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CONVERTING MECHANICAL VIBRATIONAL ENERGY INTO ELECTRICAL
ENERGY

The present invention relates to an electromechanical generator for converting
mechanical vibrational energy into electrical energy and to a method of converting
mechanical vibrational energy into electrical energy. In particular, the present invention
relates to such a device which is a miniature generator capable of converting ambient
vibration energy into electrical energy for use, for example, in powering intelligent
sensor systems. Such a system can be used in inaccessible areas where wires cannot be

practically attached to provide power or transmit sensor data.

There is currently an increasing level of research activity in the area of alternative power
sources for micro electrical mechanical systems (MEMS) devices, such devices being
described in the art as being used for ‘energy harvesting’ and as ‘parasitic power
sources’. Such power sources are currently being investigated for powering wireless

SENnsors.

It is known to use an electromechanical generator for harvesting useful electrical power
from ambient vibrations. A typical magnet-coil generator consists of a spring-mass
combination attached to a magnet or coil in such a manner that when the system vibrates,
a coil cuts through the flux formed by a magnetic core. The mass which is moved when
vibrated is mounted on a cantilever beam. The beam can either be connected to the

magnetic core, with the coil fixed relative to an enclosure for the device, or vice versa.

For example, WO-A-2005/022726 discloses an electromechanical generator for
harvesting useful electrical power from ambient vibrations having various coil/magnet

configurations, in particular incorporated into a multilayer device.

In a paper entitled “Architecture for vibration-driven micropower generators”, by
Mitcheson et al, published in the Journal of Micromechanical Systems, Vol. 13, No. 3,
June 2004, pp. 335-342, various electromechanical generators are disclosed. In

particular, a velocity-damped resonant generator (VDRG) is disclosed which consists of
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a damper for extracting energy from a mass-spring system. Such a damper may consist,
for example, of a magnet-coil generator, such as the combination of two magnets
mounted on a keeper to form a C-shaped core with a coil placed in the air-gap between
the magnets at right angles to the direction of movement of the mass on a cantilever

beam.

The authors identify a damping factor for determining the maximum power obtainable
from the velocity-damped resonant generator. In particular, the authors provide a
calculation for the optimal damping factor at which maximum power is obtained. The
optimal damping factor is calculated using the resonant frequency of the velocity-

s

damped resonant generator.

While this pribr disclosure produced a useful mechanism for designing a theoretical
electromechanical generator, when an electromechanical generator is used in a practical
application, it is not possible accurately to predict the resonant frequency or the optimal
damping factor. The electromechanical generator is designed and set up for what is
believed to be the likely operating conditions. However, there is no guarantee that the
practical operating conditions correspond to the theoretical ideal used to set up the
electromechanical generator for the specific application. In practice, an
electromechanical generator is set up to be operable across a narrow range of likely
operating conditions, in particular with the damping factor being set up so that the power
output is within a range encompassing the optimal power output. However, it is very
unlikely that the actual power output is optimised for the specific application.
Consequently, the electromechanical generator would not operate at maximum efficiency

of the conversion of mechanical vibration energy into electrical energy, and thereby into

useful electrical power.

Also, the frequency of ambient vibration may change during operation. The known

electromechanical generator may not be able to operate at maximum efficiency as a

result of such a change.

In a different art, US-A-2004/0041315 discloses a vibration damping device,

incorporating an energy converter in conjunction with a mass-spring damper system, for
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particular use in aircraft, such as a helicopter. A control circuit can vary the damping
between two extremes. Using a flight computer, the control circuit takes up a first control
value when the aircraft is in steady flight and a second control value when the aircraft is
in a heading-changing state. This disclosure does mnot-relate to electromechanical

generators for harvesting useful electrical power from ambient vibrations.

Accordingly, there is still a need to enhance the efficiency of the conversion of
mechanical vibration energy into electrical energy, and thereby into useful electrical

power.

The present invention aims to provide an improved electromechanical generator for
converting mechanical vibrational energy into electrical energy which can operate more

efficiently than known devices in practical use.

The present invention also aims to provide an improved method for operating an
electromechanical generator for converting mechanical vibrational energy into electrical
energy which can provide more efficient energy conversion than the use of known

devices in practical use.

The present invention accordingly provides an electromechanical generator comprising
an electromechanical device for converting mechanical vibrational energy into electrical
energy, the electromechanical device being a velocity damped resonator having a
damping coefficient and a resonant frequency, a power detector for detecting the output
electrical power from the electromechanical device, a controller, and a damping
coefficient adjuster for adjusting the damping coefficient of the electromechanical
device, the controller being arranged to control the damping coefficient adjuster in

response to the output electrical power detected by the power detector.

Preferably, the damping coefficient adjuster is preset to default to a preset first damping

coefficient.
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More preferably, the damping coefficient adjuster is preset to default to the preset first
damping coefficient upon detection of output electrical power above a preset threshold

value by the power detector.

Preferably, the damping coefficient adjuster is adapted to reduce the damping coefficient
from the preset first damping coefficient under control of the controller after the power

detector has detected a maximum power output at a resonant frequency.

Optionally, the damping coefficient adjuster is preset to default to a preset second
damping coefficient, higher than the first damping coefficient, in the absence of the

detection of output electrical power above a preset threshold value by the power detector.

In the preferred embodiment, the electromechanical generator further comprises a
resonant frequency adjuster for adjusting the resonant frequency of the
electromechanical device, the controller being arranged to control the resonant frequency

adjuster in response to the output electrical power detected by the power detector.
Preferably, the resonant frequency adjuster is preset to default to-a preset first frequency.

More preferably, the resonant frequency adjuster is preset to default to the preset first

frequency upon detection of output electrical power above a preset threshold value by the

power detector.

Preferably, the resonant frequency adjuster is adapted to change the frequency from the
preset first frequency under control of the controller at a particular damping coefficient,
the frequency being changed until a maximum power output has been detected by the

power detector.
The frequency is typically increased, but it may be reduced in some applications.
Optionally, the resonant frequency adjuster is preset to default to a preset second

frequency, different from the first frequency, in the absence of the detection of output

electrical power above a preset threshold value by the power detector.
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Typically, the preset second frequency is higher than the preset first frequency.

Preferably, the resonator of the electromechanical device has a spring constant and the

resonant frequency adjuster is adapted to control the resonant frequency by adjusting the

spring constant.

The electromechanical generator may further comprise a power circuit, driven by the

output electrical power, for driving the controller.

The electromechanical generator may further comprise a comparator in the controller for

determining the maximum output power from the electromechanical device.

Preferably, the controller is adapted periodically to control the damping coefficient

adjuster.

Preferably, the controller is adapted periodically also to control the resonant frequency

adjuster.

More preferably, the controller is adapted periodically to control the resonant frequency
adjuster to accommodate any changes in ambient frequency of vibration of the

electromechanical generator.

The electromechanical device may be adapted to convert mechanical power to electrical

power via an electromagnetic coupling or via a piezoelectric coupling.

The present invention further provides a method of converting mechanical vibrational
energy into electrical energy using an electromechanical generator, the method
comprising the steps of: providing an electromechanical device comprising a velocity
damped resonator having a damping coefficient and a resonant frequency; vibrating the
electromechanical device; detecting the output electrical power from the
electromechanical device; and adjusting the damping coefficient of the

electromechanical device in response to the detected output electrical power.
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The method may further comprise the step of presetting the damping coefficient to a
preset first damping coefficient.

Preferably, the damping coefficient is preset to the preset first damping coefficient upon

detection of output electrical power above a preset threshold value.

The method may further comprise the step of reducing the damping coefficient from the
preset first damping coefficient after detection of a maximum power output at a resonant

frequency.

The method may further comprise the step of presetting the damping coefficient to preset
second damping coefficient, higher than the first damping coefficient, in the absence of

the detection of output electrical power above a preset threshold value.

‘The method may further comprise the step of adjusting the resonant frequency of the

electromechanical device in response to the detected output electrical power.

The method may further comprise the step of presetting the resonant frequency to a first
frequency.

Preferably, the resonant frequency is preset to the first frequency upon detection of

output electrical power above a preset threshold value.

Preferably, the frequency is changed from the preset first frequency at a particular
damping coefficient, the frequency being changed until a maximum power output has
been detected.

The frequency is typically increased, but it may be reduced in some applications.
Preferably, the resonant frequency is preset to a preset second frequency, different from

the first frequency, in the absence of the detection of output electrical power above a

preset threshold value.
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Typically, the preset second frequency is higher than the preset first frequency.

Preferably, the steps of detecting the output electrical power from the electromechanical
device; and adjusting the damping coefficient of the electromechanical device in
response to the detected output electrical power are periodically repeated continually to

control the damping coefficient.

More preferably, the frequency is also periodically changed.

More preferably, the frequency is periodically changed to accommodate any changes in

ambient frequency of vibration of the electromechanical generator.

Preferably, the electromechanical device is adapted to convert mechanical power to

electrical power via an electromagnetic coupling or via a piezoelectric coupling.

The present invention yet further provides a method of converting mechanical vibrational
energy into electrical energy using an electromechanical generator, the method
comprising the steps of: providing an electromechanical device comprising a velocity
damped resonator having a damping coefficient and a resonant frequency; presetting the
damping coefficient to a preset first damping coefficient; presetting the resonant
frequency to a preset first frequency; vibrating the electromechanical device; detecting
the output electrical power from the electromechanical device; changing the resonant
frequency of the electromechanical device from the preset first frequency until a
maximum output electrical power is detected at the preset first damping coefficient, the
resonant frequency being changed to a final resonant frequency; and reducing, at the
final resonant frequency, the damping coefficient of the electromechanical device from
the preset first damping coefficient until a maximum output electrical power is detected

at the final resonant frequency.

Typically, the final resonant frequency is higher than the preset first frequency, but it

may be lower in some applications.



WO 2006/109037 PCT/GB2006/001304

Preferably, the steps of detecting the output electrical power from the electromechanical
device; changing the resonant frequency of the electromechanical device from the preset
first frequency until a maximum output electrical power is detected at the preset first
damping coefficient, the resonant frequency being changed to a final resonant frequency;
and reducing, at the final resonant frequency, the damping coefficient of the
electromechanical device from the preset first damping coefficient until a maximum
output electrical power is detected at the final resonant frequency are periodically -

repeated continually to control the damping coefficient and the resonant frequency.

More preferably, the frequency is periodically changed to accommodate any changes in

ambient frequency of vibration of the electromechanical generator.

Embodiments of the present invention will now be described by way of example only

with reference to the accompanying drawings, in which:

Figure 1 is a schematic side elevation of an electromechanical device for converting
mechanical vibrational energy into electrical energy for use in an electromechanical

generator in accordance with an embodiment of the present invention;

Figure 2 is graph showing the relationship between power output and frequency for a
series of three different damping coefficients for the electromechanical device of Figure
1;

Figure 3 is a schematic block diagram of an electromechanical generator in accordance
with a first embodiment of the present invention, which incorporates the

electromechanical device of Figure 1;

Figure 4 is a schematic flow diagram showing an embodiment of the method of

operating the electromechanical generator of Figure 3;

Figure 5 is graph showing the relationship between power output and frequency for a
series of two different damping coefficients for the electromechanical generator of

Figure 3; and
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Figure 6 is a schematic flow diagram showing a further embodiment of the method of

operating the electromechanical generator of Figure 3.

Figure 1 shows an electromechanical device 2 for converting mechanical vibrational
energy into electrical energy for use in accordance with an embodiment of the present
invention. The electromechanical device 2 uses a resonant mass-spring arrangement 4
mounted within an enclosure 6. The resonant mass-spring arrangement 4 comprises an
inertial mass 8 mounted to an internal wall 10 of the enclosure 6 by a spring 12 and a

damper 14, the spring 12 and damper 14 being in a parallel configuration.

If the enclosure 6 is subject to a source of external vibration that causes it to move along
the direction A-A, then the inertial mass 8 may move relative to the enclosure 6, also
along the direction A-A. In doing so, the length of the spring 12 is changed, either being

compressed or extended, and work is done against the damper 14.

In Figure 1, for simplicity the damper 14 is shown schematically as a piston and cylinder
arrangement. However, as known to persons skilled in the art, the damper 14 comprises
an assembly capable of generating an electrical current when the two parts thereof are
subjected to relative movement. The mechanical power may be converted to electrical
power via an electromagnetic coupling or via a piezoelectric coupling. Typically, the
“piston” which as arranged to be translationally movable comprises an electrical coil and
the “cylinder” which is arranged to be static comprises a magnetic assembly that
generates a region of magnetic flux within which the electrical coil is disposed.
However, an opposite configuration may be employed. Movement of the electrical coil
within the magnetic flux causes an electrical current to be induced in the electrical coil

which can be used as a source of electrical power for driving an external device (not

shown).

The present invention utilizes electromechanical devices which are resonant generators
known in the art as “velocity-damped” where all of the work done by the movement of
the inertial mass 8 relative to the enclosure 6 is proportional to the instantaneous velocity

of that movement. Inevitably, a portion of that work is absorbed overcoming unwanted
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mechanical or electrical losses, but the remainder of the work may be used to generate an
electrical current via a suitable transduction mechanism, such as the electrical
coil/magnetic assembly described above. The dynamic optimization of the mass-spring
and transduction mechanisms to optimally generate electrical power is one purpose of

the present invention.

Velocity-damped resonant generators have a well known characteristic response when
excited by mechanical vibration in the direction A-A. The amplitude, Z;, of the relative
motion of thé mass, m, with respect to the enclosure is a function of the angular
frequency, f, and the amplitude, ¥), of a sinusoidal vibratory motion; and the spring

constant %, and damping coefficient c:

ZO= f2 . y;) (1)

The power dissipated in the damper may be shown to be:

p=l ficz? 2
2

Substituting (1) into (2) gives:

P = /2 f YZ

E-)4E
m m

Therefore, the power dissipated in the damper, and accordingly the electrical power that

€)

can be potentially harvested as a result of the mechanical vibration, depends on, inter

alia, the damping coefficient and the frequency of vibration.
Figure 2 shows a plot of an example of the relationship between the power dissipated in

a damper and frequency at three different damping coefficients; ¢ = 0.005 Nsm?, ¢ =
0.04 Nsm™ and ¢ = 0.1 Nsm™. In this example the mass-spring system has been

10
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designed to operate at resonant frequency (f) in the region of 50Hz by using a mass (m)

of 1 gram and a spring constant (k) of 98.7Nm. The vibration amplitude (¥p) is 1mm.

Figure 2 clearly shows that the power dissipated (and hence the power available for
extraction) is optimized with a different selection of the damping coefficient depending
upon the vibration frequency. A more complex analysis shows this still to be the case if
the parasitic damping caused by mechanical drag, etc. is taken into account. Figure 2
shows that at a relatively low damping coefficient (¢ = 0.005 Nsm™) the maximum
power output is high and that as the damping coefficient is increased (to ¢ = 0.04 Nsm™
and then to ¢ = 0.1 Nsm™) the maximum power output is progressively decreased.
However, as the maximum power output increases, the peak of the vibration power

spectrum becomes progressively narrower.

In most practical situations a vibration energy-harvesting device is required to extract as
much power from its environment as possible. Figure 2 shows that this can only be
achieved with prior knowledge of the vibration power spectrum. Therefore, in the prior
art it has been known to design an electromechanical generator so as theoretically to
obtain maximum power output by tuning the damping factor by minimizing it (assuming
the other parameters are constant). There are two problems with this known technical
approach. First, often it will be found that the vibration power spectrum will in fact vary
over time. This may be due to many reasons which include a change in a load driven by
the source of the vibration or a change in structure stiffness due to material aging or
fatigue. Hence it is not always possible‘ to have enough prior knowledge of the vibration
in order to optimize the power extraction over a useful design lifetime. Second, when
used in a practical application the actual vibration conditions, in particular the frequency,
may not correspond to the theoretical conditions employed to select the damping
coefficient. As Figure.2 shows, at high power output the vibration power spectrum
becomes progressively narrower, and therefore more sensitive to variations in useful

power output with frequency.

The present invention is predicated on the recognition by the inventors that if the
resonant frequency of the device is fixed, then variable damping may be used to optimize

power. Figure 2 shows that if the resonant frequency were adjustable, then power would

11
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be optimized by shifting the resonant frequency of the device to coincide with the peak
of the vibration power spectrum. In particular,”the inventors have recognized that in
order to optimize the power extracted when insufficient prior knowledge is available on
the operating conditions of the vibration energy-harvesting device, it should be possible
to be able dynamically to change the response of the device. Accordingly, an ability to
tune the device in damping coefficient, and preferably modify the resonant frequency, is
all that is required to optimize the power output. In addition, if the frequency of ambient
vibration changes during the operational lifetime of the electromagnetic generator, the
response of the device can be changed to accommodate the frequency change, and
thereby the electromagnetic generator would be able to operate at maximum efficiency

despite the frequency change.

Figure 3 is a schematic block diagram of an electromechanical generator 20 in

accordance with a first embodiment of the present invention.

The electromechanical generator 20 comprises the electromechanical device 2 for
converting mechanical vibrational energy into electrical energy as described above with
reference to Figure 1. However, a damping coefficient adjuster 22 and a resonant
frequency adjuster 24 are additionally provided. The structure and operation of such a
damping coefficient adjuster 22 and such a resonant frequency adjuster 24 will be
apparent to those skilled in the art (see for example the paper entitled “Architecture for
vibration-driven micropower generators”, by Mitcheson et al, discussed above). The
damping coefficient is changed by altering the load impedance connected to the
resonator device. For example the damping coefficient may be adjusted by varying the
current permitted to flow through the coil, e.g. by varying the electrical resistance of the
circuit containing the coil. The resonant frequency is changed by altering the resonator.
The resonant frequency may be adjusted by varying the vibrational characteristics of the
spring (for example using a piezoelectric element affixed thereto thereby to vary the
spring constant k, by resistive heating or by changing the cross-section of the spring by
applying a force). The resonant frequency may alternatively be adjusted by varying the
inertial mass, for example by changed by altering the dimensions of the resonator or by
changing an applied reactive load. .In the illustrated embodiment, the resonant frequency

adjuster 24 is adapted to vary the spring constant k.

12
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The damping coefficient adjuster 22 is adapted to be able to store a preset or default
value of a damping coefficient c. Correspondingly, the resonant frequency adjuster 24 is
adapted to be able to store a preset or default value of a spring constant k, cotresponding
to a low resonant frequency. The damping coefficient adjuster 22 and the resonant
frequency adjuster 24 are adapted to be able to use the preset or default value as a
starting value for the respective parameter on initial start up of the electromechanical
generator when it is subjected to vibration. Correspondingly, when the vibration stops,
and no power is generated, the default value is stored and thereafter used again as a

starting value in a subsequent power generation cycle when vibration commences again.

The default value of the frequency depends on the particular electromechanical generator
and its application. Typically, the default frequency value may be 50Hz or 60hz, for
example. This is because many devices vibrate at a frequency near to the frequency of

mains AC power (50 or 60 Hz).

The electromechanical device 2 has a power output line 26 connected to a power circuit
28. The power output line 26 outputs any electrical current generated by the
electromechanical device 2, and for example is connected to a coil arranged to be moved
by the mechanical vibrational motion within the magnetic flux created by a magnet
assembly. The power circuit 28 is connected to a power sensor 30 on a power output line
32 (or alternatively has an integral power sensor). The power sensor 30 is connected by
a power sensing signal line 34 to a microprocessor controller 36. A power line 38
connects the power circuit 28 to the microprocessor controller 36 to provide sufficient
electrical power to drive the microprocessor controller 36. The microprocessor controller
36 has two output control lines, a first control line 40 connected to the damping
coefficient adjuster 22 for controlling the damping coefficient and a second control line
42 connected to the resonant frequency adjuster 24 for controlling the resonant
frequency. An output line 44 from the power sensor 30 provides electrical power to
drive an external device (not shown). The microprocessor controller 36 includes a

comparator 46 to determine whether the output power on power sensing signal line 34 is

at a maximum

13
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One preferred method of the operation of the electromechanical generator of Figure 3 is
now described with reference to Figure 4 which shows a schematic flow diagram
showing an embodiment of the method of operating the electromechanical generator of
Figure 3 and Figure 5 which shows the relationship between power output and frequency
for a series of two different damping coefficients for the electromechanical generator of

Figure 3.

Initially, the damping coefficient adjuster 22 is preset in step 50 to a default value of a
high damping coefficient c. The default value ¢ (init.) is preset so as to be sufficient, in
conjunction with the remaining parameters of the device, to permit the output power to
dﬁve the control circuitry of the electromechanical generator, in particular the
microprocessor controller 36, yet insufficient to permit the output power to be optimized
or even a useful output power harvested from the mechanical vibration for driving an
external device (not shown). Also, initially, the resonant frequency adjuster 24 is preset
in step 50 to a default value of a low spring constant k, corresponding to a low resonant
frequency. The default value k (init.) is preset so that the default frequency f (init.) is
remote from the design resonant frequency of the device, and preferably lower than the
design resonant frequency. Again, the default value of the spring constant is selected to
permit the output power at that default value to be sufficient to drive the control circuitry
of the electromechanical generator, in particular the microprocessor controller 36, yet
insufficient to permit the output power to be optimized or even a useful output power
harvested from the mechanical vibration for driving an external device (not shown). For
example, referring to Figure 5, the default damping coefficient value c (init.) and the
default frequency f (init.), corresponding to the default spring constant value k (init.), are

initially preset.

Therefore, the damping coefficient is at its highest value and the resonant frequency is at
its lowest value either when no control power is applied by the power circuit 28 to drive
the microprocessor controller 36 or when the microprocessor controller 36 is first driven

into operation by the harvested power on power line 38 for the microprocessor controller
36.

14
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After vibration has commenced, and the electrical current generated by the
electromechanical device 2 provides sufficient electrical power to drive the
microprocessor controller 36, the microprocessor controller 36 operates to modify the

electromechanical device 2 so as to maximize the output power on line 44.

The resonant frequency adjuster 24 is adjusted in step 52 to modify the frequency by
varying the spring constant k. The output power is sensed by the power sensor 30 in step
54. A comparison step 56 is made by comparator 46 to determine whether the output
power is at a maximum. If not, a feedback control loop 58 is performed so that the
frequency is progressively adjusted so as to achieve, at a frequency f (final), maximum

output power at the default value c (init.) of the damping coefficient (see Figure 5).

If yes, then the damping coefficient adjuster 22 is adjusted in step 60. The output power
is sensed by the power sensor 30 in step 62. A comparison step 64 is made by
comparator 46 to determine whether the output power is at a maximum. If not, a
feedback control loop 66 is performed so that the damping coefficient is progressively
adjusted, i.e. reduced, so as to achieve maximum output power at the frequency w (final),
of the damping coefficient. If yes, the damping coefficient and spring constant are set in
step 68. This achieves the peak maximum output power at a frequency f (final) and at a

damping coefficient ¢ (min.) both different from the initial preset values.

Finally, the peak maximum output power is maintained over time during the operational
lifetime of the electromechanical generator using a feedback control loop 68 which
periodically determines whether the maximum output power is being generated and

adjusts, if necessary one or both of the frequency £, by varying the spring constant k, and
the damping factor c.

In the illustrated embodiment the final resonant frequency is higher than the preset first
frequency and the frequency is increased in step 52. However, in alternative
embodiments the final resonant frequency is lower than the preset first frequency and the

frequency is reduced in step 52.

15
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The system may additionally be configured to default to a high damping coefficient and
high resonant frequency in the absence of any vibration or significant vibration to
generate sufficient power to operate the control circuitry, in particular the
microprocessor controller 36. When the required minimum power is generated and
detected, the default values of a high damping coefficient ¢ and a low spring constant k

(corresponding to low frequency f) may be preset, as shown in step 50.

In alternative methods of operating the electromechanical generator, other routines may
be employed to maximize the output power starting from a highly damped initial

configuration on commencement of vibration.

For example, as shown in Figure 6, on commencement of the control routine after-
initiation of vibration to generate sufficient electrical power too drive the control
circuitry, in a first step 80 the power output is measured. In a second step 82 a small
change (increment or decrement) is made to the frequency (e.g. by modifying the spring
constant k). In a next step 84, the power output is again measured. In a further step 86,
it is determined whether the power output had increased or decreased. If the power
output has decreased, a step 88 is performed to change the frequency in the opposite
direction to the previous change and at double the amount. If the power output has
increased, a small change (increment or decrement) is made to the damping coefficient ¢
in step 90. In a next step 92, the power output is again measured. In a further step 94, it
is determined whether the power output had increased or decreased. If the power output
has decreased, a step 96 is performed to change the damping coefficient ¢ in the opposite
direction to the previous change and at double the amount. The routine then returns to
step 82.

This cycle of steps may be repeated periodically and indefinitely to maintain maximum
power output at the given vibration conditions at the relevant point in the useful lifetime

of the electromechanical generator.

If the frequency of ambient vibration changes during the operational lifetime of the

electromagnetic generator, the response of the device can be changed to accommodate
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the frequency change, and thereby the eleciromagnetic generator would be able to

operate at maximum efficiency despite the frequency change.

Other control routines and algorithms for their operation will be apparent to those skilled

in the art for maintaining a maximum power output of the electromechanical generator.
The following Comparative Examples and Example of practical use, referring to Figure
2, demonstrates the advantages of the use of tunable damping and frequency in

accordance with the embodiments of the present invention.

Comparative Example 1

An energy harvesting device not in accordance with the present invention is constructed
with a fixed damping coefficient of ¢=0.005Nsm™, referring to Figure 2, so as to be able
to produce a maximum peak output power. However, the vibration frequency range for
achieving the maximum peak output power is very narrow. If the vibration frequency
changes over time, or is different in practice from the intended value upon which the

design was based, then the output power is significantly reduced, and may even not be a

useful output power.

Comparative Example 2

An energy harvesting device not in accordance with the present invention is constructed
with a fixed damping coefficient of c=0.005Nsm™, referring to Figure 2, so as to be able
to produce a maximum peak output power and connected to control circuitry. The
circuitry is designed in such a way that if the device produces more than 10mW of
electrical power then it can tune the resonant frequency of the device by means of an
actuator. In this way the resonance can be aligned with the vibration source and high
power output can be achieved. Figure 2 shows that (ignoring all parasitic losses for sake
of clarity) the circuitry will start up if the vibration frequency is between 46.8Hz and
54.8Hz. However, if the vibration starts outside of this range, say at 70Hz, then the

device will not operate (making the reasonable assumption that the device has no energy

store).
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Example. 1

An energy harvesting device in accordance with the present invention is constructed with
a variable damping coefficient and connected to control circuitry. The circuitry is
designed in such a way that if the device produces more than 10mW of eléctrical power
then it can tune the resonant frequency of the device by means of an actuator and can
tune the damping coefficient. Initially, the damping coefficient is set at ¢=0.1Nsm™,
permitting an allowable start-up frequency range of from 41.6Hz and extending to much
higher frequencies for producing the required 10mW output. Nevertheless, once tuned
the device would produce relatively low output power. Therefore the damping
coefficient can be reduced to ¢=0.005Nsm™ so as to be able to produce a maximum peak
output power with the resonance aligned with the vibration source. Therefore, it is clear
that optimum power output can reliably be achieved by utilizing the ability to tune both
resonant frequency and damping coefficient. In accordance with the invention, a system
with the dual ability to tune both resonant frequency and damping coefficient can be
designed such that optimum power output can be achieved under a far wider range of
real world operating conditions. Such a system would default to a high damping
coefficient and low resonant frequency when the circuit received too little power to
operate. When the vibration source resumed, the system would tune the resonant
frequency while keeping the damping coefficient high and then reduce the damping

coefficient to maximize power after successfully tuning.
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CLAIMS:

1. An electromechanical generator comprising an electromechanical device for
converting mechanical vibrational energy into electrical energy, the electromechanical
device being a velocity damped resonator having a damping coefficient and a resonant
frequency, a power detector for detecting the output electrical power from the
electromechanical device, a controller, and a damping coefficient adjuster for adjusting
the damping coefficient of the electromechanical device, the controller being arranged to
control the damping coefficient adjuster in response to the output electrical power

detected by the power detector.

2. An electromechanical generator according to claim 1 wherein the damping

coefficient adjuster is preset to default to a preset first damping coefficient.

3. An electromechanical generator according to claim 2 wherein the damping
coefficient adjuster is preset to default to the preset first damping coefficient upon

detection of output electrical power above a preset threshold value by the power detector.

4. An electromechanical generator according to claim 2 or claim 3 wherein the
damping coefficient adjuster is adapted to reduce the damping coefficient from the preset
first damping coefficient under control of the controller after the power detector has

detected a maximum power output at a resonant frequency.

5. An electromechanical generator according to any one of claims 2 to 4 wherein the
damping coefficient adjuster is preset to default to a preset second damping coefficient,
higher than the first damping coefficient, in the absence of the detection of output

electrical power above a preset threshold value by the power detector.

6. An electromechanical generator according to any foregoing claim further
comprising a resonant frequency adjuster for adjusting the resonant frequency of the
electromechanical device, the controller being arranged to control the resonant frequency

adjuster in response to the output electrical power detected by the power detector.
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7. . An electromechanical generator according to claim 6 wherein the resonant

frequency adjuster is preset to default to a preset first frequency.

8. An electromechanical generator according to claim 7 wherein the resonant
frequency adjuster is preset to default to the preset first frequency upon detection of

output electrical power above a preset threshold value by the power detector.

9. An electromechanical generator according to claim 7 or claim 8 wherein the
resonant frequency adjuster is adapted to change the frequency from the preset first
frequency under control of the controller at a particular damping coefficient, the
frequency being changed until a maximum power output has been detected by the power

detector.

10.  An electromechanical generator according to any one of claims 6 to 9 wherein the
resonant frequency adjuster is preset to default to a preset second frequency, different
from the first frequency, in the absence of the detection of output electrical power above

a preset threshold value by the power detector.

11.  An electromechanical generator according to any one of claims 6 to 10 wherein
the resonator of the electromechanical device has a spring constant and the resonant
frequency adjuster is adapted to control the resonant frequency by adjusting the spring

constant.

12. An electromechanical generator according to any foregoing claim further
comprising a power circuit, driven by the output electrical power, for driving the

controller.

13.  An electromechanical generator according to any foregoing claim further
comprising a comparator in the controller for determining the maximum output power

from the electromechanical device.

14. - An electromechanical generator according to any foregoing claim wherein the

controller is adapted periodically to control the damping coefficient adjuster.
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15.  An electromechanical generator according to claim 14 when appendant on any
one of claims 6 to 11 wherein the controller is adapted periodically to control the

resonant frequency adjuster.

16.  An electromechanical generator according to claim 15 wherein the controller is
adapted periodically to control the resonant frequency adjuster to accommeodate any

changes in ambient frequency of vibration of the electromechanical generator.

17.  An electromechanical generator according to any foregoing claim wherein the
electromechanical device is adapted to convert mechanical power to electrical power via

an electromagnetic coupling.

18.  An electromechanical generator according to any one of claims 1 to 16 wherein
the electromecharnical device is adapted to convert mechanical power to electrical power

via a piezoelectric coupling.

19. A method of converting mechanical vibrational energy into electrical energy
using an electromechanical generator, the method comprising the steps of:

providing an electromechanical device comprising a velocity damped resonator
having a damping coefficient and a resonant frequency;

vibrating the electromechanical device;

detecting the output electrical power from the electromechanical device; and

adjusting the damping coefficient of the electromechanical device in response to

the detected output electrical power.

20. A method according to claim 19 further comprising the step of presetting the

damping coefficient to a preset first damping coefficient.

21. A method according to claim 19 wherein the damping coefficient is preset to the

preset first damping coefficient upon detection of output electrical power above a preset
threshold value.
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22. A method according to claim 20 or claim 21 further comprising the step of
reducing the damping coefficient from the preset first damping coefficient after detection

of a maximum power output at a resonant frequency.

23 . A method according to any one of claims 20 to 22 further comprising the step of
presetting the damping coefficient to preset second damping coefficient, higher than the
first damping coefficient, in the absence of the detection of output electrical power above

a preset threshold value.

24. A method according to any one of claims 19 to 23 further comprising the step of
adjusting the resonant frequency of the electromechanical device in response to the

detected output electrical power.

25. A method according to claim 24 further comprising the step of presetting the

resonant frequency to a first frequency.

26. A method according to claim 25 wherein the resonant frequency is preset to the

first frequency upon detection of output electrical power above a preset threshold value.

27. A method according to claim 25 or claim 26 wherein the frequency is changed
from the preset first frequency at a particular damping coefficient, the frequency being

changed until a maximum power output has been detected.

28 A method according to any one of claims 24 to 27 wherein the resonant
frequency is preset to a preset second frequency, different from the first frequency, in the

absence of the detection of output electrical power above a preset threshold value.

29. A method according to any one of claims 19 to 28 wherein the steps of detecting
the output electrical power from the electromechanical device; and adjusting the
damping coefficient of the electromechanical device in response to the detected output

electrical power are periodically repeated continually to control the damping coefficient.
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30. A method according to claim 29 when appendant on claim 27 or claim 28

wherein the frequency is periodically changed.

31. . A method according to claim 30 wherein the frequency is periodically changed to
accommodate any changes in ambient frequency of vibration of the electromechanical

generator.

32. A method according to any one of claims 19 to 31 wherein the electromechanical
device is adapted to convert mechanical power to electrical power via an electromagnetic

coupling.

33. A‘method according to any one of claims 19 to 32 wherein the electromechanical
~device is adapted to convert mechanical power to electrical power via a piezoelectric

coupling.

34. A method of converting mechanical vibrational energy into electrical energy
using an electromechanical generator, the method comprising the steps of:

providing an electromechanical device comprising a velocity damped resonator
having a damping coefficient and a resonant frequency;

presetting the damping coefficient to a preset first damping coefficient;

presetting the resonant frequency to a preset first frequency;

vibrating the electromechanical device;

detecting the output electrical power from the electromechanical device;

changing the resonant frequency of the electromechanical device from the preset
first frequency until a maximum output electrical power is detected at the preset first
damping coefficient, the resonant frequency being changed to a final resonant frequency;
and

reducing, at the final resonant frequency, the damping coefficient of the
electromechanical device from the preset first damping coefficient until a maximum

output electrical power is detected at the final resonant frequency .
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35. A method according to claim 34 wherein the damping coefficient is preset to the
preset first damping coefficient upon detection of output electrical power above a preset

threshold value.

~ 36. A method according to claims 34 or claim 35 further comprising the step of
presetting the damping coefficient to a preset second damping coefficient, higher than
the first damping coefficient, in the absence of the detection of output electrical power

above a preset threshold value.

37. A method according to any one of claims 34 to 36 wherein the resonant
frequency of the electromechanical device is increased from the preset first frequency to

the final resonant frequency.

38. A method according to any one of claims 34 to 37 wherein the resonant
frequency is preset to the preset first frequency upon detection of output electrical power

above a preset threshold value.

39. A method according to any one of claims 34 to 38 wherein the resonant
frequency is preset to a preset second frequency, higher than the first frequency, in the

absence of the detection of output electrical power above a preset threshold value.

40. A method according to any one of claims 34 to 39 wherein the steps of detecting
the output electrical power from the electromechanical device; changing the resonant
frequency of the electromechanical device from the preset first frequency until a
maximum output electrical power is detected at the preset first damping coefficient, the
resonant frequency being changed to a final resonant frequency ; and reducing, at the
final resonant frequency, the damping coefficient of the electromechanical device from
the preset first damping coefficient until a maximum output electrical power is detected
at the final resonant frequency are periodically repeated continually to control the

damping coefficient and the resonant frequency.
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41.  Amethod according to claim 40 wherein the frequency is periodically changed to
accommodate any changes in ambient frequency of vibration of the electromechanical

generator.

42. A method according to any one of claims 34 to 41 wherein the electromechanical
_ device is adapted to convert mechanical power to electrical power via an electromagnetic

coupling.

43. A method according to any one of claims 34 to 42 electromechanical device
wherein the electromechanical device is adapted to convert mechanical power to

electrical power via a piezoelectric coupling.

44.  An electromechanical generator substantially as hereinbefore described with

reference to the accompanying drawings.
45. A method of converting mechanical vibrational energy into electrical energy

using an electromechanical generator substantially as hereinbefore described with

reference to the accompanying drawings.

25



WO 2006/109037 PCT/GB2006/001304

175

A
l
1
= i
& |
= \
5 I\
E 01 'i \‘\ N
© i \
h HE T =k =0.100Nsm™!
c ~ = =
— v -, \ Y = e ey I O g gy g = g I
B Wi \ Ny
E /,/ / \ o~ ] n
2 S \ U S S P I I
8 0.01 == ‘ C=0.040Nsm"
© AN
fu V4 N
) , / N\
= / ~ 1
5 V ~ =0.005Nsm"
0.001
40 50 60 70 80 90 100

Frequency of Vibration (Hz)

FIG. 2

SUBSTITUTE SHEET (RULE 26)



WO 2006/109037 PCT/GB2006/001304

215

20

N
e

Y

N

co
S

A

(o

o

~ 38 ~— 34
22 | | 24
42 Y
) 46
36
b
FIG. 3

SUBSTITUTE SHEET (RULE 26)



WO 2006/109037 PCT/GB2006/001304

3/5

Preset high C and K [~29
i _—~52
> Modify K
58 ~ Sense Ou’(put power -—54
56
Determine
whether maximu
Yes ‘
> Modify C -—~60
! - ~70
66—~ Sense output power }/‘62
64
" Determine
whether maximu
Yes
Set C and K —~68

FIG. 4

SUBSTITUTE SHEET (RULE 26)



WO 2006/109037

475

PCT/GB2006/001304

g I
=
© f
Q. I \‘
: ;
o
£ L LN
o C=c (init) ;i 3
"(]_)‘ = II \\
= — ——— ‘
p il | . N H B I R S
BT 7 <L
2 . / N !
I I / ~ C=c-(min) |
[
: =
o 7
vV
Frequency of Vibration (Hz)
f (init) f (final)

FIG. 5

SUBSTITUTE SHEET (RULE 26)



WO 2006/109037

5/5

Measure power output

—~380

|

881

96 L

| Change frequency +/- Af

Y

~—82

:

Measure power output

84

!

1 Determine increase/decrease

—~— 86

Decrease | lIncrease

Change frequency

PCT/GB2006/001304

Change damping
[+ 2Af coefficient +/- Ac

: !

Measure power output

~—02

!

Determine increase/decrease

—~—94

Decrease | Increase

Change damping
coefficient +/- Ac

FIG. 6

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

International application No

PCT/GB2006/001304

A. CLASSIFICATION OF SUBJECT MATTER
INV. H02K35/50

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HO2K B6OC

Documentation searched other than minimum documentation to the extent that such documenis are included in the fields searched

EPO-Internal, WPI Data, PAJ

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Gitation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A US 5 578 877 A (TIEMANN ET AL)

26 November 1996 (1996-11-26)

column 4, Tine 52 - column 5, Tine 10;
figures 3-5

A GB 2 064 8383 A (GOULD INC)

17 June 1981 (1981-06-17)

page 2, lines 109-127

page 3, lines 41-b1

abstract; figure 2

A WO 2005/022726 A (UNIVERSITY OF
SOUTHAMPTON; HARRIS, NICHOLAS, ROBERT;
TUDOR, MICHAEL, J)

10 March 2005 (2005-03-10)

cited in the application

page 10, paragraph 4 - page 21, paragraph
3; figures 1-7

-/—

1-45

1-45

1-45

Further documents are listed in the continuation of Box C. See patent family annex.

* Special categorigs of cited documents :

*A* document defining the general state of the an which is not
considered to be of particular retevance

'E* earlier document but published on or after the international e
filing date

invention

which Is cited to establish the publication date of another s
citation or other special reason {as specified)

'T* later document published afier the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory undedying the

docurnent of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
"L* document which may throw doubls on priority claim({s) or involve an inventive step when the document is taken alone

docurnent of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the

European Patent Office, P.B. 5318 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31-70) 340~-2040, Tx. 31 651 epo ni,

Fax: (+31-70) 340-3016 Kampka,

*O" document referring to an oral disclosure, use, exhibition or document is combined with one or more other such docu—
other means ments, slch combination being obvious o a person skilled
*P* document published prior to the international filing date bul inthe ar.
later than the priotity date claimed *&" document member of the same patent famtly
Date of the actual completion of the international search Date of mailing of the international search report
18 July 2006 26/07/2006
Name and mailing address of the ISA/ Authorized officer

A

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

International application No

PCT/GB2006/001304

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A

US 2004/041315 A1l (NOE MATHIEU)
4 March 2004 (2004-03-04)

cited in the application
abstract; figures 1,2

1-45

Form PCT/ISA/210 (continuation of second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International appilication No

PCT/GB2006/001304
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 5578877 A 26~11-1996 CA 2151286 Al 14-12-1995
DE 19520521 Al 14-12-1995
Jp 3677316 B2 27-07-2005
JpP 8065992 A 08-03-1996
GB 2064883 A 17-06-1981 AU 536679 B2 17-05~-1984
AU 6444480 A 24-12-1981
BR 8007769 A 09-06-1981
CA 1171496 Al 24-07~1984
DE 3044149 Al 27-08-1981
ES 8201898 Al 01-04-1982
FR 2470474 Al 29-05-1981
IT 1128636 B 28-05-1986
JP 1583795 C 22~10-1990
JpP 2009964 B 06~-03-1990
JpP 56124504 A 30-09-1981
SE 8008255 A 28-05~-1981
WO 2005022726 A 10-03-2005 EP 1665505 Al 07-06-2006
US 2004041315 Al 04-03-2004 AT 323851 T 15-05-2006
CA 2416012 Al 12-12-2002
CN 1463337 A 24~12-2003
EP 1315917 Al 04-06-2003
FR 2825768 Al 13-12-2002
Wo 02099306 Al 12-12-2002
JP 2004521289 T 15-07-2004

Form PCT/ISA/210 (patent family annex) (April 2005)




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

