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1

POWER CONVERSION CIRCUIT,
SEMICONDUCTOR DEVICE, AND
ELECTRONIC DEVICE

FIELD

The present disclosure relates to a power conversion
circuit, a semiconductor device, and an electronic device.

BACKGROUND

A power conversion circuit such as an alternating current
(AC)-direct current (DC) converter or a DC-DC converter 1s
used to convert electric power generated by an energy
harvesting device such as a vibration power generation
device. It 1s known that impedance matching 1s performed
when electric power generated by a vibration power gen-
cration device using a piezoelectric element 1s AC-DC
converted (for example, Non-Patent Document 1).

PRIOR ART DOCUMENT

Non Patent Document

Non-Patent Document 1: Journal of Intelligent Material
Systems and Structures, Vol. 21, pp. 1293 to 1301,
September, 2010

SUMMARY

In the energy harvesting device, since the power genera-
tion amount varies from moment to moment, the input
current mput to the power conversion circuit varies from
moment to moment. The mput impedance of the power
conversion circuit varies with the variation in the nput
current, and 1t becomes diflicult to match the output imped-
ance of the energy harvesting device and the input 1mped-
ance of the power conversion circuit. In Non-Patent Docu-
ment 1, the mput impedance 1s autonomously matched with
the output impedance of the energy harvesting device 1n a
step-up or step-down DC-DC converter 1n which the current
flowing through the inductor 1s discontinuous. Therefore, the

switching cycle 1s set to be constant, and the inductance of

the inductor and the like are set to predetermined values.

A first problem will be described. In Non-Patent Docu-
ment 1, since power generation by an morganic piezoelectric
clement having a large capacitance component 1s assumed,
a primary capacitor 1s not provided in the power conversion
circuit. However, in some energy harvesting devices, a
primary capacitor 1s provided at the input terminal of the
power conversion circuit to stabilize the input voltage. When
an element having a small capacitance component, such as
an organic piezoelectric element or a MEMS element, 1s
used, a primary capacitor may be provided. Preferred ranges
tor the inductance of the inductor and the capacitance of the
primary capacitor to facilitate impedance matching when the
primary capacitor 1s provided are not known. If the imped-
ances cannot be matched, the power conversion efliciency 1s
reduced.

A second problem will be described. In addition, as 1n
Non-Patent Document 1, 1t may be diflicult to set the
inductance of the inductor or the like within a predetermined
range. For example, when the temporal variation of the

output of the power generation device 1s fast, the method of

making the switching cycle constant requires setting the
switching frequency high, which increases the power con-
sumption. When the power consumption 1s to be reduced,
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the inductance of the inductor or the like deviates from the
predetermined range, and thus impedance matching may be
impossible. When the impedances are not matched, the
power conversion efliciency decreases.

The present invention has been made in view of above
problems, and an object thereof 1s to 1mprove power con-
version efliciency.

According to one aspect of the present disclosure, there 1s
provided a power conversion circuit including: an input
terminal to which an mput current 1s 1nput; an output
terminal from which an output voltage 1s output; a first
capacitor having one end coupled to the mput terminal and
another end coupled to a reference potential; a second
capacitor having one end coupled to the output terminal and
another end coupled to a reference potential; an inductor that
has one end coupled to the one end of the first capacitor and
another end coupled to the one end or the another end of the
second capacitor, stores magnetic field energy when at least
part of the mnput current and a current output from the first
capacitor tlows through the inductor as a first current, and
induces a second current for charging the second capacitor
by the magnetic field energy; and a switching element that
1s turned on and off at a substantially constant cycle, has a
substantially constant period during which the switching
clement 1s ON 1n one cycle, 1s turned on to cause the first
current to flow through the inductor, and 1s OFF when the
second current tlows through the inductor, wherein C1<
(T2°/(2xL))/(wxT1) is satisfied where a capacitance of the
first capacitor 1s represented by C1, an inductance of the
inductor 1s represented by L, the cycle 1s represented by T1,
a length of the period during which the switching element 1s
ON during one cycle of the cycle 1s represented by T2, and
an angular frequency of the input current 1s represented by
M.

In the above configuration, a configuration 1 which
C1>T2%/(2xL) is satisfied may be employed.

In the above configuration, a configuration 1 which
C1<(T2%/(2xL))/(5xwxT1) is satisfied may be employed.

In the above configuration, a configuration 1n which
C1>5xT27%/(2xL) is satisfied may be employed.

In the above configuration, a configuration 1n which the
input current 1s a current generated by a vibration power
generation device may be employed.

In the above configuration, a configuration in which when
the vibration power generation device outputs a direct
current power, a capacitance ol the vibration power genera-
tion device 1s smaller than C1, and when the vibration power
generation device outputs an alternating current power, the
capacitance of the vibration power generation device via a
rectifier circuit 1s smaller than C1 may be employed.

The present mmvention 1s a power conversion circuit
including: a voltage conversion circuit that starts a voltage
conversion operation when an mput voltage applied to an
input terminal reaches a threshold voltage, the voltage
conversion operation converting the iput voltage and out-
putting a converted input voltage to an output terminal as an
output voltage, wherein the threshold voltage when an 1input
current input to the input terminal 1s large 1s higher than the
threshold voltage when the mput current 1s small.

In the above configuration, a configuration in which a
setting circuit that sets the threshold voltage based on the
input current input to the input terminal so that the threshold
voltage when the input current i1s large 1s higher than the
threshold voltage when the input current 1s small, and a
determination circuit that determines whether the nput
voltage has reached the threshold voltage are provided, and
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the power conversion circuit starts the voltage conversion
operation based on an output of the determination circuit
may be employed.

In the above configuration, a configuration in which the
voltage conversion circuit includes: a capacitor having one
end coupled to the output terminal and another end coupled
to a reference potential, an inductor having one end coupled
to the mput terminal and another end coupled to either the
one end or the another end of the capacitor, storing magnetic
field energy when at least a part of the input current tlows
through the inductor as a first current, and inducing a second
current by the magnetic field energy, and a switching ele-
ment that 1s turned on to cause the first current to flow
through the inductor, and 1s OFF when the second current
flows through the inductor may be employed.

In the above configuration, a configuration in which a
control circuit that turns on the switching element when the
input voltage reaches the threshold voltage 1s provided may
be employed.

In the above configuration, a configuration in which
0.3xZout=Vth/Iin=3xZout 1s satisfied, where Zout repre-
sents an output impedance of a power supply coupled to the
mput terminal, and Vth represents the threshold voltage
when the mput current mput to the mput terminal 1s Iin may
be employed.

According to another aspect of the present disclosure,
there 1s provided a semiconductor device including: the
above power conversion circuit; and a functional circuit
related to the power conversion circuit.

According to another aspect of the present disclosure,
there 1s provided an electronic device including: the above
power conversion circuit; and a functional unit to which
power 1s supplied from the power conversion circuit.

Advantages

The present invention can improve power conversion
eiliciency.

BRIEF DESCRIPTION OF TH.

L1l

DRAWINGS

FIG. 1 1s a block diagram of a vibration power generation
system using a power conversion circuit in accordance with
first and second embodiments and variations thereof;

FIG. 2 schematically illustrates vibration applied to the
vibration power generation device, and 1llustrates accelera-
tion with respect to time;

FIG. 3A to FIG. 3C are circuit diagrams illustrating
examples of the power conversion circuit used 1n the first
embodiment;

FI1G. 4 1llustrates ON and OFF of switching elements and
a current IL tflowing through an inductor with respect to time
in the first embodiment;

FIG. 5 1s a circuit diagram of the power conversion circuit
in accordance with a first variation of the first embodiment;

FIG. 6 illustrates ON and OFF of the switching elements,
currents, and a voltage with respect to time in the first
variation of the first embodiment;

FI1G. 7 1s a circuit diagram of the power conversion circuit
in accordance with the second embodiment:

FIG. 8 1s a circuit diagram illustrating a current detection
circuit 1n accordance with the second embodiment:;

FI1G. 9 1llustrates ON and OFF of the switching elements,
currents, and voltages with respect to time in the second
embodiment; and

FIG. 10A 1s a block diagram of a semiconductor device in
accordance with a third embodiment, and FIG. 10B 1s a

10

15

20

25

30

35

40

45

50

55

60

65

4

block diagram of an electronic device 1n accordance with a
first variation of the third embodiment.

DESCRIPTION OF EMBODIMENTS

Hereinafter, embodiments will be described with refer-
ence to the drawings.

First Embodiment

A first embodiment for solving the first problem will be
described. A power conversion circuit 1n accordance with
the first embodiment includes a primary capacitor. Pretferred
ranges of the inductance of the inductor, the capacitance of
the primary capacitor, and the like 1n the power conversion
circuit in which the switching cycle 1s constant and the input
impedance 1s autonomously matched with the output imped-
ance ol a power generation device will be described.

FIG. 1 1s a block diagram of a vibration power generation
system using a power conversion circuit 1n accordance with
first and second embodiments and variations thereof. The
power conversion circuit includes a voltage conversion
circuit 10, a control circuit 20 to be described later with
reference to FIG. 3A to FIG. 3C, and the like. Although
capacitors C01 and C02 are included 1n the voltage conver-
sion circuit 10, they are illustrated outside the voltage
conversion circuit 10 1n FIG. 1. As 1llustrated 1n FIG. 1, the
vibration power generation system includes a wvibration
power generation device 14, a rectifier circuit 12, and the
voltage conversion circuit 10. The vibration power genera-
tion device 14 1s provided on, for example, a road or a
bridge, and generates electric power by vibration when a
pedestrian, a vehicle, or the like passes. The rectifier circuit
12 rectifies the generated power. The voltage conversion
circuit 10 converts the voltage of the rectified power.

The primary capacitor C01 1s coupled to the mput node
Tin of the voltage conversion circuit 10, and the secondary
capacitor C02 1s coupled to the output node Tout. An 1mput
current Iin 1s input to the mput terminal Tin from the rectifier
circuit 12. The voltage conversion circuit 10 converts the
voltage V1 of the input terminal Tin into a voltage V2. The
output voltage V2 1s output from the output terminal Tout.
The input impedance of the voltage conversion circuit 10 1s
Zin, and the output impedance of the wvibration power
generation device 14 via the rectifier circuit 12 1s Zout.

FIG. 2 schematically illustrates vibration applied to the
vibration power generation device, and illustrates accelera-
tion with respect to time. FIG. 2 illustrates the vibration
when a pedestrian walks. As illustrated 1n FIG. 2, accelera-
tions with various periods and frequencies are applied to the
vibration power generation device 14. Therefore, the electric
power output from the vibration power generation device 14
varies from moment to moment.

In FIG. 1, the vibration power generation device 14
includes, for example, a vibrator that vibrates by environ-
mental vibration and a power generation element that con-
verts the vibration of the vibrator into electric power. The
power generation element 1s, for example, an 1norganic
piezoelectric element using an morganic piezoelectric mate-
rial such as lead zirconate titanate (PZT), an organic piezo-
clectric element using an organic piezoelectric material such
as polyvinylidene fluoride (PVDF), or a micro electro
mechanical systems (MEMS) element using MEMS. Com-
pared with the MEMS element, the impedances Zo of the
inorganic piezoelectric element and the organic piezoelectric
clement have large capacitance components Co, and Zo=1/
1mwCo. The Co of the inorganic piezoelectric element and the
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Co of the organic piezoelectric element are about 100 nF and
about 1 nF, respectively. Here, w/2m 1s the frequency of the
output current of the piezoelectric element, and typical w/2m
ol the 1norganic piezoelectric element 1s about 100 Hz, and
1s, for example, 10 Hz to 1 kHz. Typical w/2m of the organic
piezoelectric element 1s about 10 Hz, and 1s, for example, 1
Hz to 100 Hz. Even when the frequency of the vibration 1n
FIG. 2 1s the same, ® 1s diflerent between the organic
piezoelectric element and the inorganic piezoelectric ele-
ment because of the difference 1n resonance frequency or the
like of the vibrator. On the other hand, since the output
impedance of the MEMS element has a small capacitance
component of 10 pF to 100 pF, the resistance component Ro
1s dominant, and Zo=~Ro. The typical value of Ro of the
MEMS element 1s about 1 M£2. Typical w/2m of the MEMS
clement 1s about 100 Hz.

In a vibration power generation device with a large Co
such as an morganic piezoelectric element, the voltage V1 1s
relatively easily stabilized even when the primary capacitor
CO01 1s not provided. However, 1in a vibration power gen-
eration device with a small Co such as an organic piezo-
clectric element and a MEMS element, or a vibration power
generation device with a negligibly small Co such as
MEMS element, the voltage V1 1s stabilized by prowdmg
the primary capac1t0r C01. The mput impedance Zin of the
voltage conversion circuit 10 1s expressed by Expression 1.

Zin=(Iin/V1+ixwxC1)™ (Expression 1)

Here, o 1s the angular frequency of the vanation of the
input current Iin. For example, o corresponds to the angular
frequency component of the vibration of the vibrator that
vibrates 1n response to the acceleration 1 FIG. 2. Here, 1 15
an 1maginary unit. C1 1s the capacitance of the capacitor
C01. When the output impedance Zout via the rectifier
circuit 12 of the vibration power generation device 14 1is
matched with the mput impedance Zin of the voltage con-
version circuit 10 having the primary capacitor C01, 1t 1s
important to consider the capacitance C1 of the capacitor
Co01.

FIG. 3A to FIG. 3C are circuit diagrams 1llustrating the
power conversion circuit used in the first embodiment. FIG.
3A 1s a circuit diagram of a step-down DC-DC converter,
FIG. 3B 1s a circuit diagram of a step-up DC-DC converter,

and FIG. 3C 1s a circuit diagram of an inversion-type
DC-DC converter.

As 1llustrated in FIG. 3A to FIG. 3C, the power conver-
sion circuit includes the voltage conversion circuit 10 and
the control circuit 20. In any of the DC-DC converters, in the
voltage conversion circuit 10, nodes N1 to N3 are provided
between the input terminal Tin and the output terminal Tout.
One end of the capacitor C01 1s coupled to the node N1, and
the other end 1s coupled to a ground (reference potential).
One end of the capacitor C02 1s coupled to the node N2, and
the other end 1s coupled to a ground (reference potential).
The control circuit 20 outputs control signals S1 and S2 to
switching elements SWI1 and SW2, respectively. For
example, when the control signals S1 and S2 are at high
level, the switching elements SW1 and SW2 are turned on,
and when the control signals S1 and S2 are at low level, the
switching elements SW1 and SW2 are turned ofl. The
control circuit 20 may be a dedicated logic circuit or a
processor operated by software.

As 1llustrated i FIG. 3A, i the step-down DC-DC
converter, one end of an inductor L0 1s coupled to the node
N3, and the other end 1s coupled to the node N2. One end of
the switching element SW1 1s coupled to the node N1 and
the other end 1s coupled to the node N3. One end of the
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switching element SW2 1s coupled to the node N3, and the
other end 1s coupled to a ground. The voltage V2 1s lower
than the voltage V1. When the switching elements SW1 and
SW2 are turned on and ofl, respectively, part of the electric
charge stored in the capacitor C01 flows through the 1induc-
tor L0 as a current I1 and reaches the node N2. Thus,
magnetic field energy 1s stored 1n the inductor L0. Subse-
quently, the switching elements SW1 and SW2 are turned off
and on, respectively. This causes a current 12 to flow from
the ground to the inductor L0 because of the magnetic field
energy stored in the inductor L0 and reach the node N2. By
these operations, the voltage V2 1s maintained at a desired
value.

As 1llustrated 1n FIG. 3B, 1n the step-up DC-DC converter,
one end of the inductor L0 1s coupled to the node N1, and
the other end 1s coupled to the node N3. One end of the
switching element SW1 1s coupled to the node N3, and the
other end 1s coupled to the ground. One end of the switching
clement SW2 1s coupled to the node N3, and the other end
1s coupled to the node N2. The voltage V2 1s higher than the
voltage V1. When the switching elements SW1 and SW2 are
turned on and oil.

, respectively, part of the electric charge
stored 1n the capacitor C01 flows through the inductor L0 as
the current I1 and reaches the ground. When the switching
clements SW1 and SW2 are turned off and on, respectively,
the current 12 flows from the node N1 through the inductor
L0 to the node N2 because of the magnetic field energy
stored 1n the inductor L0O. By these operations, the voltage
V2 1s maintained at a desired value.

As 1llustrated 1n FIG. 3C, 1n the mversion-type DC-DC
converter, one end of the inductor L0 1s coupled to the node
N3, and the other end 1s coupled to the ground. One end of
the switching element SW1 i1s coupled to the node N1 and
the other end 1s coupled to the node N3. One end of the
switching element SW2 is coupled to the node N3, and the
other end 1s coupled to the node N2. The voltage V2 is a
voltage that 1s opposite 1n sign to the voltage V1. When the
switching elements SW1 and SW2 are turned on and off,
respectively, part of the electric charge stored in the capaci-
tor C01 tlows through the inductor L0 as the current 11 and
reaches the ground When the switching elements SW1 and
SW2 are turned ofl and on, respectively, the current 12 flows
from the node N2 through the inductor L0 to the ground
because of the magnetic field energy stored in the inductor
L.0. By these operations, the voltage V2 1s maintained at a
desired value. In FIG. 3A to FIG. 3C, at least a part of the
input current Iin may be added to the current 11 in addition

to the current output from the capacitor CO1.

FIG. 4 1llustrates ON and OFF of the switching elements
and a current IL flowing through the inductor with respect to
time 1n the first embodiment. As the current IL flowing
through the inductor L0, the current I1 1s indicated by a solid
line, and the current 12 1s indicated by a broken line.

As 1llustrated 1n FIG. 4, at a point in time before time t1,
the control circuit 20 performs the control such that the
switching elements SW1 and SW2 are turned off. At time t1
when the current IL 1s O, the control circuit 20 performs the
control such that the switching element SW1 1s turned on
and the switching element SW2 1s kept OFF. The current IL
increases between time tl1 and time t2. The increase rate of
the current IL 1s AVL/L. Here, AVL 1s the voltage difference
between both ends of the inductor L0. In the step-down
DC-DC converter 1illustrated in FIG. 3A, AVL=V1-V2. In
the step-up DC-DC converter illustrated in FIG. 3B,
AVL=V1-0=V1. In the inversion-type DC-DC converter
illustrated 1 FIG. 3C, AVL=V1-0=V1. Magnetic field

energy 1s stored in the imductor LO.
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At time t2, the control circuit 20 performs the control such
that the switching element SW1 1s turned off and the
switching element SW2 is turned on. Note that the timing at
which the switching element SW1 1s turned off may be
slightly different from the timing at which the switching
clement SW2 1s turned on. The magnetic field energy stored
in the inductor L0 1s converted into the current IL., and the
current 12 flows. The current 12 decreases with time. At time
t3, when the current 12 becomes 0, the control circuit 20
performs the control such that the switching element SW2 1s
turned oil and the switching element SW1 1s kept OFF. After
time t1', the same operation as that after time t1 1s repeated.
A cycle of turning on and off the switching elements SW1
and SW2 1s represented by T1 (switching cycle), the length
of the period during which the switching element SW1 1s
ON 1s represented by T2, and the length of the period during
which the switching element SW2 1s ON 1s represented by
T3.

[Impedance Matching]

The output impedance Zout when the vibration power
generation device 14 1s viewed from the mput terminal Tin
of the voltage conversion circuit 10 via the rectifier circuit
12 (that 1s, the combined impedance of the rectifier circuit 12
and the vibration power generation device 14) 1s adjusted so
as to be substantially a resistance component. Therefore, the
resistance component Re(Zin) of the mput impedance Zin of
the voltage conversion circuit 10 1s matched with the output
impedance Zout of the vibration power generation device
14, and the reactance component Im(Zin) of the input
impedance Zin of the voltage conversion circuit 10 1s
adjusted to be smaller than the resistance component
Re(Zin). This configuration allows the mput impedance Zin
of the voltage conversion circuit 10 to be matched with the
output impedance Zout of the vibration power generation
device 14.

When 1t 1s assumed that C1 1s sufliciently small 1n the
input impedance Zin of Expression 1, Zin=V1/Iin. In the
step-down and 1inversion-type DC-DC converters of FIG. 3A
and FIG. 3C, the mput current Iin 1s the average value of the
current I1. In the step-up DC-DC converter illustrated in
FIG. 3B, the input current Iin 1s the average value of the
currents I1 and 12. Here, the mput current Iin 1s assumed to
be the average value of the current I1. In this case, when 1t
1s assumed that the slope of the current I1 with respect to
time 1s substantially uniform, the mput current Iin 1s a value
obtained by multiplying the average current of the current 11
in the period T2 by T2/T1. When 1t 1s assumed that the
current I1 at time 12 1s 11(z2), the average current of the
current I1 1n the period T2 1s 12xI1(#2). Accordingly, the
input current Iin 1s expressed by Expression 2.

Iin=oxI1(12)xT2/T1 (Expression 2)

Here, when i1t 1s assumed that the inductance of the
inductor LO 1s L, 11(z2)=12xAVL/L. Therelfore, the input
current Iin of Expression 2 becomes Expression 3.

IIn=(T2°xAVLY (2xLxT1) (Expression 3)

When oxC1 of the mput impedance Zin of Expression 1
1s sutliciently smaller than Iin/V1, the mput impedance Zin
1s expressed by Expression 4.

Zin=V1/Tin=Q2xLxT1)/T2xV1/AVL

In the step-down DC-DC converter of FIG. 3A, 1t 1s

assumed that the voltage V2 1s much smaller than the

voltage V1. In the step-up and mversion-type DC-DC con-
verters of FIG. 3B and FIG. 3C, AVL=V1. In these cases, the

input impedance Zin of Expression 4 becomes Expression 5.

(Expression 4)
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Zin=V1/Iin=2xLxT1)/ T2* (Expression 5)

In Expressions 4 and 5, the input impedance Zin does not
depend on the mput current Iin. The cycle T1, the period T2,
and the inductance L of the inductor L0 are appropriately set
so that the mput impedance Zin represented by Expression
4 or Expression 5 1s substantially equal to the output
impedance Zout of the vibration power generation device
14.

In other words, when the mput impedance Zin 1s
expressed by Expression 3, the values of the inductance L of
the inductor L0, the cycle T1, and the period T2 are set so

that the output impedance Zout i1s expressed by Expression
6.

Zout=(2xIxT1)/12° Expression 6
P

The value of the inductance L of the inductor L0 1s set at
the time of design, and the values of the cycle T1 and the
period T2 are retlected 1n parameters for controlling the
ON/OFF timing of the switching elements SW1 and SW2 by
the control circuit 20. Thus, the input impedance Zin of the
voltage conversion circuit 10 can be matched with the output
impedance Zout of the vibration power generation device 14
regardless of the magnitude of the input current Iin.

To match the input impedance Zin with the output imped-
ance Zout, the inductance L, the cycle T1, and the period T2
are preferably set in a range of 0.3x((2xLxT1)/T2%)
<Zout=3x((2xLxT1)/T2%), and more preferably set in a
range of 0.5x((2xLxT1)/T2*)=sZout=1.5x((2xLxT1)/T2%).
Thus, the mput impedance Zin 1s matched with the output
impedance Zout, and the power conversion etliciency 1is
improved.

When the mput current Iin 1s adjusted to be the average
value of the currents I1 and I2 in the step-up DC-DC
converter of FIG. 3B, and when AVL 1s adjusted to be equal
to V1-V2 1 the step-down DC-DC converter of FIG. 3A,
the mput impedance Zin can be set so as not to depend on
the mnput current Iin. Therefore, by appropnately setting
cach value, 1t 1s possible to autonomously match the mput
impedance Zin of the voltage conversion circuit 10 with the
output 1impedance Zout of the vibration power generation
device 14. In the case of the step-up DC-DC converter
illustrated 1n FIG. 3B, the period T3 i1s adjusted to be
substantially constant 1n addition to the period T2.

[Upper Limit of C1]

In Expression 1, when wxCl1 1s larger than Iin/V1, oxC1
interferes with impedance matching even when the input
impedance Zin of Expressions 4 and 5 1s matched with the
output impedance Zout. Therefore, Iin/V1 1s preferably
sulliciently larger than wxC1. That 1s, Expression 7 1s
preferably satisfied.

1/{(wxC1)y>>V1/Iin (Expression 7)

From
satisfied.

Expressions 5 and 7, Expression 8 1s preferably

C1<<(T2%/(2x L))/ (xT1)

From Expression 8, C1<(T2%/(2xL))/(wxT1) is prefer-
able, C1<(T2%/(2xL))/(wxT1)/5 is more preferable, and C1<
(T2%/(2x1))/(wxT1)/10 is further preferable. These configu-
rations facilitate impedance matching between the output
impedance Zout of the vibration power generation device 14

and the mput impedance Zin of the voltage conversion
circuit 10.
[Lower Limit of C1]

In the case that the capacitance C1 of the capacitor C01
1s small, the voltage V1 tends to vary. When the amount of
clectric charge discharged from the capacitor C01 1s repre-

(Expression 8)
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sented by (Q1, the amount of variation 1n the voltage V1 1s
AV1=Q1/C1. The charge amount Q1 1s an electric charge
corresponding to the current I1 in the step-down DC-DC
converter of FIG. 3A and the iversion-type DC-DC con-
verter of FIG. 3C, and 1s an electric charge corresponding to
the currents 11 and 12 1n the step-up DC-DC converter of
FIG. 3B. When it 1s assumed that the charge amount Q1 1s
an e¢lectric charge corresponding to the current I1, the
variation amount AV1 of the voltage V1 1s obtained by
Expression 9.

AV1I=01/C1=Yoxd1(12)xT2/C1 (Expression 9)

The varniation amount AV1 of the voltage V1 1s preferably
sulliciently smaller than the voltage V1. Therefore, when

AV1<<V1 i1s satisfied and 11(#2)=12xAVL/L 1s substituted
into Expression 9, Expression 10 1s obtained.

T2°xAVL/(2xLx1)<<¥V1

When 1t 1s assumed that AVL
the capacitance C1 1s given by

(Expression 10)

=V1, the preferred range of
Expression 11.

C1>>T2%/(2xL Expression 11
P

From Expression 11, C1>T2%/(2xL) is preferable, C1>5x
T2°%/(2xL) is more preferable, and C1>10xT2%/(2xL) is
turther preferable. These configurations can reduce the
variation in the voltage V1.

Setting examples of the cycle T1, the period T2, the
inductance L, and the capacitance C1 will be described.
From Expressions 8 and 11, T1<<1/m). When o=2mx50 Hz,
T1 15 preferably 300 us or less. A fraction of T1 1s appro-
priate to 12, and, for example, 100 us 1s set. L and C1 are
only required to satisfy T2%/2<<LxC1 T2*/(2xT1xw) from
Expressions 8 and 11. For example, when L=100 mH,

C1=150 nF 1s preferable.

First Variation of First Embodiment

A first varniation of the first embodiment 1s an example of
a step-up/step-down DC-DC converter. FIG. 5 1s a circuit
diagram of a power conversion circuit 1 accordance with
the first variation of the first embodiment. As illustrated in
FIG. 5, the power conversion circuit of the first variation of
the first embodiment includes a voltage conversion circuit
10a and a control circuit 20a. One end of the switching
clement SW1 1s coupled to the node N1 and the other end 1s
coupled to a node N3a. One end of the inductor L0 1is
coupled to the node N3a, and the other end 1s coupled to a
node N3b. One end of a switching element SW4 1s coupled
to the node N3b, and the other end 1s coupled to the node N2.
One end of the switching element SW2 1s coupled to the
node N3a, and the other end i1s grounded. One end of a
switching element SW3 1s coupled to the node N3b, and the
other end 1s grounded. The control circuit 20a outputs
control signals S1 to S4 for turning on and off the switching
clements SW1 to SW4, respectively. Other circuit configu-
rations are the same as those in FIG. 3A to FIG. 3C of the
first embodiment, and a description thereot will be omatted.

FIG. 6 illustrates ON and OFF of the switching elements,
currents, and a voltage with respect to time 1n the {first
variation of the first embodiment. In the power generation
system of FIG. 1, the mput current Iin varies from moment
to moment, but i FIG. 6, an example 1n which the input
current Iin increases at a constant rate will be described. As
illustrated 1n FIG. 6, the control circuit 20a performs the
control such that the switching elements SW1 to SW4 are
OFF until time tl1. The currents I1 and 12 are 0. Since the
input current Iin charges the capacitor COL the voltage V1
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gradually increases. At time tl, the control circuit 20q
performs the control such that the switching elements SW1
and SW3 are turned on and the switching elements SW2 and
SW4 are kept OFF. Between time t1 and time t2, the current
I1 gradually increases. Since the capacitor CO01 1s dis-
charged, the voltage V1 gradually decreases.

At time t2, the control circuit 20a performs the control
such that the switching elements SW1 and SW3 are turned
ofl and the switching elements SW2 and SW4 are turned on.
The magnitude of the current 11 immediately before time t2
and the magnitude of the current 12 immediately after time
t2 are substantially the same. Between time t2 and time 3,
the current I1 does not flow, and the current 12 gradually
decreases. Since the input current Iin charges the capacitor
COL the voltage V1 gradually increases. At time t3, the
control circuit 20a performs the control such that the switch-
ing elements SW2 and SW4 are turned off and the switching
clements SW1 and SW3 are kept OFF. The currents 11 and
12 do not flow between time t3 and time t1', and the voltage
V1 gradually increases. Thereafter, at time t1', the switching
clements SW1 and SW3 are turned on.

The switching cycle T1, the period T2 during which the
switching elements SW1 and SW3 are ON, and the period
T3 during which the switching elements SW2 and SW4 are
ON are each substantially constant. As the input current Iin
increases, the peaks of the currents I1 and 12 increase. The
voltage V1 gradually increases while repeating up and
down. The average of the voltage V1 1n each cycle T1 1s
substantially the same as the broken line of ZoutxIin of each
cycle T1. That 1s, Zin=V1/Vin 1s substantially the same as
Zout. As 1s clear from the above, even when the input current
Iin varies, the input impedance Zin can be matched with the
output 1impedance Zout of the vibration power generation
device 14. Therefore, the power conversion efliciency 1s
improved.

In the first embodiment and the variation thereof, as
illustrated in FIG. 3A to FIG. 3C, one end of the inductor 1.0
1s coupled to one end of the capacitor C01 (a first capacitor),
and the other end 1s coupled to one end of the capacitor C02
(a second capacitor) at the node N2 side or the other end of
the capacitor C02 at the ground side. Since at least part of
the input current Iin and the current output from the capaci-
tor C01 flows through the inductor LO as the current I1 (a
first current), magnetic field energy 1s stored 1n the inductor
L.0. The capacitor C02 1s charged by the current 12 (a second
current) induced by the magnetic field energy. The switching
clements SW1 and SW2 are turned on and off at a substan-
tially constant cycle T1, and the period T2 during which the
switching elements SW1 and SW2 are ON 1n one cycle 1s
substantially constant. When the switching element SW1
(the switching elements SW1 and SW3 1n the first variation
of the first embodiment) 1s turned on, the current 11 tlows
through the inductor L0, and when the current 12 flows
through the inductor L0, the switching element SW1 (the
switching elements SW1 and SW3 1n the first variation of
the first embodiment) 1s OFF. Thus, even when the input
current Iin varies, the mput impedance Zin can be made
constant. Therefore, the power conversion efliciency can be
improved. Note that the statement “the cycle T1, the period
12, and the period T3 are substantially constant” allows a
variation ol about £20% or about £10%.

When the capacitance C1 of the capacitor C01 1s large,
Zin 1 Expression 1 deviates from V1/Iin, and 1t becomes
difficult to match the input impedance Zin with the output
impedance Zout of the vibration power generation device

14. Therefore, from Expression 8, configurations such that

C1<(T2°/(2xL))/(wxT1) is satisfied are set. This enables
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autonomous impedance matching. In the vibration power
generation device 14, as illustrated 1n FI1G. 2, since vibration
energy 1s extracted by the wvibrator from environmental
vibrations ol various cycles to generate power, the angular
frequency of the mput current Iin 1s equal to the angular
frequency of the vibrator. In the case that the vibrator 1s a
harmonic vibrator, 1ts resonance frequency can be adjusted
to be w. In the case of an anharmonic vibrator, the angular
frequency corresponding to the largest peak 1n the spectrum
obtained by Fourier series expansion of the input current Iin
1s preferably adjusted to be w. Note that C1>0.

As described above, w 1s an angular frequency corre-
sponding to the vibration frequency of the vibration power
generation device 14. For example, when the vibration
power generation device 14 has a resonance frequency, m 1s
preferably adjusted to be an angular frequency correspond-
ing to the resonance frequency of the vibration power
generation device 14. When there are a plurality of reso-
nance frequencies, i1t 1s preferable to set the angular fre-
quency corresponding to the resonance frequency at which
the mput current Iin 1s largest as w. In the case of an
anharmonic vibrator, the angular frequency corresponding
to the largest peak 1n the spectrum obtained by Fourier series
expansion of the iput current Iin 1s set as . In the case of
using an anharmonic vibrator, for this purpose, the anhar-
monic vibrator i1s vibrated in advance, the iput current Iin
1s measured, and the angular frequency corresponding to the
largest peak obtained from the result of Founer series
expansion 1s set as .

Further, when the vanation of the voltage V1 becomes
large, 1t becomes diflicult to keep the mput impedance Zin
constant. Therefore, from Expression 11, configurations are
set so that C1>T2%/(2xL) is satisfied. This configuration can
reduce the variation 1n the voltage V1.

Although an example in which the current generated by
the vibration power generation device 14 1s input to the input
terminal Tin as the input current Iin has been described, the
voltage conversion circuit 10 or 10a may be used for power
conversion of an energy harvesting device such as a solar
battery or a wind power generator. When direct current
power 1s generated as 1n the case of a solar cell, the rectifier
circuit 12 can be omitted. The amount of power generated by
the energy harvesting device 1s likely to vary, and the input
impedance of the voltage conversion circuit 10 or 10a 1s
likely to vary. By using the voltage conversion circuit 10 or
10a of the first embodiment and the variation thereof for
energy harvesting, the iput impedance of the voltage con-
version circuit 10 or 10a can be matched with the output
impedance of the energy harvesting device. The voltage
conversion circuit 10 or 10q of the first embodiment and the
variation thereof may be used for other purposes.

When the capacitance of the vibration power generation
device 14 1s small as 1n an organic piezoelectric element or
a MEMS element, the primary capacitor C01 1s provided to
stabilize the voltage V1. Therefore, it 1s preferable to set the
range of the capacitance C1 of the capacitor C01 to the range
by Expression 7 and Expression 10. In this case, 1n the case
that the vibration power generation device 14 outputs a
direct current power, the output capacitance of the vibration
power generation device 14 1s smaller than the capacitance
C1. In the case that the vibration power generation device 14
outputs an alternating current power, the output capacitance
of the vibration power generation device 14 via the rectifier

circuit 1s smaller than C1.

Second Embodiment

A second embodiment for solving the second problem
will be described. In the power conversion circuits in
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accordance with the first embodiment and the variation
thereof, the cycle T1 and the period T2 are set to be constant,
and the inductance L and the capacitance C1 are set so as to
satisty Expression 8 and Expression 11. However, when the
inductance L and the capacitance C1 are set so as to satisiy
Expression 8 and Expression 11, the switching frequencies
may become too high and the power consumption may
increase. In the second embodiment below, the cycle T1 and
the period T2 do not have to be constant. Further, 1t 1s not
necessary to set the inductance L and the capacitance C1 so
as to satisly Expression 8 and Expression 11.

The second embodiment 1s an example of a step-down
DC-DC converter. FIG. 7 1s a circuit diagram of a power
conversion circuit in accordance with the second embodi-
ment. As 1illustrated 1n FIG. 7, a comparator 22 outputs a
high level as a voltage Vdc when the voltage V1 1s equal to
or higher than a threshold voltage Vth, and outputs a low
level as the voltage Vdc when the voltage V1 is lower than
the threshold voltage Vth. A Vth setting circuit 24 sets the
threshold voltage Vth based on the value of the imput current
Iin detected by a current detection circuit described later
with reference to FIG. 8. When the voltage Vdc becomes a
high level, a control circuit 205 starts generating the control
signals S1 and S2. This causes a voltage conversion circuit
105 to start the voltage conversion operation. Other circuit
configurations are the same as those 1 FIG. 3A of the first
embodiment, and the description thereof will be omitted.

FIG. 8 1s a circuit diagram 1illustrating the current detec-
tion circuit 1n the second embodiment. As illustrated 1n FIG.
8, an NFET M1 1s connected between the capacitor C01 and
a ground. The source of the NFET M1 1s coupled to a
ground, the drain 1s coupled to a node N4, and the gate 1s
supplied with, for example, 1V as a power supply voltage
VDD. The NFET M1 functions as a shunt resistor. A current
detection circuit 26 includes a plurality of diodes D1 to D8
and comparators 235a to 25¢. The diodes D1 to D8 are
connected 1n series 1 a forward direction between a power
supply terminal, to which the power supply voltage VDD 1s
supplied, and a ground. Nodes N5a to NS¢ are provided at
predetermined locations between the power supply terminal
and the ground. For example, the node N5a 1s located
between the diode D1 and the power supply terminal, the
node N55 15 located between the diodes D4 and DS, and the
node N5c¢ 1s located between the diodes D7 and D8. Input
terminals of the comparators 25a to 25¢ are coupled to the
node N4 and the nodes N3a to N3¢, respectively. Signals Va
to V¢ output from the comparators 25a to 25¢ are output to
the Vth setting circuit 24.

When the mput current Iin flowing from the mput node
Tin to the node N1 flows into the capacitor C01, a current
Im1 flows from the capacitor C01 to the ground via the
NFET M1 1n order to balance the charge amount between
the electrodes of the capacitor C01. If the current flowing
from the capacitor C01 to the voltage conversion circuit 1s
not taken 1nto consideration, the current Im1 1s substantially
equal to the input current Iimn. As the mput current Iin
increases, the potential V4 of the node N4 increases. The
potential V3a of the node N5qa 1s VDD, the potential V3b of
the node N55 1s 34xVDD, and the potential V5¢ of the node
N5c 1s 1 3sxVDD. The potentials V5a to V3¢ can be freely set
according to the power supply voltage, the number of the
diodes D1 to D8, and the positions of the nodes N3a to N3c.
The comparators 25a to 25¢ compare the potential of the
node N4 with the potentials of the nodes N35a to N3c,
respectively. When the potential of the node N4 1s higher
than the potentials of the nodes N5a to N3¢, the comparators
25a to 235¢ output high levels as the signals Va to Vc,
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respectively. When the potential of the node N4 1s lower than
the potentials of the nodes N5a to NS¢, the comparators 254
to 25¢ output low levels as the signals Va to V¢, respectively.

When the input current Iin 1s small and the potential V4
1s lower than the potential V5S¢, the signals Va to V¢ are all
at low level. In this case, the Vth setting circuit 24 sets the
threshold voltage Vth at Vthl that 1s the smallest. When the
input current Iin increases and the potential V4 1s between
the potentials V5S¢ and V55, the signals Va and Vb are at low
level and the signal Vc 1s at high level. In this case, the Vth
setting circuit 24 sets the threshold voltage Vth at Vth2
higher than Vthl. When the 1mnput current Iin increases and
the potential V4 1s between the potentials V55 and V3a, the
signal Va 1s at low level and the signals Vb and Vc¢ are at
high level. In this case, the Vth setting circuit 24 sets the
threshold voltage Vth at Vth3 higher than Vth2. When the
input current Iin increases and the potential V4 1s higher than
the potential V3a, the signals Va to V¢ are all at high level.
In this case, the Vth setting circuit 24 sets the threshold
voltage Vth at Vth4 higher than Vth3.

By using the current detection circuit 26 of FIG. 8, the
threshold voltage Vth can be set on the basis of the input
current Iin. The number of the nodes N5a to N3¢ and the
number of the comparators 25a to 25¢ can be freely set.

FI1G. 9 1llustrates ON and OFF of the switching elements,
currents, and voltages with respect to time in the second
embodiment. An example i which the mput current Iin
increases at a constant rate as illustrated 1n FIG. 9 will be
described. As the iput current Iin increases, the Vth setting
circuit 24 generates higher Vth to set a higher threshold
voltage Vth. The Vth setting circuit 24 sets the threshold
voltage Vth at Vthl when the mput current Iin 1s within the
range of Iinl, sets the threshold voltage Vth at Vth2 when
the iput current Iin 1s within the range of Iin2, and sets the
threshold voltage Vth at Vth3 when the input current Iin 1s
within the range of Iin3. The threshold voltage Vth 1s set so
as to be substantially ZoutxIin.

For example, when the mput current Iin 1s within the
range Iinl, Vthl=Zoutxlin. Similarly, when the mnput current
Iin 1s within the range Iin2, Vth2=~Zoutxlin, and when the
input current Iin 1s within the range Iin3, Vth3=~Zoutxlin.

The Vth setting circuit 24 (a setting circuit) preferably sets
the threshold voltage Vth so that 0.3xZout=Vth/Iin=3xZout
1s satisfied, and more preferably sets the threshold voltage
Vth so that 0.5xZout=Vth/lin<1.5xZout 1s satisfied. Thus,
the input impedance Zin 1s matched with the output imped-
ance Zout, and the power conversion efliciency 1s improved.

Until time t1, the control circuit 206 performs the control
such that the switching elements SW1 and SW2 are OFF.
The currents 11 and 12 are 0. Since the mput current Iin
charges the capacitor CO01, the voltage V1 gradually
increases. When the voltage V1 reaches the threshold volt-
age Vth at time t1, the voltage Vdc becomes a high level.
The control circuit 2056 performs the control such that the
switching element SW1 1s turned on and the switching
clement SW2 1s kept OFF during the period T2 after the
voltage Vdc becomes a high level. The current 11 gradually
increases between time tl and time t2. The voltage V1
gradually decreases.

At time t2, the control circuit 205 performs the control
such that the switching element SW2 1s turned on and the
switching element SW1 i1s turned off. The current I1
becomes (. Between time t2 and time t3, the current 12
gradually decreases and the voltage V1 gradually increases.
At time t3, the control circuit 205 performs the control such
that the switching element SW2 1s turned off and the

switching element SW1 1s kept OFF. Between time t3 and
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time t1', the currents I1 and I2 are 0. The voltage V1
gradually increases. When the voltage V1 becomes equal to
the threshold voltage Vth at time t1', the voltage Vdc
becomes a high level.

When the mput current Iin increases, the threshold volt-

age Vth becomes Vth2, which is larger than Vthl. When the

input current Iin further increases, the threshold voltage Vth
becomes Vth3, which 1s larger than Vth2. Thus, the voltage
V1 increases as the input current Iin increases. By setting the
threshold voltage Vth to be substantially equal to ZoutxlIin,
the voltage V1 becomes substantially equal to ZoutxIin.
Thus, even when the mnput current Iin varies, the input
impedance Zin=V1/Iin can be matched with the output
impedance Zout of the vibration power generation device
14. Therefore, the power conversion efliciency can be
improved.

In the second embodiment, when the mput voltage V1
applied to the mput terminal Tin reaches the threshold
voltage Vth, the voltage conversion circuit 105 starts the
voltage conversion operation of converting the mput voltage
V1 and outputting it to the output terminal Tout as the output
voltage V2. The threshold voltage Vth when the input
current Iin input to the input terminal Tin 1s large 1s higher
than the threshold voltage Vth when the mput current Iin 1s
small. As described above, since the threshold voltage Vth
1s changed as the input current Iin varies, the variation in the
input 1mpedance Zin can be reduced even when the input
current Iin varnies. Therefore, the input impedance Zin can be
matched with the output impedance Zout of the vibration
power generation device 14. Therefore, the power conver-
s1on efliciency can be improved.

By setting the threshold voltage Vth so that 0.3x
Zout=Vth/Iin=3xZout 1s satisfied, the input impedance Zin
can be matched with the output impedance Zout of the
vibration power generation device 14. More preferably,
0.5xZout=Vth/lin=1.5xZout 1s satisfied.

As 1llustrated 1n FIG. 9 of the second embodiment, the
Vth setting circuit 24 sets the threshold voltage Vth on the
basis of the mput current Iin so that the threshold voltage
Vth2 1n the range of Iin2 where the input current Iin 1s large
1s higher than the threshold voltage Vth in the range of Iinl
where the mput current Iin 1s small. The comparator 22 (a
determination circuit) determines whether the input voltage
V1 has reached the threshold voltage Vth. The voltage
conversion circuit 106 starts the voltage conversion opera-
tion on the basis of the output of the comparator 22. Thus,
the mput impedance Zin can be matched with the output
impedance Zout of the vibration power generation device
14. Therefore, the power conversion efliciency can be
improved.

Although a step-down DC-DC converter has been
described as an example of the second embodiment, a
step-up DC-DC converter or an inversion-type DC-DC
converter 1llustrated 1n FIG. 3B and FIG. 3C may be used.
That 1s, 1n the voltage conversion circuit 105, the inductor
.0 has one end coupled to the mnput terminal Tin, and the
other end coupled to one end or the other end of the capacitor
C02 (a second capacitor). Magnetic field energy 1s stored 1n
the inductor LO by at least a part of the input current Iin
flowing through the inductor LO as the current I1 (a first
current), and the capacitor C02 1s charged by the current 12
(a second current) induced by the magnetic field energy.
When the switching element SW1 1s turned on, the current
I1 flows through the inductor L0, and when the current 12
flows through the inductor L0, the switching element SW1
1s OFF.
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When the input voltage V1 reaches the threshold voltage
Vth, the control circuit 206 turns on the switching element

SW1. This starts the voltage conversion operation of the
voltage conversion circuit 10b.

In the second embodiment, an example 1n which the Vth
setting circuit 24 sets the threshold voltage Vth on the basis
of the mnput current Iin has been described, but the Vth
setting circuit 24 may set the threshold voltage Vth on the
basis of information related to the input current Iin. For
example, the amplitude information of the MEMS element
correlates with the output current amount of the MEMS
clement. Therefore, the Vth setting circuit 24 may set the
threshold voltage Vth on the basis of the amplitude infor-
mation of the MEMS eclement. For example, the MEMS
clement may include a main MEMS vibrator that outputs
power as an mput current of the power conversion circuit
and a sensing MEMS vibrator having an amplitude substan-
tially equal to the amplitude of the main MEMS vibrator,
and the output current of the sensing MEMS vibrator may be
converted mto a voltage signal by a shunt resistor or the like
to be used as the amplitude information.

In the first embodiment and the first variation thereot, the
capacitance C1 of the capacitor C01 1s limited. The second
embodiment can be used without limiting the capacitance
C1. In addition, in the second embodiment, since impedance
matching 1s actively performed, impedance matching 1s
casier than i the first embodiment and the first variation
thereol and power conversion efliciency 1s easily improved.
On the other hand, 1n the second embodiment, since the
comparator 22 1s used, the power consumption 1s large, and
in the case that the generated power of the vibration power
generation device 14 1s small (for example, in the case that
generated power 1s 100 nW or less), application may be
difficult. In the first embodiment and the first varnation
thereol, since the comparator 22 does not have to be used,
the power consumption 1s small, and 1t 1s easy to apply the
first embodiment and the first variation thereof to a case 1n
which the generated power of the vibration power genera-
tion device 14 1s small (for example, the case in which the
generated power 1s 100 nW or less).

In the first and second embodiments and the variations
thereol, the vibration power generation device 14 has been
described as an example of the power supply, but the power
supply may be other power generation devices or the like.
The power conversion circuit in accordance with the first
and second embodiments and the variations thereof may be
a single-ended primary inductor converter (SEPIC), a ZETA
circuit, a Cuk circuit, a step-up chopper circuit, or a step-
down chopper circuit.

In the first and second embodiments and the variations
thereot, the switching elements SW1 to SW4 are transistors
such as field effect transistors (FETSs), insulated gate bipolar
transistors (IGBTs), or bipolar transistors. The control sig-
nals S1 to S4 are input to a gate or a base. The control signals
S1 to S4 turn on and ofl the switching elements SW1 to SW4
between the source and the drain or between the emitter and
the collector. The switching elements SW2 and SW4 may be
diodes.

Third Embodiment

A third embodiment 1s an example of a semiconductor
device on which the power conversion circuit of the first and
second embodiments 1s mounted. FIG. 10A 1s a block
diagram of a semiconductor device 1n accordance with the
third embodiment. A semiconductor device 30 includes a
power conversion circuit 32, an mput unit 34, a functional
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circuit 36, and an output unit 38. The semiconductor device
30 1s, for example, a semiconductor chip or a package on
which a semiconductor chip 1s mounted. The power con-
version circuit 32 1s the power conversion circuit according
to the first or second embodiment. The mput unit 34 1s, for
example, a pad provided on the semiconductor chip or a
terminal provided to the package, and 1s supplied with
clectric power from an external device such as a vibration
power generation device. The output unit 38 1s, for example,
a pad provided on the semiconductor chip or a terminal
provided to the package, and supplies the power converted
by the power conversion circuit 32 to an external device. The
functional circuit 36 1s a circuit related to the power con-
version circuit, and includes, for example, at least part of the
following components: the control circuits 20, 20a, or 205
that controls the power conversion circuit, the Vth setting
circuit 24, and the current detection circuit 26.

In the case that the semiconductor device 30 1s a semi-
conductor chip, a transistor constituting a switch of the
power conversion circuit 32, a capacitor, and an inductor are
formed on a semiconductor substrate such as a silicon
substrate. At least part of the following components: a
transistor, a diode, and a passive element constituting the
functional circuit 36 i1s formed on the semiconductor sub-
strate.

In the case that the semiconductor device 30 1s a package
on which a semiconductor chip 1s mounted, in the semicon-
ductor chip, a transistor constituting a switch of the power
conversion circuit 32, and at least part of the following
components: a transistor, a diode, and a passive element
constituting the control circuit 20, 20aq, or 205, the Vth
setting circuit 24, and the current detection circuit 26 as the
functional circuit 36 are formed. At least part of the elements
(for example, an 1inductor and a capacitor), which are not
formed 1n the semiconductor chip, of the power conversion
circuit 32 may be mounted on the package.

First Varniation of Third Embodiment

A first variation of the third embodiment 1s an example of
an electronic device equipped with the power conversion
circuit according to the first and second embodiments. FIG.
10B 1s a block diagram of an electronic device according to
the first vanation of the third embodiment. An electronic
device 40 1s an electronic device that functions by an energy
harvesting device such as a vibration power generation
device, and 1s a street lamp, a display board, or an environ-
mental measurement device such as a rain gauge.

The electronic device 40 includes a power conversion
circuit 42 of the first and second embodiments, an mnput unit
44, a functional unit 46, and a power storage device 48. The
power conversion circuit 42 1s the voltage conversion circuit
10, 104, or 1056 according to the first or second embodiment.
The mnput unit 44 1s, for example, a terminal, and 1s supplied
with electric power from an external device such as a
vibration power generation device. The power storage
device 48 1s, for example, a secondary battery or a capacitor,
and stores the electric power converted by the power con-
version circuit 42. The power converted by the power
conversion circuit 42 or the power stored in the power
storage device 48 1s supplied to the functional unit 46, and
the functional unit 46 exhibits 1ts function.

As 1n the third embodiment, the power conversion circuit
32 may be mounted on the semiconductor device 30. As 1n
the first variation of the third embodiment, the electronic
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device 40 may include the power conversion circuit 42. This
configuration improves the power efliciency of the elec-
tronic device 40.

Although preferred embodiments of the present invention
have been described so far, the present mmvention 1s not
limited to those particular embodiments, and various
changes and modifications may be made to them within the
scope of the mvention claimed herein.

DESCRIPTION OF REFERENCE NUMERALS

10, 10a, 105 voltage conversion circuit

12 rectifier circuit

14 vibration power generation device

20, 20a, 205 control circuit

22 comparator

24 Vth setting circuit

30 semiconductor device

36 functional circuit

40 electronic device

46 functional unit

What 1s claimed 1s:

1. A power conversion circuit comprising;

a voltage conversion circuit that starts a voltage conver-
sion operation when an input voltage applied to an
input terminal reaches a threshold voltage, the voltage
conversion operation converting the input voltage and
outputting a converted mput voltage to an output ter-
minal as an output voltage,

wherein the threshold voltage when an input current input
to the input terminal 1s large 1s higher than the threshold
voltage when the 1nput current 1s small.

2. The power conversion circuit according to claim 1,

turther comprising:

a setting circuit that sets the threshold voltage based on
the input current input to the mput terminal so that the
threshold voltage when the input current 1s large 1s
higher than the threshold voltage when the iput cur-
rent 1s small; and
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a determination circuit that determines whether the
input voltage has reached the threshold voltage,
wherein the power conversion circuit starts the voltage

conversion operation based on an output of the
determination circuit.

3. The power conversion circuit according to claim 1,
wherein the voltage conversion circuit includes:

a capacitor having one end coupled to the output terminal

and another end coupled to a reference potential,

an 1nductor having one end coupled to the mput terminal

and another end coupled to either the one end or the
another end of the capacitor, storing magnetic field
energy when at least a part of the mput current tlows
through the inductor as a first current, and imnducing a
second current by the magnetic field energy, and

a switching element that 1s turned on to cause the first

current to flow through the inductor, and 1s OFF when
the second current flows through the inductor.

4. The power conversion circuit according to claim 3,
turther comprising: a control circuit that turns on the switch-
ing eclement when the mput voltage reaches the threshold
voltage.

5. The power conversion circuit according to claim 1,
wherein 0.3xZout=Vth/Iins3xZout 1s satisfied, where Zout
represents an output impedance of a power supply coupled
to the input terminal, and Vth represents the threshold
voltage when the iput current input to the mput terminal 1s
[1in.

6. A semiconductor device comprising:

the power conversion circuit according to claim 1; and

a Tunctional circuit related to the power conversion cir-

cuit.

7. An electronic device comprising:

the power conversion circuit according to claim 1; and

a functional unit to which power 1s supplied from the
power conversion circuit.
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