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Design of Reduced On-board EMI Filter Volume Using Spread
Spectrum Modulation Technology
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Abstract: A passive electromagnetic interference (EMI) filter can effectively suppress the conducted EMI of an
on-board DC-DC converter at the cost of increasing the volume and cost of equipment, which runs counter to the
original intention of high-power density design of electronic equipment. The suppression of conducted EMI by the
combination of spread spectrum modulation and the filter can effectively reduce EMI and the filter volume as well. First,
the method and process of EMI filter design are studied. Second, the principle of reducing EMI by spread spectrum
modulation is analyzed. Combined with the calculation method for filter cut-off frequency, the optimal spread spectrum
parameters are calculated, which increases the cut-off frequency in the design of a common-mode choke coil and
effectively reduces the filter size. Finally, experimental results show that the spread spectrum modulation combined
with the filter has a good suppression effect on the EMI of the on-board DC-DC converter, and the volumes of a

compact common-mode choke coil and a filter after the spread spectrum modulation are reduced by 63% and 44%

respectively compared with those of a common-mode choke coil and a filter used in the fixed frequency modulation.

Keywords: DC-DC converter; spread spectrum modulation; filter; electromagnetic interference (EMI)

LB N L T E e e e R G
AT HUREREAR , T ECE N B AR AR A DU TG HY
AR AR AR SR A5 S RLBE T, AR T RO

WimHE: 2022-09-19; fEEIEHHE: 2022-11-14; FABH:
2022-12-09; MZEXBH: 2023-02-08

BEE£WH: HEARREE T H(E2022202187)
This work is supported by National Natural Science Foundation of
China under the grant E2022202187

Sl HET, RS B T YR R I
5 e ARG N 2 T Ik B BB A 9 2% LISN(line
impedance stabilization network A% J5 ¥ T A FH HEL 2%
T JERA B TG T 2
TCIRIEP AR RIVETT R, BRAS A AR BG4k
EMI(electromagnetic interference), {H[F] i HA pliA
B ABURAY SIS AT e AR A URE AR



555 3]

FREMT, 5. 12 FAY SEH 42 DC-DC EMI 3 U7 AR AR R A 1511 325

TN A AR, B AN I T Tz
G o STHR[5-6 14 3 A TG e it Bl R B A AL 52 3 vr
Ei[UNVT I ey T NV e B S P TN P A E W e
O, LA INIE A AR, (BE5 e, 1%
BB SCHER[7-914& Y T - 1A AR i i Bl B,
1 R 2SR SRR T A CM(common mode) F1 2
5 DM(differential mode)FL/ESS , & HE M T HLRET
PLUB AR AT A B A2 AR R, (E AR 5 S
BR[LOA ARt Bl R et E A T TS, A TR
T AERRAUR S S LRI R PERE , X LLASH
R S ERFNGK ditttr 0 F e TR BT (B AZ BT
MRS, XELIHET™ 5 SCHR[12-14142 3 B4 Sl
TIERAMG . BRI, ARSI AL,
FIHI BRI R TR N

ASCHE TR R R 5 g g
AHGS B I LR TR 2 , 200515 T LA S A
BT, JFFEREIFAE EMI IR I/ N g
WA o A SC LA/ N TG IR IR P g i T AR P i A
85051 /S0 = AN B w4 v 7 1 (1S R e a7 )
JF AR B E UL A IS, Wl N R Y
HLJRR, DT NI IR 7 AR 7 A i 45 5 0
PSR 7 e T 4388 s b, B0k 1%k
X TR A T B TR A . S8 IRTIO Y
JEVE AL, FEORUE EMI IR A R, A%
P Rl 5 U8 25 AR TR RN

1 KRR

AR S PR ASFE R B IR A o AR AR A4
A UL TS INE 5 AR GB/T 18655—2018( 4¢
AV oLk IR PR O Rk
SCHTLIY BRI ek 73 ) R O 114 2 (B R o
ABHE, I ABURETT SRR 2 S5, 1 5eifE
TR T IR B A R T e oy

A_[dBuV]= A, — 4 +m (1)

A [dBuV]= Ay — 4, +m (2)
s Ay, B Ay, 5350 R AR 255 o 1 T4 e U
s Ay gy 1Ay, 23 R TP RN 22T

RS ; A, N2 & GB/T 18655—2018 X 454 BL
MIBRAE s m REEA ARG, Bm=6 dB.

M GB/T 18655—2018 X & BRI H [ i
PRSI RESR,, S AH2AH DC-DC A5 a%
MR TR A4, BRI (2) AT 15 3
FLAE AAFE AN 22 B4 ASFE, 205 1(a)Fi(b)

Bz o
160
—— CM EMI
> Lo
z 120 - —— GB/T 18655
S PR
2 80f — CMHGAHLRE
%?
40+
b
—40 . M | . | L
0.15 1 10 30
$iZ/MHz
(a) CMA#fi A F#E
160
—— DM EMIR
> W
z 120 —— GBJT 18655
= FRAE
2 80 —— DM i A it fE
i
40 -
b
—40) L PR | L NI | L
0.15 1 10 30
2 /MHz
(b) DMAH A5

1 BN
Fig. 1 Insertion loss
ARYEAR ASFET TR, AR5
TR AR, o B I B AT T N 94 M P P 1
RABFELLT , LIARAM G R #ET. BT ik
K R

A
f()CM = thM

hCM ( 3 )
nstage AOCMF

s £ o A 40 dB i ABURE 5 LA A B FESE A
IS n, R URBAR BT, S B A BE
AR RRBU N ROR , BRI —BY LC JBEas, H
Myage= 15 Agoyp AT LC UEHAR B0, HIE
TIRAE N 40 dB.

2 BB U i B L AR 0 1B AR U 4 [
T, 2T e A 40 B AU ABIFERNZ , FRHEC
Anems Them Apm ﬂEl]thM PR, i 2 P



E 4 $23 %

— 40 dBHF A FE
— CMIfA SR

FEA LR T/ dBuV
s &

—40 B L L
0.15 1 10 30
i/ MHz
(a) FLHLUE P 2%
160
— 40 dB¥H A\ FitFE
Z 120 —— DMiBAHHE
g
2 80+
s
g wr
—40 s PSR | L PR SR | s
0.15 1 10 30
i/ MHz
(b) ZEHLULT 35

B2 REBOENRERS
Fig. 2 Insertion loss curves of filter

AP 2 Al UL, SEREIE ARG 40 dB i A S
B ABFEM T 4 &, £,,,~0.7 MHz,
Ay 7=70.32 dB; ZEBLIER AR Y 40 dB i ABIFE S 2
Bl AFERIZZ T B M, fipy=0.6 MHz, 4, =
67.96 dB. HIX(3) 1% [, =0.012 MHz, f, =
0.012 MHz,

A B IIR £ i FEARDE I i rp AR K
Loy~ LS Coy TR TTE SR

1
L,=———7 4)
o Com 27 oen )’
Cy,max
CCM = n— (5)
stage
A, €, AR, HIRGT A

HOMLEE R, W 20 nE. A IERIE [~
8.8 mH,
T BN, EHIE L PR
C, A
1

b = o) ©

IR, KT C Ly, TPHETGZULR, BT
Mo L B, Cy U, S5O ALPERISIRR R R

L, WLy, =2mH. Cp,=0.2 uF.

AP L, 2 LC IEB g P AR R R R
F, ASGES T BRI NE 2(a) b 4 sAERY
Ayongr BBERARUE B T B ASFE, SR
BRI PRI 2ERIRIER ZERE AR 25
A, NIRRT R L, ROEUE, BIATA R8N g
Beas I

2 ¥IMREBRSHIAE

PR AR TR A L [ E R 1
THEHIA LA Z BB IE TR TIA, EARIIE S
2 R T, S SO B T AR A
e M AT, 3L AR S R AR AR s A
[0 12 =K v o i o W s R 1 o Bl N NN 5
B 1A EEGE AR AR AR

POREEG 0 BERLY T, TR
55, H Y5 A SR, HARRBBOT
WA E, WL, ARSCRAEEY WS g a4 &
AUt e TR R D T AR WU 5 e
Mgz frE, B

G(t) = i Ce' (7)

A EONERMEG C O n YOI ;
0, A n UGEIAYARAL .

IEBZ PR | B LEBCR WA B, HIHmHE
IR o) THES X J 75 A I S R 47
IESZ WIS, PRGN £, ERBR N
Af, A 4508 i i 3 AT LA 38 RS A AL
0 [13]%

6 = 27mJ.0l Lf. + Af cos(2nf, 7)]dz = 2nnf t +
nm,; sin(27f, 1) (8)

s f, WIRE IR « PRSI m,
ARTIFEEL, m=Mff,,

i s 2R —1k R 1 Qo KX (8) BRI A
FIkXARAKX(7), HATIS I, RimT
P2 RV 3 Jok vh 5 BE 1 1] PPWM(periodic pulse width



555 3]

MREfL, 55 18 SEH K42 DC-DC EMI 3 Ui 2R AR R 511 327

modulation ) 4T ik K

GUN) =23 C, o nm S =nf)+ Y-y

n=1

wq—m—m»wwwu—m+mm%

9
K, Jnem )RR 12 ke B DR R
L IEIARER, W (O)ITLLE N, (550
TEER T RS HATS  i A, TR AT A3 ) A
R BRI R S, B S BB Al By
PP £, YD S RAE SR R [,
REAER T TSI £ X6 IO AR A1 o
PRT L AR F YR o AR AR A Ak

PINSEAEA G, § 5 IE A 45 G R
23 BRI A ARG K o 8] 3 SRR FH e A4
Tl RS R 10% 14 1 5 HroCo 37 A 8 il 1 Fi B8 5 51
AT EMI A2 TR0, AR iig S GB/T
18655—2018 HiE FRAE 545 Y 0.15~0.30 MHz
11 0.53~1.80 MHz 4 Bt ()4 ATAFE, 12 L B& 1Y 000
4 100 kHz.,

— SEAFITEMI Rk 5

120 F — A=10%3"JFi BT EMIE B
> — SEHIT40 dBHE A HRE
F g | — P dBHEABIE ¢
2
i ‘MMN
# 40F
=
®
X 9

_40 I 1 1 1 1

0.15 0.500.530.70  1.00 1.80

i/ MHz
B3 TESSH 2 NIRIKER 40 dB HNRFEHIXTLL
Fig. 3 Comparison of insertion loss at 40 dB between
two filtersunder fixed-frequency and spread
spectrum modulations

Hi 18 3 AL, §MRE A UE I & 40 dB 4 AAE
505 A TG ABFEAAS T C R, C R
(1 foc=0.53 MHz, 4, ,,=70.32 dB. ARIEH 5
ARG 1 o3 i e g e g, PRI R 2
20 nF, 940 HEPE i &y 9.1 mH,
AR AT T ] s A E i B ) FLER . 8.8 mHL, &8

SEHR A 10% 4 TE 5247 518 ] - A 2 80 el /] A
HURIIMERT, BOMIER T IR A R A, 38
BUEIE W IS Re A A0 Mg 2 AR
WA S0 S B MR RS TR, DA R x4
A0 TR AT R A TR

WU 10 R R AR IR A A AL Xof 7 1 s {1 e
AR SRR m BRI, IR m,
BERES, By e — 25458, B b i R
BE— R, HRYE Carson NN &R I A )
W SRR RITTAR, BN o URFEMAY IH  5E
Bn cerme[14] y\j

B =20, +1)], (10)

M L0)ATHT, A7 TE B, oy BAVETRIAIR £ A0
HIAEEC m ARERMINGE . 765 3, HT 0.5 MHz
AR BA 20 S S8 T 30 kHz, EJ 0.53 MHz
WY T BOW AR L, 5 BOE AR T
Jron=0-53 MHz, BLIRY WAL £, . =0.7 kHz Ak i f
TR, AP AE AR £ DL Aoy B
K, HMTFEEUEIE £, 2/, BRI,

M LA _E2MraT %0, 78 0.53 MHz 409 95 Bl
S THE RSN /NT 530 kHz, TS £ R
o TS M A 58, B ERAE S TR 1
NIRRT TN EZAEAE | DS, Ak
B f =10 kHz, [FIR}, ASCGEPERAY S, m4AY
A, B AR R R T AR A A I P B ALK
SRREPRUE S 3) R 2(a) T 4, I FEAR XTI £, o,
RGN, PTI98 N IR I R AR R 1 A A
9 Bn,right A

B, i = (nm, +1) f, =nAf + f,, (11)

ASCHEBORTHIR £, =10 kHz, H{f 0.5 MHz
REY IR B SE/NT 30 KHz, n=5 I, FE B, <
30 kHz &4 T, ATLMRRIAf < 4 kHz, ALRIEY"
BB, REEREAS= 4 kHz WA 505 20,

3 RM#ETHIHILE

3.1 XERE
A CARPERE A 2HF DC-DC A5 i) TAE I FH



328 i, T

FEHE TSRl o B BN 4(a) R, I
FEPLANE4(b) s . Bl v, oHHIERE; C R
AUEBARLE; Q~Q, NAHARIY 4 HIF KA
D,~D, WHWE; C,~C, MHAEHE; C Nk
A LRI T WA de; Lo IR
C, NI R A R N

out
Rt L, R et
= [ Ap, ] b, 28,

R
=i

1 g‘
Q=

VN

BT,

(a) HLE JEE

(b) SLEFERL
4 F1E£LH DC-DC Tiksg
Fig. 4 Phase shift full-bridge DC-DC converter

Hi&l 4(a)AT ., FAHAAT DC-DC AR H i o
FEOCAE B 5 O W A 28 R 24— U S 3 B A
SIS, I TR AR BRI RE R A AR
JEAR SRS T Aw 5 (R T, A8 e i e 30 B
5 AR VR T 4(b) i A BB L 1A
330 pF HELRHE 2 K 2 1> 330 nF W5 HL 28T BRI,
RS RIS ey 8:1, IRIEHLECH 14 pH;
HUE BRI AR I 4 puH, JEIEREAH 2
A~ 200 pF LA IS RS 14> 27 nF #EARALZS
FERRA

FRRZERUE , HYE GB/T 18655—2018 XL S
BRI L YR 65 100 R K, AR LGBl ==
Ty e ks 6y WS AR M el v 1] S B

E5 ESEHBEELEMNKES
Fig. 5 Experimental test platform using conducted

inter ference voltage method

15 1 120 VB A FHs R 53 S Y BT
HLRERAL, S e diim AN ; MRS ET
SR b, SAGE A G5 AR e
[ ASfeas sl SRR R 15 VIR HL TR
B LB SO 5 b ES DSP(digital signal
processor KRR e sk 22 DSP JF A, SEPIXTAR
Pt TP mhl; 120 vV i H T LISN
HH i A4 o R s I B AR R, 2 AR
AR AE L e A A T R, Fo LISN
KA TAES B S EML, Jfeh2s ., s
M 75 73 B 2843 CM EMI 5 DM EMI, F 4t 43
s o
3.2 ¥R IIIE

TS AR 4 BT PWM $5 35 5 1) DSP
TR, SEHXEA AT DC-DC AR s izl . N
SIS EUS 0) F BE f XA EMI (44
TIRCR, 73 AR . P D5 BORE SX A R 4 A5
PEIE SRR, mXAnaE, £=10kHz, ¥
W SO A, PEE A4 kHz A AR, TR
IR EAS=3 kHz FIAS=5 kHz fE R %F B4 . E GB/T
18655—2018 HLERY 150~300 kHz 530 kHz~1.8 MHz .,
5.9~6.2 MHz MR B A T4% 5 FL T 40X L 52
5, JFSARMHY B S (RIER PWM)I YA
EMI WA X L, aniEl 6 Fis .

I 6 FTIL, AR S%H A RE S T A AR
FEAT RS AL QWA I L B TR, (EL A A B R T4
R A 3% W WA E A s AL B HL i TN
B XA AR ) L 1 TR R ARBCR AN i 255



%5 WREEAT, %5 32 Y R H R 424 DC-DC EMI & A TR 151 329
240 . Cong Loy 558 WO BIAR R BO R B0 R, Loy, HH
_ a0} e 8.80 mH W/ H 3.16 mH..
Z — 3% . "
% 160 | \\\ // ;% l ;t*ﬁ*}ﬁbll.@ﬂl‘]%ﬁ
g ) 1} Tab. 1 Parameter s of common-maode choke coil
élm" Mﬂ‘ : A 7750 AfikHz food/MHz L, /mH
X s} ’m SE I — 0.012 8.80
4 0.018 3.91
a0r, . e Bk 3 0.017 439
0.15 1 10 30
P 5 0.010 12.68
(a) KB 4ok 4 0.020 3.16
2a0 b - RVl 3 0.016 4.95
— ST S% 5 0.010 12.68
i —I74%H
> 200 3% B 4 0.019 3.51
g IE5%IE 3 0.017 439
2160 ">~ ,
T 5 0.011 10.47
§ 120 F N A
= 3.3 IRiK=EMHESIRIE
* 50 WAER 1, XtAf=4 kHz 7B A S5l e
wl [ EMT P I o, Mo e 12
0.15 I 1030 &l 7(a) 7 o A S 3 Ml A S SHASE 40 P ) P ot L
B /MHZ A e N ~ Y —
i, PR W IR, 2 4SS BT A 5 R AR
240 PR L, B TR w AH IR SEfil it AR TR Ao A4
— E y s o v —
200 — 5% S EAR d,, LEIME N W UARE; S5 14
z — IE3Z4%4 5 d
g — IE#3%5 5 ! ! |
g 160 : :
e | |
_g; 120 |+ : :
= | |
e g0 B I I
| |
o ¥
0.15 1 10 30
P/ MHz
() IE5% I

B 6 EAAREY A FEHEESTHIE
Fig. 6 Common-mode conducted interference spectra
obtained using different spread spectrum modulations

F, AN A%NY AR T g e it T
Kl 6 Mgt EMI JE gy, 7E2ERirk, 248
L AR 2R PR R AN AR (I LT, B TR
TR 2 EARIRAE LA T, P Feu i B S50 3% 1,

H1¢ 1 AT, AF=4 kHz 9 3SR IR T 3 kHz
M5 kHz REME T 858 N AR 00 1l 1 (4R
Af=4 kHz BF, “FIr BRI ELF, 75 Coyn

B
-

35mm 39 mm

(b) BRI 54 B8 ) P HASEH P A i e 8 Py S

7 HEERE SRR EN

Fig. 7 Structures of common-mode choke coil and filter



330 i, b

E 4 $23 %

s 1 2 SR Z [ B el 6=30°, R 2B A
SS I s ST R d,. SR d,,
FEEN Hy RS ZIET 100%., Fristi FL e
Ui P S IR A 1 S A 7(b) s . HiE 7 AT,
Poie, BB R . TE . S, R A
ARt/ o AR IE P 9 ) Ik 2,

* 2 ESWARSY SR HEERE R R
Tab. 2 Sizes of common-mode choke coils under
fixed-frequency and spread spectrum modulations

e s S I /N

WSS MR TA i fk’fﬁj s
L /mH 8.80 3.16 64
do/mm 1 1 0
d /mm 38 27 29
d,/mm 22 15 32
H/mm 18 13 28
N 30 18 40
Viem® 20.4 7.4 63

AILAE H, 2§ 3t il o DI s i A e
Sy NI S Bt o L SR ey SN AN SR NG
PGB, AR T R AN T 63%, IEIE AR
AR N T 44%.

B EY A A IS A 0 SC RO, K AR
il 5547 H i I A At IR 7 RS A,
S AR N A2 e 08 I A A A I 5 s AR EMIT
0 55 19 EMI 8 S50 3% 4R S T B4, 7R
150 kHz~30 MHz 5 Bt P 3rIE 2 B 5 EMI il
F, 35 GB/T 18655—2018 MEMY 150~300 kHz,
530 kHz~1.8 MHz. 5.9~6.2 MHz I35 B P 4 B
HEFTXT L, HARE A E 8 Frs o

Tl 8 AL, A SCHR s 4 AR ) 45 A i
TR I 2% A W, AT Dk Bl R AR S i R
00 A W B Y L L TR R ROR . TERAOm B,
TR GE U A A AR SR T4 PR B, 974
PR 25 g TR I A R IR RO T A, B A
RHGM, R TR RCR B & . 7EUE
W AR BN 44% A5 L, 415 AT L AE GB/T
18655—2018 HLE MY 150~300 kHz. 530 kHz~

1.8 MHz. 5.9~6.2 MHz I3z 05 B 5 v % T4 F
ZEEPRRMEIT

200 e AR B e
150 —E’Jﬁwﬁ%ﬁiﬁﬁi‘mﬁaﬁ — GB/T 18655

I
100 -

o

0.15 1 I 10
HZR/MHz
(a) IeABifl ST

— WA — PEARY S I A
200 —Wlﬁ%ﬁ%ﬁ‘%ﬁ%ﬁ — GB/T 18655

FERE AL TP/ dBuV
f=}

Mﬂhﬂ'l"llﬂllmmmw by

ZERL AL TH/dBuY

$i3/MHz
(b) ZERAL T

B8 EZRYISRKERFESTHHERE

Fig. 8 Simulation of conducted interference spectra using

spread spectrum modulation and filter
4 iR

AR SCES G A B ) T 8 P 1 i
iR, fe TR G Sk AR AS G R EMI )
Wi, JFEBAHAF DC-DC A8 #t B ity T 58
WY, Bkl it ik, KB e
AR FCALASE A 1 DI B ] 384 DR i 0l 48 A A8 L At
FREIR NIEW A R ADRE, LA SRS Y
PR HUOW DC-DC 84 g i TF A5 5 AT
], L NIE A AR bR bR e
PO, 38 3 M RS0 i B B 5 S A
4%, FFEE w5 A LB e DB s A AR AR
AL S X FOAR AT L D BRI 52 Y 3
T, AP T5 O T RE AR E D a TA B A ROR
Ao



555 3]

MREfL, 55 18 SEH K42 DC-DC EMI 3 Ui 2R AR R 511 331

R B RE AR A A, REEEAR
7 R 2SI A SR SR IR AR AR TR, U8/
LR PR, TN TR EMI I8 AR
Rt o Gt Semr e, § 3t hl 5 B s AR e s
G HL LTI 7 A RE IS 422k DC-DC ZB s
(1) L TR 22 EARRRAE LA T, 5 A s s o
(B e i L, LA It Bl RN i 25 R AR RR Sl ik
INT 63%F 44%.

ASCHE B A ] R B AR P AR A
EMI #MfiJ7k, RetsAEAR0I% EMI MRTHE T,
/NI A AR, S F T AR R A T
HRLIHE T

SE k-

(1] EREIH, SRWI, PRI, 5. B asdemirs T &%
PRI SE[I]. IEZEH, 2023, 21(4): 195-201.
Wang Jianyuan, Li Junming, Chen Xiaoxuan, et al. Study
on common-mode voltage interference of inverter and
corresponding suppression measures [J]. Journal of Power
Supply, 2023, 21(4): 195-201. (in Chinese)

[2] Gore D S, Igbal A, Islam S, et al. Review on classification
of resonant converters for electric vehicle application [J].
Energy Reports, 2022, 8: 1091-1113.

[3] “FEMW, ZE5Ese, TA4E. SiC DC/DC A5 sy i i im ot

T [J]. AR, 2024, 22(2): 431-437.
Yang Yuebin, Li Xianyun, Wang Shuzheng. Electromag-
netic radiation interference optimization of SiC DC/DC
converter [J]. Journal of Power Supply, 2024, 22(2):
431-437. (in Chinese)

[4] Wi, AWML, T, 5. BT IR R m s i Y

Boost PFC ) EMI J§il #7111 [J]. HLHE T, 2018, 35
(8): 868-872, 879.
Chen Hao, Hu Yaowei, Wang Lei, et al. EMI filter for
Boost PFC converters based on high-frequency model of
common-mode chokes [J]. Journal of Mechanical &
Electrical Engineering, 2018, 35(8): 868-872, 879. (in
Chinese)

[5]1 MR, R¥F4, SR, 55 HE TG i el i Ir e

I8 EMI JEBaR 3 T[I]. B fE 51, 2008, 38(1): 27-30.
Liu Chun, Zhu Xuejun, Zhang Yicheng, et al. EMI filter
design of SMPS based on integrated choke [J]. Electric
Drive, 2008, 38(1): 27-30. (in Chinese)

(6] Rit, Fdtbili. —FRHIT 25 | LA ] 4 1 EMI

PERRE[T]. TR AERTEAR, 2014, 33(5): 22-26.
Zhu Ye, Wang Shishan. Planar EMI choke for differential
mode and common mode noises suppression [J]. Adva-
nced Technology of Electrical Engineering and Energy,
2014, 33(5): 22-26. (in Chinese)

(71 XUSE. FLBIRA 4 3 TE A ML T A2 T Fi e A P

FE[D]. GAL: SALTAL R, 2019.
Liu Mei. Study on electromagnetic compatibility of
planar transformer in on-board charger of electric vehicle
[D]. Hefei: Hefei University of Technology, 2019. (in
Chinese).

[8] Zhang Yu, Zheng Feng, Xie Yuchen, et al. Planar
common mode inductor design for EMI filter [C]// 2015
IEEE Applied Power Electronics Conference and Expo-
sition (APEC). Charlotte, NC, USA, 2015: 2195-2199.

[91 Qiao Yiwei, Yang Wenrong, Huo Tianchen, et al.
Conducted EMI analysis and filters design for a high-low
voltage DC/DC converter based on GaN HEMTs in
electric vehicle [J]. COMPEL - the International Journal
for Computation and Mathematics in Electrical and
Electronic Engineering, 2023, 42(1): 194-206.

[10] FJEF. EMI J8% &8 fE o F B i e PE 58 (D). &M
HHIRAE, 2017
Bai Xusheng. Research on electromagnetic characteristics
of the magnetic components of EMI filter [D]. Fuzhou:
Fuzhou University, 2017. (in Chinese)

[11] 252, 3Kyl FHE, % HET EMIIRREA s e
SRLBETILRIANRI[T]. FUL S, 2007, 37(12): 35-38.
Pei Xuejun, Zhang Kai, Kang Yong, et al. Suppression of
EMI conducted in PWM inverter based on EMI filter [J].
Electric Drive, 2007, 37(12): 35-38. (in Chinese)

[12] Dousoky G M, Shoyama M, Ninomiya T. On factors

affecting EMI-performance of conducted-noise-mitiga-



332 H, T S 023 %

ting digital controllers in DC-DC converters—an experi-

{EEE T

PREML(1997— ), 5B, WiH#F5
Ao WG MBS o E-mail :
ghchen6@163.com,

WCER(1969— ), %, HfE1EH,
A, H#Z. UESETre . HREIRA .
E-mail: wryang@hebut.edu.cn,

. IR (1996— ), L, MW
PRI mrgeor . dmEdEE . Bomail:

mental investigation [C]// 2010 IEEE Energy Conversion
Congress and Exposition. Atlanta, GA, USA, 2010: 1239-
1245.

(13] SBAA. W08l 5 A0 ) A2 45t g5 v R T TR A BF 5
[D]. BB AEPRHER, 2014,

Guo Yuxiang. Research on EMI reduction of converters

based on switching frequency spreading [D]. Wuhan: Hua-

.. . . . 979672581 (@qq.cm,
zhong University of Science and Technology, 2014. (in Chinese) WUEA(1997— ), 5, hEmE
[14] Guo Haiyan, Wu Haizhou, Zhang Bo, et al. Research on Bepr e A8 RIS . BRI .
periodic switching frequency modulation for conducted HREIEZS o E-mail: 1797041612@gqq.com,

THE(1999— ), B, BULRFS
Ao T BBEFESA . E-mail
1874876717@qq.com,

EMI suppressing in power converter [J]. Microelectronics

Journal, 2011, 42(2): 415-421.

ERER T o)

-

\
“‘1-\4; L=

T

b el b O\ R H Ak
U L 2 406 57 e e HE R 8 O S 4 !

it EEEES 55 eitZeE 4R

VA IS R i Y





