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Abstract: For solving the reliable energy supply of the fast repulsion operating mechanism of vacuum circuit break-
er, a two-stage charging electric supply software and hardware system is designed for the fast repulsion operating
mechanism under the condition of commercial electric input. The main circuit of the hardware system includes a front-
stage power factor correction (PFC) circuit, a rear-stage half-bridge LLC resonant converter, and a feedback loop
based on the LLC control chip NCP1399. The closed-loop simulation analysis and verification of the PFC circuit and
LLC resonant converters are performed based on the simulation software Cadencel7.4. The experimental results of
the software and hadrware system of the prototype show that the DC output can be continuously adjusted in a wide
voltage range of 254~820 V, the DC current is continuously adjustable from 0.1~0.5 A, the output voltage ripple fac-
tor is 2.93%, and the full-load efficiency of the prototype can reach 93.7%. The designed electric supply prototype is
used in the self-built 10 kV/15 kA DC vacuum circuit breaker experimental system, which can achieve reliable con-
trol of charge and discharge switches.

Key words: DC power charging system; DC vacuum circuit breaker; fast repulsion mechanism; PFC; LLC

resonant converter

YR H #3:2026-02-01;  f&[E] HH#3:2026-04-09

BB HRK ARRRA IS 10 H (52177155) 04 Bl e 0 A BUBTRE J1 15 35 BT BT H (CXZZS52022048)

Project Supported by National Natural Science Foundation of China Under Grant(52177155), Hebei Province Master’ s Student
Innovation Ability Training Funding Project(CXZZS52022048).



c 2. 202648 A

) 44 4

62 sl

FLAS WA i ) RG24 T e
A SEPE S PO R R T R G iE g 2
A EC T 7 5 2 LA 35 s LA, an s S AR K R AL
¥ 5 R MURE 55 K B e I WLRG 5 AT Sl 4 s B B
M 7 K2 Fsf S50 s, e Bl P A S B T SRy il I
FE AR SR T SESNAE AT LB T — b T R A
VI GERLZ T S S LA FE L LU
WE SRS 70 HE T Y S S L L R B
P Y A P PR 25 e P R YR Dy 5 R b A R R e
AR UKol L YRR FH 2 1 v ST s 2R e Y3
7 A U PR R A SR X R YR A Bl
RALK 30%~55% , 5K L AFHEAS AR AR R Hizf T
P R A E A Y, AR, NRAE
AR S BT 5 U U 2R BN A% B0 2 M HL R Y A 8K
B, HAE Tl e 4™ v g 4" Y45 22 J 1w v
T2 o Horp, SCIOVER X 28 Wt B Ak REBILFA 35 H il
G, B h—Fh A5 T ) g LR R R S
L 350~400 VL AT . SC10]42 t—Fpa] i H T
F5 FL T L P OBUH S I R DC/DC 4, S8l
iy HLR 150~400 VAT o SRR E HL 2 42
T AR H = BRI LLC ARy | iR
i iy Y B L R 200~450 V., SC[12)5F R EL2S M
BRI RGN, BT T — RN LA A 4 e i
RS, DR A e g # £ R 2 s i, 70 HL fL R
FEl 4 300~400 Vo SC[13VEF X B 25 K7 % 7 mE AL
BREHL 2%, T T —Fh LCC I RS e 8%, i i B0
HLE 380 Vo, SC[141EF XSG 4a iR B o B 2w Wy s
SMUAE T T —F s X e f s TR, Sl o3 ) L2
B, STE 300~400 V A H LI HL RS EESE T
il R B AR S E TRE IR AP R LA Wi A
() TR TR 2L, S X PRl e ) ALK AT S AR
SR B — i E RN H S TR AL T
F PRI, L2 R TS R v e e o, AT R LR T
550 V, LA Fe 2 i R SR st T HLA L TR oK o
WSk L TWANGENT DI 9 & RN L ENA S THan i = A
FL YR T E I TSR R ) R RO IE (power
factor correction, PFC)HL, % | J5 22 LLC 1 R A2
PRI KU L B 2R 5 SR LLC 223065 A NCP1399 , i
I T E R R R B S T AR S E )
Ao XA BRI IR R G R 820 V,
FEDS FL AT BT B Al L VR LT AT A SE 55 , D
15 F 4 H R I S T RE S B T 2 5 K

BT IR RS REHLAH T 10 kKV/15 kA BT3P R
PLFS BL 55 W B e sh S 56 b, 75 34z sh bR i £k,
PASE BT I A sh B LA T SEAERENILSS .

1 RIFERSERKZIT 5N

RE a7 WERMERAT (2 2V ST EAL IR ) PAE 3
TR HL R R ST, UL 1, 35 B v TR L AR AR A
HL YR TF A TT AN A TR Fe L L2 39 4o b, i R
FL VSRR A AR T 43055 T R A A ok 5 3 208 0 L B i
AZE PFCHLEE T 2 LLC IR AR e 250K PRC HL %
iy P B g A L A R T A 0 R
JE HLUBAE , AR i HE 7 R T R R LR
53 ) FL i HL 2SR R AR R TT , 5 v R F TR AR AR
3 SR RE) BRI HLAS S LI, FL T OC R
TG R IR T R T G DRk T4 BT S 4
FOHCHL T S i i R FEL YA 7] 4 ] i S F 2 i
BATG IR HL , T A B T ) 78 L BT ) DR R L
¥4 53 R B e fHE L R

T #1220 VAST
iﬁ‘J\
BTN DR
HL %

1
1
1
1
1
1
:
1 i
i
1

DR B HOR T
FELR

!
EHFLLCIE R
N

S =:’C \?_i - Mj
1
— | 250~820V M
R | PR [T
Hir

i+ M HRL RS e B )

L]
1 HREZWRFRERDIERIERS
Fig.1 The power system of the fast repulsion mechanism

of the DC vacuum circuit breaker

L1 IhEREHKRIERERE

PEC H, AT AR T H sy Ik v e 30 i PR 5 2
U i wdy [R) S S BB AECIRZS T S AL TR
R B BRI . BFFERW, Boost #iFh4S
FITE 5T PRC RN FHITFE e o o L, EL i r i
I e g D T AR R R

Boost-PFC 8 gt T AR Hadh b b g e
T S AL 3R OB g (DCM);
Qi ZHE (CCM); Bl A LU (CRM) . i,
CCM BT L A 28 , B SRR A I L iRt 5
ABUH, BEA RS AR RLIRL N M Rk, 5T
HR I TAE T CCM BEUR Boost-PRC 4R 4P, UL
&2,



XUBEH, ARATIRH, Wi i, 55, B LS Witk s DRadyU s U IR R Se e 3

W 5507
]Ll L, Dl
N
- J P
a
+ RNy

270 v | 2 ' |
ENTTOIN ] :[j I LTy
v I

B2 Boost-PFC A TIE/RE
Fig.2 Working principle of Boost-PFC
1.2 LLCIEHRET#A35 R B
LLC ISRt 1 5 2 LLC W IR A e de F1-f
BF LLC YR AL ey PO AP SEAR SR IR G54, b, S A
LLC W RS i 4h 4 N T Fi s S it Y R 20K
P LLC IR AL e H L] 3.

PRCHath | JFRM% . .
CEiS T BERAEER) RN ) RRIER | ES

u;-m‘c

WA

B3 FHFLLCIERTRRFE
Fig. 3 Principle of half-bridge LLC resonant converter

HF LLC I iR AE Hedn GG AT PRC it P
P28 i i M R R 9 R B R RO K o B Y T
S (5 28 ORI 50% BB S s S Q, F1 Q,
PN SRAE S 0, K5 BT E PRC H A HH 1) AL
TR AE  J7 PRI AR 5 o IR0 5 B vh B
3N L TR BRI . R IR HL B R TR D,
D, B TR AR RS 1 IE 5% R 7 Ry H e
Ji BRI €, LR BRm0E I
1.3 NASERFREREBBKXBSEILT

SR TFERTH PFC T TR LB R 2
LLC ISR a8 ol FRLJES IR L R S T IR R
1.3.1 PFCFH/E & & A kit 51

HARIE PFC TAE T CCM BT, H 2 R bk
4o AHALEGE R, B BRI T AN, AT RS 2 BT
PR TT AT S| KRR NE o R, S 1B B H S
I 575 75 P — B LR B R T R
Pl AT 00 1, LR L TR

V2xP, 2 x600
ILl-peak - iy X Uifmin - 0.9% 198 =4.76 A (1)

_ P, 600 _
[Llfrms - My, X Ui-min T0.9%x198 337A (2)
U2, U, e =20 )U e

L] = lfmm( o-PFC \/— 1—mm) o0-PFC = 453 |.LH (3)

2XIN XS ppe X Py X e
KM-@)rb - ARKE U, R EEE
198 V5 1% kg e KU 05 L Yt (-5 068 1 P D (L =2 B (—
JBEE 25%~45%) , AR VBETTHL35% 5 w, R HLERERRCR
(HL0.9)5 pappe 4 PFC HL B TAERCEIR0.93); e 19
PFC HLB& TAEBUR (65 kHz); U, 4 PFC H %
LR 396 V); sRASHLER 1, =453 pH , SEPRH %%
THHBEE L, =500 pH .
132 FAFLLC %3k % 3 B 9%k s A 20t
P LLCIARAS A PR P
Poic=Uicmn X Loiicme =410 W )
KO, KR HEEU, ... =820V K
BT 1 e =05 A o A TS FRAR LT
{85 il %

P
in-lrans:#mz 114A (5)
/'LL x U()-PFC
U .o XD
L — 0-PFC max 3 1579 “,H (6)

2 (5). (6) 2 WUl B v BB 1, =320 pH
TEHF LLCIEIRAE B h AR R y=L/L, o T.
PR, y=0.23 ISR LITA(E 73.2 pH L ik
BUL =74 uH .

WE LLC 38 9 78 H v H I o5 1K 38 % A1 %2
f.=85kHz o f i A HL IS 45 5 5 L 250 V
N 671 2 A58 H B33

U, c*+0.
¢ =onx Uonet07 ol Dosans @
U2 1.»mm
RL — ;;U,Cmm — 157 Q (8)
o-LLC

(7). (8) 1, LLC 38 i 22 88 2% d5c /) Hh L s
Uu-LLC min 250V ©
S5 L BH 5 MOSFET 2 Ha He 3 i i R 4

R, = nZ?RL =2160.15Q )
_ 095 Grae  _
Q_3Xcm 3+Giax—1_0'018 (10)
IR C R
S S
C”_wa,Rm.Q 47 nF a1

1.4 FIEEFIEERRESDSET

K FH L P AL R A LLC F45508 A, NCP1399
M FH SRR IR ARG, e T LLC 6l 1IC H
A R ARSI AR R FE B S R TAERCR A ]



<4 - 202648 A

) 44 4

62 sl

I, AR T REHLAEAE™ . A, SCh i NCP1399 1
RS R

S A5 2 A ) F S e i 1 S R DR 1
FE LA E SRR G R . ST i
=BT RS R NIRRT 256
P R B A , S H e R R R S s L DA
TG R e L s o 5 1 s e 2 T
1.4.1 W ERRKRE

HLE SR LI 4, Forr, 12 V HL R IS i
U, , e MR 3 i J5 B2 B 0OR #4% 3 oi HL  U
NERGER 6V LT . AT SRR AR R, BOAR
LA BEL A SRR, b F B T AL LI A S
I FEL A (B P ) AR BT R LR AR
[ [ 38 BRI 2 v H . 32 1 L B AR A 52 0
55 3 vy B L AR 32 1 s ) — 1w (%)
RS5OSR e b RO ik
e R A RDCRR S b = 1l i R
5 S M B2 LLC 4500 AR Tt =
P18 L T A /0N S R i o 5 5 It R .
HIE U, e N
U — 6 X(RSQ + RTZ +R55 + R56 + R57 + RSS)

o-LLC ng +RT2

PEHL R,, 7 0~50 kQAT 8, Ry « Ry, « Ry; « Ry

A 750 kQ , Ry=22kQ . P HL R SR

(12)

NCP
1399

[JI.I.CFB

1o O,
E4 BEREEE
Fig. 4 The principle of voltage feedback

1.42 WA AR

WITHE R WLE S, U, 5 U, B84
£ LM2904 Hr—3R 43, 12 V B EAT M i U, fike,,
[FIEE Ry Ry, « Ry, QLB NP S R, 40K, FHL
R RHLF R SRz T35 5 i L R S22 T3 U, , BE1E L, 6 v
R A FEL G ) B L s

Yy R SO R A Y R, MU
o7 P B BELAEL , AR o e S B i S i 114) 6 o FEL AL
Ak, AH 6 i HEL AR IR For i B A R (R AN 2878

12V 12V
il
NCP CiRERe
1399 N fﬂgﬁ
3
ULLCFB i IO-LLICL
REEnig =
f \\ < H
Pl ET T g
GND 5 ! %@QR

E5 mrRERE
Fig. 5 The circuit of current feedback

TEIZ IR 18] LBt — > e () O, B PR 558
b B AR A A = A R RN T LS SR
PR R DR PR S A L I

FUS s N AR Ry = 0.2 QR 5 R,
R, ¥R 27 KD, R, =700 Q. R, =105Q, R, #EHL 0~
1.2 kKOs Sl ABH A RS LU, =6 V.24 R, =0 Q
B, FRLEHRAN91 Qi 5O S ki

_ 91 _
Us.= 5757000 X 6=0-02V (13)
LLC % H HL N
U
I .= RS';f:o.lA (14)

Ry, =1.2kQ B, FHLEHLFH 455 Q, 5 i dfE
F&H

_ 455 _
Usr = 355427000 <0~V 1)
LLC i th a3
U
[e= 2205 A (16)
’ R69

30 o T L S S, S B e LR 0.1~
0.5 AFEZERT I

2 HESZBRERSH

2.1 BEERBHRHES T

HRPEES I ELR 45 A 4 0r I 5 T 58, PRC HL
T B A R NCP1654 B U 8 . B
Cadencel7.4 B4 X} i A B3R 5K 55 PFC HL & 9547
AT BT, WL 6,

U, F1 R, VUK Uy, B48 NCP1654 585 F 4R 3 5
S TEAY E, B R, b SRR s AR RGN S
H, H i 2 B e L SUIR Y . KRG RS 5
Ui O T R Rt M (T TR N =i O R N R Y
5 LG S B B4 PWM IhAE . PWM (5 55
FERE T TBREL R 1V HCES , B8 AE 32 i 7 Sy HH A
Q, M BK B HL He o PFC H [ T e riL Ja ff 3 I O DL



W5 S

XUBEH, ARATIRH, Wi i, 55, B LS Witk s DRadyU s U IR R Se e 5 -

.Uo-wc

U, ac| % [Xc
E,
AG, [:IN+ OUT+
5 IN- OUT- l
=g ol ¢
—=" IN+ OUT+
— E'IN* OUT-
0;[}4 0

0=

56 MINERERKEPFC %E%WE

Fig. 6 The simulation of input rectifier circuit
and PFC circuit

K 7, PFC HL ST e BB U 1, 76 TAE A N 46
LS fT G COM AR, BRI E LI 5.537 A,
20K L J L I D T st i TR J L 3 D T A
15 ps B9 =AU, TAEEINATF G PRC HLEE T ARSI
MOSFET Jit 5 i B e A7 ELHO LA 8 .

15 us

ANV\I r_;

/A

LR

14 24 34 ‘ 44 54
FF 6] /ms
E7 PFCHEEHAEEBERER

Fig. 7 Boost inductor current waveform of PFC circuit

20
it
.Ej Qe SI—.

0 ' : |
8.67 868 869 870 8.71 .72 8. 73
[N YATS
(@) JFRE M L%

400 i
> 300
2150

5267 8.68  8.69 8.I70' 8.71 8.I72 8.“73

A1 /s
(b) TR R

5.0r
>
H\ﬂ 2.5ﬂ— /[—
® 0.0 am— / u—u

8.67 8.6 8.6 8. 70 8. 71 8. 72 8. 73

BTIEU/p.s
() TFRE TN AT/ A

B8 MOSFET Q, ik FEE . imtk B E | itk FR AT iR
Fig. 8 The gate voltage, drain voltage,drain current
waveforms of MOSFET Q,

MOSFET Q, 7E JF i ik #2 vh £7F & % vy I 3
(ZNS), SBT3 FFICTIRE ; Tt H i e K. 3.036 A,
T 5 R PR A KA 384.56 Vil R oK

PFC H i th L R BB LKL 9 FHIRT 9 R,
PFC H, #6477 B AR E (o 402,617 V, B4

H{E 400 V, 1R 22/ TF0.6%,
500

400F
Z 300f
L
# 200f
100

0 2|0 4|0 6|0 8|O 160
FeF 1 /ms
E9 PFCrREHHBERE
Fig. 9 The output voltage waveform of PFC circuit

M LLC I R e 07 B UL IR 10, 7R
LLC HL 65 Hnl R rh e T TLA3T 45 il i 11 e K
J£.36 V, LLC #8534 H B RAE 820 V, B I HL IR U,
DB LLCH LR . U, R, Ry FOERIERE F,
it RS S R O URAR S DI R IR 4%
TAESR G LLC ISR AN e 8% =450 e TAE
A fie /IMH 85 kHz, S5 R AE 100 kHz), 12 5O AR
U, ¥ FEFEIR G 5 U, i 3 1 50 B8 PWM {5 -5 5640y
WU 25 HE38 R 0.5 (1 EAN PWM AR 5, P B AR Y
PWM {5 5 Pl i 115 2% B, . E, AT 5 MOSFET
Q, . Q, FFil 5 CHT,

MOSFET Q, F1 Q Ui i & 4y B3 % WL 11,
1l 11 7] %0, MOSFET Q, 1 Q. 784 B3 56 v mf 52
PRAZ 00, TTOC P28 7E A LLC 1R 2846 g v )
PR T . IR AR 1, 07 FLEE DL 12,
P12 R, 9 i H R P O A KB 5.362 A, JCAR I
M. F R U, D EBOE IR 13, &
13(a) J(b) 53 S R H5cAF 250 V 4 Y RN s 820 V
i L HL R
22 EKWHERSHH

R S BT ELAE R SRR, SCH X T

HATRERLEIE . FEDLFZoTa SR 1,
i1t 250~820 V HL AT . 0.1~0.5 A FL 3 AT
e R EL JE AR L LI 14 $5EREDLINASF &5 W
& 15, & JHl THDP0200 5 Hs 44 3k . TCPOO30A Hi Jiit
B oS e T, RAE R SRV,



-6 - 202648 A g&@g 62 S

Unrl.l.(‘
e l l R, [:IN+%UT+ Q ng Jg .
= IN- OUT-1 2R, [E
T I at Tﬂ
- - - S - Qz
J_ v

0
[: IN+ OUT+ Eae
IN- OUT- N s

U,,
+
HIGH DRV <OUT
Ul()
LOW_DRV
—@

E10 FHLLC é?&*?ﬁ&%fﬁﬁ%ﬁﬁ

Fig. 10 The simulation circuit of half-bridge LLC resonant converter

400 300
>
4 200 200
) Z
36 40 44 48 52 56 60 64 ® 100t
FF I /s
(a) QA i i i i ; i i j

400
> fF (1) /ms
By 10001
0736 40 44 48 52 36 60 o4 800r
11/ s Z 600F
g &
(&) Q% ‘ = 400l
E 11 MOSFET Q, #1 Q, #fti& BB E {5 E ik 2 50
Fig. 11 The gate-source voltage simulation waveform of ) ) ) ) ) ) ) )
MOSFET Q, and Q, 0 1 2 3 4 S 6 7 8
6- i 1] /ms
b) el
afilit]] HW m”\ \\I”AI‘II‘H‘HHM ' N
‘““WWW”WWWH“HMH 13 SR E R
< | HH‘H UL H | M
2 ol ““H“ “m\ H‘ U‘ I Fig. 13 The simulation waveform of output voltage
R uwu e
‘M{w‘\‘ ({11 i “ “”“ww“w“ #1 FETHEMSH
‘/\H i T m
’4T| ‘ ‘ i‘ ["MWWH | | ”'"W’ ‘/“ m Table 1 The main component parameters
640 680 72%@;60 800 840 880 L BN
; S
ST — PO -
. .la ...m i Bz PFC H 6 et NCP1654
Fig. 12 The 51fnulat10n waveform of resonant LLC B e e NCP1399
‘ mdu‘ctm" cur‘relft‘ - N LG HL B 4 Hh 74
#%‘ 0“'2 kﬂﬁfﬁ %I‘ﬂ{@ﬁﬁ*ﬂ?ﬂﬂﬁtﬁﬁ ’ %E%ﬁ%\{m“ LLC tﬁﬂ%fﬁ}%%@/uﬁ 320
e 070 2R BEL 4 i P, R AT R R L L R I R e LLC H B AR 1 2 47

FERERLIE AR i o7 2500 A 1 LA

PFC H, s H RS HL I BHOE S PRC it HL R BT DL
KI16.17, HUBRHLIRESE, AFA COM TAERE, 16
R 5.57 A, SO EROEAHEL  BR22 0 0.59%; fi i L
JEF 7 404.56 V, 5 PFC oy, ¢ 3300 it b R (5 E14 BERERRENZYE
400 VAL 1R 220 1.14%, Fig. 14 The high-voltage power board prototype




WS

B 0~2 kAT il 71 5 FEL BELN

e

E15 SERBEREZRNKTEE
Fig. 15 The high voltage power supply board test platform
201
15F
10f

)

)I/
(=20

! 1 L J

0 4 8 12 16 20
i ] /ms
16 CCM BRI
Fig. 16 Waveform of CCM inductor current
6001

|
—
W

400

R/ V

2000 o] 10 15 20 25 30 35 40

A 18] /ms
B 17 PFCHHBEKR

Fig. 17 Waveform of PFC output voltage
MOSFET Q, H1 Q. At Ha & 52 35 i UL 1A 18,
ANPARBCE CHy \CHy 73 BIR AR Q, L Q, TR AS I
R , AN SR ) S A 8

600' CH: CH3
> 400 b,
b
= 200}
o lea i
200, 5 10 15 20
AF ] /s

E 18 MOSFET Q, . Q, i 8 JE 3558 i 2

Fig. 18 Gate-source voltage waveform of MOSFET Q, . Q,

HL TR S0 PR BRIk 2l i LI H TR A I 45 4
(HZZE M —F R B B A X HE 2 L™, S8
WFFEF I, 1 i AR (H R A F 820 VI, Hy
FESUHE R 2.93% , i &£ GB/T 19826—2014 Hixk
50 L L TR A PR R

i A HL s R AR IBOE DU 19, i A A, s I
{E 318 V. 5 A HLRIE(H 2.805 A, il FENLACE

— Uo—LLC max X Io— LLCmax _ 0
n= O =93.7% (17)

KA U, WA REA R ; 1, AR

XUBEHT, A, B e, 5. R LA WHR VOt IUI R Si -7 -
AT
400
300
200

100f
0
-100
=200
=300
-400

AL/ V
HN /A

0 1I0 2|0 3|0 4IO SIO 6IO 7‘0 8|0 9|0 10616
fif 1] /ms
E19 MABERTERY

Fig. 19 Waveform of the input voltage and current
e S R YR AR B Y R PRI BT DL IRT 20
FL RO B 1 PR FE U (BT 254~820 V 22 1], it F
AR E HAE 0.1~0.5 A Z [H], iR 2 /N T 1.6%, i /&
GB/T 19826—2014 Ei i HL IR 15 A 38 4 AR Z6 1 Je

YARER,

500 0.4
> 250.*__—0'3 <
L B i R R 2 102 3
g0 sl riig 102 E
& 450“0.] &

=500 Y - - . ; . 0.0

0 10 20 30 40 50 60 70 80 90 100

8]/ s
(a) FARH LS HRIRDOE K
1000 L5

SOOml.Oé

=
600 fypimmibigjeliipiinylplntonipi)imiinisinipiinl il 0.5 i.,%_

fanth A/ V

400

010 20 30 40 50 60 70 80 90 100"
i 8]/ ps
(b) it B . IR
E20 HiHBERRKE
Fig. 20 Waveform of the output voltage and current
FEEERT g e L U AS AU LA | 14T 10 kv/

15 kA B ELZS Wi # , LA AT 56 20 il SRy SR 22K 6
e L FL SRR AL 5 20 ) 6 Fi, P 2V DA LA 7 L
IREATCH A B B s Wit s R G0, ULIRT 21, 437 55
B aE RO 22, Wr itk f o0 IR SAEI [8] 4.4 ms, SEBL
T AU AT EE SR EOR



-8 - 202648 A

) 44 4

B2t Hs

10 kV/15 kA
HL I A TS A

i
7%@%%

E21 HRETEERISHELRUITES
Fig. 21 DC vacuum circuit breaker opening test

400 25
300 L 2.0

E 200 10 2
# 100 0.5 &
0 0.0
-6 -4 =2 0 2 4 6 3
fif 8] /ms

E22 EHiREZWEESs Mk
Fig. 22 Curve of the DC vacuum circuit breaker in

opening process
3 L5

SCHILL 10 kV/15 kA BLJ B 25 Wi i X 42
A il —Fh 254~820 V Vi HL RV FBIELE 1T .0.1~0.5 A
FEL YL 2 T I A ML) e L LU, S T L I S U
AR FESNVE . 1% H UK FH Boost-PFC 41 #h5 LLC
IETRASH AN L R R AR S F i %, IR 3T 32
20 i NCP1399 58 i 15t FL R 3 T T

ST R W] TS PRC K DL S 2 2K K
LLC RS H0 28 (10 PH A L5 R S Ep iR 22/ N T
0.6%. PFC HL % F Fe Hi 8% H 0 A B o LR P
LLC RS H0 25 it F e 5 FL O SR AR 1R 25 150/
T 3%, = He R IR ARAEALACR IR 93.7%

SEH:

(1] BEEOBH, XU, W S 7R, 45, BUBT 1 LU 02 I 28 R 1) 1
IR RS ST, R F L TR 407, 2022, 42(9) : 3480-3489.
Huang Chongyang, Liu Xiaoming, Cao Yundong, et al.Analysis of
vacuum arc characteristics with double - break DC - VCB on
asynchronous[J]. Proceedings of the CSEE, 2022, 42(9): 3480 -
3489.

R WFISE ML TR TR RS R R
PR HUBS 2 T k). B ) RGO S5, 2021, 49(3):
39-47.

Cao Yupeng, Luo Lin, Wang Qiao, et al. Fault diagnosis of high-
voltage vacuum circuit breaker with a convolutional deep network

[J]. Power System Protection and Control,2021,49(3):39-47.

[B] &P, AFH) A 5 L TORELT I 2
SKRIBFSELI]. =R AR ,2017,53(2): 54-60.
Ai Shaogui, Li Xiuguang, Du Wei, et al. Study on high speed

B PRETT

vacuum switch based on permanent magnetic repulsion mechanism
[J]. High Voltage Apparatus,2017,53(2):54-60.

[4] Wang Fangzhou, Chen Wanjun, Wang Zeheng, et al. A low turn-on
voltage AlGaN/GaN lateral field-effect rectifier compatible with p-
GaN gate HEMT technology[J].
Technology ,2021,36(3).

[5] Zhang Guidong, Zeng Junming, Xiao Wenxun, et al. A self-protect-

Semiconductor Science and

ed single-stage LLC resonant rectifier{J]. IEEE Journal of Emerg-
ing and Selected Topics in Power Electronics, 2021, 9(3): 3361 -
3372.

[6] AL Fh Bl AR AR G AR AR B BAR— A L R AR
757 ZZAFTT]. BT LA A S T AME , 2022, 43(3): 112-118.
Guo Cheng, Sun Ke. Research on single - phase to three - phase
power conversion scheme based on converter combined with
transformer|J]. Power Capacitor & Reactive Power Compensation ,
2022,43(3):112-118.

(7] PME— R BR SR, T X AT L BT e U
YRR SRS T]. 57,2022, 50(7):52-57.
Sun Hengyi, Zhao Weihua, Chen Ran, et al. Optimal scheduling
strategy of renewable energy consumption based on blockchain and
market mechanism[J]. Smart Power,2022,50(7):52-57.

[8] HFREENH,H  fd, sksesE. FHHY Boost-PFC HA FE AUMR SUE I
FLEL A WI[T]. AL P 2 4, 2022, 26(4) : 66-76.
Lin Weiming, Xiao Jian, Zhang Liangliang. Frequency reverse
method in boundary current control of Boost - PFC circuits|J].
Electric Machines and Control , 2022 ,26(4) : 66-76.

[9] Zhang Yi,Zhang Donglai, Li Jie, et al. Bidirectional LCLL resonant
converter with wide output voltage range[J]. IEEE Transactions on
Power Electronics,2020,35(11): 11813-11826.

[10] Zong Sheng, Fan Guoxing, Yang Xiaobo. Double voltage rectifica-

=

tion modulation for bidirectional DC/DC resonant converters for
wide voltage range operation[J]. IEEE Transactions on Power Elec-
tronics,2019,34(7):6510-6521.

WOKAR , B 030, —Rhse By Fe 30 Fl 78 AL A 2 SR (). 25
FiL#%,2019,55(12): 168-174.

Dai Shuidong, Xia Kewen. Hybrid control strategy of charger with
wide voltage range[J]. High Voltage Apparatus, 2019, 55(12):
168-174.

FAR. LS W L R R ST D)
TR%2,2018.

Wang Chaorui. The research on power system of high voltage DC

(1

—

[12 K K

[t

vacuum circuit breaker[D].  Dalian: Dalian University of
Technology ,2018.

FERR, FLAE, XIBERH | 45 LCC B R 2 EDLF fif fiE L 72548
WA H ST BT HAR2ER , 2020, 35(s2) :432-439.

Yuan Chenhu, Du Yongheng, Liu Xiaoming, et al. Constant current

[13

[Rhutrt

charging control of LCC resonant permanent magnet mechanism
energy storage capacitor[J]. Transactions of China Electrotechnical
Society, 2020, 35(s2):432-439.

[14] BEM, B, BHOR 45, o i as Wi a8 A A



W57 XUBEH, ARATIRH, Wk 1,

8. B WA U SRR IR R S +9 -

LR T HT]. 8 R BER , 2014,40(1): 300-308.

Ge Guowei, Duan Xiongying, Liao Minfu, et al. Design of low
power self - supplying power source module of fiber - controlled
vacuum interrupter module[J]. High Voltage Engineering,2014,40
(1):300-308.

[15] % 8, 220, AR, 45, Boost PRC 254 21 O A F0 Hy
A HJ7 A Bh ik £, 2020,40(1): 106-111.

Zeng Shenjie, Li Hongmei, Zhang Hengguo, et al. Model - free
predictive current control for Boost PFC converter|]]. Electric
Power Automation Equipment , 2020, 40(1) : 106-111.

[16] M, 545 30, Bk, 55, BAT DR i aE ) iy sp g e X
AR =05 FURE AL AR [T, H TR AR 244, 2022, 37(8) :2006-2017.
Tian Hanlei, Xia Yiwen, Chen Maolin, et al. Virtual three - port
network for single-stage bridgeless rectifier with power decoupling
capability[J]. Transactions of China Electrotechnical Society,2022,
37(8):2006-2017.

[17] Zeng Hulong, Jiao Pengcheng, Liu Yonghui, et al. Analytical
modeling of resonant converters in frequency domain for wireless
power transfer: continuous current mode (CCM) operation|]].
Energy,2022(246):123371.

(18] i, BRTAL, ARAR TR, 5. —Fh PWM 2 S ) LLC A8
[J]. LS 244, 2022, 26(6): 62-71.

[20

[21

He Shengzhong, Chen Yuhang, Dai Donglei, et al. PWM controlled
wide output LLC converterJ]. Electric Machines and Control,
2022,26(6):62-71.

[19] & JA&. 28 LLC IR Boost T & HLIRAR S FLRE TR 2307 5

AHIBFSED]. F 5L TR, 2019.

Shen Zhou. Analysis and suppression of radiated electromagnetic
interference of half - bridge LLC resonant Boost switching power
supply[D]. Nanjing:Nanjing Normal University,2019.

GB/T 19826—2014 1 Jy T ELUE L RIS A TR AR A 222
ELRS).

GB/T 19826—2014 General specification and safety requirements

[}

for DC power supply equipment of power projects|[S].
PNGER. I S L 2 AR N SO L AL e R T AT R[],
JIHRAEAR S TOT#ME , 2020, 41(4) : 76-80.

Sun  Xiaowu. Study on the influence of ripple current on

—

temperature rise of DC support capacitor[J]. Power Capacitor &

Reactive Power Compensation , 2020, 41(4) : 76-80.

) BB (1968—), %, T W+, ¥, T ENFFHEL L
% b W AT R TAF (@12 4E ) (E-mail : liuxiaoming@hebut. edu. cn),
KAFA(1998—), B ML A, EEANFIARE B Xt 5 R

F TPk 8RR 5 8 R BF 52 (E-mail : xiaosongts@163. com).,

(S EBREE)2026 fF 8HIS & B fiL

HEHN W G IAEERNRERBERAHF
HE: EERARKEZRERAH
HPEXBIERGERAR

H= . TETESERBRSERAH
HEJIHEZTRNEEERAH
LI ERRRFEZERRREEAT
B 2: AR ERE THABRA A

% 3: ZTiEfiEL THERRELR
HI#4: LiBtEHNRABBUIREBRAF
HI%5: EBHNERT BRAH

HI% 6: EME NRFHR R ERERIEAT
HI#7: ] REEERSERHMERAR

HI#% 8: AR EFRNEFRABREELH

% 9: HMNE RN/ ABIULEEBRRAF
T#10: BN ERERSERAA

B 11 P EREBR FEAF AR ITHRAF

TR 12: OISR A IRA

1 LB TRS AT AEFLERAT
¥ 2 EREEREHERRAERAT(LE)
3 RE MRS FHEERA
4 RAIES DU EARERAT

B BRI A TR AREEAT

BE¥R2:MLERRNZERRLA
E#3:ARARSEFREINEERRIELT
EX4.EERENNRSERLAE





