wo 20117104543 A2 [I 10KV 0O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(10) International Publication Number

WO 2011/104543 A2

(19) World Intellectual Property Organization /’@?‘?’3\
International Bureau v{ 0
Al
(43) International Publication Date \'{_5___,/
1 September 2011 (01.09.2011) PCT
(51) International Patent Classification:
F04B 1/06 (2006.01) F04B 49/06 (2006.01)
F04B 7/00 (2006.01)
(21) International Application Number:
PCT/GB2011/050354
(22) International Filing Date:
23 February 2011 (23.02.2011)
(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
1003000.5 23 February 2010 (23.02.2010) GB
(71) Applicant (for all designated States except US):
ARTEMIS INTELLIGENT POWER LIMITED [GB/
GBJ; Unit 3, Edgefield Industrial Estate, Edgefield Road,
Loanhead, Midlothian EH20 9TB (GB).
(72) Inventors; and
(75) Inventors/Applicants (for US only): SALTER, Stephen,

Hugh [GB/GB]; 27 Blackford Road, Edinburgh EH9
2DT (GB). RAMPEN, William, Hugh, Salvin [GB/GB];
1 Merchiston Crescent, Edinburgh EH10 5AN (GB).
FIELDING, Michael, Richard [GB/GB]; 3 Union Road,
Linlithgow EH49 7DY (GB). CALDWELL, Niall,
James [GB/GB]; 21 Brunstane Road South, Edinburgh
EH15 2NH (GB). LAIRD, Stephen, Michael [GB/GB];
4F2 25 Montpelier, Edinburgh EH10 4LY (GB). JOLY,
Pierre, Robert [FR/GB]; 1F2 18 Warrender Park Ter-
race, Edinburgh EH9 1JG (GB).

(74) Agent: HINDLE, Alistair, Andrew; Hindle Lowther, 66
Hanover Street, Edinburgh EH2 1EL (GB).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

Published:

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: FLUID WORKING MACHINE AND METHOD OF OPERATING FLUID WORKING MACHINE

Fig. I

(57) Abstract: The present invention relates to a method of operating a fluid-working machine wherein the volume of working
fluid displaced each cycle is selectable and wherein the volume of working fluid displaced by a first working chamber takes into
account the suitability of the working chamber to displace fluid. The invention extends in further aspects to power absorbing
structures such as renewable energy devices comprising such fluid working machines. The invention allows the operation of fluid
working machines and power absorbing structures which are more long lived.



WO 2011/104543 PCT/GB2011/050354

Fluid Working Machine and Method of Operating Fluid Working Machine

Field of the invention

The present invention relates to a method of operating a fluid-working machine, a
fluid-working machine, computer program code and a power absorbing structure. The
present invention may more particularly relate to a hydraulic pump or motor having

control of individual working chambers.

Background to the invention

In the most common positive displacement hydraulic machines the fluid chambers
undergo cyclical variations in volume following a roughly sinusoidal function. It is
known from EP0361927 that a chamber can be left to idle by holding an
electromagnetically actuated valve, between the working chamber and the low-
pressure source, in the open condition. Thus the output of such synthetically
commutated machines is varied through the action of first filling each working
chamber with liquid, then deciding whether to reject the liquid back to the low-
pressure source or to pump it at pressure to the output manifold. Pumping the liquid
back to the low-pressure source means that a very small amount of power needs to
be expended, during the time that a working chamber is idle, whilst still allowing the

working chambers to become productive with a minimum latency period.
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EP0494236 introduced an additional operating mode which allows the use of the
hydraulic machine in a motoring cycle where torque is applied to the rotating shaft,

thus allowing a controllable bi-directional energy flow.

WO/2008/012587 introduced a method to adjust the working chamber cycles of such
machines so as to react very rapidly to events by adding or subtracting torque (or
flow) from the machine’s shaft (or outlets). The adjustment causes additional or
lesser torque (or flow) compared to the original and underlying demanded torque (or

flow).

The designer wishing to use machines of the aforementioned kind (for example due
to their unsurpassed efficiency and controllability) faces new challenges which are
not found when using machines in which every working chamber is active each
revolution and to largely the same degree as each other. These challenges include
differential wear, shaft load balancing, and resonance. All of these challenges are
caused by the sometimes irregular displacement of fluid and application of torque to

the rotating shaft and are described in more detail in the following paragraphs.

Differential wear: over time, synthetically commutated machines may use some
cylinders statistically more often than others. This is particularly a problem when
certain cylinders are connected at times to different working functions, for example as
described in WO/2008/009950. This leads to a reduction in the lifetime of the
machine, as favoured working chambers may fatigue or wear faster than infrequently

used ones.

Shaft load balancing: many conventional fluid working machines are designed so that
radial forces applied by the many simultaneously active working chambers to the
rotating shaft are balanced or offset against each other. However, where some
working chambers are disabled as in synthetically commutated machines, it is
possible for very high unbalanced forces to increase wear or even damage the

bearings holding the shaft, or even to bend the shaft itself.

Resonance: applications where the irregular application of torque to a shaft is
undesirable include transmissions such as vehicle and wind turbine transmissions,
while applications where irregular displacement of fluid is undesirable include those
with working functions such as mobile and fixed hydraulically driven materials

handling equipment (forklifts, excavators and the like). In these applications,
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irregularity can excite or exacerbate mechanical resonances inherent in the
structures and parts driven by or driving the fluid working machine. For example,
irregular drive of a wheel might induce undue torsional vibration at the natural
frequency of an axle, or the irregular force from a so-driven wheel reacting against
the ground may induce undue structural vibration at the natural frequency of parts of
a vehicle chassis. In material handling equipment the irregularity of displacement of
fluid into a hydraulic actuator might induce undue vibration at the natural frequency of

a forklift's tower or the extendable arm of an excavator, for example.

From the above it will be appreciated that there are numerous applications in which
careful control of the output torque or fluid displacement from a synthetically
commutated fluid working machine is very important. The present invention aims to

address various of the problems described above.

Summary of the invention

In a first aspect, the invention provides a method of operating a fluid working machine
according to Claim 1, preferred or optional features of the invention being set out in

the dependent claims.

The selection of the volume of working fluid may be achieved by operating an
actuator in dependence on a control signal received from a control unit, for example.
However, the present invention concerns varying the amount of fluid displaced during
individual cycles of working chamber volume according to a secondary need (that is
to say, a need other than meeting the demand indicated by the received demand
signal), while continuing to provide a time-averaged flow which meets the demand
indicated by the received demand signal. Thus, the method may comprise selecting,
from amongst a plurality of combinations of fluid displacement by individual working
chambers which would give the same total flow, a combination of fluid displacements
by individual working chambers which meets a secondary need, and is therefore

more or most suitable.

The taking into account of the suitability of working chambers when selecting the
volume of working fluid to be displaced by a working chamber enables the fluid-
working machine to displace an appropriate amount of fluid to meet a working
function, responsive to a received demand signal, but to also keep in balance one or

more additional considerations which would not be possible if the suitability of
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working chambers was not taken into account. Typically the peak to peak flow and
shaft torque ripple produced by the fluid working machine increase when the
suitability is taken into account when selecting the volume of working fluid to be
displaced by a working chamber. This is normally considered to be an unfavourable
attribute, but surprisingly we have found that there are some circumstances where
the increased ripple is beneficial, if the working chambers are selected according to
both the demand and the secondary need.

The suitability of a working chamber (e.g. the first working chamber) to displace fluid
to carry out the working function is typically related to a mechanical consideration (not
the time averaged flow of fluid). A mechanical consideration is typically the effect on a
moveable mechanical component of a force applied to it by the working fluid
displaced by the fluid working machine. For example, a mechanical consideration
includes wear of one or more components of the fluid working machine, net forces
acting on the machine as a result of the displacement of fluid by the working
chambers, or resonances within a mechanical component driven by or driving the
fluid working machine. The suitability of a working chamber may be related to a
mechanical consideration related to the expected lifetime or time between
maintenance requirements of the fluid working machine or one or more components

thereof.

The suitability of a working chamber may include at least one suitability measure
predictive of the effect on a secondary parameter of selecting the working chamber
for an active cycle, for example. The demand signal may be a demand for time-
averaged fluid delivery, for example, and the secondary parameter may be a
requirement for the timing of the individual deliveries making up the time-averaged
fluid delivery The secondary parameter may be a mechanical parameter relating to a
mechanical consideration, for example, a parameter concerning the wear of one or
more components of the fluid working machine, the net forces within the fluid working
machine, or a measure of mechanical resonance in a mechanical component driven

by or driving the fluid working machine.

The method preferably comprises receiving a current value of one or more
mechanical parameters related to the mechanical consideration. A current value of a
mechanical parameter may be a measured mechanical parameter or a calculated
mechanical parameter. Typically suitability of a working chamber is determined by

reference to the current value of the one or more mechanical parameters. Typically
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suitability of a working chamber is determined with reference to one, some or all of
the predicted future value of the one or more mechanical parameters, the predicted
future value taking into account the current value of the one or more mechanical
parameters and the effect on the mechanical consideration of selecting the working
chamber for an active cycle, for example. Typically the method comprises selecting
the suitability of a working chamber with reference to the predicted future value of the
one or more mechanical parameters, the predicted future value taking into account
the current value of the one or more mechanical parameters and the effect on the
mechanical consideration of selecting the working chamber for an active cycle, for

example.

Typically, the suitability of a first working chamber is higher than that of a second
working chamber if selecting the first working chamber for an active cycle, for
example, will have a greater effect on bringing the predicted future value of the one or
more mechanical parameters towards a desirable value thereof, compared to
selecting the second working chamber for an active cycle, for example. A desirable
value of the predicted future value of the one or more mechanical parameters is
typically one in which the future values of a plurality of mechanical parameters are

balanced.

Mechanical parameters include for example the number of active cycles carried out
by individual working chambers and their valves; a measure of working chamber or
valve wear, typically weighted by the number of active cycles and the contribution of
the current conditions to wear (for example the pressure in the working chamber
during the active cycle); the force vectors applied by working chambers in use to the
shaft driving them; and the relative positions, velocities or accelerations (including
angular positions, velocities or accelerations) of mechanical structures driven by or

driving the working function.

It may be that there is a plurality of mechanical parameters and that the method
comprises determining the suitability of a working chamber with reference to the
effect on the future values of the plurality of mechanical parameters. In particular, the
method may comprise determining the suitability of a working chamber such that a
higher suitability is determined when the future values of the plurality of mechanical
parameters are balanced. The method preferably comprises selecting that working
chamber or those working chambers, for example for active cycles, that restore

balance in or increase the balance between the current or future values of the
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mechanical parameters. Thus, the method preferably comprises selecting that
working chamber or those working chambers, for example for active cycles, that
counteracts (or compensates) imbalance between the current or future values of the

mechanical parameters.

Balanced, with respect to a plurality of mechanical parameters, typically means that
the parameters are related to each other in a desired way. They are thus similar to
each other, or their vectors sum together to zero, or they are related to each other in

desired ratios, depending on the application.

Typically suitability to carry out the working function is determined at least once per

cycle of working chamber volume, for each working chamber.

The controller may actively control the said electronically controllable valves (for
example by outputting control signals), in phased relationship to cycles of working
chamber volume, to regulate the time-averaged displacement of the working

chambers, responsive to the received demand signal.

The fluid working machine may function only as a motor, or only as a pump.
Alternatively, the fluid working machine may function as either a motor or a pump in

alternative operating modes.

Preferably, each working chamber is operable on each cycle of working chamber
volume to carry out an active cycle in which the chamber makes a net displacement
of working fluid or an idle cycle in which the chamber makes substantially no net
displacement of working fluid. It may be that each working chamber is operable to
displace one of a plurality of volumes of working fluid (for example, a range of
volumes of working fluid) during an active cycle. The said range of volumes may be
discontinuous, for example, the range of volumes of working fluid may comprise a
range extending from a first minimum of substantially no net fluid displacement, to a
first maximum of at most 25% or 40% of the maximum net fluid displacement of a
working chamber, and then from a second minimum of at least 60% or 75% of the
maximum net fluid displacement of a working chamber, to a second maximum in the
region of 100% of the maximum net fluid displacement of a working chamber. This
may occur where, for example, the operating working fluid pressure is sufficiently
high that it is not possible to open or close valves in the middle of expansion or

contraction strokes of working chamber volume, or the fluid flow is sufficiently high



WO 2011/104543 PCT/GB2011/050354

that operating with a continuous range of volumes would be damaging to the working
chamber, the valves of the working chamber, or other parts of the fluid working

machine.

Preferably the method comprises also taking into account the relative suitability of at
least one second working chamber or chambers to displace fluid to carry out the
working function. The suitability of the at least one second working chamber may be
the suitability of the second working chamber during a cycle of working chamber
volume shortly after, shortly before, simultaneous to, in phase with, or
contemporaneous to the cycle of working chamber volume of the first working
chamber. Shortly after preferably means that the cycle of working chamber volume of
the second working chamber begins before the cycle of working chamber volume of
the first working chamber ends. Shortly before preferably means that the cycle of
working chamber volume of the second working chamber ends before the cycle of
working chamber volume of the first working chamber begins. Contemporaneous to
preferably means that suitability is determined for cycles of working chamber volume

of the first and second working chambers which overlap in time.

Preferably the fluid-working machine is operable such that, on at least some
occasions, the first working chamber carries out an active cycle instead of an idle
cycle as a result of its relative suitability compared to at least one second working
chamber. Thus, the method may comprise determining whether the at least one
second working chamber is unsuitable and causing the first working chamber to
execute an active cycle instead of an idle cycle responsive thereto. Preferably the
volume of working fluid displaced by the at least one second working chambers is
selected to carry out the working function responsive to the received demand signal,
taking into account the selected volume of working fluid displaced by said first
working chamber. It may be that the volume of working fluid displaced by a plurality of
second working chambers is selected to carry out the working function responsive to
the received demand signal, taking into account the selected volume of working fluid
displaced by said first working chamber. It may be that the volume of working fluid
displaced by the at least one second working chambers is selected to carry out the

working function exactly responsive to the received demand signal.

The controller may compute or otherwise process an algorithm, which algorithm takes
into account a plurality of input data including suitability data, wherein for at least

some input data including suitability data indicative that the second working chamber
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is more suitable to carry out the working function than the first working chamber, the
algorithm is operable to determine that the first working chamber should not carry out
an active cycle, and for the same input data except that the suitability data is
indicative that the second working chamber is less suitable to carry out the working
function than the first working chamber, the algorithm is operable to determine that
the first working chamber should carry out an active cycle. For example, the controller
may execute a stored program (the stored program encoding the algorithm) and
thereby process the algorithm. In other words, the controller may receive a plurality of
input data, and process the input data to determine whether or not the first working
chamber should carry out an active cycle, said processing further comprising
processing suitability data associated with the first working chamber and a second
working chamber to determine the relative suitability of the first working chamber

relative to the second.

The controller may comprise a phase input for receiving a phase signal indicative of
the phase of volume cycles of working chambers of a fluid working machine. The
phase signal may be received from a phase sensor, for example an optical, magnetic
or inductive phase sensor. The phase sensor may sense the phase of a crankshaft
(which may be an eccentric crankshaft) and the controller may infer the working

chamber phase from the sensed eccentric crankshaft phase.

Preferably, when the demand indicated by the received demand signal is sufficiently
low, one or more working chambers operable to displace fluid to carry out the working
function is redundant during one or more cycles of working chamber volume, that is to
say, if the working chamber was not present or was not operating, the fluid-working
machine could anyway displace sufficient fluid to meet the demand without changing
the overall frequency of active cycles of working chamber volume.

Preferably, when the demand indicated by the received demand signal is sufficiently
low, the selected volume of fluid displaced by at least one of the working chambers
which are available to carry out the working function is substantially zero for at least
some cycles of working chamber volume. In some embodiments, when the demand
indicated by the received demand signal is sufficiently low, at least one of the working
chambers which are available to carry out the working function carries out an idle
cycle for at least some cycles of working chamber volume. In some embodiments,
wherein the working chambers are operable to displace one of a plurality of volumes

of working fluid, when the demand indicated by the received demand signal is
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sufficiently low, the selected volume of fluid displaced by at least one of the working
chambers which are available to carry out the working function is less than the
maximum volume of working fluid which the said at least one of the working

chambers is operable to displace.

The received demand signal may indicate a desired volume of working fluid to be
displaced (e.g. received or output) to fulfil a working function. The received demand
signal may indicate a desired output or input pressure, for example. The received
demand signal may indicate a desired rate to displace fluid to fulfil a working function.
A fluid response sensor may be provided to monitor a property of received or output
fluid, for example, the pressure of received or output fluid, or the rate of displacement
of received or output fluid, and to provide a fluid response signal. The controller may
compare the fluid response signal and the received demand signal to select the
volume of working fluid displaced by one or more said working chambers on each

cycle of working chamber volume, for example to perform closed loop control.

The volume cycles of the first and second working chambers may be synchronised (in

phase), or the first may be before the second, or the second may be before the first.

In embodiments in which suitability is determined by the historical amount of use of a
working chamber, a measurement or prediction of use preferably includes a
weighting factor determined from one or more operating parameters at the time of
use. Said operating parameters may include the timing of the opening or closing of
the at least one valve, pressure, temperature and/or fluid condition (including water

content, air content, age).

In embodiments in which the suitability is determined by the measurement or
prediction of the net force applied to a rotatable shaft of said fluid working machine by
fluid-pressurised working chambers, the method preferably comprises using
measurements from one or more pressure sensors in fluid communication with the
working fluid in the plurality working chambers, to calculate the net force. Preferably
the net force is predicted or measured more than once per working chamber volume
cycle. Preferably the method comprises predicting the net force at a point falling
within the next working chamber volume cycle. Preferably the method comprises,
before the beginning of an upcoming cycle of working chamber volume of the first
working chamber, making a prediction of the net force at a later point in the upcoming

cycle. The net force is preferably a radial net force. A radial net force is one which
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acts perpendicular to the axis of rotation of the rotatable shaft. The net force may be
a maximum net force, or may be an average net force, or may be some relative

estimate of net force.

The calculation of net force preferably comprises using knowledge of the physical
arrangement of the working chambers. The calculation of net force preferably
comprises keeping a record of which working chambers are fluid-pressurised, which
may include keeping a record of which working chambers are undertaking active
cycles. The calculation of net force preferably includes taking into account non-fluid
forces on the rotatable shaft. Non-fluid forces preferably include spring forces, inertial
forces and gravitational forces. Net force can be calculated in any scale (including a

non-linear scale) or in any units.

In embodiments where the suitability is determined by the measurement or prediction
of the motion of a mechanical component, the suitability of each working chamber is
determined from a prediction of the future motion of the mechanical component.
Typically working chambers have higher suitability of the predicted future motion is
smoothest, that is to say, has the lowest acceleration or the lowest jerk or some

combination thereof.

The method may include determining the suitability of a group of working chambers,
and determining the suitability of a single working chamber with reference to the
suitability of said group. The suitability of a single working chamber may be
determined with reference to the suitability of one or more groups of working
chambers to which it belongs and to measures of suitability relating only to the single

working chamber itself.

The invention extends in a second aspect to a fluid working machine comprising a
controller and a plurality of working chambers of cyclically varying volume, each said
working chamber operable to displace a volume of working fluid which is selectable
by the controller on each cycle of working chamber volume, the controller operable to
select the volume of working fluid displaced by one or more said working chambers
on each cycle of working chamber volume to carry out a working function responsive
to a received demand signal, operated in accordance with any of the methods

described with reference to the first aspect.



WO 2011/104543 PCT/GB2011/050354

11

The invention extends in a third aspect to computer program code which, when
executed on a fluid working machine controller, operates the fluid working machine

according to any of the methods described with reference to the first aspect.

The invention extends in a fourth aspect to a method of operating a power absorbing
structure comprising at least one mechanical component and further comprising a
fluid working machine itself comprising a plurality of working chambers of cyclically
varying volume, each said working chamber operable to displace a volume of working
fluid which is selectable for each cycle of working chamber volume, the method
comprising selecting the volume of working fluid displaced by one or more said
working chambers during each cycle of working chamber volume to carry out a
working function responsive to a received demand signal, the method further
including measuring or predicting the motion of the mechanical component and
selecting the volume of working fluid displaced by a first working chamber during a
cycle of working chamber volume taking into account the measured or predicted
motion of the mechanical component under the influence of the fluid working

machine.

By under the influence of is meant that the fluid working machine may drive the
mechanical component or the mechanical component may drive the fluid working
machine, or both at different times. The power absorbing structure preferably absorbs
power from the surrounding environment. The power absorbing structure may absorb
power from the fluid working machine. The power absorbing structure is preferably a
renewable energy device and may be a wind or tidal turbine. The power absorbing
structure may be a vehicle or the wheel or track of a vehicle. The fluid working

machine may drive or be driven by more than one said mechanical component.

Mechanical components may include the rotatable shaft of the fluid working machine
or the rotatable body of the fluid working machine, or may include components
attached to said rotatable parts either directly or indirectly. Said motion may be an
oscillatory motion, an acceleration and/or a velocity. Said motion may be a rotational
motion, a linear motion, or a combination of one or more rotational and linear
motions. The motion may be an absolute motion, by which is meant a motion of the
mechanical component compared to an essentially fixed base. The motion may be a
relative motion, by which is meant a motion of the mechanical component compared
to a reference mechanical component which may itself be moving or movable. The

method may comprise determining the suitability of a working chamber from
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mechanical conditions of the mechanical component consequent to the motion.
Mechanical conditions may include stresses, strains or shapes, and may include

dynamic stresses, strains or shapes.

The method may comprise calculating the future motion of the mechanical
component. The method may comprise determining the suitability of a working

chamber from the future motion of the mechanical component.

The invention extends in a fifth aspect to a power absorbing structure comprising at
least one mechanical component and further comprising a fluid working machine,
operable in accordance with the method of the fourth aspect. Preferably the power
absorbing structure comprises sensors to determine the motion of the mechanical
component. Preferably the motion of the mechanical component under the influence
of the fluid working machine is predictable or measurable. Preferably the power
absorbing structure comprises a computer for predicting the motion of the mechanical
component under the influence of the fluid working machine.

The invention extends in a sixth aspect to a computer model of a power absorbing
structure comprising at least one mechanical component and further comprising a
fluid working machine itself comprising a plurality of working chambers of cyclically
varying volume, each said working chamber operable to displace a volume of working
fluid which is selectable for each cycle of working chamber volume to carry out a
working function responsive to a received demand signal, said computer model being
operable to predict the motion of said at least one mechanical component under the
influence of the fluid working machine. The computer model may comprise a partial
model of the fluid working machine, i.e. a model capable of simulating only some of
the properties of the fluid working machine. Preferably the computer model can
simulate the torque produced by the selected working chambers of the fluid working
machine. The computer model may comprise a partial model of the mechanical
component, i.e. a model capable of simulating only some of the properties of the
mechanical component. Preferably the computer model can simulate the motion of
the mechanical component under the influence of the fluid working machine. The
computer model may comprise program code and data stored on a computer
readable carrier. The computer model may comprise program code and data stored

in memory in electronic communication with a processor.
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In a further aspect of the invention there is provided a method of operating a fluid-
working machine for a plurality of cycles of working chamber volume, the fluid-
working machine comprising a plurality of working chambers of cyclically variable
volume, each said working chamber being operable to displace a selectable volume
of working fluid during each cycle (for example one of a first volume corresponding to
an ‘active’ cycle and no net volume corresponding to an ‘idle’ cycle), and the method
comprising: controlling the plurality of working chambers in aggregate so as to cause
the total volume of working fluid displaced during each cycle to conform to a global
demand function (for example to conform to a time-averaged demand signal, in terms
of pressure, volume, or other appropriate measure, and/or a demand signal that may
or may not vary over the course of a number of cycles); and controlling the plurality of
working chambers individually in accordance with a suitability function that
determines the suitability of (for example, determines a suitability value for, such as
an absolute or relative value, which may for example be used as a threshold or used
to modify an existing threshold so as to determine whether or not each working
chamber is activated, such activation for example determining a choice of volume of
working fluid to displace during a given cycle) each working chamber. A method such
as this may for example relate to an arrangement where the time-average torque (or
other appropriate measure) provided to a load may be varied according to a (global)
demand but the choice of individual working chambers providing the instantaneous
torque may be varied in time according to a secondary consideration. It will be
appreciated that specific features and terms of the present aspect may differ from
features of other aspects mentioned above; with regard to the description below, the
skilled man will recognise that such features and terms are generally interchangeable
and in some cases may be omitted (unless they are clearly indicated to be essential

features of the invention) or added.

References above to making predictions may for example include the step of, or
means for, processing a set of data representing measurements relevant to the
prediction in accordance with an appropriate formula and outputting a prediction

value representing the relevant prediction.

Preferred and optional features of the second through sixth aspects correspond to
those described for the first aspect. Further variations and modifications may be
made within the scope of the invention, as will present themselves to those skilled in

the art.
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Description of the Drawings

An example embodiment of the present invention will now be illustrated with

reference to the following Figures in which:

Figure 1 shows a fluid working machine suitable for use with the invention;

Figure 2 illustrates the progression of an algorithm implementing the invention;

Figure 3 shows the use of the invention to reduce unbalanced forces in a ring cam
fluid working machine;

Figure 4 shows the use of the invention to eliminate structural vibration in a wind

turbine generator; and

Figure 5 shows the use of the invention to avoid damage caused by rollers being

activated over segment boundaries in a segmented ring cam motor.

Detailed Description of an Example Embodiment

Figure 1 illustrates a fluid working machine in the form of a synthetically commutated
hydraulic pump/motor 1 comprising a plurality of working chambers 2 (designated
individually by letters A to H) which have volumes defined by the interior surfaces of
cylinders 4 and pistons 6 which are driven from a rotatable crankshaft 8 by an
eccentric cam 9 and which reciprocate within the cylinders to cyclically vary the
volume of the working chambers. A shaft position and speed sensor 10 determines
the instantaneous angular position and speed of rotation of the shaft, and through
signal line 11 informs a controller 12, which enables the controller to determine the
instantaneous phase of the cycles of each working chamber. The controller is

typically a microprocessor or microcontroller which executes a stored program in use.

The working chambers are each associated with Low Pressure Valves (LPV) in the
form of electronically actuated face-sealing poppet valves 14, which face inwards
toward their associated working chamber and are operable to selectively seal off a
channel extending from the working chamber to a low pressure manifold 16, which
functions generally as a net source or sink of fluid in use and may connect one or

several working chambers, or indeed all as is shown here, to a reservoir (not shown)
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through a low pressure port 17. The LPVs are normally open solenoid closed valves
which open passively when the pressure within the working chamber is less than the
pressure within the low pressure manifold, i.e. during an intake stroke, to bring the
working chamber into fluid communication with the low pressure manifold, but are
selectively closable under the active control of the controller via LPV control lines 18
to bring the working chamber out of fluid communication with the low pressure
manifold. Alternative electronically controllable valves may be employed, such as

normally closed solenoid opened valves.

The working chambers are each further associated with High Pressure Valves (HPV)
20 in the form of pressure actuated delivery valves. The HPVs face outwards from
the working chambers and are operable to seal off a channel extending from the
working chamber to a high pressure manifold 22, which functions as a net source or
sink of fluid in use and may connect one or several working chambers, or indeed all
as is shown here, to a high pressure port 24. The HPVs function as normally-closed
pressuring-opening check valves which open passively when the pressure within the
working chamber exceeds the pressure within the high pressure manifold. The HPVs
may also function as normally-closed solenoid opened check valves which the
controller may selectively hold open via HPV control lines 26 once that HPV is
opened by pressure within the associated working chamber. The HPV may
additionally be openable under the control of the controller when there is pressure in
the high pressure manifold but not in the working chamber, or may be partially
openable. A pressure relief valve 28 may protect the fluid working machine from

damage.

As well as determining whether or not to close or hold open the LPVs or HPVs on a
cycle by cycle basis in the manner of the prior art, the controller is operable to vary
the precise phasing of the closure of the LPVs and HPVs with respect to the varying
working chamber volume. Arrows on the ports 17,24 indicate fluid flow in the pumping

mode; in the motoring mode the flow is reversed.

Figure 2 shows the operation of an algorithm that implements the invention, and
proceeds as follows. At each timestep t1 to t13 (falling at points of maximum volume
of successive working chambers A through H) a register increments by a value
representing the instantaneous displacement demand of the pump 1, the
displacement demand being related to the required torque, pressure or flow in the

usual manner. The register value is shown as trace 50. In machines of the prior art,
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when the register reaches the basic threshold 52 (typically equivalent to 100% of the
volume of one working chamber) the controller 12 will activate the valves 14,20 of the
corresponding working chamber to pump (or motor) a quantity of fluid. At that time the
volume of fluid pumped (or motored) is subtracted from the register and the
accumulation begins at a lower level at the next timestep. In this way any required
flow can be produced from a sequence of working chamber activations.

The method of this invention provides for a varying secondary parameter to modify
the basic threshold 52 to produce an adjusted threshold shown as trace 54, and
representing the suitability for use of a working chamber relative to other working
chambers. Thus, the machine according to this invention and example would activate
working chamber C at t3 (indicated by mark 56), a particularly suitable time,
compared to the previously known machines which would activate working chamber
D at time t4, a less suitable time. The register is then decremented 58 to a new level.
The neutrality of time t5 is reflected in that the basic and adjusted thresholds are very
similar there. At t7 the previously known machines would have activated working
chamber G due to the register value 50 exceeding the basic threshold 52, but this is a
particularly unsuitable working chamber and so the secondary parameter raises the
adjusted threshold. The working chamber H is instead activated at the delayed time
t8.

In this manner the invention can favour or tend to avoid certain working chambers,
based on any suitable secondary parameter that indicates their suitability for use, so
as to vary the timing of displacement while maintaining the same average throughput
of fluid.

Where the fluid working machine has multiple working chambers available for use at
any given time (for example a multi-eccentric machine with two or more planes of
cylinders spaced apart axially along the length of the crankshaft, or a machine having
a multi-lobed cam), the algorithm may use a different adjusted threshold for each of
those working chambers for which a decision is being made, at each timestep, for

example to favour one over another.

The invention can be used to evenly distribute wear or fatigue amongst the working
chambers A to H of the pump/motor 1. The adjusted threshold could be calculated
from an estimate by the controller of the historical wear incurred on the working

chamber. The historical wear prediction might be simply the historical number of
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times working chamber has been used previously. Alternatively the algorithm may
predict wear by estimating or measuring the amount of wear incurred under the
specific operating conditions at the time of the working chamber use, for example
weighting more strongly or only accounting for cylinder use at high or low shaft
speeds, high or low pressures, high or low temperatures or any other factor or
combination of factors related to wear. The algorithm could separately account for
wear in different components associated with one working chamber, for example the

valves, piston or cylinder, using different prediction measures for each.

The adjusted threshold can be adjusted for a group of working chambers together,
due to historical wear. In a multi-eccentric machine with two or more planes of
cylinders spaced apart axially along the length of the crankshaft, the controller may
account for wear of the eccentrics, and change the adjusted threshold of all working
chambers associated with each eccentric. In a machine having a multi-lobed cam, the
controller may account for wear of each lobe, and change the adjusted threshold of
each working chamber temporarily associated therewith.

While the description has so far assumed that the basic threshold is adjusted to
reflect past events, it is possible and advantageous in some situations for the
adjusted threshold to represent or model the future situation under the scenario that a

certain working chamber is in fact activated or not activated.

Figure 3 (a) shows a cam ring 70 for the pump of a hydraulic wind turbine
transmission comprising a high torque roller-piston pump and a fast-rotating hydraulic
motor. In such a roller-piston pump the rollers (not shown) roll on the cam ring 70 and
are connected to pistons (also not shown) which in turn cycle slidingly inside
cylinders to together form working chambers analogous to those in the fluid working
machine of Figure 1. As the cam ring rotates in direction 72, the controller controls
the pressurisation of the working chambers in the manner previously described (i.e.
through the activation of low and high pressure valves with reference to a shaft
position sensor), and therefore controls the application of forces 74 by the rollers
acting on the cam. A bearing 76 is required to hold the cam in place against the net

force 78.

Machines controlled according to the methods of the prior art may easily produce
configurations like that shown in Figure 3 a), in which many working chambers on

one side of the cam have been activated but few on the opposite side. This creates a
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large net force 78, which may unnecessarily wear, distort or even destroy the bearing
76.

Figure 3 (b) shows the behaviour of a machine having the benefit of the present
invention, in which a secondary parameter which predicts the magnitude of the net
force on the bearing should a working chamber in question be activated adjusts the
basic threshold. A pump according to the invention, at the moment of deciding which
working chambers to activate, calculates, for each possible working chamber or
combination thereof that might be activated to fulfil the current demand, the peak
magnitude of the net force that would result over the next working chamber volume
cycle, and thus chooses to activate that working chamber or those chambers in
combination which produces the smallest net force, or the first working chamber
found that produces a net force that falls under a certain threshold. The net force
might be calculated from the working chamber bore size and the high pressure

manifold pressure, as well as the geometric position of each working chamber.

Instead of the peak magnitude of the net force, the mean or some other measure
could be used. Instead of a horizon of one working chamber cycle, a longer or shorter
horizon could be used. The method of the invention might therefore cause the fluid
working machine to activate the working chambers shown in Figure 3 (b), to produce

a smaller net force 80 on the bearing 76 than in Figure 3 (a).

Figure 4 shows a Wind Turbine Generator (WTG, 100, acting as the power absorbing
structure) comprising a nacelle 102 rotatably mounted to a tower 104 and having
mounted thereon a hub 106 supporting three blades 108. The hub is connected via
shaft 110 (shown schematically) to a hydraulic wind turbine transmission comprising
a high torque roller-piston ring cam pump 112 and a fast-rotating motor 114,
fluidically connected to each other by high pressure line 116 and low pressure line
118. The pump and motor are preferably of the type described with reference to
Figure 1. The terms pump and motor indicate their most common operation in the
WTG and do not necessarily indicate a restriction to operate only in those modes.
The high 116 and low pressure 118 lines connect to the high 24 and low 17 pressure
ports respectively. The motor 114 is coupled to a synchronous or other electric
generator or motor 120, for example to provide power into an electricity network or to

receive power therefrom.
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A controller 12 controls the valves of at least the pump, using input from shaft speed
sensor 10 and from a plurality of sensors 122. The sensors are accelerometers, strain
gauges and relative position sensors, and are used to inform the controller of the
current structural condition of the WTG, for example undesirable vibrations in the

tower or blades, or resonance conditions.

In use the WTG may benefit from the invention by using the algorithm described
above with reference to Figure 2. At each timestep the controller (acting as the
computer model of the sixth aspect) predicts the future motion (structural response)
of the WTG by convolving the time response of a proposed working chamber with the
known characteristic response of the WTG pump, hydraulic system, tower and
blades. Such a prediction also uses the current motion (structural condition) from
sensors 122. Certain parameters of the motion, for example whether measurements
are exceeded or the relative scale of a plurality of measurements, are used to
calculate a secondary parameter to produce the adjusted threshold for each potential
working chamber, from the basic threshold, and thence to select the volume
displaced by a working chamber based on its suitability compared to other working
chambers.

In this manner the WTG, compared to WTGs driving pumps controlled according to
the prior art, has reduced structural vibration, allowing it to last longer, survive greater
hardship, or be built lighter and more cost effectively than previously. The motion of
two parts of the WTG may be restored to a desirable balanced condition by virtue of

the invention.

Figure 5 shows a portion of a roller piston fluid working machine 112 showing the
cam ring 70 comprised of two or more segments 130,132, a wave-shaped surface
134 of which drives a plurality of rollers 136 to cyclically drive a piston 6 in a cylinder
4. The controller 12 controls active low pressure valves 14, and optionally controls
high pressure valves 20, through control lines 18,26, to fluidically connect or isolate
the working chamber from low 16 and high 22 pressure manifolds respectively. The
controller has a shaft position sensor 10 to measure the shaft position as it rotates in
direction 138, and is therefore aware of segment boundaries 140. The segment
boundaries are typically arranged so that the working chambers are not pressurised
when the rollers roll over them in a preferred mode of operation or direction, i.e. the
rollers are always unloaded when they cross the segment boundaries. For example in

the machine shown in Figure 5, which rotates in direction 138 and is preferably
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operated as a pump, the rollers cross the segment boundaries on the expansion

stroke of the associated working chamber.

In use, the fluid working machine may be required to operate at least some of the
time as a motor, for example for maintenance purposes, or as a pump in the reverse
direction. In this case, machines of the prior art would activate working chambers so
that the rollers cross the segment boundary under load, causing damage and wear.
However, a machine employing the method of the invention will use a secondary
parameter, derived from the shaft position sensor and predicting whether an activated
working chamber would cause a loaded roller to cross a segment boundary, to select
which working chambers to activate, and so avoid damage and wear while

maintaining the desired output over time.

Many other applications exist which will benefit from the invention, including those

listed in the introduction.
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Claims

1. A method of operating a fluid-working machine comprising a plurality of working
chambers of cyclically varying volume, each said working chamber operable to
displace a volume of working fluid which is selectable for each cycle of working
chamber volume, the method comprising selecting the volume of working fluid
displaced by one or more said working chambers during each cycle of working
chamber volume to carry out a working function responsive to a received
demand signal, characterised by selecting the volume of working fluid displaced
by a first working chamber during a cycle of working chamber volume taking
into account the suitability of said first working chamber to displace fluid to carry

out the working function.

2. A method of operating a fluid-working machine according to claim 1, the fluid-
working machine comprising a controller, and at least one valve associated with
each working chamber operable to regulate the connection of the respective
working chamber to a low pressure manifold and a high pressure manifold, at
least one valve associated with each working chamber being electronically
controllable under the active control of the controller to select the volume of
working fluid displaced during a cycle of working chamber volume, wherein the
controller receives the demand signal and actively controls the said
electronically controllable valves, in phased relationship to cycles of working
chamber volume, to select the displacement of fluid by one or more of the
working chambers on each cycle of working chamber volume, responsive to the

received demand signal.

3. A method of operating a fluid-working machine according to Claim 1 or Claim 2
wherein the amount of fluid displaced by the first working chamber during an
individual cycle of working chamber volume is greater when it is suitable than

when it is unsuitable.

4. A method of operating a fluid-working machine according to any one previous
Claim comprising also taking into account the relative suitability of at least one

second working chamber to displace fluid to carry out the working function.

5. A method of operating a fluid-working machine according to Claim 4, wherein

the amount of fluid displaced by the first working chamber during an individual
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cycle of working chamber volume is greater than would be the case if a second
said working chamber was relatively more suitable than the first working

chamber.

6. A method of operating a fluid-working machine according to Claim 4 or 5,
wherein each working chamber is operable on each cycle of working chamber
volume to carry out an active cycle in which the chamber makes a net
displacement of working fluid or an idle cycle in which the chamber makes
substantially no net displacement of working fluid, wherein, on at least some
occasions, the first working chamber carries out an active cycle instead of an
idle cycle as a result of the unsuitability of the second working chamber

7. A method of operating a fluid-working machine according to any of Claims 4 to
6, wherein each working chamber is operable on each cycle of working
chamber volume to carry out an active cycle in which the chamber makes a net
displacement of working fluid or an idle cycle in which the chamber makes
substantially no net displacement of working fluid, wherein, on at least some
occasions, the first working chamber carries out an active cycle instead of an
idle cycle as a result of having greater suitability than the second working

chamber.

8. A method of operating a fluid-working machine according to any of Claims 4 to
7, wherein the volume of working fluid displaced by said at least one second
working chambers is selected to carry out the working function responsive to
the received demand signal, taking into account the selected volume of working

fluid displaced by said first working chamber.

9. A method of operating a fluid-working machine according to any of Claims 4 to
8, wherein volume cycles of the first working chamber are phased earlier or

later than volume cycles of the second working chamber.

10. A method of operating a fluid-working machine according to any one preceding
claim, wherein suitability is determined by the historical amount of use of the

one or more working chambers.

11. A method of operating a fluid-working machine according to any one preceding

claim, wherein suitability is determined by measurement or prediction of the net
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force applied to a rotatable shaft of said fluid working machine by fluid-

pressurised working chambers.

12. A method of operating a fluid-working machine according to any one preceding
claim, comprising measuring or predicting the motion of a mechanical
component, said motion being influenced by said fluid working machine, and

determining the suitability of each working chamber responsive thereto.

13. A method of operating a fluid-working machine according to any one preceding
claim wherein, when the demand indicated by the received demand signal is
sufficiently low, the selected volume of fluid displaced by at least one of the
working chambers which are available to carry out the working function is

substantially zero for at least some cycles of working chamber volume.

14. A method of operating a fluid-working machine for a plurality of cycles, the fluid-
working machine comprising a plurality of working chambers of cyclically
variable volume, each said working chamber being operable to displace a
selectable volume of working fluid during each cycle, and the method
comprising:

controlling the plurality of working chambers in aggregate so as
to cause the total volume of working fluid displaced during each cycle to
conform to a global demand function; and

controlling the plurality of working chambers individually in
accordance with a suitability function that determines the suitability of each

working chamber.

15. A fluid-working machine comprising a controller and a plurality of working
chambers of cyclically varying volume, each said working chamber operable to
displace a volume of working fluid which is selectable by the controller on each
cycle of working chamber volume, the controller operable to select the volume
of working fluid displaced by one or more said working chambers on each cycle
of working chamber volume to carry out a working function responsive to a
received demand signal, characterised by the controller being operable to
select the volume of working fluid displaced by a first working chamber on a
cycle of working chamber volume taking into account the suitability of said first

working chamber to displace fluid to carry out the working function.
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16. Computer program code which, when executed on a fluid working machine
controller, operates the fluid working machine according to any one of claims 1
to 14.

17. A power absorbing structure comprising at least one mechanical component
and further comprising a fluid working machine itself comprising a plurality of
working chambers of cyclically varying volume, each said working chamber
operable to displace a volume of working fluid which is selectable for each cycle
of working chamber volume, the method comprising selecting the volume of
working fluid displaced by one or more said working chambers during each
cycle of working chamber volume to carry out a working function responsive to
a received demand signal, the method further including measuring or predicting
the motion of the mechanical component and selecting the volume of working
fluid displaced by a first working chamber during a cycle of working chamber
volume taking into account the measured or predicted motion of the mechanical
component under influence of the working function.
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