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(57) ABSTRACT

A driving apparatus of a vibration-type actuator includes a
driving circuit configured to drive a vibration unit including a
plurality of vibrators, a detection unit configured to detect a
sum of power consumption consumed by the plurality of
vibrators, and a driving frequency setting unit configured to
set a driving frequency within a frequency range depending
on the sum of power consumption detected by the detection
unit.
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FIG. 1
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FIG. 3
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FIG. 5
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DRIVING APPARATUS OF VIBRATION-TYPE
ACTUATOR, METHOD OF CONTROLLING
DRIVING VIBRATION-TYPE ACTUATOR,
AND IMAGE PICKUP APPARATUS

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] An aspect of the present disclosure relates to a driv-
ing apparatus of a vibration-type actuator, a method of con-
trolling driving a vibration-type actuator, and an image
pickup apparatus, and more specifically, to a driving appara-
tus of a vibration-type actuator configured to, for example,
generate a vibration wave in an ultrasonic vibrator thereby
relatively moving a driven element in contact with the ultra-
sonic vibrator by frictional force, a method of controlling
driving such a vibration-type actuator, and an image pickup
apparatus including such a driving apparatus.

[0003] 2. Description of the Related Art

[0004] A camera, a video camera, and other devices are
commercially available which use a vibration-type actuator
configured to apply an AC signal to an electric-mechanical
energy conversion element (hereinafter referred to as an elec-
tromechanical transducer) thereby causing a vibrating ele-
ment to generate a driving force. FIG. 11 illustrates an
example of a basic structure of a vibration-type actuator. That
is, FIG. 11 is a perspective view illustrating an example of a
basic structure of a vibration-type actuator according to a
related technique. As illustrated in FIG. 11, a vibrator of this
vibration-type actuator includes an elastic element 4 made of
arectangular-shaped plate of a metallic material. A piezoelec-
tric element (electromechanical transducer) 5 is bonded to a
back surface of the elastic element 4. A plurality of protruding
parts 6 are formed at particular locations on the upper surface
of'the elastic element 4. In this structure, when an AC voltage
is applied to the piezoelectric element 5, a second-order bend-
ing vibration in a direction along longer sides of the elastic
element 4 and a first-order bending vibration in a direction
along shorter sides of the elastic element 4 occur simulta-
neously, which excites the protruding parts 6 to have elliptic
motion. In this situation, if there is a driven element 7 pressed
into contact with the protruding parts 6, the element 7 is
driven linearly by the elliptic motion of the protruding parts 6.
That is, the protruding parts 6 function as a driving unit of the
vibrator.

[0005] A detailed description of the structure and the drive
principle of the vibration-type actuator of the above-de-
scribed type may be found, for example, in Japanese Patent
Laid-Open No. 2004-320846, and thus a further description
thereof is omitted. Note that the vibrator includes a vibration
generation part including an elastic element and a piezoelec-
tric element bonded together, the vibration-type actuator
includes a driving force generation part that generates a driv-
ing force to move the pressed-into-contact driven element
relatively with respect to the vibrator, and a vibration-type
motor apparatus includes at least one driving force generation
part. By applying the driving force to the driven element, the
driven element is caused to have a rotary or linear motion.
[0006] FIG. 12 illustrates a switching circuit configured to
drive a vibration-type actuator. In FIG. 12, reference numeral
8 denotes one vibrator illustrated in a schematic manner. A
voltage is applied between a VA-phase and a VA'-phase, and
a voltage with a different phase is applied between a VB-
phase and a VB'-phase thereby generating two modes neces-
sary for the driving. The circuit illustrated in FIG. 12 operates
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as described in detail below. The switching circuit is input
with first and second pulse signals A and B. The first pulse
signal A is a pulse signal generated by an oscillator unit (not
illustrated) so as to have a frequency equal to a resonance
frequency of the vibration-type actuator, and the second pulse
signal B is a pulse signal having the same frequency as that of
the first pulse signal A but having a different phase. Note that
the pulse width of each pulse and a phase difference between
the pulse signal A and the pulse signal B are variable. A’
denote a pulse signal with a phase different by 180° from that
of'the pulse signal A, and B' denote a pulse signal with a phase
different by 180° from that of the pulse signal B. The switch-
ing circuit (switching unit), which is surrounded by a broken
line in FIG. 12, is configured switch the motor supply voltage
on and off according to the pulse signals A, B, A', and B'.
More specifically, the motor supply voltage is switched by
switching elements 51 and 52 to generate a voltage pulse VA
that turns on and off between the power supply voltage and a
GND voltage according to timing of A. The generated voltage
pulse VA is applied to one end (A+) of a piezoelectric element
A ofthe vibration-type actuator via an impedance element 41.
Similarly, the motor supply voltage is switched by switching
elements 53 and 54 to generate a voltage pulse VA' that turns
on and off between the power supply voltage and the GND
voltage according to timing of A', and the generated voltage
pulse VA'is applied to the other end (A-) of the piezoelectric
element A of the vibration-type actuator. Similarly, a piezo-
electric element B is driven as follows. That is, the motor
supply voltage is switched by switching elements 55 and 56 to
generate a voltage pulse VB that turns on and off between the
power supply voltage and the GND voltage according to
timing of B, and the generated voltage pulse VB is applied to
one end (B+) of the piezoelectric element B of the vibration-
type actuator via an impedance element 42. Similarly, the
motor supply voltage is switched by switching elements 57
and 58 to generate a voltage pulse VB!' that turns on and off
between the power supply voltage and the GND voltage
according to timing of B', and the generated voltage pulse VB'
is applied to the other end (B-) of the piezoelectric element B
of'the vibration-type actuator. The inductance of each imped-
ance element described above is selected so as to achieve
impedance matching with the vibration-type actuator thereby
allowing it to provide an increased voltage and increased
input power to the vibration-type actuator. The motor power
supply may be, for example, a stabilized power supply, a
battery, or the like.

[0007] FIG. 13 is a graph illustrating a phase difference
between a driving voltage and a detected voltage, a speed, and
electric power as a function of a driving frequency for a case
in which a vibration detecting unit is disposed in a part of the
piezoelectric element of the vibration-type actuator. The
vibration-type actuator may be controlled in terms of speed as
follows. Measurement is performed on the speed of a driven
element (moving element, in this specific case) that is pressed
into contact with the vibration-type actuator and driven by
friction. When the detected speed is lower than a target speed,
the frequency is reduced to increase the speed. Conversely,
when the detected speed is higher than the target speed, the
frequency is increased. The vibration motor generally has a
characteristic that a reduction in driving frequency leads to an
increase in input electric power and output. When a load is
constant, a reduction in frequency causes the speed to
increase. Thus, a necessary output for a particular load is
obtained by determining the motor output such that the target
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speed is obtained and the input electric power does not exceed
the predetermined value. When the load increases beyond an
assumed maximum value, the speed of the motor decreases.
In such a situation, if the frequency is reduced to try to obtain
the target speed, the input electric power may exceed the
preset upper limit of electric power. This vibration-type
actuator also has a characteristic that when the driving fre-
quency is gradually reduced from a value higher than the
resonance frequency, the speed reaches its maximum value
and a large amplitude of vibration occurs at the resonance
frequency. However, if the driving frequency is further
reduced beyond the resonance frequency, an abrupt reduction
in speed occurs. When the load increases beyond the assumed
maximum value, if the speed control algorithm described
above is performed in the frequency range in which the abrupt
reduction in speed occurs, there is a possibility that a continu-
ous reduction occurs in the driving frequency below the reso-
nance frequency, which may result in an increase in input
electric power beyond a necessary value. To avoid the above
situation, the vibration detecting unit may be disposed in a
part of the piezoelectric element and the phase difference
between the driving voltage and the detected voltage may be
monitored such that the reducing of the driving frequency is
stopped before the driving frequency reaches the critical
value beyond which a further reduction in the driving fre-
quency leads to the abrupt reduction in speed.

[0008] FIG. 14 illustrates an example of a structure in
which a plurality of vibrators are disposed in a straight line. A
moving element 7 is pressed into contact with vibrators S1
and S2 such that the moving element 7 is driven in a linear
direction. More specifically, in the example illustrated in FIG.
14, two vibrators are disposed in a linear line to achieve a
thrust twice stronger than is achieved by the structure includ-
ing only one vibrator, thereby making it possible to generate
output greater than is generated by the structure including one
vibrator. Similarly, the thrust may be increased by a factor of
3, 4, or more by providing as many vibrators as the corre-
sponding factor 3, 4, or more. That is, the number of vibrators
may be adjusted depending on the necessary thrust.

SUMMARY OF THE INVENTION

[0009] In the above-described vibration-type motor appa-
ratus using a plurality of vibrators, to drive the vibration-type
motor apparatus with the optimum frequency using the
related technique, the phase difference between the driving
voltage and the voltage of the vibration detecting unit is
detected for each of vibrators. Subsequently, a plurality of
signal processing circuits are necessary, which results in an
increase in a total circuit complexity. To achieve the operation
using only one phase detection unit (detector) and one signal
processing circuit, it may be necessary, for example, to select
a vibrator that exhibits an abrupt reduction in speed at the
highest driving frequency of all vibrators. Hereinafter, such a
driving frequency blow which an abrupt reduction in speed
occurs refers to as a critical driving frequency. Even when it
is possible to identify which one of vibrators has the highest
critical driving frequency, to avoid the abrupt reduction in
speed, it is necessary to have a large margin in operation
conditions taking into account a difference among the vibra-
tors in terms of characteristic of a phase difference between
the driving voltage and the detected voltage.

[0010] Inview of the above, embodiments of the invention
relate to a driving apparatus of a vibration-type actuator
capable of operating within a particular frequency range
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thereby suppressing an abrupt reduction in speed due to an
overload or a difference in characteristic among vibrators, a
method of controlling driving a vibration-type actuator, and
an image pickup apparatus including such a driving appara-
tus.

[0011] According to an embodiment, a driving apparatus of
avibration-type actuator includes a driving circuit configured
to drive a vibration unit including a plurality of vibrators, a
detector configured to detect a sum of power consumption
consumed by the plurality of vibrators, and a driving fre-
quency setting unit configured to set a driving frequency
within a frequency range depending on the sum of power
consumption detected by the detector. According to an
embodiment, a method of controlling driving a vibration-type
actuator includes detecting a sum of power consumption con-
sumed by a plurality of vibrators, and controlling a driving
frequency within a frequency range based on the detected
sum of power consumption.

[0012] Further features of the present invention will
become apparent from the following description of exem-
plary embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 is a diagram illustrating an example of a
structure of a driving apparatus of a vibration-type actuator.
[0014] FIG. 2 is a block diagram illustrating an example of
a configuration of a driving circuit of a vibration-type actua-
tor.

[0015] FIG. 3 is a diagram illustrating a current detection
unit of a control circuit of a vibration-type actuator.

[0016] FIG. 4 is a graph for use in illustrating an algorithm
and indicating electric power and a motor speed as a function
of a driving frequency.

[0017] FIG. 5 is a flow chart illustrating an algorithm of a
method of controlling driving a vibration-type actuator.
[0018] FIG. 6 is a block diagram illustrating an example of
a configuration of a driving circuit of a vibration-type actua-
tor.

[0019] FIG. 7 is a graph for use in illustrating an algorithm
and indicating electric power and a motor speed as a function
of a driving frequency.

[0020] FIG. 8 is a flow chart illustrating an algorithm of a
method of controlling driving a vibration-type actuator.
[0021] FIG. 9 is a graph for use in illustrating an algorithm
and indicating electric power and a motor speed as a function
of a driving frequency.

[0022] FIG. 10 is a flow chart illustrating an algorithm of a
method of controlling driving a vibration-type actuator.
[0023] FIG. 11 is a perspective view illustrating an example
of'a basic structure of a vibration-type actuator according to a
related technique.

[0024] FIG. 12 is a circuit diagram illustrating a switching
circuit configured to drive one vibration-type actuator accord-
ing to a related technique.

[0025] FIG. 13 is a graph for use in illustrating a control
circuit according to a related technique and indicating electric
power and a motor speed as a function of a driving frequency.
[0026] FIG. 14 is a diagram illustrating an example of a
structure of a vibration-type actuator according to a related
technique in which a plurality of vibrators are disposed in a
line.

[0027] FIG. 15 is a diagram illustrating an example of an
application of a vibration-type actuator and a driving circuit
thereof.
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DESCRIPTION OF THE EMBODIMENTS

[0028] The present invention is described below with ref-
erence to embodiments.

First Embodiment

[0029] In a first embodiment, a vibration-type actuator
includes a plurality of vibrators disposed on a circumference
of'acircle thereby to drive a ring-shaped driven element to be
rotated. An example of a driving apparatus configured to drive
such a vibration-type actuator and an example of a method of
controlling driving such a vibration-type actuator are
described below with reference to figures. In the present
embodiment, the driving apparatus of the vibration-type
actuator includes a vibration unit including a plurality of
vibrators each configured to vibrate in response to applying a
voltage to an electromechanical transducer fixed to an elastic
element. The driving apparatus also includes a driven element
that is pressed against the vibrators of the vibration unit such
that the driven element is driven via friction and is moved
relatively with respect to the vibration unit. More specifically,
as illustrated in FIG. 1, three vibrators 1a, 15, and 1c are
disposed at regular angular intervals of 120°. Although in the
present example, it is assumed that the driven element is
rotated, the driven element may be fixed and the vibration unit
may rotate. There is a guide (not illustrated) that limits the
movement of the ring-shaped driven element 2 to the rotation.
By driving the one driven element with a force provided as a
sum of forces given by the three vibrators, it becomes possible
to achieve a thrust three times greater than is provided by a
single vibrator.

[0030] FIG. 2 is a block diagram illustrating an example of
aconfiguration of a driving circuit of the vibration-type actua-
tor according to the present embodiment. In FIG. 2, reference
numeral 14 denotes a vibration-type actuator apparatus
including a plurality of vibrators. Unlike vibration-type
actuator apparatuses according to the related techniques in
which as many switching circuits are provided as there are
vibrators, the present vibration-type actuator apparatus
includes only one switching circuit that provides electric
power to all vibrators via impedance eclements. Reference
numeral 10 denotes a microcomputer unit including a micro-
computer or the like responsible for control. Hereinafter, the
total unit 10 including the microcomputer will be referred to
simply as the microcomputer unit 10. Reference numeral 11
denotes an oscillator unit configured to generate a first pulse
signal A and a second pulse signal B according to a command
value issued by the microcomputer unit 10 such that the first
pulse signal A has a frequency equal to the resonance fre-
quency of the vibrator, and the second pulse signal B has a
frequency equal to that of the first pulse signal A but having a
different phase. Note that the pulse width of each pulse and a
phase difference between the pulse signal A and the pulse
signal B are variable. A' and B' respectively denote pulse
signals with phases different by 180° from those of the pulse
signal A and the pulse signal B. According to a command
issued by the microcomputer unit 10, the driving frequency,
the phase difference between A and B, the pulse widths of the
respective pulses A and B, and other parameters are deter-
mined, and the pulse signals A, B, A', and B' are output.
Reference numeral 12 denotes a switching circuit (driving
circuit) configured to switch a power supply voltage on and
off according to pulse signals A, B, A", and B' illustrated in
FIG. 12. More specifically, voltage pulses VA, VB, VA, and
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VB! are generated according to the pulse signals A, B, A", and
B' and applied to the motor. Note that the voltage pulses VA
and VB are respectively applied to a terminal A+ and a ter-
minal B+ of the piezoelectric element of the vibrator via
impedance elements, while the voltage pulses VA'and VB' are
respectively applied directly to a terminal A- and a terminal
B- of the piezoelectric element.

[0031] The impedance elements are circuit eclements
adapted to provide proper impedance matching with the
piezoelectric elements of the vibrator such that voltages are
increased to values that allows more electric power to be
supplied to the piezoelectric elements. Reference numeral 16
denotes a DC power supply such as a stabilized power supply,
a battery, or the like. To drive a plurality of vibrators, instead
of'providing as many switching circuits as there are vibrators,
the embodiment illustrated in FIG. 1 provides only one
switching circuit whose output is split and applied to the
respective vibrators. The voltages VA and VB are applied to
the vibrators via impedance elements. More specifically, in
the present embodiment, there are three vibrators, and the VA
signal is split into three signals 1-VA, 2-VA, and 3-VA which
are respectively applied to a terminal 1-A+ of a piezoelectric
element 1a, a terminal 2-A+ of a piezoelectric element 15,
and a terminal 3-A+ of a piezoelectric element 1c¢ via respec-
tive impedance elements 21,23, and 25. The VA' signal is also
split into three signals 1-VA', 2-VA!, and 3-VA' which are
respectively applied to a terminal 1-A- of the piezoelectric
element 1a, a terminal 2-A- of the piezoelectric element 15,
and a terminal 3-A- of the piezoelectric element 1c¢. Simi-
larly, the VB signal is split into three signals 1-VB, 2-VB, and
3-VB which are respectively applied to a terminal 1-B+ ofthe
piezoelectric element 1a, a terminal 2-B+ of the piezoelectric
element 15, and a terminal 3-B+ of the piezoelectric element
1c viarespective impedance elements 22, 24, and 26. The VB!
signal is also split into three signals 1-VB', 2-VB', and 3-VB'
which are respectively applied to a terminal 1-B- of the
piezoelectric element 1a, a terminal 2-B- of the piezoelectric
element 15, and a terminal 3-B- of the piezoelectric element
1c.

[0032] Reference numeral 15 denotes a position detection
unit (detector) configured to detect a rotational position of a
rotation unit including, for example, a photointerupter and a
slit plate. The position and speed information of the rotation
unit obtained as a result of the detection performed by the
position detection unit 15 are transferred to the microcom-
puter unit 10, and microcomputer unit control the motor
according to the position and speed information of the rota-
tion unit. Reference numeral 17 denotes an electric power
detection unit serving as a unit to detect the sum of power
consumption consumed by the plurality of vibrators and the
driving circuit. More specifically, when the vibration-type
motor apparatus is driven by the switching circuit 12, the total
electric power applied to the three vibrators is detected, and a
detected value thereof is sent to the microcomputer unit 10.
Note that the detected electric power is given by the product
of a voltage and a current, and thus, if the power supply
voltage is constant, the value of the electric power may be
detected by monitoring only the current value. In the present
example, the single driving circuit is used to drive the plural-
ity of vibrators, and thus the electric power detection unit 17
detects the sum of power consumption consumed by the
driving circuit. Note that the electric power detection unit
may be configured in other manners as long as the electric
power detection unit is capable of detecting the sum of power
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consumption consumed by the plurality of vibrators. For
example, in a case where driving circuits are provided sepa-
rately for the respective vibrators, the electric power detection
unit may be configured to detect the sum of power consump-
tion of these driving circuits.

[0033] FIG. 3 is a diagram illustrating details of the current
detection circuit serving as the electric power detection unit
described above. Reference numeral 31 denotes a shunt resis-
tor for converting a current into a voltage. Reference numeral
32 denotes a differential amplifier that detects the voltage
across the shunt resistor. Note that the voltage value is pro-
portional to an output lout of the differential amplifier 32. The
output voltage lout is input to the microcomputer unit 10 via
an analog-to-digital converter or the like. Reference numeral
33 denotes an impedance element, and reference numerals 34
and 35 denote capacitors. These elements 33 to 35 as a whole
form a noise removal filter. The provision of the noise
removal filter makes it possible to obtain a clean current
waveform, which allows the differential amplifier to output a
signal with low noise. Note that the noise removal filter may
be unnecessary depending on a situation. For example, when
the input to the current detection circuit includes low noise,
the noise removal filter may be unnecessary. As described
above, the three vibrators are driven by the circuit configured
in the above-described manner, and the sum of currents flow-
ing through the vibrators is detected by the current detection
circuit 17.

[0034] FIG. 4 is a graph for use in illustrating an algorithm
and indicating electric power and a motor speed as a function
of'the driving frequency. FIG. 5 is a flow chart illustrating an
algorithm according to the present embodiment. Referring to
FIG. 4 and FIG. 5, an operation according to the present
embodiment is described below. When the motor is started,
the microcomputer unit 10 sets the frequency fs to be low
enough, and controls the operation such that an AC voltage is
started to be applied to the vibrators (F-11, F-12). Next, the
current position is detected using the speed detection unit
(F-13). A value obtained as aresult ofthe PID operation based
on the position deviation is set as a PID control frequency
(f_dr1). (F-14). The PID control frequency is output to the
oscillator unit 11 (F-15). Next, the sum of electric power of
the three vibrators is detected using the electric power detec-
tion circuit 17 (F-16). In FIG. 4, power of M1, power of M2,
and power of M3 denote electric power of the three respective
vibrators. In this example, as illustrated in FIG. 4, it is
assumed that there is a difference in electric power character-
istic among the three vibrators due to a change in resonance
frequency or the like among the vibrators. Such a difference
in frequency characteristic may actually occur due to produc-
tion errors, pressure errors, positioning errors, and the like. In
FIG. 4, a curve (4) illustrates the sum of electric power as a
function of frequency. P_Lim indicates a value below that the
electric power characteristic of M1, M2, and M3 does not
encounter a reduction in electric power characteristic. Note
that the electric power of M1, the electric power of M2, and
the electric power of M3 are illustrated in FIG. 4 for providing
better understanding of the effects of the present embodi-
ment, but what is actually detected is only the sum of electric
power. The microcomputer unit 10 determines whether the
detected value of the electric power is greater or smaller than
the preset value P_Lim (F-17).

[0035] Inacasewhereitis determined that detected electric
power PizP_Lim, if the frequency of the driving voltage is
further reduced from the current value, the result is an
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increase in electric power. Therefore, the microcomputer unit
(driving frequency setting unit) 10 sets the driving frequency
to be fixed at the current value or to a higher value (that is, a
value equal to the current value plus o) (F-18). Ina case where
the driving frequency is fixed at a value obtained at a moment
when the detected electric power Pi exceeds P_Lim, then
there is a possibility that the electric power overshoots, which
may cause the detected electric power Pi to be further
increased above P_Lim. To handle such a situation, the fre-
quency may be set to be higher by a than the above-described
critical frequency so that Pi=zP_ILim does not occur even when
an overshoot occurs. Alternatively, the driving frequency set-
ting unit 10 repeatedly sets the driving frequency to be lower
than the previously detected driving frequency until the
detected electric power Pi becomes equal to P_Lim. By per-
forming the process from F-16 to F-18, it becomes possible to
prevent the sum of electric power from exceeding a particular
(predetermined) value. Furthermore, because the value of
P_Lim is set to be lower than a critical value of electric power
corresponding to a frequency below which an abrupt reduc-
tion in speed occurs as described above, the process from
F-16 to F-18 makes it possible to suppress the abrupt reduc-
tion in the driving speed thereby ensuring that the driving is
performed within a predetermined range of frequency. On the
other hand, in a case where the detected electric power is
smaller than P_Lim, the control frequency f_dr1 is setto f_dr,
and the driving is performed. The position is then detected,
and a determination is performed as to whether a target posi-
tion has been reached (F-19, F-20). In a case where the target
position is not reached, the processing flow returns to F-14 to
repeat the controlling of the motor. When the target position is
reached, the motor is stopped (F-21).

[0036] In the present embodiment, as described above, the
sum of electric power of the three vibrators is detected as a
function of the frequency, and the frequency is controlled
such that the electric power does not exceed the predeter-
mined limit P_Lim thereby preventing the electric power
from becoming too large. Furthermore, it becomes possible to
control the driving frequency not to go within a frequency
range in which an abrupt reduction in speed occurs. The limit
of'the electric power P_Lim may be set in advance to a value
that allows any of the three vibrator not to have too large input
electric power taking into account difference in resonance
frequency among the three vibrators. Although three vibra-
tors are provided in the present embodiment, the embodiment
may be applied to any plural number of vibrators.

Second Embodiment

[0037] Next, with reference to FIG. 6, a description is given
below as to another example of a driving apparatus of a
vibration-type actuator and a method of controlling driving a
vibration-type actuator according to a second embodiment.
FIG. 6 is a block diagram illustrating an example of a con-
figuration of a driving circuit of a vibration-type actuator
according to the second embodiment. In the first embodiment
described above, the wiring is split between the switching
circuit and the impedance elements before the three vibrators.
In contrast, in the second embodiment, the wiring is split
between the impedance elements 21 and 22 and the vibrators.
In the case where the wiring is split between the switching
circuit and the impedance elements as is the case in the first
embodiment, even when the resonance frequency is different
among the vibrators and when one the vibrators has a reduc-
tion in speed, the other vibrators remain in a normal state. In
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contrast, in the case where the wiring is split between the
impedance elements 21 and 22 and the vibrators as is the case
in the second embodiment, when the driving frequency of one
of the vibrators becomes lower than its resonance frequency,
a change may occur in impedance characteristic, which may
lead to a change in a voltage applied to the other vibrators.
One of method to handle this situation is to provide an imped-
ance element individually to each vibrator (six impedance
elements are provided in total). In the second embodiment, to
handle this situation, frequencies are controlled so as to sup-
press a change in electric power characteristic such that vibra-
tors have no reduction in performance even in the configura-
tion there are only two impedance elements which are shared
in operation.

[0038] FIG. 7 is a graph indicating a speed and electric
power as a function of frequency. Referring to FIG. 7, a
control algorithm according to the present embodiment is
described below. In the present embodiment, the lower limit
of the driving frequency is determined based on the rate of
change (gradient) of the sum of electric power with respect to
the driving frequency. FIG. 8 is a flow chart illustrating an
algorithm according to the present embodiment. Referring to
FIG. 7 and FIG. 8, an operation according to the present
embodiment is described below. In FIG. 7, as in FIG. 4
according to the first embodiment, electric power is also
plotted for individual vibrators although only the total electric
power is detected and individual electric power is not detected
actually. Inthe example illustrated in FIG. 7, it is assumed that
differences in resonance frequency among the vibrators are
greater than those in the first embodiment, and thus there are
greater changes in frequencies at which the respective vibra-
tors have their maximum electric power.

[0039] Inthe algorithm illustrated in FIG. 8, operations are
similar to those according to the first embodiment except for
F-16 to F-18. When the operation is started, the driving fre-
quency is set to a high frequency fs (F-11, F-20). In the
present embodiment, as in the first embodiment, the driving
frequency setting unit performs an iterative operation in
which the control frequency (driving frequency) is decre-
mented via the speed control process until the target speed is
reached while monitoring the gradient of the sum of electric
power (the rate of change of the sum of the electric power)
with respect to the control frequency (F-13 to F-20). In the
operation described above, a determination is performed as to
whether the gradient of the detected electric power (the rate of
change of the detected electric power with respect to the
control frequency) is greater or smaller than a predetermined
value K_Lim (F-22, F-23). When the rate of change of the
detected electric power with respect to the frequency is equal
to or greater than K_Lim, if the driving frequency is set to a
further lower value, an increase in electric power occurs and
the frequency falls within a range in which an abrupt reduc-
tion occurs in speed of the vibration motor. To avoid such a
situation, the driving frequency is fixed or set to a higher
frequency (equal to the current frequency plus ) (F-24). If
the driving frequency is set to value at which the rate of
change of the detected electric power with respect to the
frequency crosses the value of K_Lim, then there is a possi-
bility that an overshoot or the like occurs, which may cause a
further increase in the rate of change of the detected electric
power with respect to the frequency beyond the value of
K_Lim. To avoid such a situation, the frequency may be set to
be higher by o than the current value as described above. The
shifting value oo may be set such that the rate of change of the
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detected electric power with respect to the frequency does not
exceed the value K_Lim even when an overshoot or the like
occurs. As long as the driving frequency is maintained in a
range in which the rate of change of the detected electric
power with respect to the frequency does not exceed the value
K_Lim, the driving frequency f_dr is repeatedly controlled to
be equal to the control frequency f_drl in the speed control
loop, and thus the speed control operation is repeatedly per-
formed in the normal mode until a command to stop the motor
is issued. When the target position is reached, the motor is
stopped (F-21).

Third Embodiment

[0040] In a third embodiment described below, the sign of
the rate of change of the sum of detected power consumption
with respect to the frequency is detected, and the driving
frequency is controlled such that the driving frequency is not
lower than the frequency at which the above-described sign
changed from a negative value to a positive value, and at the
starting, the frequency is set to a starting value at which the
rate of change ofthe sum of detected power consumption with
the respect to the frequency tends to increase, and the fre-
quency is swept to a value at which the driving speed and the
power consumption increase. FIG. 9 is a graph indicating a
speed, electric power, the sum of electric power, a rate of
change of the sum of electric power, a sign of the rate of
change as a function of a frequency. Referring to FIG. 9, a
control algorithm acceding to the present embodiment is
described below. In the present embodiment, the sign of the
rate of change of the sum of electric power is calculated, and
the lower limit of the driving frequency is determined based
on this sign. In the case where the operation frequency s
determined based on the value of the rate of change ofthe sum
of electric power as is the case in the second embodiment, it
is necessary to determine the limit K_Lim in advance. In
contrast, in the present embodiment, the sign of the rate of
change of the sum of electric power is detected, and thus it is
not necessary to perform the measurement to set the value
K_Lim, which allows the algorithm to be simplified. Note
that the value of K is the rate of change of the sum of electric
power as in the case of the second embodiment, the value of
F indicates the sign of the sum of electric power. When the
value of F is Hi, the rate of change of the sum of electric power
is positive, while when the value of F is Lo, the rate of change
of the sum of electric power is negative.

[0041] FIG. 10 is a flow chart illustrating an algorithm
according to the present embodiment. Referring to FIG. 9 and
FIG. 10, an operation according to the present embodiment is
described below. In FIG. 9, as in FIG. 4 according to the first
embodiment, electric power is also plotted for individual
vibrators although only the sum of electric power is detected
and individual electric power is not detected actually. In the
algorithm illustrated in FIG. 10, operations are similar to
those according to the second embodiment except for F-25 to
F-27. When the operation is started, the driving frequency is
set to a high frequency fs (F-11, F-12). The sign of the rate of
change (gradient) of the sum of electric power with respect to
the frequency is monitored while changing the control fre-
quency (driving frequency) in the speed control operation in
a similar manner to that of the first embodiment. The driving
frequency setting unit repeatedly reduces the frequency as
long as the sign is positive. In this operation, the sign of the
rate of change (gradient) of the sum of electric power with
respect to the frequency (F-25). When the sign of the rate of
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change (gradient) of the sum of electric power with respect to
the frequency becomes negative, it is regarded that the electric
power of some vibration motor has started to decrease (the
driving frequency has become lower than the resonance fre-
quency), and a further reduction in the driving frequency is
stopped or the driving frequency is increased by a (F-27). As
may be seen from FIG. 9, in the present embodiment, if the
driving frequency is reduced lower than the value at which the
sign of the rate of change (gradient) of the sum of electric
power with respect to the frequency transits from positive to
negative, then there is a possibility that the driving frequency
goes into a range in which an abrupt reduction in motor speed,
which may cause the vibration motor to stop. In this fre-
quency range, a further reduction in driving frequency does
notleadto an increase in the speed of the vibration motor, and
thus the speed control loop does not work, that is, it becomes
impossible to control the speed. However, when the rate of
change of the detected electric power with respect to the
frequency is within a range below K_Lim, the speed control
loop works well such that the driving frequency f_dr is repeat-
edly controlled to be equal to the control frequency f_drl via
the speed control loop, and thus the speed control is per-
formed normally until a command to stop the motor is issued.
When the target position is reached, the motor is stopped
(F-21).

[0042] As described above, the vibration motor including
the plurality of vibrator may be driven such that the sum of
electric power is detected, and the driving frequency is deter-
mined based on the value of electric power, the rate of change,
and the sign of the rate of change. This ensures that the
vibration motor is driven in a frequency range within which
the desired performance is obtained regardless of whether the
vibrators have different characteristics. A vibration-type
motor including a plurality of vibrators capable of driving a
driven element has an advantage that it is small in size and
may be easily installed. Because of its advantages, the vibra-
tion-type motor is used in a wide variety of apparatuses such
as a camera, a video camera, and so on. In such a vibration-
type motor, use of the detected sum of electric power in
controlling driving of a plurality of vibrators makes it pos-
sible to realize a driving circuit having a simple configuration
and being capable of stably driving the vibration-type motor.

Fourth Embodiment

[0043] In a fourth embodiment, as described below with
reference to FIG. 15, a vibration-type actuator driven by a
driving apparatus according to one of the previous embodi-
ments is applied to an image pickup apparatus such as a
camera or the like. FIG. 15 conceptually illustrates a top view
of an image pickup apparatus including a driving apparatus
and a vibration-type actuator according to the present
embodiment. In FIG. 15, an image pickup apparatus 80
includes a main camera body 83 and a lens barrel 87. The
main camera body 83 includes a power switch button 81 and
an image sensor 82. The lens barrel 87 includes lenses 84, a
base 85, and a vibration-type actuator 86. A lens other than the
lenses 84 is disposed firmly on the base 85, and this lens is
moved by the vibration-type actuator via the base. The lens
barrel 87 may be interchangeable such that an optimum inter-
changeable lens barrel may be attached to main camera body
83 depending on a seen whose image is to be captured. The
vibration-type actuator 86 may be driven using a driving
apparatus according to one of first to third embodiments
described above.
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[0044] In the example illustrated in FIG. 15, the lenses are
moved by the vibration-type actuator. Alternatively, the
vibration-type actuator may be disposed in the main camera
body such that an image sensor is moved by the vibration-
type actuator. Note that the application of the vibration-type
actuator driven by the driving apparatus according to one the
embodiments is not limited to the example described above,
but may be used, for example, to drive a wide variety of stages
such as a state of a microscope or the like. The stage may be
configured such that it is movable by the vibration-type actua-
tor driven by the driving apparatus according to one of the
embodiments.

[0045] While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.
[0046] This application claims the benefit of Japanese
Patent Application No. 2012-257877 filed Nov. 26, 2012,
which is hereby incorporated by reference herein in its
entirety.

1. A driving apparatus of a vibration-type actuator, com-
prising:

a driving circuit configured to drive a vibration unit includ-

ing a plurality of vibrators;

a detector configured to detect a sum of power consump-

tion consumed by the plurality of vibrators; and

a driving frequency setting unit configured to set a driving

frequency within a frequency range based on the sum of
power consumption detected by the detector.

2. The driving apparatus of the vibration-type actuator
according to claim 1, wherein the driving frequency setting
unit sets the driving frequency such that in a case where the
sum of power consumption detected by the detector is greater
than a value, the driving frequency is fixed or the driving
frequency is set to a value greater than a frequency at which
the sum of power consumption increases across the value.

3. The driving apparatus of the vibration-type actuator
according to claim 1, wherein the driving frequency setting
unit sets the driving frequency such that in a case where a rate
of change of the sum of power consumption detected by the
detector with respect to the driving frequency is greater than
avalue, the driving frequency is fixed or set to a value greater
than a frequency at which the rate of change increases across
the value.

4. The driving apparatus of the vibration-type actuator
according to claim 3, wherein the driving frequency setting
unit sets the driving frequency such that in a case where a sign
of the rate of change of the sum of power consumption
detected by the detector with respect to the driving frequency
changes from positive to negative, the driving frequency is
fixed or the driving frequency is set to a value greater than a
frequency at which the sign of the rate of change changes
from positive to negative.

5. The driving apparatus of the vibration-type actuator
according to claim 3, wherein the driving frequency setting
unit sets a start frequency to a value at which the rate of
change of the sum of power consumption detected by the
detector with respect to the driving frequency increases, and
the driving frequency setting unit sweeps the driving fre-
quency to a value at which a driving speed and the power
consumption increase.



US 2014/0145649 Al

6. The driving apparatus of the vibration-type actuator
according to claim 1, wherein the driving frequency setting
unit sets a frequency of a driving signal within the frequency
range to suppress an abrupt reduction in the driving speed or
an increase in electric power beyond a value.

7. The driving apparatus of the vibration-type actuator
according to claim 1, wherein the detector that detects the
sum of power consumption consumed by the plurality of
vibrators is an unit configured to detect power consumption of
the driving circuit.

8. The driving apparatus of the vibration-type actuator
according to claim 1, wherein the driving frequency setting
unit sets the driving frequency to be less than a previous value
of the driving frequency in response to detecting the sum of
power consumption by the detector until the sum of power
consumption detected by the detector exceeds a value.

9. The driving apparatus of the vibration-type actuator
according to claim 1, wherein the driving frequency setting
unit sets the driving frequency to be less than a previous value
of the driving frequency in response to detecting a rate of
change of the sum of power consumption by the detector with
respect to the driving frequency until the rate of change of the
sum of power consumption detected by the detector exceeds
a value.

10. The driving apparatus of the vibration-type actuator
according to claim 1, wherein the vibration-type actuator
comprising:

a vibration unit including a plurality of vibrators each
including an electromechanical transducer and each
configured to vibrate in response to an application of a
voltage, and

a driven element pressed against the plurality of vibrators
such that the driven element is driven via friction and the
driven element moves relatively with respect to the
vibration unit.

11. An image pickup apparatus comprising:

a vibration-type actuator; and

the driving apparatus of the vibration-type actuator accord-
ing to claim 1.

12. A method of controlling driving of a vibration-type

actuator, comprising:

detecting a sum of power consumption consumed by a
plurality of vibrators; and

controlling a driving frequency within a frequency range
based on the detected sum of power consumption.

13. The method of controlling driving of the vibration-type
actuator according to claim 12, wherein the controlling of the
driving frequency includes, in a case where the detected sum
of power consumption is greater than a value, fixing the
driving frequency or controlling the driving frequency to be
greater than a frequency of a driving voltage at which the sum
of power consumption increases across the value.

14. The method of controlling driving of the vibration-type
actuator according to claim 12, wherein the controlling of the
driving frequency includes, in a case where a rate of change of
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the detected sum of power consumption with respect to the
driving frequency is greater than a value, fixing the driving
frequency or controlling the driving frequency to be greater
than a frequency of a driving voltage at which the rate of
change of the sum of power consumption increases across the
value.

15. The method of controlling driving of the vibration-type
actuator according to claim 12, wherein the controlling of the
driving frequency includes, in a case where a sign of the rate
of change of the detected sum of power consumption with
respect to the driving frequency changes from positive to
negative, fixing the driving frequency or controlling the driv-
ing frequency to be greater than a frequency of a driving
voltage at which the sign of the rate of change changes from
positive to negative.

16. The method of controlling driving of the vibration-type
actuator according to claim 12, wherein the controlling of the
driving frequency comprising:

setting a start frequency to a value at which a rate of change
of the detected sum of power consumption with respect
to the driving frequency increases, and

sweeping the driving frequency to a value at which a driv-
ing speed and the power consumption increase.

17. The method of controlling driving of the vibration-type
actuator according to claim 12, wherein the controlling of the
driving frequency includes setting a frequency of a driving
signal within the frequency range to suppress an abrupt reduc-
tion in a driving speed or an increase in electric power beyond
a value.

18. The method of controlling driving of the vibration-type
actuator according to claim 12, wherein the detecting of the
sum of power consumption consumed by the plurality of
vibrators includes detecting power consumption of a driving
circuit.

19. The method of controlling driving of the vibration-type
actuator according to claim 12, wherein the controlling of the
driving frequency includes controlling the driving frequency
to be less than a previous value of the driving frequency until
the detected sum of power consumption exceeds a value.

20. The method of controlling driving of the vibration-type
actuator according to claim 12, wherein the controlling of the
driving frequency includes controlling the driving frequency
to be less than a previous value of the driving frequency until
a rate of change of the detected sum of power consumption
with respect to the driving frequency exceeds a value.

21. The method of controlling driving of the vibration-type
actuator according to claim 12, wherein the vibration-type
actuator comprising:

a vibration unit including a plurality of vibrators each
including an electromechanical transducer and each
configured to vibrate in response to an application of a
voltage to the electromechanical transducer, and

adriven element pressed against the plurality of vibrator so
as to be driven via friction.
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