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Abstract—DC circuit breaker plays an important role in the
reliability of HVdc system, but the large number of expensive press-
pack insulated-gate bipolar transistors (IGBTSs) is used at present,
which is a serious impediment to HVdc development. Thus, the
low-price integrated gate commutated thyristor (IGCT) becomes a
promising alternative device. This letter presents a low-cost HVdc
circuit breaker with high current breaking capability based on
IGCTs. The topology and principle of the proposed HVdc circuit
breaker are introduced at first. Then, the parameter design is
analyzed. A scaled-down test successfully demonstrates the high
current breaking capability of 15 kA. In the end, the cost compari-
son shows that this scheme can achieve 61.8% cost reduction of the
commutation branch.

Index Terms—DC circuit breaker, integrated gate commutated
thyristor (IGCT).

I. INTRODUCTION

C GRIDS provide many advantages over ac systems due to

D the low transmission losses, no phase or frequency control,
thus becoming a research hotspot [1]. However, dc fault current
rises very quickly because of the small system impedance; thus,
the dc fault current clearance remains a tough problem and dc cir-
cuit breakers are indispensable to achieve dc grid protection [2].
In 2011, ABB proposed the hybrid dc circuit breaker [3]. It
contains two branches: The main branch composed of the ultra-
fast disconnector (UFD) and load commutated switch (LCS),
commutation branch made up of series main breakers (MBs),
which integrates the advantages of low conduction losses, arcless
interruption, and fast current breaking [4]. Hence, the hybrid
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scheme becomes a promising solution. In the normal operation,
the main branch carries all the nominal current. When breaking
fault currents, LCS turns OFF at first, and the fault current
commutates to the commutation branch. When the current com-
mutation is completed, UFD is controlled to open without arc
and MBs are turned OFF to achieve the current interruption
afterward.

To achieve fault current interruption of MBs, press-pack
insulated gate bipolar transistors (IGBTs) are usually used
due to their advantages such as high voltage, large capacity,
short-circuit failure mode, and series-connected redundancy.
However, IGBTs are very expensive, leading to high cost of cir-
cuit breaker, especially in HVdc applications. Therefore, many
researchers are seeking for cheap alternative power devices.
In recent years, integrated gate commutated thyristors (IGCTs)
have been increasingly applied in dc circuit breakers, as IGCT
only costs about half as much as IGBT, and it has high surge
withstand capability and gate driver reliability [5]. In [6] and
[7], various dc circuit breakers based on IGCTs are developed,
but the current breaking ability is very low due to which IGCT
has low controllable cutoff ability (/.utofr). The authors in [8]
propose a circuit breaker with high current breaking capability
using IGCTs, but expensive IGBTs are still not avoided. In
summary, it seems to be very hard to realize both cost-efficiency
and high current breaking ability by using IGCTs.

To solve the problems above, this letter proposes a low-cost
HVdc circuit breaker using IGCT. It has the advantages of low
cost, high current breaking, and surge capability. Section II
introduces the principles and operation. In Section III, the pa-
rameter design regarding current commutation and interruption
is analyzed. In section IV, a scaled-down test is successfully
carried out, verifying the effectiveness. In section V, the cost
comparisons and application discussions are made. Finally, Sec-
tion V concludes the letter.

II. FUNDAMENTAL PRINCIPLE
A. Configuration

Fig. 1 shows the configuration of the proposed HVdc cir-
cuit breaker based on IGCTs. Es, Rs, and Ls are the system
source, resistance, and inductance, respectively. It consists of
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Fig. 1. Configuration of the novel hybrid dc circuit breaker.
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Fig. 2. The schematic waveforms of proposed HVdc circuit breaker.

two branches: the main branch and the commutation branch. The
number of parallel and series connected power devices in LCS
is small and acceptable compared with commutation branch;
therefore, the main branch is the same as the traditional dc circuit
breaker in [3]. The commutation branch is composed of MBs
in series, which are quite different from the traditional hybrid
dc circuit breaker. The MB is an IGCT-based diode-bridge, and
paralleled with the metal oxide varistor (MOV). A novel snubber
circuit is paralleled to the IGCT, which contains snubber diode
(Ds) and capacitor (Cs), and thyristor T.

Remarkably, the capacitor (Cs) has two purposes in the dc
circuit breaker: 1) to construct a snubber circuit during IGCT’s
switch-OFF to help lower down the turn-OFF du/dt and suppress
voltage spikes; 2) to store energy during current commutation
process and discharge oscillating current to achieve high current
breaking capability.

B. Principle and Transient Analysis

Fig. 2 presents the schematic current breaking waveforms,
which can be divided into four stages. The isystem, Imains iG
and ic are system current, the current in the LCS, IGCT, and
Cs, respectively. uc is the voltage across Cg. Fig. 4 presents
the equivalent circuits during current commutation. In normal
operation, all the system current flows through the UFD and
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Fig. 4. Equivalent circuits of the proposed hybrid dc circuit breaker during
(a)—(d) current commutation and (e) energy dissipation.

LCS. When a short-circuit occurs, the fault current breaking
processes are as follows.

Stage 1. Current Commutation: At t;, LCS turns OFF and
IGCT turns ON. Then, the fault current starts commutating from
main branch to IGCT [Fig. 4(b)]. Note that the LCS voltage
(ur,cg) is equal to the voltage across MOVy,cg paralleled with
LCS, which is a highly voltage-sensitive resistor. After LCS is
turned OFF and the voltage over MOV, cg exceeds the threshold
value, MOV,cg becomes conductive. The typical volt-ampere
characteristics curve of MOVy,cg is shown in Fig. 3, which
is very flat after conduction, indicating that uy,cg is basically
constant during the current commutation process.
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Fig. 5. Detailed current paths during the snubber oscillation.(a) Oscillation
starts. (b) Thyristor freewheeling. (c) Current conteract. (d) Diode freewheeling.

Therefore, considering that the initial current in IGCT before
current commutation is zero, the cutoff current during current
commutation process at 75 can be determined by

di u
I, = CTS (ta —t1) = Eis

At 15, the IGCT is turned OFF. The time duration between
15 and t3 is determined on the criteria that IGCT blocks before
its maximum cutoff current and is calculated using (1). Then,
the current in the commutation branch all flows through Cg
[Fig. 4(c)], which can also be expressed by the product of
capacitance and the voltage changing rate as shown in (2). By
taking the left port of the dc circuit breaker as the reference
node, the voltage across Cg can be obtained by solving (3). At s,
IGCT turns ON again. Then, the current commutation continues
and finishes at 74 [Fig. 4(d)] as follows:

(ta —t1). (1

) du

lcom = 057; (2)
diCOm

Ue + Lstw = ULCs 3)

wherein i, is the commutation branch current, Lg; is the stray
inductance of the current commutation loop, and ujgc is the
voltage across IGCT. The initial conditions of the voltage across
Cs (uc)are: ue(0) = 0and Csu.'(0) = I.utofr- By solving the
equations, we can obtain (4) as follows:

t
Ue = U 1—cos ———
res ( CsLst)

Lst (1 + sin t)
CS \% C’sLst .

Stage 2. Isolation Establishment: Thus, UFD can open with-
out arc and the insulation strength is built up from 74 to 5. The
fault current flows through IGCT.

Stage 3. Current Interruption: The detailed current paths of
snubber oscillation process are depicted in Fig. 5, including
two major stray inductors: Lg; and Lsp, which are the stray
inductance of IGCT-Dg-Cg loop and the connection line of the
thyristor, respectively.

+ Icutoff (4’)
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1) The thyristor T is triggered and Cs begins to discharge,
and the discharging current has the same polarity with iz,
which refers to the waveforms before the peak of ig in
Fig. 2 during #5—t¢.

2) Dgbecomes forward biased as the oscillating current falls,
leading to Lgs freewheeling through Dg, which refers to
the waveforms after the peak of i in Fig. 2 during t5—f¢.
This indicates that part of the energy released by capacitor
will not return.

3) The discharging current polarity is reversed, and IGCT
current is thus commutated to Ds. This is the detailed
process of period during f5—t7.

4) Asthe current flowing through IGCT keeps decreasing, the
reverse bridge-diode conducts due to the stray inductance
voltage. Hence, part of the oscillating current is bypassed,
which can avoid reverse voltage across IGCT when the
oscillating current exceeds the fault current too much, for
example, in small current breaking.

Considering the device conduction loss and current bypass,
the forward (i._max1) and reverse (i._max2) maximum value of
ic in the first oscillation period can be expressed by (5) and (6),
where ()¢ is the energy stored in the snubber capacitor. And, (7)
and (8) express the maximum and minimum current in IGCT,
which must be smaller than the surge capacity (/surge) and the
cutoff ability (I.us0f) Of IGCT, respectively. Therefore, the upper
and lower limit of the stray inductance can be derived as shown
in (9)

1 .
Qc > 5 (Lt + Ls2) i _masa )
le 1 .2
o 6
le ¥+ Ls2 QC =9 1207max2 ( )
. . 2Qc
max — 1 maxl < 1 —F < Isur e 7
1G_ 0 + %C_max1 o+ Tt Lo ge (1)
: . 2Qc
Icu off = min:I - max2 = Iy — e 8
toff = 1G_ 0 — tc_max2 = Lo Tt I 3)
2 2
V¢ Lgtla<—20C ©)
(Isurge - IO (IO - Icutoff)

At t7, IGCT is turned OFF within cutoff ability. Then, all the
current flows though Cg, and MOV gets conducted when uc
exceeds MOV’s threshold voltage. Remarkably, the interval (f6—
t7) is fixed because the oscillation is only determined by C and
stray inductance, independent of current amplitudes.

Stage 4. Energy Dissipation: Finally, all the current flows
through MOV as shown in Fig. 4(e) and the whole current
breaking is complete when the current in MOV drops to zero.

III. PARAMETER DESIGN

The most important issue in parameter design is to ensure
that the energy stored in snubber capacitor can generate suf-
ficient snubber oscillation during the current interruption. A
500 kV/15 kA HVdc circuit breaker simulation model is built
up and the simulated waveforms are shown in Fig. 6. The typical
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Fig. 6. Simulated breaking waveforms of the proposed HVdc circuit breaker.
(a) Whole waveforms. (b) Current commutation. (c¢) Current interruption.
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Fig. 7. Simulation results of ()¢ under different LCS voltages and IGCT
cutoff current.

values of the current commutation loop inductance and uy,cg are
0.3 mH and 20 kV, respectively [9].

A. Current Commutation Process

According to (4), the snubber charging process is determined
by urcs, Lst, Cs, and blocking time of IGCT. First of all, the
simulations result of Q¢ under different values of uy,cg and Ly
are presented in Fig. 7. As seen from the figure, Q)¢ increases
greatly with both parameters, and we continue to use the typical
values of the existing HVdc circuit breaker to maximize the
technical adaptability.

Then, the simulations of Q¢ under different Cs and blocking
time are carried out and the relationship is presented in Fig. 8.
The blocking time and capacitance Cg have different effects on
the energy stored in Cg. An optimal matching curve between
Cs and blocking time can be drawn, from which the maximum
energy can be obtained with minimum Cg and blocking time.
According to this curve, as long as Q¢ is determined, the
capacitance can be selected.
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Fig. 8. Simulation results of Q¢ under different snubber capacitances and
blocking time.
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Fig. 9. Lowest IGCT currents during the snubber oscillation under different
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Fig. 10. Simulated IGCT currents during the snubber oscillation under

different LS1corresponding to Fig. 9 (4500 J).

B. Current Interruption Process

When Q¢ in the capacitor discharges during the current
interruption process, the stray inductance is significantly impor-
tant to the oscillation. Since Dg and T are tightly connected,
Lg> is treated as unchanged. Fig. 9 shows the lowest IGCT
current under different stray inductance (Ls;) and Q¢ when the
dc circuit breaker interrupts 15 kA. Considering IGCT cutoff
stress and difficulty in structural design, a preferred parameter
selection area is marked.

To achieve 15 kA current breaking, as seen from Fig. 9,
Q¢ = 4500 J is suitable because it can meet a large range of
stray inductance (15-35 uH), and also ensure reliable turn-OFF
of IGCT (<4 kA). Then, the minimum capacitance for the energy
of 4500 J on the optimal matching curve is 1.33 yF. The IGCT
current waveforms during current interruption under different
stray inductances are simulated as shown in Fig. 10.
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Fig. 11. Test circuit of the current breaking experiment. Fig. 13.  Test waveforms of current commutation and snubber oscillation.
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Fig. 12.  Test setup of th d dc circuit breaker.
ig est setup of the proposed dc circuit breaker. TABLE II
COST PERFORMANCE COMPARISON
TABLE I
TEST PARAMETERS Field Ref[13] Ref [14] Proposed scheme
Breaking current 25 kA 15 kA 15/25 kA!
parameters Simulation (500 kV) Experiment Series MBs 350 350 350
Lq 300 uH 10 pH Power ]I)quTXZ IGBTx4 IG(;F”flxl/ D“’dTXS/
Utcs 20 kV 0.7kV Device iodex5 yristorx
Equivalent Cs 1.33 uF 40 pF MB 100,000 160,000 39,000
Gate driverx2 driverx4 thyrlstor
Driver 2 triggerx 1
IV. EXPERIMENTAL RESULTS 10,000 20,000 3,000
Total cost 38,500,000 63,000,000 14,700,000

A. Experiment Test

A scaled-down test is designed as presented in Fig. 11, and
the test platform is shown in Fig. 12. Cy. and Ly construct a
current source to simulate the fault current. Before the test, Ky
is closed and Cy. is charged to a certain value by the dc source.
To start the test, triggered vacuum switch (TVS) is triggered
to conduct the circuit and the simulated fault current generates.
The test parameters of the dc circuit breaker are listed in Table
I. The specification models of IGCT, thyristor, and diode are
CA( 4000-45 [9], KKC 3500-60 [10], and FYg 2000-45 [11],
respectively.

The rated voltage and current of the power devices are
4.5 kV/4 kA, 6 kV/3.5 kA, and 4.5 kV/2 kA, respectively.
Especially, IGCT’s maximum turn-OFF ability is 5 kA, and its
surge ability provided by the manufacturer is a sine current
wave with 35 kA peak and 10 ms half-cycle. The LCS is
designed using single injection-enhanced gate transistor (IEGT,
ST3000GXH24A) [12]. The conduction and residual voltages
of MOV is 2.8 and 4 kV. The currents and voltages are measured
by PEM-CWT 300 and TESTEC 9010, respectively.

'As demonstrated, the proposed breaker can break 15 kA, and the current breaking
capability can reach over 25 kA with certain structural improvement.

2The gate drivers of [13] and [14] are the drivers of IGBTs. The gate driver for the
proposed scheme is the thyristor trigger, since the gate of IGCT is integrated and included
in the cost of IGCT device.

B. Test Results

The test is carried out by two steps. First, the current commu-
tation test is carried out. As shown in Fig. 13, LCS is turned OFF
at 10 kA, and when the current in IGCT rises to 3.6 kA, IGCT is
turned OFF and maintain blocking state for 60 us, which charges
the snubber capacitor to 2.7 kV. When i reaches 15 kA, T is
triggered ON. A high frequency oscillation occurs, and the lowest
IGCT current arrives at around 1.5 kA.

When the first step succeeds, the whole current breaking is
tested. According to the test waveforms, the oscillation period
is 32 ps, and the stray inductance (Lg; + Lgo) is calculated to
be 0.649 1H, which matches the stray inductance calculation in
Section II. As shown in Fig. 14, IGCT is successfully turned
OFF at 3.97 kA, and the system current of 15 kA begins to drop,
which means the success of current breaking.
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V. APPLICATION DISCUSSIONS

This letter shows a 15-kA breaking demonstration. In fact,
many measures can improve the breaking capability, such as
increasing the LCS voltage. Besides, laboratory tests prove that
IGCT can withstand over 60 kA under such pulse; hence, for the
future improvement, laminated busbar will be used to reduce the
stray inductance and further increase the breaking capacity.

The cost comparisons are made between the proposed and the
existing schemes under the 500 kV as presented in Table II (the
currency is Chinese Yuan). The cost of the proposed scheme is
greatly reduced, which attributes to the price of IGCT. To be
specific, compared with the scheme in [13] and the scheme in
[14] based on press-pack IGBTs, the cost is reduced by 61.8%
and 76.7%, respectively. It should be pointed out that the power
supply for the proposed HVdc circuit breaker would be higher
than conventional IGBT schemes because the current-controlled
IGCT consumes more power than the voltage-controlled IGBT.

VI. CONCLUSION

This letter presents a novel low-cost HVdc circuit breaker
with high current breaking capability based on IGCTs. Detailed
current breaking process and parameter design are analyzed. A
scaled-down experimental test successfully proves the effective-
ness of the proposed scheme. This HVdc circuit breaker has the
following advantages.

1) Hybrid dc circuit breaker is technically mature, and the

new control is independent of current and reliable.

2) The current breaking capability based on IGCT is up to
15 kA and can reach even higher with integrated structural
design.

3) The current commutation branch costis reduced by 61.8%.
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