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A Study on Novel Solid-State Circuit Breakers
with Rebreaking Capability

Jin Young Kim

Department of Electrical Engineering, The Graduate School,

Pukyong National University

Abstract

With the development of IT industry in modern society, sensitive
loads that / require high power quality are becoming more
widespread. Furthermore, it is a tendency that a lot of distributed
generators susceptible to natural phenomena is being widespreadly
installed. Thus if quick isolation of grid faults can not be performed,
serious damages "may occur because of rapid increase of fault
current and thereby .consequent electrical fires. In addition, after the
first breaking of*“fault, if the fisrt breaking state remains for a long
time without quick reclesing, additional economic losses due to long
power outages may occur. For this reason, the operating duty
condition of circuit breaker (IEC-62271-100) prescribes that
reclosing and rebreaking of the cirrcuit breaker can be performed
repeatedly. Thus this paper proposes two new SSCBs, that is, a
new AC SSCB and a new DC SSCB that can perform the required
operating duty of reclosing and rebreaking. It also verifies the

operating characteristics by simulation and experimental.



1. DC Solid-State Circuit Breaker

Although SCRs require commutation circuits for turn—-off operation,
they are suitable for use in DC SSCB because they are relatively
cheaper and their on-state losses are smaller compared with other
semiconductor switching devices. However, since the existing SSCBs
using SCR were developed for use in AC grids, it is difficult to
directly apply them to DC grids. Therefore, this paper proposes a
novel DC SSCB with simple structure and rebreaking capability.
Since the proposed DC SSCB has the capability of limiting
short-circuit current, thecurrent ratings-of related SCRs can be
reduced, thus resulting in possible selection of low-specification
device and reduction of system cost. Also since. all the SCRs
containd in /the proposed DC SSCB operate under ZCS. or ZVS due

to L-C resonance, switching losses are very small.

2. AC Solid-State Circuit Breaker

This paper. proposes a.new AC SSCB that can  perform the
operating duty-of reclosing and rebreaking without additional device.
The proposed SSCB ™ can ‘perform. the 'reclosing and rebreaking
operation regardless of the load conditions because the proposed
AC SSCB can charge its related capacitors even in hard situations
where short circuit fault continues. Also, since quick reclosing is
possible with simple control, economic losses due to long power
outages can be reduced. When compared with the conventional AC
SSCB, the proposed AC SSCB is cheaper by reducing the number

of contained varistors and by using low-priced resistors.
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Fig. 1-1. Breaking section of mechanical breaker and SSCB
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Fig. 1-3 On-state losses-of GCT and SCR-at 10 kV rated power

[0p)
[0p!
O
wg)
=
>
ofo
)
rr
rE
F
2
[>
1o
o
-
_>|i
=
rlr
p;
@
=
-,
—
o
9
ws)
—
[0p!
O
=
ojfl
s

g 7kA7F vy, AEe SSCBY| HbEAl &xlE Ei THHRE BEA Az
o B8 £48 mesor Bty 2y 1-28F ¥ 1-3& vheA | 29X =%
e, 17 1-8391A4] Ho]Xol SCRe] =& &4 71 Forn=

T EA 222 SCRo| Agsirt 78 g4 v SCRe 2 &
2 & GCT, GTO, IGBTek= e Ao Alante g e 27 57153}
t}. welbA] SCRel:E 44 Blo== 3ty 9sjal A R3] 2 (Commutation
circuit) 7} F71=2 & F-#Th

v(t)lJ: c T

s 1 TT V(Y

Fig. 1-4 Basic forced commutation circuit (topology a)

_3_



TV o W Ta
Br.¥Y Frt. +

TAux Zi Z C

1

1

Z T/\m. 1b

o

Fig. 1-5 Forced commutation circuit with thyristor bridge (topology b)

v
1
N
IGCT,
NI
2
IGCT,
N
l1’l
[o L TMain, 1 o
- <
TMain 2
N-Y W I~
l 1]
1§
-—
VAux

Fig. 1-6 Topology ¢ with GCT

a9 1-4, 1-5, 1-6& A9 THF € main SCR¥} SCRe| ZAl ©lo =7} 7%
== HAF3 27t F7hE slZelth 19 14 3|Z+% main SCR 2709 Bx
SCR 270, AMAIE 22 G445 k. 27 1-55 1" 1-49 I Zo|A
w7ke] A S 12 Fola BE SCRS 27 #7138k 3l &olth. 18 1-6
& SCR¥ GCTE 7 AR&§ 3| 2ol o]e} o] AbaL Apdho] 7hsdte s
AAR FAPS W] EZ2A g b, c IR AFIZE AFESHA & IGCT
wro g FAE FRo ARl Hlge 19 1-7%

_4_



120%

100%

80%

60% -~

Cost p. u.

40%

20%

0%

Topology a Topology b IGCT Circuit Breaker Topology ¢

Fig. 1-7 Comparison of investment. costs

a7 1-794 Hol: upel Zo] IGCTHO R FAFE 3ZHT EZ24 g
7} 7V Adeteh. weba SCRE # A Bl X2 Qair HAF3| 27 2 FHA
Tk 7} AAHolmg SSCBel A&31717F A7 apc) i

SCRS o]&3 SSCBEL U+ AU HF(Line commutation)”} 7} 3%
AC =0 7IRbE Fae A= 7] wjtol]l DC Lgl=e 2tz 4§57
7t 3@k webd DC-id=dlE AC SSCBSE tE FzE 2= D
SSCBell #3 A7 "8t oled wjAdo® 2% A= SCRE o] &3t
SSCB9] 7]% Fzol thall olr i o]& npgrom 7]Ee] #etE AC SSCB
¢} DC SSCBY] wAAS Aot 28j1 333 440 A= ArE LA™ S
72 @ 4 9 DC SSCBS AC SSCBE A¢hst AlE# ol AdS =

TR
=) [e] =
8 54 54 PEad

@



2. 71¥9 Solid-State Circuit Breaker

2-1. 7]1£ 9 AC Solid-State Circuit Breaker
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3. A|¢+st= AC Solid-State Circuit Breaker
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3-2. A|¢tsl= AC Solid-State Cirecuit Breaker

AC Solid-State Circuit Breaker
(" Ry D R
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Fig. 3-1 Proposed AC Solid-State Circuit Breaker
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Fig. 3-2 Operating modes of the
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F. Recharging Mode (t13~t18)
proposed AC SSCB
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(b) Charging loop of Ci2 (5~t3)
Fig. 3-4 Charging loop in charging mode
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Fig. 3-5 Charging loop of capacitor Cs (t2~t3)
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F. Rechaging Mode (t,; <t < t;5)
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(b)..Charging loop of Cz2 (tis~ti7)
Va Al
R -L Ry CiF—pLu
11 P
0 Tioy g
™ —
SIZ\"< CIZ
ﬂ
P — L
Ry Cr = P T2 le)
Tzz\4l< l A
L, e | P

Cs2

(c¢) Charging loop of Cz2 (ti7~t18)
Fig. 3-6 Charging loop of capacitor in recharging mode
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3-3. AC Solid-State Cirecuit Breakers] A

2 =xo A A= SSCBe Al~® dtevE = # 3-13 £tk SSCBY
Ry, AFAE, SCR, tholo = wg]l~HE 4 e g R A2 o

oA 7t 2Ad] BEE AR AS

Table 3-1_ System parameter

Power rating 5+[kW]
Line voltage 220 [V]
Full load current 13.1 [A]
Line resistance.-R, 100 [m<2]
Line inductance L; 100 [uH] (0.377%)
Short fault switch 100 [m<]
Range of trip settings 13.1 [A] — 50 [A]

3-2-1. AC SSCB9 7 x| w& A4

A FH BE

2R 21 Ry

+

Car —|—_Vch

(@) Ca1 charging circuit
2R 2L Ry

-+

C T S C2 Ve
¢ -
(b) Cz1, C22 charging circuit

Fig. 3-8 Equivalent circuit of charging mode
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v
v, (t) = Vi /2 sin(wt+0) (HZSinl(V - )) (3-1)

V., V25w« cosh+s -« sing)— V, (s> +u?))
L(s)= (3-2)

2R T R, 1
o Tt ) 52
(7w’ (s” £ o S+2LZC’)

V., V25w« cosf+s o sing)— V. (s° +u?))

I,,(s)= AW 2)(2_’_2@"'30 N ; ) (3-3)
TS oF

Vo =V V2=V, [V (3-4)

A REdAE AMAEZE AR R FdEE AS FsoF dt A
A H o BZA T FHAF7 224 HW AGAEE tole=Rz <l
AA AGET 22 Yoz FHe] Hrh AMAIHS Mool AXW AR
Ao Hugol AXA H2z ¥ & &9 SCRe] f7Hth weba A
Rvel AWAE Ce= 2359 21& WHstes AAdof . Fd 2=
o A AF it T AY Vet e BZo g vy ooz A
@ Ryot AAE Ce Ad Reo A5d REE ayste] AAgot

8L,
RUZ T_Q_Rl (3_5)
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19 3-95 AU RE(t;~tp)oll A SSCBY 28 vbeldth SSCBY A

E AR AR M AAE A5E nelskel AAslor dvh AnAFE 34
werAba W b de 1y 339 AW R elA 33wt
WA el AnAFE G AAA Ak

(b) Sub Mode 2 (Breaking Mode : ts~to)
- AWk

R - Ry G —pi L

Ting
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(c) Sub Mode 3 (Breaking Mode : to~t10) (d) Sub Mode 4 (Breaking Mode : t1o~t11)
W > . Si 2 > o 1
Y R-L R | Gl Yo R-L R | Gl
i W e
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L M i S L
o CW R L U= o
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(e) Sub Mode 5 (Breaking Mode : t11~t12) (f) Sub Mode 6 (Breaking Mode : ti~t13)

Fig. 3-9 Detailed sub operating modes of breaking mode
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Fig. 3-10 a-Phase Current waveforms in breaking mode
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s2s AR HAuge e fside gty AHEE 1~3)9
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etk ks SSCB Al Ao & A= As dwst & daido] gl
th ol Al Y Vas Hogs 7HAERE A A (3-6)3 2ok 1Ea
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v,(t)=V sin(w « (t—=t,)+90°) (ts <t <t.) (3-6)
v, (ty) =V, sin(w « (t,;,—t,)+90°)=0.99V, =V (3-7)
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(a) Equivalent circuit of Mode 2 (b) Voltage balance circuit of Mode 2
Fig. 3-12- Equivalent circuit of sub mode 2
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Fig. 3-13 a-Phase laplace equivalent circuit of sub mode 2
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(c) ME BR= 3 (A B g <t<t,)
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—@—wwmr I—Pk
N +
la Vv
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—(O— W ——e—]|
Ve R - L Sz Cs2
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Fig. 3-14 Equivalent circuit of sub mode.3
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(a) 3 Phase circuit including Zv (b) a Phase circuit including Zv’
Fig. 3-15 Simple circuit of Fig. 3-14

_35_



a9 3-159] ()32 19 3-14 3 2E raEA el Aol (h)I=
= (@329 ad T7F FRelth. 29 3-15-()3Z2FE "By s o
gstol 29 3-15-3 e Zvie F+avd 11 3-149 a¥ S/t RE
s otk a2 3-15-(a) 3 ZelA xy ©@Ae "HEW 571 Aty "By

S7F d¥d e A (3-14)9 A (B-15)7F dn eja

a9 3-15-(b) 3] =9

A Xy BAS BBy S Age Hug 57 dudse A (o163 4

(3-17)¢] Ht},
Zy 34V, Vi
Yoy = Za+Zb<V“_V”)_ 2(Z,+ %) V=)
2Z(1Z()
Z, =
w7 47,
2, 2
Vov =757V~ 3 Ve
Z Z(IZI)
T Z+7,

a8 3-15-(a)3 29 AF iveE 2 3-15-(h)3F =9
o2 A(3-18)¢] Ht}

V., Vi

. . Ty z'y
1, —1

W T %2, Zyy+ 2,

Ty Ty

21(3-18)= Aelstd Zvie 2 (3-19)7F €t

z,=2741 %2,
v_g v 3ZL+Zy

_36_

(3-14)

(3-15)

(3-16)

(3-17)

A5 iveh ook o

(3-18)

(3-19)



Ci—F/ =W

Fig. 3-16 a-Phase equ-ivalent circuit of sub mode 3
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Fig. 3-17 a-Phase laplace equivalent circuit of sub mode 3
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L (5" +<L TRt R

(R/==R)) (3-21)

i (t)=1,(t)—ig, [A] (3-22)
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Fig. 3=18 “Peak value of current i, when-C and I change
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Fig. 3-19 Peak value of current i, when C and Vy change
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Fig. 3-21 Equivalent circuit of recharging mode
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Fig. 3-25 Recharging loop of C» in the 3-phase ground fault
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3-4. AN EHA R 48 23

Table 3-2 Experimental model parameters

Handling Power 5 [kW], 220 [V]
Varistor 260 [V]
Rv 3 [2], 20 [W]
C 100 [uF], 440 [VAC]
SCR 1200[ V], iav=40[A], ipeak= 800[A]
Diode 1200[ V], iav=40[A], ipeak= 800[A]
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Fig. 3-23 Current i, 1, 1o and voltage Ve, Ve, Veor, Ve, Ve,
Ve simulation waveforms in charging mode
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4, A3+ DC Solid-State Circuit Breaker
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4-2. At3s= DC Solid-State Circuit Breaker
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Fig. 4-4 Operating modes of the proposed DC SSCB
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4-3. DC Solid-State Cirecuit Breaker?] A A
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Table 4-1 System parameter

Power rating 5 [kW]
Source voltage Vs 380 [V]
Line resistance Rs 50 [mQ]
Line inductance Lg 100 [uH]
Full load current 13.1 [A]
Range of trip settings 13.1 [A] — 50 [A]
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Fig. 4-7 Equivalent circuit of charging mode
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Table 4-2 Experimental model parameters

Handling Power 5 [kWI, 380 [V]
L, 25 [UH], ipeas= 1000 [A]
L 240 [UH], ipea=500 [A]
C 100 [pF], 1200 [VAC]
R 0.5 [Q], 40 [W]
SCR 1600[V], ia=70 [Al, iea= 1600 [Al
Diode 16001V, =82 [Al, ineac= 2000 [A]

0 0.0004 0.0008 0.0012 0.0016 0.002
Time (s)
Fig. 4-14 V¢ and ic simulation waveforms of charging mode
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Fig. 4-15 Measured V¢ and ic waveforms of charging mode
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Fig. 4-16 1s, is1, is3 and ip; simulation waveforms of breaking mode
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