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Transient Current Interruption Characteristics of a
Novel Mechanical DC Circuit Breaker

Weijie Wen —, Yizhen Wang —, Bin Li

Abstract—With the rapid development of multiterminal direct
current (MTDC) grids, high-voltage direct current circuit break-
ers (HV-DCCB) capable of interrupting currents within 5 ms are
in urgent demand. The mechanical DCCB has always been one of
the main proposals for HV-DCCBs. The current commutation is
the prerequisite for mechanical DCCBs to interrupt currents suc-
cessfully. Focused on the current commutation difficulty, a novel
mechanical DCCB has been investigated in this paper. A simulation
model of the novel mechanical DCCB in MTDC system for fault
current interruption was established in PSCAD. By analyzing the
simulation results, the detailed transient varying patterns of cur-
rent, voltage, and energy in the novel mechanical DCCB during
its interruption process are revealed. To verify the feasibility of
the novel mechanical DCCB, a prototype was developed in the lab,
and current interruption tests were carried out on the prototype.
Experimental results have shown that a current of 5.3 kA can be
interrupted by the prototype within 3 ms. In the end, failures that
occurred in initial experiments are discussed and relative protec-
tion measures have been proposed. By adopting these measures,
failures are successfully avoided and the normal operation of the
novel mechanical DCCB are ensured.

Index Terms—Current commutation, dc circuit breaker, failure
mechanism, transient current interruption characteristics.

I. INTRODUCTION

HE voltage source converter-based multiterminal di-
T rect current grid (VSC-MTDC) is widely recognized as
a promising solution to integrate distant renewable energy
sources, such as solar and wind energy, into ac networks [1].
To isolate short-circuit fault lines and improve the reliability of
MTDC grids, high-voltage direct current circuit breakers (HV-
DCCB) with the ability to interrupt direct fault current larger
than 10 kA within 5 ms are in urgent demand [2]-[4]. Up to
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now, there are mainly two kinds of HV-DCCBs, which are hy-
brid DCCBs and mechanical DCCBs [5]-[7]. With advantages
of the long research history, low operating losses, and low cap-
ital cost, the mechanical DCCB has drawn extensive attention
and this paper is focused on key technologies relative to the
mechanical DCCB.

Generally, the mechanical DCCB consists of three paral-
lel paths, including a load current path, a commutation path,
and an energy absorption path. In normal state, load current is
conducted by the load current path composed of mechanical
switches (MS), and operating losses of DCCB are so small that
they can be neglected. Once a fault is detected, the current should
be commutated from the load current path to the commutation
path, whose key component is a high-voltage capacitor (C).
After the current commutation, with the fault current charging
C, the voltage across DCCB (UCB) increases continuously. As
metal oxide varistors (MOVs) constitute the energy absorption
path, when UCB increases to a certain value, the fault current is
naturally commutated from the commutation path to the energy
absorption path. After the current is commutated to the energy
absorption path, UCB is limited to be the clamping voltage of
MOVs and with the residual energy in MTDC grids being dis-
sipated by MOVs, the fault current decreases gradually to zero.
Thus, the current commutation from the load current path to the
commutation path is the prerequisite for mechanical DCCBs to
interrupt currents successfully.

By review of the previous studies, it is found that methods to
produce current zero-crossing points by superimposing an os-
cillatory current on the direct arc current through MS have been
employed to realize the current commutation in mechanical DC-
CBs. The current commutation methods can be divided into two
kinds which are the self-excited oscillation method [8], [9] and
the active-excited oscillation method [7], [10]-[14]. Topologies
of mechanical DCCBs based on the two methods are illustrated
in Fig. 1, respectively. As show in Fig. 1, the mechanical DCCB
consists of three parallel paths and two disconnectors (K1 and
K?2) are installed at its both ends to interrupt the residual current.

The mechanical DCCB shown in Fig. 1(a) is based on self-
excited oscillation. The self-excited oscillatory current (/) in
the closed circuit with the load current path and the commuta-
tion path in series is produced by the characteristic that SF6 arc
voltage has downward gradient against a rising arc current [8],
which means the arc extinguishing medium in MS of the load
current path must be SF6. Limited by the amplitude of SF6 arc
voltage, the maximum current that can be commutated and in-
terrupted by this kind of mechanical DCCB is usually less than
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Fig. 1. Topology of mechanical DCCB based on different current com-
mutation methods: (a) Mechanical DCCB with the self-excited oscillation.
(b) Mechanical DCCB with the active-excited oscillation.

6 kA. Besides, the regular SF6 MS has features of long stroke
and heavy-moving parts [15], resulting in the operating time of
this kind of mechanical DCCB is in the order of tens of millisec-
onds. Therefore, in aspects of the current interruption ability and
the operating time, mechanical DCCBs based on self-excited
oscillation cannot satisfy the requirements of the VSC-MTDC
system, and they are usually used as transfer breakers in point
to point dc system based on the line commutated converters,
such as metallic return transfer breakers, ground return transfer
breakers, neutral bus switches, and neutral bus ground switches
(81, [9].

Aimed to increase the current interruption ability and shorten
the operating time, an active-excited oscillation method is pro-
posed to realize the current commutation in mechanical DCCBs
shown in Fig. 1(b), [10]-[12]. In Fig. 1(b), MVS is a mechani-
cal vacuum switch in the load current path; TSG is a triggering
sphere gap; C is a precharged capacitor; L is a reactor; Ips is
the active excited oscillatory current in the closed circuit with
the load current path and the commutation path in series. As
shown in Fig. 1(b), by igniting TSG, Iy is produced by the dis-
charge of C through L, TSG, and MVS. With merits of excellent
arc extinguishing characteristics, small stroke, and light-moving
parts [14]-[16], vacuum interrupter instead of SF6 interrupter
is employed to make sure that the fault current can be reliably
commutated at zero-crossing points and the operating time of
mechanical DCCBs is less than 5 ms. The current commutation
and interruption ability of mechanical DCCBs is defined as the
peak value of I, and with other parameters determined, it can
be enlarged by increasing the precharged voltage on C. By using
the active-excited oscillation method to increase the current in-
terruption ability and by using MVS instead of the regular SF6
MS to shorten the operating time, the mechanical DCCB shown
in Fig. 1(b) is satisfactory for MTDC grids, but when it is used
in practical engineering, following problems show up.
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As mentioned, C in Fig. 1(b) should be charged to a preset
voltage. The maximum voltage on C equal to the clamping volt-
age of MOVs (1.5 p.u., in the order of several hundreds of kV)
is so high that online charging system is used. In Fig. 1(b), with
K1, MVS closed and K2 open, C is charged by dc bus through
the charging resistor R.. After C is charged to the preset voltage
(system rating voltage), K2 is closed to conduct the load current.
In situations when the voltage of dc bus is unstable, especially
lower than the system rating voltage, the precharged voltage
on C is not equal to the preset voltage, resulting in working
uncertainties of the mechanical DCCB. In [12], to obtain the
bidirectional dc interruption ability, TSG with weak arc extin-
guishing capability is used. With TSG arcing in air, fire accidents
are possible. In addition, with the arc extinguishing capability
of TSG uncertain, the voltage on C after current interruption is
invariable, resulting in the instability of its autoreclosing func-
tion. More notably, as the arc extinguishing capacity of TSG
is too weak, a residual current through the commutation path
will oscillate continuously until it is interrupted by K1 and K2,
and long-time burning of TSG is inevitable, resulting in a short
lifetime.

Focused on the current commutation problem in the mechan-
ical DCCB, to overcome shortcomings of the existing current
commutation methods, this paper has investigated a novel me-
chanical DCCB. The rest of this paper is organized as follows.
The structure and working principle of the novel mechanical
DCCB are first presented in Section II-A, simulation model of
the novel mechanical DCCB established in PSCAD is intro-
duced in Section III. Based on the theoretical analysis of simu-
lation results, detailed transient characteristics of current inter-
ruption process of the novel mechanical DCCB are revealed. In
Section IV, to verify the theoretical analysis and the feasibility
of the novel mechanical DCCB, current interruption tests have
been carried out on the prototype that was developed in our lab.
Then, in Section V, failures that occurred in the initial exper-
iments have been discussed and protection measures to avoid
these failures are proposed. In the end, Section VI concludes
this paper.

II. NOoVEL MECHANICAL DCCB

A. Structure of Novel Mechanical DCCB

Topology of the novel mechanical DCCB is shown in Fig. 2,
and it also consists of three paths. Compared with the mechanical
DCCB shown in Fig. 1(b), the load current path and the energy
absorption path have not changed, but the commutation path is
different.

In Fig. 2, C in the commutation path is not precharged. Re-
actor in the commutation path shown in Fig. 1(b) has been
removed. [y in Fig. 2(a) is the stray inductance of the com-
mutation path. Instead of TSG in Fig. 1(b), a current com-
mutation drive circuit (CCDC) proposed by us is used in
Fig. 2(a). According to the detailed diagram of CCDC illus-
trated in Fig. 2(b), CCDC consists of a precharged capacitor
C1, a fast-closing switch (FCS), and an air-core transformer
(ACT). In Fig. 2(b), L, is the primary coil of ACT, r; is the stray
resistor of the primary side circuit, Lo is the secondary coil of
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Fig.2.  Structure of novel mechanical DCCB; (a) the overall topology of novel
mechanical DCCB; (b) detailed diagram of CCDC. The red circle is the in-port
of CCDC, and the blue circle is the out-port of CCDC.

ACT, ry is the stray resistor of the secondary side circuit, M is
the mutual inductance between L; and L. (' is in series with
L, through FCS. L is in series with C in the commutation path.

The maximum voltage on C) equal to the precharged volt-
age Ucp is usually lower than 10 kV, so charging system for
C} can be designed independently. Compared with the online
charging system for precharged C in Fig. 1(b), the indepen-
dent charging system for C; is simpler and cheaper. Besides,
the independent charging system can make sure that Uy is
stable and the working state of the mechanical DCCB is cer-
tain and predictable. As shown in Fig. 2(b), FCS consists of
several submodules (FCS_sm) in series. The FCS_sm, capable
of conducting bidirectional currents, is composed of four par-
alleled branches, including a thyristor (SCR), an antiparalleled
diode (D1), an RCD snubber circuit and an mov. RCD snub-
ber circuit is used to mitigate the transient recovery voltage on
FCS_sm during its turn-OFF process, and suppress the surge
current through SCR produced by the discharge of C; during
its turn-on process. Different from TSG used in Fig. 1(b), FCS
is controllable, and without arcing in the air, FCS is safer for
practical application in power system than TSG. Thus, without
using TSG and the online charging system for C, the reliabil-
ity of the novel mechanical DCCB with CCDC is improved.
Considering that the cost of the mechanical DCCB is mainly
decided by the energy capacity of C, by using CCDC for cur-
rent commutation, parameters of C has not been changed and
the cost of the mechanical DCCB will change a little.

B. Current Commutation Principle of Novel
Mechanical DCCB

Compared with the existing mechanical DCCB shown in
Fig. 1(b), the operation time sequence is unchanged and only
the current commutation principle of the novel mechanical
DCCB with CCDC is quite different. The current commutation
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Fig. 3. Typical current waveforms during the current commutation process.

principle is described as follows: Once a fault is detected, con-
tacts of MVS are first commanded to separate. Then with MVS
arcing and FCS turned ON, a continuous oscillatory current
I is produced by the discharge of C through FCS and L,
and meanwhile, an oscillatory current Iy,ys 1 is excited in the
closed circuit with MVS, C, [y, r9, and Lo in series, as shown
in Fig. 2(a). The typical waveform of I,,,,s_ ¢ is illustrated in
Fig. 3. 41 is the positive fault current through the mechanical
DCCB, which flows from left to right, just as shown in Fig. 2(a).
—Ir is the negative fault current through the mechanical DCCB,
which flows from right to left. Before the current commutation,
the fault current is completely conducted by MVS, and I; is
equal to Ijys.

As shown in Fig. 3, FCS is turned ON at O us. During the cur-
rent commutation process, I,,,,s 1 1S continuously oscillating
and I is almost constant. The total current through MVS I,
during this period is the superposition of Iy and I,,,,s 1. Aslong
as Iy is larger than the minimum value of 1,5 1 (L4501 _min)
and smaller than the maximum value of 1,5 c1 (I, 5 0'1_max )
Iy Will pass through zero. With Iy, extinguished by the arc-
ing MVS at the current zero-crossing point, the current can
be completely commutated from the load current path to the
commutation path. The detailed transient current interruption
process of the novel mechanical DCCB will be revealed based
on simulation and experimental results in the following sections.

III. SIMULATION OF THE NOVEL MECHANICAL DCCB

In VSC-MTDC systems, during the initial period of short-
circuit fault, the surge current is mainly produced by the
discharge of the capacitors in converter [1], [3]-[4]. When a
short-circuit fault occurs at the outlet of DCCB, the peak value
and the rise rate of the fault current are the largest, and the
working condition of DCCB in this case is most severe. The
equivalent circuit of the extreme case is illustrated in Fig. 4.

As shown in Fig. 4, one DCCB is installed at the positive
pole, and the other is installed at the negative pole [1]. Cpc is
the equivalent capacitance of the converter. For the extreme case,
the inductance of the short transmission line is negligible, and
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Fig. 4. Equivalent circuit of the extreme case.

TABLE I
PARAMETERS OF NOVEL MECHANICAL DCCB PROTOTYPE WITH CCDC

Items Values Items Values
C1 (uF) 58 C (uF) 24
1 (uH) 25 Iy (uH) 5
Ly (pH) 1.96 Ly (pH) 2.33
71 (m)§2 20 79 (M)S2 40
Ucqo (kV) 4 M (pH) 1.95

the current limiter made of reactors is not installed at the outlet
of the converter. Therefore, Lpc is the equivalent inductance
of the six bridge reactors in the converter. According to elec-
trical parameters of the demonstration MTDC projects, such as
Nan’ao and Zhoushan projects in China [1], [19], Cpc is in the
order of 100 uF and Lpc is in the order of 100 mH. The initial
voltage on Cpc (Ucpeo) is the system rating voltage (320 kV
for Nan’ao project and 400 kV for Zhoushan project). With
Cbc, Lpc, and U peg equal to 100 pF, 100 mH, and 320 kV,
a simulation model for the equivalent circuit corresponding to
the Nan’ao project is established in PSCAD. Parameters of the
novel mechanical DCCB with CCDC in the simulation model
are listed in Table I. The simulation results are shown in Fig. 5.

The fault current is ignited by closing the disconnectors (K1,
K2, K3, and K4 shown in Fig. 4) at 0 ms, and it is initially
conducted by the load current path I,,. As the contacts of
MYVS are commanded to separate at 0.1 ms and FCS is turned
ON at 2 ms, the fault current is completely commutated to the
commutation path I by CCDC at 2.05 ms. During the period, the
current through the commutation path charging C continuously
Ucg and its rise rate dUcp/dt can be calculated by (1) and (2).
The fault current rate df; /dt can be calculated by (3)

I. 1.
U, = Ldt+ Uy ~ SAt+U 1
cB / C +Ups C +Upe (D
dUCB Ic
~ =27 2
7 C 0V/ps 2)
;1
EF (2. Uy — Uenc). 3
7 Tnc ( CB cpe) 3)

As shown in Fig. 5, based on (3), when 2-Ucg is larger than
Ucpc, the fault current reaches its peak value and starts to de-
crease at 2.49 ms. Decided by the intrinsic V-I characteris-
tic of MOV [20], when Ucg reaches the knee-point voltage of
MOVs at 3.11 ms, the equivalent impedance of MOVs decreases
dramatically, resulting in that most of the fault current is
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Fig. 5. Simulation results of novel mechanical DCCB in the extreme case.

naturally commutated to the energy absorption path, and Ucp is
limited to be the clamping voltage of MOVs.

During the period from 3.11 to 5.29 ms, in reference to the
V-I characteristic curve of MOVs, with [, decreasing, Ucp
equal to the voltage on MOVs decreases slightly. The slight
change of Ucp results in the transient current oscillation in
the closed circuit with the commutation path and the energy
absorption path in series. According to (3), with Ucpc constant
and Ucg decreasing slightly, I 1,0y (almost equal to Iy ) decreases
with a nearly constant rate, just as shown in Fig. 5. During
this period, the residual energy stored by Lpc is dissipated by
MOVs.

At 5.29 ms when U¢ p decreases to the knee-point voltage
of MOVs, the equivalent impedance of MOV increases rapidly
and I,y decreases to almost zero. At this time, with the load cur-
rent path and the energy absorption regarded as open branches,
the novel mechanical DCCB is equivalent to the commutation
path which is made of C in series with [y and Ly. An oscilla-
tion through the circuit with Cpc, Lpc, C, [y and Lo in series
is produced, resulting in the residual continuously oscillatory
current and voltage, just as shown in Fig. 5. The oscillatory
current can be easily interrupted at zero-crossing points by the
disconnectors (K1, K2, K3, and K4) after they are open.

IV. EXPERIMENTS OF THE NOVEL MECHANICAL DCCB

In the simulation model presented in Section III, it is as-
sumed that the dielectric recovery strength of MVS is larger
than the transient recovery voltage on MVS (Ucg) and no re-
strikes of MVS occur during the current interruption process. In
this part, to verify this assumption and the feasibility of the novel
mechanical DCCB, a prototype based on the topology shown
in Fig. 2 is established, and its rating voltage is 20 kV. The
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Fig. 7. Current interruption results of DCCB with CCDC.

detailed technology of MVS used in the prototype is introduced
in [16].

In reference to the typical experimental circuit for DCCB
[21], which is similar to the circuit in Fig. 4, the bidirectional
current interruption experiments have been carried out on the
prototype. With Cpc and Lpc equal to 80 mF and 2 mH, a
current with frequency of ~12 Hz is produced to simulate the
fault current to be interrupted. The pictures of the experimental
setup and the prototype are shown in Fig. 6.

In the tests, when the current reaches 5.3 kA, the contacts of
MVS are commanded to separate at ty (0 ms), and FCS is trig-
gered by the regular drive circuit for thyristor at ¢; (2.7 ms). As
mentioned, bidirectional currents interruption tests have been
carried out. Considering the transient processes of positive cur-
rent and negative current interruption are similar, only the posi-
tive current interruption tests results are demonstrated in Fig. 7.
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During the current commutation period, I, is the superpo-
sition of Iy (5.3 kA) and Ijns.c1, and I is equal t0 Ip,u5 1.
As shown in Figs. 2 and 7, the initial directions of I,y and
Ivs.c1 are opposite, and I,,s decreases immediately after the
turn-ON of FCS at 2.7 ms. When Iy, 1 is equal to Iy, Iy
passes through zero at t3 (2.75 ms) and it is extinguished by
MYVS, resulting in the current to be completely commutated
to the commutation path. During the short period from t3 to
ty ~ (100 us), Ucp increases continuously with a rise rate of
230 V/us [~5.3 kA/24 uF in (2)]. Caused by the charging of C,
Ucg increases to the knee-point voltage of MOV at ¢4 (2.9 ms),
resulting in the current to be naturally commutated to the energy
absorption path, and Ucg is limited to be the voltage on MOV
(~33 kV). As the energy stored by L¢p is absorbed by MOVs
and the current decreases gradually, Ucg decreases to the knee-
point voltage of MOV, resulting in the current to be commutated
back to the commutation path. Finally, the oscillation through
the closed-circuit with Ccp, Lep, and commutation path in se-
ries happens, resulting in the oscillatory current I, and voltage
U CB-

The varying patterns of the current waveforms and the volt-
age waveforms obtained by tests and simulation are consistent.
The simulation model therefore has been verified by the ex-
periments. Based on simulation and experimental results, the
transient varying patterns of electric parameters, such as the
current, the voltage, and the energy, in the mechanical DCCB
with CCDC are revealed. Both simulation and experimental re-
sults have proved the feasibility of the novel mechanical DCCB
with CCDC.

In the experiments, the prototype with rating voltage of 20 kV
has interrupted currents of 5.3 kA within 3 ms. To promote the
industrial application of the novel mechanical DCCB in the
MTDC system, the rating voltage and interruption current of
the mechanical DCCB should be improved by increasing the
rating voltage of the components and optimizing its parameters.
Further research focused on these problems will be carried out
in the future.

V. TypICAL FAILURES OF FCS

In Section IV, tests result with the current successfully inter-
rupted by the novel mechanical DCCB prototype is presented. In
fact, in initial experiments, two kinds of failure have occurred.
To ensure the reliability of the novel mechanical DCCB and re-
veal the failure mechanisms, the mathematical model of CCDC
during the current commutation process is first introduced and
then, the test results are discussed. Finally, relative protection
measures to avoid these failures are proposed in this section.

A. Mathematical Model of CCDC

To reveal the failure mechanisms of FCS and obtain the cur-
rent commutation and interruption ability of the mechanical
DCCB with CCDC, it is necessary to establish a mathemati-
cal model of CCDC in the mechanical DCCB. Before MVS is
extinguished, both the load current path and the branch with
Lpc and Cpc in series are parallel with the commutation path.
Considering that for the working frequency of CCDC (several
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Fig. 8.  Equivalent circuit of CCDC during the current commutation process.

kHz), the impedance of the branch with Lpc and Cpc in series
is much larger than that of the load current path which is com-
posed of MVS, the branch with Lpc and Cpc in series can be
regarded as open circuit, and the equivalent circuit of CCDC
during the current commutation process is shown in Fig. 8. The
state equation of the circuit shown in Fig. 8 is listed in (4).

In (4), Urcs is the voltage drop of the FCS; U5 is the arc
voltage of the MVS; Ux and Ug is the voltage on C and C1,
respectively. [, is the stray inductance of the primary side of
ACT; [y is the stray inductance of the secondary side of ACT.
Ukcs can be obtained in the datasheet of the used SCR and D;
Unys 1s usually in the range of 10-25 V [15], which can be
measured by experiments. /; and [y are decided by the physical
arrangement of the mechanical DCCB with CCDC

Ly +1, -M 0 0 &
M —(Ly+1l) 0 0| Hesce
0 0 1 0 —dggl

dU.
0 0 0 1 dtC
Uci1 — 1y - 11 — urcs
Imvs_Cl ) + Umvs + UC
= , : (4)
e
Invsca
C

B. Discussion of FCS Failures

As mentioned, FCS shown in Fig. 2(b) is made of several
FCS_sm in series and each FCS_sm consists of four paralleled
branches, including a thyristor (SCR), an antiparalleled diode
(D1), an RCD snubber circuit and an mov. SCR can be either
electrically triggered or light triggered [22]. In initial experi-
ments, failures occurred in FCS twice. At the first time, D1
was damaged, and at the second time, light triggered SCR was
damaged. After the failures, the press pack housing D1 and
light triggered SCR were disassembled, and the internal pic-
tures have been shown in Fig. 9(a) and (b). Fortunately, when
the failure occurred in D1 and SCR, testing waveforms were cap-
tured by oscilloscope DL750, respectively, and they are shown
in Fig. 9(c) and (d).

As shown in Fig. 9(a), the failure spot of D1 was near the
insulation edge, meaning D1 was probably damaged by the
voltage breakdown. According to the test waveforms shown
in Fig. 9(c), after the triggering signal for SCR (Tscgr) was
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Fig. 9. Testing results of the damaged FCS: (a) Picture of the damaged D1,
(b) picture of the damaged light triggering SCR, (c) current and voltage wave-
forms when D1 is damaged, and (d) current and voltage waveforms when SCR
was damaged.

withdrawn and SCR was turned OFF, the current through D1
passed across zero at ¢y. D1 with regular recovery speed could
not recover its dielectric strength immediately during the period
from ¢, to t;, so a reverse current was conducted by D1 and
the voltage on D1 (Ugcs) was almost zero. With the charge
carriers in D1 being pulled out, the reverse dielectric strength
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of D1 increased gradually and the current was commutated to
RCD snubber circuit. In the closed circuit with Cy, Cs, D,, and
Ly in series, caused by the current charging C, Ugcs started
to increase at ¢; with a rise rate of 100 V/ us. Upcs competed
with the reverse dielectric strength of D1, and at to when Ugcs
reaches 2.6 kV, Urcs exceeded the dielectric strength of DI,
resulting in the voltage breakdown of D1.

Based on the tests results, the failure mechanism of D1 is that
the dielectric recovery speed of D1 is slower than the rise rate
of Upcs. Two solutions to avoid the failure of D1 are proposed
as follows: 1) with the rise rate of Urcs unchanged, the fast
recovery diode can be used to obtain higher dielectric recovery
speed; 2) considering that Ugcs is produced by the redistribution
of the residual energy on C', if Tgcr is not withdrawn until the
residual energy stored by C) is nearly completely consumed
through the damping circuit, the final value of Ugcs will be
almost zero and the breakdown of D1 can be avoided.

By adopting the proposed measures, the damage of D1 has
been avoided, but the failure of the light triggered SCR hap-
pened, just as shown in Fig. 9(b). The failure spot of SCR was
near the amplifying gates, which implied that SCR might be
damaged by high di/dt [22].

The damage process of SCR caused by high di/dt is described
as follows: During the turn-ON process of SCR, the current is first
concentrated in the small region near AGs and then it spreads
to the whole wafer quickly. When turning on a current with
over large rise rate (di/dt), the spread speed of the current is not
high enough, resulting in current filamentation. Thermal losses
of this current concentration spot are so high that the thermal
damage of SCR is inevitable.

However, by solving the state equation shown in (4), we found
that during the tests, the rise rate of the current through SCR
(Iy) was in the order of 100 A/us, which was much lower than
the di/dt capability of SCR. To find out the failure mechanism
of SCR, tests waveforms illustrated in Fig. 9(d) are analyzed.
Tscr is the light triggering signal for SCR and Uy is the voltage
on L.

By analyzing the equivalent circuit of CCDC shown in Fig. 8,
when Uy, reaches its positive peaks, I; passes across zero from
negative to positive, and at this time, SCR is turned ON with the
current commutated from D1 to SCR. When U}, reaches its
negative peaks, I; passes across zero from positive to negative,
and at this time, D1 is turned ON with the current commutated
from SCR to DI1. As presented in Fig. 9(d), during the pe-
riod from ¢y to ty, the current commutation from D1 to SCR
which was characterized by the voltage spikes showing up when
U1 reached its positive peaks. In the experiments, a command
to withdraw Tscr was sent out at ¢, and Tscr started to de-
cease. But it did not drop to zero at ¢;. A forward blocking
voltage was applied to SCR at ¢; when Tgcg was very small.
Considering that the current spread speed at the initial turn-
ON process of SCR is proportional to the light power of Tscr,
SCR was turned ON at £; with a lower current spread speed,
resulting in the formation of current filamentation and SCR
was burned by the heat produced at the current concentration
spot. After ¢, the damaged SCR could conduct the oscillatory
current and the current commutation from DI to SCR did not
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happen which could be verified by the disappearance of voltage
spikes.

In conclusion, the reason for the failure of SCR is that light
triggered SCR is forced to turn ON when the light power of
Tscr is lower than the standard value. Therefore, Tscr should
be designed to decrease to zero abruptly so that it can be avoided
that SCR is turned on with lower light triggering power.

After adopting the proposed measures, failures of D1 and
SCR in FCS have been avoided. With FCS working nor-
mally, current interruption tests have been successfully car-
ried out on the novel mechanical DCCB prototype shown in
Section IV. It is worth mentioning that full-controlled semi-
conductors, such as gate turn-off thyristor, insulated gate bipo-
lar transistor, injection-enhanced gate transistor, and integrated
gate-commutated thyristors, have higher di/dt capacity and di-
electric recovery speed after their turn-OFF. By replacing SCR
and D1 with the full-controlled semiconductor, the failures can
also be easily avoided and the reliability of FCS can be im-
proved. However, the full-controlled semiconductor is much
more expensive than regular SCR and fast diode, so in the ex-
periments, the measures mentioned before were used to avoid
the failures.

VI. CONCLUSION

Focused on the current commutation difficulty from the load
current path to the commutation path, a novel mechanical DCCB
with CCDC is investigated in this paper. In comparison with tra-
ditional mechanical DCCBs, the charging system and the current
commutation method for the novel mechanical DCCB are sim-
pler and more reliable. The structure and working principle of
the novel mechanical DCCB with CCDC are introduced first.
Then, a simulation model of the novel mechanical DCCB was
established in PSCAD and by analyzing the simulation results,
the detailed transient varying patterns of the electric parame-
ters, such as the current, the voltage, and the energy in the novel
mechanical DCCB during its current interruption process have
been revealed. To verify the simulation model and the feasibil-
ity of the novel mechanical DCCB, a prototype was developed
and relative current interruption tests have been carried out on
the prototype. According to tests results, the novel mechani-
cal DCCB prototype can interrupt a current of 5.3 kA within
3 ms. In the end, the failures that occurred in the novel me-
chanical DCCB in the initial experiments are discussed, and by
revealing the failures mechanism, protection measures to avoid
these failures have been proposed to ensure the reliability of the
mechanical DCCB.
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