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(57) Abrege(suite)/Abstract(continued):

angle of the electrical machine Is maintained within a range of a predetermined power angle. A signal generator (2, 6), such as a
synchronous machine and associated flywheel, may generate a reference signal relating to the predetermined power angle and be
powered by a frequency regulated electrical supply. The control means (42, 44, 90) may be a mechanical control linkage or servo
control system and may regulate the output of the motion of the rotor in response to a change in its motion which the control
means or a dedicated detection device detects. The electrical machine may be an electric motor, an electricity generator, or a
machine switchable between motor and generator modes. The apparatus may generate electricity to supply to a power grid and/or
store electricity supplied by a power grid, and the electrical machine may be a synchronous machine where the rotor requires
regulation to accommodate grid fluctuations such as low voltage events so as to remain synchronised. The apparatus may
comprise an energy storage system that supplies and/or receives power from a power grid.
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(57) Abstract: Apparatus for transmitting energy comprising an electrical machine arranged to convert between electrical and mech -
anical energy, and comprising a rotor (20) and control means (42, 44, 90) arranged to regulate the motion of the rotor to ensure that
the power angle of the electrical machine is maintained within a range of a predetermined power angle. A signal generator (2, 6),
such as a synchronous machine and associated flywheel, may generate a reference signal relating to the predetermined power angle
and be powered by a frequency regulated electrical supply. The control means (42, 44, 90) may be a mechanical control linkage or
servo control system and may regulate the output of the motion of the rotor mn response to a change in its motion which the control
means or a dedicated detection device detects. The electrical machine may be an electric motor, an electricity generator, or a machine
switchable between motor and generator modes. The apparatus may generate electricity to supply to a power grid and/or store elec-

tricity supplied by a power g
commodate g
age system that supplies and/or receives power from a power g

'1d, and the electrical machine may be a synchronous machine where the rotor requires regulation to ac-

'1d fluctuations such as low voltage events so as to remain synchronised. The apparatus may comprise an energy stor -
1d.
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Improvements Relating to the Transmission of Energy

The present invention concerns improvements to apparatus for the transmission of
energy. In particular, the invention concerns apparatus and methods for controlling
power and torque, and also reducing the risk of pole slipping of a coupled electric

machine in relation to electricity generation, supply and storage.

In conventional electricity generation, an electrical machine operating as an electricity
generator iIs driven by a drive shaft, connected to the rotor of the electrical machine,
which Is powered by a power source such as a turbine (for example, a wind or a water
turbine), a diesel engine or a gas engine. The generated electricity may be supplied

directly to the electricity distribution system, commonly known as a “power grid”.

Alternatively, energy may be released from an energy storage machine, such as a
pumped heat electricity storage (PHES) machine or a pumped hydro turbine, to rotate
the drive shaft of the electrical machine and generate electricity, which may be supplied

directly to the electricity distribution system.

The rotor of the electrical machine carries a magnetic field which rotates within a stator.
As the rotor rotates, the magnetic field it carries passes by colils of wire wound into the
stator and induces a voltage which is proportional to the magnetic field strength of the

rotor and its speed of rotation.

If a first electrical machine Is driven synchronously under zero load conditions by power
taken from an electricity distribution system, its rotor will rotate at a speed that is an
exact harmonic of the frequency of the distribution system dictated by the number of
poles of the electrical machine. If a second electrical machine of the same pole count is
connected to the same distribution system and is driven as a generator, then the rotor of
this second machine will lead the rotor of the first machine by an angle that is
proportional to the torque applied to drive the second machine. Assuming that the
frequency of the electricity distribution system iIs constant, the torque and power applied
to the second machine will be In a fixed relationship. This angle is defined as a "torque
angle" or a "power angle". Similarly, if the second machine is driven by power from the
distribution system then the rotor of the second machine will lag the rotor of the first
machine by a power or torque angle that is proportional to the torque or power load

Imposed on the second machine.
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In the case of an electrical machine operating as a generator, If the load presented by
the electricity distribution system increases, the torque load on the electrical machine
INncreases. As this I1s a constant frequency system, a given driving torque represents a
given power, the increase In torque on the electrical machine will therefore cause the
driving machine to slow down, which will reduce power angle. To respond to the increase
IN load demand, power angle must be restored and hence torque and so power must

Increase.

Electricity distribution systems are susceptible to faults, which lead to low voltage events.
In such an event the voltage applied to the electric machine by the electricity distribution
system drops very rapidly. This reduces the force opposing rotation of the rotor. VWhen
such an event occurs when the machine iIs operating as a generator, the power source
supplying power to the generator to rotate the rotor will continue to supply torque, but the
generator IS now In a state where it Is unable to absorb torque and consequently there is
less force opposing movement of the rotor. The sudden drop In force results in both the
power source and the rotor accelerating and consequently an increase in the rotation

rate of the rotor and the drive shaft.

If this Increase In the speed of rotation of the generator and drive shaft persists for a long
enough period of time, the power angle may increase to a point where the rotor Is
attracted to the next pole of the magnetic field generated by the stator. In a typical four-
pole synchronous motor, a power angle approaching 90° or more will result in the rotor

‘pole slipping” to the next pole of the magnetic field generated by the stator.

Pole slipping typically causes the generator to lose synchronicity with the electricity
distribution system and may damage the associated machinery. For example, sudden
changes in the torque load on the rotor drive shaft may cause a torsional overload of the

rotor or drive shaft.

The ability of apparatus to overcome a low voltage event as described above is referred

to In the art as “low voltage ride through” (LVRT) capability.

The operators of many electricity distribution systems require that electricity generators
above a certain size must stay connected to their electricity distribution network during a

low voltage event. This way, as the voltage drops, the generators contribute “fault
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current”. This fault current helps to i1solate the fault in the electricity distribution system
that I1s causing the voltage drop. It also serves to reduce the size of the voltage drop by
delivering at least some electricity to the distribution system during the low voltage event.
By staying connected to the distribution system, the fault current enables the system
voltage to recover much more quickly after the event. If multiple generators trip out
during a fault then this in turn puts more strain on the remaining generators that are still
connected as the system voltage starts to fall. In extreme circumstances it can lead to a
cascade fallure where more and more generators trip out as the system voltage falls

further.

Large generator units are able to stay on-line during low voltage events by virtue of their
residual inertia and their location on the power grid. Essentially, the rotor of a large
generator has sufficient spinning Inertia that its speed does not significantly change
within the normal timeframe of a low voltage event. Furthermore, the voltage drop seen
by large generators connected, normally via a step-up transformer, to the high voltage
power grid Is relatively low as the impedance of the network, wires and transformers all
reduces the magnitude of the voltage drop. However, distributed generation systems
(Including distributed storage systems) are normally connected directly to a low and
medium voltage network. Consequently, if there is a fault that is located close to the point
of connection to the power grid then it is likely that there Is less iImpedance between the
fault and the generator. The result is that the voltage drop seen by the generator is likely

to be significantly greater for small distributed generation than for large generators.

It Is a common requirement of electricity distribution systems that an electricity generator
above a certain size stays on line for at least 150 milliseconds, for example. This
timeframe typically varies depending upon the country and the relevant grid compliance
code. This I1s enough time for breakers to isolate the fault. If the low voltage event lasts
for longer than 150 milliseconds then the problem is likely to take significant time to clear
and the generator will need to be taken off-line. For example If the fault is between a
generator and the electricity distribution system, the tripping of breakers will isolate both
the generator and the fault from the grid. It 1s also a further requirement that the
generator not only stays on line while the voltage drops, but also as the voltage rises and

effectively tracks it back up.

To overcome the problem of pole slipping in smaller, diesel-powered generators, these

generators comprise means to monitor an electricity generator electronically and regulate
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fast response injectors to change the amount of fuel injected Iinto the cylinders of the
engine In order to reduce the power of the engine as the voltage of the electricity
distribution system drops. However, this solution does not work for engines with

manifolds or that do not use spray injected fuel.

For example, where the generator comprises a gas engine, the problem of pole slipping
and preventing the associated damage is controlled by conventional throttling of the
engine. However, the power of a gas engine Is only effectively reduced when all of the
gas in the manifold of the gas engine has been used up. Consequently, smaller gas
engines currently have a problem meeting LVRT requirements and normally trip out
when a low voltage event occurs. Therefore, they cannot meet the grid code

requirements.

Wind-powered generators are particularly prone to rapid changes in their power output
due to changes In wind speed. Therefore, maintaining synchronicity with an electricity
distribution system is a particular problem for wind-powered generators. This problem iIs
currently tackled by using power electronics or a DFIG (double fed induction generator).
However, both of these solutions have an energy penalty in that the conversion efficiency

from mechanical to electrical power 1s lower than If a synchronous generator was used.

In a typical low voltage event, as the voltage drops it Is necessary to reduce the power,
and hence driving torque of the prime mover If the same power angle Is to be
maintained. After the fault Is isolated by circuit breakers, the voltage of the electricity
distribution system will start to rise. If the power Input via the prime mover has been
reduced, then as the system voltage rises the power angle will drop. In this condition the

electrical machine 1s now putting much less power In to the electricity distribution system.

The above problem of pole slipping and the consequent damage to equipment Is also
found when electricity Is stored In an energy storage machine, such as a pumped heat
electricity storage (PHES) machine or a pumped hydro turbine, for use at a later time. In
this arrangement, an electrical machine operates as an electric motor. WWhen operating
as an electric motor a voltage is supplied to the electrical machine resulting in a rotating
magnetic field in the stator which serves to rotate the rotor. Typically, a drive shaft Is
rotated by the rotor. When there is no load on the drive shaft, the rotor rotates freely and

there Is effectively a power angle of 0O° (ignoring bearing friction etc.).
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When a load Is placed on the drive shaft, for example, when coupled to an energy
storage machine arranged to convert the rotational energy of the drive shaft into stored
energy, the rotor magnetic field lags the magnetic field generated by the stator.
Therefore, the interaction between the magnetic field generated by the stator and the
magnetic field generated by the rotor produces a resultant magnetic field. The difference
between the resultant magnetic field and the magnetic field of the rotor i1s the “power
angle”, as In the generation mode described above. However, when operating as an

electric motor the rotor magnetic field lags the resultant magnetic field.

The invention aims to overcome at least some of the problems and limitations of the
apparatus and methods of the prior art by providing, according to a first aspect,
apparatus for transmitting energy, the apparatus comprising an electrical machine
arranged to convert between electrical energy and mechanical energy, the electrical
machine comprising a rotor, and control means arranged to regulate the motion of the
rotor to ensure that the power angle of the electrical machine i1s maintained within a

range of the predetermined or desired power angle.

In a low voltage event, or any event where there is a potential for pole slipping, the

apparatus ensure that the power angle of the electrical machine remains within a range

(e.g. substantially at or around the predetermined power angle) .

In a preferred embodiment, the apparatus further comprises a signal generator arranged
to generate a reference signal relating to the predetermined power angle. When the
apparatus 1s being used to generate electricity for supply to an electricity distribution
network, a low voltage event will likely result In an increase In the power angle.
Conversely, when the apparatus is being used to store electricity supplied from a
distribution network, a low voltage event Is also likely to result in the power angle of the
electrical machine diverging from the predetermined power angle, but in the opposite
angular direction. The apparatus serves to increase or reduce the speed of the rotor of
the electrical machine to maintain the power angle within a range of the desired power

angle, where the signal generator essentially provides the reference power angle.

The signal generator may be powered by a frequency regulated electrical supply, for
example, an electricity distribution network. The reference signal provides a reference to
the predetermined power angle in the event of a fluctuation in the operating frequency of

an electricity distribution system. However, the power angle of the electrical machine
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may vary slightly due to factors affecting the power load. For example, if a change In the
motion of the rotor Is detected, which would indicate a change In the power angle of the
electrical machine, the invention serves to reduce or increase the output of a power
source, as necessary, to maintain the power angle within a range. The range Is an
acceptable tolerance and may be within +/- 20% of the predetermined power angle, and
preferably within +/- 5% of the predetermined power angle. This reduces the risk that the
power angle does not exceed 90° resulting In pole slipping, and the electrical machine
maintains synchronicity with the electricity distribution system and that the risk of

damage to the apparatus or associated equipment is minimised.

In normal operation when connected to an electricity distribution system the invention
also ensures that the output of the electrical machine does not vary. The predetermined
power angle effectively equates to a predetermined power output, which may be
compatible with the electricity distribution system. The control means may be arranged to
ensure that the electrical machine generates the predetermined power output. The
iInvention therefore acts to solve the problem associated with low voltage events, and

also controls the power output or input during energy transmission.

The invention provides the desirable feature that the power output of a power source Is
reduced In proportion to the voltage drop In the grid during a low voltage event. This has
the benefit that the electrical machine and hence power source remain synchronised with
the grid and the electrical machine s protected during the low voltage event. This
enables the power output by the power source to be increased in harmony with the rise

IN voltage of an electricity distribution network as a low voltage event ends.

A further advantage of the invention iIs that for synchronous machinery connected to an
electricity distribution system, it i1s possible to choose the power factor at which the
electrical machine operates. This means that in addition to the power the electrical
machine supplies to the electricity distribution system, the power output by the machinery
can be increase or decreased by a ‘reactive power. This addition or subtraction of
reactive power allows the power angle to vary depending upon the power converted by
the electrical machine. It means that for a certain real power setting the power angle
varies. Therefore, the apparatus may be arranged to provide feedback when selecting a
power angle such that the angle is adjusted until the desired real power output Is
achieved at that power factor. The power angle for a certain power setting may vary

slightly If the power factor of the machinery changes.
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The invention may be used wherever energy Is transmitted from a source to a destination
device. As Indicated above, the apparatus may be arranged to generate and/or supply
electricity to an electricity distribution system. Accordingly, the apparatus may be used In
the generation of electricity by the electrical machine operating as an electricity
generator, wherein the electricity 1s supplied to the electricity distribution system. In a
preferred embodiment, the electrical machine 1s powered by a power source, and the
control means Is arranged to control the power source. The apparatus may comprise an
energy storage system, such as a pumped heat electricity storage (PHES) machine or a
pumped hydro turbine where the turbine acts as the power source when driven by water
flowing from a higher reservoir to a lower reservoir. The electrical machine may be
powered by the power source to generate electricity for supply to the electricity
distribution system. Alternatively, the power source may comprise a wind turbine or an

Internal combustion engine, such as a diesel engine, or a gas engine.

Equally, the invention may be used in the storage of energy. For example, the invention
may be used to transmit excess electricity from the electricity distribution system to an
energy storage machine, which may be one or more of those described above. In a
preferred embodiment, the electrical machine is powered by electricity from a power grid,
and the apparatus may comprise an energy storage system, such as a pumped heat
electricity storage (PHES) machine or a pumped hydro turbine where the turbine pumps
water from a lower reservoir to a higher reservoir. In this embodiment, the control means
IS arranged to control the energy storage system and maintain the power angle of the
electrical machine within a range of the power angle of the power grid. In alternative
embodiments, rather than a hydro turbine the apparatus may comprise an air
conditioning system, a compressor driven by a synchronous motor or a water pump for

mains water.

The electrical machine may be designed to run only as an electric motor, only as an
electricity generator, or, as a combination motor/generator that can change between
motor mode and generator mode when necessary, such that the power angle iIs
regulated within a region comprising positive or negative power angles (e.g. full positive
torque to full negative torque) either side of the mid-point (zero torque). The electrical

machine may be a synchronous or inductive machine.
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In a preferred embodiment, the control means may be arranged to regulate the output of
the power source In response to a change In the motion of the rotor. In a further
preferred embodiment, the control means or a dedicated detection device may be

arranged to detect the change in the motion of the rotor.

The rotor may be arranged such that a change In its movement is reflected in the
position or movement of a control member. The control member may be a regulation
shaft which may be arranged to regulate the output of a power source. Preferably, the
regulation shaft and the rotor may be connected via the control means. The control
means may be connected to, or in communication with, the signal generator and the
rotor and any change In their relative movement may be reflected in the control means.
The control means may comprise the control member. The control means may then be
used to control the output of a power source. Advantageously, the change in the relative
movement of the control means and/or the rotor may be transmitted into a relative
change In the output of the power source. The control member may be connected

directly to power control apparatus of the power source.

The apparatus may comprise an intermediate gear or spool, which may be driven by the
signal generator. The control means may comprise a dog mounted on the intermediate
gear or spool and retained within a slot on a drive disk. The regulation shaft may control
the power output of the power source. The regulation shaft may comprise or drive a
camshaft of the power source. This approach is helpful for changing the power output of
a diesel engine by changing the engine’'s timing when the power source Is a diesel
engine. Alternatively, the electric machine may be powered by a heat engine, the output
of which may be regulated by changing the fuel supply in the heat engine. The electric
machine may be powered by a wind turbine the output of which may be regulated by
changing the blade angle of the blades of the turbine. The regulation shaft and the rotor
may be connected to a control arm by a planetary gear system. This may be appropriate

where It Is desirable to return a linear control signal to the power source.

The signal generator may be connected to the control means to transmit the reference
signal directly to the control means. Preferably, the reference signal is a constant signal

relating to the predetermined power angle.

Preferably, the rotor may be connected or coupled to a prime mover shaft which may be

a drive shaft or a crank shaft. A change in the motion of the rotor may be transmitted into
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a relative change Iin the output of the power source. The control means may directly

control power control apparatus of the power source.

The signal generator may comprise a synchronous reference motor which is arranged to
provide the reference signal and may comprise a flywheel driven by the synchronous
motor. The synchronous reference motor may be much smaller than the electrical
machine. The flywheel may be sufficiently large relative to the synchronous reference
motor such that the speed of the rotor of the synchronous reference motor does not vary
significantly over a low voltage event. In normal operation the synchronous reference
motor driving the flywheel will be In a steady state condition and will be operating at close
to zero power angle with respect to the electrical power source frequency. The flywheel
may be directly integrated into the rotor of the synchronous reference motor. The
advantage of a close to zero power angle Is that the motor will be, to a large extent,
unaffected by power grid voltage disturbances. When coupled with a flywheel the
combined effect Is that the signal generator will be unaffected by any disturbance on the
electricity distribution network that i1s effecting the main electrical machine, thereby
Isolating the signal generator from any transient disturbances that arise from either the
electrical machine or the power grid. The action of the flywheel (spinning at the grid
frequency or a related frequency e.g. a harmonic) ensures that the reference signal

remains steady.

In another embodiment, the signal generator may consist of an electrical motor and a
variable speed drive or constant frequency drive. In this configuration, the drive is
normally synchronised with the frequency of the power grid as the reference, but Is

capable of maintaining an accurate output signal in the event of a low voltage event.

In an alternative embodiment of the invention, the control means may be arranged to
regulate the output of the power source so that the power angle i1s maintained at the
predetermined power angle. The control means may have a control frequency which may

be related to the predetermined power angle.

According to a second aspect, the invention also resides In a method of transmitting
energy, the method comprising rotating the rotor of an electrical machine using power
generated by a power source, and regulating the motion of the rotor so that the power
angle of the electrical machine Is maintained within a range of a predetermined power

angle.
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As discussed above, the electrical machine may be designed to run as an electric motor,
as an electricity generator or as a combination motor/generator that can change between
motor mode and generator mode when necessary. When used as an electric motor a
voltage, which may be supplied by an electricity distribution system, is applied to the
electrical motor which rotates the rotor which may be connected to a PHES system, for
example. When used as an electric generator a mechanical force acts to rotate the rotor
to generate electricity which may be supplied to an electricity distribution system.
Preferably, the reference signal i1s used to maintain the power angle of the electrical

machine within a range of the predetermined power angle.

It will be readily apparent to the skilled person that elements of one or more of the above

aspects may be combined with elements of one or more of the other aspects of the

present invention.

Presently preferred embodiments of the present invention will be described, by way of

example only, with reference to the following drawings, in which:-

Figure 1a Is a side view of apparatus according to a first embodiment of

the present invention;

Figure 1b Is a front view of the apparatus of Figure 1a;

Figure 2 Is a diagram of apparatus according to an alternative

embodiment of the present invention;

Figure 3 Is a diagram of the apparatus shown Iin Figure 2 incorporating a

control rod and a control lever;

Figure 4 I1s a diagram of the apparatus of Figure 3 incorporating a first

damping mechanism;

Figure 5 Is a diagram of the apparatus of Figure 4 incorporating a control

mechanism for adjusting the desired power angle; and
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Figure 6 Is a diagram of the apparatus of Figure 2 Incorporating

alternative control apparatus.

Apparatus according to the first embodiment of the present invention is now described

with reference to Figure 1a and Figure 1b.

A synchronous electric motor 2 Is conventionally powered by mains electricity supplied
by an electrical distribution system (not shown). The electric motor 2 comprises a motor
housing 4 within which 1s contained a rotor (not shown) and a stator (not shown). A motor
shaft 6 Is connected to the rotor and extends from the housing 4 and terminates at a
motor shaft face 8 at the end of the motor shaft 6. In use, the motor 2 is arranged so that
the motor shaft 6 rotates at a constant synchronous frequency defined by the electrical
distribution system. A motor spur gear 10 Is mounted on the motor shaft 6 coaxially with
respect to the rotational axis 12 of motor shaft 6 and the rotational axis 14 of the motor
spur gear 10, so that the spurs of the motor spur gear 10 extend radially with respect to
the rotational axis 12 of the motor shaft 6 and the rotational axis 14 of the motor spur

gear. An outer face 16 of the motor spur gear 10 Is coplanar with the motor shaft face 8.

A flywheel 18 Is mounted on the motor shaft 6 between the motor housing 4 and the
motor spur gear 10 to increase the moment of inertia of the electric motor 2 when In use.
As Is conventional, the flywheel 18 Is arranged so that the rotational axis of the flywheel

IS coaxial with the rotational axis 12 of the motor shaft 6.

The apparatus also comprises a prime mover shaft 20 which Is driven by a power source
(not shown). In the presently described embodiment the prime mover shaft 20 Is a crank
shaft 20 of a diesel engine (not shown) which rotates about its longitudinal axis.
However, it will be immediately apparent to the skilled person that in alternative
embodiments of the invention the prime mover shaft 20 may be driven by another power
source, such as a PHES machine, a pumped hydro turbine or a wind turbine, for

example.

The crankshaft 20 extends from the diesel engine coaxially through an elongated tubular
bearing 22, in which the diameter of the crankshaft 20 matches the internal diameter of
the tubular bearing 22. The tubular bearing 22 has a first opening 24 at a first end 25 and
a second opening 26 at a second end 27, and the crankshaft extends into the first

opening 24, through the interior of the tubular bearing 22 and out of the second opening
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26. The crankshaft 20 extends from the second opening 26 to an electrical machine
operating as an electricity generator (not shown). The crankshaft 20 1s coupled to the
rotor of the electrical machine which is driven by the crankshaft 20 to supply electricity to
an electrical distribution network (not shown), which may be the network powering the

motor 2.

A regulation shaft 28 Is arranged to regulate the power generated by the power source.
In the presently described embodiment the regulation shaft 28 is part of the camshaft 28
of the diesel engine. As the camshaft 28 rotates it opens and closes the valves of the
diesel engine. The timing of the opening and closing of the valves may be regulated by
changing the speed of rotation of the camshaft. However, it will be immediately apparent
to the skilled person that in alternative embodiments of the invention the regulation shaft
28 may regulate the power of other power sources, such as a PHES machine, a pumped

hydro turbine or a wind turbine.

A drive disk 30 i1s mounted on the crankshaft 20 coaxially with respect to the rotational
axis 32 of the drive disk and the rotational axis 34 of the crankshaft 20. The drive disk 30

IS located adjacent to the second end 27 of the tubular bearing 22.

A bearing arm 36 extends from the outer surface of the tubular bearing 22, and is
perpendicular to the longitudinal axis of the tubular bearing 22. The bearing arm 22 has a
first face 38 and a second face 40, wherein the second face 40 Is coplanar with the
second end 27 of the tubular bearing 22. The bearing arm 22 extends upwards and
parallel to the plane of the drive disk 30. A protrusion 42 extends perpendicularly from
the second face 40 of the bearing arm 36 and through a curved slot 44 In the drive disk
30. The slot 44 extends from a first slot end 46 along a path defined by a constant radius
from the centre of the drive disk 30 to a second slot end 48. The slot 44 extends by an
arc defined by the maximum and minimum acceptable power angles. Damping means Is
provided between the protrusion 42 and the first slot end 46 and the second slot end 48
to allow tuning of the response for a particular application. The damping means
comprises a first spring (not shown) located between the protrusion 42 and the first slot
end 46, and a second spring (not shown) located between the protrusion 42 and the

second slot end 48.

Since the bearing arm 36 is mounted on the tubular bearing 22, the bearing arm 36 may

move relative to the drive disk 30. Accordingly, the protrusion 42 is free to move within
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the slot 44. However, rotation of the bearing arm 36 relative to the drive disk 30, and
therefore the crank shaft 20, is restricted by the protrusion 42 abutting on either the first
spring located at the first slot end 46 or the second spring located at the second slot end
48. The protrusion 42 and the slot 44 are arranged to act as a dog to restrict rotational

movement of the bearing arm 36 with respect to the drive disk 30.

Mounted on the outer surface of the tubular bearing 22 is a first bearing spur gear 50 and
a second bearing spur gear 52. The first bearing spur gear 50 has a first face 54 and a
second face 56. The first face 54 of the first bearing spur 50 is coplanar with the first end
25 of the tubular bearing 22. The first bearing spur gear 50 and the second bearing spur
gear 52 are each mounted on the tubular bearing 22 coaxially with respect to the
rotational axes of each of the first bearing spur gear 52 and the second bearing spur
gear 52, and the tubular bearing 22. Accordingly, the spurs of the first bearing spur gear
50 and second bearing spur gear 52 extend radially with respect to the longitudinal axis

of the tubular bearing 22.

The second bearing spur gear 52 Is located on the tubular bearing 22 between the first
bearing spur gear 52 and the bearing arm 36. The spurs of the second bearing spur gear
52 are arranged to mesh with the spurs of the motor gear 10 which has a smaller
diameter than the second bearing spur gear 52. The gear ratio of the second bearing
spur gear 52 and the motor gear 10 are arranged to maintain synchronicity between the

synchronous electric motor 2 and the generator.

The camshaft 28 extends from the diesel engine to a camshaft face 58 at the end of the
camshaft 28. A camshaft spur gear 60 Is mounted on the camshaft 28 coaxially with
respect to the rotational axes of camshaft spur gear 60 and the camshaft 28, so that the
spurs of the camshaft spur gear 60 extend radially with respect to the longitudinal axis of
the camshaft 28. An outer face 62 of the camshaft spur gear 60 I1s coplanar with the
camshaft face 58. The spurs of the camshaft spur gear 60 mesh with the spurs of the

small bearing spur gear 50.

When the apparatus is initiated to supply electricity to the electricity distribution system
the diesel engine, synchronous motor and electricity generator are Initiated by an
external means at the same time and their speed and power are increased In a
synchronous manner untll the frequency of the synchronous motor relates to a

predetermined power angle. Alternatively, a clutching mechanism (not shown) may be
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located on the crankshaft 20 adjacent to the electricity generator. In this alternative
embodiment, the diesel engine and synchronous motor are initiated at the same time and
pbrought Iinto harmony with the electricity distribution system before engaging with the

electricity generator using the clutch mechanism.

During normal operation, the frequency of the motor 2 provides a reference power angle.
The flywheel 18 ensures that the motor shaft 6 has a large enough rotational inertia to
ensure that the rate of rotation, and therefore its frequency, remains substantially

constant during minor disruptions to the power supplied to the motor 2.

The motor 2 drives the motor spur gear 10 which, in turn, drives the second bearing spur
gear 52. The second bearing gear 52 thus drives the bearing 22 and rotates the bearing
arm 36 about the crank shaft 20. Concurrently with the motor 2, the diesel engine drives
the crank shaft 20 which turns the drive disk 30 In the direction indicated by drive disk
arrow 64. The speed of the diesel engine and the speed of the motor 2 are such that the
speed of rotation of the drive disk 30 matches the speed of rotation of the bearing arm 36

under normal operating conditions.

During electricity generation and supply, the electricity generator driven by the crank
shaft 20 Is connect to the electricity distribution system, the voltage of which produces a
load on the rotor opposed to the direction of electricity generation. As discussed above,
this effect results in a resultant magnetic field that lags the rotor magnetic field by a value
known as the power angle. As the speed of the rotor increases, the load on the rotor

INncreases and therefore the power angle increases.

The apparatus Is arranged such that the speed of rotation, 1.e. the frequency, of the
crank shaft 20 matches the operating frequency of the electricity distribution system. This
IS the predetermined optimal frequency of operation of the apparatus which minimises

stress on the apparatus.

The first bearing spur gear 50 rotates with the bearing 22 and drives the camshaft spur
gear 60 which drives the camshaft itself 28. Under optimal conditions, when the speed of
the crank shaft 20 matches the speed of the bearing arm 36, the camshaft 28 rotates at
the appropriate speed to open and close the valves of the engine to produce sufficient
power to overcome the residual force, and rotate the crank shaft 20 at the operating

frequency of the electricity distribution system.
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If there Is a sudden voltage drop In the electricity distribution system the amount of
electrical power that the generator can supply to the electricity distribution system is
reduced. However, the engine continues to supply the same mechanical energy and will
likely speed up due to the reduction in the residual force on the generator. This will result

IN an increase In the power angle.

In the present embodiment of the invention, the drive disk 30 speeds up relative to the
bearing arm 36 and the slot second end 48 is urged against the protrusion 42. The speed
of the protrusion 42 is controlled by speed of rotation of the bearing arm 22 which iIs
ultimately controlled by the speed of the motor 2. As the engine speed Increases, the
speed of the motor 2 lags behind. The speed of the motor 2 is maintained at a relatively
constant value due to the inertia of the flywheel 18 being much greater than the power of
the motor 2. Therefore, the motor shaft © continues to rotate at a speed that is relatively
constant over the time period of the low voltage event. Accordingly, the speed of the
camshaft 28 lags the speed of the crank shaft 20 a proportional amount to the difference

between the speed of the drive disk 30 and the bearing arm 36.

Since the camshaft 28 is made to lag the engine cycle, the camshaft 28 changes the
timing at which at least some of the valves of the cylinders of the engine are opened and
closed to reduce the power output of the engine. This power reduction may be achieved
by holding the cylinder inlet valves open for longer so that a smaller charge of oxygen
enters the cylinder, thereby reducing the power produced by the engine. The reduction In
power continues until the slot second end 48 is no longer urged against the protrusion
42. At which point the frequency of the crank shaft 20 will match the frequency of the
motor 2. The first and second springs ensure that relative movement of the protrusion

may be maintained and provide a proportional change in the speed of the engine.

As an example, the diesel engine may be generating power at 50% of its total output
which relates to a power angle of 45° under normal generating conditions. The motor
shaft © I1s therefore rotating at a speed which reflects a power angle of 45°. Under these
conditions, the protrusion 42 is in the middle of the slot 44. During a low voltage event
the protrusion 42 moves to the second slot end and the power angle increases as the

rotor and engine speed up.
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In @ normal low voltage event, where the fault is isolated by circuit breakers, the voltage
across the electricity distribution system will rise. The load on the generator will rise with
the voltage. Consequently, the speed of the engine will slow down. In this situation, the
protrusion 42 Is urged against the first slot end 46, resulting in the camshaft 28 leading
the engine cycle. Accordingly, the camshaft 28 will act to change the opening and closing
of the valves In such a way that it increases the power output of the engine until the
protrusion 42 Is no longer urged against the first slot end 46 and the crank shaft 20

rotates at the same frequency as the electricity distribution network.

This arrangement allows for effective control of the power output of the engine without
providing significant feedback to the motor shaft 6. This, together with the provision of
the flywheel 18 to provide rotational inertia, allows the motor shaft 6 to provide an
effective reference frequency relating to the reference power angle even if the motor 2 is

Interrupted by a low voltage event of the type discussed above.

In a second embodiment of the invention, the diesel engine may be replaced by a
pumped heat electricity storage (PHES) machine which releases the energy stored within
it by turning the prime mover shaft 20 which, Iin this alternative embodiment, i1s a
conventional drive shaft rather than a crank shaft. The drive shaft rotates the rotor of the
electric machine, as described above, to supply electricity to the electricity distribution

system.

In the second embodiment, electricity may be supplied to the electric machine so that it
behaves as an electric motor. Electricity supplied by the electricity distribution system
rotates the rotor of the motor which in turn rotates the drive shaft 20. The drive shaft 20 Is
arranged with the PHES machine to pump heat from a first vessel of the PHES machine
to a second vessel of the PHES machine to store the electric energy supplied by the
electricity distribution system. This energy may be released back to the electricity

distribution system at a later time.

When storing energy from the electricity distribution system, the synchronous motor 2
together with the gear arrangement and the bearing arm 36, protrusion 42 and drive disk
30 ensure that the drive shaft 20 does not over-rotate in a similar way as described
above for electricity generation. Accordingly, energy storage takes place under controlled

conditions reducing the risk of damage to the apparatus.
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It will be readily apparent that other types of energy storage device may be used instead
of or in conjunction with the PHES machine. For example, a pumped hydro turbine may

be used.

In a third alternative embodiment of the invention, for example for use with wind turbines
or water turbines, the regulation shaft 28 is geared to rotate at the same frequency as the
prime mover shaft 20. Therefore, any movement of the protrusion 42 relative to the siot
44 signifies a change In the frequency of the prime mover shaft 20 relative to the
frequency of the regulation shaft 28. The relative movement of the protrusion 42 in the
slot 44 s proportional to the relative change In frequency of the prime mover shaft 20.
This relative movement of the protrusion 42 in the slot 44 may be translated into a signal
which 1s used to alter the blade pitch of a turbine, or apply a rotor brake associated with a
turbine, such that pole slip I1s avoided and synchronicity with the electric distribution

system Is maintained.

When the apparatus is initiated to store electricity in a PHES system from an electricity
distribution system, for example, the PHES system, synchronous motor and electrical
machine are initiated by an external means at the same time and their speed and power
are increased In a synchronous manner until the frequency of the synchronous motor
relates to a predetermined power angle. Alternatively, a clutching mechanism (not
shown) may be located on the crankshaft 20 adjacent to the electrical machine. In this
alternative embodiment, the PHES system and synchronous motor are initiated at the
same time and brought into harmony with the electricity distribution system before

engaging with the electrical machine using the clutch mechanism.

Apparatus according to a fourth embodiment of the invention is now described with
reference to Figure 2. The fourth embodiment of the invention is arranged for use with a
power source In which the power generated or released by the power source may be
regulated linearly. As an example, Figure 2 and the subsequent figures illustrate how a
power source such as a PHES machine may be controlled by this embodiment of the
iInvention. It will be clear to the skilled person that the current embodiment is not Iimited
to PHES machines and other power sources, energy absorbers or energy storage

machines may be used.

The apparatus shown in Figure 2 differs from the apparatus shown in Figures 1a and 1b

IN that the prime mover shaft 20 drives a sun gear 66 In the direction of a first arrow 68,
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and the regulation shaft 28 is coupled to a regulation gear 29 which drives a ring gear 70
IN the direction of a second arrow 72 at half the speed of the sun gear 66. In this
embodiment, the prime mover shaft 20 is connected to a PHES machine (not shown)
which Is connected to an electrical machine operating as an electricity generator (not
shown) that supplies electricity to an electricity distribution network (not shown).
Alternatively, the electrical machine may operate as an electric motor to store energy

from the electricity distribution network to the PHES machine.

The ring gear 70 has an internal ring surface 71 and an external ring surface 74. Sixty
iInternal ring spurs extend inwardly from the internal ring surface 71 and eighty external
ring spurs extend outwardly from the external ring surface 74. The diameter of the sun
gear 66 I1s smaller than the diameter of the internal surface 71 of the ring gear 70. The
sun gear 66 Is located within the area defined by the internal ring surface 71, and the

rotational axis 76 of the sun gear 66 Is coaxial with the rotational axis 78 of the ring gear
/0.

The sun gear 66 has thirty sun gear spurs that extend radially from a circumferential
surface 80 with respect to the rotational axis 76 of the sun gear 66. A first planet gear 82,
a second planet gear 84 and a third planet gear 86 are located In the area defined
between the circumferential surface 80 of the sun gear 66 and the internal surface 71 of
the ring gear 70. The first, second and third planet gears 82, 84, 86 are equally radially
spaced within the area defined between the circumferential surface 80 of the sun gear 66
and the internal surface 71 of the ring gear 70, and are coplanar with the sun gear 66
and the ring gear 70. Each of the first, second and third planet gears 82, 84, 86 have
fifteen planet gear spurs that extend radially with respect to the rotational axis 83, 85, 87
of the respective planet gear 82, 84, 86. The spurs of each planet gear 82, 84, 86 mesh
with both the Internal ring spurs of the ring gear 70 and the sun gear spurs of the sun
gear 66. This number of spurs on each gear results in the control arm remaining static If
the sun gear and the reference shaft gears are driven at the same angular speed and In

the same direction.

Each planet gear 82, 84, 86 is mounted on a pivot to allow each planet gear 82, 84, 86 to
rotate about its rotational axis 83, 85, 86. Each pivot is mounted on an O-shaped frame

88. A phase indicator arm 90 extends radially from the frame 30.
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The ring gear 70 and the sun gear 66 are geared so that the speed of the Internal ring
spurs and the speed of the sun gear spurs are equal under normal operating conditions.
Accordingly, under steady rotation of the ring gear 70 and the sun gear 66 each of the
planet gears 82, 84, 86 rotate about their own axis but remain stationary with respect to

the rotational axes 76, 78 of the ring gear /0 and the sun gear 66.

If a low voltage event occurs and the frequency of the prime mover shaft 20 changes
with respect to the speed of the regulation shaft 28, thereby indicating a change Iin the
power angle, then the rate of rotation of the sun gear 66 will alter accordingly with
respect to the rate of rotation of the ring gear 70. This will result iIn movement of the
planet gears 82, 84, 86 relative to the rotational axis 76 of the sun gear 66. The O-
shaped frame 88 will therefore rotate about the axes of rotation 76, 78 of the sun gear 66
and the ring gear 70 resulting In movement of the phase Indicator arm 90, thereby

Indicating a change In the power angle.

The phase indicator arm 90 will move to the left towards “"A” in the case of an increase In
relative speed of the prime mover 20. If the speed of the prime mover 20 Is then restored
to match that of the reference shaft 28 the phase indicator arm 90 will stop moving and
will remain displaced to the left of its Initial position, 1.e. towards “A”. If there Is a
decrease In the relative speed of the prime mover shaft 20 the control arm will move to
the right towards “B”. These movements are indicated by control arm arrow 96. Thus, the
direct mechanical linkage between the prime mover shaft 20 (and hence, the rotor) and
the regulation shaft 28 provides an immediate feedback signal as soon as there Is a
difference In angular position between the respective shafts. [t can be seen that the
amount of force available to the actuation linkage 90 (and e.g. control rod 92 as In Fig.
3) Is proportional to the rate of change of relative angular momentum of the two shafts,
which may lead to considerable force acting without delay due to the direct mechanical

connection.

Since both the prime mover shaft 20 and the reference shaft 28 have significant
rotational inertia by means of the mass of the power source and the flywheel of the
synchronous motor, the phase indicator arm 90 also has considerable inertia which
Imparts to the phase indicator arm 90 a high resistance to external force. Therefore, the

phase indicator arm 90 will not be affected by short duration transient events.
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In a further embodiment illustrated in Figure 3, the phase indicator arm 90 Is connected
to a first end of a control rod 92 by a control pivot 94 |located inboard of the end of the
phase indicator arm 90. Movement of the phase indicator arm 90 translates to relative
movement of the control rod 92. The second end of the control rod 92 Is connected to a
control arm 98, via a power arm pivot 100 that controls the power output of the power

source, namely the PHES machine.

In alternative embodiments of the invention, the control rod 92 may be arranged with a
throttle or other speed control device to regulate the power generated by the power

source In response to a change in the relative speed of the prime mover 20.

The control arm 98 iIs configured such that movement towards the letter "D” increases
the power delivered by the power source. Conversely, movement towards the letter “C”
decreases the power delivered by the power source. This Is particularly advantageous
when used with an energy storage system, such as the PHES machine because an
energy storage e.g. PHES machine is able to operate from full positive torque to full
negative torque, 1.e. full discharge to full charge (e.g. switching from generation mode to
motor mode). This allows the electrical machine to operate in generator or motor modes
as required, with regulation of the power angle being possible for both positive and

negative power (torque) angles.

Power variations will be resisted by the rotational inertia of the power source. The direct
coupling of the phase indicator arm 90 to the control arm 98 control lever gives a
relationship between the angle of the phase indicator arm and the power delivered by the

power Source.

Accordingly, the control rod 92 and the control arm 98 I1s connected to the power control
of the PHES machine to regulate the power generated by the PHES machine. For
example, If the frequency of rotation of the prime mover 20 falls, the control rod 92 is
arranged to increase the power produced by the PHES machine, and therefore increase
the frequency of the prime mover shaft 20. Conversely, if the frequency of rotation of the
prime mover shaft 20 rises, the control rod 92 I1s arranged to decrease the power
produced by the PHES machine, and therefore the frequency of rotation of the prime

mover 20.
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An acceleration of the speed of the regulation gear 29 will result in a movement of the
control lever 90 to the right thus increasing the power delivered by the PHES machine,
thereby maintaining the correct power angle. This increase In power will result In a
corresponding acceleration of the sun gear 66 which, in turn, will first stabilise the phase
iIndicator arm 90 and then move it to the left (i.e. towards the letter "A”). This leftward
movement will, via the control rod 92, move the control arm 98 to the left reducing the
power delivered by the PHES machine. An equilibrium condition may therefore be found
with the phase indicator arm 90 displaced towards the letter “A” and the control arm 98
demanding a power machine torque appropriate to the load. Therefore the apparatus Is
stable as the power Is controlled such as to return the phase indicator arm 90 to a static

condition.

Figure 4 illustrates a means of providing a damped response to any changes in power
angle which serves to increase stability of the apparatus. In the embodiment shown In
Figure 4, a first control rod 92a is connected at a first end to the phase indicator arm 90
and at a second end to a swing arm 102. A first end of the swing arm 102 is earthed and
fixed to a swing arm pivot 103 to enable the swing arm 102 to swing. The second end of
the first control rod 92a is pivotally linked to the swing arm 102 partway along the length
of the swing arm 102. A rocker link 104 Is located at the second end of the swing arm
102. The rocker link 104 carries a spring 106 between its upper end and an a first
attachment point 108 on the swing arm 102. An earthed damper 110, such as a viscous
or other form of damper, for example a dashpot, is also connected to the upper end of
the rocker link 104. The lower end of the rocker link 104 i1s pivotally attached to a first end

of the second control rod 92b, the second end of which Is connected the control arm 98.

If the phase indicator arm 90 Is iIn motion then, by virtue of its attachment to the swing
link 102, the swing arm 102 will also be in motion. This, In turn, results in motion of the
rocker link 104. The connection of the rocker link 104 to the damper 110 results in an
augmented motion of the control arm 98 In proportion to the rate of movement of the

phase indicator arm 90.

The arrangement of the velocity-related components shown In Figure 4 results In the
three terms of the implicit equation of motion of the system: Inertial, velocity and
displacement, all acting to reduce any perturbation applied to the system. By appropriate

selection of mechanical advantage between the phase indicator arm 90 and the control
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arm 98, damping coefficient and system Inertia In the system are stabilised In

accordance with principles well known to the skilled person.

Figure 5 illustrates a means of providing control of desired phase angle (e.g. desired
power setting) according to a further embodiment of the invention. This embodiment is
particularly useful if an PHES system is driving, or being driven by, an electrical machine

connected to a frequency regulated power distribution system, for example.

Rather than being pivotally secured to a static earthed pivot point, the swing arm 102 Is
secured to a sliding member 112 via a pivot 105. The sliding member 112 i1s located
within a slideway 114. The sliding member 112 enables slidable movement of the pivot
105. As lllustrated in Figure 5, If the pivot 105 Is moved via the control rod 92a In the
direction indicated by the letter "E” the control arm 98 will move towards the letter "D”
decreasing the delivered power. This will cause the phase Indicator arm 90 to move
towards the letter "A” which, via the rocker link 104, will cause the control lever 98 to
move towards the letter “C” reducing the delivered power. This process continues until
equilibrium is restored and the phase indicator arm 90 is static and displaced towards the

letter "A" from its original location.

Since the control rod 92a linking the swing arm 102 and the phase indicator arm 90 is
rigidly linked to the phase indicator arm 90, any movement of the swing arm pivot 105 Is
transmitted immediately to the control arm 98 via the rocker link 104. As already
described, this perturbation will result in ultimate stabilisation of the phase indicator arm
90 In a position different from its condition prior to the perturbation. A means of control of

phase angle between the power source and the reference shaft is thus achieved.

Figure 6 schematically illustrates the linking of the control arm 98 to the phase indicator
arm 90 by means of a servo control system 116, as opposed to a mechanical control
linkage. The requirements for stable motion and position holding are well known and are
typically defined by means of an equation of motion of the form:

Ax+Bx+Cx+D=0

Where:
A = Inertia coefficient (typically linear or angular inertia)
B = Damping coefficient (typically damping force or torque as a function of

linear or angular velocity)
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C = Displacement coefficient (typically force per unit displacement, either
angular or linear, 1.e. stiffness)
D = Offset coefficient. The value of this coefficient may be a fixed

characteristic of the system or may be the output of a control demand

X = Acceleration (angular or linear)
X = Velocity (angular or linear)
X = Displacement (angular or linear)

The relationship between the angular movement of the control arm 98 and the angular
movement of the phase indicator arm 90 may be controlled by the servo system 116.
The servo system 116 may comprise electronic, hydraulic, pneumatic or other means or
a combination of these means that addresses the terms of the equation of motion of the
above form to control the relationship between the control arm 98 and the phase
iIndicator arm 90 In a stable manner. A control signal 118 Is provided which relates to the
predetermined or desired power angle (i.e. desired power requirement). Therefore, the
mechanical system described previously may be replaced by a servo control system

performing the same functions.

In a further alternative embodiment, the motor shaft 20 of the first embodiment of the
iInvention I1s geared with the ring gear 70 and the regulation shaft 28 is geared with the
sun gear 66. In this alternative embodiment the movement of the phase indicator arm 90,
and the further elements of the invention described herein with reference to Figures 2 to

6 1S reversed.

It will be clear to the skilled person that modifications may be made to the above
described systems or methods, including combining elements of one or more of the
above described embodiments and/or aspects of the invention, without departing from

the scope of the invention as set out in the following claims.
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Claims

Apparatus for transmitting energy, the apparatus comprising:

an electrical machine arranged to convert between electrical energy and
mechanical energy, the electrical machine comprising a rotor; and

control means (42, 44, 90) arranged to regulate the motion of the rotor to
ensure that the power angle of the electrical machine is maintained within a range

of a predetermined power angle.

The apparatus of Claim 1, wherein the apparatus further comprises a signal
generator (2, ©6) arranged to generate a reference signal relating to the

predetermined power angle.

The apparatus of Claim 2, wherein the signal generator (2, 6) is powered by a

frequency regulated electrical supply.

The apparatus of any preceding claim, wherein the control means (42, 44, 90) is
arranged to regulate the output of the motion of the rotor in response to a change

IN the motion of the rotor.

The apparatus of Claim 4, wherein the control means (42, 44, 90) or a dedicated

detection device Is arranged to detect the change in the motion of the rotor.

The apparatus of any preceding claim, wherein the control means (42, 44, 90) iIs
arranged to monitor the actual power angle of the electrical machine, and
regulate the motion of the rotor If there Is a difference between the actual power

angle and the predetermined power angle.

The apparatus of any preceding claim, wherein the control means comprises a

servo system (116).

The apparatus of any preceding claim, wherein the apparatus comprises a

damping system for damping regulation of the rotor.
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The apparatus of any preceding claim, wherein the rotor Is arranged such that a
change In the motion of the rotor is reflected In the position or movement of a

control member (42, 90).

The apparatus of any of Claims 2 to 3, or 4 to 9 when dependent upon Claim 2,,
wherein the signal generator (2, 6) i1s connected to the control means (42, 44, 90)

to transmit the reference signal directly to the control means (42, 44, 90).

The apparatus of any preceding claim, wherein the rotor Is connected or coupled

to a prime mover shaft (20).

The apparatus of Claim 11, wherein the prime mover shaft is arranged to absorb

or transmit mechanical power.

The apparatus of Claim 11 or 12, wherein the prime mover shaft is a drive shaft
(20).

The apparatus of any of Claims 11 to 13, wherein the prime mover shaft is a
crank shaft (20).

The apparatus of any preceding claim, wherein the electrical machine is powered

by a power source.

The apparatus of Claim 15, wherein the control means controls the output of the

power Source.

The apparatus of any of Claims 15 to 16, wherein a change in the motion of the

rotor 1s transmitted into a relative change in the output of the power source.

The apparatus of any of Claims 15 to 17, wherein the control means directly

controls power control apparatus of the power source.

The apparatus of any of Claims 15 to 18, wherein the apparatus comprises a

regulation shaft (28) arranged to regulate the output of the power source.
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The apparatus of Claim 19, wherein the regulation shaft (28) and the rotor are

connected via the control means.

The apparatus of any of Claims 2 to 20, wherein the apparatus comprises an

Intermediate spool (52) driven by the signal generator (2, ©).

The apparatus of Claim 21, wherein the control means further comprises a dog
(42) mounted on the intermediate spool (52) retained within a slot (44) on a drive
disk (30).

The apparatus of any of Claims 19 to 22, wherein the regulation shaft (28) and

the rotor are connected to a control arm by a planetary gear system.

The apparatus of any of Claims 19 to 23, wherein the regulation shaft (28)

controls the power output of the power source.

The apparatus of any of Claims 15 to 24, wherein the control means is arranged
to regulate the output of the power source so that the power angle of the

electrical machine i1s maintained at the predetermined power angle.

The apparatus of any preceding claim, wherein, in use, the control means has a

control frequency.

The apparatus of any preceding claim, wherein the apparatus comprises an

energy storage system.

The apparatus of Claim 27, wherein the energy storage system is a pumped heat

electricity storage (PHES) machine.

The apparatus of any preceding claim, wherein the apparatus Is arranged to

supply electricity to an electricity distribution system.

The apparatus of any preceding claim, wherein the apparatus is arranged to store

energy supplied by an electricity distribution system.



10

15

31.

32.

33.

34.

35.

CA 02870144 2014-10-05

WO 2013/164565 PCT/GB2013/050594

27

The apparatus of any of Claims 2 to 30, wherein the signal generator comprises a

synchronous motor (2).

The apparatus of Claim 31, wherein the signal generator comprises a flywheel

(18) driven by the synchronous motor (2).

A method of transmitting energy, the method comprising:

rotating the rotor of an electrical machine using power generated by a
power source; and

regulating the motion of the rotor so that the power angle of the electrical

machine is maintained within a range of a predetermined power angle.

Apparatus for transmitting energy as hereinbefore described with reference to

one or more of Figures 1a, 1b, 2, 3, 4, 5 and ©.

A method of transmitting energy as hereinbefore described with reference to one

or more of Figures 1a, 1b, 2, 3, 4, 5 and ©.



CA 02870144 2014-10-05

WO 2013/164565 PCT/GB2013/050594

1/6

)
o -, WL (o
Y et ed £¥
o,

32,34

SUBSTITUTE SHEET (RULE 26)



CA 02870144 2014-10-05

WO 2013/164565 PCT/GB2013/050594

-
-
4. 44
Y +* 44 regh~
Y .
- . -
- ¥
0
L) -
. -
. 4 - 4 -
. - * -
- - &
-
* . 0] + .
- (] D +
- . . Y
* -
- - - . .
* My
-
- Nty
h! -
g .
- - + Y
1
-
* .
- -
-
-
p .
Y
4
.
- -
ry -
Y »
ry -
re .
-
.
.
D
)
.
4
»
)
+
&
L
+
.
+
.
[
. L)
.
.
)
[}
[}
()
0 )
-
.
¥
D
(3
¥
»
¥
ki
»
>
>
- .
(3 v
»
¥ .
+ - »
v »>
-
»
¥

e 444 4

SUBSTITUTE SHEET (RULE 26)



WO 2013/164565

L

CA 02870144 2014-10-05

SUBSTITUTE SHEET (RULE 26)

PCT/GB2013/050594

-
-
-
-
-
«
-
“
-
&
. 4 4
-
-
-
-
-
-
-
-
-
-
-
-
-
~
-
-
«
-
"]
-
«
-
N
-
“
+
«
«
- +
-
- "%



2014-10-09

CA 02870144

PCT/GB2013/050594

WO 2013/164565

MR EEEREEREEEREE R R EEEEEEEEEEEEERNE]

. MR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE BRI

)

LA R N N N N N R BB BB IEEEEEEEEE BB
’

4 4 4 4 4 444

FEGEER R R R R R R R R R R R R E R EEEEEEEEEEEEEEEEEEEEEEEBEEEEEE BRI EEEEE R EEEEEEREEEREEEE N

4 MR EEEERE RN

- 4 4

I I I I N ok

-

“« 4 4 4

+ 4 4 4 LN
4. 44

. 4 4 4

. % 4 4

“ 4 4 4 40

SUBSTITUTE SHEET (RULE 26)



CA 02870144 2014-10-05

WO 2013/164565 PCT/GB2013/050594

L A R N I

4 4 4 4 4 4 %A AR A AR AR AR AR R R AR S SN

L R N

L

4 4 4 4 4 44

.
‘. 4 4 4 4 .

&
P OO OO O
R N I I I I I R R R R R R R R R R R N

. . .
*»
>

SUBSTITUTE SHEET (RULE 26)



CA 02870144 2014-10-05

WO 2013/164565 PCT/GB2013/050594

-« 4 4 4

118

Controt Signal

L U L
*

SUBSTITUTE SHEET (RULE 26)






	Page 1 - abstract
	Page 2 - abstract
	Page 3 - abstract
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - abstract drawing

