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which a predetermined delay time has elapsed from a timing at which the monitored present value of the voltage at the terminal has
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VALLEY DETECTION CIRCUIT AND DRIVE CIRCUIT

CROSS-REFERENCE TO RELATED APPLICATION

[0001]

This application is an International Application of U.S. Patent
Application No. 15/276,355, filed September 26, 2016, which claims the benefit
and priority of United States Provisional Patent Application Number 62/233,477
filed on September 28, 2015, all of which are incorporated herein by reference

for all purposes.

BACKGROUND

[0002]

The present invention relates to a valley detection circuit, a drive circuit,
a valley detection method, and a driving method.

[0003]

In a control circuit of a driver, which controls a switching power supply,
the voltage at a terminal (e.g., a drain of a MOSFET (Metal-Oxide-
Semiconductor Field-Effect Transistor)) of a switching element connected to
one end of an inductor rises and falls while ringing when the energy of the
inductor is discharged. There has been known a circuit which detects a timing
at which the voltage has reached a valley voltage in the ringing, controls
switching of the switching element according to the timing, and thereby controls
turning ON/OFF of the driver. The valley voltage is a minimum value of the
above voltage which falls while ringing. The ringing voltage reaches the valley

voltage at a plurality of timings. The above switching is carried out at one timing
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of the timings provided to reach the valley voltage. Incidentally, the above
switching element includes, for example, a bipolar transistor, an IGBT (Insulated
Gate Bipolar Transistor), or a switching element using GaN/SiC, or the like in
addition to the MOSFET.

[0004]

A method using an auxiliary winding externally attached to a control
circuit has been known to detect each timing provided to reach the valley
voltage. Specifically, the auxiliary winding is externally attached to the control
circuit in such a manner as to be able to monitor the voltage between a terminal
of a switching element and a terminal of an inductor connected to the terminal
thereof. The voltage of the externally attached auxiliary winding is monitored
and the timing provided to reach the valley voltage is detected as a valley timing.

[0005]

The mounting of a circuit for detecting the valley timing by monitoring
the voltage of the auxiliary winding is relatively high in cost. Thus, a technique

capable of detecting a valley timing at lower cost has been required.

SUMMARY

[0006]

In several aspects of the present invention, it is one object to provide a
technique capable of detecting a valley timing at lower cost.

[0007]

A valley detection circuit according to one aspect of the present
invention is equipped with a first holder configured to hold a peak voltage of an
oscillating signal that is based on a voltage at a terminal of an inductor coupled
to a switching element, a second holder configured to hold a valley voltage of

the oscillating signal, a generator configured to generate a center voltage
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between the peak voltage and the valley voltage, a monitor configured to
monitor at least a present value of the voltage at the terminal, and a detector
configured to detect, as a valley timing, a timing at which a predetermined delay
time has elapsed from a timing at which the monitored present value has fallen
below the center voltage.

[0008]

In the embodiments presented herein, the terms “part”, “device” and
“system” not only mean physical mechanisms, but also include realization of
functions that the “part”, “device” and “system” have, by software or firmware.
The function of “part”, “device” or “system” may be realized by two or more
physical mechanisms or devices. Alternatively, the two or more functions of
“‘part”, “device” and “system” may be realized by one physical mechanism or

device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009]

The accompanying drawings are incorporated herein and form a part
of the specification.

FIG. 1 is a block diagram illustrating one example of a drive circuit
according to a first embodiment;

FIG. 2 is a diagram illustrating a relationship between a drain voltage
VD and a voltage VD_sense in the first embodiment;

FIG. 3A is a diagram for describing a center voltage generator
according to the first embodiment;

FIG. 3B is a diagram for describing the center voltage generator
according to the first embodiment;

FIG. 4 is a diagram for describing an on-timing generator according to
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the first embodiment;

FIG. 5 is a waveform diagram for describing an example of detecting a
valley timing in ringing of the drain voltage VD according to the first
embodiment;

FIG. 6 is a diagram for describing a method for adjusting a value set to
a time Tdelay in the first embodiment;

FIG. 7 is a diagram for describing a delay adjuster and a delay
generator according to the first embodiment;

FIG. 8 is a block diagram illustrating one example of a valley detection
circuit according to a second embodiment;

FIG. 9 is a diagram for describing a peak hold according to the second
embodiment;

FIG. 10 is a diagram for describing a valley hold according to the
second embodiment;

FIG. 11 is a diagram for describing a voltage centering according to
the second embodiment; and

FIG. 12 is a waveform diagram for describing an example of detecting
a valley timing in ringing of a drain voltage VD according to the second
embodiment.

In the drawings, like reference numbers generally indicate identical or

similar elements.

DETAILED DESCRIPTION
[0010]
First embodiment
An illustrative configuration of a drive circuit equipped with a valley

detection circuit according to a first embodiment will be described with reference
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to FIG. 1. In the present embodiment, the drive circuit 1 functions as a circuit
for controlling a switching power supply of an AC/DC converter. However, the
drive circuit 1 can also function as another circuit. In another embodiment, for
example, the drive circuit 1 can function as a drive circuit of an AC/DC LED
driver or a DC/DC converter.

[0011]

The drive circuit 1 is configured to include a valley detection circuit 10,
an off-timing generator 20, a control logic 30, a driver 40, a switching element
50, and an inductor 60. Further, the valley detection circuit 10 is configured to
include a level shift 11, a center voltage generator 12, and an on-timing
generator 13.

[0012]

The valley detection circuit 10 has a terminal at which a drain voltage
VD of the switching element 50, configured to include a MOSFET (Metal-Oxide-
Semiconductor Field-Effect Transistor), is received as an input. Here, when the
energy of the inductor 60 used as a primary inductor of a transformer is
discharged, the drain voltage VD of the switching element 50 connected to one
end of the inductor 60 rises and falls while ringing and/or oscillating. Further, in
the present embodiment, the switching element 50 is configured to include the
MOSFET, but not limited to it. The switching element 50 can be configured
using other switching elements such as a bipolar transistor, an IGBT (Insulated
Gate Bipolar Transistor), or a switching element using GaN/SiC, etc. In this
case, the voltage of a terminal (among terminals of the switching element 50)
connected to the inductor 60 can be substituted with the drain voltage VD in the
present embodiment.

[0013]

Further, the valley detection circuit 10 has a terminal for outputting an
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on-timing signal TON for the switching element 50 to the control logic 30 at a
predetermined timing. The on-timing signal TON is generated by the valley
detection circuit 10 based on the input drain voltage VD. The valley detection
circuit 10 detects, as a valley timing, each timing at which the drain voltage VD
is falling while ringing/oscillating reaches a valley voltage, and generates an on-
timing signal TON according to the detected valley timing.

[0014]

The level shift 11 shifts the input drain voltage VD to a lower voltage
and outputs the shifted voltage VD_sense. The level shift 11 can shift, for
example, a drain voltage VD of 100V to 5V. The shifting of the voltage by the
level shift 11 can be realized by, for example, resistance voltage division. That
is, the level shift 11 can function as a voltage divider which divides the drain
voltage VD.

[0015]

A relationship between the drain voltage VD and the voltage
VD_sense will further be described with reference to FIG. 2. FIG. 2 illustrates
in graphs, values obtained by respectively monitoring the drain voltage VD and
the voltage VD_sense. When the inductor 60 is a primary inductor of a flyback
type transformer, the amplitude of ringing/oscillating in the drain voltage VD is
proportional to a turn ratio N of the primary winding and the secondary winding
of the transformer with an input voltage VIN into the inductor 60 as a center
voltage. Specifically, the peak voltage and the valley voltage in
ringing/oscillating are represented as follows:

Peak voltage = input voltage VIN + (turn ratio N x output voltage VO)

Valley voltage = input voltage VIN - (turn ratio N x output voltage VO)

[0016]

Since the voltage VD_sense is the voltage obtained by shifting the
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drain voltage VD, the waveform of the voltage VD_sense as illustrated in FIG. 2
changes in a similar shape at a timing similar to that taken for the waveform of
the drain voltage VD. That is, the timing at which the voltage VD_sense
reaches the peak voltage Vpeak and the valley voltage Vvalley coincides with
that timing at which the drain voltage VD reaches the peak voltage and the
valley voltage.

[0017]

Referring back to the description of FIG. 1, the center voltage
generator 12 first monitors the voltage VD_sense inputted from the level shift 11
and detects its peak voltage Vpeak and valley voltage Vvalley. The center
voltage generator 12 generates a center voltage (= (Vpeak + Vvalley)/2)
between the detected peak voltage Vpeak and valley voltage Vvalley and
outputs the generated voltage as a center voltage Vcenter.

[0018]

An example configuration of the center voltage generator 12, and
processing thereof, will be described with reference to FIG. 3A and FIG. 3B.
The center voltage generator 12 has switches SW_A, SW_B, and SW_C, and
capacitors C1 and C2. Here, the capacitance values of the capacitors C1 and
C2 are equal to each other. Further, the center voltage generator 12 has a logic
121 for controlling turning ON/OFF of the switches SW_A, SW_B, and SW_C.
The logic 121 performs control corresponding to a signal DRV_IN and a signal
Valley_detect.

[0019]

As will be described later, the signal DRV_IN is outputted from the
control logic 30. The signal DRV_IN becomes a High signal while the driver 40
is turned ON, and becomes a Low signal while the driver 40 is turned OFF.

Further, as will be described below, the signal Valley_detect is outputted from a
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delay generator 142. The signal Valley_detect becomes a High signal at a
timing at which the valley voltage Vvalley is detected, and becomes a Low
signal during other periods.

[0020]

As to control on the switches SW_A, SW_B, and SW_C, initial states
are SW_A = ON, SW_ON, and SW_C = OFF. In order to hold the peak voltage
Vpeak by the capacitor C1, the states of the respective switches are set to
SW_A = OFF, SW_B = ON, and SW_C = OFF, based on the timing at which the
signal DRV _IN becomes Low. For example, after a constant period of time
(e.g., 100nsec) has elapsed from the timing at which the signal DRV_IN
becomes Low, the state of each switch can be switched as described above. At
this time, the capacitor C1 functions as a first holder which holds the peak
voltage Vpeak.

[0021]

Thereafter, in order to hold the valley voltage Vvalley by the capacitor
C2, the states of the respective switches are set to SW_A = OFF, SW_B = OFF,
and SW_C = OFF at the timing at which the signal Valley_detect first becomes
High in the above ringing/oscillating. At this time, the capacitor C2 functions as
a second holder which holds the valley voltage Vvalley.

[0022]

In order to generate the center voltage Vcenter, the states of the
respective switches are thereafter set to SW_A = OFF, SW_B = OFF, and
SW_C = ON. The voltages of the capacitors C1 and C2 become equal to each
other, and hence the center voltage Vcenter (= (Vpeak + Vvalley)/2) is
generated and outputted. At this time, the center voltage generator 12 functions
as a generator which generates the center voltage Vcenter.

[0023]
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Referring back to the description of FIG. 1, the on-timing generator 13
outputs the above-described on-timing signal TON at a timing determined
based on the voltage VD_sense and the output from the center voltage
generator 12 in order to turn ON the switching element 50.

[0024]

An example configuration of the on-timing generator 13, and its
processing, will be described with reference to FIG. 4. The on-timing generator
13 includes a comparator 141, a delay generator 142, a timer 143, an AND gate
144, and a delay adjuster 145.

[0025]

The comparator 141 monitors the present value of the voltage
VD_sense and compares the monitored value of voltage VD_sense and the
value of the center voltage Vcenter. That is, the comparator 141 functions as a
monitor which monitors the present value of the voltage (voltage VD_sense)
based on the drain voltage VD. The comparator 141 outputs a signal
Center_detect at High for a constant period at a timing at which the value of the
voltage VD_sense falls below the value of the center voltage Vcenter.

[0026]

The delay adjuster 145 adjusts the value of a time Tdelay set in
advance as the time taken for the voltage VD_sense to drop from the voltage
Vcenter to the voltage Vvalley. Further, the delay adjuster 145 outputs a
voltage Vdelay corresponding to the value of the adjusted time Tdelay. The
details of processing in the delay adjuster 145 will be described below.

[0027]

The delay generator 142 outputs a signal Valley_detect indicating the
valley voltage Vvalley has been detected, based on the voltage Vdelay, at High

for a constant period at a timing at which the above-described time Tdelay has
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elapsed from the timing at which the signal Center_detect is outputted at High.
As described above, the timing at which the voltage VD_sense reaches the
valley voltage Vvalley coincides with the timing at which the drain voltage VD
reaches the valley voltage. Thus, the delay generator 142 functions as a
detector which detects the timing at which the time Tdelay has elapsed from the
timing at which the signal Center_detect is outputted at High, to thereby detect
a timing (valley timing) at which the drain voltage VD reaches the valley voltage.
The details of processing by the delay generator 142 will be described below.

[0028]

The timer 143 outputs a signal TSW at High each time a cycle limiting
time Tsw set in advance elapses from when the switching element 50 was
turned ON the last time. When the signal Valley_detect is given as High from
the delay generator 142, and a signal TSW for the cycle limiting time Tsw is
given as High from the timer 143, the AND gate 144 outputs an on-timing signal
TON for the switching element 50 at High. Incidentally, the value of the cycle
limiting time Tsw is set to prevent the frequency for the switching of the
switching element 50 from excessively increasing. The cycle limiting time Tsw
can be set to, for example, 7.5 usec.

[0029]

Referring back to the description of FIG. 1, the off-timing generator 20
outputs an off-timing signal TOFF for the switching element 50 to the control
logic 30. In order to generate the off-timing signal TOFF, the off-timing
generator 20 can adopt an arbitrary method.

[0030]

The control logic 30 has a terminal to which the on-timing signal TON
is inputted, and a terminal to which the off-timing signal TOFF is inputted.

Further, the control logic 30 has a terminal provided to output a control signal
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DRV_IN generated based on the on-timing signal TON and the off-timing signal
TOFF to the driver 40 in order to control the driver 40.

[0031]

The driver 40 is a driver which controls switching of the switching
element 50. The driver 40 has a terminal to which the control signal DRV _IN
outputted from the control logic 30 is inputted, and an output terminal for
applying a voltage VDRV to a gate of the switching element 50 according to the
input control signal DRV_IN and thereby turning ON or OFF the switching
element 50. That is, the control logic 30 functions as an outputter for outputting
the control signal for turning ON or OFF the switching element 50.

[0032]

The switching element 50 is configured to include the MOSFET as
described above and may be configured, for example, as an n channel type
MOSFET. A drain of the switching element 50 is connected to the inductor 60,
and a source thereof is connected to ground.

[0033]

The inductor 60 has a terminal connected to the drain of the switching
element 50 and a terminal to which the input voltage VIN is inputted. The
inductor 60 accumulates energy while the switching element 50 is ON, and
discharges the energy while the switching element 50 is OFF. The inductor 60
is configured as the primary inductor of the transformer as described above.
The inductor 60 can, however, be configured as inductors for other applications.
For example, the inductor 60 can be configured as an inductor for supplying
energy to an LED (Light Emitting Diode). At this time, the input voltage VIN
may be AC or DC.

[0034]

An example of detecting a valley timing in ringing/oscillating of the
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drain voltage VD by the valley detection circuit 10 will be described with
reference to FIG. 5. FIG. 5 illustrates an example of detecting a valley timing in
an Nth cycle (where N is an integer greater than 3) when one cycle is set from
when to turn OFF the switching element 50 to turn ON the switching element 50.

[0035]

When the switching element 50 is turned OFF by stopping the
application of the voltage VDRV to the gate of the switching element 50 at a
time t_off, and thereafter the energy of the inductor 60 is discharged,
ringing/oscillating with an amplitude formed between the peak voltage Vpeak
and the valley voltage Vvalley occurs in the voltage VD_sense.

[0036]

The output of the signal Center_detect from the comparator 141
becomes High for a constant period at the timing at which the value of the
voltage VD_sense falls below the value of the center voltage Vcenter. The
example of FIG. 5 illustrates that the output of the signal Center_detect
becomes High for the constant period at times t1, t3, and t5. Incidentally, in
order to generate the center voltage Vcenter in the Nth cycle, a peak voltage
Vpeak and a valley voltage Vvalley in an N-1th cycle are used. Incidentally, in a
first cycle, values set in advance as the peak voltage Vpeak and the valley
voltage Vvalley are used to generate the center voltage Vcenter. Alternatively,
in the first cycle, a value set in advance as the center voltage Vcenter may be
used without generating the center voltage Vcenter.

[0037]

At a timing at which a time Tdelay has elapsed from the timing at
which the output of the signal Center_detect becomes High for the constant
period, a signal Valley_detect indicating that the valley voltage Vvalley has been

detected is outputted from the delay generator 142 at High for a constant period.
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The example of FIG. 5 illustrates that the signal Valley_detect is outputted at
High for a constant period at times t2, t4, and t_on. Incidentally, as described
above, the time Tdelay is a time set and adjusted in advance as the time
required for the voltage VD_sense to drop from the voltage Vcenter to the
voltage Vvalley. A method of adjusting the value set to the time Tdelay will be
described below.

[0038]

The driver 40 applies the voltage VDRV to the gate of the switching
element 50 at High at a timing at which the cycle limiting time Tsw elapses from
when the switching element 50 was turned ON the last time, and the signal
Valley_detect is outputted. In the example of FIG. 5, the voltage VDRV is
applied at High at the timing of the time t_on.

[0039]

With the voltage VDRV being applied to the gate of the switching
element 50 at High, the switching element 50 is turned ON.

[0040]

The method of adjusting the value set to the time Tdelay will next be
described with reference to FIG. 6. FIG. 6 illustrates ringing of a voltage
VD_sense (N — 1), a voltage VD_sense (N), and a voltage VD_sense (N + 1)
corresponding to voltages VD_sense in an N — 1th cycle, an Nth cycle, and an
N + 1th cycle, respectively, of switching by the switching element 50.

[0041]

In this example, a center voltage Vcenter is generated using a peak
voltage Vpeak and a valley voltage Vvalley in the previous cycle. Thus, for
example, a center voltage Vcenter (N) in the Nth cycle is generated using a
peak voltage Vpeak (N — 1) and a valley voltage Vvalley (N — 1) in the N — 1th

cycle.



WO 2017/058824 PCT/US2016/054020
14

[0042]

Further, the delay adjuster 145 uses a valley voltage Vvalley in the
previous cycle and a valley voltage Vvalley in a two-previous cycle to adjust the
value set to the time Tdelay. Thus, for example, a valley voltage Vvalley (N) in
the Nth cycle and a valley voltage Vvalley (N — 1) in the N — 1th cycle are used
to adjust the value of atime Tdelay (N + 1) used in the N + 1th cycle.
Specifically, the delay adjuster 145 first compares the valley voltage Vvalley (N
— 1) in the N — 1th cycle and the valley voltage Vvalley (N) in the Nth cycle.
When Vvalley (N) < Vvalley (N — 1) as illustrated in FIG. 6, a value obtained by
slightly increasing the value of the time Tdelay (N) (increasing the same by
10nsec, for example) is taken as the time Tdelay (N + 1). Incidentally, in the
first and second cycles, the values set in advance are used as the center
voltage Vcenter and the time Tdelay.

[0043]

An example of a specific configuration of the delay adjuster 145 and
the delay generator 142 for realizing processing for the adjustment in the value
of the delay Tdelay and the detection of the valley voltage Vvalley will be
described with reference to FIG. 7.

[0044]

The delay adjuster 145 is configured to include a comparator 131, a
one shot logic 132, a switch 133a, a switch 133b, and a capacitor 134. The
delay generator 142 is configured to include a sawtooth generator 1421 and a
comparator 1422.

[0045]

The comparator 131 compares the valley voltage Vvalley (N) in the Nth
cycle and the valley voltage (N — 1) in the N — 1th cycle and outputs a

comparison result COMP_OUT. When the comparison result COMP_OQUT
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indicates that the value of the valley voltage Vvalley (N) is high, an adjustment
in the value of the time Tdelay in the Nth cycle is performed in the direction
different from an adjustment in the value thereof in the N — 1th cycle. For
example, when the value of the time Tdelay is adjusted so as to increase in the
N — 1th cycle, the value of the time Tdelay is adjusted so as to decrease in the
Nth cycle. Further, when the comparison result COMP_QUT indicates that the
value of the valley voltage Vvalley (N) is low, an adjustment in the value of the
time Tdelay in the Nth cycle is performed in the same direction as the
adjustment in the value thereof in the N — 1th cycle. For example, when the
value of the time Tdelay is adjusted so as to increase in the N — 1th cycle, the
value of the time Tdelay is adjusted so as to increase even in the Nth cycle.

[0046]

In order to make an adjustment to increase the value of the time
Tdelay, the one shot logic 132 outputs a signal SW_P at High for a constant
period of time. While the signal SW_P is being outputted at High, the switch
133a is turned ON so that an electric charge is accumulated in the capacitor
134. That is, the signal SW_P is outputted at High, so that a voltage Vdelay
corresponding to the electric charge accumulated in the capacitor 134 is raised.

[0047]

In order to make an adjustment to decrease the value of the time
Tdelay, the one shot logic 132 outputs a signal SW_M at High for a constant
period of time. While the signal SW_M is being outputted at High, the switch
133b is turned ON so that an electric charge accumulated in the capacitor 134
is discharged. That is, the signal SW_M is outputted at High, so that a voltage
Vdelay corresponding to the electric charge accumulated in the capacitor 134 is
decreased.

[0048]
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The sawtooth generator 1421 outputs a voltage Vsaw whose value
changes in a sawtooth form. The comparator 1422 compares the voltage Vsaw
and the voltage Vdelay corresponding to the electric charge accumulated in the
capacitor 134 and outputs a signal Valley_detect at High for a constant period
of time at a timing at which the value of the voltage Vsaw exceeds the value of
the voltage Vdelay. A period from the time when the value of the voltage Vsaw
begins to rise to the time when the value thereof exceeds the value of the
voltage Vdelay becomes a time Tdelay.

[0049]

According to the present embodiment as described above, by an
inexpensive configuration of the capacitor or the like, the peak voltage Vpeak of
the voltage VD_sense and the valley voltage Vvalley thereof are held, and the
center voltage Vcenter is generated. Thereafter the timing, at which the time
Tdelay has elapsed from the timing at which the voltage VD_sense falls below
the center voltage Vcenter, is detected as the valley timing. Thus, according to
the present embodiment, the valley timing can be detected with a more
inexpensive configuration as compared with the method of monitoring the
voltage of the externally-attached auxiliary winding to thereby detect the valley
timing in ringing/oscillating generated in the drain voltage of the switching
element 50.

[0050]

Second embodiment

A second embodiment will be described below. An example
configuration, different from that of the first embodiment, that is illustrative of
several configurations of the second embodiment will principally be described,
and the description of the configuration similar to the first embodiment will be

omitted.
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[0051]

An example configuration of a valley detection circuit according to the
second embodiment will first be described with reference to FIG. 8. The valley
detection circuit 210 can be used in the drive circuit 1 illustrated in FIG. 1 in the
first embodiment, instead of the valley detection circuit 10. The valley detection
circuit 210 is configured to include a level shift 211, a center voltage generator
212, and an on-timing generator 213.

[0052]

The center voltage generator 212 is configured to include a peak hold
2121, a valley hold 2122, and a voltage centering 2123. The center voltage
generator 12 in the first embodiment used the peak voltage Vpeak and the
valley voltage Vvalley in the N — 1th cycle to generate the center voltage
Vcenter in the Nth cycle. On the other hand, the center voltage generator 212
in the second embodiment uses the peak voltage Vpeak and the valley voltage
Vvalley in the Nth cycle to generate the center voltage Vcenter in the Nth cycle.
The details of each configuration of the center voltage generator 212 will be
described below.

[0053]

The on-timing generator 213 is configured to include a comparator
2131, a delay generator 2132, a timer 2133, and an AND gate 2134. The delay
generator 142 in the first embodiment used the time Tdelay adjusted by the
delay adjuster 145 to output the signal Vvalley_detect indicating that the valley
voltage Vvalley has been detected. On the other hand, in the second
embodiment, the on-timing generator 213 does not have the configuration
corresponding to the delay adjuster 145 and does not adjust the value of the
time Tdelay. The delay generator 2132 outputs a signal Valley_detect as the

time Tdelay using a value that is set in advance. The time Tdelay is calculated
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by the following equation, using an inductance L of the transformer and a drain
capacitance C of the switching element 50.

Tdelay = 2xV(LC)/4

A drive circuit according to the second embodiment can, for example,
be used by calculating and setting the time Tdelay in advance when the
inductance L of the transformer and the drain capacitance C of the switching
element 50 are already known.

[0054]

Since the comparator 2131, the timer 2133, and the AND gate 2134
respectively perform processing similar to the comparator 141, the timer 143,
and the AND gate 144 in the first embodiment, the description thereof herein
will be omitted.

[0055]

The configuration of the peak hold 2121 will be described with
reference to FIG. 9. The peak hold 2121 is configured to include an op amplifier
2121a, a MOSFET 2121b, a capacitor 2121c, and a switch 2121d as illustrated
in the same figure.

[0056]

The switch 2121d is turned ON while the on-timing signal TON is being
outputted from the AND gate 2134 for a preset time, so that the voltage held in
the capacitor 2121c is reset to a ground voltage. The op amplifier 2121a
compares the voltage VD_sense outputted from the level shift 211 and the
voltage based on the electric charge accumulated in the capacitor 2121c. The
electric charge is accumulated in the capacitor 2121c¢ while the value of the
voltage VD_sense is higher than the voltage based on the electric charge
accumulated in the capacitor 2121¢. The voltage based on the electric charge

accumulated in the capacitor 2121¢ becomes the peak voltage Vpeak. That s,
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the capacitor 2121c¢ functions as a first holder which holds the peak voltage
Vpeak, like the capacitor C1 in the first embodiment.

[0057]

The configuration of the valley hold 2122 will be described with
reference to FIG. 10. The valley hold 2122 is equipped with an op amplifier
2122a, a MOSFET 2122b, a capacitor 2122c, and a switch 2122d as illustrated
in the same figure.

[0058]

While the on-timing signal TON is being outputted for a preset period,
the switch 2122d is first turned ON so that an electric charge is accumulated in
the capacitor 2122c¢ until a control circuit power supply voltage is reached.
Thus, the voltage held in the capacitor 2122c is reset. The op amplifier 2122a
compares the voltage VD_sense outputted from the level shift 211 and the
voltage based on the electric charge accumulated in the capacitor 2122c. While
the value of the voltage VD_sense is lower than the voltage based on the
electric charge accumulated in the capacitor 2122c¢, the electric charge
accumulated in the capacitor 2122c¢ is discharged so that the voltage of the
capacitor 2122¢ becomes the valley voltage Vvalley. The capacitor 2122¢
functions as a second holder which holds the valley voltage Vvalley, like the
capacitor C2 in the first embodiment.

[0059]

The configuration of the voltage centering 2123 will be described with
reference to FIG. 11. The voltage centering 2123 has an op amplifier 2123a, an
op amplifier 2123b, a resistor R1, and a resistor R2 as illustrated in the same
figure.

[0060]

The peak voltage Vpeak is connected to a non-inversion input terminal
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of the op amplifier 2123a, and an output terminal of the op amplifier 2123a is
connected to an inversion input terminal thereof, whereby a feedback circuit is
configured. The output of the op amplifier 2123a becomes the peak voltage
Vpeak and is connected to the resistor R1. The valley voltage Vvalley is
connected to a non-inversion input terminal of the op amplifier 2123b, and an
output terminal of the op amplifier 2123b is connected to an inversion input
terminal thereof, whereby a feedback circuit is configured. The output of the op
amplifier 2123b becomes the valley voltage Vvalley and is connected to the
resistor R2. The resistors R1 and R2 have the same resistance value. Further,
the resistors R1 and R2 are connected in series. At this time, the voltage
centering 2123 outputs the center voltage Vcenter (= (Vpeak + Vvalley)/2)
through a node provided between the resistors R1 and R2. In other words, the
voltage centering 2123 functions as a generator which generates the center
voltage Vcenter, like the center voltage generator 12 in the first embodiment.

[0061]

An example of detecting a valley voltage in ringing of the drain voltage
VD by the valley detection circuit 210 will be described with reference to FIG. 12.
FIG. 12 illustrates an example of detecting a valley voltage in an Nth cycle when
one cycle is set from when to turn OFF the switching element 50 to turn ON the
switching element 50. Differences from the example described with reference
to FIG. 5 in the first embodiment will be mainly described.

[0062]

As described above, the center voltage generator 212 in the second
embodiment uses the peak voltage Vpeak and the valley voltage Vvalley in the
Nth cycle to generate the center voltage Vcenter in the Nth cycle. The valley
voltage Vvalley is held at the first valley in the ringing of the voltage VD_sense

by the circuit described with reference to FIG. 10. Thus, the output of a signal
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Center_detect first becomes High for a constant period at a time t2 at which the
voltage VD_sense falls below the center voltage Vcenter after the first valley.
Further, the output of the signal Valley_detect first becomes High for a constant
period at a time t3 at which a time Tdelay has elapsed from t2. Atatimet_on at
which a cycle limiting time Tsw elapses from when the switching element 50
was turned ON last time, and the signal Valley_detect is outputted, a voltage
VDRV is applied at High to turn ON the switching element 50.

[0063]

According to the configurations described with reference to FIGS. 8 to
11 as described above, the valley timing can be detected by the more
inexpensive configuration as compared with the method for monitoring the
voltage of the externally-attached auxiliary wiring to thereby detect the valley
timing in the ringing generated in the drain voltage of the switching element 50.
Further, when a differentiation circuit is used to try to detect the valley timing, a
limitation occurs in the frequency at which the valley timing can be detected
according to the capacitance value in the differentiation circuit. However,
according to the configurations described with reference to FIGS. 8 to 11, the
valley timing can be detected without any limitation to the frequency of the

ringing.

Conclusion

[0064]

It is to be appreciated that the Detailed Description section, and not the
Summary and Abstract sections (if any), is intended to be used to interpret the
claims. The Summary and Abstract sections (if any) may set forth one or more
but not all exemplary embodiments of the invention as contemplated by the

inventor(s), and thus, are not intended to limit the invention or the appended
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claims in any way.

[0065]

While the invention has been described herein with reference to
exemplary embodiments for exemplary fields and applications, it should be
understood that the invention is not limited thereto. Other embodiments and
modifications thereto are possible, and are within the scope and spirit of the
invention. For example, and without limiting the generality of this paragraph,
embodiments are not limited to the software, hardware, firmware, and/or entities
illustrated in the figures and/or described herein. Further, embodiments
(whether or not explicitly described herein) have significant utility to fields and
applications beyond the examples described herein.

[0066]

Embodiments have been described herein with the aid of functional
building blocks illustrating the implementation of specified functions and
relationships thereof. The boundaries of these functional building blocks have
been arbitrarily defined herein for the convenience of the description. Alternate
boundaries can be defined as long as the specified functions and relationships
(or equivalents thereof) are appropriately performed. Also, alternative
embodiments may perform functional blocks, steps, operations, methods, etc.
using orderings different than those described herein.

[0067]

11 » o

References herein to “one embodiment,” “an embodiment,” “an
example embodiment,” or similar phrases, indicate that the embodiment
described may include a particular feature, structure, or characteristic, but every
embodiment may not necessarily include the particular feature, structure, or
characteristic. Moreover, such phrases are not necessarily referring to the

same embodiment. Further, when a particular feature, structure, or
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characteristic is described in connection with an embodiment, it would be within
the knowledge of persons skilled in the relevant art(s) to incorporate such
feature, structure, or characteristic into other embodiments whether or not
explicitly mentioned or described herein.

[0068]

The breadth and scope of the invention should not be limited by any of
the above-described exemplary embodiments, but should be defined only in

accordance with the following claims and their equivalents.
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WHAT IS CLAIMED IS:
1. A circuit comprising:

a first holder configured to hold a peak voltage of an oscillating signal
that is based on a voltage at a terminal of an inductor coupled to a switching
element;

a second holder configured to hold a valley voltage of the oscillating
signal;

a generator configured to generate a center voltage based on the peak
voltage and the valley voltage;

a monitor configured to monitor a present value of the voltage at the
terminal; and

a detector configured to detect, as a valley timing, a timing at which a
predetermined delay time has elapsed from a timing at which the monitored

present value has fallen below the center voltage.

2. The circuit of claim 1, further comprising a voltage divider configured to
divide the voltage at the terminal, wherein a divided voltage is an output from

the voltage divider.

3. The circuit of claim 1, further comprising a driver configured to output a
signal for turning ON the switching element when the valley timing is detected

by the detector.

4, The circuit of claim 3, wherein a delay time used in an Nth (where N is
an integer of 3 or more) cycle of switching cycles, which are cycles of repetition
of turning ON and OFF of the switching element, is adjusted based on

monitored voltage values in the valley timing detected in previous cycles of the
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switching cycles.

5. The circuit of claim 4, wherein the delay time is adjusted to be
increased or decreased based on a comparison result of the monitored voltage
values in the valley timing detected in the previous cycles of the switching

cycles.

6. The circuit of claim 5, wherein when a monitored voltage value in the
valley timing detected in an N-1th cycle is higher than a monitored voltage value
in the valley timing detected in an N-2th cycle, the delay time is adjusted in a

different direction from adjustment in the N-1th cycle.

7. The circuit of claim 5, wherein when a monitored voltage value in the
valley timing detected in an N-1th cycle is lower than a monitored voltage value
in the valley timing detected in an N-2th cycle, the delay time is adjusted in a

same direction as adjustment in the N-1th cycle.

8. The circuit of claim 3, wherein the driver outputs the signal for turning
ON the switching element when a predetermined time has elapsed since the

last time the signal was outputted and the valley timing is detected by the

detector.
9. The circuit of claim 3, wherein the switching element is a MOSFET.
10. The circuit of claim 9, wherein a delay time used in an Mth (where M is

an integer of 1 or more) cycle of switching cycles, which are cycles of repetition

of turning ON and OFF of the switching element, is a time based on an
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inductance of the inductor and a drain capacitance of the MOSFET.

11. A method comprising:

holding a peak voltage of an oscillating signal that is based on a
voltage at a terminal of an inductor coupled to a switching element;

holding a valley voltage of the oscillating signal,

generating a center voltage based on the peak voltage and the valley
voltage;

monitoring a present value of the voltage at the terminal; and

detecting, as a valley timing, a timing at which a predetermined delay
time has elapsed from a timing at which the monitored present value has fallen

below the center voltage.

12. The method of claim 11, further comprising dividing the voltage at the

terminal and outputting a divided voltage.

13. The method of claim 11, further comprising outputting a signal for

turning ON the switching element when the valley timing is detected.

14, The method of claim 13, further comprising adjusting a delay time used
in an Nth (where N is an integer of 3 or more) cycle of switching cycles, which
are cycles of repetition of turning ON and OFF of the switching element, based
on monitored voltage values in the valley timing detected in previous cycles of

the switching cycles.

15. The method of claim 14, wherein the delay time is adjusted to be

increased or decreased based on a comparison result of the monitored voltage
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values in the valley timing detected in the previous cycles of the switching

cycles.

16. The method of claim 15, wherein when a monitored voltage value in
the valley timing detected in an N-1th cycle is higher than a monitored voltage
value in the valley timing detected in an N-2th cycle, the delay time is adjusted

in a different direction from adjustment in the N-1th cycle.

17. The method of claim 15, wherein when a monitored voltage value in
the valley timing detected in an N-1th cycle is lower than a monitored voltage
value in the valley timing detected in an N-2th cycle, the delay time is adjusted

in a same direction as adjustment in the N-1th cycle.

18. The method of claim 13, wherein the signal for turning ON the
switching element is outputted when a predetermined time has elapsed since

the last time the signal was outputted and the valley timing is detected.

19. The method of claim 13, wherein the switching element is a MOSFET.

20. The method of claim 19, further comprising determining a delay time
used in an Mth (where M is an integer of 1 or more) cycle of switching cycles,
which are cycles of repetition of turning ON and OFF of the switching element,

based on an inductance of the inductor and a drain capacitance of the MOSFET.
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