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(54) DIRECT-CURRENT INTERRUPTION APPARATUS, DIRECT-CURRENT INTERRUPTION 
METHOD

(57) A direct-current interruption apparatus of an em-
bodiment includes a current path, a commutation ele-
ment including a first semiconductor switch, a second
semiconductor switch, a conductive path, and a nonlinear
resistor. The current path includes a first switch and a
second switch which are non-semiconductor devices and
connected in series, the first switch having a first with-
stand voltage, and the second switch having a lower with-
stand voltage than the first withstand voltage. The com-
mutation element has one end connected with a connec-
tion node of the first switch and the second switch and
includes an element having a charge/discharge function
and connected in series with the first semiconductor
switch. The second semiconductor switch is between and
connects with the other end of the commutation element
and one end of the first switch which is opposite to the
other end of the first switch connected with the second
switch.
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Description

TECHNICAL FIELD

[0001] Embodiments of the present invention relate to
a direct-current interruption apparatus and a direct-cur-
rent interruption method for interrupting a direct current.

BACKGROUND ART

[0002] A system for transmitting electric power is typ-
ically required to have a function of interrupting a power
transmission current in case of, for example, a fault. An
interruption apparatus is used for this purpose, but direct-
current power transmission, in particular, has a difficulty
that alternating-current interruption does not have be-
cause a direct current transmitted in the direct-current
power transmission does not have a zero point.
[0003] A currently used direct-current interruption ap-
paratus includes, for example, a current path having a
switch and a current-interrupting path which is in parallel
with the current path and is capable of gradually decreas-
ing a current. The switch on the current path is normally
closed to allow the passage of the current through the
current path.
When a fault occurs, the current-interrupting path tem-
porarily becomes electrically open so as to allow a fault
current to pass through the current-interrupting path in-
stead of the current path. On the other hand, the switch
is opened to interrupt the current flowing to the current
path, thereby commutating the fault current toward the
current-interrupting path. The current of the current-in-
terrupting path is thereafter quickly limited. This is the
completion of the interruption.
[0004] The current path of the direct-current interrup-
tion apparatus preferably has as small an electric resist-
ance as possible. This is because the electric resistance
is a power loss during the normal time. In the direct-cur-
rent interruption apparatus, the switching of the direction
of the current from the current path to the current-inter-
rupting path is preferably as prompt as possible. This is
because, as the switching is more delayed, the fault cur-
rent increases more, leading to an increase in a value of
the current that is to be interrupted by the current-inter-
rupting path. The increase in the current to be interrupted
necessitates a larger capacity of the current-interrupting
path, leading to a size increase of the interruption appa-
ratus.

PRIOR ART DOCUMENT

NON-PATENT DOCUMENT

[0005]

Non-patent Document 1: Juergen Haefner, Bjoern
Jacobson, "Proactive Hybrid HVDC Breakers - A key
innovation for reliable HVDC grids", The electric

power system of the future - Integrating supergrids
and microgrids, International Symposium in Bolo-
gna, Italy 13-15 September, 2011
Non-patent Document 2: Per Skarby, Ueli Steiger,
"An Ultra-fast Disconnecting Switch for a Hybrid
HVDC Breaker - a technical breakthrough", Ciger,
Canada conference, Calgary, Canada 9-11 Septem-
ber, 2013

SUMMARY OF THE INVENTION

TECHNICAL PROBLEM

[0006] A problem to be solved by the invention is to
provide a direct-current interruption apparatus and a di-
rect-current interruption method which enable to reduce
a power loss during the normal time and avoid an in-
crease in apparatus size.

SOLUTION TO PROBLEM

[0007] A direct-current interruption apparatus of an
embodiment includes a current path, a commutation el-
ement including a first semiconductor switch, a second
semiconductor switch, a conductive path, and a nonlinear
resistor. The current path includes a first switch and a
second switch connected in series, the first switch being
a non-semiconductor device and having a predetermined
first withstand voltage, and the second switch being a
non-semiconductor device and having a second with-
stand voltage lower than the first withstand voltage.
[0008] The commutation element has one end con-
nected with a connection node of the first switch and the
second switch and includes a functional element and the
first semiconductor switch connected in series, the func-
tional element having a charge/discharge function. The
second semiconductor switch is between and connects
with the other end of the commutation element and one
end of the first switch, opposite to one end of the first
switch connected with the second switch. The conductive
path is between and connects with the other end of the
commutation element and one end of the second switch,
opposite to one end of the second switch connected with
the first switch. The nonlinear resistor is connected in
parallel with the second semiconductor switch.
[0009] A direct-current interruption method of an em-
bodiment is a direct-current interruption method of the
above-described direct-current interruption apparatus
and is as follows. Specifically, the method includes (1)
charging the functional element of the commutation ele-
ment in advance, (2) discharging the functional element
after starting electrode open control over the first switch
and starting electrode open control over the second
switch, (3) changing the first semiconductor switch to
OFF after discharging the functional element, and (4)
changing the second semiconductor switch to OFF after
changing the first semiconductor switch to OFF.

1 2 
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010]

Fig. 1 is a block diagram illustrating a direct-current
interruption apparatus of a first embodiment.
Fig. 2A is an explanatory timing chart of the operation
of the direct-current interruption apparatus illustrated
in Fig. 1 (total current).
Fig. 2B is an explanatory timing chart of the operation
of the direct-current interruption apparatus illustrated
in Fig. 1 (current of a switch 12).
Fig. 2C is an explanatory timing chart of the operation
of the direct-current interruption apparatus illustrated
in Fig. 1 (current of a switch 11).
Fig. 2D is an explanatory timing chart of the operation
of the direct-current interruption apparatus illustrated
in Fig. 1 (applied voltage to the direct-current inter-
ruption apparatus).
Fig. 3 is a sectional view schematically illustrating a
vacuum valve being an element that may be included
in the switch 12 illustrated in Fig. 1.
Fig. 4 is a perspective view schematically illustrating
a modification example of electrodes of the vacuum
valve illustrated in Fig. 3.
Fig. 5 is a block diagram illustrating a direct-current
interruption apparatus of a second embodiment (No.
1).
Fig. 6 is a block diagram illustrating a direct-current
interruption apparatus of the second embodiment
(No. 2).
Fig. 7 is a block diagram illustrating a direct-current
interruption apparatus of a third embodiment.
Fig. 8 is a block diagram illustrating a direct-current
interruption apparatus of a fourth embodiment.
Fig. 9A is an explanatory timing chart of the operation
of the direct-current interruption apparatus illustrated
in Fig. 8 (total current).
Fig. 9B is an explanatory timing chart of the operation
of the direct-current interruption apparatus illustrated
in Fig. 8 (current of a switch 12).
Fig. 9C is an explanatory timing chart of the operation
of the direct-current interruption apparatus illustrated
in Fig. 8 (current of a switch 11).
Fig. 9D is an explanatory timing chart of the operation
of the direct-current interruption apparatus illustrated
in Fig. 8 (applied voltage to the direct-current inter-
ruption apparatus).
Fig. 10 is a block diagram illustrating a direct-current
interruption apparatus of a fifth embodiment.
Fig. 11A is an explanatory timing chart of the oper-
ation of the direct-current interruption apparatus il-
lustrated in Fig. 10 (total current).
Fig. 11B is an explanatory timing chart of the oper-
ation of the direct-current interruption apparatus il-
lustrated in Fig. 10 (current of a switch 12).
Fig. 11C is an explanatory timing chart of the oper-
ation of the direct-current interruption apparatus il-

lustrated in Fig. 10 (current of a switch 11).
Fig. 11D is an explanatory timing chart of the oper-
ation of the direct-current interruption apparatus il-
lustrated in Fig. 10 (applied voltage to the direct-cur-
rent interruption apparatus).

DESCRIPTION OF EMBODIMENTS

(First Embodiment)

[0011] Based on the above, a direct-current interrup-
tion apparatus of each embodiment will be hereinafter
described with reference to the drawings. Fig. 1 illustrates
the configuration of the direct-current interruption appa-
ratus of a first embodiment. As illustrated in Fig. 1, the
direct-current interruption apparatus includes a current
path 10, a commutation element 21, a semiconductor
switch 22, a reactor 23, a nonlinear resistor 24, a current
detecting unit 31, and a control unit 40. The commutation
element 21 includes a charge/discharge functional ele-
ment 21a and a semiconductor switch 21b connected in
series.
[0012] The current path 10 includes a switch 11 and a
switch 12 connected in series, the switch 11 having a
predetermined large withstand voltage characteristics (to
be described later) and the switch 12 having a lower with-
stand voltage characteristics than that of the switch 11.
The switches 11, 12 are both non-semiconductor devic-
es, and out of the switch 11 and the switch 12, the switch
12 is higher in responsiveness to electrode open control.
However, being a non-semiconductor device, even the
switch 12 is not capable of responding as quickly as a
semiconductor device. In the following description, the
switch 11 and the switch 12 will be sometimes compre-
hensively referred to as a switch group.
[0013] The operation of this apparatus is roughly as
follows. The switches 11, 12 are normally both closed to
pass a current through the current path 10. When the
interruption of the current is required because of, for ex-
ample, a fault, the electrode open control over the switch-
es 11, 12 is promptly started, and according to the switch
12 reaching the electrode open state first, the commuta-
tion element 21 is made to function to promptly commu-
tate the current flowing to the switch 12 to a path passing
the commutation element 21.
[0014] Immediately after the commutation, the elec-
trode open control over the switch 11 has not been com-
pleted and the current flows to the switch 11. Thereafter,
when the semiconductor switch 21b of the commutation
element 21 is promptly changed to OFF, the current
which continues flowing to the switch 11 is commutated
to a path passing the semiconductor switch 22 which has
been controlled so as to allow the passage of the current.
Thereafter, when the semiconductor switch 22 is
changed to OFF, the current is limited. This is the com-
pletion of the interruption.
[0015] In Fig. 1, both cases are generally conceivable
where the flow direction of a direct current during the
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normal time is left to right in the drawing and it is right to
left in the drawing, and the direct-current interruption ap-
paratus is adapted to the both cases. For the conven-
ience of the description, it is hereinafter assumed that
the flow direction of the direct current is normally from
left to right in the drawing. First, the components illustrat-
ed in Fig. 1 will be described.
[0016] The switch 11 is, as described above, a non-
semiconductor device (mechanical device) and is capa-
ble of switching between the passage and interruption of
a current. The switch 12 is also a non-semiconductor
device and is capable of switching between the passage
and interruption of a current. The switch 11 and the switch
12 are in a complementary relation in terms of their ad-
vantages of withstand voltage characteristics and re-
sponse speed to the electrode open control, and the
switches thus having different characteristics are con-
nected in series so that they each take its share of func-
tions. The opening and closing of electrodes of both the
switch 11 and the switch 12 are controlled by the control
unit 40.
[0017] The commutation element 21 has one end con-
nected with a connection node of the switch 11 and the
switch 12 to commutate the current flowing to the switch
12 quickly to the path passing the commutation element
21 (and the reactor 23). The commutation element 21
includes a charge/discharge functional element 21 a (for
example, a capacitor) and a semiconductor switch 21b
connected in series.
[0018] The charge/discharge functional element 21a
is charged in advance under the control by the control
unit 40, and when the semiconductor switch 21b changes
to ON in this state, a discharge of stored charge occurs
to decrease a voltage across electrodes of the
charge/discharge functional element 21a toward zero,
so that the current flowing to the switch 12 is quickly com-
mutated to be a current passing the commutation ele-
ment 21. The charging and discharging of the commuta-
tion element 21 are controlled by the control unit 40.
[0019] The semiconductor switch 22 is between and
connects with the other end of the commutation element
21 and one end of the switch 11, opposite to one end of
the switch 11 connected with the switch 12. The semi-
conductor switch 22 switches between the passage and
interruption of a current and its switching (ON/OFF) is
controlled by the control unit 40.
[0020] A specific example of the semiconductor switch
22 is a structure including many series-connected unit
elements and having two main electrode terminals as a
whole, the unit elements each being an element in which
two inverse parallel connection (parallel connection with
opposite forward directions) elements each composed
of an IGBT (insulated gate bipolar transistor) and a diode
are in face-to-face series connection in opposite direc-
tions, as illustrated in Fig. 1. When a voltage ascribable
to a control signal from the control unit 40 is applied to
gates of IGBTs, the unit elements get into a state where
the current flows in any direction (that is, the ON state).

[0021] As a specific structure of the semiconductor
switch 22, various structures are adoptable besides the
illustrated one. For example, adoptable is a structure
composed of may series-connected unit elements and
having two main electrode terminals as a whole, the unit
elements each being composed of thyristors which are
in inverse parallel connection. A semiconductor switch
typically has an equivalent resistance in an ON state (on-
resistance), and undergoes a voltage drop when supplied
with a current. This voltage drop is larger depending on
the number of the series-connected unit elements, that
is, the on-resistance of the whole semiconductor switch
22 also is larger depending on this series-connection
number.
[0022] The necessary number of the series-connected
unit elements can be decided so as to satisfy the condi-
tion that it can endure a high voltage that is possibly ap-
plied to the interruption apparatus at and after an instant
when the semiconductor switch 22 becomes OFF for the
current interruption. To achieve this, the series-connec-
tion number usually needs to be large to a certain degree
(for example, several hundreds).
[0023] A standard way of the switching control over the
semiconductor switch 22 by the control unit 40 is to keep
the semiconductor switch 22 OFF during the normal time,
temporarily change the semiconductor switch 22 to ON
at the time of the interruption operation, and thereafter
quickly change the semiconductor switch 22 to OFF.
However, this is not restrictive. Even if the semiconductor
switch 22 is controlled to be kept ON during the normal
time, its on-resistance prevents a current from actually
flowing thereto, and the total current flows in the current
carrying path 10. Therefore, the control to thus keep the
semiconductor switch 22 ON during the normal time is
also an adoptable selection.
[0024] The reactor 23 is between and connected with
the other end of the commutation element 21 and one
end of the switch 12, opposite to one end of the switch
12 connected with the switch 11. The purpose of the in-
serted reactor 23 is to adjust the time from the start of
the discharging of the commutation element 21 up to an
instant at which the current of the switch 12 is reduced
to zero. The timing at which the current is reduced to zero
is preferably after the completion and establishment of
the electrode open control over the switch 12, and by
disposing the reactor 23 in the illustrated manner and
adjusting its reactance, it is possible to reduce a dis-
charge current to enable the aforesaid adjustment. In a
case where the necessity for the adjustment is low, a
simple conducting wire may replace the reactor 23.
[0025] The nonlinear resistor 24 is connected in par-
allel with the semiconductor switch 22. The nonlinear re-
sistor 24 functions at a final stage of the interruption op-
eration of the direct-current interruption apparatus. Spe-
cifically, when the current to the current path 10 is inter-
rupted and the current to the semiconductor switch 22 is
also interrupted, the current temporarily flows to the non-
linear resistor 24. At an initial stage of the temporary flow,
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a current having the same value as that of the current
flowing to the semiconductor switch 22 immediately be-
fore this stage flows. When the current flows, a resistance
value increases due to the nonlinearity of resistance, and
the increased resistance value causes the current to be
substantially zero. This is the completion of the current
interruption.
[0026] The current detecting unit 31 detects a current
flowing in the direct-current interruption apparatus and
notifies the control unit 40 of the detected current. For
this purpose, the current detecting unit 31 is outside the
parallel connection of the switches 11, 21, the semicon-
ductor switch 22, and the nonlinear resistor 24 so as to
be connected in series with this parallel connection. Spe-
cific examples of how the current is detected include a
structure to insert a resistor having a very small resist-
ance value and detect a voltage across the resistor, and
a structure to detect a magnetic flux generated by the
current (direct-current CT).
[0027] The control unit 40 controls the opening and
closing of the electrodes of the switches 11, 21, the charg-
ing and discharging of the commutation element 21, and
ON/OFF of the semiconductor switch 22. The control unit
40 includes, as lower-order control units corresponding
to these controls, a first control unit 40a, a second control
unit 40b, a third control unit 40c, and a fourth control unit
40d, and among these lower-order control units, infor-
mation necessary for their controls is transmitted so as
to be shared among them.
[0028] The first control unit 40a connects with the
switch 11 to control the opening and closing of the elec-
trodes of the switch 11. The second control unit 40b con-
nects with the switch 12 to control the opening and closing
of the electrodes of the switch 12. The third control unit
40c connects with the commutation element 21 and the
first and second control units 40a, 40b. The third control
unit 40c controls ON/OFF of the semiconductor switch
21b of the commutation element 21 and also has a control
function of charging the charge/discharge functional el-
ement 21a of the commutation element 21 in advance
and discharging it at a predetermined timing.
[0029] The third control unit 40c has at least the fol-
lowing functions. Specifically, the third control unit 40c
performs the charge control for charging the charge/dis-
charge functional element 21a in advance before the start
of the electrode open control over the switch 11 by the
first control unit 40a and the start of the electrode open
control over the switch 12 by the second control unit 40b,
performs the discharge control for discharging the
charge/discharge functional element 21a after the start
of the electrode open control over the switch 11 by the
first control unit 40a and the start of the electrode open
control over the switch 12 by the second control unit 40b,
and performs the OFF control for changing the semicon-
ductor switch 21b to OFF after performing the discharge
control.
[0030] The discharge control that the third control unit
40c performs after the start of the electrode open control

over the switch 11 by the first control unit 40a and the
electrode open control over the switch 12 by the second
control unit 40b takes place at or after the opening time
at which the interelectrode distance of the switch 12 is
assumed to reach a predetermined distance.
[0031] The OFF control that the third control unit 40c
performs after performing the control for discharging the
charge/discharge functional element 21a takes place at
or after the commutation time at which the current flowing
in the switch 12 is assumed to reach substantially zero.
[0032] The fourth control unit 40d connects with the
semiconductor switch 22 and the third control unit 40c
and controls ON/OFF of the semiconductor switch 22.
The fourth control unit 40d at least has a function of per-
forming the control for changing the semiconductor
switch 22 to OFF after the third control unit 40c performs
the OFF control.
[0033] The control for changing the semiconductor
switch 22 to OFF performed by the fourth control unit 40d
after the third control unit 40c performs the OFF control
takes place at or after the opening time at which the in-
terelectrode distance of the switch 11 is assumed to
reach a predetermined distance.
[0034] The control unit 40 obtains information regard-
ing a fault from a fault detector (not illustrated), but the
control unit 40 may determine that a fault has occurred
by making use of the detected current notified from the
current detecting unit 31.
[0035] Fig. 2A to Fig. 2D illustrate timing charts of the
operations of the direct-current interruption apparatus il-
lustrated in Fig. 1. The time-series operations of the di-
rect-current interruption apparatus illustrated in Fig. 1 will
be described with reference to Fig. 2A to Fig. 2D.
[0036] Fig. 2A illustrates a time-series variation of the
total current (that is, the current detected by the current
detecting unit 31). In Fig. 2A, the initial stage (stage be-
fore the time A is a normal state where a current is flowing,
and this current is the total current flowing in the switches
11, 12. Naturally, in the stage before the time A, the cur-
rent does not flow to the semiconductor switch 22, nor
to the commutation element 21, the reactor 23, or the
nonlinear resistor 24.
[0037] When a fault occurs in a direct-current power
transmission system at the time A, the total current grad-
ually increases as illustrated in Fig. 2A. The control unit
40 finds that a fault has occurred from the information
obtained from the fault detector (not illustrated) or from
the detected current notified by the current detecting unit
31 (time B). Upon finding the fault occurrence, the control
unit 40 starts the electrode open control over the switches
11, 21 (time C). Even when the electrode open control
is started, an arc current continues flowing to the switches
11, 12. In this state, the discharging of the commutation
element is started under the control by the control unit
40 (time D).
[0038] The discharging of the commutation element 21
is started, specifically, by changing the semiconductor
switch 21b to ON. When the semiconductor switch 21b
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changes to ON, the discharge of the electric charge
stored in the charge/discharge functional element 21a in
advance occurs to decrease the voltage across the both
electrodes of the charge/discharge functional element
21a toward zero, so that the current flowing to the switch
12 is quickly commutated to be the current passing the
commutation element 21. More specific description will
be given below.
[0039] A state where the electrodes on the lower side
and the upper side in the drawing of the charge/discharge
functional element 21a are charged plus and minus re-
spectively in advance and the semiconductor switch 21b
is OFF is equivalent to a state where one of the electrodes
of the charge/discharge functional element 21a is elec-
trically open, and in this state, the discharge scarcely
occurs. When the semiconductor switch 21b changes to
ON from this state, the discharge occurs from the elec-
trode on the lower side in the drawing of the charge/dis-
charge functional element 21a to the electrode on the
upper side in the drawing of the charge/discharge func-
tional element 21a through the semiconductor switch
21b, the reactor 23, and the switch 12.
[0040] In the switch 12, the direction of this discharge
current is opposite to that of the current having been flow-
ing until then, and accordingly, the current having been
flowing to the switch 12 is quickly commutated to be the
current passing the commutation element 21. Conse-
quently, the current interruption of the switch 12 is com-
pleted (time E: refer to Fig. 2B).
[0041] At or after the time D at which the discharging
of the commutation element 21 is started, a voltage starts
to be generated across the switch 12 owing to an on-
resistance of the semiconductor switch 21b (refer to Fig.
2D). The length from the time D to the time E is adjustable
by the inductance of the reactor 23 as roughly described
above. However, since at or after the time D, the voltage
can be generated across the switch 12, the time D is
preferably at or after the opening time at which the in-
terelectrode distance of the switch 12 is assumed to
reach the predetermined distance.
[0042] Even after the aforesaid time E, the current con-
tinues flowing to the switch 11 because of its low respon-
siveness to the electrode open control (refer to Fig. 2C).
In this state, the semiconductor switch 21b of the com-
mutation element 21 is next changed to OFF under the
control by the control unit 40 (time F). That is, the control
unit 40 estimates the length from the time D to the time
E and performs the OFF control over the semiconductor
switch 21b at or after the commutation time (time E) at
which the current flowing in the switch 12 is assumed to
reach zero.
[0043] By the OFF control over the semiconductor
switch 21b by the control unit 40, the current path leading
to the semiconductor switch 21b through the switch 11
is disconnected. Accordingly, the current having been
flowing to the switch 11 until then is commutated this time
to be a current to the semiconductor switch 22 which has
been brought into a state allowing the current passage

(time F: refer to Fig. 2C). In a period from about the time
F up to the time G described next, the voltage drop to a
certain degree is occurring in the semiconductor switch
22 owing to the on-resistance of the semiconductor
switch 22, and this becomes an applied voltage to the
direct-current interruption apparatus (refer to Fig. 2D).
[0044] After the time F, the control unit 40 controls the
semiconductor switch 22 so as to turn off the semicon-
ductor switch 22, at or after the opening time at which
the interelectrode distance of the switch 11 is assumed
to reach the predetermined distance (time G). At this time,
the current path 10 having the switches 11, 12 has al-
ready been in the current interruption state which is es-
tablished at a timing soon after the time F, and the sem-
iconductor switch 22 is also changed to the current inter-
ruption state at the time G. Accordingly, at and after the
time G, the current temporarily flows to the nonlinear re-
sistor 24.
[0045] At the initial stage of the temporary flow, the
current having the same value as that of the current flow-
ing to the semiconductor switch 22 immediately before
this stage flows. Consequently, a relatively large voltage
drop (for example, 500 kV) occurs in the nonlinear resis-
tor 24. When the current flows to the nonlinear resistor
24, its resistance value increases owing to the nonline-
arity of the resistance, and the increased resistance value
decreases the current to substantially zero. This is the
completion of the current interruption (time H: for exam-
ple, several ms from the time A). A state from the time H
is a state where a direct-current voltage (for example,
300 kV) appropriate for the direct-current power trans-
mission system is applied to the direct-current interrup-
tion apparatus (refer to Fig. 2D).
[0046] The above-described time-series controls by
the control unit 40 enable a series of the interruption con-
trols as the direct-current interruption apparatus. This
control procedure can be said as a basic procedure in
this direct-current interruption apparatus, and the con-
trols for the interruption may take place at more precise
preferable timings without departing from this basic pro-
cedure (to be described later).
[0047] As described hitherto, according to the direct-
current interruption apparatus of this embodiment, the
non-use of a semiconductor switch in the current path 10
makes it possible to greatly reduce a power loss during
the current passage. The switch 11 is lower in respon-
siveness to the electrode open control but is higher in
withstand voltage characteristics than the switch 12.
Conversely, the switch 12 is higher in responsiveness to
the electrode open control but is lower in withstand volt-
age characteristics than the switch 11. The series con-
nection of the high-withstand voltage switch 11 with the
low-withstand voltage switch 12 achieves a withstand
voltage high enough as the direct-current interruption ap-
paratus.
[0048] The commutation element 21 inserted in paral-
lel with the switch 12 works to forcibly commutate the
current of the switch 12 quickly to the commutation ele-
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ment 21 according to the switch 12 high in responsive-
ness. When the semiconductor switch 21b of the com-
mutation element 21 is thereafter changed to OFF, it is
possible to quickly commutate the current of the switch
11 this time toward the semiconductor switch 22 as a
current to be interrupted. Accordingly, it is possible to
change the semiconductor switch 22 to OFF before the
value of the interruption target current commutated to the
second semiconductor switch 22 increases very much.
This enables to avoid an increase in size of the interrup-
tion apparatus.
[0049] Fig. 3 is a sectional view schematically illustrat-
ing a vacuum valve being an element that may be includ-
ed in the switch 12 illustrated in Fig. 1. As illustrated in
Fig. 3, the vacuum valve 50 includes, as its main com-
ponents, a porcelain tube 51, a fixed-side electrode 52,
a movable-side electrode 53, a fixed-side current-carry-
ing shaft 54, a movable-side current-carrying shaft 55,
and a bellows 56.
[0050] Though specific examples of the switch 12 are
not mentioned in the description of Fig. 1 and Fig. 2A to
Fig. 2D, a vacuum switch is usable as the switch 12. The
vacuum switch is relatively high in responsiveness
though it cannot be generally said to be a switch having
a high withstand voltage characteristics. Therefore, even
if the vacuum switch is used as the switch 12, the switch
12 can endure a low applied voltage which is possibly
generated by the commutation element 21 including the
semiconductor switch 21b in an ON state after the current
of the current path 10 is reduced to zero, and in addition,
there is an advantage that it is possible to reduce the
time required for the commutation of the current of the
switch 12.
[0051] The vacuum switch includes the vacuum valve
50 illustrated in Fig. 3, and in addition includes a mech-
anism (not illustrated) for moving the movable-side cur-
rent-carrying shaft 55 in its axial direction as desired. The
inside of the cylindrical porcelain tube 51 is kept substan-
tially vacuum, and in order to insulate this vacuum from
the outside, the bellows 56 is fixed to the movable-side
current-carrying shaft 55 and the porcelain tube 51. The
structure of the vacuum valve 50 will be described below.
[0052] The fixed-side current-carrying shaft 54 pene-
trates through an upper surface of the cylindrical porce-
lain tube, and the fixed-side current-carrying shaft 54 is
fixed to the porcelain tube 51 at a portion where it pen-
etrates to the porcelain tube 51. In the fixed-side current-
carrying shaft 54, a portion penetrating to and protruding
from the upper surface of the cylindrical porcelain tube
51 is one terminal of the switch. The flat and disk-shaped
fixed-side electrode 52 is at one end of the fixed-side
current-carrying shaft 54 located inside the porcelain
tube 51, so as to be coaxial with the fixed-side current-
carrying shaft 54. A face of the movable-side electrode
53 having the same shape as that of the fixed-side elec-
trode 52 and coaxial with the fixed-side electrode 52 fac-
es a face of the fixed-side electrode 52 on a side opposite
to a side where the fixed-side current-carrying shaft 54

is located.
[0053] The movable-side current-carrying shaft 55 is
located on a side of the movable-side electrode 53 op-
posite to its face facing the fixed-side current-carrying
shaft 52, so as to be coaxial with the fixed-side current-
carrying shaft 54, the fixed-side electrode 52, and the
movable-side electrode 53. The movable-side current-
carrying shaft 55 penetrates through a lower surface of
the cylindrical porcelain tube 51, and its portion penetrat-
ing and protruding is the other terminal of the switch. As
already described, the bellows 56 has its one side fixed
to the movable-side current-carrying shaft 55 and has
the other end fixed to the porcelain tube 51. The bellows
56 constantly keeps the inside of the porcelain tube 51
airtight even if the movable-side current-carrying shaft
55 is moved in its axial direction in order to pass or inter-
rupt the current.
[0054] Assuming that the direct-current interruption
apparatus illustrated in Fig. 1 is used in a system of, for
example, about 300 kV direct current, it may almost suf-
fice if the switch 12 can endure the voltage drop by the
commutation element 21 including the semiconductor
switch 21b in the ON state, considering the structure of
this apparatus in which the high-withstand voltage switch
11 is connected in series with the switch 12. This voltage
drop is estimated as several kV at the largest, and even
the switch 12 being the vacuum switch can easily endure
the voltage on this level. In addition, the use of the switch
12 being the vacuum switch enables a reduction in the
time required for the commutation from the switch 12.
[0055] Among vacuum switches, one having plate
electrodes as the electrodes 52, 53 is especially advan-
tageous in terms of a reduction in a power loss during
the current passage because of its low electric resistance
in the closed state. In particular, a vacuum switch includ-
ing vertical magnetic field electrodes as the electrodes
52, 53 can have improved interruption performance and
its electrodes are less damaged because an arc current
flowing between its electrodes after the electrode open
control is controlled to diffuse by a vertical magnetic field.
[0056] Examples of the vertical magnetic field elec-
trodes are a fixed-side electrode 52a and a current-car-
rying side electrode 53a having slits on their side faces
so that a circumferential-direction component is added
to the direction of the current as schematically illustrated
in Fig. 4. When the current between the electrodes 52a,
53a has the circumferential component, the vertical mag-
netic field is added to the arc current between the elec-
trodes 52a, 53a, and consequently, charged particles are
confined in the magnetic field to equally distribute to the
whole electrodes 52a, 53a. This can improve interruption
performance and reduce damage to the electrodes.
[0057] A specific example of the switch 11 is not men-
tioned either in the description of Fig. 1 and Fig. 2A to
Fig. 2D, but a gas switch filled with SF6 as insulating gas
is usable as the switch 11, for instance. The gas switch
is typically high in withstand voltage characteristics.
Therefore, the use of the gas switch as the switch 11
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enables the switch 11 to receive and endure a high ap-
plied voltage to the direct-current interruption apparatus
that is possibly generated after the current interruption.
At this time, the high applied voltage to the direct-current
interruption apparatus is borne mainly by the switch 11
since the commutation element 21 (its resistance is not
infinitely large, though high) in the OFF state is in parallel
with the other switch 12.

(Second Embodiment)

[0058] Next, a direct-current interruption apparatus of
a second embodiment will be described with reference
to Fig. 5 (No. 1) and Fig. 6 (No. 2). Fig. 5 illustrates the
configuration of the direct-current interruption apparatus
of the second embodiment (No. 1). In Fig. 5, the same
components as those illustrated in Fig. 1 will be denoted
by the same reference signs and description thereof will
be omitted.
[0059] The configuration of this second embodiment
is different from that illustrated in Fig. 1 in that the non-
linear resistor 24 in the second embodiment is connected
in parallel with a series element of the semiconductor
switch 22 and the reactor 23. The nonlinear resistor 24
may be connected in parallel only with the semiconductor
switch 22 as illustrated in Fig. 1, and may alternatively
be connected in parallel with the series element of the
semiconductor switch 22 and the reactor 23 as described
here.
[0060] The purpose of the reactor 23 is to adjust the
time from the start of the discharging of the commutation
element 21 until the current of the switch 12 is reduced
to zero. On the other hand, to the nonlinear resistor 24,
the current only temporarily flows at the final stage of the
direct-current interruption. Therefore, in whichever man-
ner the nonlinear resistor 24 is arranged, there is sub-
stantially no influence on the function of the temporary
current flow, that is, the direct-current interruption oper-
ation.
[0061] Fig. 6 illustrates the configuration of the direct-
current interruption apparatus of the second embodiment
(No. 2). In Fig. 6, the same components as those illus-
trated in Fig. 1 will be denoted by the same reference
signs and description thereof will be omitted.
[0062] The configuration of this second embodiment
is different from that illustrated in Fig. 1 in that the reactor
23 of the second embodiment is inserted in series only
with the commutation element 21. That is, the reactor 23
is not in a series positional relation with the semiconduc-
tor switch 22, nor with the nonlinear resistor 24. It can
also be said that the commutation element 21 is replaced
by a series connection element of the charge/discharge
functional element 21a, the semiconductor switch 21b,
and the rector 23. The reactor 23 may also be in such an
arrangement.
[0063] The purpose of the reactor 23 is to adjust the
time from the start of the discharging of the commutation
element 21 until the current of the switch 12 is reduced

to zero, which easily leads to the conclusion that the re-
actor 23 may be in the arrangement illustrated in Fig. 6.

(Third Embodiment)

[0064] Next, a direct-current interruption apparatus of
a third embodiment will be described with reference to
Fig. 7. Fig. 7 illustrates the configuration of the direct-
current interruption apparatus of the third embodiment.
In Fig. 7, the same components as those illustrated in
Fig. 1 will be denoted by the same reference signs and
description thereof will be omitted.
[0065] The configuration of the third embodiment is dif-
ferent from that illustrated in Fig. 1 in that a current path
10A of the third embodiment further includes an addition-
al element 13 which is connected in parallel with the
switch 12 and functions to reduce the maximum voltage
that is possibly applied to the switch 12. Disposing the
additional element 13 in parallel with the switch 12 makes
it possible to further obviously reduce the maximum volt-
age applied to the switch 12, owing to its configuration
difference from the switch 11 not provided with such an
additional element.
[0066] As the additional element 13, one of a resistor,
a nonlinear resistor, a capacitor, and a series connection
element of a capacitor and a resistor, or one in which two
or more these are connected in parallel is adoptable, for
instance. In a case where the additional element 13 is a
resistor or a nonlinear resistor (for example, a zinc oxide
element), a resistance-divided voltage is applied to the
switch 12, owing to its configuration difference from the
switch 11 (small resistance, small applied voltage).
[0067] Similarly, in a case where the additional element
13 is a capacitor, a capacitance-divided voltage is applied
to the switch 12, owing to its configuration difference from
the switch 11 (large capacitance, small applied voltage).
In a case where the additional element 13 is a series-
connection element of a capacitor and a resistor, an im-
pedance-divided voltage is applied to the switch 12, ow-
ing to its configuration difference from the switch 11
(small impedance, small applied voltage).

(Fourth Embodiment)

[0068] Next, a direct-current interruption apparatus of
a fourth embodiment will be described with reference to
Fig. 8. Fig. 8 illustrates the configuration of the direct-
current interruption apparatus of the fourth embodiment.
In Fig. 8, the same components as those illustrated in
Fig. 1 will be denoted by the same reference signs and
description thereof will be omitted.
[0069] The configuration of the fourth embodiment is
different from that illustrated in Fig. 1 in that a current
path 10B of the fourth embodiment includes a distance
detecting unit 14 provided on the switch 11 to detect the
interelectrode distance of the switch 11 and notify it to
the control unit 40, and also includes a distance detecting
unit 15 provided on the switch 12 to detect the interelec-
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trode distance of the switch 12 and notify it to the control
unit 40.
[0070] The distance detecting unit 14 provided on the
switch 11 notifies the detected interelectrode distance of
the switch 11 to the fourth control unit 40d.
[0071] The fourth control unit 40d performs the control
for changing the semiconductor switch 22 to OFF at an
instant that is after the third control unit 40c performs the
OFF control for changing the semiconductor switch 21b
to OFF and that is at or after the opening time at which
the distance detecting unit 14 detects that the interelec-
trode distance of the switch 11 reaches a predetermined
distance.
[0072] The distance detecting unit 15 provided on the
second switch 12 notifies the detected interelectrode dis-
tance of the switch 12 to the third control unit 40c.
[0073] The third control unit 40c performs the dis-
charge control at an instant that is after the first control
unit 40a starts the electrode open control over the switch
11 and the second control unit 40b starts the electrode
open control over the switch 12 and that is at or after the
opening time at which the distance detecting unit 15 de-
tects that the interelectrode distance of the switch 12
reaches a predetermined distance.
[0074] As described previously, when the control unit
40 performs the discharge control over the commutation
element 21, the gradual reduction of the current flowing
to the switch 12 starts and the application of the voltage
to the switch 12 starts, as previously described. There-
fore, according to this embodiment, since the control unit
40 is capable of performing the discharge control over
the commutation element 21 based on the detected result
of the interelectrode distance of the switch 12, the voltage
is applied to the switch 12 having the interelectrode dis-
tance large enough for preventing a problem that might
be caused by the generated voltage, and this is prefer-
able.
[0075] When the control for changing the semiconduc-
tor switch 22 to OFF is performed, a path of the current
flowing to the switch 11 is only the path passing the non-
linear resistor 24 as previously described, and accord-
ingly a very large voltage is applied to the direct-current
interruption apparatus. According to this embodiment,
since it is possible to perform the control for changing
the semiconductor switch 22 to OFF based on the de-
tected result of the interelectrode distance of the switch
11, the interelectrode distance of the switch 11 having a
high withstand voltage characteristics has been opened
to a predetermined distance at this instant, and this is
preferable.
[0076] Fig. 9A to Fig. 9D illustrate timing charts of the
operations of the direct-current interruption apparatus il-
lustrated in Fig. 8. Fig. 9A to Fig. 9D are substantially the
same as Fig. 2A to Fig. 2D, and for the same points, refer
to the contents already described. The points described
with reference to Fig. 8 will be described again with ref-
erence to Fig. 9. At the time D later than a timing at which
the switch 12 is opened (= timing at which the withstand

voltage characteristics is obtained; time C1), the dis-
charging of the commutation element 21 is started, and
this is a preferable timing. Further, at the time G later
than a timing at which the switch 11 is opened (= timing
at which the withstand voltage characteristics is obtained;
time C2), the semiconductor switch 22 is changed to
OFF, and this is a preferable timing.

(Fifth Embodiment)

[0077] Next, a direct-current interruption apparatus of
a fifth embodiment will be described with reference to
Fig. 10. Fig. 10 illustrates the configuration of the direct-
current interruption apparatus of the fifth embodiment. In
Fig. 10, the same components as those illustrated in Fig.
1 will be denoted by the same reference signs and de-
scription thereof will be omitted.
[0078] The configuration of the fifth embodiment is dif-
ferent from that illustrated in Fig. 1 in that a current path
10C of the fifth embodiment includes a current detecting
unit 16 connected in series with the switch 11 and detects
the current flowing in the switch 11 to notify it to the control
unit 40, and also includes a current detecting unit 17 con-
nected in series with the switch 12 and detects the current
flowing in the switch 12 to notify it to the control unit 40.
As the specific configuration of the current detecting units
16, 17, the same configuration as that of the current de-
tecting unit 31 is adoptable.
[0079] The current detecting unit 16 connected in se-
ries with the switch 11 and detects the current flowing in
the switch 11 notifies the detected current to the fourth
control unit 40d.
[0080] The fourth control unit 40d performs the control
for changing the semiconductor switch 22 to OFF at an
instant that is after the third control unit 40c performs the
OFF control for changing the semiconductor switch 21a
to OFF and that is at or after the commutation time at
which the current detecting unit 16 detects that the cur-
rent flowing in the switch 11 reaches zero.
[0081] The current detecting unit 17 connected in se-
ries with the switch 12 and detects the current flowing in
the switch 12 notifies the detected current to the third
control unit 40c.
[0082] The third control unit 40c performs the OFF con-
trol at an instant that is after the third control unit 40c
performs the control for discharging the charge/dis-
charge functional element 21a and that is at or after the
commutation time at which the current detecting unit 17
detects that the current flowing in the switch 12 reaches
zero.
[0083] The series connection of the current detecting
unit 17 with the switch 12 has the following advantage.
The control for discharging the functional element 21a of
the commutation element 21 by the control unit 40 is per-
formed so as to reduce the current flowing in the switch
12 to zero. Consequently, the commutation of the current
flowing to the switch 12 is completed. It takes some time
for the current flowing in the switch 12 to actually reach
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zero after the discharge control. Therefore, it is preferable
to perform the OFF control over the semiconductor switch
21b, which is the next control, taking this time into ac-
count. According to this embodiment, from the current
detecting unit 17, it is possible to find that the current has
reached zero, enabling a more appropriate response to
this state.
[0084] The series connection of the current detecting
unit 16 with the switch 11 has the following advantage.
This configuration makes it possible to assume an instant
at which the current detecting unit 11 detects that the
current flowing in the switch 11 reaches zero, as an in-
stant at which the interelectrode distance of the switch
11 has reached the predetermined distance. A reason
for this is as follows. The electrode open control over the
switch 11 and that over the switch 12 start simultaneous-
ly, though the switch 11 is lower in responsiveness to the
electrode open control than the switch 12, and the con-
trols are performed on the premise that the switch 12
reaches the electrode open state after the start of the
electrode open control, and therefore at the instant at
which the current detecting unit 16 thereafter detects that
the current flowing in the switch 11 reaches zero, it is
highly probable that the interelectrode distance of the
switch 11 has already reached the predetermined dis-
tance.
[0085] Fig. 11A to Fig. 11D illustrate timing charts of
the operations of the direct-current interruption appara-
tus illustrated in Fig. 10. Fig. 11A to Fig. 11D are almost
the same as Fig. 2A to Fig. 2D, and for the same points,
refer to the contents already described. The points de-
scribed with reference to Fig. 10 will be described again
with reference to Figs. 11. At the time F later than the
timing at which the disconnection of the switch 12 is com-
pleted (= the current of the switch 12 is zero; time E), the
commutation element 21 is controlled to be OFF. This is
a preferable timing. Further, at the time G later than a
timing at which the commutation to the semiconductor
switch 22 is completed (= the current of the switch 11 is
zero = assumed as the instant at which the interelectrode
distance of the switch 11 has already reached the pre-
determined distance; time F1), the semiconductor switch
22 is changed to OFF. This is a preferable timing.
[0086] As has been described hitherto, according to
the direct-current interruption apparatus of each of the
embodiments, the non-use of a semiconductor switch in
the current path enables a great reduction in a power
loss during the current passage. The first switch 11 is
higher in withstand voltage characteristics than the sec-
ond switch 12, though lower in responsiveness to the
electrode open control than the second switch 12. Con-
versely, the second switch 12 is lower in withstand volt-
age characteristics than the first switch, though higher in
responsiveness to the electrode open control than the
first switch 11. The series connection of the high-with-
stand voltage switch 11 with the low-withstand voltage
switch 12 achieves a withstand voltage characteristics
high enough as the direct-current interruption apparatus.

[0087] Further, owing to the inserted commutation el-
ement 21 in parallel with the second switch 12, the work
of the commutation element 21 makes it possible to for-
cibly commutate the current quickly to the commutation
element 21 according to the switch 12 with high respon-
siveness. When the first semiconductor switch 21b of the
commutation element 21 is thereafter changed to OFF,
it is possible this time to commutate the current of the
first switch 11 quickly to the second semiconductor switch
22 as the current to be interrupted. Accordingly, it is pos-
sible to change the second semiconductor switch 22 to
OFF before the value of the interruption target current
commutated to the second semiconductor switch 22 in-
creases very much. This enables to avoid an increase in
size of the interruption apparatus.
[0088] Several embodiments of the present invention
have been described hitherto, but these embodiments
have been presented by way of example only, and are
not intended to limit the scope of the inventions. Indeed,
the novel embodiments described herein may be embod-
ied in a variety of other forms; furthermore, various omis-
sions, substitutions, and changes may be made without
departing from the spirit of the inventions. The accom-
panying claims and their equivalents are intended to cov-
er such forms or modifications as would fall within the
scope and spirit of the inventions.

REFERENCE SIGN LIST

[0089] 10, 10A, 10B, 10C...current path, 11...switch
(high withstand voltage; first switch), 12...switch (low
withstand voltage; second switch), 13...additional ele-
ment, 14...interelectrode distance detecting unit, 15...in-
terelectrode distance detecting unit, 16... current detect-
ing unit, 17... current detecting unit, 21... commutation
element, 21a...charge/discharge functional element,
21b...semiconductor switch (first semiconductor switch),
22...semiconductor switch (second semiconductor
switch), 23...reactor, 24...nonlinear resistor, 31...current
detecting unit, 40...control unit, 51...porcelain tube,
52...fixed-side plate electrode, 52a...fixed-side vertical
magnetic field electrode, 53...movable-side plate elec-
trode, 53a...movable-side vertical magnetic field elec-
trode, 54...fixed-side current-carrying shaft, 55...mova-
ble-side current-carrying shaft, 56...bellows

Claims

1. A direct-current interruption apparatus comprising:

a current path including a first switch and a sec-
ond switch connected in series, the first switch
being a non-semiconductor device and having
a first withstand voltage, the second switch be-
ing a non-semiconductor device and having a
second withstand voltage lower than the first
withstand voltage;

17 18 



EP 3 309 809 A1

11

5

10

15

20

25

30

35

40

45

50

55

a commutation element having one end con-
nected with a connection node of the first switch
and the second switch and including a functional
element and a first semiconductor switch con-
nected in series, the functional element having
a charge/discharge function;
a second semiconductor switch being between
and connected with the other end of the com-
mutation element and one end of the first switch,
the one end of the first switch being opposite to
the other end of the first switch connected with
the second switch;
a conductive path being between and connected
with the other end of the commutation element
and one end of the second switch, the one end
of the second switch being opposite to the other
end of the second switch connected with the first
switch; and
a nonlinear resistor connected in parallel with
the second semiconductor switch.

2. The direct-current interruption apparatus according
to claim 1, wherein the first switch is a gas switch.

3. The direct-current interruption apparatus according
to claim 1, wherein the second switch is a vacuum
switch having plate electrodes or vertical magnetic
field electrodes.

4. The direct-current interruption apparatus according
to claim 1, further comprising a reactor inserted in
series in the conductive path.

5. The direct-current interruption apparatus according
to claim 4, wherein the nonlinear resistor is connect-
ed in parallel with the connection in series of the sec-
ond semiconductor switch and the reactor.

6. The direct-current interruption apparatus according
to claim 1, wherein the commutation element in-
cludes the functional element, the first semiconduc-
tor switch, and further a reactor connected in series.

7. The direct-current interruption apparatus according
to claim 1, further comprising an additional element
connected in parallel with the second switch and con-
figured to reduce the maximum voltage applied to
the second switch.

8. The direct-current interruption apparatus according
to claim 7, wherein the additional element is one or
more selected from the group consisting of a resistor,
a nonlinear resistor, a capacitor, and a connection
in series of a capacitor and a resistor.

9. The direct-current interruption apparatus according
to claim 1, further comprising:

a first control unit connected with the first switch
and configured to control opening and closing
of electrodes of the first switch;
a second control unit connected with the second
switch and configured to control opening and
closing of electrodes of the second switch;
a third control unit connected with the commu-
tation element and the first and second control
units, the third control unit being configured to
control ON/OFF of the first semiconductor
switch of the commutation element, and config-
ured to control charging the functional element
of the commutation element in advance and to
control discharging the functional element at a
predetermined timing; and
a fourth control unit connected with the second
semiconductor switch and the third control unit
and configured to control ON/OFF of the second
semiconductor switch, wherein:

the third control unit is configured to control
charging the functional element before the
first control unit starts the electrode open
control over the first switch and the second
control unit starts the electrode open control
over the second switch, configured to con-
trol discharging the functional element after
the first control unit starts the electrode open
control over the first switch and the second
control unit starts the electrode open control
over the second switch, and configured to
control changing the first semiconductor
switch to OFF after controlling the dis-
charge; and
the fourth control unit is configured to control
changing the second semiconductor switch
to OFF after the third control unit controls
changing the first semiconductor switch to
OFF.

10. The direct-current interruption apparatus according
to claim 9, wherein the third control unit control charg-
ing the functional element of the commutation ele-
ment after the first control unit starts the electrode
open control over the first switch and the second
control unit starts the electrode open control over the
second switch and after an interelectrode distance
of the second switch is assumed to reach a prede-
termined distance.

11. The direct-current interruption apparatus according
to claim 9, wherein the third control unit controls
changing the first semiconductor switch to OFF after
the third control unit control discharging the function-
al element and after a current flowing in the second
switch is assumed to reach zero.

12. The direct-current interruption apparatus according
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to claim 9, wherein the fourth control unit controls
changing the second semiconductor switch to OFF
after the third control unit controls changing the first
semiconductor switch to OFF and after an interelec-
trode distance of the first switch is assumed to reach
a predetermined distance.

13. The direct-current interruption apparatus according
to claim 9, further comprising a distance detecting
unit provided to the second switch and configured to
detect an interelectrode distance of the second
switch to notify the detected interelectrode distance
to the third control unit,
wherein the third control unit controls discharging
the functional element after the first control unit starts
the electrode open control over the first switch and
the second control unit starts the electrode open con-
trol over the second switch and after the distance
detecting unit detects that the interelectrode dis-
tance of the second switch reaches a predetermined
distance.

14. The direct-current interruption apparatus according
to claim 9, further comprising a current detecting unit
connected in series with the second switch and con-
figured to detect a current flowing in the second
switch to notify the detected current to the third con-
trol unit,
wherein the third control unit controls changing the
first semiconductor switch to OFF after the third con-
trol unit controls discharging the functional element
and after the current detecting unit detects that the
current flowing in the second switch reaches zero.

15. The direct-current interruption apparatus according
to claim 9, further comprising a distance detecting
unit provided to the first switch and configured to
detect an interelectrode distance of the first switch
to notify the detected interelectrode distance to the
fourth control unit,
wherein that the fourth control unit controls changing
the second semiconductor switch to OFF after the
third control unit controls changing the first semicon-
ductor switch to OFF and after the distance detecting
unit detects that the interelectrode distance of the
first switch reaches a predetermined distance.

16. The direct-current interruption apparatus according
to claim 9, further comprising a current detecting unit
connected in series with the first switch and config-
ured to detect a current flowing in the first switch to
notify the detected current to the fourth control unit,
wherein the fourth control unit controls changing the
second semiconductor switch to OFF after the third
control unit controls changing the first semiconductor
switch to OFF and after the current detecting unit
detects that the current flowing in the first switch
reaches zero.

17. A direct-current interruption method with a direct-
current interruption apparatus,
the apparatus comprising:

a current path including a first switch and a sec-
ond switch connected in series, the first switch
being a non-semiconductor device and having
a first withstand voltage, the second switch be-
ing a non-semiconductor device and having a
second withstand voltage lower than the first
withstand voltage;
a commutation element having one end con-
nected with a connection node of the first switch
and the second switch, and including a function-
al element and a first semiconductor switch con-
nected in series, the functional element having
a charge/discharge function;
a second semiconductor switch being between
and connected with the other end of the com-
mutation element and one end of the first switch,
the one end of the first switch being opposite to
the other end of the first switch connected with
the second switch;
a conductive path being between and connected
with the other end of the commutation element
and one end of the second switch, the one end
of the second switch being opposite to the other
end of the second switch connected with the first
switch; and
a nonlinear resistor connected in parallel with
the second semiconductor switch,
the method comprising:

charging the functional element of the com-
mutation element in advance;
discharging the functional element after
starting electrode open control over the first
switch and starting electrode open control
over the second switch;
changing the first semiconductor switch to
OFF after discharging the functional ele-
ment; and
changing the second semiconductor switch
to OFF after changing the first semiconduc-
tor switch to OFF.
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