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A SYSTEM AND A METHOD FOR GENERATING ELECTRICAL ENERGY
FIELD OF THE INVENTION

The present invention relates to a system and a method for generating electrical
energy. More specifically the present invention relates to a system and a
method for converting mechanical energy into electrical energy. The system
and the method of the invention reduce the energy losses occurring during the
conversion of mechanical energy into electrical energy as compared to prior art

systems and methods, thereby improving the system efficiency.
BACKGROUND OF THE INVENTION

Conversion between mechanical and electrical energy has previously been
obtained using devices or systems comprising a so-called dielectric electro |
active polymer element (DEAP). A DEAP comprises two oppositely arranged
compliant electrodes mounted on or applied to a substrate made from a resilient
polymer material. The two electrodes form a capacitor with a capacitance
depending on the areas of the electrodes and the distance between the

electrodes.

In a system as described above, the energy conversion from mechanical energy
into electrical energy takes place by sequentially charging and discharging the
electrodes and mechanically stressing and relaxing the electrodes. The
mechanical stress can be obtained either by means of a pull force, stretching

the electrodes, or by means of a push force compressing the electrodes. -

In the case that the mechanical stress is obtained by means of a pull force, the
energy conversion takes place in the following manner. Initially, mechanical
energy is supplied to the system by applying a pull force, thereby stretching the
electrodes. This causes a decrease in the distance between the electrodes, and
possibly a change in the shape of the electrodes, thereby changing the

capacitance of the capacitor formed by the electrodes. Then electrical charge is
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supplied to the electrodes from an external electrical load. Subsequently the
electrodes are allowed to relax, and the electrodes will thereby restore their
original size and shape, and the distance between the electrodes is increased,
thereby changing the capacitance of the capacitor formed by the electrodes.
Since the distance between the electrodes increases and the (projected) cross-
sectional area of the electrodes decreases during this step, and the applied
charge remains unaltered, the electrical energy stored in the capacitor is
increased while the mechanical energy decreases as a result of the relaxation
of the electrodes. Finally, the electrodes are discharged to the external electrical
load, before the cycle is restarted by once again applying mechanical energy to
the electrodes. Some of the electrical energy discharged to the electrical load is
used for charging the electrodes during the next cycle.

In the case that the mechanical stress is obtained by means of a push force, the
energy conversion takes place in the following manner. Initially electrical charge
is supplied to the electrodes from an external electrical load. Then mechanical
energy is supplied to the system by applying a push force, compressing the
electrodes. This causes an increase in the distance between the electrodes,
and possibly a change in shape of the electrodes, thereby changing the
capacitance of the capacitor formed by the electrodes. Since the distance
between the electrodes is increased and the (projected) cross-sectional area of
the electrodes decreases during this step, and the applied charge remains
unaltered, the electrical energy stored in the capacitor is increased as a result of
the mechanical energy being supplied to the electrodes. Subsequently, the
electrodes are discharged to the external electrical load. Finally the electrodes
are allowed to relax, before the cycled is restarted by once again charging the
electrodes by means of the external electrical load. Similarly to the situation
described above, some of the electrical energy which is discharged to the
external load is used for charging the electrodes during the next cycle.

In both the situations described above mechanical energy is converted into the
electrical energy during a step where the distance between the electrodes is

increased. As a consequence, the electrical energy supplied to the external
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electrical load during the discharging step exceeds the electrical energy
required for charging the electrodes during the next cycle. Thus, electrical
energy can be ‘harvested’ from the system, i.e. mechanical energy is input into
the system and electrical energy is extracted from the system. However, during
the step of discharging the electrical energy from the electrodes to the external
electrical load, as well as during the step of charging the electrodes by means
of the external electrical load, energy losses are introduced in the system. This
is particularly the case during the part of the discharging step where the bias
voltage is low and during the charging step. It is possible to control the
discharging and charging in a manner which reduces the energy losses.
However, this requires relatively complicated electronic circuitry, thereby

increasing the costs of the system.

It is therefore desirable to provide a system and a method for converting
mechanical energy into electrical energy, where the energy losses can be
reduced without the requirement for complicated electronic circuitry.

DESCRIPTION OF THE INVENTION

It is an object of embodiments of the invention to provide a system for
generating electrical energy, wherein the energy losses in the system are
reduced as compared to prior art systems.

It is a further object of embodiments of the invention to provide a system for
generating electrical energy, the system being operable with low energy losses

and simple electronics.

It is an even further object of embodiments of the invention to provide a system
for generating electrical energy, the system being operable at high efficiency
while maintaining a simple structure.
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It is an even further object of embodiments of the invention to provide a method
for generating electrical energy, wherein energy losses introduced in the

process are minimised.

According to a first aspect the invention provides a system for generating
electrical energy, the system comprising:

— at least two generator elements, each generator element comprising a
first compliant electrode and a second compliant electrode arranged
opposite to each other, thereby forming a capacitor, and each generator
element being coupled to a mechanical energy input device arranged to

supply mechanical energy to said generator element, and

- a charge-discharge circuit arranged to control charge and discharge of
the compliant electrodes of the generator elements, said charge-

discharge circuit being connected to an external electrical load,

wherein the at least two generator elements and the charge-discharge circuit
are electrically interconnected in such a manner that electrical energy can be
transferred directly between the generator elements, without being transferred

via the external electrical load.

The system according to the first aspect of the invention is for generating
electrical energy. Thus, the amount of electrical energy which it is possible to
retrieve from the system exceeds the amount of electrical energy which is
supplied to the system. The electrical energy may, e.g., be converted from
available mechanical energy being supplied to the system via the mechanical
energy input device. This will be described further below.

The system comprises at least two generator elements. Each generator
element comprises a first compliant electrode and a second compliant
electrode, the electrodes being arranged opposite each other in such a manner
that they form a capacitor. In the present context the term ‘compliant’ should be
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interpreted to mean that each of the electrodes is flexible as well as stretchable
and/or compressible. Thereby mechanical energy can be stored in the
electrodes by stretching or compressing them. Stretching or compressing the
electrodes preferably results in a change in the distance between electrodes
and in the (projected) cross-sectional area of the electrodes, and thereby a
change in the capacitance of the capacitor being formed by the electrodes.
Thus, the generator elements are adapted to transform mechanical energy into
electrical energy, i.e. to generate electrical energy. Each of the generator
elements may advantageously be of the kind used in prior art systems and

described above.

The mechanical energy being supplied to the system may advantageously be
originating from a source which is readily available to the system, such as
vibrations, waves, wind or human movements, etc. Thereby mechanical energy
which would otherwise be wasted is utilised for generating electrical energy by

means of the system according to the first aspect of the invention.

The charge-discharge circuit is arranged to control charge and discharge of the
compliant electrodes of the generator elements. The charge-discharge circuit is
connected to an external electrical load, thereby allowing the generator
elements to be discharged to this load in order to ‘harvest’ electrical energy
being generated by the generator elements. The external electrical load may,

e.g., be a battery which is recharged during operation of the system.

The generator elements and the charge-discharge circuit are electrically
interconnected in such a manner that electrical energy can be transferred
directly between the generator elements without being transferred via the
external electrical load. Thereby it is possible to transfer charge directly from
one of the generator elements to one or more of the other generator elements.
Accordingly, it is not necessary to entirely, or almost entirely, discharge the
generator elements to the external electrical load, nof is it necessary to charge
the generator elements from the external electrical load. Thereby the energy
losses introduced during the last part of the discharging step and during the
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charging step in the method described above when using a prior art system are
avoided. As a result, the system according to the invention operates more
efficiently and the energy losses introduced by the system are considerably
reduced as compared to prior art systems. Furthermore, this is obtained simply
by interconnecting the generator elements and the charge-discharge circuit in
such a manner that electrical energy can be transferred directly between the

generator elements, i.e. without the requirement for complicated circuitry.

The charge-discharge circuit may be arranged to transfer a portion of electrical
energy stored in a generator element to the external electrical load, and to
transfer at least a portion of the remaining electrical energy stored in said
generator element to one or more of the other generator elements. According to
this embodiment, during discharge of a generator element, a portion of the
electrical energy stored in the generator element is ‘harvested’, i.e. transferred
to the external electrical load, while another portion is used for charging one or
more of the other generator elements. Preferably, all or most of the remaining
electrical energy is transferred to one or more of the other generator elements,
thereby completely or almost completely removing all charge from the generator
element being discharged. This reduces the energy losses introduced during
transfer of mechanical energy to the generator element. It should, however, be
understood that this embodiment also covers a situation where charge is left on

the generator element.

The amount of electrical energy transferred to the external load may correspond
to an amount of electrical energy being converted from mechanical energy input
to the generator element during a working cycle for the system. According to
this embodiment, the amount of energy which is ‘harvested’ from the system
corresponds to the amount of energy being input to the system in the form of
mechanical energy, and being transformed into electrical energy by the system.
The amount of electrical energy being transferred to the other generator
elements preferably corresponds to the amount of electrical energy supplied to
the generator element during charging. One way to control the discharge of a

generator element could be to discharge electrical energy to the external
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electrical load until the bias voltage left on the generator element substantially
corresponds to a bias voltage required for charging one of the other generator
elements, and then transfer the remaining electrical energy of the generator

element to the generator element to be charged.

The mechanical energy input device may be adapted to provide forces
stretching the compliant electrodes of at least one of the generator elements.
This may be obtained by providing pull forces in the compliant direction of the
electrodes. Alternatively, it may be obtained by pushing the electrodes towards
each other, in a direction substantially transversely to the compliant direction of
the electrodes, thereby squeezing material arranged between the electrodes
and forcing the electrodes to stretch along the compliant direction. In any event,
the stretching causes a decrease in the distance between the electrodes and an
increase of the (projected) cross-sectional area of the electrodes, and thereby

an increase in capacitance of the capacitor formed by the electrodes.

Alternatively or additionally, the mechanical energy input device may be
adapted to provide forces compressing the compliant electrodes of at least one
of the generator elements. This may be obtained by applying a push force along
the compliant direction of the electrodes. Alternatively, it may be obtained by
pulling the electrodes away from each other, in a direction substantially
transverse to the compliant direction of the electrodes, thereby stretching
material arranged between the electrodes and forcing the electrodes to
compress along the compliant direction. In any event, the compression causes
an increase in the distance between the electrodes and a decrease of the
(projected) cross-sectional area of the electrodes, and thereby a decrease in

capacitance of the capacitor formed by the electrodes.

The charge-discharge circuit may comprise at least one passive electronic
component arranged to control discharge of electrical energy from one or more
generator elements to the external electrical load. The passive electronic
component may, e.g., be passive diode. Alternatively or additionally, the

discharge of electrical energy from one or more generator elements to the
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external electrical load may be controlled using at least one active electrical
component, such as a buck and boost circuit.

The charge-discharge circuit may further comprise at least one switch arranged

- to control transfer of electrical energy between the generator elements. The

switch(es) may advantageously cooperate with the passive electronic
component(s).

The switch(es) may advantageously be controlled on the basis of a voltage
detected on one or more of the generator elements. In the case that the
generator elements are of the kind which are stretched as a result of
mechanical energy being supplied to the generator element, this may, e.g., be
obtained in the following manner. When one of the generator elements is in a
completely relaxed state and a mechanical force is applied in order to stretch
the generator element, the voltage on the generator element decreases. This
voltage decrease may be detected and used as an input to a switch which
electrically interconnects two of the generator elements and allows charge to be
transferred between the generator elements. Accordingly, it can easily be
ensured that the charge transfer takes place at appropriate times during the
operating cycle, and the control of the switches is independent of the stroke of
the generator elements.

The charge-discharge circuit may further comprise an active electronic circuit
cooperating with said switch(es) to control transfer of electrical energy between
the generator elements. The active electronic circuit may, e.g., be a buck and

boost circuit.

The system may further comprise a mechanical resonance system being
mechanically coupled to the two or more generator elements in such a manner
that mechanical energy can be transferred between each of the generator
elements and the mechanical resonance system. The mechanical resonance
system may comprise at least one mass and/or at least one spring member.

According to this embodiment, some of the mechanical energy supplied to a
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generator element during a stretching or compressing step can be transferred to
the mechanical resonance system during a relaxing step. This may, e.g., be
desirable in the case that only part of the available mechanical energy is
converted into electrical energy due to limitations, such as electrical breakdown
strength of the materials used for the electrodes and electromechanical

instability.

The mechanical energy thus transferred to the mechanical resonance system
may subsequently be supplied to one of the other generator elements during a

stretching or compressing step.

The resonance frequency of the mechanical resonance system may be tunable,
e.g. by adjusting one or more springs of the resonance system.

The compliant electrodes of at least one of the generator elements may be in
the form of metal layers applied to corrugated surfaces of elastomeric films.

Such electrodes are very compliant.

According to a second aspect the invention provides a method for generating
electrical energy using a system according to the first aspect of the invention,

the method comprising the steps of sequentially:

decreasing the distance between the compliant electrodes of a first

generator element,

- providing a charge to the compliant electrodes of the first generator

element by means of the charge-discharge circuit,

- increasing the distance between the compliant electrodes of the first

generator element,

- discharging a portion of the electrical energy stored in the first generator
element to the external electrical load, and
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- discharging at least a portion of the remaining electrical energy stored in
the first generator element to one or more of the remaining generator
elements of the system.

It should be noted that a person skilled in the art would readily recognise that
any feature described in combination with the first aspect of the invention could

also be combined with the second aspect of the invention, and vice versa.

The method according to the second aspect of the invention is an operating
cycle where the steps mentioned above are repeated. Thus, the distance
between the compliant electrodes of the first generator element is initially
decreased, further causing the (projected) cross-sectional area of the
electrodes to increase. Thereby the capacitance of the capacitor formed by the
electrodes of the first generator element is increased. While the distance is
small and the capacitance high, a charge is provided to the compliant
electrodes of the first generator element by means of the charge-discharge
circuit. The charge may be supplied from an external power source or from one

of the other generator elements. This will be described further below.

When the charging of the electrodes of the first generator element has been
completed, the distance between the compliant electrodes of the first generator
element is increased, further causing the (projected) cross-sectional area of the
electrodes to decrease. Thereby the capacitance of the capacitor formeq by the
electrodes of the first generator element is decreased, and since the charge
remains unaltered, the electrical energy stored in the first generator element is

increased.

Finally the electrical energy stored in the first generator element is discharged.
This is done by discharging a portion of the electrical energy to the external
electrical load, and discharging at least a portion of the remaining electrical
energy to one or more of the remaining generator elements, i.e. a portion of the
electrical energy is used for charging one or more of the other generator
elements, and this electrical energy is transferred directly between the
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generator elements. As described above, this is an advantage because the
energy losses introduced by the system are thereby reduced, and a more

efficient system is obtained.

The step of decreasing the distance between the electrodes may comprise
applying a force to the compliant electrodes of the first generator element,
causing the compliant electrodes to be stretched, and the step of increasing the
distance between the electrodes may comprise allowing the electrodes to relax,
thereby restoring their original size and shape. According to this embodiment,
mechanical energy is supplied to the system during the step of decreasing the
distance between the electrodes, and mechanical energy is converted into
electrical energy during the step of increasing the distance between the
electrodes. The applied force may, e.g., be a pull force applied along the
compliant direction of the electrodes of the first generator element. As an
alternative, it may be a force applied in a direction substantially transverse to
the compliant direction of the electrodes, pushing the electrodes toward each
other and forcing the material between the electrodes to expand along the

compliant direction of the electrodes. This has been described in detail above.

Alternatively, the step of increasing the distance between the electrodes may
comprise applying a force to the compliant electrodes of the first generator
element, causing the compliant electrodes to be compressed, and the step of
decreasing the distance between the electrodes may comprise allowing the
electrodes to relax, thereby restoring their original size and shape. According to
this embodiment, mechanical energy is supplied to the system during the step
of increasing the distance between the electrodes, directly converting the
mechanical energy into electrical energy during this step. The applied force
may, e.g., be a push force applied along the compliant direction of the
electrodes of the first generator element. As an alternative, it may be a force
applied in a direction substantially transverse to the compliant direction of the
electrodes, pulling the electrodes away from each other and forcing the material
between the electrodes to contract along the compliant direction of the
electrodes. This has been described in detail above.
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The method may further comprise the steps of sequentially:

decreasing the distance between the compliant electrodes of a second

generator element,

— providing a charge to the compliant electrodes of the second generator
element by discharging a portion of the electrical energy of the first
generator element and transferring said electrical energy to the second

generator element,

— increasing the distance between the compliant electrodes of the second

generator element,

- discharging a portion of the electrical energy stored in the second
generator element to the external electrical load, and

— discharging at least a portion of the remaining electrical energy stored in
the second generator element to one or more of the remaining generator

elements of the system.

According to this embodiment, the second generator element performs
substantially the steps which are also performed by the first generator element,
and which are described above. A portion of the electrical energy stored in the
first generator element is transferred directly to the second generator element
and used for charging the compliant electrodes of the second generator

element.

The first generator element and the second generator element may be operated
in such a manner that the step of discharging at least a portion of the remaining
electrical energy stored in the first generator element to one or more of the
remaining generator elements and the step of providing a charge to the
compliant electrodes of the second generator element are performed

substantially simultaneously. According to this embodiment, the first and second
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generator elements are operated synchronously in the sense that the first
generator element is discharged exactly when the second generator element
need to be charged, and charge can therefore readily be transferred from the
first generator element to the second generator element, exactly at a time which
is suitable with respect to operation of both generator elements. When the
second generator element subsequently reaches the discharging step, this may
advantageously be simultaneously with the charging step of the first generator

element, or with one of the other generator elements.

The system may advantageously be operated in such manner that it is only
necessary to supply electrical energy to the system upon initial charging of the
first generator element. Afterwards, the generator elements are charged purely
by means of electrical energy generated by the generator elements, and only

mechanical energy shall be supplied to the system.

The method may further comprise the step of transferring mechanical energy to
a mechanical resonance system during the step of increasing the distance
between the electrodes or during the step of decreasing the distance between
the electrodes. In this case the system comprises a mechanical resonance
system as described above. It should be understood that mechanical energy is
supplied to the mechanical resonance system during the step where the
electrodes are allowed to relax. As described above, this may either be the step
of increasing the distance between the electrodes or the step of decreasing the
distance between the electrodes, depending on which kind of force is applied to
the electrodes.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention ‘wiII now be described in further detail with reference to the

accompanying drawings in which

Fig. 1 is a schematic view of a prior art system for generating electrical energy,
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Fig. 2 is a schematic view of a system according to an embodiment of the

invention,
Fig. 3 illustrates the operation of the system of Fig. 2

Fig. 4 illustrates the cooperation between the generator elements of the system
of Fig. 2,

Fig. 5 illustrates energy transfer between generator elements of a system
according to an embodiment of the invention,

Fig. 6 is a schematic view of two generator elements for use in a system

according to an embodiment of the invention,

Fig. 7 is a schematic view of two generator elements for a system according to
an embodiment of the invention, the system comprising a mechanical

resonance system,
Fig. 8 is a schematic view of the system of Fig. 7, and

Fig. 9 is a schematic view of a system according to an embodiment of the

invention, the system comprising four generator elements.
DETAILED DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematic view of a prior art system 1 for generating electrical
energy. The system 1 comprises a generator element 2 comprising two
oppositely arranged compliant electrodes forming a capacitor 3. A switch
element 4 is arranged to be able to electrically connect the capacitor 3 to a
voltage source in the form of a battery 5 or to an external electrical load 6. The
generator element 2 is connected to a mechanical energy source arranged to
provide a pull force to the generator element 2, thereby stretching the compliant

electrodes of the capacitor 3. This is illustrated by arrow 7.
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The system 1 of Fig. 1 is operated in the following manner. Initially a pull force
is applied to the compliant electrodes of the generator element 2 as illustrated
by arrow 7, thereby stretching the electrodes and decreasing the distance
between them and increasing the (projected) cross-sectional area of the
electrodes. Then the switch element 4 is moved to the left position, thereby
establishing an electrical connection between the capacitor 3 of the generator
element 2 and the battery 5. Thereby the capacitor 3 is charged by the battery
5. When the capacitor 3 has been charged to a desired bias voltage, the switch
element 4 is moved to the position shown in Fig. 1, thereby disrupting the
electrical connection between the capacitor 3 and the battery 5. Subsequently,
the compliant electrodes of the generator element 2 are allowed to relax,
thereby increasing the distance between the electrodes and decreasing the
(projected) cross-sectional area of the electrodes. During this, the charge of the
electrodes remains unaltered. Accordingly, the increased distance between the
electrodes and the decreased (projected) cross-section area of the electrodes
cause a decrease in the capacitance of the capacitor 3 and a corresponding

increase in electrical energy stored in the generator element 2.

When the relaxation of the compliant electrodes has been completed, the switch
element 4 is moved to the right position, thereby establishing an electrical
connection between the capacitor 3 of the generator element 2 and the external
electrical load 6. This causes substantially all qf the electrical energy stored in
the generator element 2 to be discharged to the external electrical load 6. The

operating cycle of the system 1 is then repeated.

Since the electrical energy being discharged to the external electrical load 6
exceeds the electrical energy being supplied to the system 1 from the battery 5,
the system 1 generates electrical energy on the basis of the mechanical energy

supplied to the system 1 from the mechanical energy source.

Fig. 2 is a schematic view of a system 1 according to an embodiment of the
invention. The system comprises a first generator element (not shown) and a

second generator element (not shown). The first generator element comprises a
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first set of compliant electrodes forming a first capacitor 3a, and the second
generator element comprises a second set of compliant electrodes forming a
second capacitor 3b. The system 1 further comprises a first switch element S;,
a second switch element S,, a battery 5 and an external electrical load 6. The
first and second generator elements are connected to a mechanical energy
source (not shown) which is arranged to supply mechanical energy to the
compliant electrodes of the generator elements, similarly to the situation
described above with reference to Fig. 1. Each of the generator elements is
preferably of the kind or similar to the generator element 2 described above with
reference to Fig. 1.

The first capacitor 3a is electrically connected to the external electrical load 6
via a first passive diode 8a, and the second capacitor 3b is electrically

connected to the external electrical load 6 via a second passive diode 8b.
The switch pattern of the switch elements Sy, S, is shown in Fig. 3.

In the following the operation of the system 1 of Fig. 2 is described with
reference to Fig. 2 and Fig. 3. At T=t,? switch element S as well as switch
element S; is closed, i.e. switched on. This causes the electrodes of the first
capacitor 3a, which have previously been stretched along their compliant
direction, to be charged. Also the electrodes of the second capacitor 3b as well
as the external electrical load 6 will be charged. At T=t,° switch element S, as
well as switch element S; is opened, i.e. switched off, and a mechanical force is
applied to the compliant electrodes forming the second capacitor 3b, stretching
the compliant electrodes, decreasing the distance between the electrodes and
increasing the capacitance of the second capacitor 3b formed by the electrodes.
Simultaneously, the compliant electrodes forming the first capacitor 3a are
allowed to relax, increasing the distance between the electrodes and
decreasing the capacitance of the first capacitor 3a formed by the electrodes.
Thereby the electrical energy stored on the first capacitor 3a is increased.
During this phase a portion of the increased electrical energy on the first

capacitor 3a is discharged to the external electrical load 6 via passive diode 8a.
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At T=t,° switch element Sy is closed, i.e. switched on, but switch element S
remains open, i.e. switched off. This causes the electrodes of the first capacitor
3a to discharge a portion of the remaining electrical energy stored on the first
capacitor 3a directly to the compliant electrodes forming the second capacitor
3b, via switch element Sy. Thereby the electrodes of the second capacitor 3b
are charged by means of the electrical energy stored on the first capacitor 3a,
without the requirement of connecting the second capacitor 3b to the battery 5,

i.e. without transferring additional electrical energy to the system 1.

At T=t;° the switch element S; is opened, i.e. switched off, and a mechanical
force is applied to the compliant electrodes forming the first capacitor 3a,
stretching the compliant electrodes, decreasing the distance between the
electrodes and increasing the capacitance of the first capacitor 3a formed by
the electrodes. Simultaneously, the compliant electrodes forming the second
capacitor 3b are allowed to relax, increasing the distance between the
electrodes and decreasing the capacitance of the second capacitor 3b formed
by the electrodes. Thereby the electrical energy stored on the second capacitor
3b is increased, allowing a portion of the increased electrical energy to be
discharged to the external electrical load 6 via passive diode 8b, and the first

operating cycle has been completed.

The next cycle is started by closing switch element S4, but leaving switch
element S, open, as illustrated in Fig. 3 as T=ty". This causes the second
capacitor 3b to transfer a portion of the electrical energy stored on the second
capacitor 3b directly to the first capacitor 3a. Thus, the first capacitor 3a is
charged directly by means of the electrical energy stored on the second
capacitor 3b, and without the requirement for connecting the first capacitor 3a to
the battery 5, i.e. without supplying additional electrical energy to the system 1.
The switch element S; may be closed one time for each cycle.Thus, the steps
described above are repeated, except for the initial step, connecting the
electrodes of the first capacitor 3a to the battery 5. Accordingly, mechanical
energy is supplied to the system during the steps of stretching the compliant
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electrodes of the capacitors 3a, 3b, and the system 1 generates electrical

energy.

Fig. 4 further illustrates the operating cycle described above. Fig. 4 shows two
plots of strain, i.e. stretching of the compliant electrodes or mechanical energy
stored on the generator elements, and bias voltage, i.e. the electrical energy
stored on the generator elements, during an operating cycle. The upper plot
shows the operating cycle for the second capacitor 3b, and the lower plot shows
the operating cycle for the first capacitor 3a. The times of switching the switch

elements S and S; on and off are indicated in Fig. 4.

It can be seen that during the charging step 9 the bias voltage is naturally
increased. In addition, the strain is increased. This is because the positive
charge applied to one electrode and the negative charge applied to the
oppositely arranged electrode attract each other, thereby forcing the electrodes
closer together, i.e. decreasing the distance, thereby increasing the strain in the
system.

The relaxing step is divided into a first relaxing step 10 and a second relaxing
step 11. During the first relaxing step 10 the strain is decreased while the bias
voltage is increased. During the second relaxing step 11 the strain is
decreased, but the voltage remains substantially constant. This is due to the
fact that when the voltage on the capacitor increases above the voltage on the
external electrical load, the electrical energy will be discharged from the
capacitor to the external electrical load. The mechanical energy which is not
converted into electrical energy may be transferred to a mechanical resonance

system during the second relaxation step 11.

During the discharge step 12 the bias voltage is decreased and the strain is
maintained substantially constant. During the stretching step 13 the strain
increases and the bias voltage decreases. This is because a small charge
remains on the generator element after the discharge step 12, and when the
compliant electrodes are stretched during the stretching step 13, the bias
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voltage decreases, similarly to the mechanism described above with reference

to the first relaxing step 10.

During the discharge step 12 of the first generator element (A) a portion of the
electrical energy is discharged to the second generator element (B). Similarly,

5 during the discharge step 12 of the second generator element (B) a portion of
the electrical energy is discharged to the first generator element (A). This is
illustrated by arrows 14. It should be understood that the discharge step 12 of
the first generator element (A) takes place substantially simultaneously with the
charging step 9 of the second generator element (B), and the discharge step 12

10 of the second generator element (B) takes place substantially simultaneously
with the charging step 9 of the first generator element (A).

The strain and the bias voltage change non-linearly during the first relaxing step
10 and the stretching step 13. The relaxing steps 10 and 11 of the first
generator element (A) take place substantially simultaneously with the

15  stretching step 13 of the second generator element (B), and vice versa.

Fig. 5 illustrates energy transfer between generator elements of a system
according to an embodiment of the invention. In the left graph the electrical
energy of the first generator element (A) is at a minimum level, while the
electrical energy of the second generator element (B) is at a maximum level.

20 This is the situation occurring at T=ty", i.e. the first generator element (A) has
just completed the stretching step and is ready for being charged, and the
second generator element (B) has just completed the second relaxing step, and
is ready for being discharged. The harvested portion represents the energy

which was discharged during the previous step.

25 In the right graph, the second generator element (B) has been discharged, and
the first generator element (A) has been charged by transferring energy from
the second generator element (B). It is also clear that some of the electrical
energy which was stored on the second generator element (B) has been

‘harvested’, i.e. discharged to an external electrical load.
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Fig. 6 is a schematic view of two generator elements 2a, 2b for use in a system
according to an embodiment of the invention. The first generator element 2a
comprises a first compliant electrode and a second compliant electrode
arranged opposite to the first compliant electrode, thereby forming a first
capacitor 3a. Similarly, the second generator element 2b comprises a first
compliant electrode and a second compliant electrode arranged opposite to

each other, thereby forming a second capacitor 3b.

The first generator element 2a and the second generator element 2b are
mechanically interconnected via mechanical connection 15. Thereby, when the
first generator element 2a is relaxed, the second generator element 2b is

stretched, and vice versa.

Fig. 7 is a schematic view of two generator elements 2a, 2b for a system
according to an embodiment of the invention. The first generator element 2a
and the second generator element 2b are mechanically interconnected via
mechanical connection 15 as described above with reference to Fig. 6. The
mechanical connection 15 is further connected to a mechanical resonance
system 16 comprising a mass 17 and a spring 18. Thus, mechanical energy can
be transferred between each of the generator elements 2a, 2b and the
mechanical resonance system 16. Thereby mechanical energy which is not
converted into electrical energy during the relaxing step can be transferred to
the mechanical resonance system 16. The mechanical energy may then be
used for stretching one of the generator elements 2a, 2b during a subsequent
stretching step. Accordingly, the mechanical energy is not ‘lost’, but remains in
the system.

Fig. 8 shows a system 1 according to an embodiment of the invention,
comprising the generator elements 2a, 2b of Fig. 7. The operation of the system
1 is substantially as described above with reference to Figs. 2-4. During the
second relaxing step (11 in Fig. 4) mechanical energy is transferred to the

mechanical resonance system 16 as described above with reference to Fig. 7.
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Fig. 9 is a schematic view of a system according to an embodiment of the
invention, the system comprising four generator elements 2a, 2b, 2c, 2n. Each
of the generator elements 2 comprises a set of compliant electrodes forming a
capacitor 3. A first generator element 2a is connected to the three remaining
generator elements 2b, 2¢, 2n via mechanical connection 15, similarly to the
situation described above. It should further be understood that the generator
elements 2 are electrically interconnected in such a manner that electrical
energy can be transferred directly between generator elements, thereby
allowing charge transfer between the generator elements 2 as described above.
The electrical connections may, e.g., be such that electrical energy can be
transferred from the first generator element 2a to each of the remaining
generator elements, 2b, 2¢, 2n, and from each of the generator elements 2b,
2c, 2n to the first generator element 2a. As an alternative, the electrical energy
may be transferred between the first 2a and second 2b generator element, and
between the third 2¢ and fourth 2n generator element, respectively. As another
alternative, electrical energy may be transferred between any two of the

generator elements 2.
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CLAIMS
1. A system for generating electrical energy, the system comprising:

- at least two generator elements, each generator element comprising a
first compliant electrode and a second compliant electrode arranged
opposite to each other, thereby forming a capacitor, and each generator
element being coupled to a mechanical energy input device arranged to

supply mechanical energy to said generator element, and

- a charge-discharge circuit arranged to control charge and discharge of
the compliant electrodes of the generator elements, said charge-
discharge circuit being connected to an external electrical load,

wherein the at least two generator elements and the charge-discharge circuit
are electrically interconnected in such a manner that electrical energy can be
transferred directly between the generator elements, without being transferred
via the external electrical load.

2. A system according to claim 1, wherein the charge-discharge circuit is
arranged to transfer a portion of electrical energy stored in a generator element
to the external electrical load, and to transfer at least a portion of the remaining
electrical energy stored in said generator element to one or more of the other

generator elements.

3. A system according to claim 2, wherein the amount of electrical energy
transferred to the external load corresponds to an amount of electrical energy
being converted from mechanical energy input to the generator element during

a working cycle for the system.

4. A system according to any of the preceding claims, wherein the mechanical
energy input device is adapted to provide forces stretching the compliant

electrodes of at least one of the generator elements.
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5. A system according to any of the preceding claims, wherein the mechanical
energy input device is adapted to provide forces compressing the compliant

electrodes of at least one of the generator elements.

6. A system according to any of the preceding claims, wherein the charge-
discharge circuit comprises at least one passive electronic component arranged
to control discharge of electrical energy from one or more generator elements to

the external electrical load.

7. A system according to claim 6, wherein the charge-discharge circuit further
comprises at least one switch arranged to control transfer of electrical energy

between the generator elements.

8. A system according to claim 7, wherein the charge-discharge circuit further
comprises an active electronic circuit cooperating with said switch(es) to control

transfer of electrical energy between the generator elements.

9. A system according to any of the preceding claims, further comprising a
mechanical resonance system being mechanically coupled to the two or more
generator elements in such a manner that mechanical energy can be
transferred between each of the generator elements and the mechanical

resonance system.

10. A system according to claim 9, wherein the mechanical resonance system

comprises at least one mass.

11. A system according to claim 9 or 10, wherein the mechanical resonance

system comprises at least one spring member.

12. A system according to any of the preceding claims, wherein the compliant
electrodes of at least one of the generator elements are in the form of metal

layers applied to corrugated surfaces of elastomeric films.
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13. A method for generating electrical energy using a system according to any

of the preceding claims, the method comprising the steps of sequentially:

— decreasing the distance between the compliant electrodes of a first

generator element,

— providing a charge to the compliant electrodes of the first generator
element by means of the charge-discharge circuit,

— increasing the distance between the compliant electrodes of the first

generator element,

~ discharging a portion of the electrical energy stored in the first generator
element to the external electrical load, and

- discharging at least a portion of the remaining electrical energy stored in
the first generator element to one or more of the remaining generator

elements of the system.

14. A method according to claim 13, wherein the step of decreasing the
distance between the electrodes comprises applying a force to the compliant
electrodes of the first generator element, causing the compliant electrodes to be
stretched, and wherein the step of increasing the distance between the
electrodes comprises allowing the electrodes to relax, thereby restoring their

original size and shape.

15. A method according to claim 13, wherein the step of increasing the distance
between the electrodes comprises applying a force to the compliant electrodes
of the first generator element, causing the compliant electrodes to be
compressed, and wherein the step of decreasing the distance between the
electrodes comprises allowing the electrodes to relax, thereby restoring their

original size and shape.
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16. A method according to any of claims 13-15, further comprising the steps of

sequentially:

- decreasing the distance between the compliant electrodes of a second

generator element,

5 - providing a charge to the compliant electrodes of the second generator
element by discharging a portion of the electrical energy of the first
generator element and transferring said electrical energy to the second

generator element,

— increasing the distance between the compliant electrodes of the second

10 generator element,

— discharging a portion of the electrical energy stored in the second

generator element to the external electrical load, and

- discharging at least a portion of the remaining electrical energy stored in
the second generator element to one or more of the remaining generator

15 elements of the system.

17. A method according to claim 16, wherein the first generator element and the

second generator element are operated in such a manner that the step of

discharging at least a portion of the remaining electrical energy stored in the

first generator element to one or more of the remaining generator elements and
20 the step of providing a charge to the compliant electrodes of the second

generator element are performed substantially simultaneously.

18. A method according to any of claims 13-17, further comprising the step of
transferring mechanical energy to a mechanical resonance system during the
step of increasing the distance between the electrodes or during the step of

25 decreasing the distance between the electrodes.
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