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Abstract

The fly-back converter is widely adopted in low power applications due to its simple
structure. With the ever trend of high switching frequency and high power density, the switching
frequency is getting higher and higher, and the PCB layout is becoming more and more compact.
Correspondingly, the design of fly-back transformers has also become more stringent.

As a major power loss source of fly-back converter, improper design of the transformer will
cause excessive heat to make its own temperature rise too high, as well as causing other
components to have excessive temperature rise. In order to make a reasonable design of the fly-
back transformer, this dissertation firstly analyzes the core loss of the fly-back transformer, and
introduces the classical core loss calculation model. And an improved core loss calculation model
based on the traditional core loss calculation model is presented for fly-back transformers.

At the same time, the existing copper loss model is reviewed and summarized. The reason
why these models cannot predict winding loss of fly-back transformer well is explained. A new
copper loss model suitable for the fly-back circuit transformer is proposed. Based on this model,
the optimization method of transformer winding wire diameter is proposed and verified by
simulation and experimental results.

In addition, this dissertation analyzes the principle and conduction path of common mode
interference of fly-back circuit. By deriving the common mode noise current through the
transformer, the conditions for achieving common mode noise cancellation are derived. Based on
these, several common mode noise suppression methods are proposed. Finally, the experimental
results verified the theoretical analysis.

The loss models and the noise suppression strategies proposed in this paper have good

performance on accuracy and is easy to follow, which is attractive for practical design applications.

Key words: Fly-back, Transformer, Core Loss, Copper Loss, EMI Suppression
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BN =AM A, R M B 7 A ok LI A R B P T BT
AN ZELETFRAEN-—ANMELERE AN EH, ERERNITRIE~ AN REREN—
MREFERINKANTESE, HATRDEMAE L Lo 25 P,
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KR AR ERHBTE, AXE AN T ESBBARR AT T FHMILER, FELER
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HEAk, o BEINFENEH LS, BEELT, o BUEREE 1~2 28, 145
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2.2 R #HY Steinmetz £k 37 AL A
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BEXRNEWTFE:
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j d—BdB
I(_) dt, AB:Bmax - Bmin (2_4)

Bav =

KT EEZEFENTE Steinmetz /AR 4, FH

éav == d = ABﬂ-— f (2-5)
AB
2 dB
o = —5— | (52)%dt 2-6
o =757 I . (2-6)
B R (Q2-6)R N (2-3), ®HEE
pc = k' f ¢ feqmil'an (2'7)

FREZERTERENM A MSE EH , (212 MSE EAF £ — T oA 7. Lk
RARLTEE A AQ-8) HE F oy c B 1 b, FHREFIAE H2mf ML ZH mf
B(t) =[(1—c)sin wt +csin mot] (2-8)
KR ZABER 558 Steinmetz AR EELFZENLT RS,
AT mBE—FEEN, XA E T A —B&, ZCHIA A 8% 54 R BUR T 5
REBERME, TRATHRNEEAS, BXFAANRESHEHTARTRSL, FE 0
THRER

dB * B dt (2-9)

K,
pcz?!

_H_

k

k =
Lo (27)*[ " cosel" do (2-10)

Fir & 3A KB/ GSE # A,
KRR FAE, SCER[S]IX A GSE #AT 7 s 3t, B MmN RE RN T 6 & 58 E 1%
BfE, %% iGSE#A, EAEARNwT
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T

7 it (2-11)
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k
2 (22)"*["|oos|" do
FAEBERX —MERRE A, BN ZRAEHKBEFEST SE sy BEIFER
W T HEAT B R, X PR AL AL AR % WeSE(waveform coefficient Steinmetz equation)®l, H B &
REA T

(2-12)

P, =Aeke f B/ (2-13)
Hep s TR E S EREE T PR E R
Pl 4w, 1E 5% SR 805 T B R R TR a4 fn D=0.5 By 77 I R R R T RS R B it 4 A
A 2-1 Brore

B(t)

L~ AT
AR v

B 2-1 AR THANTEE S L, LPEEA D=05 FEEm T, EE&AERRRT L
X‘T%IE?Z/E{’ ﬁ%igﬁéiﬁgig Bavfsin 7\5

2 (TI2 i ZBm
Bmm_?i B, sin(at)dt == (2-14)
i X RL 8 D=0.5 B9 77 W B JE B T, H-TF #3558 E Bav sg H
2 (T2 ZBm _ &
Bav_sq - ?.J‘O T 2 (2-15)
WO AT B ER R B A K
_ Bav_sq _z
A_E;—f~_4 (2-16)

X AP A AR T MSE A7 iGSE 7 EEAIR 2, ERAAA R, AR UMK T A8
Wk GERARN, FREXLERLT, CHTINEE T MSE #7 iGSE # A & . 740,
T EEEA B R, TB &S W7 KB, WeSE #EIMNERE M, ML,
ARG THESHEZ RN,

SCER[10]74 Lk = At R D R £ 8 SE A #T T BN F LR LR, 45
KW, LHUF TR A B R DR, WeSE 484 T SE, MSE UL X iGSE £ F & &t 4% #
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WeSE ZokefeeB!
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% WeSE By — B IR, SCER[914= i T — A&t 28 77 50 v R U T e Bt B %, 121
A GG EE R R, HEAREE R DT A 8w R R 52 5 % JE 36 B — 41
BT =R, ¥R T DT AR N EZ R EFERKA AR TH AR, N
A& B =AW T WeSE BB N KXt EX R A Wy BERE &, RARB FHRRELE,
KR RO R E W E 22 Fior.
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1 I
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B1(T) | |
A I I
|
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= —kf“Bﬁdt_ " Z ke “oB/edt _
I o1 2 (2D T) (2-19)
e SR S
&:%«yhf%af (2-20)
k,=2“[D"“+D"“] (2-21)

EF pBIREAVRERRA Y, ZESEZWH X,

T SEHMEMNE - MER, —RRZEL LA EH XA ERIHREE 1T
&P, #WEE— AR R Ky

K; (T)=Ct, —Ct,sT +Ct,oT? (2-22)

R THEE, BENBERE; Clo, Ctiy, CoHXTRE % FTRIAFHK.

T AT SE A E = Fb A IR, STHR[S]TA R T B U Bl e LLRT B B R f T B S 14
HIERMAHBHHATT ERHFR, #Td SEARFH=ZASE L, o pHETBE. ARLHA
WM Em#RIEA, a BHEMRAN, pRk HFEE—ENEN, MAEMH, g ENER
No Bt EEEHREELT, SEERKRFW=ASHUTHEREME, MAERN T X
TH#RE Hoe WEBH, £AAMNEEREXDT

o a, 0 0 0

_ Hpc
p|=
K

Bo Pp Ppz Pps
Ko Pa P Py
XER[TIR T KM ERW 7%, REENEL, BT g EFA#EE TEHERLER
, WA AN REEN S kAP, FHil, 202 X T — ANk E2 &K Kpe, 318
HEBHEASZRRHEAT LIRS, #MEI LT ERERX
Koe (Hpe) =asH, +heHS +ceHZ +deH . +1 (2-24)

T LR A b, A A [914E ey st A ik, T R T A BLR A e T | AR AR A AL
FRIK, FE MKW WeSE PR, HF, mAEHRALES FK Kr ok m A
T, Krk B TAZAMAE SR ZREEOIE, AXERANEEH IR ERIERE, &
TREAM &R XA UE FHIZEK. M TERBREHTE, A7 I~ 8HT

g, RMNEHL RN BRENBENF. BT UFELRHARHHy i, B AR %

(2-23)
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WA R T, HRIEAB —2, Ry B e, M Falims, MaB, Wik, &
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X R AR AT A, URER Q24 & TS K
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P, = Kr (T)+Koc (Hoc)~ +ko ke “-B] (2-25)

23 LBER
231 FEELE
FATE B A Ansys 2 & B9 Maxwell 2D 7 B3 #AT #4709 17 2 . T & 6% Maxwell
2D H 8P AR AR 17 LR FE S AT 8 AP BUER BN core loss K AR AE R E 1 5]\ ERZ
BRI T T 15 2|8 Steinmetz A S8 k, a, f UK 8T F 1 K EHTAGE X BL# A
RS S aE R, 4R 5 FEAR YR X m B AL R SR AR B T B R RS o R
o RATEET AR E R PT XS MR AT L%, 47l & DMRIS Ao
DMRSL, M4 AERATEH THZ I EREMRMHE T ERE, Ba—EREM. RE
BIHIAR R SHE LA R R, 75 B 892X 7 A M R XS BB iWCSE B8 L& 2-2,
& 22 RAE) BHIEF MUK &2 0P 08 S ARAE R S 4

MRS k a B Cty Ct; Ct
DMR95  0.007156 1.8787 2.521 1.47463 0.015 0.0001032
DMRS51 0.00084 2.1532 3.24 2.7754 0.05985  0.0004213

MAE S a b c d
DMR95 9%10°8 2X10° -0.0005 0.0035
DMR51 31010 4x10°8 0.0001 -0.0059

Heb, FPREHEANNERNE F BN A Hz, 7 RE BN EMA T, BEH
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— —

(b) 77 F Bk Bt 4546 v £
E 2-6 D=0.2 Bt 17 K Y

Bl 2-7 A EEW D=05 FEEEH TAERTEESFRELR, Z+FE 2-7 (a)
7 DMRO5 # #H#£ T4 % 100kHz Tehit E & 53 m 7 A Eaat, TR H, R SE
HRRIWTHEE S EER RS, T MSE, iGSE L X iWcSE # 2 i+ B & | 515 £
FEAMAE, £+ iWeSE A k& Z & &, B 2-7(b)# DMR51 # 8 E TAE# % 1000kHz
THItEESS R R EmS L, EZEAT, SE #AHHER#SHAEFERE,
i1 MSE, iGSE UL X iWcSE At FEH EHEEARFUY 6 E, —MEAHTEELT
HEES. TURI, EEZWD=05 FEBEHMT, —MHERSHFEERYEARE
WY 6, He iWcSE # A &1t

SEVFE{E = MSEjfE{H == == iGSEitE({H ===iWcSEitEE X (HAEE

0.60

0 0.1 02 0.3 0.4 0.5 0.6 0.7

RSB /T

(a)DMRO5 # 4 # #
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SEHEE === MSEEE = =iGSEilE[f ===iwesEitEE X fHEE
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e AR
BalEs P /T

(b)DMRS51 7 % 4R
B 2-7 HEW D=0.5 7K EEHH TEER T EES F EE K

A 2-8 HELIEME 1.6A, TREEWD T, £4FERTEEASHAMENE, L
K 2-8(a)y DMRO5 A #H £ TAE#M % 100kHz T B 1T 58 5 % 57 5 B AE 89 %¢ te, o & o] 40,
WA SEMARINITEELEST ST D WA MBME R, LEEY 5= D RARFE
BANBEHR, EEGTEESHAEEEZF AR —EMWmZE. T MSE, iGSE LL X iWcSE
R VBB U e o = B SRR R A S BT R R, H P iWCSE A I A
E . B 2-8 (b)4# DMR51 Af #HE T/EMM &K 1000kHz T #9158 5 % b7 AL AT,
EZERT, SEEA T E =W D R HE R ERE A RS, T MSE, iGSE LK
iWeSE A HEH G EERARENYEE, —HEATFE/LFHEEES.

e SET E [ = MSE}FE{H == == iGSE{TE(H ===i{WcSEitEE x HEE

0.25

\

0.15 \\ /,I’
= \
5 Y {"
= 0.10 ~ %ﬁ‘

-
RS 2 RS oy e
0.05
0.00
0 0.1 02 03 04 0.5 0.6 0.7 0.8 0.9 1
EZEHD

(a)DMRO5 # 4 #K
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e SET E [ = MSE}FE{H == == iGSE{TE(H ===i{WcSEitEE x HEE
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1.00 X
>§\ /
0.80 \ /
=
B
¢
=2 0.60 \k X
b0 N - _—
0.20
0.00
0 0.1 0 0 0.4 0.5 0.6 0 0.8 0.9 1
HZHD

(b)DMRS51 & % 41k
K28 TREZEWD T, 2ERGHUTHESHEELR
SGERR, EREBRBEHLULSZWNEMLT, B SHAERHEF LR
WY e E, TH T iWeSE A Fih, Fb, #TRA iWeSE B R X A S F B A LR &
R AATION, FFE R AT AT .
232 AL E
EX =5, BATERA L —F #0358 iWeSE A, ML E 58 %5
BAT TN, F 18 3T B fF LI HAT I & A3 I
AW SR ENSH T, EEEMHEMRER U EMI % B 4 5 X 3508 147
& AT MR .
&K 2-3 BHILSH

W 90-260VAC

fir e 19.5V

B o & 45W

fir ) LU 2.3A

Pz X QR
1R 3 8 o = 0.5

LY LE 2-9,
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_ai,s'-.,L ved 2J,S0L
FLYBACK"AVOM SDIV-dYIM

B 2-9 FEALSEHE

EE =g, BITXITWRBMNE 7 EwT:

EHAREFHEABEHERER A, TRBEARKE LWHS, LAR-IMRAW
FERESR, HRIEAFI B ROT AL ESE AR Ly fUFR L LS. e, £
URIEEMBE W IHURFRET, AENNREE P JLFHESE, 2R WEEH T XHHK
RJEEERFEALRAE, FENTAZNATRE EEUCEREZR SRS ME, oA w
T RAE ] KAFEFTH I RE E Peo

AP'OSS
R (2-26)

RIFILBERFEURENTFEHNELFEN, Kittnk 24 FrnmlaxE EHE, HF T1-
1 o T2-1 B — B 48 40 W1, TI1-2 F0 T2-2 { F 5l — 28|44 W2,
k24 ODRTEESHK

TEERT GRS AJmm’ le/mm [ b e R E/H R R E/uH
T1-1 PQ2016 62 37.4 30:5 235 2.9
T1-2 PQ2020 62 45.4 30:5 232 2.86
T2-1 PQ3220 156.7 49 12:2 226.7 1.57
T2-2 PQ3230 155.4 68.5 12:2 2253 1.57

SR RS WA 2-10,
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B 2-10 S4B LA
WHEEBZORELNE GHHNLERLE 2-11. H B AME QAR A £ FFHEE
W PA PQ20 AP # KX EHENFNHAL, S OERYMEMIITEEHREE,
BB AR A E R BT EA T PQ32 R4 SR EHENFNHFEE, BO8
EAEREE T HEREE.

m R o FE

200.00

180.00

160.00

140.00

HH
(=] =]
S 2
> o
S 8

80.00

Li %5 B fmW-em-3

60.00

40.00

20.00

0.00
PQ20xxX PQ32xx

B 2-11 PAr e SR AE 2 S5 HE AT

WAELEFTUA, £/ PQ RV HEFRINEZRELEERAERERA, XEHA
PQ20 RFIM XA EERREZERAN, FEFHERD, ERZRRENFERZUR
TEBZ BN S HIRE AN EROR; U EA PQ32 RABLE, BT AN
EATRSZ, EEBEREZZHMUED, WEBSTHERNEL,

LAk, RTRHE iWeSE S HEA BA — R T, EERFOLELE—EH
FR: ZMEZRARGF RV BERLE, FEELHNATZ URE mE#E N E F X
& A LLRR A
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F3F RMHEBREREFATEL

EESMEME G REENRRERT, TR EIFEL E 5 & B 0 & KR 4T A
MK EHHEAL, BERY LSRR EERDER N TR T EERARRFELELE
MAMBTZE. AT HRAUEEENTERT, TLEFATANEAZENEZ E AR
Rife AX—F, BRABAENNFEXTEEEATNEELTERT—EWER, i
H— MR R T k. R E AT — R A A LR Rl
3.1 2 # Dowell AHFER

P.L.Dowelll"'7£ 20 2 60 £ RN Z EHBHLARR B LS T EEZHH TERE
EHEGHALTREEARERN 1-DEE, ASHTRREHAEEREELEN KL, AF
Hatig A R R AR SN, EHERERWE 3-1 iR,

| ppsssspp

Bl 3-1 & &2 w A
Heb, SETERERS, PREFASHE, SKREBIALHE., dTERENT,
BMEEODEKAN, WEXHMF, EF—MXBEHBREA: EEFOFRAFEy FH L
W RE, T x AH LW#E7REARS T, £ ERBRT, #EE 0 F#7RE HAR
BT —A—%WE, BPREL x EoHwE 3-1 THHH R, EELTTUES
H 4 T B AR A K

P=l Ryc (3-1)
RAC = FR'RDC (3-2)
Fo=M+ (m:l) D (3-3)
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M = ah.coth(ah) (3-4)
D = 2ahstanh(ah) (3-3)

o= Jﬂ (3_6)
\/ P

H#, FRAXREEREK, o Y TEAME, p AHTHE, p AREE, h AXEE
Eo.fimASBARER, EERBEXARAUTBEMEANTH B EME Z 9 TaE
WA EEHR (Flw, £E 3-14HF, m A 2).

i % F B &4, Dowell BTG NHAFTEH T 5, FAEMERNT K, #HHEEBR
LEEREERA, R E B R A KG-D~G-6)8 L HAT AR H L F307 EwE 32 fior,

d’

(@A H 5 & 5 4 (b)& M 77 % & S A (O%EREE Dk FEKEAE
32 eSS AERTEE

K-SR EER T, 64, BELUSRRERTERG 7T BEEH; KE, #
FRKREER—RAS; BB, CRBAGEELITHELT, SRERKIREEE
WHRE, MTEX— 5+, ANEREREAT, $FINARET y, BLEREHRE
BEMHREEHEREEAREBMETE,

Dowell % F % E B EEURBIANRELE N EEMABFEREL,
32 A mAEER

e Dowell #i &AL E, ¥ (1M T ABHWEAFHEER KR TERFAL LE. Pery
Fa Vandelacl'> 3Ixf 2 f i — G R0 %R A A AT T IE, B T SR LB SRR
WK R, HEET & EEE R R 7%, FerreiralE R4S T SAB TR
B, FEBT —HHENERET g T E7EATHESRETEYHE, FRLHT
B Bk ST R AT R P A B B TE M, S B ok A T A BAT 4 1B o A B L R 4T
FHAE, REMUKFEFERLAHEERLE, X—FRRECLEELARATEHER 5
WAETAE THANMEE L, A RZHER WA, ¥ 20NFRTEMAE, #
R E S, SR, litz B8 % % x4 4 358 ay Fop 17 1939440,
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AT, ERARA A G AR AT B2 KO R R RS A AR RAT I, R EAE R
SUEBARBFAEWTHR:

1) AEFRELT, #EFO PN AT ZE LN — %07

2) SEH R RBR Y H A E R

3) EMEXEZHFFERR, T LRERZTFRIILTHEE P RNALZR &

GRE TP

4) JRE| LA R AR T = I TR SR L L EY 180°

NTE AR, &y B A ik R A IR T 4 AT (FEA) 3P AE I 338 _E 3 4 [ g %
B AR HEAT K AR 1T S, FEA i s s2 7] LU TR BB ARy e LA, (B2 X — 7 ik
TFRBITEN, FREEROTEME, FLFRENFE A fEE, FX L, BRAGFAE
BEA, YEESEUORKUEERRATEAEEN, —SBHWELBRERHEZN,

NTE AR, Ly B Ak £ X g Y2 AT 8 Rt o, 7 B F R ROOR Ry
O, A8 g AR A 1-D A ST B R K AP, Hurley! 013 X — & %
FAT T B, ERTF 3 TR B SE DR — B B A RUE, BRI BT A
Joh T B 4 LA AR

HTE=ZARR, WBEELHH & RZET FEA J7 ik 34T KM I T DUAE A8,
Wallmeier! IR 4 & 3 2 16 3t R A2 H I 58 20 | 7= A 09 00 377 8 B DA R L8 5 B
TERMHAT T AR, EEZEA KL E 4. Roshen™ > PIE Wallmeier Y £ E#HAT T &
WHKME, HRLESEHT —MHAERNFRNFIFAEE,

ER[22]4F XX LA, B3 — A0y 2-D B 7k DA R, REE, R RET SEA
B, [HRZ SO ER R AR BB AR R A %

NTREEAGE, 6013 Y T — Mo B8, BIERREY S8 KEESESEM
RN E, FATEN N, E THWAATRE, RERMARAREASLANRE, EEZEX
WA RART RN EE, AERANP s BHTMEN S . XR[23]5" W T —
EM WA, FTRAEEmAEMLZE 180° THWRRSELNA, EEYERM Y ER
M, ZEARSXFITTERE,

R—EWRY MG TR ER G A RAER, FRE RS X — &M
ZOHTHERIEUARERRIE, AXWE =T EhESTEEZEMETESE 180° HWH
PTHERER, BREREITERMRERZEYMBET THHAER, REELHAEF
SERe XY BT 4R AR R BAT IR, SFEREHATES.
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3.3 R M X IR AR
331 R A3 180° WA THEAFAME

EEZHHT, EAXEE5EABRTREUARAUGEE LA E L0 E 3-3
. HET, ERAXEBEAT, RElBMAHELEN 180° ; TEEELRERT,
MEHAE L E N 00 o EXFAMERLT, HABE HOATUAFERER, BT
{14 2 1-D A AT R AN FFEN K

' ppsssspp I pppppPPP
A AN S| US|
| |
H H
X X
(QEEXESH (b) 22 78 L &

Bl 33 ZAREHZSEAE TR EURSEE# TR E 5 K
EERTESWERGRWERBBH T, NLEDFWEg®RE H #H UL —%47
EWHA KL, EE, SRELEBFEALTA 180° & 0° WHMLERH, #FLH T
Haew A et TEdkr, MERATE AW HENA, TOBRELHEN 1-DE
WAFRBEREZAZZIMERL L. WO RERPUR#YGRE ST, Wi #7EE
SATILE 34, FELLE, IUFRESMRBEESLARAR, SHREREETERA
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' ppsssspp

Q
)
Q
Q
©)
Q
®

B 3-4 JR BB B AR L 2 BB B T R
BENGRERCIEHAT AHAZMT LR A LR EZ 86, £3589 1-D 422 FHl
BB RHAR MM LR ETRANRE. ARRX—FH, KXEHOERZ, KR
BlABBMER D BEAR AN, EFMEAEA NN, E, 2MTEEWE 3-5 .

B, R &4 g AR K e K (3-7)(3-8) Fr
| sin(wt+6,)=1, ;sin(at)+1, , cos(at) (3-7)

I, sin(et+6,) =1 ;sin(wt) - I , cos(at) (3-8)

Hb L AL AREAERERERS & LW L ARB A ERNER )€, XL
08 MR A A(3-9), B4R B3 R AE A = T B AR S AT
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P.=P ,+P

AC TV AC_t AC _i 3.9
. (3-9)

— 2 2
_IRMS_t FR_tRDC +IRMS_i FR_i DC

TE A bk o R m LAE A

Vandelac!"17£ Dowell #yEal b4 T HT £ ELBRADAR T 22X E R M7 %
EHWERZR, TRTULBRERI AT EWHRARAR, X—REXNTURLFATHFHE
MR ZWEL, MXERFET ROTMIEA TR, &, HATLAX— AR EIEA A ER
SRRt A L 2 TR A AR R VI SL T ATHY

BE 349X ERBRENEL T — BHATON, RERHASHWE 3-6 fir. I THE
HAE, HTUA

H(0) =(a+ jB)H(h) (3-10)
HF (a+ B) N HOF Hh)Z B eh X R 2%, BHRAET AL, Ao, REH

(BT EFHZEABNNERE L J URGEEE Q

J(X) = siEE((kr)]()) (cosh(kx) — (a + j B) cosh(k(x —h))) (3-11)

1 ¢h -
Q) == [, 3 (-3 * (x)dx

J'Z_(h)((1+a2 + BAF(E) - 4aF,(£))
oo

HEF, o ARINETE, o AEREE, HMEHwT

(3-12)

k=./jou,o (3-13)
|2
5_a%a (3-14)
E=h/s (3-15)
_sinh(2&) +sin(2¢)
R()= cosh(2&) - cos(2¢&) (3-16)
() = sinh(&) cos(&) + cosh(&)sin(&) (3-17)

cosh(2&) —cos(2£)
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h

HO) A { HH®O

—_

Bl 3-6 XEBFR-ERATERE
WA AT ER 773X, 7 UK HO), HR)ETwE 3-7 fin LR+,

B 3-7 IE5 4R AR %
MRy, Se WAL T E ] Lk A R TR

{H(O)Hi(mmtm)aﬁjbl (3-18)

H(h) = Hi(h)+ H,(h) = a, + jb,

)
T

{Him):a (3-19)

H,(h) = a,

AR 1 s

{Hqu (3-20)

H,(h) =b,
AREBHTHE.
oA A RARNARNG-10)T UFE], EZLATFR TN of B RikR

aia +bb,
a, +b2

5_ab-ab

a,’+h,’

(3-21)
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4=
a, (3-22)
ﬂi:O
a=
b, (3-23)
ﬂtZO

B, RIEG2DRAARG-12), EEFHZELBHAREE, 53
Q- a+@«1@@+mﬂ U“a@nF@

2 b2 2 b2
b1 b (3-24)
(ZZEﬁF@»
HIEX G RABAEEEN AT G BT E, &

I L Y |

Q =| 55 (@ (IRE -ACHRE) (3-25)
[ b? b b l

Q = | 55 (W RO -4GHRE) (3-26)

W2 (3-24)(3-25)(3-26) 7T LA & 3,
Q(h)=Q;(h)+Q,(h) (3-27)

X—FXEAT, EEHEZESATHAGRNER, foxt iz 548 0 M e a7 5 5 3
TEZGE, 2R EE L) ENBAIT KR T 2 TR, MX IR T AR BHLE
AR A AR AU

X B, FREREAERAMACEN 115° WERETHFELRA L, HATHRTEXE
o2k RnlE 3-8 Al 3-9 Fror. M ULAH, Frif WA, A THAME EELERAE
WHER, EREEHEHE.
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— EEGRE s ARBETEME - == BHEHETEE — TEFEITEE

——
— —

—

—

0.1 0.15 0.2 025 03 035 04 045 05 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 095 1
HZE/MHz

A 3-8 TEEASHALRMILE, EE 0.2mm

—EEHEE e BREENEE = - = RHEEEE — EEEEREE

0.1 0.15 0.2 025 0.3 0.35 04 045 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 09 095 1
#M=ZE/MHz

B 39 TEERGGRERMILE, EE 0.07mm

332 R wBREREREF THEARAEE

E—FEFZHBERRT, BT — A& B 2R AT R 2 M8 7 R Tk
MM ZAT 047 180° L [8] i 1% Jo 09 & J& 25 42 A AR AR AU 0 ik L OB W B9 1T S S8 L 1 A Y
AL, ZIERET EMRBEESTEEDVEL. BT ERAEE T, RESRALT
TREBOAC, XRLTRRNWAC, TUERSEBEESZT, ZANHRHREET X
E&aEhEST RRSE. ITEANE, ERBEE T, RESHALAN TFRRTEL
TR AW, R RERR LA E SRS 2 5 H e R s g g Y o 3-10 B

o
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Ve | |
N R
z |u ! T
(a) Rt 05 I )R B 2T

B 3-10 Rk RERREEE THEREPY

WO TR EI AR R IE R oA BB, X RO RS A MAR AT HAR
A EZEWH 0.5, TECRM ERERATHREZ ERZLATHEER

MWE, RESSKATHEEPEE 3-100b). REF —TWEERE, 7 HE AN
VEE PR G

1) R B L A o R A 2

2) AMMEUXNAN P EMMEELIER;

3) EHF—NMREANNN,EFARE, AXEESE; A MHUNLEFAR

B, HEESE.

B LR K AT AR NE R, B 7 E(3-28)~(3-33)
b ®)=1 (t)+i () (3-28)
I (1) =1 (1) -1 (1) (3-29)
() =i ;(t) (3-30)
i () =-i (t) (3-31)
[i, @i, (D)dt =0 (3-32)
[i (@i (t)-dt =0 (3-33)

B8 2

| 0=i =Y '(t)+'(t) (3-34)
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() -1,0)

ip_t (t) = _is_t (t): 2

(3-35)

R DB R E W E 3-11 Frx.

P I P

A
\4

.'.p 4

Iy i is_i A

v

Is t4

\4

DT Ts DTs
() R o m R (b)&| 2 4 o~ &

B 3-11 4R E
REAZL AW ERBRAZE, RAUSANEEZ s EMER S ENAEE 247,
KA WHARWEE, FUALE 1-D RAFATEERAATIHE, R, FRHRLEH
Sgemal, EEXEAWT

n n

PTOT :PDC +Z PACi :PD +Z PAC_Ti + Z PAC_Ii
i=1

i=1 i=1

. . (3-36)
=( AV2+Z IRMS_TiZFR_Ti + Z IRMS_IiZFR_Ii)RDC
i=1 i=1

£ b, RATTUA EXFTEA, SN RES L AEFe SERMARER

W AKEE Fr, BIFEH n kK REETHE, WEEXRDT

I.:c=ﬁ{léw,s_o S |§Ms—kzn(‘;|§m_k} (3-37)

Fe=[1 Fpy w Foy Foou] (3-38)

WMo, RTUBINEERL)EMERYSET, MUMNERREBELFAH Fy 7 Ry
For = ForoFy” (3-39)

F, =F, .,:F;IT (3-40)

#H, A(3-36)F LLEL A
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P'I'OT_IlgMS TF R +II§MS IF RDC (3'41)

K 3147 S THETIEAE D=0.5 9 CRM X T, FFAMEN 150kHz, R4 7
9 0.2mm, SR %M Z i e, BURT 6 KM BEATIHE T, XA A 3
L mEUR ERRBRECH Y A N EE.

%k 3-1 EAERTHEABEERES LA EUR EREHR AR LR K A EE

TEENE R &
IR . . . .
Fc Fr Fc Fr

0 0 1 0.75 1
1 0.60793 1.88328 0.24638 4.66942
2 0.15198 3.83117 0 12.73208
3 0.06755 5.80712 0.00304 20.84168
4 0.038 7.40276 0 27.29401
5 0.02432 8.62381 0.00039 32.1259
6 0.01689 9.57474 0 35.78937
Rest 0.09334 10.3476 0.00018 38.6835

B. ARG ZLFEREX THRMEESLARAEHER

BEANE CRMAEXT, EZWAET 05 WERL THRMEESTERY, wE 3-12
Fros o x4 B R BUBI I TY R 7 A2 (3-28)~(3-33) AT KA A HL, EXMEN TR LM . X
BHREREAFHEENTEMELROFELRAETHZEHUEA TR EM,
AT LA 1K B R AT AL FE

V,a |
f !
|
|

DT Ts

K 3-12CRM #X, SFWAET 05 WENT ST EHRE TIEEK
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REFHMFEWT:

1) R BB R4 7 R AN

2) XWADELAMEELER;

3) HF—NREANNALEEARN, RAREZESE; F—MHEHLERM

Bl B AN, AR &,

REFREMHRL, @R UHTER S8, T0H 5N RE L= 00 WA
g, BB 1-DHE M A FARRATRKMEITE. AT A FER, et FEHITN—
NERGBEWOI R o AR RB| AN BR Y EANKR . SobE, LUK B R EHHATA
AT

i

b ®)=1, )+ () (3-42)
is (t) = is_i (t) - is_t (t) (3-43)
1, (1) =aei (1) (3-44)
i () =-i (t) (3-45)
j i) (0, ;(t)edt =0 (3-46)
[i,_ -, ;()+dt=0 (3-47)
KR

a:%; (3-48)

n| +I
i (t)=ai ()=a—=E (3-49)

l+a

, _ aenig -1

i, () =-i (t)=- " (3-50)

X BLE 4B B N B B B 3-13 BTk
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Lo, | L, |
| |
| |
| |
| |
1 t > f >
Li, ! Ly |
| | |
| | |
T 1 > f >
; | | ; [ |
| | 8 | |
‘p_f Fy I | _f r I I
| | |
| | |
| s — | .
_ | I I
| | | |
| | |
DTx Ts DTs Ts
@FE#,EFEHE O EEE:S F-AE

B 3-13 ot HE
ZRwhoBEz)E, REETUAARGA)ETRETET . EE—EHE, LR
BEREAXN DA0.5, CRM ERTHEEESAHFTHES M, ERZFE, TibEE
CCM & T4 & DCM EL T, LA R ME HHELELMIT REIR, 72 (3-42)~(3-47)
HEEF, E 3-14 7% T CCM F1 DCM it o1& L T B9 - #R 51

Ip ) Is | Ip ) Is |

i | I : :
| |

|

| ! T
| . | | : :

Ip_t I Is_t I Ip_t | | Is_t I I
I I | | I I
- | | |

| | — —

| ' | | | |

()DCM T4~ & (b)CCM T4~ &

Bl 3-14 HAEFL T 28R E
C. FRUZZVEWRBEEBZETAER
EXHAFRBRTHRAR ESERAFAAATT ZE, TEHRNIE— P EARL
ZRB - EWFIIRARLT EHR, BT EREEANYREFEMLAE T T IRNEE
B, W, RITARMERLAY LY ZFHAT A, SHATEEWE 3-15 fir.
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I ppsssspp

H L

|
Bl 3-15 SR K & 80w & B
XHR[201F #F T SRRKEN [ EEFHFE#E R, <M I X e w 7 7=
BEARNRAX, LFEAMBERE T 2R ZZ L LR R wE 3-15 fron. WA £ (xy)
A, HEIJ RN K
NI

H =09— )
=09 (3-51)
H (x.y) = 1 H In[X2+(y_|g/2)2] 5
Y=o X* +(y +1,/2)° (3-32)
H. (x,y) = 9 fran[ X 1+ mr}
g T x*+y?—(l,/2)
(3-53)

g m=1,4x*+y* <l

_ 2 2
m=0,yX" +y° >,

XERIES TRAAK TR FE, REARRRES TR, SNBEALKE
HEMAEN A H(3-54)(3-55). EFELBETSEHwE 3-16 B,

Hy& y Hl

QK7 HEE T4 b E & T T4
B 3-16 ~HE&®EFELTERE
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12 pw/2
Q= pﬁJ dxdy|J (x, y)f

w/2

(3-54)
AR TR NCRYS
o)
Qrund d f Iuo H2 (3-55)
2p

REFEETESEA mEEE REA Y D e, aEEATERELT, ARFEEH
BMERIH, XEUESEERNBERANTEESPEHALSRFRIINL G, TE
B RATR, CAESEEERA, BTG RGARA, AR,

Gk, JUBRBTESZHALTRMAELTBRUETRD: TEHESES LIRIBKE
B T 5 R 3% R A AR TR R R A B R R AR AR Pt skin k, Pt prox k VLR HE R4 E A k KB
BT SRR AL, AR TR R AT R PR A B R IR AE Pi_skin k, Pi prox k, Pi firin_k m %
WAEEA T

P = (P s+ P 1)

k=0

(3-56)
+z i_skin_ k _prox_k +Pi_frin_k)

FEERMNE, EAXT, XTAGHHE, RINREFRTRELARNA—ELEA
FAEWAGHE, B2, YUEHRETRRARG LY T XMERG IR, LYEE
LZRGETHAZHEL Rt £,

34 LHER

Eﬁ~%ﬁ,ﬁ%,&m&mAmw&ﬂ%NmMszﬁﬁﬁﬁﬁﬁW%%%ﬁ,
AUBRIEEFAEMCENELT, SAFHTEERNEANE., FEXEREHELEH wE
3-4 i, AGHZBAGEMN., RAEARBLHBHELwE 3-11 fra. AL T 0.07mm
A00.2mm P A LA & T HATH EAT B Lo xt b, &R wE 3-17 Fror.
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— — — =
S — — — —— —

(@)0.07mm £ 5 5 & 4 R AT (b) 0.2mm % 55 445 R A H
B 317 FESHHEE R LA
It fF AT WAt b, AR I, SAE S TEERIBBBEY TR, ik EEA
I-DRESZEMLZEA [-D R, HHHRNERENTELRERFTRFERK
Wil Z. AR ERWER ) BEATARITEEA AT ZH Y9It EAE
FRERBIET AXEHWEAf FEA T EEAME LYY 6 E. Hit, o UAZHE
ARRBEZLWHEER, SEHAEAR#ATHRNRI, HEBIFFLRAMBUERT U
B ik o
WL RHENUR LRSSk 3-2 Fror.
&k 32 REBSHK

R B [f % 30:5

e 7 A ZH =B
BEGKRA ZhAL: PQ2020; A1k: DMR95, MnZn Ferrite

B 3-18 # JF % TE#T £ 7 100kHz, 200kHz DL % 300kHz B, R 18 454 A4 A Rk
BEMR AT AEM L, HE 3-18 Y LULFEER|, X 32 WEASHET, FRMEN
100kHz, 200kHz, 300kHz B, Xf5e4 & (4% 4 5% 0.14mm, 0.lmm, 0.08mms.
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Pcu(100khz) == ==Pcu(200khz)  eeeeeee Peu(300khz) o ®itA
3
- -
= e
= -
B -7
s -
o -
=1 0.08 e
. 010 g4 e
X. -
1 X et -
Neegpaed® -
e oee-”
0 o
0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
£ % /mm

Al 3-18 A2t i &
T AT 5L PR B R T R R A S IR A b, AR AR LI E KR LA R AENLT & SRR
W, Wittnk 33 Frrnma L 8, £ TI-1 f0 T2-1 A F—8l% 4 W1, T1-2 7 T2-
2E AR —BI%E W2, Ay LE 3-19,
&k 33 WHREEHSH

RERRS FF % A % /kHz % 4% /mm Jih 74, e, R B /uH I LR B /uH
Tl-1 100 0.1 281.4 2.73
T1-2 100 0.2 279 2.81
T2-1 200 0.1 138.9 2.74
T2-2 200 0.2 140.2 2.81

B 3-19 S =y E
WHEETEHARLENEERSHILE 3-200 EFEEZHEAAII LT N ERFEFL
TERA W2 EHTERZNFRRESER WL RATEENGFHREE, BEEFEEKNAE
R IT B ARAEZE
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0.25

kW

0.15

0.1
- _______““““‘{________
0

100k

S H

B 3-20 AR A LA E 5T EEX I

WA FE T L4, FFRIAE N 100kHz B, LFNEELH, #F 0.2mm 44 &4
Y520 A JE 25 0t BRI AE G BT 0.1lmm AR M S Z E B AR E AL 0.1W, it E AT
BHRFEZ K 0.069W; T XA E A 200 kHz B, SZI T, /A 02mm &F S L&HE4A
T EBXM M ABALER 0.lmm A EMWE AR EEWHRART AR 03W, it H &8 #H
FEEH 0306W. FTULLI, EAACRYWEHAREERTEEIWHRELSZRNER
AWM EEAR S MY, METHANEMRENEZERE THNERE, YRR
Rl £ % H & .

Lk, SRHEEBALEE CRMEXTHRHE ERZNEH*THREINEZ—
HHEREFMAEEHERE, ERATERATE THARERNITEER, £H2EH
P TR RERE, HAEETREESH 180° o FE, ARNELEE—FHER
BHINMERESL, R—ENX LREEFE KT, ANEATERRAERHTRE, &
LRUWT —MHHANERNTREXEELEHM SMPS ZEBNEAFHELATER, F
B, AZERNNE LGRS, FEIHR TN T EHATT RIE. &5, BLRRH
WAL JEBHATT MR, AT ZER AL LA T EXNEHE,
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F4F REHFETRER R IH K

ABETEMRBEETHESEEEFRTARMER, &ML, AFEARAT
R T E B, A ZEREM P HET RS TR RS £ EBARE LY
EEEG, ANEEEEERE T —LXAE TR ES, REREL - W EZRRT
MK
4.1 R B A T3 B A A

RO e e T 0 TR 2 AT, TR B F e A
THRUETHARRE, RARAETHRNEESN 42—, AR EHAN RS EEEHE TR
MR HATERD, R gEETHEEREER0E 4-1 @FT.

—ANFENEETRESE, Ea=Ho4Kk: 2FE, BABER, BUi. 2%
B, B dvdt £ FEFRIET R MOSFET & Q1 LR B —HE D2, R EEHE=
RA QL An D2, ARAER SR RER Fn, XHEW dvde Z K, B E AR
EHiEEER AN, FE£E, WEFXHAER QL v D2 FAmaym ERMA UL, B
FHRA —maarEmeve ERAEH, BIEF 8 hot point 1 41 hot point 2, T % — 3 |
AT —MEb RS, £ EMISRF #ATN S0, FEEMASmEA LISN W%, i
B, " [E B AT A B BERALER 9 LISN W& B xf i A A S0Q S e[, % = B B A4
BAENMEMMEWBRESR, TEFE=LMEHERA, BIE 4-1 (a)F 8 path 1, path 2 LLR
path 3.

| I_ R

T Vi+Vy/n |
u

A
Vak

\4

\4

= R
\ 4 \ 4

() AETHEZRERE OES &7

Bl 4-1 R HETHREEREERREHT
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H P path 1 28 Q1 MiZE TR Z 19 09 %7 4 8.2 8, JE Bk & % hot point 1 2 ¢
M—NEAKR, RF R AR CoAIT AM, ik LISN M4, HBET T EERNH#
LB Ql. FI#M path2 2R FR QI — A MEER, ZMABEETEH R ERREIL
M R SR, RFRLFERE Cuitmali, FELAMFMA LISN ML, &
JE MG E QL. T path 3 M2 B —# & " & R HY B E Bk & hot point 2 B — 84
Bg, ZBAREEEERREARIEE AR ERE, F BT AEBE Cuii 2R,
ZHAMHEES| L LISN W%, BEEAMKE DI, EFx E, L FEAL MOSFET o8 #A %& #
B 5EH bat, FAEBEA, QI B ENART £ EE, X#EERT2RAEL,
IR A4 LISN & jo v, ®H L F ZEAEWN T B % £ E & path 2 1 path 3,

42 R EHEFAEERITH

WAE LR, LUK E 4-1 (a)F Bk Bl 4-2,

RAEE 42 TURBUTER: XAANERFRSEHTHEFRERWH, XHEZAHA
FWALRHERET Tl A ERFARANERI T ERNE N B A HTES, T
DEN, ZEEENH EMI FAEEEZWER.

Zpath []
Cps_ — CSD JE—

A ! IS

. |-
I Icm lps g
| \ 2 | P

Bl 4-2 M T4 F 2 3
TEE A E 4-1 FroR s AT SR s R ey A N AE T
ERBAEE TR EFNEEEELRD, ERAT, BT EBNEMT E58H K
WL E A, R 28] i oy AL s R o LT A

dv
—C, —2" (4-1)

Tos = ps.?

R, B F| Ry AR R
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dv,

Iy = Cye—p (4-2)
OB LA R T 2, WA
. . dv dv,
o =g —ig, = C dt"—CSp " =0 (4-3)

WEE 4-1(b)7 VLA, % R(4-3)F R dvdt B8 dvdt K I 5, BERAT
SR EME TR EIA, TTUNEE Cps LR Cop 3 AN, LLRIR/NR 8K dv/dt N
F, MERBERKE, BREEUFIRE AN Fes ey EE, Fob, 07T Ao 4
WHEFHRBRANRT REAR AT A MKk, NgFR EHTHIRE. BENK
HRGEAET —FHATEANEA,

4.3 #4 K we

E-WRAT, ARBEEF, AATENEEREBARBET MEMRN, %N
A EIE, TXHAEAXR BB RETRBHRBHE, ATREL—FHHHE
e E T AN, R T JUMET R EHEES T4 KR, J+ 20 A0 AR 37 4 R 2 A
BRARHENEHHTTER, &, EXBYVHTTHANEH LR,

4.3.1 X HR ¥ Hh 25 A I SR e

X HA[611UA Boost A 6, ®iT T — Mt Ak dh &4, HAF LR F IR B E Bk
B, WAEERE S AN dvdt FARE, #MERT EERFEL FNT L
I o SCER[62][F] # % Boost B, % By EMI 1% AL 34T T 447, JF 2 EMI S0 s B 5|\ T
EHE A A, W 43 TR e BT Vieise 27 R, Zis Z2, Z3, Zg K% RLEIALEY 3
S EEA, Zusv A1 LISN B 4 89 T 471

Zy

VARY Z,

Bl 4-3 B A7 AP A A
L7 RS HH R T XA, BIAR AT, M LISN P4 [ 4t Eim it oy iR
A0, XA RE WA FEEERAE,
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Z, Z,
2.7 (4-4)
RAVT UK LA BN A B RSEI T, AT REAEHRBEFLEN, RERHGHENE
WREE 4-4 Frore Sl XHWE 4-1 TR, BEREAEHAZRT X, BT
MOS & F ey B mAF10 A — %, —REHMBE ST H 7 — .
BANENRITAE Ql mAWEERFWEIER, K iZEINEREIE 43 TLIF
EILLT 5%

Z,=Ly, (4-5)
Z, =L, (4-6)
Z,=C,, (4-7)
Z,=C,, (4-8)

FE, UEEFR-BRE D2 WABEESHER, HEFREE 43 [ LUFE B 2R E 8
B AT U S K

Z =nLy, (4-9)
Zz = anz (4-10)
ZS =Cpsl (4'11)
Z4 = CpsZ (4'12)
1l
x 3 B
LsN_ Us C. .
[ : - o
. | i Ql_l D, %
N—000> .
: I
= = :
. | x
50&2! %osz ]
i

=/ S S S S S S S S S
B 4-4 xR 444 R EkE b
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RIFER(4-5)~@-12)F LEE], LR UT G, A %R TH BB N ED#E S
Wk B F AR A, thEF, LISN B H Fomid iy s m &/

Lml _ CP51 =k
L

(4-13)

WEELFTZEEUR —BERLHE R, B k=1 ZILRAHEE, BE R fE
HEEER o R EHAREFH L, KHEESEN AT E&RT \mH%. BEE
FEHEMWE 4-5 Ffror, B RESNAEN AR EFUECEE, ANEEKFRED N
Bl GRARE, TEELRENARD AT . KA HEMRIET X (@4-13) 2L 85
AFETL, ATHRNENAAS, A LET 1, AA#HRd=d, BT,

5 =

B 4-5 3 R4 4 RO8AE

4.3.2 W2 158 4L 5 5K W

ERBEET, TEBZZEN, AR R DN EEEFRRET BEREE, AT
REGmBREmE O AR, BAZERGR, FElASEHRR/RE, AR TEEES,
FElilz B A A Gk L H pF, BN TEAEERREET —A/NEFH
HeHE, HTRUMNEERET XA TEAWEERET L, BEIERNHERER
AR AR R Z B A — AR B SRE RR A, P RSN o n R R
W s L, BRENERREN, ERNEAZE DN ERENMEE, HRLEFR
FEANEETHREIRKEEBERERY, MABETE L. ZRKRENEREH R
MEr £ TR EFN EEREWE 4-6 Fror. HETN, RASFRES ANEEEE T F
JiZ LISN P4, [ERE|dEF IR~ W AR P RaHIk, B, BT REEMTIH
T —AFTH A, BB SR A vt R A B oy T X AN LA T RABEI U E IR,
B Con LR KB R B U 0 A B Cop EA, FEAREIURF R AWEERER ER X
B BANT, XA EREREFNRBERKTGAT, MEATERINEFEN.
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1:ng:nNg Co
Csp

- Cssh

7 et

Cpsh I

ilas |- T

=/ S S S S S S S S S SSSS S
B 4-6 R E/GAMETER

AT e D F e fEE, RNFEXFREZHTRE, XB[63]XA T
o RBHI TR, KMo R AR R E R, TR AR R R a9 R E U R R 5 8
WABEAKHE . A, ZXEHT R T Bk B E DR X FHOR B . STIR[29]7 42
GAXEBENRHREHT T EABWHAR, Ehot, aTERESET, THRENNHER
HEREREL—HH, BTl NE B Z 8 A R xR AR R KT R 2 J8 B xR TE AR
W, XU ERENEEEMRE, X EEs AR NMEFEE RN, ZCH 4

”%%&ﬁ?”ﬁﬁmF%&‘ﬁ%oXﬁBM%HELNmS%ﬁ%ﬁKE%EEW
HEFNEI, RET —MRERH o FREMN, E158|2 %5 68 B o #H R 27~ £ 85
ZREBZNUBRERDAHEE .

ETRNXAWNZFERES, DU ERAXBMERHF TR EBEHTEA. XEHA,
ETFEREENSARRT N NTEANREARES, AERERAXEANHEINFE L,
Bl AR AR, H i RE#E o oA LR IT X A8 o ax 2 A e SR 0 ik 3 1 B 9T
DLA RS, WEtN S RHEN A R#EA. TEARNEASERRAHATHE EENEHE
BV AT AT
A. R R A BB A AR IR

BRBAVR AR LB By EE R, g wE 4-7 Fron g s i oA, o U
3|, RuBesaltwgEs AR, - ERAGEBCI B AMEE, £ -8 FELE
HREEE LR E. P, RATEN W,, BREATEN W

("~
]
I
|
Lo T %mmu
I
]
I
]
I
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Bl 4-7 4 B B 25 0 A R DA R 0 77 A Y AR L RO B
R EEFRESL x B, W TRASGE LW ELH, A

X
Vpx :VpO + V\T (Vpn _VpO) (4_14)
p

i, Vo ARAZRARAMEE, Vo ARAZEAG R MEE. B LREHT, &
W An g i 2 (A B EE A B Cpso, T AN B8 BT RS BB G BB A

__ S g (4-15)
"W, W,

AR B v A Y FE IR R R R DAAR B R BB R T

X
d [VpO + Wp (Vpn _Vpo)]

dC

dv C

di,, =dC, —2 = —"° dx
at W, -Ww,, dt (4-16)
— psO de den
(W, W) W, dt
TR B BTG AT R, BITRT 45 2 R 4 22 2L U 2 &Y 321 58 41 B 36 AR WU dps

P J-W,, di - pr C 0 X .den
T e W —W )W dt Wi
_ CpsO[\sz _Wshz] den

S 2W, -W )W, dt
mERFTN, BT EETEERBGEEN LR TR, Bl E| 82802538 K LR
Y

_ CpsO[\sz _Wsh2]
B2W, W)W,

FIEE, *A &2 B W A BB 2 oy S s R AT A, T LAAS

(4-18)
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= [ dliy, = jf&idxdv_h

W, W, dt (4-19)
_ Cao, Vi
2 dt
C
C:shs = 52hsO (4'20)

HE, Vo i B GHEE mMEE, Van HBEBSGES) SN EE, Couno FikEFE|L
Z |8 By S5 A B A

Jkt, /‘}\/3]5)}: )? {ijﬁ'/ffglj {Jé]/j/ué]/j @%%/)ﬁ l'psall}b

o dv,, dv,, dv,,
psall = Ips + Ishs = Cps dtp + Cshs dth = (C + nsthhs) dt

B. B %FAFRMEAEIRANESEER
BT R HTEI T B R By A R, 4
=

RAE—, E2Z"%

(4-21)

\4

BUAREE R A E 4-8 TR, T~
B HHEABABRE, 25N REkEMEL
H, AF, BlARHTEN W,, BREETEN Wa. B, FEIUSRH FWNEESH

X
st :VSO +V\_/(Vsn _Vso) (4—22)

B, VoABlUSEReMEE, Ve ABIREA S MeE k. BITFELEZ 2
Y B A 7T R R B A L 2 A K (4-15) BT, X RL B BLUR T

X
d[Vgo + — (Vg = Vo)l
C s0 sn s0
di, =dc, Mo = _Zo0 g, W,
dt W, -W,, dt (4-23)
CPSO X Zd stn
TW W)W, dt
Vpo .
Y E A
Wsh
Dl b 4
- dx W
X
<
<« |° v
' Vg

Bl 4-8 #F R A R 2 A A LA R B 2 7 R Ry R R T B
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xt BT R B R T AT g, B AR 2
s Vish 4= s 'Vsh C S
isP:J-W ! dlsp:J.W : - LdX dvsn
0 0 (\Ns _Wsh)Ws dt
_ Cpso (\Ns _Wsh)-dvsn
2W dt

S

HEXRTTN, YEXEHTEERBEE THEEXTH, Bl 2R 26 % % 8 5 LR
T

_ CpsO (\Ns _Wsh)

o= (4-25)
FIFE, XK E#HFRSAR B 0y R E e R AT 4, LIRS
ishs = IWi dissh = WSf CShSO idX dvsn
W, -Wy, W, -W, WSh WS dt
) ) (4-26)
— CshsOI.VVs — (\Ns _Wsh) ] stn
W, W, dt
CshsO [\st — (\Ns _Wsh)z]
ssh — 4-27
" 2Vvsth ( )
B, A E 2 Bl 22 M A R 22 0 B 5 B 36 AR BT dpan A
L dv,, dv,, dv,,
Ispall = Isp + Issh = Csp dt + Cssh dt = (C + Cssh) dt (4_28)

C. HR#RwsH AT
£ ST AT T AR NG 1 & 2 A AR R R DR B 2 MR 1 R B AR R,
HETHREHERY L, KHAHE R W EMERE, Fi, 3R EE
R T RIAA R, 165 a4 T AR

ipsall _ispall =0 (4'29)
K (4-21)(4-28) RN (4-29) ¥ 1%
(Cps + nsthhs ) =N (Csp + Cssh) =0 (4'30)

A7 1 5]
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CPSO[\NPZ _W5h2]+n CshsO
20, W, W, )

=N CpsO (\NS _WSh) + Cshso[\Ns2 - (Vvs _Wsh)z]
) Z\N Z\NSth

S

(4-31)

AELREXTULI, SRBUANRAEMSRAR LG, HEFR KL, BIHAE
WL RE IE 3 AR B HH, W LB S 508 R OR BB 2 B A S B Cono, BEHUE B9 B
WS Wan, VLR BERE SR nos

LR L, N TRAXEEM S, TRESLAE N o A e 27 B HFATRES, Ft,
JR B 14 2 JB] Y 45 A e DA R W R B B 2 (] e 2 A e R DU e T RO

H (VV _Ws )
Cypo = 75, %“ (4-32)
ps
HW
Cono = E26p—1— (4-33)

shs

Hebe AN BHEE, 0 ANEEEH, HABSEOGE, dps HREI UL HEZ 51
PEE, das N RHKEGEB L Z FHEEE . ¥ K (4-32)(4-33)R N 4-31), FTLLEH, 4RH4
AAE|AGRAME R REMBEZ G, @3D)HEMNT Wa X T5H 2 5 B85 0 7 ik
BRHATEHW na 9 —MEE KR, B

W, = f (3—:%} (4-34)

R Ry A R Hh T B A B 4-9 PO, E AR ALAT N R HOR §E B 1 S0 2 R AR AT

BE dg /d,, RELTAREZ G LB mE L g, T LATN A 5 #OE 89 5
EW, /W, .

WETHE, UL, YEKEGEIAMNELHn /In, K 1, st ZF&KES &4

HREMNEEN, THREEEBLEANENERd, /d, A% D>, RERHZNAE

FEW, /W, 4 1, NI HREARFNEERE. XEL—FRIFNER, HAXE

vk & RUVRAL B WCE A B SR LR R A R BBk AR B x50, Bl HH R E,
RoE R S ILE; BB, XAPHE 7 XA T BN R ROR BBl 14 S8 4 o A8 2 BE & R B EOR,
ZHAKBNT HRAZEE T IR ENERK,
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fite g R R |

H 49 REKEREBHGEREE

4.3.3 FIH LA I 5%

B T o B #OE B RS, SCR[28, 313 B T — A s An ik V8 48 4 0y A5 T30 47
#l ke, ZHRETEEWE 4-10 Fror, 4 E ()b R URIRE S H = B E IR
WEANTEE, EO)AEIZmEmE#EaRm A ANTER., dEF 5, REEEETT
RWMSGANXAET, WHSEFRTRE| FHNER, mEBLFI WA —A 5 R %
FAER KRR, AR A 2 8 WA LA RS A TR, X kA A
MEHEATES RAGHAR MGEH, FH T EEBEERANEE L,

l:ns:ne l1:ns:ne
Vo T Ve Vo
A ° |ps ICS [}
> > A <« —>
X -> -> X < ->
> -> -« -
Wo dx -> Ws || > We dx -« -
¥ —> - £ -« >
3 ° le Vv sp ° scye
VSO VSO
(a) B 1 LR AR 56 40 7= A B SEAE BT (b) Bl 12 7= A Hy 3L A% LU

Bl 4-10 7 4K 58 430 J 28 - A e 2 DA R 36 A e U B
MIER BB TERE m, YAFAERBEEAN, RAFENEF & EFHA; 4
HMHEEAEN TR U WENSHm RS — B, RUREHWEE Z2MHE, WEZ
FRAEENRE b E AL,
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DRI, FE-AWWEENFEL, B E—MEFHELRE, TAXETHW
O o T T B RS Bl B B AR R B R R BEAT AT, SET R BRI T B A AR A

g AR AR AT 24T

Fl#E, RuSEHE LT n W wR(4-14) 7R, Hob &4 EMoT A 5 By o w8 H

H
deszgogoo
ps
Hob, Hy HEHRAREE, dp H R DA 2 FES.
B K (4-16)(4-17), FBEET FRA KRBT ESE N
H dv
:J’Wpdi S :J'ng.go. pidx. pn
o R d, W,  dt

ps

HP
W
P dv

ps pn

2 dt
Moit, R BB EF R AL KT

g8,

CpS :gogoo po p

ps

Bl A R SR A - A Ry AR R L R A

I, —.[ di I:v £y " XC XdVCn

. dt
gogoo L) c dV
T2 dt
Ccs = 8.80' HC .WC
2

B, HARAGAWEE, ds HREB| 25 H 2 8 01 BE 5
Bl - g AR R UL R E RN

dv,,
|—I dig +I dig _jo g-god V\)/( X ot

ps p

51

(4-35)

(4-36)

(4-37)

(4-38)

(4-39)

(4-40)

(4-41)



RN T e L A0S 5 4 BRI T PO ] S

F e, dRfEy g AR R A

. L dv dv dv
iy =1 —i—i,=C 2-C N _C o— 4-42
CM ps cs S ps dt cs dt S dt ( )

BixEFEEE Y, Rond, aldSHAURRHREN NWERAGESE, WhH
A=HW, =HW, =HW, (4-43)

Wb, HEELIAEEFOEEIRE, AAE

lem :Ips_lcs_ls =0

= 1 n 1 + 1 en, =0 (449
dps dcs dps dcs
LR T RIURARHAE R U R A Z BN de, SRELHSELE AN
AR, ZEBAXRTHIGHS RN ne 9B %K
n.+n
d,=f =——". -
cs (nc) 1_n ps (4 45)

B ns=0.16, dps=0.4mm, W £38 % A 09 & B & 4-11 froc. B F W, EHRH
SUASRUAMILA 0.7 £A, YMEEAZNEUES R 282 E%HEFHEE, &
LHEFNHEELRE MLEL/ANT 0.7 6, SEREHLRE, HEERHEZELEL
SUEBwRUSEENR; Rz, WRERHEEEAW R AR Bald R E Fx, SHHE
A R i SR LA R A B Tk b, B RH SR AL R B L BB 0 R BB 2 B 1.38 .

1.6

S e e = —
= = oo — o =

HER SR AN AHE B es/d ps

&
.

=1

0.4 0.6 0.8 1 1.2
RESEASEFEA@NEN ¢

=
o

Bl 4-11 S AA X BEE 5 HE R A ok R

52



RN N T e S A7 54 T ARSI T PO R KA g

434 Win AW B AHER

EXF, FTRRBERE/GHAMG R TR M EAMG g, RWF LAY THE
TEBEMFHFHT —ASF—HBhRE, HAANEHRERWE 4-12 fin. & THr
S Pty ERRADN, EEANE, EMRAVBRZM S0 E T & X 4030 5= £ BN B
A, Hit, WHXFAMTESLEHETD ANBTRE > FwE 4-12 MR, @@T
¥, BRGHARTNKEERB U SHZ N, Al xR E A ERABGREET; MK
HoEN — R RE AR A2, TR ERE I EERETHIRET.

S Winding
Sh Winding
P Winding
P Winding
Sh Winding
S Winding

() B SEA L JE &M T R E

>
<
>
S Winding
P Winding
T

C Winding

( FHRHRALESEMTEE
Bl 4-12 Wi AR E & ST EE
XHIGAHER T # B HATRERG T, MEASEASWFLANE, HLE0LP
ERUMB R, BT ABMIRR, KU, BRELRHEERAT T, 474
BB, TR, FOERANTAARRER, RETERANEAZ—, TE
BATRHE A P58 L BB AT
B RATIAM PR L2 B A AT, MLFZE SRR AR AR E R
FRESHTLAT, Bk, RS, RIEALRCG-12% T ERHE, BREAFNH
RHEAH A H, A
:
QU = [} 303 * (1

" (4-46)
=—(F() -2F,(&))
oo

M AW ECEHRFA AN, £, F_FFWRANI-FRARKLEA,
53



RN N T e S A7

54 T ARSI T PO R KA g

S E

44 LB ER

)
/N

ATETHRXM, BRI T — R FEMITFEa T BB FExEes
HRANBRMNGHEN L, AHEASZENTEER 23 RET, B2y 3HHE TR

ARIBIRIRIE, & B TERR

H

MR FwE] 4-13 Fror. EF, B4 N EA EN55022class BITE B EN R & 4, %

FiELHEEA A RE AN AL, Wi, AR E MR AMAE 13.76MHz

i B 7 1B (5 2 4 88.21dBuV .
© ‘ Wil
| “\ H]W I H\M \H A
Z o = |
E : I‘IT\ ‘ ‘ i |
= A ,H | |\ k Ii
“ a/ .ﬂ ‘.“L |‘\ ‘ H ‘ |‘J| “ J}
o 1 #1528 /Mhz .
Bl 4-13 B3P0 4 R4 T KOsk i AR =
R 431 Z T R e RO — 3 T S R B R X AR
HLHATHERENNE, REERWAT,
E \4f,/f\u\mfvvaMNm\
é 60 """-- | -+ — m‘vl
Dol w'}'}
20 LH I
. WNF

EAh, X

M KWL, FA

$1% Mhz

Bl 4-14 xR4T K i g &
54



RN N T e S A7 5 4 B AR IR K] S

FIEEHY, EAANERRT L, LHNEZAATETERESRFBEGLE L, LUK
A, BLZIWH KRR F R E N NTERFEA LR RS G, FERFRET T
HHIH A E 4-14 F, R F W AEABEE 19.3MHz £ 4, X M By = & & % 71.2dBuV,
X T AT FwcHE e R R 25, KT 29 17dBuV,

BTk, RIEFRSARSE THRRRR, 4, Rt —RLEENHF 6 432 F1 R
WAt R A FE R EHR T, SE#TEFIR, FEWERWT, 2FHRA
&AM 13MHz 72 %, X 5B & 181 % 77.53dBuV, #8 % T Jo (AT B k5 i 1 % B 2%
1% 7 29 11dBuV.,

100
90

30

60

50 I|‘
¥ ‘ H
w0 A\ « \\
-~ .ﬂ' \ |1
| “

S/ dBuY

y

/\mﬂw\w\

30 M_J -
I
20 \ill l\lwhl ll

10

M

0.1 1 10
471 Nz

B 4-15 wR#EFERES T RGEEEEES
BT AR TN K | NCP1377B 1B A =&/ LRI 2176 fr, Tz h & ER B4
4, FH,RATE BT DU R AR RoE A, REATRE MG, XA LG Z 0 B
WO R E B, BAHE DA R E, ElAT, WA A ry R RS b E i DU
o ERHB AN RRAAENEER T2 AN EFNEERWE 4-16 fir. %7
W A B AMEE 12.6MHz 274, X M EIRE G 4 75.6dBuV, X T T EAT B #icH i 8
TIE#, KT 49 12.5dBuV, th T1 BT o A E WM T — B K.

55



RN N T e S A7 54 T ARSI T PO R KA g

100

90

30

60

50

PR/ dBu Y

40

M

30

20

10

471 Nz

B 4-16 HB S EE A RIS EN-TERER T R BB LEEE
EEVUARAGHEE N ELENTEAEABRSERETEETHROINE, X8
Bk —FHAFOFAE, FRBARERE. ERARAHSREAENRREAENEE
T3 RpyEENESERWE 4-17 i, RFHRAEAME 12.8MHz £4, *RH
e E MR A 78.1dBuV, M T LEM FH#E RS E ES, BIKT 27 10.1dBuV.

100
90
80

70
il |H|\HH\ i

Hﬂ A

60

50

T/ dBuvV

40

30

20

10

0
0.1 1 10

471 Nz

B 4-17 #o R HSEMEH RREANTEEEE T RA LS LR E
THERRIMHEHAME REN KR, R, RIEF 433 FHRHLRBENF 4R
HHHAANEERE T4, WELRWE 4-18 fir. EF R AEAMAE 11.5MHz £ 4,
X R A 76.5dBuV, X T LEM FHECE R ER, BIKT 47 12dBuV,

56



LRANE 2T w2 VAT 5 4 5 R YUY KA S
v \‘;‘g\ ;‘ | {
ol T ‘-\ { ﬁ]
-:t 50 M ‘ |
: 40 - | H ‘|| ‘|‘
R ‘._ \I \I\ NI \
io ) t \d .r\l‘ W”‘M“N
- 1 #1% /Mhz :
Bl 4-18 #r il VH SR L oy F 1 & E 245 T Rk e s v =
WELRERLH, OMEMH R AR ESES THERNFELES, H8EF 10dB

PLE AR 8%, JF B e 1 B el BOR Z B D .

B2 LAY —BOR B

Hy AR

FMAGERE T ENEAEAAELR A ERFAFEERNFES KN EERE

R EAEFAERY, BRERZNFRNEFELT2EFRNEF, MOS &K&W
KEEFEER. & 4-1 %W T X WA 58 4 R e ey 4 & Fn e S By H 3o
*k 4-1 WHAEH AN TE T EE L
T EBRE & B A
& O F F &K
Tl 2R
BB AR A
rEx R EE ORI R E
T2 ] £ 77 12 A A 5 4 5] AL
ERT WA AT
T RBGEAT T
HFOFRAERE
T3 BENFE AR RAHTFERE
BWANT B &R
R E
#m T FAM R A
RE—EMW A #F O F| Bl F A8 X PR
T4
25 M B3R R SHNFEEREERLER S
IZREERE

57



LRANE 2T w2 VAT Bsm g5 RS

FoE RESRE

5.1 TfER&

RSB SEEET VTSN 2, MEEmAft, a2 EENNEESLS, AT EHE
WABEYI T ERE A, AXA RSB T RS, ER T EH AR, SAREUR
EHTFRESHEE, Fas gAML b, 4 KT B A R AL, 2
MY EREATRAGR, AEER BB SR, EHER, DR EBEEH EMI
Wl e, ER EREEE, EEMT T IE:

1 MR BB RERT TR, TEAN T IHM SEEA LR HAT £
A, FExx A R S RGBT IR A L, A R CHRAEEER”, “F
EHERER, “BEBEAEH” X=AEE, RETER T RKEEEEEHKREN
SE # A,

2. MR BB WEARAERTRAR, FHALE TIEMAFREA, xR
Tk BRI KR R B R AT BN R E#AT T 07, S48 Rk “ 4%
PR ER”, B AT EREE”, R AR T AT 180° HAL"EEE,
BHTERATFREEEEEEMARER,

3 A RS EETHESNE, UREEEEL TR EA. KExTHET
BEBWIHEF RN RE, BSHT AL ERF A EREN L, FRFR Y
SR T LA S R s, XX R R K e AR F AT T R AR,
BT URIERE T ZA4H %,

5.2 R4

AXERERER BB R EBEE, LR, FHHRUK EMI £53#TT —#45
B, B TREER, %A A B AT RENEERIT, KFLT UL T LA
HE IR T

1 MBRHEEAE ST EFENMNEE, Steinmetz A K HAT AN R 2 —FEZ
BAR, HETHET — RS LEAT L, ORI DR b o A T
FHAE BB E MR,

2. BT E, AX R BN EHNEERHAT T HAHEM, T OUF ARSI
WHERETEEEL L, AR EEA UK EI AW TELEREE LG tiHA,

e T XA RL B IR RORL, AR YRR DA R 3 S R M AR AE HEAT B AR
58



LRANE 2T w2 VAT Bsm g5 RS

3. T EMI ¥ B, 1 DASHAE R S8 4 A Rl S8 48 o o ] LR B e R B AT
ot A, TURELHTFESRE Bitk, BXEARAREE £ REE I
TR B A A0 e

59



LRANE 2T w2 VAT 525 3Lk

53 Xk

[1]

2]

[3]

[4]

[5]

[10]

[11]
[12]
[13]
[14]

[15]

REINERT J, BROCKMEYER A, DONCKER R W A A D. Calculation of losses in ferro-
and ferrimagnetic materials based on the modified Steinmetz equation [J]. IEEE
Transactions on Industry Applications, 2001, 37(4): 1055-61.

STEINMETZ C P. On the law of hysteresis [J]. Proceedings of the IEEE, 1984, 72(2):
197-221.

ALBACH M, DURBAUM T, BROCKMEYER A. Calculating core losses in transformers
for arbitrary magnetizing currents a comparison of different approaches; proceedings of
the PESC Record 27th Annual IEEE Power Electronics Specialists Conference, F 23-27
June 1996, 1996 [C].

JIELI L, ABDALLAH T, SULLIVAN C R. Improved calculation of core loss with
nonsinusoidal waveforms; proceedings of the Conference Record of the 2001 IEEE
Industry Applications Conference 36th IAS Annual Meeting (Cat NoO1CH37248), F 30
Sept.-4 Oct. 2001, 2001 [C].

VENKATACHALAM K, SULLIVAN C R, ABDALLAH T, et al. Accurate prediction of
ferrite core loss with nonsinusoidal waveforms using only Steinmetz parameters;
proceedings of the 2002 IEEE Workshop on Computers in Power Electronics, 2002
Proceedings, F 3-4 June 2002, 2002 [C].

SHEN W, WANG F, BOROYEVICH D, et al. Loss Characterization and Calculation of
Nanocrystalline Cores for High-Frequency Magnetics Applications [J]. Ieee T Power
Electr, 2008, 23(1): 475-84.

LI Q, MU M K, LEE F C. Analytical Core Loss Models for Planar Inductors with Non-
uniform Flux Distribution and Non-sinusoidal Excitation [J]. 2012 Twenty-Seventh
Annual Ieee Applied Power Electronics Conference And Exposition (Apec), 2012, 1783-
9.

MUHLETHALER J, BIELA J, KOLAR J W, et al. Core Losses Under the DC Bias
Condition Based on Steinmetz Parameters [J]. Ieee T Power Electr, 2012, 27(2): 953-63.
BARG S, AMMOUS K, MEJBRI H, et al. An Improved Empirical Formulation for
Magnetic Core Losses Estimation Under Nonsinusoidal Induction [J]. Ieee T Power Electr,
2017, 32(3): 2146-54.

YUE S C, LI Y J, YANG Q X, et al. Comparative Analysis of Core Loss Calculation
Methods for Magnetic Materials Under Nonsinusoidal Excitations [J]. Ileee T Magn, 2018,
54(11):

DOWELL P L. Effects of eddy currents in transformer windings [J]. Proceedings of the
Institution of Electrical Engineers, 1966, 113(8): 1387-94.

PERRY M P. Multiple Layer Series Connected Winding Design for Minimum Losses [J].
IEEE Transactions on Power Apparatus and Systems, 1979, PAS-98(1): 116-23.
VANDELAC J, ZIOGAS P D. A novel approach for minimizing high-frequency
transformer copper losses [J]. Ieee T Power Electr, 1988, 3(3): 266-77.

FERREIRA J A. Improved analytical modeling of conductive losses in magnetic
components [J]. leee T Power Electr, 1994, 9(1): 127-31.

LOTH A W, LEE F C. Two-dimensional skin effect in power foils for high-frequency
applications [J]. Ieee T Magn, 1995, 31(2): 1003-6.

60



LRANE 2T w2 VAT 525 3Lk

[16]

[17]

[18]

[19]

[20]
[21]
[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

HURLEY W G, GATH E, BRESLIN J G. Optimizing the AC resistance of multilayer
transformer windings with arbitrary current waveforms [J]. Ieee T Power Electr, 2000,
15(2): 369-76.

TOURKHANI F, VIAROUGE P. Accurate analytical model of winding losses in round
Litz wire windings [J]. Ieee T Magn, 2001, 37(1): 538-43.

WALLMEIER P. Improved analytical modeling of conductive losses in gapped high-
frequency inductors [J]. IEEE Transactions on Industry Applications, 2001, 37(4): 1045-
54.

ACERO J, ALONSO R, BARRAGAN L A, et al. Magnetic vector potential based model
for eddy-current loss calculation in round-wire planar windings [J]. Ieee T Magn, 2006,
42(9): 2152-8.

ROSHEN W A. Fringing Field Formulas and Winding Loss Due to an Air Gap [J]. Ieee T
Magn, 2007, 43(8): 3387-94.

ROSHEN W A. High-frequency fringing fields loss in thick rectangular and round wire
windings [J]. leee T Magn, 2008, 44(10): 2396-401.

ZHANG J, YUAN W, ZENG H, et al. Simplified 2-D Analytical Model for Winding Loss
Analysis of Flyback Transformers [J]. Journal of Power Electronics, 2012, 12(6): 960-73.
FEENEY C, ZHANG J, DUFFY M. AC Winding Loss of Phase-Shifted Coupled
Windings [J]. Ieee T Power Electr, 2016, 31(2): 1472-8.

DIANBO F, KONG P, WANG S, et al. Analysis and suppression of conducted EMI
emissions for front-end LLC resonant DC/DC converters; proceedings of the 2008 IEEE
Power Electronics Specialists Conference, F 15-19 June 2008, 2008 [C].

CHAN Y P, PONG M H, POON N K, et al. Effective Switching Mode Power Supplies
Common Mode Noise Cancellation Technique with Zero Equipotential Transformer
Models [J]. 2010 Twenty-Fifth Annual Ieee Applied Power Electronics Conference And
Exposition (Apec), 2010, 571-4.

KONG P J, LEE F C. Transformer Structure and Its Effects on Common Mode EMI Noise
in Isolated Power Converters [J]. 2010 Twenty-Fifth Annual Ieee Applied Power
Electronics Conference And Exposition (Apec), 2010, 1424-9.

MAINALI K, ORUGANTI R. Conducted EMI Mitigation Techniques for Switch-Mode
Power Converters: A Survey [J]. Ieee T Power Electr, 2010, 25(9): 2344-56.

CHAN Y P, PONG B M H, POON N K, et al. Common-Mode Noise Cancellation in
Switching-Mode Power Supplies Using an Equipotential Transformer Modeling
Technique [J]. Ieee Transactions on Electromagnetic Compatibility, 2012, 54(3): 594-602.
CHEN Q B, CHEN W. The Analysis and Optimization of the Transformer on Common-
mode Conduction EMI in LLC Converter [J]. 2013 Ist International Future Energy
Electronics Conference (Ifeec 2013), 2013, 168-74.

YANG Y, HUANG D, LEE F C, et al. Transformer shielding technique for common mode
noise reduction in isolated converters; proceedings of the 2013 IEEE Energy Conversion
Congress and Exposition, F 15-19 Sept. 2013, 2013 [C].

CHAN Y P, PONG B M H, POON N K, et al. Common-Mode Noise Cancellation by an
Antiphase Winding in Multilayer Isolated Planar Transformer [J]. leee Transactions on
Electromagnetic Compatibility, 2014, 56(1): 67-73.

YANG Y, HUANG D, LEE F C, et al. Analysis and reduction of common mode EMI noise

61



LRANE 2T w2 VAT 525 3Lk

[33]

[34]

[35]

[41]

[42]

[43]

[44]

[45]

[46]

[47]
[48]

[49]

[50]

for resonant converters; proceedings of the 2014 IEEE Applied Power Electronics
Conference and Exposition - APEC 2014, F 16-20 March 2014, 2014 [C].

LIN F, CHEN D Y. Reduction Of Power-Supply Emi Emission by Switching Frequency-
Modulation [J]. Ieee T Power Electr, 1994, 9(1): 132-7.

PARK H, KIM M, JUNG J. Spread Spectrum Technique to Reduce EMI Emission for an
LLC Resonant Converter Using a Hybrid Modulation Method [J]. Ieee T Power Electr,
2018, 33(5): 3717-21.

MENG P P, ZHANG J M, CHEN H L, et al. Characterizing Noise Source and Coupling
Path in Flyback Converter for Common-mode Noise Prediction [J]. 2011 Twenty-Sixth
Annual Ieee Applied Power Electronics Conference And Exposition (Apec), 2011, 1704-
9.

HAC. ROBIT = IR By s s T 3 AR RAT | 77 s B %0 [D]; dTiL K2, 2017.

o 152 2 R R R By AR AT S AT ST (D] L K5, 2014.

Ml 2R, UEE U R S AR R E A [D]; AR M A, 2014

LOTFI A W, GRADZKI P M, LEE F C. Proximity effects in coils for high frequency
power applications [J]. Ieee T Magn, 1992, 28(5): 2169-71.

LOTFI A W, LEE F C. Proximity losses in short coils of circular cylindrical windings;
proceedings of the PESC '92 Record 23rd Annual IEEE Power Electronics Specialists
Conference, F 29 June-3 July 1992, 1992 [C].

DAIN, LEE F C. Edge effect analysis in a high-frequency transformer; proceedings of the
Proceedings of 1994 Power Electronics Specialist Conference - PESC'94, F 20-25 June
1994, 1994 [C].

BARTOLI M, NOFERI N, REATTI A, et al. Modeling Litz-wire winding losses in high-
frequency power inductors; proceedings of the PESC Record 27th Annual IEEE Power
Electronics Specialists Conference, F 23-27 June 1996, 1996 [C].

REATTI A, KAZIMIERCZUK M K. Comparison of various methods for calculating the
AC resistance of inductors [J]. Ieee T Magn, 2002, 38(3): 1512-8.

XI N, SULLIVAN C R. An improved calculation of proximity-effect loss in high-
frequency windings of round conductors; proceedings of the IEEE 34th Annual
Conference on Power Electronics Specialist, 2003 PESC '03, F 15-19 June 2003, 2003 [C].
ROBERT F, MATHYS P, SCHAUWERS J. A closed-form formula for 2-D ohmic losses
calculation in SMPS transformer foils [J]. Ieee T Power Electr, 2001, 16(3): 437-44.
ROBERT F, MATHYS P, VELAERTS B, et al. Two-dimensional analysis of the edge
effect field and losses in high-frequency transformer foils [J]. Ieee T Magn, 2005, 41(8):
2377-83.

LOPE I, CARRETERO C, ACERO J, et al. AC Power Losses Model for Planar Windings
With Rectangular Cross-Sectional Conductors [J]. Ieee T Power Electr, 2014, 29(1): 23-8.
ROSSKOPF A, BAR E, JOFFE C. Influence of Inner Skin- and Proximity Effects on
Conduction in Litz Wires [J]. Ieee T Power Electr, 2014, 29(10): 5454-61.

YIN'Y, LI L. Improved method to calculate the high-frequency eddy currents distribution
and loss in windings composed of round conductors [J]. IET Power Electronics, 2017,
10(12): 1494-503.

VENKATRAMAN P S. Winding eddy current losses in switch mode power transformers
due to rectangular wave currents [J]. Proc Powercon 11, 1984, 1984, 1-11.

62



LRANE 2T w2 VAT 525 3Lk

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]
[63]

[64]

CARSTEN B. High Frequency Conductor Losses in Switchmode Magnetics [J]. IEEE
Proc High Frequency Power Conf 1986, 1986, 155-76.

LIMING Y, SKUTT G R, WOLF R, et al. Improved winding design for planar inductors;
proceedings of the PESC97 Record 28th Annual IEEE Power Electronics Specialists
Conference Formerly Power Conditioning Specialists Conference 1970-71 Power
Processing and Electronic Specialists Conference 1972, F 27-27 June 1997, 1997 [C].
JIANKUN H, SULLIVAN C R. Optimization of shapes for round-wire high-frequency
gapped-inductor windings; proceedings of the Conference Record of 1998 IEEE Industry
Applications Conference Thirty-Third IAS Annual Meeting (Cat No98CH36242), F 12-
15 Oct. 1998, 1998 [C].

WALLMEIER P, GROTSTOLLEN H. Magnetic shielding applied to high-frequency
inductors; proceedings of the IAS '97 Conference Record of the 1997 IEEE Industry
Applications Conference Thirty-Second IAS Annual Meeting, F 5-9 Oct. 1997, 1997 [C].
JIANKUN H, SULLIVAN C R. AC resistance of planar power inductors and the
quasidistributed gap technique [J]. Ieee T Power Electr, 2001, 16(4): 558-67.

WEI C, JJANNONG H, HENGLIAN L, et al. Winding loss analysis and new air-gap
arrangement for high-frequency inductors; proceedings of the 2001 IEEE 32nd Annual
Power Electronics Specialists Conference (IEEE Cat NoO1CH37230), F 17-21 June 2001,
2001 [C].

XINGKUI M, WEI C, YUNXIU L. Winding loss mechanism analysis and design for new
structure high-frequency gapped inductor [J]. leee T Magn, 2005, 41(10): 4036-8.

CHEN W, HUANG X, ZHENG J. Improved winding loss theoratical calculation of
magnetic component with air-gap; proceedings of the Proceedings of The 7th International
Power Electronics and Motion Control Conference, F 2-5 June 2012, 2012 [C].
ROSHEN W A. Winding loss from an air-gap [J]. Pesc 04: 2004 Ieee 35th Annual Power
Electronics Specialists Conference, Vols 1-6, Conference Proceedings, 2004, 1724-30.
LU Z, CHEN W. Novel winding loss analytical model of flyback transformer; proceedings
of'the 2006 37th IEEE Power Electronics Specialists Conference, F 18-22 June 2006, 2006
[C].

SHOYAMA M, GE L, NINOMIYA T. Balanced switching converter to reduce common-
mode conducted noise [J]. IEEE Transactions on Industrial Electronics, 2003, 50(6): 1095-
9.

WANG S, KONG P, LEE F C. Common Mode Noise Reduction for Boost Converters
Using General Balance Technique [J]. leee T Power Electr, 2007, 22(4): 1410-6.

CHEN H L, XIAO J. Determination of Transformer Shielding Foil Structure for
Suppressing Common-Mode Noise in Flyback Converters [J]. leee T Magn, 2016, 52(12):
PRIETO R, COBOS J A, GARCIA O, et al. High frequency resistance in flyback type
transformers; proceedings of the APEC 2000 Fifteenth Annual IEEE Applied Power
Electronics Conference and Exposition (Cat NoOOCH37058), F 6-10 Feb. 2000, 2000 [C].

63



LRANE 2T w2 VAT Tt 2 67 1 1R i R R (1 S5 LA

IR AL E B R Rk X5 E A
1. NER,REH ETEXRSPENRBENNTEZRAFTRAEES M. B T &
#£.,2018(12):103-106.

64



LRANE 2T w2 VAT gt

B

XERBXHREE, W RRFAFLHFTAENBTARELENRE. BERFR L
WA, HEATEMHE, FARE, ALER, AHRFTFZR. bOBEARELEFZE
238, EFEHATRBATRERNT, ¥ EARKER, GRELEFTEANER,

EEFFEITRLIERMEAMONA, GAEREROIPIFKEALZ. % RH
KEFA=ZFRSENE S, TLERRFAZEA, THEFEEE, KEFZHRME, BFS
B, AREFRELEEEFIN TS ARBEFF RN, BREHSFEIRTES
%o, EREGRESHRERLFAEWHE, MERNWER, FRIEOES, #HD
BATE R B 7 E AT, R, GREEERER T EHENRNEFREN, HER
BB CXENET, HIBECHENRATELE!

RUMR XL EHRARIE, BN FG TN R RS ROFLA R, RELU
AR IES A EREAT WRBEBRILAELEME, TRERNEHLEENR, HEER
Ff— AR, AR EHFEAERE R,

R EREFHAAAEREEAE LA RO, EREAANCHICESULRETE LY
AR, MEREER, TEWE!

RUTE T 405 ER =B i, RARKRF L, WH BT, BENER, THA.
K. TH. BAETHITR, R 404 ZREWTEE, FWE. RAX. E7H.
KW, BREFTSH TGk, URABTAYERIRENFFE IR, KbFL, T&IER,
FRAWL, TRRTL, FRWILE,. BEIER. 2R, B fkFE, LA+,
M. KT FRS g, ELITET WARKKE, ROEBELY, FEH£E. K
FE AN, BHIZAE BHNE R

RUKAREYPEANNER AL  TBMEE, URAZREYE  FYl AR,
REALBREFIRFNENE T —MNEETA SRR BRAABEAFERERRMEILR, &£
REMAE T %A T UFOIFAREIE, WAR—IRA !

BB — B R TR % T R ROCAH By 3E AR B R, oK DA I B9 R 4 B4R OA R A
LA E T

% 2 8K
2019 F 1 ATHAER

65



