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DC Solid State Circuit Breaker with Automatic Fualt Isolation Capability
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University of Technology, Wuhan 430063, China)

Abstract: Solid state circuit breaker(SSCB), compared with mechanical circuit breakers , has received much atten-
tion in short-circuit protection of DC network due to its such advantages as arc-free current interruption upon short
circuit occurrence and high reliability. In this paper,a DC SSCB with automatic fault isolation capability is designed.
The SSCB consists of a short-circuit judgement module and a fault current buffer module which, in case of short cir-
cuit, can clear the fault current without an external control system. The different operating states of this solid-state
circuit breaker is analyzed, the corresponding mathematical model is set up and used as the theoretical basis for pa-
rameter design. After completion of the design, it is compared with the existing solid state circuit breaker in short cir-
cuit interuption simulation at 10 kV/500 A DC network. The simulation result shows that after addition of the SSCB
with automatic fault isolation capability, the operation loss of the transmission line is only increased by 0.025%, there-
fore the circuit breaker does not affect the normal operation of the circuit. After the occurrence of short circuit fault of
the DC network, the circuit breaker can automatically interrupt within 5 ms and smoothly absorb the fault current so
that the peak voltage sustained by the SSCB does not exceed 1.5 times the line voltage , thereby providing reliable pro-
tection for the DC network.
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Je S P R AT BRI il PR 25 G )

0 3| BORTFBE . B L I R A s 2 AT A%
i, XN T L R A 2 SRS HL il T DA

ELTLH T TR R AU & S e AR A B TR HB AR F A, DA

S LRI 75 02 M A i FEL S O A B R T 5, R A T I L S L ) g DR P e O e [ 1

il

e B H#3:2026-04-17; £ HH#A:2026-07-19

EEWA : [[{R A ARG (52177212); WAL TV R RHE I F (B 7 it A RE R Sl ST R G 4B A7 S BEROR) o

Project Supported by National Natural Science Foundation of China(52177212), Science and Technology Project of Hubei
University of Technology(Key Technology for Safe Operation of Charge/Discharge System of Lithium-ion Battery Storage Power Plant).



- 16 - 20264E£10 J

) § '3+

a2t 10

SR Y LA 2 A e BT 5 R S A R
P s 1) DA AR I 1) R 37 B8 U, DRI B
BB LR AP 2 1 P SRR TR ms PIASIN T B3R i
[ (E P R B2 L L R T A P e ¢ S E K Ui
FEL B, DB 0 P D 06 L 8 e 8 B 4 P R A
e T REE T SETCI A R 48 A AN i b R,

H AT, BT %25 (DCCB)TE B 22 48 Hh v B s
Tl i DX 3ol R 2 R A R T X IE a8 AT ke 3
YEF®, BUA B BT A8 52 3 Rl pLAK T
A | T AR A D SOR A W R R H T
HLBR T 6 25 -5 1R A B B 2 A AL S fi & i BE 1
HAE DI R, I A7 AR L I B4R 4P A = 1 )
FO et 75 O S P L S WA AT F I A 1 25
DT IS 25 BNCAY L R DX R ) BRI

SCIISIHRE T —Fh i AT 4 fik £ BE R A 110 76
[ 25 e e LD T s SR A A A I A5 BRI 4L
TGS %, 40T 3 % b 1905 Pl ) ISP S S R TR
AL, 24 A I A ERIBRTE — 2 m] LUAH B3 R AR5 Y,
JE ER R A W R K T RE AR R e
—{E R A i A B A T i e 2 Ok R D)
T i S L VR D, e ™ S Y T R R OR Y
e SC[16] R4 T — AT PMOS 45 1 [ B
L AT, SR B A R A L b R S
H JR i B L T B AR 2 E R B | PMOS Y
G WT , HoAT Jof AMES il 25 D05, (HASF
PMOS 4 1t FERE JI AN AL, HL TR AT
FLJER, T2 PMOS 45 76 S BT 75 B 7K A7 1) FL R JE /5
TR B R, DR (% D i L RE R HH I
BEHEE . ST Tl TIM-pack 51 [#
AW G 2SR : TIM-pack JF 56 & —Fl 5 7] 45 -1IGBT -
& B ALY R B AL B TF 25 . MRS
W31 28 i o % A J R, 23458 1) TIM-pack FF 5 HR 1)
IGBT Wi, % [ FL e 0 22 MOV 3%, B T MOV
It FEAR B BE 1B 1 IGBT 52 3|92 iy R fiy vt >4
MOV JHAESE LR 1% Hh 1) Bk R 1 Je 1E A S DR AS
WA 1 SR DG AT, S8 O R R FEL IR A DD T . 1S8R
1) TIM -pack FI 5 X} 45 % i 3t 2 e i i LA fE R
() B 8 L {H 2 MOV 14 3 TR A 31 Th BE A 2 T
50 ps B SATE], ZEL AR IG BT A5 2337 S 404 HL
R s T

BEXF 1 3A B A T B A A AR B TR, SCrp R Y T
— PP B 2 25 AR ) 1 B AW L %
T % 45 i) o EL A R B 10 2 T e 5 o P IR 2 e g
1, 1 W g e X R S Y T R B AT A R R LR
S DR % S AL R A R B A (R B e

AR AL A P Y BE R P IGBT W T, B )

I P L 25 1 R AT o (5 o L 7 - T RO 0, fi

SIPSIIE S .8

1 BHEIREEMERE N ERE S %
BRI R IRIE ST

1.1 $RIpEER

ELAT ) 2l B 25 0 18 T 1 O T S I 2 AL
1, S i i B A S s RE T i B
AN DB I T Pl R L 9 % R R B A S R
P A4 AL :

1) s P DA 2 A, B L % AR oy
1] 45 (thyristor)IGBT \ MOV | L J8% H1, 25 41 B, 76 ) A
TIM-pack 7 XA MOV IR T —2H RC HL i LU By
MOV 47 A R PR o B L 3 2% s e = 22
FH Sl 1E 5 Uy HL , DS AE B A e
il R s S ) 2 B P R DT W PR 8

2)5 R R e B R Ak
J5 FEA HLER MOV IGBT FaE4% 45 T bH
BCE AR BB EIR RS L A
A P 3 o A i AE R PG B TP R e R A R
B C, , NI Q, 3l i B W .

FAT E B 2 W bR e 7 1) ELIAT A A5 I
R CI_

1

o= i L7 R R R

""""" == ==
E1 BB B3RENEENHERE SR
Fig. 1 DC SSCB with automatic capability for

isolation fault

12 TIERERFFXTE

SCrP R A S W AR R SIPIR S WLE 20 B
HLIR U, BB R s 9 Y, U D W O £
HURLIR . MRS TAER , HFCS, .S, . S, 3
HWIPIRZS o B Gl L, 1 Jo M S, |, Ry
o RO B AR Q, 1Y G ik fi Q, il 5 OF
FHANE LR U, | U 200 %5 a8 T, B BHAR A i
LA Cy i, 1 ¢, Wil RS U, AHAS; A 140
S, ¥fard L U, 5T U, BHEE S, | fem fidsish
HHIE U, 5 U, , B BT LUE R 217,



SRR, B i, IR FAT 1 SBR EBORRE S i B ST A + 17 -

W b
— |
R, C
5
MOV,
[ L 2z
S, & IUT ]

B2 BHERWABZBEIMERE
Fig. 2 Initial state of DC transmission line start-up

B A A T IE R s A TR, BAT A 8)
R 25 55 I 3 ) L T 2 A S b ) P A 1 AL
K3, B3, Q 1Y G 9t e i v ik i 1]
U =R, =2, HPRURAT 7, LHIE U, KT Q,
AT LR (IGBT I FE Fir it RO L @ H 2 10 V),
Q, Tl . T B A, 2R IE R E AT B
P S+ ) 2 3% FL B - 2 I SR T A S5 8
JCLy, USR] DL ZZE SR T B o L B v Y
EREFRLA C, A TTI HL , 9 3 P T 55 T 7 £ 7
R, AT AR D e, DRI 3 2k g v B9 ) 2337 1)
H Up 7Ly 7T, Q Ry 0

line

B3 HiRkEiRETITHR L TIM-pack FF X ETRE

RUTEESE TIERTES
Fig. 3 DC SSCB based on improved TIM-pack switch

operation during stable operation of DC lines

207 0] S A 4 M I BRI i R L
Tt BAT E Sl B RE ) i A [ S W e AS T i
s, HAE R S R WL 4.

V2R 1B B BRRTE 1, I 20K A, J B s R
SEZN R B ARRERLAY C, 22l L, )5 3% R R =2
BEIFE G HURS L, B BN RGBT IR ] FLZE €, 58
o, H iy L, —D, — R, — C, . H# 1, i)
HLZS C, LK Uy, 183 Q, A Sl R, 5 1 B
W HFRDIRRER 1 BB e SR 5. 145
HRY R, o WIS 45 0] L 0 R B 1) 0 B 25 2K

(d) AR BL: n,<t<t,
El4 EHBIREBERENHERESE®KIRCHNTRE
Fig. 4 The fault current interruption stage
R, LA C, IRER SR C, AR T IAR R

C,—L,—L —D —R,—C,.



) § '3+

a2t 10

- 18 - 20264£10 J
iy
-
R, +, -
+
uf
1 5 ] Rwe
D4 y
< fes Uc3
[
L1}
G,

5 HRETIRREE 1 BB A BRI E AR S R R B
Fig. 5 Equivalent circuit of short-circuit judgement circuit

in the first stage of fault removal

t, W) 228 1% e A g B A0 RS IS g L, 0 R % Fh
KVL A

di,. di
Uis= dei:3 - Mﬁ Rl
di di,.
U, =Ryi, + U,
. dU.
i3=—C5 dtL3 (1)
1 (-
U, = afolczdt
Ugs(ty)=U,,
Uyi(to)=Ug,(t,)=0
i14(te) =0

KH: U, WHEE C, PRI ; U, HHEZE
C, WSt HL R 5 U, ISR L PR I L 5 i, W
i Cy LR i, R C, IFEHLRLI ; i, o L i Hh Y
M. i TR () TE 2%, JCikAs I i,
W A7 X0 % 43 B TSR T S (20 H 59 3T L5
o UG HUR TN MR BB00 b, 282 %
OB A IR B ¢, =0 I

digg iy, g,
L2d7(t3 - MT? " Cj.”o lezdt =U,, (2)
di digy 1 .
Ly _Mﬁ * ijo‘czdt =0 ®
U [B-AT L BA
Lc3=Az|: A —sin(A,) - A Zsin(A,0)| (4
2 1 2
kU
de [Azsin(Azi)_Alsin(Alt)] (5)
AJLL,
\ M g2= L pgee ]
X©2)-G)F: k= o= P
(2)-5) m L,C, p LG,
2 2
-A
A= @B 2 2P A= TP AL e
Jo' +B =201 -2k’ B A, 200-1) 77
a2+BZ+A
2(1-K)
o1, AL C, FL AT B
Ue(t)= CLJ.()tlimdt (©)
2

MU, BFQ, B, L2 U,=10V
W5 1B BESE IR . 2555 1 B BE 43 1 S 5000
HK(4)-(6), PRI AT AAR i T (%) oL O s R 2 i g
25 B FUBR I SR L

220 B o A, Q, FEA Q, MK AL e
G T L Sl U B0 Q, G, L A L LTI AR
HN:U, =L, —T,—R—C, . HEHBHEILE G,

Ee6 BUEIRE2MBRETLEENBE
Fig. 6 Equivalent circuit of the main transmission line in

the second stage of fault removal
& 6 H1, IGBT 45 Q, S8 HF ICTE ¢, B ZI B T .
i 2R E B TAER AN iy , X T &6 Al 5]
HH G i R g e ) 7 R

d*U, dU,

Ly, .C, t;l +(R, + Rluad)CIWLl +Ug, =U,,
Ue()=0
dUei|  _ et

de |'=n C,

. ()

i- (t): Ud(' +(l o Udc )er
fine1 Rline A Rline

— line
= Rline
L <t<t,

A BT R RIA Q WM, A I T
R AR S it P S8 L i 1 e 5230 Q, R 32
AR, P R BUE A R, LR 2 BB 32
2RI SRR I I AR BB RAS o Xl (7) AT
KR AT Uy 5 iy, T8 1 <t <t WTRYEAR I8 -

U,=U, - [x cos(Atw,) +y sin(AtwO)]efAA" (8)

. dU..
Lline = Cl d;l (9)
A @) H: At=t-1, 5 w,= 7 IC -\ A=
line ™1
R +R,,. _ 1 D)
2L, x=Uy ;s y= o, {/\ U,. C, °
256508). (9), FIRTF Q, Misw L Uy, A
UQI =Uq + Rl (10)

Uyovy MRS MOV, £ 3 (8 H 1, AR A3
SC (217388 B 4 0% e W IR Y LS A, I A
Uyovi =1.5U,, o ™ Ugi=Uyov it , 55 2 B Be A of, it



55504

SRR, B i, IR FAT 1 SBR EBORRE S i B ST A + 19 -

Bf At=t, -1, o

T HEBOEBEA 1, =50 ws 193 s fE], H i
DR 52 Pt P A ROz A oG R L FRL T 149 100.5% , R AT
Uy, BN /B3 A&

dU,.(t
%tm < 0.5%U,y, (11)

3)5 3 BB I B BH B T AR S WL 4(c) o t
2], MOV, #E ARRIE TAE, T Uyoy, KT
WE LR, R 1, <0<, I AY 3528 25 50 B T AL
LI 7

N
LN
T,

| £ L. R

7 HEYIRRE 3R LSRR
Fig. 7 Equivalent circuit of the main transmission line in

the third stage of fault removal
X5 T 7, el — i e S 18 2 AR 28 5 CRT LA
KA1, <<t BHRY Qi AR
e = i (L)exp(-R, 11L,) (12)

Ly A AR T, BOZESF HLIA , 38 W i, = 50 mA,

TR /INT iy B R O AT TN 0 B A
Uinel3) = Ly IS5 3 BBt

4)%F5 4 W BL TR W BEE S BT 08 2 58 SOV
b HL L Y DD AP B FE LAY €, 5 C, P Y RE RRRE B
HRLBHL5 PR B BEL T R s T o N TR T R
b heht .

2 BHHIREEWNERE NN ERE S

sy
2.1 SEEEFIERRSEIL T

FEIR T ELTE AR I, H R 10 kV B AER
LA TR AL, DRI S SR A 1 2 DR i e
$E I EE HL O 10 KV, 8 HL U A 500 AP0 H
THUE BT N LM ZERE TN EL AERT
93%), I F &Sk E N U,=10kV ,
R, =0~1Q , R_,=19Q, 2k % %5 5% i JBAR §5 3¢
(18]I L, =2.8 mH  FLJit fiil FL 4 A i 066 I 3
T2 1 ms I [R] A BEAf 2 & A e B, R e A
UE ¢,> 1 mso 5 JEFHE A ri 2% ] 2w B | ey 48 2 %2
KA DL AR FRBR 1, #8 6 R BOR A B E=0.8,
L=L,=1mH,L=L,=1mH, M=08mH

i T BRI aG 55  HHARAL @) .(5), 1A
BEEEC, . C, 51, AR ILE S,

15
Cy/uF 300
B8 ¢, .C5 %%

Fig. 8 The relationship between C, , C, and ¢,

BEE C, . C, WURE I, T e A I 284 ¢, P
B Uy, IR Q, 38 AT B R AR L Fry ok
] o osbiz 3. h T2y >1ms, HCJRT
2RI S HITAY T E L LA, S B 2 fel T i
AL, A7 7 B R ik L 0 XURS: , PR 4] 20 A
C,=3 kXN C, B 5~30 pk.

B LR SR AT S BN R 2 PFRA (1), 755
Ry Cy 1, ZIAI R W IR 9, i 9 W &
R,=9000Q , C,=20 pF ,Btif 1, ~1.2ms .

B9 R.C,5,HXE

Fig. 9 The relationship between R, , C, and ¢,

5 ¢, B ESCRBE MOV, FEAERH W C,
P 3t P FL R BT Q, IR T B AR 52 1) e R e 2
T, MOV, K/ N F BUA JIT PR 4P TR H R 1Y)
154, Ut MOV, BY%UE HLE Uygyn =15V o [A] 3
MOV, A% & HL R Uy =15V, XF F U, R, .
Z, , FUE R Q, I Sl A5 BRI, S UE R
U.,=24V , R,=10Q , & K& 7, W& & &
U,=13V,
22 FERIREPERSENLIT

B 1, = 1.2 ms 1A (7)-(10), I % 1 FF AR B
MOV, FIVERT, 1531 Q, 752 1Y e K HL 5 L7 22
SRR SRR -



<20 - 20264E10 A ﬁ&@oéj% W62k 10
Uginax = Rty (t) (13) 3.1 HEFEHER THESETHE
Ugiax < Uyovs (14) Fa iz 7 I 26 B ER 4 o v 5 H IR A T

A3, i, ()=3811A . R, MIFEH MIHFE
HUER L, TPRER . Ly, TPIORERIHAE T I E ]
ty 5 R BIRFRILE 10,

&

E10 L, PHEEEFEMENRE:,, 5 R HXE
Fig. 10 The effect of R, on the time ¢,, of energy

dissipation in L,
H L 1O AT, Ly, H A fE St T FE T 1 B ] Bl
R, B3 Kb, 254 R, BUE T 2 2 20(13),
PRI R, =3 Q | ILHHRIE A (1) AT €, =3 pF

3 (AESH

FT MATLAB/Simulink , #2A0E 1 7RG 10 kV
B, T LSO BT S B T ELRIE
B EZSHUILE L,

1 HESH

Table 1 The simulation parameters

JCHHE 2
F LR AL UKV 10
o 5 LB L R P U RV 24
LRI R,/ Q 1
TARHLPHL R/ 2 19
A UL, Lys M)mH 1:1:0.8
LRI Ly, /mH 2.8
HLBH R, Ry, Ry, R,/ 3,10,9 000, 1 000
%5 €, C,,C/pH 3,20,3
EﬁﬁtﬁmUMOVUMOV;V e E 15000.15
IGBT 45 Q. Q, #5E HL R Ugins Upn/V 16 000,15
Q1 Q, FIE BT FL . Ugios U/ V 10,10
TR DD, Kz BV 15

W 11, B 11 g, =499.875 A N 2R % L
Uy, =13V RIS IERERE; U, =13V KT Q1
W U, BRI Q, 38 5 Uy, = 1.2V 2 Q, IV IE
] R, T T A T A B AR 5 HE 0.025% ;
U,=10kV N {7 i 76 C, " B W K fE &
U,a=9497.625V J ik 8 i3k L R, A
U,.,/U,.=94.98%>93% ,F54& TAEER .,

500.0
< 4999F
499, i
98 5 7 9 11 13
/s
(@) dye
1.4f
> o o
5 1.2
14 5 7 9 11 13
/s
(b) Uy,
141
% 12p—t—t———0—0o—0o—o—¢
1. L
0 5 7 9 11 13
/s
c) U,
13.5( ©
Z A
5 13.0
12.5 L
5 7 9 11 13
1/s
@ Uy,
10.5
>
10.0 v v
S
9.5 L
5 7 9 11 13
1/s
(@) Uq
9498.0r
>
5 9497.6F
L4he 5 7 9 11 13
t/s
(D) Uy

E11 FEBEITHEESS THRESERNIKEE
Fig. 11 Waveforms of voltage and current of major

components during steady-state operation

HT T SO T A [ 25 8 5 2 KR R I A 722
M RE LR 1 A T B DR A E TS B o
B N5 0 2 RS 2 IB AT I LA Y TE R Sl
h T SRR SCBE A [ 25 08 B s AN o L I Y L I
B S B AE L L 50 A 2B 43 3 X HL T I
) - 100, - 50.50.100 A HF 175 B, {5 FLA5 L
120 A& 12 O, 22 s rh s sl 67 280 1Y)



WL b SR, B B, IS HAT I Slb B RERE A LA A A +21-

FL M B RETE 2 ms INES T, PRI SO B A9 61 25
A X A B R L R R LA 8 B A LA T

7000

650 — 100

600F — —50A

— +50 A
350 1100 A M
500
450} \’\\/
400}

350F

ilA

300 1 1 1L 1 I
0.498 0499 0500 0501 0.502  0.503
t/s

12 SIS ITR BRI IE R KB K E
Fig. 12 Normal fluctuation of current during steady-state

operation of DC transmission lines

32 WEVIREEGE

Ve MR 1, =0.5 s I & 2R e % 05 5
FEAR Z A 2R LB R 1 Q o PR ILIE 13,
14, [E113 8 0~3 s A& A 6 il B D) B il R 45T
PR TR Y, K] 14 4 0.48~0.51 s [ 25 W7 S 2k
BB o PR A% e B s F IR I

ME13 5E 14T DA

1)1,=0.5s 5% R AR, BB E U, RET
W, S B PO 0, SO RS C IR T LR L, 15
AEsE, [RIE L,y A BN LR £, 0] C, T o

18 (8 4 3 l 10 ly.1 l
< ! 3000f 35474 : sl 10kV ;
> 12 15067V 1 240 " 1 > 1
< v <1800 v ! < 0 ¥ ;
= 6 ! 200r _u-499.875 A b 1(5):___'_—7‘511kv :
0 ' : 0 L : : : o T
00 06 12 18 24 30 00 06 12 18 24 30 00 06 12 18 24 30
" ts ' 1 t/s ' " ts '
n @ U, 5 n (©) fine 5 n (i) Ues 5
4.4 i : 200 : 10p- -2y i
33k - < | 15F--- st \t\9.457kv |
Z 22 Tpaasv : > 1013V P20 '
SRR R IS 75-13/78.455 KV
0.0 L] . ] _5 i i Ly =107, , . . N
00 06 12 18 24 30 00 106 12 18 24 30 00 06 12 18 24 30
|: /s : :: t/s : :: /s :
u (b) Uy, ] i () Ue, L i () U, '
18r ; I5p : 8pF-~<g :
M- i i | I ™~ 7.549 kV |
> 12} 15069 V | 10F13 Vi | 5, 4 \i\ -
< ; g ! : x 0 ;
S o6f i I S| ' S 4t ~6.845 kV '
0 : 12V} : —gp-==Y :
1t L 7 B== + et L ]
0.0 06 12 1.8 24 30 0.0 06 12 1.8 24 30 00 06 12 18 24 30
n /s ! n t/s ! :: /s !
" (© Uy ! i 8 Uy, ! u (k) Uy, !
18 . 150 . 12 |
12f___unl0000V - 121 n94976V ! 6f " ¥~85A !
> n > 9_ | 1 1
< gl ! = 5 £ 0 .
S i So6r . = 6k /;/—7.5A .
0 1 3_ Ll 1 F=="n 1
: ! - N 5 S M S P
00 06 12 18 24 30 00 06 12 18 24 30 00 06 12 18 24 30
1/s t/s t/s
(d) Uy, (h) Uy M i,

13 et B TIM-pack 7 X ELifi Bl AN B8 25 8 R VI BR L 12 B o (R R PRI IR 72(0~3 5)
Fig. 13 Waveforms of voltage and current of each component during fault removal of DC SSCB based on improved
TIM-pack switch(0~3 s)

2) 1,=0.50104s I C, P35 i HL . U, =10V,
P56 Ay > 1 ms AUEER , IEAS Q, S48 . Q, ST, i i
HLIL iy, 3531 3 547 A M EKAE G FF 46 B, R A )
HLAS C, 7oL, BEAELE C, SHA BT I RERAE U,
IKE MOV, BIAEHLIE 15 VG 8 MOV, 5 R, Wik,

3) t,=0.501 07 s B} €, P 1) B e 3k 3] e KAE -
Uy, =15067 V, R BE MOV, FF LA W i i e
L DU R

4)t,=0.505 s I, BB HRL i, 2808/ INER O, W
B e L) R B T R L, EL R 1R 14 mT R A
0.502 2 s i 2l f% FRL I ) T A R AR A2 HLTAE(S00 A)
LIT . FERHZ C AR Y BE R R, - MOV, )
W, Uy, TR T RE, W @i T, RS2 AL U, IF
i BTt

5)1,=29sf, Uy =0, Uy=U, =10kV , ¥
BT, IE I JCHT, Wk o i ADCHIRAS



22 - 20264E 10 /1 ) § 41 1 M6k 10
, tlu tll tlz fls tlu tl“tZ tla y &, L A
ot : 350 1 R050225; (5) ! |
2| ! 2o ! Z o Z
S 6 : : = 0Tkt l : S s :
Ob——t . - fo_7| e -— : —10b—r sy — '
Q.SOO: 0.|502 O.S()IS 0.507 0.510 Q.SOO:: 0.502 0.505 0.507 0.510 q.SOO:: 0.502 O.SQS 0.507 0.510
! Lo 1/s ! 1 " /s ' ! :n s
o @U " (€) iy ! v () Uss 1
44 : : 1 1 25' " : 10‘ : n 1
33 1 ' ' " ! S5t 1 y
3 | | 1 1" > | I
o ») 1 | i ! =< 0
1 1 1 1 1 ] 1 1
Suboro| : ; ! - :
0.0 - — . . -5 ———— — - ] -10 - — T~ L ]
0.500: 0.502 0.505 0.507 0.510 OI.SOOII 0.502 0.50|5 0.507 0.510 0.500m 0.502 0.505 0.507 0.510
Voo s o ts Lo s
01 () U i () Us R G) Uy 1
18 &+ 1 : 15¢ i i 8 1y |
> o1 ; : 1ok . : o 4 : .
z | : : < : - L of— '
S B =40 s
0 L ] In ] L ) G LI T 4 *8 [ :: 1 i 1 Il
0.500; 0.502 0.505 0.507 0.510 0.5001 0.502 0.505 0.507 0.510 0.500 0.502 0.505 0.507 0.510
t/s t/s tls
(C) UQI (g) UQZ (k) ULI
127 12 127
I 9 6
z ° Z s < O—WW\/WWW———
S o S 3 6l
6 0.500 0.502 0.505 0.507 0.510 ¢ 0.500 0.502 0.505 0.507 0.510 =2 0.500 0.502 0.505 0.507 0.510
1/s t/s t/s
(d) Uy, (h) U iy,

B 14 it A TIM-pack FF X B Bl 25 B % 25 S B V1 BR 3 72 % 7T 14 L IR AR IR 72.(0.48~0.51 5)
Fig. 14 Waveforms of voltage and current of each component during fault removal of DC SSCB based on improved
TIM-pack switch(0.48~0.51 s)

DA RR, SOT BT S W R 7E 10 kV
LTI 5 PR R 1 5 1,04 ms AT T G A
LR B ShAE 7R 06 6 AR 3 2.2 ms g o R 375 B
il BN AT HL I AR R & A2 5 ms PNV BRI
HL I, X B LR AT RE R DR VR

LR B AN SR TR 2R S oA i, PR B
ARSI RS R, =1 QB R T
(0 R, (EPEAT 0. LL0.2 Q A KAl
BRLREREY R, 20.0.2.0.4.0.6.0.8 Q 1L BT
AR, AN R, 118 ERUE T 65t 26 FRL 30 1 52 ] D,
K15, MK AEATE0.S s. HHIEIISATAL % R, B4R
/INBELBF A 5 LA ST DA S ms 32638 1 H31 40 ms, 35 1%
BP0 S5 A = (12) AT g e R, ELAT Wi
% BB I AE R S RE A A TR B R, P R AR
Peo ABTCIE Ry, BUAE S BT 04 3 25 W 2 4
FEH Jo % FLAEAE 2 ms PN BRI B A0 R LA N L FF &
FLIRZ S AR EK
3.3 Xttesrth

KRBT SCH BT B A 3l b e R
P18 T D [ 2 AT B 1 11 1 i, 26 BRSC[17) 7 4% 48 TIM-

pack T I (1) B [ 25 W g 2R 1E 4 casel ; SC[16]11) 3
T PMOS (1) H HUE B [ S BT B AR VE A case2; SC
Hh TS I [ ST A case3 , HEAT XS HE A3 HT

7 L& B ANTR) TAE S A 1) i H 2 % 0 45 (o] 285
FEAFERERIRZ AN R], X U0 FLA7E 10 kV/500 A Y
ELCR R ST, S R B R AR 0.5 s, I H G
ol R B S ) R e [ A O 4 1 R R R A
1 ms B HEAT ORGP BN ; 0 66 0 e 5 D B 45 1) ) i
AKX EN R, =1Q . F HMHEREX I
1617, HrrI&] 16 Bkt et L, 181 17 b
YIRS H S F AR AR X)L

TERLFE &A1 ms Ji, 3R i v 0 6 2 L U 32
T E 3500 A ZEAT, M) case2  case3 H BhIT S %
P B4 L T case 1 38 3o 22 WSO MR A9 Jact s 1 000 2 '
R OGP S I Rk A GBI

Sy FE 7T, casel \case3 #FRETE 5 ms VG FR
R FLIAL L T case 38 o BT 422 0GP 46 % - 1) MOS
FIE100 ws BLUTWT 7l i . H 2@t (& 17 7]
DLRBL, Tl W EERE &, BARE case2 1Y MOS
A TE D) W e s 7K 32 (R QI R TR 31 3% 10° kV
XXTMOS I HEREHE ) T B R BYZR, I case2



WL 5500 SRR, X iy, AUSEE B A SR RS ) A B A - 23 -
4 400
3300
< 2200 -
= 1100 DS
of A\
ol ! 1 1 J 71 1 1 )
L 100 00 520 540 550 501 504 507
L t/ms 1/ms
i () R, =0 (a) casel
4 400 o 4r
3300 it 3t
1 2 L
< 2200 : 5
=~ 1100 0.525s = 1k
0 ' U
~1100 | L L L ) -1 L 1 !
500 520 540 550 501 504 507
i #/ms t/ms
4400 E E (b) R, =02 Q (b) case2
3300 i
< 2200 !
= 1100 0.515s
O 1
o 55& 520 540 550 -1 L ' !
4 ’ 501 504 507
il Rt n:f) ia t/ms
4400~ ! E (©) Rini=0. (c) case3
3300 E16 #HEEmRRLL
« 2200 il Fig. 16 Fault current comparison
= 1100 0512 20
¢ >
~1100 ; : ! £10
520 540 550
t/ms § . .
. (d) R;,.=0.6 Q 501 504 507
t/ms
3300 (a) casel
2200f 1.OX10°F
< 1.OX 10+
1100k 0.508 s Lox 107k
C 1LOX10°F
e Z 10X 10°}
~1100 " . - - LOX10'F
500 520 540 550 1.0X10°F |
t/ms 1.0X10°E
- 1.0x10' L . !
Al ©) R, =08 Q 501 504 507
t/ms
3300F (b) case2
i 18
< 2200 b sos
~ L s S
1100 / > 12
ok =
S 6
-1 100 " - :
500 520 540 550 0 , ,
1/ms 501 504 507
O R,=1Q #/ms
— R N ¢) case3
E1s KA R, WEETHEE SRS R ©

Fig. 15 Waveforms of short-circuit current variation

HEEEHTIREER RS . BT casel FETF L&

under different R

IGBT L JFHK T A BH, T ARG 7 A B R £

(AW A 2 83 R R BEA G shist i), S 8507e S 8T
I IGBT A5 55 B 7 52 20.5 kV (U H . AH =2

E17 BUETIBRE R BREE L
Fig. 17 Voltage change of the switch during fault removal

N, 3P BTHY case3 O TR SZ IR (B HL Ay
15 KV, MR8/ N R A 45 i e i R G B T
TIM-pack F 5 (1[5 25 W7 B 45 114 73.1%) , LS RRAIR T
[P 785 TS 8 1 TR ST TR



-4 - 20264610 /1 y ¥4 4 4 62k 104
GeR JEMFA). T E B TR, 2021,41(18):6245-6259.
4 zﬁfﬁi Li Hui, Liu Dong, Yao Danyang.Analysis and reflection on the

SRR T R EA B Sl R R AR )
UL E AW RS A% o X TARRES 5 ST T AT,
A THES BRI k. Wi BRI %
7] 285 AT 6 4 7 L S8 1 A AT B R £ 3R 1 R
TAE 5 4R I A AR B KT B AR BEAE 2 ms
N BIPKE i e e L B S & e FE R AR L 7E 5 ms 52
IR % O Wt , I I G A8 B 7K 32 i W E FL R
TIM-pack FFIC1 73.1%, 25 ik, SCri it i [ 25
B S8 45 JEL A 6 6% e 7 3 PR AR G S I s 7R 32 Y
WA (B FE Fe /NG o, Tt A2 T T I R A oK

SEWK:

[1]  Xu Xiaohui, Ye Jiamin, Wang Yu, et al.Design of a reliable bidirec-
tional solid-tate circuit breaker for DC microgrids[J]. IEEE Trans-
actions on Power Electronics,2022,37(6):7200-7208.

(2] FEHL BTN AT, A AT ARG M A R AR A

FLUR BT AR ] TR %44, 2025,40(2) : 625-639.
Pei Xiangyu, Jia Zhongxiao, Zhou Wandi, et al.Controllable
oscillation - based current injection hybrid DC circuit breaker|J].
Transactions of China Electrotechnical Society , 2025, 40(2) :
625-639.

[3] TN, 2 B, 0, 4 B D 55 i B J B IRR G AR

JRCAR i) [ 25 A LR T 21D, P ) RGEPR I S 54, 2025, 53
(12):128-138.
Wang Shunliang, Li Ming, Xin Qingming, et al.A low - cost
bidirectional solid-state DC circuit breaker with low power loss and
fast-reclosing capability[J]. Power System Protection and Control,
2025,53(12):128-138.

[4] Rezkallah M, Singh S, Singh B, et al.Implementation of two-level
coordinated control for seamless transfer in standalone microgrid
[J]. IEEE Transactions on Industry Applications,2021,57(1): 1057-
1068.

[5] Peng Jiangkai, Fan Bo, Liu Wenxin.Voltage-based distributed opti-
mal control for generation cost minimization and bounded bus volt-
age regulation in DC microgrids[J]. IEEE Transactions on Smart
Grid,2021,12(1): 106-116.

(6] ZF Wk, TARBH ALEEA A, oy PR O 5 (o 25 W 19 O
HLIRIZTHI). HUTR S A 81k, 2020, 44(5):30-37.

Li Bin, Wang Chenyang, He Jiawei, et al.Design of DC power
supply for self-adaptive current-limiting solid-state circuit breaker
[J]. Automation of Electric Power Systems,2020,44(5):30-37.

(7] FEP )RR JE S5 R B L LR B DR B
w LA HMRTE & S AT 5L)). P LT AR 4], 2018, 38(s1):
11-18.
Pei Xiangyu, Tang Guangfu, Pang Hui, et al.Study on optimized
coordination strategies between line protection and DC breakers for
VSC-based DC grid[J]. Proceedings of the CSEE, 2018, 38(s1):
11-18.

(8] Z% M Ak, WEAHBH. IR ) Bk IR R H AR YT ) R

development of power system towards the goal of carbon emission
peak and carbon neutrality[J]. Proceedings of the CSEE, 2021, 41
(18):6245-6259.

(91 WRIedz, J8 7, e/, A8 Tl B 1
G U B AR, H B R, 2022,46(12):4718-4728.
Chen Xiaolong, Zhou Ning, Han Xiaowen, et al.A hybrid DC
circuit breaker with adaptive reclosing ability|J]. Power System
Technology,2022,46(12):4718-4728.

[10] FI5AS, FRETRG B AR, 45 A8 (R (B 32 H ViR S A I 2
A 14 i ] A7 B3R 1 S B TR BT I AR 0] L B SR 2 4R
2025,40(6): 164-174.

Gou Fangjie, Wang Zhongfei, Qiu Dong, et al.Thyristor - based

EWALIDR(E

hybrid DC circuit breaker with low - amplitude oscillation current
and reclosing detection function[J]. Journal of Electric Power
Science and Technology ,2025,40(6): 164-174.

[11] Lazzari R, Piegari L.Design and implementation of LVDC hybrid

—

circuit breaker[J]. IEEE Transactions on Power Electronics, 2019,
34(8):7369-7380.

O IERE, A A, AR BT RS E AR E R
BN 7). TR A4, 2024, 39(8) : 2360-2370.

Wang Wei, Shuai Zhikang, Li Yang, et al.Active injection dc fault

(12

—

location method based on solid state circuit breaker|J].
Transactions of China Electrotechnical Society, 2024, 39(8):2360-
2370.

F 2%, BB E], TR, A5 AR IR 1 AR K 2 SRR R R
FE[J]. FA S RERCE HIHE AR, 2024(1): 1-5.

Wu Xin, Tao Chuangchuang, Wang Jingshuai, et al.Research on

[13

key technology of low voltage DC solid state circuit breaker|J].
Electrical & Energy Management Technology ,2024(1): 1-5.
[14] fi] 7R, (A, 2 A, 45 A A S RO EE T4 @ AU SiC JFET £
AR P S U T S DB S ot F P ) S ) B A 5 V5] BT
R4 AR, 2024, 18(4): 19-29.
He Dong, Li Junhua, Lan Zheng, et al.Influence of parasitic param-
eters on overvoltage of medium voltage DC solid state circuit
breaker based on normally-on SiC JFET devices and its suppres-
sion method[J]. Southern Power System Technology , 2024, 18(4) :
19-29.
SIRAE BT R B SF BRI AR TOU R IGCT HLU L A
Wit P AR A SIS ()] F iR T RS, 2025,33(23): 147-151.

Peng Zhaowei, Huang Shiyang, Niu Zheng, et al.Experimental

[15

=

study on the current distribution of IGCT with temperature
variation under DC circuit breaker operating conditions|]J].
Electronic Design Engineering,2025,33(23): 147-151.

[16] 2L, EHEAE, IR, 55, JET PMOS Yy H HUHL 0 5 25 M
BEER[T). B IER R 2023 ,49(3): 1304-1313.

Peng Yuhang, Wang Lujun, Tian Aina, et al.Self-powered DC solid-
state circuit breakers based on PMOS[J]. High Voltage
Engineering,2023,49(3): 1304-1313.

[17] Kheirollahi R,Zhao Shuyan,Zhang Hua, et al.Fault current bypass-
based DC SSCB using TIM -pack switch[J]. IEEE Transactions on
Industrial Electronics,2023,70(4):4300-4304.

(18] E i, 5k . Fr B el B 4 AR i S A5
ML TR T, 2020, 28(17): 94-97.

(F3%3170)



B3 b7

HOUE, A0 5, 2 NI, 48 JET Stark JETEEXT LMK e LI TR B S WTRIRITSY

.31.

Science and Technology,2019,28(6):065012.

[15] Konjevi¢ N, Jovicevi¢ S, Ivkovi¢ M.Optical emission spectroscopy
for simultaneous measurement of plasma electron density and
temperature in a low - pressure microwave induced plasmalJ].
Physics of Plasmas, 2009, 16(10): 103501.

[16] Reader J.Optimizing czerny - turner spectrographs: a comparison
between analytic theory and ray tracing[J]. Journal of the Optical
Society of America, 1969,59(9): 1189.

[17] Parigger C G.Atomic and molecular emissions in laser - induced
breakdown spectroscopylJ]. Spectrochimica acta. Part B: Atomic
Spectroscopy ,2013(79-80) : 4-16.

[18] Milosavljevi¢ V, Djenize S.Measured stark widths and shifts of NII,
NIII and NIV spectral lines[J]. Astronomy and Astrophysics
Supplement Series, 1998, 128(1): 197-201.

[19] Harilal S S, Bindhu C V, Issac R C, et al.Electron density and
temperature measurements in a laser produced carbon plasmalJ].
Journal of Applied Physics, 1997, 82(5):2140-2146.

[20] Yang Lin, Tan Xiaohua, Wan Xiang, et al.Stark broadening for
diagnostics of the electron density in non - equilibrium plasma
utilizing isotope hydrogen alpha lines[J]. Journal of Applied
Physics,2014,115(16): 163106.

[21] Groger S, Ramakers M, Hamme M, et al.Characterization of a nitro-
gen gliding arc plasmatron using optical emission spectroscopy and
high-speed camera[]]. Journal of Physics D-Applied Physics,2019,
52(6):065201.

[22] Shi Songyue, Finch K, She Yue, et al.Development of abel’s inver-
sion method to extract radially resolved optical emission maps from
spectral data cubes collectedviapush-broom hyperspectral imaging
with sub - pixel shifting sampling[J]. Journal of Analytical Atomic
Spectrometry,2020,35(1): 117-125.

[23] Killer C.Abel inversion algorithm{EB/OL].[2026 - 04 - 16].https://

www.mathworks.com/matlabcentral/fileexchange/43639-abel-inver-
sion-algorithm.

[24] Kiihn-Kauffeldt M.Plasma spectroscopy for stationary and transient
welding arcs containing metal - gas mixtures[D]. Miinchen: Univer-
sitit der Bundeswehr,2016.

[25] Schreier F.Comments on ‘a common misunderstanding about the
voigt line profile '[J]. Journal of the Atmospheric Sciences , 2009, 66
(6):1860-1864.

[26] Huang Xianglei, Yung Y L.A common misunderstanding about the
voigt line profile[J]. Journal of the Atmospheric Sciences, 2004, 61
(13):1630-1632.

[27] Predoi C A, Bouanich J P, Benner D C, et al.Broadening, shifting,
and line asymmetries in the 2«<—0 band of CO and CO - N,:
experimental results and theoretical calculations[]J]. The Journal of
Chemical Physics,2000, 113(1):58-168.

[28] Soukhanovskii V A, Johnson D W, Kaita R, et al.Electron density
measurements in the national spherical torus experiment detached
divertor region using stark broadening of deuterium infrared
paschen emission lines[J]. Review of Scientific Instruments, 2006,
77(10): 10F127.

[29] XS, FE, 5 LR REDEERE S TR ITRIREAS
HL -2 B 43T [, = R LY, 2024, 60(3) : 144-150.

Liu Guangyi, Cao Rui, Lu Yang, et al.Diagnosis of steady state
electron density distribution in air arc by emission spectroscopy[J].

High Voltage Apparatus,2024,60(3): 144-150.

H 815(2000—), %, ML AT R A, B F & 2 Tk IRk 54
Wiy ik

I R(1988—), F , Bk, AT 61 Fy IR KA T B A
(1812 4E4) (E-mail: sunhao1031@xjtu.edu.cn)

(L3524 W)

Wang Jing, Zhang Jing.The performance testing and research of
varistor electrostatic discharge protective[J]. Electronic Design
Engineering,2020,28(17):94-97.

[19] Ejiri H, Kumada A.Transient recovery voltage in direct current cir-
cuit breaker with active current injection[J]. IEEE Transactions on
Power Delivery,2021,36(5):3278-3281.

[20] ¥ dE, 3 AL B AE G BN U I s
FE[0). P E AL T R4, 2018, 38(24) : 7113-7120.

Pan Yuan, Yuan Zhao, Chen Lixue, et al.Research on the coupling
mechanical high voltage DC circuit breaker|]]. Proceedings of the
CSEE,2018,38(24):7113-7120.

[21] 2o, 2% . b B AR I P B A TR S R AT (D).
e 5IAIE, 2023(1) : 58-60.

Li Yuehuan, Li Ge.Analysis of the replacement of domestic
voluntary certification standards for varistors[J]. China Quality
Certification, 2023(1):58-60.

[22] D&, kA B 05 BT A R R R R YR
PRI, ), 2021,49(5):28-34.

Zhai Shaolei, Zhang Xuezhi, Duan Yi, et al.Topology structure of
smart energy station based on AC/DC microgrid[J]. Smart Power,
2021,49(5):28-34.

(23] ERCE], EET, Bhpm 1], 55 T i e 28 f ka3 i) DR 1)
o BEL R AGHIID). HL P 5 T T AR, 2025 ,41(3) : 78-84.

Wang Yizhao, Wang Xiaowei, Wei Xiangxiang, et al. High -

impedance fault detection based on arc changing tendency for
active distribution networks[J]. Power System and Clean Energy,
2025,41(3):78-84.

SRARIE, ARG, B 0, AR L TR Il A O OR BT T A
PRI BT, 2024 ,41(6):97-107.

Zhang Dongjin, He Baina, Cheng Ting, et al. Topology design of

24

[}

photovoltaic DC circuit breaker based on oscillation circuit[J].
Distribution & Utilization, 2024 ,41(6):97-107.
(257 FLAPT falhOe, 2=, 2 R ELR T i S BOU ARSI
SZMBSEL)). BT LR 2024, 18(2):39-46.
Kong Lingzhe, He Baina, Li Hui, et al. Research on the influence of
topology parameters of low - voltage DC circuit breaker on arcing
duration|J]. Southern Power System Technology,2024, 18(2):39-46.
[26] PAUEDG, B0 W, F 50T, A SETUREE A ST (¥ T e T B R
AFF A BEAL T )] BS54, 2025, 62(5) : 200-207.
Sun Shuguang, Wei Shuo, Wang Jingqin, et al.Optimization method
for remaining life prediction of conventionalcircuit breaker based
on deep learning[J]. Electrical Measurement & Instrumentation,

2025,62(5):200-207.

FE M (1966—), B, #4& , BF R F w1 A B R G5 R
(E-mail : wiz315@163.com).

R 3(2000—), F LA R 6 IR AR AT
BRI ((BAZAEF)(E-mail : 863857342@qq.com) .





