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DESCRIPTION

POWER SUPPLY DEVICE

Field
[0001] The present invention relates to a power supply

device that converts an AC voltage to a DC voltage.

Background

[0002] When the power is turned on for a power supply
device, there may be an inrush current that flows in the
power supply device when a smoothing capacitor is charged.
To prevent the inrush current from damaging an element, the
power supply device adopts a configuration in which a
resistor is connected in series with the smoothing
capacitor, thereby suppressing the inrush current when the
power is turned on.

[0003] In Patent Literature 1, such a power supply
device is disclosed in which a relay is connected across an
overcurrent protection circuit that includes an inrush-
current suppressing resistor. When the power is turned on,
the relay is opened and the charging current of the
smoothing capacitor is consumed as heat by the inrush
current limit resistor, thereby suppressing the inrush
current when the power is turned on. Upon completion of
charging the smoothing capacitor, the power supply device
disclosed in Patent Literature 1 closes the relay and
isolates the inrush-current suppressing resistor, thereby
causing the current to flow to the relay without bypassing
the inrush-current suppressing resistor.

[0004] Patent Literature 2 discloses a power supply
device in which, when a momentary cutoff of the power

supply occurs due to an instantaneous power failure, the
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voltage across the smoothing capacitor is compared with a

set protection voltage, and the relay connected in parallel
with the inrush-current limiting resistor is controlled on
the basis of the comparison result, thereby suppressing the

inrush current.

Citation List
Patent Literatures
[0005] Patent Literature 1: Japanese Patent Application
Laid-open No. 2008-252966
Patent Literature 2: Japanese Patent Application

Laid-open No. H5-316640

Summary

Technical Problem

[0006] In the power supply devices according to Patent
Literature 1 and Patent Literature 2, when the voltage
across the smoothing capacitor falls below the set
protection voltage, the operation of the power supply
device is stopped and the relay is changed to an open state,
thereby suppressing the inrush current flowing to the
smoothing capacitor at the time of recovery from an
instantaneous power failure.

[0007] In the power supply devices according to Patent
Literature 1 and Patent Literature 2, if a momentary cutoff
of the power supply occurs due to an instantaneous power
failure, and the voltage across the smoothing capacitor
does not fall below the protection voltage and the
momentary cutoff is recovered, the relay is not changed to
an open state and remains in a short-circuit state.
Therefore, the inrush current does not flow in the inrush-
current suppressing resistor but flows into the smoothing

capacitor via the relay, thereby causing a problem in that
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the inrush current cannot be suppressed.

[0008] Furthermore, the magnitude of the inrush current
occurring at the time of recovery from an instantaneous
power failure depends on the difference between the voltage
across the smoothing capacitor immediately before the
recovery from the instantaneous power failure and the AC
voltage at the time of recovery from the instantaneous
power failure. Therefore, to suppress the inrush current
within a protection voltage set range, the power supply
device in Patent Literature 2 needs to be configured from
an expensive element that has high current durability and
is capable of enduring the inrush current.

[0009] The present invention has been achieved in view
of the above problems, and an object of the present
invention is to provide a power supply device that can
suppress an inrush current generated at the time of
recovery from a power failure, without using an element
that has high current durability and is capable of enduring
the inrush current and without being affected by an
operating state of a booster circuit unit and fluctuations

in an AC voltage.

Solution to Problem

[0010] In order to solve the above problems and achieve
the object, a power supply device according to an aspect of
the present invention includes: a resistor that limits an
electric current supplied from an alternating-current power
supply; a switching unit that is connected in parallel with
the resistor; a rectifier circuit unit that is connected to
a subsequent stage of the resistor and the switching unit
and rectifies an alternating-current voltage of the
alternating-current power supply; a booster circuit unit

that boosts a direct-current voltage rectified by the
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rectifier circuit unit; a direct-current-voltage detection
unit that detects a direct-current voltage output from the
booster circuit unit; an alternating-current-voltage
detection unit that detects an alternating-current voltage
of the alternating-current power supply; a protection
setting unit that calculates a first protection voltage on
a basis of a boosting level by the booster circuit unit,
calculates a second protection voltage on a basis of the
alternating-current voltage detected by the alternating-
current-voltage detection unit, compares the first
protection voltage with the second protection voltage, and
sets either one of the first protection voltage and the
second protection voltage as a protection voltage; and a
control unit that opens the switching unit when the direct-
current voltage falls below the protection voltage set by
the protection setting unit and stops boosting performed by
the booster circuit unit. The protection setting unit sets
the second protection voltage as the protection voltage
when the control unit stops boosting performed by the

booster circuit unit.

Advantageous Effects of Invention

[0011] According to the present invention, it is
possible to suppress an inrush current generated at the
time of recovery from a power failure without being
affected by the operating state of a booster circuit unit

and fluctuations in an AC voltage.

Brief Description of Drawings
[0012] FIG. 1 is a configuration diagram of a power
supply device according to an embodiment.

FIG. 2 is a diagram illustrating a relation between a

set level of a second protection voltage and a limit value
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with respect to an inrush current of a semiconductor
element constituting a booster circuit unit.

FIG. 3 is a diagram illustrating, in a case when a
booster circuit unit has stopped, an operation of a power
supply device from when an instantaneous power failure
occurs to when an AC power supply is recovered.

FIG. 4 is a diagram illustrating, in a case when a
booster circuit unit is operating, an operation of a power
supply device from when an instantaneous power failure
occurs to when an AC power supply is recovered when a first
protection voltage is set as a protection voltage.

FIG. 5 is a diagram illustrating, in a case when a
booster circuit unit is operating, an operation of a power
supply device from when an instantaneous power failure
occurs to when an AC power supply is recovered during the
passage of a first transition period.

FIG. 6 is a diagram illustrating, in a case when a
booster circuit unit is operating, an operation of a power
supply device from when an instantaneous power failure
occurs to when an AC power supply is recovered when a
second protection voltage is set as a protection voltage.

FIG. 7 is a diagram illustrating an operation of a
power supply device when setting a protection voltage in a
case when a booster circuit unit is changed from an
operating state to a shutdown state.

FIG. 8 is a block diagram illustrating a configuration

of an operation control unit according to the embodiment.

Description of Embodiments

[0013] A power supply device according to embodiments of
the present invention will be explained below in detail
with reference to the accompanying drawings. The present

invention is not limited to the embodiments.
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[0014] Embodiment.

FIG. 1 is a configuration diagram of a power supply
device 1 according to an embodiment. FIG. 2 is a diagram
illustrating a relation between a set level of a second
protection voltage and a limit value with respect to an
inrush current of a semiconductor element constituting a
booster circuit unit. FIG. 3 is a diagram illustrating, in
a case when a booster circuit unit has stopped, an
operation of a power supply device from when an
instantaneous power failure occurs to when an AC power
supply is recovered. FIG. 4 is a diagram illustrating, in
a case when a booster circuit unit is operating, an
operation of a power supply device from when an
instantaneous power failure occurs to when an AC power
supply is recovered when a first protection voltage is set
as a protection voltage. FIG. 5 is a diagram illustrating,
in a case when a booster circuit unit is operating, an
operation of a power supply device from when an
instantaneous power failure occurs to when an AC power
supply is recovered during the passage of a first
transition period. FIG. 6 is a diagram illustrating, in a
case when a booster circuit unit is operating, an operation
of a power supply device from when an instantaneous power
failure occurs to when an AC power supply 1s recovered when
a second protection voltage is set as a protection voltage.
FIG. 7 is a diagram illustrating an operation of a power
supply device when setting a protection voltage in a case
when a booster circuit unit is changed from an operating
state to a shutdown state. FIG. 8 is a block diagram
illustrating a configuration of an operation control unit
18 according to the embodiment.

[0015] The power supply device 1 is connected to a DC

load 3 and an AC power supply 2, which is an external power
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supply. The power supply device 1 converts an AC voltage
supplied from the AC power supply 2 to a DC voltage and
supplies the converted DC voltage to the DC load 3.

[0016] The power supply device 1 includes a resistor 11
that limits an electric current; a switching unit 12 that
switches between open and closed; a rectifier circuit unit
13 that rectifies an AC voltage; a booster circuit unit 14
that boosts a DC voltage; a DC-voltage detection unit 15
that detects a DC voltage; a protection setting unit 16
that sets a protection voltage; a control unit 17 that
controls the switching unit 12 and the booster circuit unit
14; and an AC-voltage detection unit 19 that detects the AC
voltage. The protection setting unit 16 and the control
unit 17 constitute the operation control unit 18.

[0017] The resistor 11 limits an inrush current supplied
from the AC power supply 2 at the time of recovery from a
power failure. The switching unit 12 is configured from a
relay and is connected in parallel with the resistor 11.
The switching unit 12 can be configured not from a relay,
but from an IGBT (Insulated Gate Bipolar Transistor) or a
MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor).
When the switch of the switching unit 12 is open, a current
supplied from the AC power supply 2 passes through the
resistor 11 and is supplied to the rectifier circuit unit
13. When the switching unit 12 is closed, a current
supplied from the AC power supply 2 passes through the
switching unit 12 and is supplied to the rectifier circuit
unit 13.

[0018] The rectifier circuit unit 13 is connected to a
subsequent stage of the resistor 11 and the switching unit
12 and rectifies the AC voltage.

[0019] The booster circuit unit 14 is also referred to

as a "boost chopper circuit unit" and boosts the DC voltage
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rectified by the rectifier circuit unit 13 up to a set
voltage. The configuration of the booster circuit unit 14
is described here.

[0020] The booster circuit unit 14 includes a boosting
reactor 21, a switching element 22 that performs switching,
a diode 23 that prevents backflow, and a smoothing
capacitor 24 that smooths the voltage rectified by the
rectifier circuit unit 13. An IGBT or a MOSFET is
exemplified as the switching element 22.

[0021] The reactor 21 and the diode 23 are connected in
series between the high voltage side of the rectifier
circuit unit 13 and the smoothing capacitor 24. The anode
of the diode 23 is connected to the reactor 21 and the
cathode of the diode 23 is connected to the DC load 3. The
switching element 22 is connected between the reactor 21
and the diode 23 and on the wire that connects the high
voltage side and the low voltage side.

[0022] When the switching element 22 is in an on-state,
the booster circuit unit 14 accumulates energy in the
reactor 21, and when the switching element 22 is in an off-
state, the booster circuit unit 14 charges the smoothing
capacitor 24 by using a back electromotive force generated
in the reactor 21. The booster circuit unit 14 repeatedly
switches the switching element 22 between an on-state and
an off-state every set cycle to perform a boosting
operation. The set cycle is a cycle with which a boosting
operation can be performed. The switching element 22 and
the diode 23, which are semiconductor elements constituting
the booster circuit unit, can be wide bandgap
semiconductors. The wide bandgap semiconductor can be SiC,
GaN, or diamond. The booster circuit unit 14 is not
limited to having the above configuration, and can have any

configuration that can rectify the AC power supply and
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boost the voltage to an arbitrary DC voltage. The
smoothing capacitor 24 repeats charging and discharging to
smooth the voltage.

[0023] When boosting is not performed, the booster
circuit unit 14 operates as a passive converter by setting
the switching element 22 to always be in an off-state, and
smooths the voltage rectified by the rectifier circuit unit
13 without boosting the voltage to supply the voltage to
the DC load 3.

[0024] The DC-voltage detection unit 15 detects the
smoothing capacitor voltage that is a DC voltage output
from the booster circuit unit 14. Specifically, the DC-
voltage detection unit 15 detects the smoothing capacitor
voltage that is the voltage across the smoothing capacitor
24. The smoothing capacitor voltage is equal to the DC bus
voltage.

[0025] The protection setting unit 16 always acquires a
control signal that is output from the control unit 17 to
the booster circuit unit 14, and ascertains a boosting
level, which indicates an operating state of the booster
circuit unit 14, and a shutdown state thereof on the basis
of the control signal. The protection setting unit 16
calculates the first protection voltage on the basis of the
boosting level by the booster circuit unit 14 and
calculates the second protection voltage on the basis of
the AC voltage detected by the AC-voltage detection unit 19
to compare the first protection voltage with the second
protection voltage and set either one as a protection
voltage. Such a configuration is also possible in which
the first protection voltage is newly calculated on the
basis of a boosting level L1 updated at an arbitrary timing
by the control unit 17, and the new first protection

voltage is compared with the second protection voltage to
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set either one as the protection voltage.
[0026] The control unit 17 compares the smoothing
capacitor voltage detected by the DC-voltage detection unit
15 with the protection voltage set by the protection
setting unit 16. On the basis of the comparison result,
the control unit 17 causes the booster circuit unit 14 to
stop or perform boosting, causes the switching unit 12 to
open or close the switch, and stops or starts the operation
of the DC load 3. Specifically, when the smoothing
capacitor voltage falls below the protection voltage, the
control unit 17 causes the switching unit 12 to open the
switch, causes the booster circuit unit 14 to stop boosting,
and stops the operation of the DC load 3.
[0027] An explanation will be given of a specific
operation of the control unit 17 and the protection setting
unit 16 when boosting by the booster circuit unit 14 is
stopped and a specific operation of the control unit 17 and
the protection setting unit 16 when boosting is being
performed by the booster circuit unit 14 with reference to
FIGS. 2 to 7.
[0028] (When boosting by the booster circuit unit 14 is
stopped)

A case where boosting by the booster circuit unit 14
is stopped is described with reference to FIGS. 2 and 3.
(a) in FIG. 2 illustrates a waveform of an AC voltage
supplied from the AC power supply 2. (b) in FIG. 2
illustrates a waveform of a smoothing capacitor voltage
detected by the DC-voltage detection unit 15. A case where
an instantaneous power failure occurs at tl in FIG. 2 is
assumed here. The protection setting unit 16 calculates
the second protection voltage on the basis of the AC
voltage detected by the AC-voltage detection unit 19. The

protection setting unit 16 sets the protection voltage such
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that it does not fall below a set lower limit.
Specifically, under the condition of "Vdc Under < second
protection voltage", the protection setting unit 16
calculates the second protection voltage according to

equation (1) where Vdc Under indicates the lower limit of

the DC bus voltage that guarantees the product and AVrush
indicates a limit value with respect to an inrush current

of the semiconductor element constituting the booster

circuit unit 14. As illustrated in FIG. 2, AVrush is a
value when an instantaneous power failure occurs and the
smoothing capacitor voltage decreases to a set level of the

second protection voltage.

Second protection voltage = AC voltage x V2-AVrush - - - (1)
[0029] In the case of "Vdc Under > second protection
voltage", the protection setting unit 16 sets the second
protection voltage to Vdc Under. The protection setting
unit 16 only needs to calculate the second protection
voltage such that it is within AVrush, which is the limit
value with respect to the inrush current of the
semiconductor element constituting the booster circuit unit
14, and does not necessarily have to set the lower limit
when there is no Vdc Under.

[0030] The protection setting unit 16 calculates the
first protection voltage on the basis of the boosting level
by the booster circuit unit 14. When boosting by the
booster circuit unit 14 stops, the protection setting unit
16 does not make a comparison between the first protection
voltage and the second protection voltage and sets the
second protection voltage as the protection voltage.

[0031] An operation of the protection setting unit 16 is
described next with reference to FIG. 3. (a) in FIG. 3

illustrates an operating state or a shutdown state of the
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12
DC load 3. (b) in FIG. 3 illustrates a waveform of an AC
voltage supplied from the AC power supply 2. (c) in FIG. 3

illustrates a waveform of a smoothing capacitor voltage
detected by the DC-voltage detection unit 15. (d) in FIG.
3 illustrates the switch of the switching unit 12 being
open or closed. 1In a period during which there is no
occurrence of an instantaneous power failure, the
protection setting unit 16 calculates the second protection
voltage every predetermined time according to the equation
(1) on the basis of the AC voltage detected by the AC-
voltage detection unit 19 to update the protection voltage
with the calculated second protection voltage. In FIG. 3,
a case where the protection voltage is updated every power
supply cycle is illustrated. The protection setting unit
16 calculates a second protection voltage A2 on the basis
of the AC voltage at a point Al illustrated in (b) in FIG.
3, and sets the second protection voltage A2 as the
protection voltage. The protection setting unit 16 also
calculates a second protection voltage B2 on the basis of
the AC voltage at a point Bl illustrated in (b) in FIG. 3,
and sets the second protection voltage B2 as the protection
voltage. In an example illustrated in FIG. 3, because the
AC power supply 2 fluctuates such that Al is smaller than
Bl, the second protection voltage A2 is smaller than the
second protection voltage B2. However, when the AC power
supply 2 fluctuates such that Al is larger than Bl, the
second protection voltage A2 is larger than the second
protection voltage B2.

[0032] It is described above that the protection voltage
is updated every power supply cycle. However, the
protection voltage can be updated at set time intervals.

By updating the protection voltage at set time intervals,

even if the AC voltage of the AC power supply 2 fluctuates,
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the protection setting unit 16 can set the protection
voltage corresponding to the fluctuated AC voltage. By
providing Vdc Under, the protection setting unit 16 can
protect the DC load 3 at the time of operating beyond the
product warranty.

[0033] An operation of the power supply device 1 when an
instantaneous power failure occurs is described with
reference to FIG. 3. Such a case is assumed here that an
instantaneous power failure occurs at tll in FIG. 3, a
protection operation by the control unit 17 is started at
tl2 in FIG. 3, the power failure is recovered at tl3 in FIG.
3, calculation of the second protection voltage is started
at tl4 in FIG. 3, and a recovery operation of the DC load 3
is performed at tlb5 in FIG. 3. When boosting is not
performed, the booster circuit unit 14 operates as a
passive converter by setting the switching element 22 to
always be in an off-state. Accordingly, the smoothing
capacitor voltage detected by the DC-voltage detection unit
15 matches the peak value of the AC voltage supplied from
the AC power supply 2.

[0034] When an instantaneous power failure occurs, as
illustrated in (b) in FIG. 3, the AC power supply 2 stops
supply of the AC voltage to the power supply device 1. The
booster circuit unit 14 operates as a passive converter.
Accordingly, as illustrated in (c) in FIG. 3, the smoothing
capacitor voltage decreases. The protection setting unit
16 does not change the protection voltage. Specifically,
as illustrated in (c) in FIG. 3, the protection setting
unit 16 maintains the second protection voltage B2 set as
the protection voltage without changing the second
protection voltage B2.

[0035] At tl1l2 in FIG. 3, when detecting that the
smoothing capacitor voltage detected by the DC-voltage
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detection unit 15 has fallen below the protection voltage
set by the protection setting unit 16, the control unit 17
starts the protection operation. Specifically, as
illustrated in (a) in FIG. 3, the control unit 17 stops the
operation of the DC load 3. Further, as illustrated in (d)
in FIG. 3, the control unit 17 causes the switching unit 12
to open the switch. By causing the switching unit 12 to
open the switch, the control unit 17 causes an inrush
current flowing in the power supply device 1 at the time of
recovery of the AC power supply 2 to flow into the resistor
11, thereby enabling the inrush current at the time of
recovery from the power failure to be suppressed.

[0036] When the AC power supply 2 recovers from the
instantaneous power failure, the protection setting unit 16
calculates the second protection voltage according to the
equation (1) on the basis of the AC voltage detected by the
AC-voltage detection unit 19, after passage of a second
transition period that is a transition period of the
smoothing capacitor voltage, and sets the calculated second
protection voltage as the protection voltage. Hereinafter,
the second transition period is referred to as "T stable2".

[0037] T stableZ is described here. The smoothing
capacitor voltage increases up to a value of V2 times the

AC voltage of the AC power supply 2. The value of V2 times
the AC voltage is a peak value. Accordingly, the control
unit 17 may detect that the smoothing capacitor voltage has
fallen below the protection voltage before the smoothing
capacitor voltage increases.

[0038] That is, in the power supply device 1, if the
protection voltage is changed before the increase of the
smoothing capacitor voltage reaches the peak value, the
voltage state becomes "smoothing capacitor voltage <

protection voltage"; therefore, stop of boosting performed
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by the booster circuit unit 14 continues due to the
protection operation by the control unit 17 and shutdown of
the DC load 3 continues, thereby causing a startup failure.
[003¢2] Therefore, the protection setting unit 16 holds
the setting of the protection voltage and inhibits the
change of the setting until T stable2 has passed even if
the smoothing capacitor voltage has fallen below the
protection voltage immediately after stop of supply of the
AC voltage from the AC power supply 2 and recovery from the
power failure has been detected by the AC voltage detected
by the AC-voltage detection unit 19. After supply of the
AC voltage from the AC power supply 2 is started and
T stable2 has passed, the protection setting unit 16
changes the setting of the protection voltage.
Specifically, after T stable2 has passed, the protection
setting unit 16 calculates a second protection voltage C2
according to the equation (1) described above on the basis
of the AC voltage at a point Cl illustrated in (b) in FIG.
3, and changes the setting of the protection voltage from
the second protection voltage B2 to the second protection
voltage C2. The control unit 17 continues the protection
operation from when the protection operation is started at
tl2 in FIG. 3 to when T stable2 has passed even if the
smoothing capacitor voltage becomes higher than the
protection voltage.
[0040] In the power supply device 1, the voltage state
becomes "smoothing capacitor voltage > protection voltage"
after T stable2 has passed. Therefore, the control unit 17
does not perform the protection operation and thus the
startup failure can be prevented.
[0041] (When the booster circuit unit 14 performs boosting)
A case where the booster circuit unit 14 performs

boosting is described with reference to FIG. 4 to FIG. 7.
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The protection setting unit 16 calculates the first
protection voltage on the basis of the boosting level by
the booster circuit unit 14 and calculates the second
protection voltage on the basis of the AC voltage detected
by the AC-voltage detection unit 19 to compare the first
protection voltage with the second protection voltage. The
protection setting unit 16 calculates the second protection
voltage according to the equation (1) described above.
[0042] A setting procedure according to the protection
voltage set by the protection setting unit 16 is described
below. Specifically, in a case of "first protection
voltage 2 second protection voltage", the first protection
voltage is set as the protection voltage. In a case of
"first protection voltage < second protection voltage", the
second protection voltage is set as the protection voltage.
The case of "first protection voltage 2 second protection
voltage" and the case of "first protection voltage < second
protection voltage" are separately described.
[0043] (Case of first protection voltage 2 second
protection voltage)

After boosting is started by the booster circuit unit
14 and the first transition period that is a transition
period of the smoothing capacitor voltage has passed, the
protection setting unit 16 changes the setting of the
protection voltage from the second protection voltage to
the first protection voltage. Hereinafter, the first
transition period is referred to as "T stablel”.
[0044] An operation of the power supply device 1 when an
instantaneous power failure occurs is described with
reference to FIG. 4. (a) in FIG. 4 illustrates an
operating state or a shutdown state of the DC load 3. (b)
in FIG. 4 illustrates an on-state or an off-state of the

switching element 22. (c) in FIG. 4 illustrates a waveform



10

15

20

25

30

Docket No. PMDA-15185-PCT
17

of the AC voltage supplied from the AC power supply 2. (d)
in FIG. 4 illustrates a waveform of the smoothing capacitor
voltage detected by the DC-voltage detection unit 15. (e)
in FIG. 4 illustrates the switch of the switching unit 12
being open or closed. Such a case is assumed here that an
instantaneous power failure occurs at t2l1 in FIG. 4, a
protection operation by the control unit 17 is started at
t22 in FIG. 4, the power failure is recovered at t23 in FIG.
4, calculation of the second protection voltage is started
at t24 in FIG. 4, and a recovery operation of the DC load 3
is performed at t25 in FIG. 4. The booster circuit unit 14
increases the smoothing capacitor voltage until the voltage
reaches a target boosting level on the basis of the control
by the control unit 17.

[0045] If the control unit 17 changes the setting of the
protection voltage from the second protection voltage to
the first protection voltage before the smoothing capacitor
voltage reaches the target boosting level, the control unit
17 may detect that the smoothing capacitor voltage has
fallen below the protection voltage.

[0046] That is, in the power supply device 1, if the
protection voltage is changed before the smoothing
capacitor voltage reaches the target boosting level, the
voltage state becomes "smoothing capacitor voltage <
protection voltage"; therefore, the booster circuit unit 14
may stop boosting and the operation of the DC load 3 may
stop due to the protection operation by the control unit 17.
[0047] Therefore, the protection setting unit 16 holds
the setting of the protection voltage and inhibits the
change of the setting until T stablel has passed after
boosting by the booster circuit unit 14 is started, and
changes the setting of the protection voltage from the

second protection voltage to the first protection voltage
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after T stablel has passed.

[0048] When detecting that the smoothing capacitor
voltage detected by the DC-voltage detection unit 15 has
fallen below the protection voltage set by the protection
setting unit 16, the control unit 17 starts the protection
operation. Specifically, the control unit 17 causes the
booster circuit unit 14 to stop boosting, stops the
operation of the DC load 3, and causes the switching unit
12 to open the switch. By causing the switching unit 12 to
open the switch, the control unit 17 causes an inrush
current flowing in the power supply device 1 at the time of
recovery of the AC power supply 2 to flow into the resistor
11, thereby enabling the inrush current at the time of
recovery from the power failure to be suppressed. Further,
the protection setting unit 16 does not change the setting
of the protection voltage until the AC power supply 2
recovers from the instantaneous power failure.

[0049] When the AC power supply 2 recovers from the
instantaneous power failure, because boosting by the
booster circuit unit 14 has been stopped, the smoothing

capacitor voltage does not reach the voltage exceeding the

value of V2 times the AC voltage of the AC power supply 2.
When the AC power supply 2 recovers from the instantaneous
power failure, the protection setting unit 16 performs the
same processing as that at the time of stopping boosting
performed by the booster circuit unit 14. That is, when
detecting recovery from the power failure by the AC voltage
detected by the AC-voltage detection unit 19, the
protection setting unit 16 holds the setting of the
protection voltage and inhibits the change of the setting
until T stable2 has passed and changes the setting of the
protection voltage after T stable2 has passed.

Specifically, after T stable2 has passed, the protection
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setting unit 16 calculates the second protection voltage
according to the equation (1) described above on the basis
of the AC voltage detected by the AC-voltage detection unit
19, and changes the setting of the protection voltage to
the calculated second protection voltage. The control unit
17 continues the protection operation from when the
protection operation is started at t22 in FIG. 4 to when

T stableZ has passed even i1f the smoothing capacitor
voltage becomes higher than the protection voltage.

[0050] An operation of the power supply device 1 when an
instantaneous power failure occurs during T stablel is
described with reference to FIG. 5. (a) in FIG. 5
illustrates an operating state or a shutdown state of the
DC load 3. (b) in FIG. 5 illustrates an on-state or an
off-state of the switching element 22. (c) in FIG. 5
illustrates a waveform of an AC voltage supplied from the
AC power supply 2. (d) in FIG. 5 illustrates a waveform of
a smoothing capacitor voltage detected by the DC-voltage
detection unit 15. (e) in FIG. 5 illustrates the switch of
the switching unit 12 being open or closed. Such a case is
assumed here that an instantaneous power failure occurs at
t31 in FIG. 5, the protection operation by the control unit
17 is started at t32 in FIG. 5, a power failure is
recovered at t33 in FIG. 5, calculation of the second
protection voltage is started at t34 in FIG. 5, and a
recovery operation of the DC load 3 is performed at t35 in
FIG. 5. 1If an instantaneous power failure occurs, as
illustrated in (c) in FIG. 5, the AC power supply 2 stops
supply of the AC voltage to the power supply device 1.
Because there is no voltage to be boosted, the booster
circuit unit 14 cannot perform boosting. Therefore, the
smoothing capacitor voltage decreases, as illustrated in

(d) in FIG. 5, due to the operation of the DC load 3.
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[0051] When detecting that the smoothing capacitor
voltage detected by the DC-voltage detection unit 15 has
fallen below the protection voltage set by the protection
setting unit 16, the control unit 17 starts the protection
operation. Specifically, the control unit 17 causes the
booster circuit unit 14 to stop boosting, stops the
operation of the DC load 3, and causes the switching unit
12 to open the switch. By causing the switching unit 12 to
open the switch, the control unit 17 causes an inrush
current flowing in the power supply device 1 at the time of
recovery of the AC power supply 2 to flow into the resistor
11, thereby enabling the inrush current at the time of
recovery from the power failure to be suppressed. Further,
the protection setting unit 16 does not change the setting
of the protection voltage until the AC power supply 2
recovers from the instantaneous power failure.

[0052] When the AC power supply 2 recovers from the
instantaneous power failure, because boosting by the
booster circuit unit 14 has been stopped, the smoothing

capacitor voltage does not reach the voltage exceeding the

value of V2 times the AC voltage of the AC power supply 2.
When the AC power supply 2 recovers from the instantaneous
power failure, the protection setting unit 16 performs the
same processing as that at the time of stopping boosting
performed by the booster circuit unit 14. That is, when
detecting recovery from the power failure by the AC voltage
detected by the AC-voltage detection unit 19, the
protection setting unit 16 holds the setting of the
protection voltage and inhibits the change of the setting
until T stable2 has passed and changes the setting of the
protection voltage after T stable2 has passed.
Specifically, after T stable2 has passed, the protection

setting unit 16 calculates the second protection voltage
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according to the equation (1) described above on the basis
of the AC voltage detected by the AC-voltage detection unit
19, and changes the setting of the protection voltage to
the calculated second protection voltage.

[0053] By setting T stablel, the power supply device 1
can protect the DC load 3 even in a state where the
smoothing capacitor voltage has not reached the target
boosting level.

[0054] Setting of a protection voltage when the AC power
supply 2 recovers from an instantaneous power failure 1is
described next. It is assumed here that an instantaneous
power failure occurs, the smoothing capacitor voltage falls
below a protection voltage, and boosting by the booster
circuit unit 14 and an operation of the DC load 3 are
stopped due to a protection operation by the control unit
17. When the AC power supply 2 recovers from an
instantaneous power failure, the protection setting unit 16
performs the same processing as that at the time of
stopping boosting performed by the booster circuit unit 14.
That is, when detecting recovery from the power failure by
the AC voltage detected by the AC-voltage detection unit 19,
the protection setting unit 16 holds the setting of the
protection voltage and inhibits the change of the setting
until T stable2 has passed and changes the setting of the
protection voltage after T stable2 has passed.
Specifically, after T stable2 has passed, the protection
setting unit 16 calculates the second protection voltage
according to the equation (1) described above on the basis
of the AC voltage detected by the AC-voltage detection unit
19, and changes the setting of the protection voltage to
the calculated second protection voltage. It is assumed
here that the second protection voltage has been set as the

protection voltage by the protection setting unit 16. The
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second protection voltage is a protection voltage 1.
Further, when the first protection voltage is compared with
the second protection voltage by the protection setting
unit 16, in the case of "first protection voltage < second
protection voltage", the second protection voltage is a
protection voltage 2.
[0055] (Case of "first protection voltage < second
protection voltage")

When boosting by the booster circuit unit 14 is
started, the protection setting unit 16 does not count
T stablel, i.e., does not set T stablel, and sets the
second protection voltage as the protection voltage.
[0056] An operation of the power supply device 1 when an
instantaneous power failure occurs 1is described with
reference to FIG. 6. (a) in FIG. 6 illustrates an
operating state or a shutdown state of the DC load 3. (b)
in FIG. 6 illustrates an on-state or an off-state of the
switching element 22. (c) in FIG. 6 illustrates a waveform
of an AC voltage supplied from the AC power supply 2. (d)
in FIG. 6 illustrates a waveform of a smoothing capacitor
voltage detected by the DC-voltage detection unit 15. (e)
in FIG. 6 illustrates the switch of the switching unit 12
being open or closed. Such a case is assumed here that an
instantaneous power failure occurs at t4l in FIG. 6, a
protection operation by the control unit 17 is started at
t42 in FIG. 6, the power failure is recovered at t43 in FIG.
6, calculation of the second protection voltage is started
at t44 in FIG. 6, and a recovery operation of the DC load 3
is performed at t45 in FIG. 6. In a section where boosting
is performed, the booster circuit unit 14 operates as an
active converter, and the smoothing capacitor voltage
increases until reaching the target boosting level on the

basis of the control of the control unit 17. Due to "first
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protection voltage < second protection voltage", the peak
value of the AC voltage of the AC power supply 2 becomes
equal to or higher than the value to be boosted by the
booster circuit unit 14. Therefore, the smoothing
capacitor voltage matches the peak value of the AC voltage
of the AC power supply 2.

[0057] As illustrated in (d) in FIG. 6, because the
smoothing capacitor voltage is equal to or higher than the
target boosting level, the protection setting unit 16 sets
the protection voltage to the second protection voltage and
does not count T stablel.

[0058] Therefore, in the case of "second protection
voltage > first protection voltage", the protection setting
unit 16 sets the second protection voltage as the
protection voltage without providing T stablel. If an
instantaneous power failure occurs and the smoothing
capacitor voltage has fallen below the protection voltage,
because the control unit 17 performs the protection
operation, boosting by the booster circuit unit 14 is
stopped until the AC power supply 2 recovers. Therefore,

the smoothing capacitor voltage does not reach the voltage

exceeding the value of V2 times the AC voltage of the AC
power supply 2. The protection setting unit 16 does not
change the setting of the protection voltage until the AC
power supply 2 recovers.

[0059] When the AC power supply 2 recovers from the
instantaneous power failure, the protection setting unit 16
performs the same processing as that at the time of
stopping boosting performed by the booster circuit unit 14.
That is, when detecting recovery from the power failure by
the AC voltage detected by the AC-voltage detection unit 19,
the protection setting unit 16 holds the setting of the

protection voltage and inhibits the change of the setting
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until T stable2 has passed and changes the setting of the
protection voltage after T stable2 has passed.
Specifically, after T stableZ has passed, the protection
setting unit 16 calculates the second protection voltage
according to the equation (1) described above on the basis
of the AC voltage detected by the AC-voltage detection unit
19, and changes the setting of the protection voltage to
the calculated second protection voltage.

[0060] An explanation will be given of boosting and stop
of boosting performed by the booster circuit unit 14 in a
period during which an instantaneous power failure does not
occur with reference to FIG. 7. (a) in FIG. 7 illustrates
an operating state or a shutdown state of the DC load 3.

(b) in FIG. 7 illustrates an on-state or an off-state of
the switching element 22. (c) in FIG. 7 illustrates a
waveform of an AC voltage supplied from the AC power supply
2. (d) in FIG. 7 illustrates a waveform of a smoothing
capacitor voltage detected by the DC-voltage detection unit
15. (e) in FIG. 7 illustrates the switch of the switching
unit 12 being open or closed. Such a case i1s assumed here
that boosting by the booster circuit unit 14 stops at tb5l1

in FIG. 7. 1In a case of "currently set protection voltage

< first protection voltage", the protection setting unit 16
sets the first protection voltage as the protection voltage
after T stablel has passed. Further, in a case of
"currently set protection voltage > first protection
voltage", the protection setting unit 16 does not count

T stablel, i.e., does not set T stablel, and sets the
second protection voltage as the protection voltage.

[0061] When boosting is being performed by the booster
circuit unit 14, the protection setting unit 16 maintains
the set protection voltage and causes the booster circuit

unit 14 to continue the boosting. If boosting by the
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booster circuit unit 14 is stopped according to control by
the control unit 17, the protection setting unit 16 changes
the currently set protection voltage to the second
protection voltage. 1In a period during which an
instantaneous power failure does not occur, the protection
setting unit 16 calculates the second protection voltage on
the basis of the AC voltage detected by the AC-voltage
detection unit 19, and changes the setting of the
protection voltage without counting T stableZ.

[0062] When boosting by the booster circuit unit 14 has

stopped, the smoothing capacitor voltage does not reach the

voltage exceeding the value of V2 times the AC voltage of
the AC power supply 2. Further, when the first protection
voltage is set as the protection voltage, even if setting
is immediately changed from the first protection voltage to
the second protection voltage, the voltage state becomes
"smoothing capacitor voltage > protection voltage", and
when the second protection voltage is set as the protection
voltage, the protection voltage remains as the second
protection voltage and thus the voltage state becomes
"smoothing capacitor voltage > protection voltage".
Therefore, the control unit 17 does not cause the switching
unit 12 to open the switch. Further, the control unit 17
does not need to reduce the boosting level of the booster
circuit unit 14 in a stepwise manner to stop boosting, and
can immediately stop boosting performed by the booster
circuit unit 14.

[0063] Therefore, the power supply device 1 can set the
second protection voltage such that it falls within the
AVrush, which is the limit value with respect to an inrush
current of a semiconductor element constituting the booster
circuit unit 14, without being affected by an operating

state of the booster circuit unit 14 and fluctuations in
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the AC voltage. When the AC power supply 2 is recovered
from an instantaneous power failure, the switch of the
switching unit 12 has been opened to suppress the inrush
current by the resistor 11, thereby enabling the inrush
current at the time of recovery from the power failure to
be suppressed. The power supply device 1 sets the first
protection voltage or the second protection voltage as the
protection voltage on the basis of boosting or stop of
boosting performed by the booster circuit unit 14.
Therefore, when boosting by the booster circuit unit 14
needs to be stopped, the boosting level of the booster
circuit unit 14 does not need to be reduced in a stepwise
manner to be stopped, and boosting by the booster circuit
unit 14 can be stopped immediately. Accordingly, a
switching loss generated due to an on-state of the
switching element 22 of the booster circuit unit 14 can be
reduced, thereby enabling energy saving to be achieved.
Further, in the power supply device 1, the semiconductor
elements constituting the booster circuit unit 14 can be
downsized by suppressing the inrush current at the time of
recovery from the power failure, thereby enabling the cost
to be reduced. Further, in the power supply device 1, when
the semiconductor elements constituting the booster circuit
unit 14 are configured from expensive wide bandgap
semiconductors such as SiC, GaN, or diamond, cost reduction
can be realized by downsizing the semiconductor elements.
[0064] The operation control unit 18 constituted by the
protection setting unit 16 and the control unit 17 can be
configured, as illustrated in FIG. 8, from a CPU 101 that
performs computing, a ROM 102 that stores therein a program
read by the CPU 101, a RAM 103 into which the program
stored in the ROM 102 is loaded, and an interface 104 that

performs input and output of a signal. The respective
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constituent elements of the operation control unit 18 are
programmed and stored in the ROM 102. The interface 104
receives a smoothing capacitor voltage from the DC-voltage
detection unit 15 and an AC voltage from the AC-voltage
detection unit 19. The interface 104 outputs a signal to
cause the booster circuit unit 14 to stop or perform
boosting, outputs a signal to cause the switching unit 12
to open or close the switch, and outputs a signal to stop
or start operating the DC load 3.

[0065] The CPU 101 reads the program stored in the ROM
102, loads the read program into the RAM 103, calculates
the first protection voltage on the basis of the boosting
level of the booster circuit unit 14, and calculates the
second protection voltage on the basis of the AC voltage
detected by the AC-voltage detection unit 19. The CPU 101
then compares the first protection voltage with the second
protection voltage, and performs computing to set either
one as the protection voltage. The CPU 101 compares the
smoothing capacitor voltage detected by the DC-voltage
detection unit 15 with the protection voltage. If the
smoothing capacitor voltage falls below the protection
voltage according to the comparison result, the CPU 101
outputs a signal to cause the switching unit 12 to open the
switch via the interface 104, outputs a signal to cause the
booster circuit unit 14 to stop boosting, and outputs a
signal to cause the DC load 3 to stop the operation.

[0066] The configuration described in the above
embodiment is only an example of the content of the present
invention and can be combined with other well-known
techniques. A part of the configuration can be omitted or

modified without departing from the scope of the invention.

Reference Signs List
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[0067] 1 power supply device, 2 AC power supply, 3 DC

load, 11 resistor, 12 switching unit, 13 rectifier

circuit unit, 14 Dbooster circuit unit, 15 DC-voltage

detection unit, 16 ©protection setting unit, 17 control

unit, 18 operation control unit, 19 AC-voltage detection

unit, 21 reactor, 22 switching element, 23 diode, 24

smoothing capacitor.
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CLAIMS
1. A power supply device comprising:

a registor that limits an electric current supplied
from an alternating-current power supply:;

a switching unit that is connected in parallel with
the resistor;

a rectifier circuit unit that is connected to a
subsequent stage of the resistor and the switching unit and
rectifies an alternating-current voltage of the
alternating-current power supply;

a booster circuit unit that boosts a direct-current
voltage rectified by the rectifier circuit unit; and

a direct-current-voltage detection unit that detects a
direct-current voltage output from the booster circuit
unit;

characterized in that

the power supply device further comprises

an alternating-current-voltage detection unit that
detects an alternating-current voltage of the alternating-
current power supply;

a protection setting unit that calculates a first
protection voltage on a basis of a boosting level by the
booster circuit unit detected by the direct-current-voltage
detection unit, calculates a second protection voltage on a
basis of the alternating-current voltage detected by the
alternating-current-voltage detection unit, compares the
first protection voltage with the second protection
voltage, and sets either one of the first protection
voltage and the second protection voltage as a protection
voltage; and

a control unit that opens the switching unit when the

direct-current voltage falls below the protection voltage
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set by the protection setting unit and stops boosting

performed by the booster circuit unit.

2. The power supply device according to claim 1, wherein
the protection setting unit sets the second protection
voltage as the protection voltage when the control unit

stops boosting performed by the booster circuit unit.

3. The power supply device according to claim 1, wherein
the protection setting unit sets the second protection
voltage as the protection voltage when an operation of the

booster circuit unit has been stopped.

4. The power supply device according to claim 1, wherein
the protection setting unit calculates the second
protection voltage such that the second protection voltage
falls within a limit value with respect to an inrush
current of a semiconductor element constituting the booster

circuit unit.

5. The power supply device according to claim 1, wherein
the protection setting unit changes setting of the
protection voltage from the second protection voltage to
the first protection voltage, after boosting by the booster
circuit unit is started and a first transition period,
which is a transition period of the direct-current voltage,

passes.

6. The power supply device according to claim 1, wherein
if the direct-current voltage falls below the protection
voltage immediately after supply of an alternating-current
voltage from the alternating-current power supply is

stopped, the protection setting unit holds the protection
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voltage without changing the protection voltage and, after
supply of the alternating-current voltage from the
alternating-current power supply is started and a second
transition period, which is a transition period of the
direct-current voltage, passes, the protection setting unit
changes setting of the protection voltage from the first

protection voltage to the second protection voltage.

7. The power supply device according to any one of claims 1
to 6, wherein the protection setting unit setsg the
protection voltage such that the protection voltage does

not fall below a set lower limit.

8. The power supply device according to any one of claims 1
to 7, wherein a semiconductor element constituting the

booster circuit unit is a wide bandgap semiconductor.

9. The power supply device according to claim 8, wherein

the wide bandgap semiconductor is 8iC, GaN, or diamond.



