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MANUFACTURING METHOD FOR CHOPPER CIRCUIT, CHOPPER CIRCUIT,

DC/DC CONVERTER, FUEL CELL SYSTEM, AND CONTROL METHOD

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The invention relates to a tcchnique for controlling a chopper circuit that

uses soft switching operation.

2. Description of the Relafed Art

[0002] In the field using a semiconductor power converter, a soft switching -
chopper circuit is used in order to reduce a power loss. The chopper circuit includes a
main circuit and an auxiliary circuit. The main circuit has a main reactor and a main
switching element. The auxiliary circuit has an auxiliary reactor, an auxiliary switching
element and an aﬁxiliary capacitor. In soft switching operation in which the auxiliary
switching element is turned on and then the main switching element is turned on, there is
known a technique described in Japanese Patent Application Publication No.
2008-283815 (JP-A-2008-283815) as a technique for controlling the timing of switching
of the main switching element and the timing of switching of the auxiliary switching
element.

[0003] In the above technique, when the electrical characteristic of a device that
constitutes the chopper circuit (for example, the inductance of the éuxiliary reactor, the
capacitance of the capacitor, or the like) varies and differs from a rated value, switching
of the main switching element may be performed i;l a state where the voltage between

both ends of the main switching element is relatively high, so it has been pointed out that

a large power loss occurs because of the switching.

CONFIRMATION COPY
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2
SUMMARY OF INVENTION

[0004]  The invention provides a technique for suppressing a power loss during
switching due to variations from a rated value in electrical characteristic of a device that
constitutes a chopper circuit.

[0005] An aspect of the invention provides a manufacturing method for a
chopper circuit that uses soft switching operation in which the timing of switching of an
auxiliary switching element is controlled to thereby control a voltage applied to a main

switching element at the time of switching of the main switching element. The

manufacturing method includes: identifying devices that constitute the chopper circuit

and that are relevant to determining time at which the voltage applied to the main
switching element during operation of the chopper ciréuit takes a minimum value;
calculating a design representative value of an observed device that is at least one of the
identified devices in such a manner that a plurality of the observed devices are prepared
and then variations from a rated value in electrical characteristic of each observed device
are subjected to statistical processing; and setting the répresentative value, instead of the
rated value of the electrical characteristic of the observed device, in a switching control
unit of the chopper circuit, which controls the timing of switching of the main switching
element and the timing of switching of the auxiliary switching element on the basis of the
electrical characteristics of the identified devices. |

[0006] In the chopper circuit, the rated values of the identified devices relevant

to determining the time at which the voltage applied to the main switching element takes

a minimum value may be different from the actual electrical characteristics of the
identified devices. In this case, if the rated values are uéed to determine the time at
which the voltage applied to the main switching element takes a minimum value, the
electrical characteristics of the devices that are actually used in the chopper circuit differ
from the rated values, so the détennined time may be significantly different from time at
which the voltage applied to the main switching element of the actual chopper circuit
takes a minimum value, and a power loss occurs at the time of switching.

[0007] On the other hand, with the above manufacturing method, a design
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representative value is calculated in such a manner that variations from the rated value in

electrical characteristic of each observed device are subjected to statistical processing,

and then the calculated representative value is used to determine time Aat which the

voltage applied to the main switching element takes a minimum value. Therefore, in.

comparison with the case where the rated value is used to determine time at which the

voltage applied to the main switching element takes a minimum value, the probability

that the determined time significantly differs from the time at which the voltage applied

to the main switching element of fhe actual chopper circuit takes a minimum value
reduces, so it is possible to suppress a power loss at the time of switching.

[0008] Here, a normal distribution may be used as the statistical processing for
calculating the representative value, and an electliical characteristic corresponding to a
maximum value of the normal distribution may-be used as the representative value. In
addition, a deviation of the electrical characteristic of the observed device from the rated
value may be measured, a standard deviation based on the measured deviation may be
measured, and then the representative value may be calculated on the basis of the rated
value and the standard deviation.

[0009] In addition, in the manufacturing method, the electrical characteristics of
the identified devices may include an inductance of an auxiliary reactor that controls the
voltage applied to the main switching element at the time of switching of the main
switching element. With the above manufacturing method, it is possible to at least
identify the auxiliary reactor as the device relevémt to determining the time at which the
voltage applied to the main switching element takes a minimum value.

[0010] In addition, in the manufacturing method, the electrical characteristics of -
the identified devices may include a capacitance of an 'auxiliary capacitor that controls
the voltage applied to the main switching element at the time of switching of the main
switching element. With the above manufacturing method, it is possible to at least -
identify the auxiliary capacitor as the device relevant to determining the time at which the
voltage appl-ied to the main switching element takes a minimum value.

[0011] In addition, the manufacturing method, optimization through the
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statistical processing may be a process in which electrical characteristics of a
predetermined number of the plurality of observed devices are measured and then the
representative value is calculated. on the basis of a distribution of the measured electrical
characteristics. With the above manufacturing method, it is possible to calculate a
representative value on the basis of a distribution of the measured -electrical
characteristics of the plurality of observed devices as the statistical processing.

‘ [0012] Another aspect of the invention provides a chopper circuit that uses soft
switching operation in which the timing of switching of an auxiliary switching element is
controlled to thereby control a voltage applied to a main switching element at the time of
switching of the main switching element. The chopper circuit includes: a switching
control unit that controls the timing of switching of the main switching element and the
timing of switching of the auxiliary switching element using a design representative vaiue
of an observed device that is at least one of specific devices that constitute the chopper
circuit and that are relevant to determining time at which the voltage applied to the main
switching element takes a minimum value, wherein the representative value is calculated
in such a manner that a piurality of the observed devices are prepared and then variations
from a rated value in electrical characteristic of each observed device are subjected to
statistical processing.

[0013] With the above chopper circuit, a design representative value is
calculated in such a manner that variations from the rated value in electrical characteristic
of each observed device are subjected to statistical processing, and then the calculated
representative value is used to control the timing of switching of the main switching
element.and the timing of switching of the auxiliary switching element. Therefore, in
comparison with the timing at which the voltage applied to the main switching element
takes a minimum value and that is calculated using the rated value of the observed device,
the timing at which the voltage applied to the main switching element takes a minimum
value and that is calculated using the representative value reduces the probability that the
determined timing significantly differs from the timing at which the voltage applied to the

main switching element of the actual chopper circuit takes a minimum value, and it is
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possible to suppress a power loss at the time of switching. '

[0014] In addition, in the chopper circuit, when a.period of time up to when the

-voltage. applied to the main switching element.becomes a minimum value is Ta and a

period of time during which the voltage is maintained at the minimum value is Tb, the
switching control unit may control the switching at a timing that is later than Ta
determined by a combination of the specific devices that take a maximum'voltage at Ta
and that is earlier than Ta+1/2Tb determined by a combination of the specific devices that
take a minimum voltage at Ta+1/2Tb. With the chopper circuit, switching of the main
switching may be reliably performed at the time at which the voltage applied to the main
switching element takes a minimum value.
| [0015] Further another aspect of the invention provides a DC/DC converter.
The DC/DC converter includes: a DC input unit that is connected to a direct-current
power supply; a chopper circuit that converts a voltage of a direct-current power input
from the DC input unit, that includes a main switching element and an auxiliary
switching element, and- that uses soft switching operation in which the timing of
switching of ‘the auxiliary switching element is controlled to thereby control a voltage
applied to the main switching element at the time of switching of the main switching
element; a DC output unit that outputs the direct-current voltage of which a voltage is
converted by the chopper circuit; and a switching control unit that controls the timing of
switching of the main switching element and the timing of switching of the auxiliary
switching element using a design representative value of an observed device that is at
least one of specific devices that constitute the chopper circuit and that are relevant to
determining time at which the voltage applied to the main switching element takes a
minimum value, wherein the representative value is calculated in such a manner that a
plurality of the observed devices are prepared and then variations from a rated value in
electrical characteristic of each observed device are subjected to statistical processing.
[0016] With the above DC/DC converter, the chopper circuit calculates a design

representative value in such a manner that variations from the rated value in electrical

characteristic of each observed device are subjected to statistical processing, and then



10

15

20

25

WO 2011/158073 PCT/IB2011/000763

6

uses the calculated representative value to control the timing of switching of the main

switching element and the timing of switching of the auxiliary switching element.

.. Therefore, in comparison with the timing at which the voltage applied to the main

switching element takes a minimum value and that is calculated using the rated value of
the observed device, the timing at which the voltage applied to the main switching
element takes a minimum value and that is calculated using the representative value
reduces the probability that the determined timing significantly differs from the timing at
which the voltage applied to the main switching element of the actual chopper circuit
takes a minimum value, and it is possible to suppress a power loss at the time of
switching.

[0017] Yet another aspect of the inveﬁtion provides a fuel cell system. The
fuel cell system includes: a fuel cell that supplies electric power to a load; a DC/DC
converter that uses a chopper circuit having a main switching element and an auxiliary
switching element to control a voltage of the electric pﬁwer, wherein the chopper circuit
uses soft switching operation.in which the timing of switching of the auxiliary switching
element is controlled to thereby control a voltage applied to the main switching element
at the time of switching of the main switching element; and a switching control unit that
controls the timing of switching of the main switching element and the timing of
switching of the auxiliary switching element using a design representative value of an
observed device that is at least one of specific devices that constitute the chopper circuit
and that are relevant to determining time at which the voltage applied to the main
switching element takes a minimum value, wherein the representative value is calculated
in such a manner that a plurality of the observed devices are prepared and then variations
from a rafed value in electrical characteristic of each observed device are subjected to
statistical processing.

[0018] With the above fuel cell system, the chopper circuit calculates a design
representative value in such a manner that variations from the rated value in electrical
characteristic of each observed aevice are subjected to statistical processing, and then

uses the calculated representative value to control the timing of switching of the main
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switching element and the timing of switching of the auxiliary switching element.

Therefore, in comparison with the timing at which the voltage applied to the main

. .switching element takes a minimum value and that is calculated using the rated value of

the observed device, the timing at which the voltage applied to the main switching
element takes a minimum value and that is calculated using the representative value
reduces the probability that the determined timing significantly differs from the timing at
which the voltage applied to the main switching element of the actual chopper circuit
takes a minimum value, and it is possible to suppress a power loss at the time of
switching. |

[0019] Yet further another aspect of the invention provides a control method for
controlling the timing of switching .of a main switching element and the timing of
switching of an auxiliary switching element, wherein the main switching element and the
auxiliary switching element are included in a chopper circuit that uses soft switching
operation in which the timing of switching of the auxiliary switching element is
controlled to thereby control a voltage applied to the main switching element at the time
of switching of the main switching element. The control method includes: calculating a
design representative value of an observed device, which is at least one of specific
devices that constitute the chopper' circuit and that are relevant to determining time at
which the voltage applied to the main switching element takes a minimum value, in such
a manner that a plurality of the observed devices are prepared and then variations from a
rated value in electrical characteristic of eaéh observed device are subjected to statistical
processing; and controlling the timing of switching of the main switching element and the
timing of switching of the auxiliary switching element using the representative value.

[0020] With the above control method, in comparison with the case where the
timing of switching is (.:ontrolled on the basis of the rated value of the observed device, it
is possible to suppress a power loss due to. switching.

[0021] Note that the aspects of the invention hay be implemented in various
forms. For example, the aspects of the invention may be implemented in a form, such

as a soft switching control method, a soft switching control device, an electric power
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conversion system, an integrated circuit and computer program for implementing the
functions of the method or device and a recording medium that records the computer

program therein.

BRIEF DESCRIPTION OF DRAWINGS

[0022] The features, advantages, and technical and industrial significance of this
invention will be described below with reference to the accompanying drawings, in
which like numerals denote like elements, and wherein:

FIG. 1 is a view that illustrates the configuration of a fuel cell system 10 equipped
for a vehicle according to an embodiment of the invention; |

FIG. 2 is a view that illustrates the circuit configuration of a soft switching converter
50 according to the embodiment;

FIG. 3 is a state transition diagram that illustrates soft switching process according
to the embodiment;

FIG. 4 is a view that illustrates an initial state in the» soft switching process .
according to the embodiment;

FIG. 5 is a view that illustrates mode 1 in the soft switching proéess according to the
efnbodiment; |

FIG. 6 is a view that illustrates mode 2 in the soft switchiﬁg process according to the
embodiment;

FIG. 7 is a view that illustrates mode 3 in the soft switching process according to the
embodiment;

FIG. 8 is a view that illustrates mode 4 in the soft switching process according to the
embodiment;

FIG. 9 is a view that illustrates mode 5 in the soft switching process according to the
embodiment;

FIG. 10 is a view that illustrates mode 6 in the soft switching process according to
the embodiment;

FIG. 11A and FIG. 11B are graphs that illustrate time periods T1 to T3 in switching
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FIG. 12 shows graphs that illustrate calculation of representative values in switching
control according to the embodiment;

FIG. 13 is a graph fdr illustrating influence of variations in electrical characteristic
of a device on the time periods T1 to T3 according to the embodiment;

FIG. 14 is a view that illustrates a second alternative embodiment to the
embodiment; and

FIG. 15A and FIG. 15B are views that illustrate a fifth alternative embodiment to the

embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

[0023] Hereinafter, an embodiment of the invention will be described. First,

the configuration of a fuel cell system according to the embodiment will be described.

FIG. 1 is a view that illustrates the configuration of a fuel cell system 10 equipped for a
vehicle according to the embodiment. A fuel cell hybrid vehicle (FCHV) is assumed as
an example of the vehicle in the present embodiment; however, the present embodiment
may also be applied to an electric vehicle or a hybrid vehicle.

[0024] The fuel cell system 10 includes a control unit 20, a power supply device
30 and a load LOAD. The power supply device 30 supplies direct-current power to the
load LOAD. The load LOAD is primarily a vehicle driving motor, and also includes
peripheral devices (illumination lamp, audio, or the like) as other loads. These loads,
for example, include a load that operates on direct current or a load that operates on
alternating current yia an inverter. The power supply device 30 is connected to the
control unit 20 by a wire harness WH. For example, while the vehicle is running, the
control unit 20 computes a power required by the vehicle driving motor on the basis of
driver's accelerator operation, and then controls an electric power output from the power
supply device 30 to the load LOAD in response to the computed result. The power
supply device 30 includes a fuel cell FC, a soft switching converter 50 and a current and

voltage measuring device 60 (hereinafter, also referred to as IV measuring device 60).



10

15

20

25

WO 2011/158073 PCT/IB2011/000763

10
[0025] The fuel cell FC employs a power generation mode that produces electric

power from supplied fuel gas (for example, hydrogen gas) and oxidation gas. The fuel
cell FC has a stack structure in which a plurality of single cells each having a membrane
electrode assembly (MEA), and the like,' are stacked in series with one another. Not
only a polymer electrolyte fuel cell but also various types of fuel cells, such as a
phosphoric acid fuel cell and a molten carbonate fuel cell, may be used_as the fuel cell
FC.

[0026] The soft switching converter 50 is a DC/DC converter (step-up
converter) that steps up the voltage of direct-current power supplied from the fuel cell FC.
The soft switching converter 50 includés a switching element S1 and a switching element
S2, which will be described later. The soft switching converter 50 is formed of a
chopper circuit that controls electric power supplied to the load LOAD by means of
switching operation of the switching elemeﬂts S1 and S2. The IV measuring device 60
constantly measures a predetermined current value and a predetermined voltage value of
the soft switching converter 50, and transmits those values to the control unit 20 in real
time.

[0027] The control unit 20 is configured as a microcomputer that includes a
CPU, a RAM and a ROM inside. The control unit 20 outputs the gate signals toward
the soft switching converter 50 in accordance with the above described processing based
on the acceleration, or the like. The gate signals respectively control t_he timings of
switching of the switching elements S1 and S2 of the soft switching converter 50.
Specifically, the control unit 20 outputs the S1 gate signal and the S2 gate signal toward
the soft switching converter 50 via the wire harness WH The S1 gate signal is used to
control the timing of switching of the switching element S1. The S2 gate signal is used
to control the timing of switching of the switching element S2. That is, the control unit
20 outputs the S1 gate signal and the S2 gate signal to the soft switching converter 50 to
thereby control electric power supplied from the power supply device 30 to the load
LOAD.

[0028]  Next, the configuration and operation of the soft switching converter 50
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will be described. FIG. 2 is a view that illustrates the circuit configuration of the soft
switching converter 50. The soft switching converter is a converter that uses soft
switching operation in which the timing of switching operation of an auxiliary switching
element (switching element S2 in the present embodiment) that constitutes the circuit is
controlled to reduce the voltage applied between both ends of a main switching element
(switching element S1 in the present embodiment) when switching of the main switching
element is performed to thereby reduce a power loss due to switching of the switching
element S1. Incidentally, the detailed operation principle of the soft switching converter
is described in Japanese Patent Application Publication No. 2009-165245
(JP-A-2009-165245).

[0029] The soft switching converter 50 is formed of a chopper circuit that
includes a main circuit 51 and an auxiliary circuit 52. The main circuit 51 is formed of
a reactor L1, a diode D5, the switching element S1, a diode D4, a filter capacitor C1 and
a smoothing capacitor C3. One end of the reactor L1 is connected to the positive
electrode of a direct-current power supply E that is the fuel cell FC.(FIG. 1). The anode-
of the diode D5 is connected to the other end of the reactor L1, and the cathode of the
diode D5 is connected to one end of the load LOAD. One end of the switching element
S1 is connected to the other end of the reactor L1, and the other end of the switching
element S1 is connected to the negative electrode of the- direct-current power supply E
and the other electrode of the load LOAD. The switching element S1 turns on or off in
response to the S1 gate signal transmitted from the control unit 20. In the present
embodiment, the switching element S1 is an insulated gate bipolar transistor. = Other than
that, the switching element S1 may be a semiconductor element, such as a thyristor and a
diode. The diode D4 is connected in parallel with the switching element S1 so as to
protect the switching element S1. The switching element S1 is an example of a main
switching element. The filter capacitor C1 is connected between the positive electrode
and negative electrode of the direct-current power supply E. The smoothing capacitor

C3 is connected in parallel with the load LOAD. The filter capacitor C1 and the

smoothing capacitor C3 each are used to stabilize input and output of the soft switching
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converter 50.

[0030] On the other hand, the auxiliary circuit 52 includes a reactor L2, a diode
D1, the switching element S2, a diode D2, a snubber diode D3, a snubber capacitor C2.
One end of the reactor L2 is connected to the high-potential side of the reactor L1. The
diode D2 is connected between the switching element S2 and the snubber diode D3.
One end of the switching element S2 is connected to the cathode of the diode D2, and
turns on or off in response to the S2 gate signal transmitted from the control unit 20.
The anode of the snubber diode D3 is connected to thé one end of the switching element
S1, and the cathode of the snubbgr'diode D3 is connected to the other end of the
switching element S2. - One end of the snubber capacitor C2 is connected to the cathode
of the snubber diode D3, and the other end of the snubber capacitor C2 is connected to
the switching element S1. The diode D1 is connected in parallel with the switching
element S2 so as to protect the switching element S2. The switching element S2 is an
example of an auxiliary switching element. The snubber diode D3 and the snubber
capacitor C2 absorb transitional counter electromotive force that occurs at the time when
the switching element S1 turns off. _

[0031] The IV measuring device 60 is connected to both ends of the reactor L1
via measuring wires. The IV measuring device 60 constantly measures Vin that is the
high-potential side potential of the reactor L1, Vout that is the low-potential side potential
of the reactor L1 and Iij.e that is the average value of current flowing through the
reactor L1, and transmits those three values to the control unit 20 in real time.

[0032] Next, the soft switching operation of the soft switching converter 50 will
be described. FIG. 3 is a state transition diagram that illustrates one-cycle process for
stepping up voltage through soft switching operation of the soft switching converter 50
(hereinafter, also referred to as "soft switching process").

[0033] In the soft switching process, processes in sltates S101 to 8106 are
sequentially executed by the control unit 20 to constitute one cycle. The states of
current and voltage in the soft switching converter 50 through the processes are

respectively represented by mode 1 to mode 6. FIG. 4 shows an initial state, and FIG. 5
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to FIG. 10 respectively show the states in mode 1 to mode 6. Hereinafter, the soft
switching process in the soft switching converter 50 will be described with reference to
these drawings. In FIG 4 to FIG. 10, for the sake of simple illustration of the drawings,
the reference numerals of the main circuit 51 and auxiliary circuit 52 are omitted;
however, those circuits may be cited in the description of each mode.

[0034] In the initial state (see FIG. 4) immediately before the soft switching
process shown in FIG. 3 is performed, electric power is supplied from the fuel céll FCto
the load LOAD, that is, both the switching elements S1 and S2 are turned off and current
flows toward the load LOAD via the réactor L1 and the diode D5. Thus, as the one
cycle of the soft switching process ends, it enters the same state as the initial state.

[0035] In the soft switching process (see FIG. 3), the state changes from the
initial state to the stater of mode 1 (see FIG. 5), and the current and voltage state of mode 1
shown in FIG. 5 is established (state S101). ~Specifically, in a state where the switching
element S1 is turned off, the switching element S2 is turned on. By so doing, current
ﬂowin;g towafd the load LOAD via the reactor L1 and the diode D5 gradually shifts
toward the auxiliary circuit 52 because of a potential difference between the output
voltage VH and input voltage VL of the soft switching converter 50.

[0036] When the state of mode 1 continues for a predetermined period of time,
current flowing through the diode D5 becomes zero, and the electric charge stored in the
snubber capacitor C2 flows into the auxiliary circuit 52 because of the potential
difference between the snubber capacitor C2 and the voltage VL of the fuel cell FC
instead (state S102: stéte of mode 2 shown in FIG. 6). In mode 2, the electric charge of
the snubber capacitor C2, which influences the voltage applied to the switching element
S1 when the switching element S1 is turned on, flows through the diode D2 of the
auxiliary circuit 52, the switching element S2 and the reactor L2, so the voltage applied
to the snubber capacitor C2 decreases. At this time, because of half-wave resonance
Between the reactor L2 and the snubber capacitor C2, current continues flowing until the
voltage of the snubber capacitor C2 becomes zero. The electric charge of the snubber

capacitor C2 determines the voltage between both ends of the switching element S1
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connected in parallel with the snubber capacitor C2. As a result, when the switching
element S1 is turned on in state S103 (FIG. 3), it is possible to decrease the voltage
applied between both ends of the switching element S1. .. . ... .. .. . . . __

[0037]  Furthermore, in state S103, at the timing at which the electric charge of
the snubber capacitor C2 is fully discharged, the switching element S1 is turned on, and
the current and voltage state of mode 3 shown in FIG. 7 is established. That is, in a state
where the voltage of the snubber capacitor C2 is zero, the voltage applied between both
ends of the switching element S1 is also zero. Then, when the switching element S1 is
turned on in this state, a power loss due to switching in the switching element Sl
(hereinafter, also referred to as f'switching loss") is theoretically zero because the
switching element S1 is in a zero voltage state and current starts flowing in this state.

[0038] Then, in state Sl-04, the state S103 continues to increase the amount of
current flowing into the reactor L1 to thereby gradually increase energy stored in the
reactor L1. This state is the current and voltage state of mode 4 shown in FIG. 8. After
that, in a state where a desired energy is stored.in the reactor L1, the switching element
S1 and the switching element S2 are turned off in state S105. Then, the snubber
capacitor C2, which has discharged electric charge iﬂ mode 2 to enter a low voltage state,
is electrically charged, and then reaches the voltage equal to the output voltage VH of the
soft switching convertér 50. This state is the current and voltage state of mode 5 shown
in FIG. 9. Then, when the snubber capacitor C2 is electrically charged up to the voltage
VH, the energy stored in the reactor L1 is released to the load LOAD in state S106.
This state is the current and _Voltage state of mode 6 shown in FIG. 10. Note that, at the
time of transition from the state of mode 4 to the state of mode 5, the rising of the voltage
applied to the switching element S1 when the switching elements S1 and S2 are turned
off may be delayed by the snubber capacitor C2, so a switching loss due to tail current in
the svﬁtchjng element S1 may be further reduced.

[0039] Soft switching process having the processes of states S101 to S106 is
performed as described above. By so doing, a switching loss in the soft switching

converter 50 is suppressed as much as possible to thereby make it possible to raise the
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output voltage of the fuel cell FC and supply the voltage to the load LOAD.

[0040]  Next, control over the timings of switching of the switching elements S1

. and S2 of the above described soft switching converter 50 (hereinafter, also referred to as

switching control) will be described. Switching control is performed in such a manner
that the control unit 20 controls the timing at which the S1 gate signal is input to the
switching element S1 and the timing at which the S2 gate signal is 'input to the switching
element S2. In the description, switching control from mode 1 to mode 3 (state S101 to
state S103 in FIG. 3) in the soft switching process will be specifically described.

[0041] FIG. 11A is a view that illustrates a time period T1 of mode 1, a time
period T2 of mode 2 and a time period T3 of mode 3. FIG 11A and FIG. 11B show the
relationship among a current Iy that flows through the reactor L1, a current I;, that flows
through the reactor L2 and an electric charge Q> that is charged to the snubber capacitor
C2 in each of mode 1, mode 2 and mode 3. For the sake of easy description, Iy, I;» and
Qc2 are described in one graph, so the ordinate axis of FIG. 11A represents ampere (A)
and coulomb (q). FIG 11B is a schematic graph that schematically shows changes in I,
in one cycle of the soft switching process (three cycles are described in FIG. 11B). As
shown in FIG. 11A and FIG. 11B, the time span of the graph shown in FIG. 11A is a
relatively short time period from the staﬁ of one cycle of the soft switching process in
FIG. 11B. Thus, the value of I ; in FIG. 11A is a minimum value Ij jemin in one cycle of
the soft switching process and may be approximated as a constant value.

[0042] In mode 1 shown in FIG. 11A, the switching element SZ turns on from
the initial state, and I, increases. The end of mode 1, that is, the start of mode 2, is the
time point at which I;, becomes larger than I;. The time period T1 from the start of
mode 1 to the end of mode 1 may be calculated in such a manner that a predetermined
differential equation is computed under a predetermined initial condition using the

following mathematical expression (1).

T1= L yomin * H
Vout —Vin

)

[0043] As described in FIG. 2, Vin and Vout in the mathematical expression (1)
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denote the high-potential side potential and the low-potential side potential in the reactor
L1, méasured by the IV measuring device 60 (see FIG. 2). "I_jemin" IS @ minimum value
of the waveform of the cyclé of I.;. shown.in FIG..11B, that is, the value of I;; at the
valley of the waveform. The value of "I jemin" is calculated in reals time through
computation on the basis of I jeave measured by the IV measuring device 60. "Hj," in
the mathematical expressioﬁ (1) denotes the inductance of the reactor L2 (hereinafter,
also referred to as "inductance Hj,"), and is preset in the control unit 20 as a constant.
The éontrol unit 20 calculates the time period T1 in real time during execution of the soft
switching process on the basis of Vin, Vout and Ij jemin acquired in real time and the preset
inductance Hy ; each one cycle of the soft switching process.

[0044] In FIG. 11A, in the soft switching converter 50, when mode 1 ends, that
is, when I, becomes larger than Ip;, the state of mode 2 is started. As described above,
the end of mode 2 is the time at which Qc; that is the electric charge stored in the snubber
capacitor C2 is equal to 0. The time period T2 that is the time period from the start of
mode 2 to the end of mode 2.may be calculated in such a manner that a predetermined
differential equation is computed under a predetermined initial condition using the

following mathematical expression (2).

Vin

T2 = 1 {m—arccos(—————)} 2)
17

Vout —Vin

1 .
\/HLz 0,

[0045] In the mathematical expression (2), }'ch" denotes the capacitance of the

=

snubber capacito; C2 (hereinafter, also referred to as "capacitance Qc;"), and is preset in
the control unit 20 as a constant. As in the case of the mathematical expression (1), Vin
denotés the high-potential side potential in the reactor L1, and Vout denotes the
low-potential side potential in the reactor L1. The control unit 20 calculates the time
period T2 in.real time during execution of the soft switching process on the basis of the
constantly measured Vin and Vout and the preset Hy, and Qc,.

[0046] In FIG 11A, in the soft switching converter 50, when mode 2 ends, that
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is, when Qc, becomes 0, the state of mode 3 is started. The end of mode 3 is the time
point at which I, becomes smaller than I;;. In other words, the end of mode 3 is the
time point at which the snubber capacitor C2._is_started to be electrically charged. The
time period T3 from the start of mode 3 to the end of mode 3 may be calculated in such a
manner that a predetermined differential equation is computed under a predetermined
initial condition using the following mathematical expression (3). In addition, Ir2eT2end
in the following mathematical expression (3) may be calculated using the following

mathematical expression (4).

H R
I3= RL,2 In{l + V(ILZ-TZend 1 yemin )} 3)
R'=R+R,,

R=Rg, +R,, + R,
V'=Vin+Vg, +Vp, +Vp +Vp, +RI;

lemin

I yurrond = Lpomin + @ ® Oy \[Vout e (Vout —2vVin) ~ (4)

[0047}  In the mathematical expression (3), Rs2, Rp, Rps and Rpy respectively
denote the on resistances of the switching element S2, diode D2, snubber diode D3 and
diode D4, and are preset in the control unit 20 as constants. Vs, Vpz, Vpz and Vpy
respectively denote the on voltages of the switching element S2, diode D2, snubber diode
D3 and diode D4, and are preset in the control unit 20 as constants. In addition, I} 2eT2end
denotes Ij; at the end of the time period T2, and may be expressed as the above
mathematical expression (4). In the mathematical expréssion (4), the value of I jemin is
calculated in real time on the basis of I jeave through predetermined computation. Thus,
the control unit 20 calculates the time period T3 in real ‘time during execution of the soft
switching prbcesé on the basis of Ijse.12end calculated on the basis of IL1emin écquired
through measurement, the above predetermined 6n resistances and on voltages, and the
like.

[0048] The control unit 20 not only calculates the time period T1, the time
period T2 and the time period T3 but also calculates the timing at wﬁich the switching

element S1 is turned on in mode 3, and transmits the S1 gate signal toward the switching
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element S1 so that the switching element S1 turns on at the calculated timing. As

shown in FIG. 11A and FIG. 11B, the timing at which the switching element S1 turns on

_. may be set to when the electric. charge Qc; stored in the snubber capacitor C2 is 0, that is,

within the time period T3 during which the voltage applied to the switching element S1 is
0. As an appropriate timing, in the present embodiment, the switching element S1 is
turned on at the timing of T1+T2-+(1/2)T3 after the start of one cycle of the soft switching
process (see FIG. 11A). Note that the timing at which the switching element S1 is
turned on is not limited to the timing of T1+T2+(1/2)T3; the timing may be selectively
set as long as it is the timing of T1+T2+nT3 (0 <n < 1).

[0049] However, in the manufacturing process of the soft switching converter
50, the inductances and capacitances of reactors and capacitors used for the soft
switchiﬁg converter 50 may possibly be different from rated values, and there are
variations in the inductances and the capacitances. In most cases, variations in such
electrical characteristics (inductance and capacitance) occur when devices, such as a
reactor and a capacitor, are manufactured. That is, in the present embodiment, when
those .devices (the reactor L2 and the snubber capacitor C2) are assembled to the soft
switching converter 50, there are variations in inductance Hy, and capacitance Qc; used
to calculate T1, T2 and T3. |

[0050] Then, in the present embodiment, in connection with variations in the
devices used to manufacture the soft switching converter 50, particularly, variations in the
inductance Hj, and capacitance Qc; of the reactor L2 and snubber capacitor C2 that are
necessary to calculate the time period T1, the time period T2 and the time period T3,
statistical processing is used to calculate respective representative values and then the
calculated representative valﬁes are set in the control unit 20 as constants for calculating
the time period T1, the time period T2 and the time period T3. FIG. 12 shows graphs
that illustrate calculation of the representative values. As shown in FIG 12, in the
present embodiment, a normal distribution is used as the statistical processing. The
inductances of the plurality of reactors L2 used to manufacture the soft switching

converter 50 and the capacitances of the snubber capacitors C2 used to manufacture the
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soft switching converter 50 are measured one by one, and normal distributions are

respectively generated in connection with the inductance and the capacitance device by

. device.... Then, the. values.of the electrical characteristics corresponding to the maximum

values of the generated normal distributions are respectively employed as representative
values of the electrical characteristics (inductance Hi, and capacitance Qc;) of various
devices (in the present embodiment, the reactor L2 and the snubber capacitor C2), and
then the representative values are set in the con_trol unit 20 as the inductance of the
reactor L2 and the capacitance of the snubber capacitor C2. The control unit 20
calculates the time period T1, the time period T2 and the time period T3 through
computation during execution of the soft switching process on the basis of the
representative values of the electrical characteristics of the various devices, calculated
and set by means of the statistical processing, and the timing at which the switching
element S1 is turned on in the above described mode 3, that is, T1+T2+(1/2)T3, is
calculated to thereby control the timing of switching.

[0051].  As described above, when a plurality of the soft switching converters.50
are manufactured, a plurality of sets of component devices (the reactor L2, the snubber
capacitor C2, and the like) are used. For example, focusing on the inductance H;j, of the
reactor L2, there are variations among the inductances Hy, of the plurality of reactors L2,

and the reactors L2 having inductances different from the rated value, that is, the

inductance Hi (see the mathematical expressions (1) to (3)) that should be originally set

in the control unit 20, are respectively assembled to the plurality of soft. switching
converters 50. In such a case, when the rated value of the electrical characteristic
(inductance Hj ) of the reactor L2 is directly set in the control unit 20, the time period T1,
time period T2 and time period T3 calculated by the control unit 20 may be significantly
different from the time period T1, time period T2 and time period T3 in actual operation
of the soft switching convertef 50. Therefore; when the soft switching process is
performed, a large voltage may be applied between both ends of the switching element S1
at the time of switching of the switching elgment S1, and a large power loss may occur.

FIG. 13 is a graph for illustrating influence of variations in electrical characteristic of the
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device on the time period T1, the time period T2 and the time period T3. The solid line

in FIG. 13 indicates I ; and I}, when the inductance H;, and the capacitance Qc; are rated
values. .. The dotted line Y.1 and the dotted line Y2 in FIG. 13 show specific examples of
I1» when the inductance Hy, of the reactor L2 and the capacitance Qc, of the snubber
capacitor C2 are different from the respective rated values. As is apparent from FIG. 13,
when the inductance Hj, or the capacitance Qc; differs from the corresponding rated
value, Iy, differs from Ir, for the rated values, so the time period T1, the time period T2
and the time period T3 in actual soft switching process differ from the time period T1, the.
time period T2 and the time period T3 for the rated values.

[0052] In the soft switching converter 50 according to the present embodiment,
the electrical characteristics of component devices are measured, and the statistical
processing (normal distribution in the present embodiment) is used to calculate the
representative values of the electrical characteristics of the devices, and then the
representative values are set in the control unit 20 as the electrical characteristics of the
devices. Thus, this reduces the possibility that a large deviation occurs between the
inductance Hj, of the reactor -2 actually assembled to the soft switching converter 50
and the representative value Hy, set in the control unit 20 or between the capacitance Qc;
of the snubber capacitor C2 gctually assembled to the soft switching converter 50 and the
representative value Qc; set in the control unit 20. In addition, at the time of soft
switching process, the control unit 20 calculates the time period T1, the time period T2
and the time period T3 on the basis of the set representative values, and controls the
timing of switching of the switching element S1. Thus, it is possible to reduce
deviations due to variations in electrical characteristic of each device (hereinafter, also
referred to as "timing deviation") between the time period T1, time period T2 and time
period T3 calculated by the control unit 20 (hereinafter, also referred to as "rated values
of T™) and the time period T1, time period T2 and time period T3 in actual operation of
the soft switching converter 50. As a result, it is possible to suppress a power loss due
to switching operation of the switching elemeﬁt S1 when the soft switching process is

executed.
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[0053] The switching element S1 is one example of a main switching element.
The switching element S2 is one example of an auxiliary switching element. The
electrical .characteristics. (for example, Qc2, Hia, Rss, Rp2, Rps, Rps, and. the like) of
devices in the mathematical expressions (1) to (3) are éxa.mples of the "electrical
characteristics of specific devices". The reactor L2 and the snubber capacitor C2 for
which the representative values are calculated are examples of observed devices.

[0054] Note that the aspects of the invention are not limited to' the above
described embodiment; the aspects of the invention may Be implemented in various forms
without departing from the. scope of the invention. For example, the following
alternative embodiments are also possible.

[0055] - In the above embodiment, normal distributions are used as the statistical

processing, and the electrical characteristics (Hi> and Qc; in the above embodiment)

‘corresponding to the maximum values of the normal distributions are used as the

representative values; however, the aspects of the invention are not limited to this
configuration. In a first alternative embodiment, a deviation from the rated value of the
electrical characteristic of each device is measured, and a standard deviatiqn based on
each of the measured deviations is calculated. Then, representative values may be
calculated on the basis of the rated values and the standard deviations. By so doing as
well, similar advantageous effects to those of the above embodiment may be obtained.
[0056] In the above embodiment, normal distributions are used as the statistical
processing to suppress a deviation of the timing of switching due to variations of .L2 or
C2; however, the aspects of the invention are not .limited to this configuration. In a
second alternative embodiment, a combination of component devices that constitute the
soft switching converter 50 may be selected to suppress the timing deviation. FIG. 14 is
a view that illustrates selectable combinations of devices according to the second
alternaﬁve embodiment. The electrical characteristics of the devices are measured to
measure differential values from the rated values of the respective devices. Then, the
devices of which the electrical characteristics deviate from the rated values are combined

in one soft switching converter 50. A combination may be made so as to cancel
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deviations of the electrical characteristics of devices from the rated values. For example,

as shown in FIG. 14, the reactor L2 of which the inductance H;, deviates from the rated

...value toward a_positive side and the snubber capacitor C2 of which the capacitance Qc;

deviates from the rated value toward a negative side are combined together to constitute
the soft switching converter 50. Conversely, the reactor L2 of which the inductance Hj,
deviates from the rated value toward a negative side and the snubber capacitor C2 of
which the capacitance Qcz deviates from the rated value toward a positive side are
combined together to constitute the soft switching converter 50. More specifically, the
inductances Hy, of a plurality of reactors L2 and the capacitances Qc; of a plurality of
snubber capacitors C2 are measured, and then the reactor L2 and the snubber capacitor
C2 are combined so that a predetermined arithmetic expréssion, for example, the value k
of (Hi2xQcz), becomes constant as much as possible. For example, by making a
combination so that Hi,xQc, becomes constant, variations in "o" in the above
mathematical expression (2) are reduced among a plurélity of the soft switching
converters 50. As a result, variations of the tiﬁe-peﬁod T2 are reduced. By making a
combination in this way, it is possible to reduce the timing deviation as a whole, and it is
possible to suppress the timing deviation due to variations in electrical characteristic of
each device.

[0057] In the above embodiment, the control unit 20 sets T1+T2+(1/2)T3 for the
timing at which the switching element S1 is turned on in mode 3; however, the timing is

not limited to this. In a third alternative embodiment, switching of the switching

element S1 may be performed at a timing that is later than a timing after a lépse of T1+T2

determined by a combination of devices (in the above embodiment, the reactor L2 and

the snubber capacitor C2) by which T1+T2 becomes maximum and that is earlier than a

- timing after a lapse of T1+T2+(1/2)T3 determined by a combination of devices by which

T1+T2+(1/2)T3 becomes minimum. Switching is performed at such a timing to
improve reliability that switching of the switching element S1 may be performed at the
timing at which the voltage applied between both ends of the switching element S1 takes

a minimum value, and it is possible to suppress a power loss due to switching. Note that
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T1+T2 may be denoted by Ta, and T3 may be denoted by Tb.

[0058] In the above embodiment, focusing on the reactor L2 and the snubber

.capacitor .C2 that constitute the. soft switching converter 50, switching control is

performed in accordance with variations in the inductance Hy, and/or variations in the
capacitance Qc; however, switching control is not limited to this configuration. In a
fourth alternative embodiment, switching control may Be performed additionally in
consideration of variations from a rated value in the electrical characteristic of another
device that constitutes the soft switching converter 50. For example, taking the above .
mathematical expression (3) as an example, when the time period T3 is calculated, the on
resistances of Rs», Rp4, and the like, and the on voltages of Vs;, Vpy, and the like, are
used as constants. However, when those values deviate from the rated values, as in the
case of the above embodiment in which representativé values are calculated through
statistical processing for the inductance Hy, and the capacitance Qc;, it is also applicable
that representative values of the on resistances and on voltages are calculated through
statistical processing for the on resistances and the on voltages and then the
representative values are set in the control unit 20 as constants to calculate a time period
(for example, T3) in each mode. By so doing, in comparison with the above
embodiment, it fs possible to further reduce the timing deviation.

[0059] In the above embodiment, switching control according to §ariations in

electrical characteristic of each device is applied to the soft switching converter having

~ the circuit configuration shown in FIG. 2; however, the aspects of the invention are not

limited to this configuration. In a fifth alternative embodiment, the switching control
may beA applied to a soft switching converter having another configuration. FIG. 15A
and FIG. 15B show examples of the soft switching converter. It is applicable that
control over the timing of switching described in the above embodiment is applied to
variations from a rated value in inductance Hj,, of a reactor L2a of the soft switching
converter having the configuration shown in FIG. 15A or variations from a rated value in
inductance Hj,y of a reactor L2b of the soft switching converter having the configuration

shown in FIG. 15B. Even when the aspects of the invention are applied to the soft



10

WO 2011/158073 PCT/IB2011/000763

24

switching converter having such a conﬁgur_ation, similar advantageous effects to those of
the above émbodiment may be obtained.

[0060] In the above embodiment, the soft switching converter is described as the
chopper circuit that uses soft switching operation; however, the aspects of the invention
are not limited to this configuration. In a sixth alternative embodiment, control over the
timing of switching described in the above embodiment may be applied to a chopper
circuit that uses soft switching operation. That is, the timing of switching may be
controlled in accordance with variations from a rated value in electrical characteristic of
each device that constitutes the chopper circuit. The chopper circuit that uses soft
switching operation may be the above described DC/DC converter, an AC/DC converter,
a power factor correction circuit (PFC circuit), an uninterruptible power supply (UPS), a

power conditioner, a frequency converter, or the like.
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CLAIMS:

1. A manufacturing method for a chopper circuit that uses soft switching operation
in which the timing of switching of an auxiliary switching element is controlled to
thereby control a voltage applied to a main switching element at the time of switching of
the main switching element, characterized by comprising:

identifying devices that constitute the chopper circuit and that are relevant to
determining time at which the voltage applied to the main switching element during
operation of the chopper circuit takes a minimum value;

_ calculating a design representative value of an observed device that is at least one of
the identified devices in such a manner that a plurality of the.observed devices are
prepared and then variations from a rated value in electrical characteristic of each of the
observed devices are subjected to statistical processing; and

setting the representative value, instead of the rated value of the electrical
characteristic of the observed device, in a switching control unit of the chopper circuit,
which controls the timing of switching of the main switching element and the thﬁing of
switching of the auxiliary switching element on the basis of the electrical characteristics

of the identified devices.

2. The manufacturing method according to claim 1, characterized in that
a normal distribution is used as the statistical procéssing, and an electrical
characteristic corresponding to a maximum value of the normal distribution is used as the

representative value.

3. The manufacturing method according to claim 1, characterized in that
a deviation of the electrical characteristic of the observed device from the rated
value is measured, a standard deviation based on the measured deviation is measured, and

then the representative value is calculated on the basis of the rated value and the standard
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deviation.

4. The manufacturing method according to any one of claims 1 through 3,
characterized in that

the electrical characteristics of thc;, identified devices include an inductance of an
auxiliary reactor that controls the voltage applied to the main switching element at the

time of switching of the main switching element.

5. The manufacturing method according to any one of. claims 1 through 4,
characterized in that

the electrical characteristics of the identified devices include a capacitance of an
auxiliary capacitor that controls the voltage applied to the main switching element at the

time of switching of the main switching element.

6. The manufacturing method according to any one of claims 1 through 5,
characterized in that

optimization through the statistical processing is a process in which electrical
characteristics of a predetermined number of the plurality of observed devices are
measured and then the representative value is calculated on the basis of a distribution of

the measured electrical characteristics.

7. A chopper circuit that uses soft switchjng operation in which the timing of
switching of an auxiliary switching element is controlled to thereby control a voltage
applied to a main switching element at the time of switching of the main switching
element, characterized by comprising:

" a switching contl;ol unit that controls the timing of switching of the main switching
element and the timing of switching of the auxiliary switching element using a design
representative value of an observed device that is at least one of specific devices that

constitute the chopper circuit and that are relevant to determining time at which the



WO 2011/158073 PCT/IB2011/000763

27

voltage applied to the main switching element takes a minimum value, wherein the
representative value is calculated in such a manner that a plurality of the observed
devices are prepared and then variations from a rated value in electrical characteristic of

each observed device are subjected to statistical processing.

8. The chopper circuit according to claim 7, characterized in that

when a period of time up to when the voltage applied to the main switching element
becomes a minimum value is Ta and a period of time during which the voltage is
maintained at the minimum value is Tb, the switching control unit controls the switching
ata tinﬁng that is later than a timing after a lapse of Ta determined by a combination of
the specific devices by which Ta becomes maximum and that is earlier than a timing after
a lapse of Ta+1/2Tb determined b}./ a combination of the specific devices by which

Ta+1/2Tb becomes minimum.

9; A DC/DC converter characterized by comprising:

a DC input unit that is connected to a direct-current power supply;

a chopper circuit that converts a voltage of a direct-current power input from the
DC input unit, that includes a main switching element and 'an auxiliary switching element,
and that uses soft switching operation in which the timing of switching of the auxiliary
switching element is controlled to thereby control a voltage applied to the main switching
element at the time of switching of the main switching element;

a DC output unit that outputs the direct-current voltage of which a voltage is
converted by the chopper circuit; and

a switching control unit that controls the timing of switching of the main switching
element and the timing of switching of the auxiliary switching element using a design
representative value of an observed device that is at least one of specific devices that
constitute the chopper circuit and that are relevant to determining time at which the
voltage applied to the main switching element takes a minimum value, wherein the

representative value is calculated in such a manner that a plurality of the observed
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devices are prepared and then variations from a rated value in electrical characteristic of

each observed device are subjected to statistical processing.

10. A fuel cell system characterized by comprising:

a fuel cell that supplies electric péwer to a load;

a DC/DC converter that uses a chopper circuit having a main switching element and
an auxiliary switching element to control a voltage of the electric power, wherein the
chopper circuit uses soft switching operation in which the timing of switching of the
auxiliary switching element is controlled to thereby control a voltage applied to the main
switching element at the time of switching of the main switching element; and |

a switching control unit that controls the timing of switching of the main switching
element and the timing of switching of the auxiliary switching element using a design
representative value of an observed device that is af least one of specific devices that
constitute the chopper circuit and that are relevant to determining time at which the
voltage applied to the main switching element takes a minimum value, wherein the
representative value is calculated in such a manner that a plurality of the observed
devices are prepared and then variations from a rated value in electrical characteristic of

each observed device are subjected to statistical processing.

11. A control method for controlling the timing of switching of a main switching
element and the timing of switching of an auxiliary switching element, wherein the main
switching element and the auxiliary switching element are included in a chopper circuit
that uses soft switching operation in which the timing of switching of the auxiliary
switching element is controlled to thereby control a voltage applied to the main switching
element at the time of switching of the main switching element, characterized by
comprising: A

calculating a design representative value of an observed device, which is at least
one of specific devices that constitute the chopper circuit and that are relevant to

determining time at which the voltage applied to the main switching element takes a
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minimum value, in such a manner that a plurality of the observed devices are prepared
and then variations from a rated value in electrical characteristic of each observed device
are subjected to statistical processing; and

controlling the timing of switching of the main switching element and the timing of

switching of the auxiliary switching element using the representative value.
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