[RI O &R | R TSR AS
OARFE . (HSCH B 75 = A B U T Y
PRI AHT . STERL 9T % b /AT T =i 5 T fE
BT AR IE SRR s =R EIATE PWM
VAN BOTTHIRAE R S S A AT LU, e B = A
RERUTERG B2 B R T 1 T BB L0 N =R 153 45
FORGHA . (B TERE I B BRI TR ROR

Ry itk b IR BT AEAE Y R S5 B A A s i
CMFE Y HE ﬁ‘ﬁ, A SCHE T Bertotti 1 FE 40 B A5
B G T AT FE S T AR BIFEIE 1 R 2 AE
T3 WA = AR BOR T AR S B SR S T T
AEESZ RN T AR A L O AR R TR, AR
PFE RBUL AL R FE R BSOS 1 IR %
Jil AR TSR B, AR A EARAB TE R,
XF AR IE LU T 154G 70 B AR Y g — A5 ik I
HE SR AR IEAT L, ik 1T 30 T A8 iy
AR,

2 FREZHA TS SRR
FRHIZE Bertotti M AT T Bk REAS BHEFE ™ A2

EERE T XIS (1972-), 55, KEHE, %, Wit W57 m o BORTE AR
B HK(1994-) , 2, IZREE, BLATSEA:, BIESETT 1 A R B .



26 BT HLfiE BT R

540 % 5 2 1

FIAS [RIMLEL W B A s B B A 43Sk =393 < W 6
Fe P, RTEMRE P, BIABURE P,
2.1 ZAFEZRESEED

FRHE Bertotti $1FE/ 25 HHIS , HUFER I (1 1B
K= (1) s

od* 1 (T

dB(t)

P=P +P +P_= KfB + dr +
m e ex h]%m 12p T 0 dt t
1 (7 |dB(¢) |
Ve | 1"y, (1)
T7o dt

T f N B LR AT R | Ha g B, R 3 5 AR
Tso AMEHERE p MBS R d MRS R
& omm; T NG, s; 6 AL ENAZE(C=
0.137 5) ;S M & Fr B E A, mm?®; V, S ERRE A1 A
NGS5k

FEIE X R 25 A, B3l %% i e ik =k B
(t)=B, cos(wt) LA (1) AT IEZ L FHiFETT
=R/N WS
P, =K/B, +Kf’B, + K "B’

2d2
= K /B> + %ﬁgi +8.76./cGSV, f°B"*

(2)

Ko K, A BFE R BG K, M IR RAE REGK,,
R R PFE R B,
2.2 HEEZRFENBRASY

T AR IE 5L LR T Bertotti i AE 43 B
RIBFE R B, A SCE e R IR M Sk e S
YK ARG O BFE RO . EIE SRR T DU R A R
il 1~10 kHz( %5 1 kHz 3638 | 05 3R 5 s PR e E
BRI 0. 1~1.3 T(4: 0.1 T a38) , W44k
A ARG % BEVO R 0.1~ 1.2 T(8 0.1 T i#
) A5 EIE 5L O T AR S A K AR [E] T
THFERIR IR 1 FK 2 PR,

F1 FREZMH TRELE

Tab.1  Amorphous loss of data under sinusoidal excitation

BT M/ (W kg)
" 1 kHz 2 kHz 4 kHz 8 kHz 10 kHz
0.2 0.5860 1.2586 2.8755 6.3251 8.5350
0.5 2.4711 5.6584 13.630 32.877 44.276
0.8 52761 12.235 29.678 71.798 95.761
1.0 7.6601 17.703 42.807 104.806 139.900
1.2 10.372  23.900 57.730 147.261 192.145
SRIG AR HR 15 38 A 45 FE IR | R T e/ —5fe

EXI(2) AT AR S B, 15 2 15 5% He i
TEHEM S AR B ORI AN

P, =0.005391/B, + 1.107 x 107'f*B;, +

m

7.79 x 107°f°B\> (3)
Py, .. =0.001087fB: + 1.602 x 107 'f°B> +
2.39 x 107"f°B,° (4)
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Tab.2 Nanocrystalline loss data under
sinusoidal excitation
»‘ﬂl =
BT M/ (W/kg)
1 kHz 2 kHz 4 kHz 8 kHz 10 kHz
0.2 0.0405 0.0898 0.2057 0.4917 0.7225
0.5 0.2581 0.6222 1.4891 3.6293 5.1757

0.8 0.5838 1.4889 3.8214 10.3732 14.2025
1.0 0.8629 2.3178 6.2880 18.8620 24.7457
1.2 1.2848 3.5995 10.2861 31.7196 42.7853
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Fig.1 Square voltage and magnetic flux density curve
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Fig.2 Triangle voltage and magnetic flux density curve
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Tab.3 Modified coefficients of loss model under

square wave and triangle wave
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Fig.3 Magnetic characteristic measurement system
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Fig.4 Induced voltage and magnetic density waveform

under different excitations
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Fig.5 Amorphous and nanocrystalline hysteresis loops

under different magnetic flux densities at f=4 kHz

50

40 |-

30

PI(W/kg)

20

PR /kHz
B=05T

K6 B,=0.5T MRS LHAE SR C R
Fig.6  Relationship between amorphous core loss and

frequency at B, =0.5 T

BV OIS FEA R T e BB AR, =4
I PR B S AR KL B A, 7 8 r T ROl T A5
Wole s/ e 1T SO 4R HY B IE SR R A A AL
£

4 mESBEITEEINE

4.1 HBEHRE
RE VN 173 2 L0 G i 0 | T98 T 453 6 R 8 S 4t
FE SR IRL OIFE R B FEP I EEEE—20 AR
Bean ™ AP YRS B AR AE
(D)¥X(2) ZEA P R I BR LA £, a] LLAS:
FFE Wt E AR .
W=Ww, +W, +W_=KB +KfB +Kf*°B”>
(21)
(2) W ARFE A = WIBA () Py 34 =, BT LA, Al
LR it D A0 B 2 =k M A i 38 0 P 1 T 0
FE, IR = (21) Ze sy 2 0 T A #E T 1E, 15 2]
T i A0URE IR R AR AR B AN T O

W, =W-W, =W, +W,_
= KhBi] + KexfO‘SB:r;s

=H + L|f (22)
F b 3R 43 2k R AT DAk R R IR 2 T TR
J&  AFETT R AS S T 5HEA 172 IROT A R
PREL, LT Wof 2 BRI G RE A EUR R
H,EREN L, B, AT LAAS 3, 8 i S FE K/ Ry
H, FIRAFER Ny L2, G B0Hie Ab 385 B 40
BB EAR TR TN HES L EmASE K, 5K,
L=
4.2 WESBEITEEIMHE
TEHEAT ik sr B e # v L B, e AN [F] T 00
TRBIMIFERE K, 5 K AR EE, b E
3 P A AR TRk AR, 5 B R AR g BT T
T A B R FE 28 ML TE 5% Y ) JE it - 4 oh —
AL AR AE S B AR AL A A AT TR
W, =W, +W, +W,_
=K,(B,) B, + K /B, + K. (B)f"B,’
(23)
K K, (B,) HRLHAFER LK, (B, )= Cy+C, B, +
C,B,’+CB,* ;K (B,) AFIRBIAERE, K, (B,)=
D,+D,B,+D,B,>+D,B, .
1E2 (23) AR E 23 AR 2 19 T =
AU ST BB IE R L, AT AR T IS = A O T
PR AKX TR,
J7 R N BT A A R
W, =K,(B,)B, +&K/fB, +n,K.(B,)f"B,’
(24)
=B T AR AR
W, =K,(B,) B, + &K fB,, + K (B,)f*B,’
(25)
K& MO T IR R FEIE IE R, W
WA T RARARFE R €, S = AT T i i it
FEABIE R m, o = MUl R FE R 5L
FEIESZ IR 25 1 T JE & 5 94 K 5 1 3 FE R AL
K,(B,)Fl K, (B, ) 5@ % 0 & & mE 7 FE 8
Fe R LG A 56 R B (B 43 31 R0, 984 5
50.989 1, 44K i 4 A 19 AH OC F B 18 43 il
0.983 150.997 6, B T K& rIAH e
Wik, #38 K,(B,) 5 K, (B,) AT SEAEHK
NN 4 5% 5 o,



30 M. OHLOBE BT R 940 & 2

12t

10
8

6

41

02 04 06 08 10 12 14
BIT
(a) K, SREBEERR

010 F [ gy

009 |— BE

0.08 -
s 0.07 -
N

0.06 -

0.05 -

0.04 -

003 1 1 1 1 1 1 ]

02 04 06 08 10 12 14
BIT
(O, SHEETERR

BT A CAR RS 2 RS R B G R
Fig.7 Relationship between coefficient and flux
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Tab.4 Parameter in K, (B,)

L c C, o c,
e 18.56 —42.59  46.82 -17.51
K 0.656 5 1.914  -3.63 1. 404

#&5 K.(B,) FHSHE
Tab.5 Parameter in K, (B, )
1k D D, D, D,
[ -0.0116 0.3172 -0.3839 0.1574
ks -0.000 17 0.003 482 —0.000 12 0.011 49
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Tab.6  Calculation error of improved loss model
A g L AN O
BT WE/ s PR R/ s R
(mW/kg)(mW/kg) (%) (mW/kg)(mW/kg) (%)
0.2 0.6293 0.6308 0.231 0.0491 0.0447 0.54
0.4 1.9526 2.0217 3.417 0.2004 0.1949 2.81
0.8 6.1178 6.1188 0.016 0.7444 0.7389 0.74
1.2 11.950 12.149 1.641 1.7998 1.8283 1.56

R7T ZARREESYHBEREIREX T
Tab.7 Calculation error comparison between

classical loss model and improved loss model

E IR AR i L
B./T  zufSid] bRl il bR
(%) (%) (%) (%)

0.2 17.384 0.230 6 20. 230 0.541 3
0.4 9.7315 3.416 8 11. 002 2.810 3
0.8 0.537 5 0.015 8 17. 354 0.741 0
1.2 5.6256 1.640 8 11. 196 1.560 0
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Calculation and verification of core loss of high frequency transformer

under sinusoidal and non-sinusoidal excitation

LIU Fu-gui'?, ZHAO Lin"?, JIANG Jia-cheng"’
(1. State Key Laboratory of Reliability and Intelligence of Electrical Equipment, Hebei University of Technology,
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Hebei Province, Hebei University of Technology, Tianjin 300130, China)

Abstract; Improving the calculation accuracy of the core loss model under sinusoidal and non-sinusoidal excitation

is of great significance to the design and research of high-frequency transformers. First of all, this paper introduces

eddy current coefficients and residual loss correction coefficients on the basis of the classic at sinusoidal loss separa-

tion model, and derives the modified loss separation calculation model under the excitation of square and triangle

wave voltage. And a magnetic property measurement system is set up in the laboratory to measure the loss data of a-

morphous core and nanocrystalline core. Secondly, based on the characteristics of the loss coefficient changing with

magnetic flux, an improved loss separation model is proposed, which has higher accuracy than the classic model.

The improved calculation model under non-sinusoidal excitation is teduced. At the end, by comparing and analyzing

the calculation results and measured values under respective square and triangle wave voltage excitation, the validi-

ty and feasibility of the improved loss separation model proposed in this paper are verified.

Key words: non-sinusoidal excitation; loss separation theory; core loss; high frequency transformer



