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(54) DIRECT CURRENT CIRCUIT BREAKER AND METHOD USING THE SAME

(57) Disclosed is a direct current (DC) circuit breaker
including a first line in which a first high-speed switch and
a power semiconductor switch are connected in series;
a second line in which a plurality of second high-speed
switches, a plurality of pairs of a first non-linear resistor

and a power fuse connected in parallel, and a resistor
are connected in series; and a third line including a sec-
ond non-linear resistor. The first line, the second line,
and the third line are connected in parallel.
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Description

BACKGROUND

1. Technical Field

[0001] The present disclosure relates to a direct cur-
rent (DC) circuit breaker and a method using the same.
More specifically, the present disclosure relates to a DC
circuit breaker for quickly and efficiently interrupting a
high-voltage direct-current (HVDC) system for protecting
devices as well as the system at the time of maintenance
or replacement of a device, or when a fault-current occurs
in a transmission line or a distribution line of the system.
The present disclosure also relates to a method using
the same.

2. Description of the Related Art

[0002] In general, a DC circuit breaker is used for quick-
ly and efficiently interrupting a high-voltage direct-current
(HVDC) system for protecting devices as well as the sys-
tem at the time of maintenance or replacement of a de-
vice, or when a fault-current occurs in a transmission line
or a distribution line of the system.
[0003] Recently, a DC circuit breaker tends to be de-
signed with power semiconductor switches which have
a shorter response time and are less likely to damage
adjacent lines when a fault occurs. Unfortunately, such
a DC circuit breaker employing power semiconductor
switches suffers a large electrical current loss, and thus
is not appropriate for HVDC transmission. Specifically, a
large number of power semiconductor switches, e.g.,
about tens to hundreds power semiconductor switches
are required to conduct HVDC transmission. In addition,
such a large number of power semiconductor switches
result in electrical current loss.
[0004] There has been proposed an approach to im-
prove such shortcoming, which is shown in FIGS. 1 and
2. The approach will be described with reference to FIGS.
1 and 2.
[0005] FIG. 1 shows a base element 6 for the solid-
state circuit breakers disclosed in the reference. The sol-
id-state circuit breakers are main and auxiliary circuit
breakers which will be further described below. The base
element 6 includes a power semiconductor switch 1 dis-
posed in a first current direction 4 and a free-wheeling
diode 2 connected in anti-parallel to the power semicon-
ductor switch 1.
[0006] The base element 6 is used in an example of a
device depicted in FIG. 2. A circuit breaker 13 is connect-
ed in series with a transmission line 14 as shown in FIG.
2. The transmission line 14 is HVDC transmission line.
The circuit breaker 13 includes a main circuit breaker 8
including: tens to hundreds of, depending on a voltage
level, the base elements 6 connected in series; a non-
linear resistor 11 connected in parallel to the main circuit
breaker 8; and a high-speed switch 10 and an auxiliary

circuit breaker 9 connected in series, which are connect-
ed in parallel to the main circuit breaker 8 and the non-
linear resistor 11. The auxiliary circuit breaker 9 includes
only one base element 6. Although the high-speed switch
10 is shown as one mechanical switch, which includes
at least two mechanical switches that are connected in
series and operated simultaneously. A reactor 12 is con-
nected in series to the circuit breaker 13 to limit a current
rating.
[0007] Operation of the circuit breaker 13 disclosed in
the reference is as follows.
[0008] During a rated current operation, the high-
speed switch 10 is closed as well as the main circuit
breaker 8 and the auxiliary circuit breaker 9, so that the
rated current flows through the high-speed switch 10 and
the auxiliary circuit breaker 9.
[0009] When a fault-current is caused by a defect oc-
curring on a line, the auxiliary circuit breaker 9 is opened
immediately within a few microseconds after receiving
an auxiliary circuit breaker opening signal, causing the
fault-current to flow to the main circuit breaker 8. The
high speed switch 10 waits for a while to make it sure
that the auxiliary circuit breaker 9 is opened, and then is
opened. After the opening of the high-speed switch 10
is opened, the main circuit breaker 8 is opened immedi-
ately within a few microseconds. When the main circuit
breaker 8 is opened, the fault-current is led to flow to the
non-linear resistor 11, and then a current level is reduced
and a voltage is limited.
[0010] However, the main circuit breaker 8 in the ref-
erence requires several tens to hundreds of power sem-
iconductor switches connected in series for use in a
HVDC system operated in several hundred kV. Since the
power semiconductor switches are expensive, manufac-
turing cost of the DC circuit breaker increase.

SUMMARY

[0011] In view of the above, the present disclosure pro-
vides a DC circuit breaker which can reduce conduction
loss during rated current operation, and can be manu-
factured at a low cost by configuring a main breaker with-
out employing a power semiconductor, and a method of
using the same.
[0012] In accordance with an aspect of the present dis-
closure, there is provided a DC circuit breaker. The DC
circuit breaker includes: a first line 20 in which a first high-
speed switch 21 and a power semiconductor switch 22
are connected in series; at least one second line 30 in
which a plurality of second high-speed switches 31, a
plurality of pairs of a first non-linear resistor 32 and a
power fuse 33 connected in parallel, and a resistor are
connected in series; and a third line 40 including a second
non-linear resistor. Further, the first line, the second line,
and the third line are connected in parallel.
[0013] The second high-speed switches may be dis-
posed in the second line before and after the plurality of
pairs, respectively.
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[0014] The second high-speed switches may have a
voltage capacity lower than that of the first high-speed
switch.
[0015] The power semiconductor switch may be one
of an insulated-gate bipolar transistor (IGBT), a metal
oxide semiconductor field effect transistor (MOS), an in-
tegrated gate-commutated thyristor (IGCT) and a gate
turn-off thyristor (GTO).
[0016] The DC circuit breaker may further include: a
current measuring unit disposed before a parallel con-
nection of the first line, the second line and the third line
connected in parallel.
[0017] The DC circuit breaker may further include: a
fast fault detector which is connected to the current meas-
uring unit and configured to transmit an opening signal
to the first high-speed switch and the second high-speed
switches, or the power semiconductor switch.
[0018] The DC circuit breaker may include a plurality
of the second lines configure to be connected in parallel.
[0019] A DC circuit breaker may consisting of unit de-
vices connected in series, each of which is one of the DC
circuit breakers described above, with the first line, the
second line and the third line connected in parallel.
[0020] In accordance with another aspect of the dis-
closure, there is provided a method of using the DC circuit
breaker. The method includes: preparing a DC circuit
breaker comprising a first line in which a first high-speed
switch and a power semiconductor switch are connected
in series; a second line in which a plurality of second
high-speed switches, a plurality of pairs of a first non-
linear resistor and a power fuse connected in parallel,
and a resistor are connected in series; and a third line
including a second non-linear resistor; opening the first
high-speed switch and then turning off the power semi-
conductor switch after a predetermined time period, such
that a current bypasses the first line to flow to the second
line; interrupting the current flowing through the second
line as the power fuse is melted, such the current flowing
through the second line is led to flow to the third line; and
reducing the current flowing through the third line by the
second non-linear resistor.
[0021] The method may further include detecting a
fault-current by a current measuring unit after the pre-
paring.
[0022] The method may further include transmitting an
opening signal to the first high-speed switch, the second
high-speed switches and the power semiconductor
switch by using a fast fault detector if a fault-current is
detected by the current measuring unit.
[0023] In order to interrupt a rated current for mainte-
nance of devices while a steady-state current flows, the
second high-speed switches may be opened first, and
then the first high-speed switch may be opened after a
predetermined time period.
[0024] With the DC circuit breaker according to the as-
pect of the present disclosure, manufacturing cost can
be reduced by configuring the circuit breaker to include
a high-speed switch and a plurality of pairs of a non-linear

resistor and a current-limiting power fuse for the purpose
of breaking the fault-current.
[0025] Further, since the current-limiting power fuse
has an advantage in that it has a small size but a large
breaking capacity, the DC circuit breaker can be made
smaller and lighter and easily maintained.
[0026] In the method using the DC circuit breaker ac-
cording to the another aspect of the present disclosure,
the DC circuit breaker may be operated in two different
modes: a rated current interruption mode for the purpose
of the maintenance and replacement of a device and a
fault-current interruption mode when a fault occurs in a
line. Therefore, it is possible to avoid replacing a current-
limiting power fuse, which frequently occurs in the system
when the system is interrupted. As a result, the mainte-
nance cost can be further reduced.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] The above and other aspects, features and ad-
vantages of the present disclosure will become apparent
from the following description of exemplary embodiments
given in conjunction with the accompanying drawings, in
which:

FIG. 1 is a block diagram of elements of a DC circuit
breaker according to the prior art;
FIG. 2 is a block diagram of a DC circuit breaker
according to a prior art;
FIG. 3 is a block diagram of a DC circuit breaker
according to an embodiment of the present disclo-
sure.
FIG. 4 is a block diagram of a DC circuit breaker
according to another embodiment of the present dis-
closure; and
FIG. 5 is a block diagram of a DC circuit breaker
according to still another embodiment of the present
disclosure.

DETAILED DESCRIPTION

[0028] Hereinafter, preferred exemplary embodiments
of the present disclosure will be described with reference
to accompanying drawings. The present disclosure will
be described in detail to enable those skilled in the art to
easily practice the present disclosure. However, the tech-
nical idea and scope of the present disclosure is not lim-
ited thereto.
[0029] DC circuit breakers according to embodiments
of the present disclosure will be described in detail with
reference to the drawings.
[0030] FIG. 3 is a block diagram of a DC circuit breaker
according to an embodiment of the present disclosure.
[0031] Referring to FIG. 3, the DC circuit breaker in-
cludes: a first line 20 in which a high-speed switch 21
and a power semiconductor switch 22 are connected in
series; a second line 30 in which a high-speed switches
31, a plurality of pairs of a non-linear resistor 32 and a

3 4 



EP 3 010 030 A1

4

5

10

15

20

25

30

35

40

45

50

55

power fuse 33 connected in parallel, and a resistor 36
are connected in series; and a third line 40 including a
non-linear resistor 41. The first line 20, the second line
30, and the third line 40 are connected in parallel to each
other.
[0032] The first line 20 consists of high speed switch
21 and the power semiconductor switch 22 connected in
series. The first line 20 is responsible for conduction of
rated current. That is, the first line 20 serves as a main
circuit.
[0033] The high speed switch 21 is to effectively control
a fault-current occurring in a power system and is used
to lead a fault-current to flow to another circuit quickly.
[0034] The high speed switch 21 includes a vacuum
interrupter connected to the main circuit and configured
to open and close the main circuit, a contact pressure
spring coupled to a movable portion of the vacuum inter-
rupter and providing contact pressure, an insulating rod
connected to the contact pressure spring, a permanent
magnet actuator connected to the insulating rod and pro-
viding a driving force for opening and closing, a drive coil
connected to the permanent magnet actuator, a capacitor
providing discharge current to the drive coil or a coil por-
tion, and the like. A typical circuit breaker used in an
alternating current (AC) power system may be used as
the high-speed switch 21. In that case, a gas insulated
switchgear, a vacuum circuit breaker, etc. may be used
depending on the voltage level applied to the first line 20.
[0035] The power semiconductor switch 22 is used for
high voltage and large current in power conversion and
control. The power semiconductor switch 22 can be con-
figured by using IGBT (Insulated-Gate Bipolar Transis-
tor), MOSFET (Metal Oxide Semiconductor Field Effect
Transistor), IGCT (Integrated Gate-Commutated Thyris-
tor), GTO (Gate Turn-off Thyristor) which can perform
turn-on and turn off of a current.
[0036] The second line 20 consists of the high-speed
switches 31, the plurality of pairs of a power fuse 33 and
a non-linear resistor 32, and the resistor 36. That is, a
power fuse 33 and a non-linear resistor 32 are connected
in parallel as a pair, and such pairs are connected in
series as multiple stages. When a fault-current occurs,
the second line 30 limits and breaks the fault-current.
That is, the second line 30 serves as a main breaking
circuit.
[0037] The power fuse 33 is configured to have a volt-
age capacity lower than that of the power semiconductor
switch 22. The power fuse 33 may be of a current-limiting
power fuse. Each of the power fuses 33 in the respective
pairs equally divide voltage applied to the direct-current
breaker.
[0038] An arrestor, for example, may be used as the
non-linear resistors 32. The non-linear resistor 32 pro-
tects a device against overvoltage applied to the power
fuse 33 when an electrical current is interrupted.
[0039] A pair of the power fuse 33 and the non-linear
resistor 32 connected in parallel constitutes a unit. The
number of such units is determined depending on a volt-

age level of the DC breaker.
[0040] The second high-speed switches 31 are dis-
posed before and after the plurality of pairs connected in
series, respectively. The high-speed switches 31 provid-
ed in the second line 30 may be the same kind of high-
speed switches as the high-speed switch 21 disposed in
the first line 20. As two high-speed switches 31 are dis-
posed in the second line 30, the high-speed switches 31
only have to cover the half of the voltage covered by the
high-speed switch 21. Therefore, the high speed switch-
es 31 disposed in the second line 30 may be configured
by a switch having a voltage level lower than that of the
high-speed switch 21 disposed in the first line 20.
[0041] The resistor 36 is used to control current flowing
in the first line 20 and the second line 30. The resistor 36
serves to limit an electrical current when the electrical
current is broken. Accordingly, it is possible to adjust a
melting time of the power fuse 33.
[0042] The non-linear resistor 41 is disposed in the
third line 40. The third line 40 serves to finally reduce the
fault-current and limit voltage.
[0043] A current measuring unit 50 and a fast fault de-
tector (FFD) 55 are disposed at the front end of the circuit
to measure a current flowing through transmission and
distribution line 60. When a fault-current larger than a
predetermined current value occurs, an operation signal
is sequentially sent to the high-speed switches 21 and
31 and the power semiconductor switch 22, and then the
DC circuit breaker 100 is operated.
[0044] The DC circuit breaker according to the embod-
iment of the present disclosure is disposed in series to
the DC transmission and distribution line 60. In a rated
current conduction state, the high-speed switches 21 and
31 and the power semiconductor switch 22 are closed.
Majority of the rated current flows through the first line
20 in which the high-speed switch 21 and the power sem-
iconductor switch 22 are connected in series. In the rated
current conduction state, the difference in amount of cur-
rent between the first line and the second line is deter-
mined by the resistance values of the first line 20 and the
second line 30. The amount of the current flowing through
the first line 20 can be increased by increasing resistance
value of the resistor 36 in the second line 30.
[0045] Hereinafter, a method of using the DC circuit
breaker 100 in accordance with the embodiment of the
present disclosure will be described.
[0046] There are two interruption modes in which the
DC circuit breaker in accordance with the embodiment
of the present disclosure may be operated: an interrup-
tion mode in the event that a fault-current occurs, and an
interruption mode during a steady-state current conduc-
tion state.
[0047] First, the interruption mode in the event that a
fault-current occurs will be described.
[0048] In the event that a fault-current greater than a
set current value is measured by the current measuring
unit 50, the FFD 55 sends an opening signal to the high-
speed switches 21 and 31. The FFD 55 sends an opening
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signal to the power semiconductor switch 22 when a pre-
determined time, e.g., several milliseconds (ms), has
elapsed after the high speed switches 21 and 31 are
opened. Upon receiving the opening signal, the power
semiconductor switch 22 completes turn-off operation
within a few microseconds (mm). When the power sem-
iconductor switch 22 is turned off, the fault-current by-
passes the first line 20 to flow to the second line 30 and
limited by the resistor 36 in the second line 30. After a
while, e.g., several milliseconds has elapsed, the power
fuse becomes melted by the fault-current, and then the
fault-current flowing through the second line 30 is cut-off.
As a result, the fault-current is led to flow to the third line
40. Next, fault-current flowing through the third line 40 is
reduced by the non-linear resistor 32, and the voltage
across the DC circuit breaker 100 is limited.
[0049] Next, the interruption mode during the steady-
state current conduction state will be described. The in-
terruption mode in the steady-state current conduction
state is performed during normal operation, e.g., in the
case of operating the DC circuit breaker 100 for repair or
replacement of a device installed in the transmission or
the distribution line 60. Keep in mind that this interruption
mode in the steady-state current conduction state is per-
formed in the rated current conduction state.
[0050] When a signal for the interruption mode of the
DC circuit breaker 100 is applied from an external device,
the high speed switches 31 of the second line 30 is
opened at first. Since the current flowing through the sec-
ond line 30 is merely about in a range of several to several
tens of A (ampere), the high speed switches 31 can be
broken (opened) in response to a relatively low voltage.
When the the high speed switches 31 is opened after a
time period of a several milliseconds, the high speed
switch 21 of the first line 20 is opened. When the high
speed switch 21 of the first line 20 is opened after a sev-
eral milliseconds, the turn-off operation of the power sem-
iconductor switch 22 is started. When the power semi-
conductor switch 22 is turned off within a several micro-
seconds (ms), the rated current is led to flow to the third
line 40. The rated current flowing through the third line
40 is reduced by the non-linear resistor 32, thereby lim-
iting a voltage drop across the DC circuit breaker 100.
[0051] Hereinafter, a DC circuit breaker 101 in accord-
ance with another embodiment of the present disclosure
will be described with reference to FIG. 4.
[0052] In this embodiment, a plurality of the second
lines 30 connected is disposed in parallel. As can be seen
from the circuit shown, a plurality of circuit elements, ex-
cept for the resistor 36, may be disposed in parallel to
another plurality of circuit elements.
[0053] In the normal state, only one of the second lines
30 is connected (closed). When the second line is opened
due to an interruption operation, another second line 30’
is connected (closed) after a detouring of the fault-current
is completed. Afterwards, when the second line 30’ cur-
rently connected is opened due to the occurrence of the
fault-current, another second line is closed. In this man-

ner, multiple alternative lines are disposed to earn the
time required to replace the power fuse 33.
[0054] A DC circuit breaker in accordance with still an-
other embodiment of the present disclosure will be de-
scribed with reference to FIG. 5.
[0055] In this embodiment, the configuration of any of
the above embodiments (a single device in which the first
line 20, the second line 30 and the third line 40 are con-
nected in parallel) is connected to another in series. By
doing so, this makes it possible to obtain a higher break-
ing capability in dealing with a power transmission or dis-
tribution line having a higher voltage.
[0056] According to an embodiment of the present dis-
closure, a DC circuit breaker includes a breaking unit
consisting of a plurality of pairs of a high-speed switch
and a current-limiting power fuse connected in parallel.
In this configuration, the manufacturing cost can be re-
duced.
[0057] Further, since the current-limiting power fuse
has an advantage in that it has a small size but a large
breaking capacity, the DC circuit breaker can be made
smaller and lighter and easily maintained.
[0058] According to an embodiment of the present dis-
closure, there is provided a method using the DC circuit
breaker, in which the DC circuit breaker may be operated
in two different modes: the rated current interruption
mode for the purpose of the maintenance and replace-
ment of a device and the fault-current interruption mode
when a fault occurs in a line. Therefore, it is possible to
avoid replacing a current-limiting power fuse, which fre-
quently occurs in the system when the system is inter-
rupted. As a result, the maintenance cost can be further
reduced.
[0059] While the present disclosure has been illustrat-
ed and described with respect to the embodiments, it is
to be understood by those skilled in the art that various
alterations and modifications may be made without de-
parting from the scope of the present disclosure. It is
obvious that those alterations and modifications are all
fall within the scope of the present disclosure defined
only by the appended claims.
[0060] For example, according to the embodiment of
the present disclosure, the resistor is connected in series
to the second line. However, according to another em-
bodiment, a DC circuit breaker may include: a first line
having a power semiconductor switch for conducting a
rated current; a second line connected in parallel to the
first line, in which pairs of a non-liner resistor and a power
fuse connected in parallel are connected in series as mul-
tiple stages to limit and break a fault-current in case of
occurrence of the fault-current; a third line connected in
parallel to the first line and having a non-linear resistor
for reducing a detoured fault-current or a rated current
and limiting a voltage; and a fast fault detector configured
to output a switching control signal to high-speed switch-
es disposed in the first line and the second line, respec-
tively, in a predetermined setting order for use in each of
a fault-current interruption mode and a steady-state cur-
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rent interruption mode.
[0061] Similarly, according to another embodiment,
there may be provided a method of using the DC circuit
breaker, which includes preparing a first line having a
power semiconductor switch for conducting the rated cur-
rent; preparing a second line connected in parallel to the
first line, in which pairs of a non-liner resistor and a power
fuse connected in parallel are connected in series as mul-
tiple stages to limit and break a fault-current in case of
occurrence of the fault-current; preparing the third line
connected in parallel to the first line and having a non-
linear resistor for reducing a detoured fault-current or a
rated current and limiting a voltage; and outputting the
switching control signal to high-speed switches disposed
in the first line and the second line, respectively, in a
predetermined setting order for use in each of a fault-
current interruption mode and a steady-state current in-
terruption mode.

Claims

1. A direct current (DC) circuit breaker comprising:

a first line 20 in which a first high-speed switch
21 and a power semiconductor switch 22 are
connected in series;
at least one second line 30 in which a plurality
of second high-speed switches 31, a plurality of
pairs of a first non-linear resistor 32 and a power
fuse 33 connected in parallel, and a resistor are
connected in series; and
a third line 40 including a second non-linear re-
sistor 41,
wherein the first line 20, the second line 30, and
the third line 40 are connected in parallel.

2. The DC circuit breaker of claim 1, wherein the second
high-speed switches 31 are disposed in the second
line 30 before and after the plurality of pairs, respec-
tively.

3. The DC circuit breaker of claim 1 or 2, wherein the
second high-speed switches 31 have a voltage ca-
pacity lower than that of the first high-speed switch
21.

4. The DC circuit breaker of claim 1, wherein the power
semiconductor switch 22 is one of an insulated-gate
bipolar transistor (IGBT), and a metal oxide semi-
conductor field effect transistor (MOSFET), an inte-
grated gate-commutated thyristor (IGCT) and a gate
turn-off thyristor (GTO).

5. The DC circuit breaker of claim 1, further comprising:

a current measuring unit 50 disposed before the
first line 20, the second line 30 and the third line

40 connected in parallel.

6. The DC circuit breaker of claim 5, further comprising:

a fast fault detector (FFD) 55 connected to the
current measuring unit 50, the fast fault detector
55 configured to transmit an opening signal to
the first high-speed switch and the second high-
speed switches, or the power semiconductor
switch.

7. The DC circuit breaker of claim 6, wherein the fast
fault detector 55 is configured to output a switching
control signal for use in each of a fault-current inter-
ruption mode and a steady-state current interruption
mode to the first high-speed switch and the second
high-speed switches in a predetermined setting or-
der.

8. The DC circuit breaker of claim 7, wherein, in the
fault-current interruption mode, the fast fault detector
55 is configured to output the switching control signal
such that the first high-speed switch 21 and the sec-
ond high-speed switches 31 are opened first, and
then the power semiconductor switch 22 is opened
after a predetermined time period.

9. The DC circuit breaker of claim 7, wherein, in the
steady-state current interruption mode, the fast fault
detector 55 is configured to output the switching con-
trol signal such that the second high-speed switches
31 are opened first, and then the first high-speed
switch 21 is opened after a predetermined time pe-
riod.

10. The DC circuit breaker of claim 1, wherein the at
least one second line 30 comprises a plurality of sec-
ond lines connected in parallel.

11. The DC circuit breaker consisting of unit devices con-
nected in series, wherein each of the unit devices is
the DC circuit breaker of any one of claims 1, 2 and
4 to 10 with the first line 20, the at least one second
line 30 and the third line 40 connected in parallel.

12. A method of using a DC circuit breaker comprising:

preparing a DC circuit breaker comprising a first
line 20 in which a first high-speed switch 21 and
a power semiconductor switch 22 are connected
in series; a second line 30 in which a plurality of
second high-speed switches 31, a plurality of
pairs of a first non-linear resistor 32 and a power
fuse 33 connected in parallel, and a resistor are
connected in series; and a third line 40 including
a second non-linear resistor 41;
opening the first high-speed switch 21 and then
turning off the power semiconductor switch 22

9 10 
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after a predetermined time period, such that a
current bypasses the first line 20 to flow to the
second line 30;
interrupting the current flowing through the sec-
ond line 30 as the power fuse 33 is melted, such
the current flowing through the second line 30
is led to flow to the third line 40; and
reducing the current flowing through the third
line 40 by the second non-linear resistor 41.

13. The method of claim 12 further comprising: detecting
a fault-current by a current measuring unit 50 after
the preparing.

14. The method of claim 13 further comprising: transmit-
ting an opening signal to the first high-speed switch,
the second high-speed switches and the power sem-
iconductor switch by using a fast fault detector 55 if
a fault-current is detected by the current measuring
unit 50.

15. The method of claim 12, wherein in order to interrupt
a rated current for maintenance of devices while a
steady-state current flows, the second high-speed
switches 31 are opened first, and then the first high-
speed switch 21 is opened after a predetermined
time period.
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