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(54) HYDRAULIC MACHINES AND SYSTEMS

(57) A hydraulic system employing an electronically
commutated fluid working machine having a plurality of
working chambers, each having one or more electroni-
cally controllable valves which are actively controlled by
at least one controller to regulate the net displacement
of working fluid into or out of low- and high-pressure man-
ifolds on a cycle by cycle basis, to meet a demand indi-
cated by a demand signal. The high-pressure manifold
has at least one additional outlet, regulated by an elec-
tronically controllable outlet valve, such as a proportional
flow valve. If the demand indicated by the demand signal
would be expected to cause pulsatile flow or vibrations
which may excite resonant modes, the at least one con-
troller causes the displacement of working fluid by the
working chambers to be in excess of the demand indi-
cated by the demand signal, and the at least one con-
troller simultaneously (at least partially) opens an elec-
tronically controllable outlet valve to allow some of the
excess flow to leave therethrough, such that the net dis-
placement of fluid meets the demanded displacement of
fluid, while mitigating the pulsatile flow or undesirable
vibrations.
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Description

Field of the invention

[0001] The present invention relates to the field of elec-
tronically commutated hydraulic machines and hydraulic
systems including such machines.

Background to the invention

[0002] Electronically commutated hydraulic machines
(ECMs) include fluid-driven and/or fluid-driving machines
with one or more working chambers of cyclically varying
volume (e.g. piston cylinders). When a working chamber
carries out a pumping cycle, a low-pressure manifold acts
as a net source of fluid and a high-pressure manifold acts
as a net sink for fluid. When a working chamber carries
out a motoring cycle, a high-pressure manifold acts as a
net source of fluid and a low-pressure manifold acts as
a net sink for fluid. An ECM may have more than one
low-pressure manifold and/or more than one high-pres-
sure manifold.
[0003] The working chambers of ECMs have electron-
ically controllable valves, which can be controlled on
each cycle of working chamber volume to regulate the
flow of fluid into and out of the working chamber from and
into the low-pressure manifold, and in some embodi-
ments, the high-pressure manifold.
[0004] In some ECMs, there is a single high-pressure
manifold and all of the working chambers communicate
with it and displace fluid into or out of the high-pressure
manifold to meet a demand. However, it may be that there
are multiple high-pressure manifolds in communication
with different groups of one or more working chambers,
and each group is controlled in response to a separate
demand signal, such that the combined displacement of
the working chambers in the group meets the demand.
Thus, the individual groups of working chambers may
function as independent pumps or motors.
[0005] The demand(s) are represented by demand sig-
nal(s) which may indicate a target pressure, flow rate,
power output, or property (e.g. position) of a hydraulic
actuator coupled directly or indirectly to the relevant high-
pressure manifold. In order to meet the demand, the con-
troller of the ECM makes decisions as to whether each
cycle of working chamber volume should be an active
cycle, in which there is a net displacement of working
fluid, or an inactive cycle, in which there is no net dis-
placement of working fluid. This leads to a pattern of
working chamber actuations (active or inactive cycles)
and a pattern of flow into or out of the respective high-
pressure manifold. In this way, changes in demand can
be responded to rapidly. Typically, output does not match
demand perfectly from one moment to the next but over
a short time average, the net output tends to the demand.
Such machines are efficient and highly responsive.
[0006] However, some patterns of cylinder actuation
can give rise to vibrations within a hydraulic machine.

Some frequencies of vibration may cause the excitation
of resonant modes within the hydraulic machine, which
can cause damage to machine components and discom-
fort to users. This can arise when the frequency spectrum
of the pattern of whether working chambers carry out
active or inactive cycles, to meet the demand, has large
components at frequencies which can excite resonanc-
es.
[0007] At low flow levels, the displacement of fluid may
be highly pulsatile. If output is 5% of maximum displace-
ment fraction it may be that there are repeating patterns
of an active cycle every 20 cycles with inactive cycles
therebetween. This again can lead to vibration, discom-
fort to users and a risk of damage to the machine. Sim-
ilarly, when hydraulic machines are operated at low rates
of flow, their operation can become inefficient.
[0008] Accordingly, the present invention seeks to re-
duce or mitigate some or all of the above disadvantages
of existing electronically commutated hydraulic ma-
chines.

Summary of the invention

[0009] According to a first aspect of the invention there
is provided a hydraulic system comprising;

a hydraulic machine, the hydraulic machine compris-
ing a rotatable shaft, a low-pressure manifold and a
high-pressure manifold, and one or more working
chambers having a volume which varies cyclically
with rotation of the rotatable shaft, each working
chamber having both a low-pressure valve which
regulates communication between the low-pressure
manifold and the working chamber, and a high-pres-
sure valve which regulates communication between
the high-pressure manifold and the working cham-
ber, wherein for each working chamber at least one
of the respective low-pressure valve and the respec-
tive high-pressure valve is an electronically control-
lable working chamber valve;
the high-pressure manifold extending between the
one or more said working chambers and one or more
actuator ports and one or more additional outlets;
one or more hydraulic actuators which are fluidly
connected to said high-pressure manifold through
the one or more actuator ports and thereby hydrau-
lically driven by the hydraulic machine;
one or more electronically controllable outlet valves
which regulate the opening or closing of the one or
more additional outlets; and
at least one controller configured to control the one
or more electronically controllable working chamber
valves and the one or more electronically controlla-
ble outlet valves;
wherein the at least one controller is operable to re-
ceive a demand signal and to regulate the one or
more electronically controllable working chamber
valves in phased relationship to cycles of working
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chamber volume to thereby regulate the net dis-
placement of working fluid by each working chamber
on each cycle of working chamber volume, and to
concurrently regulate the one or more electronically
controllable outlet valves, to thereby regulate the net
displacement of working fluid into or out of the high-
pressure manifold allowing for the flow of working
fluid out of the high-pressure manifold through the
one or more additional outlets, when one or more
additional outlet is open, to meet a demand indicated
by the demand signal.

[0010] Thus, the loss of hydraulic fluid through the one
or more additional outlets is regulated by at least one
controller and the net displacement of working fluid into
(when pumping) or out of the high-pressure manifold
(when motoring) is regulated to meet the demand taking
into account both the net displacement of working fluid
by each working chamber and the loss of hydraulic fluid
through the one or more additional outlet(s). The high-
pressure manifold comprises one or more actuator ports
connected to one or more actuators which act as sinks
or sources of hydraulic fluid. Typically, fluid which flows
out of the one or more additional outlets does not travel
between the working chambers and the actuator ports.
Typically, fluid which flows out of the one or more addi-
tional outlets bypasses the one or more said actuators
connected to the actuator ports (although in some em-
bodiments the pressurised fluid lost through the one or
more additional outlets is used to drive one or more other
actuators, to minimise wasted energy). Typically, the de-
mand relates to the supply of hydraulic fluid through the
one or more actuator ports, between the working cham-
ber(s) and the actuator(s).
[0011] Hydraulic machines of the type described have
a very fast response time to changes in demand as the
electronically controllable valves can be controlled to
vary the net displacement of working fluid for each cycle
of working chamber volume. Accordingly, it is usual to
match the net displacement of working fluid by succes-
sive working chambers to a time-varying demand signal.
Providing, in addition, one or more additional outlet(s)
through which (e.g. excess) working fluid can be lost from
the high-pressure manifold is counter-intuitive because
it appears to waste energy.
[0012] Within this description and the appended
claims, the terms "high-pressure manifold" and "low-
pressure manifold" refer to manifolds with higher and low-
er pressures relative to each other. The pressure differ-
ence between the high- and low-pressure manifolds, and
the absolute values of the pressure in the high- and low-
pressure manifolds will vary with time and will depend on
the application.
[0013] In some embodiments, the at least one control-
ler is configured to control the electronically controllable
working chamber valves to cause the hydraulic machine
to displace working fluid in excess of the demand indi-
cated by the demand signal and to cause one or more

(or all) of the outlet valves to be open, the net displace-
ment of working fluid into the high-pressure manifold from
the one or more working chambers through the high-
pressure valves being thereby regulated to meet the de-
mand indicated by the demand signal after allowing for
the flow of working fluid out of the high-pressure manifold
through the one or more additional outlets.
[0014] Allowing for the flow of working fluid out of the
high-pressure manifold through the one or more addi-
tional outlets may comprise (e.g. the at least one control-
ler) calculating

i) a revised demand signal adjusted for the flow out
of the high-pressure manifold through the one or
more additional outlets; or
ii) subtracting a demand related to the flow of working
fluid out of the high-pressure manifold through the
one or more additional outlets.

[0015] Said flow is under the control of the at least one
controller because the at least one controller controls the
one or more electronically controllable outlet valves. It
may be that the at least one controller is configured to
control the electronically controllable working chamber
valves to cause the hydraulic machine to displace work-
ing fluid in excess of the demand indicated by the demand
signal and to cause the one or more outlet valves to be
open in only some circumstances. The at least one con-
troller may also take into account any expected leakage
from the high-pressure manifold. Such leakage may orig-
inate from a control valve (e.g. in the wheel motor, or for
control of other actuators and/or work functions). Thus,
the one or more electronically controllable working cham-
ber valves and the one or more electronically controllable
outlet valves are controlled to meet the demand indicated
by the demand signal.
[0016] Typically, the at least one controller is config-
ured such that, under some other circumstances, and
typically by default, the electronically controllable work-
ing chamber valves are controlled to cause the hydraulic
machine to displace working fluid to match the demand
indicated by the demand signal and to cause the outlet
valve to be closed, such that the working fluid does not
flow out of the high-pressure manifold through the addi-
tional outlet.
[0017] In some embodiments, one or more said outlet
valve(s) (e.g. the or each outlet valve) is a variable flow
control valve, for example a proportional flow valve, and
the at least one controller controls the variable flow con-
trol valve across a range of positions.
[0018] In this case, the range of positions is typically
continuous. The or each outlet valve is typically controlled
to a plurality of, e.g. a continuous range of, positions be-
tween closed and a fully open position. By open we refer
to any position which is not closed.
[0019] It may be that the adjustment of the position of
one or more (or the or each) said outlet valve takes place
without synchronisation to the phase of cycles of working
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chamber volume. It may be that the outlet valve takes
longer than a cycle of working chamber volume to open
or close. It may be that the outlet valve remains open for
an average (mean) of 10 or more, or 100 or more cycles
of working chamber volume.
[0020] However, in some embodiments, at least one
controller is configured to open and close a said outlet
valve in phased relationship to cycles of working chamber
volume. In this case, the said outlet valve is typically a
solenoid valve which is actively controlled to move di-
rectly from an open position to a closed position or vice
versa without stopping. Thus, it is either open or closed
or moving between these positions (an on-off valve), and
is not a proportional flow valve which is configured to be
maintainable (and maintained in use) at a variable posi-
tion between open or closed. Thus, with the on-off valve,
flow through the said outlet valve is regulated by opening
and closing the valve, for example regulating the fraction
of time for which the outlet valve is open. The said outlet
valve may have an opening time and a closing time of
less than 10ms, preferably less than 5ms. The said outlet
valve is typically openable against a pressure gradient.
[0021] In this case, the timing of the opening and clos-
ing of the outlet valve can be controlled by the at least
one controllerto (e.g. selectively) reduce pressure ripples
in the high-pressure manifold. This may occur when the
displacement of the hydraulic machine is below a thresh-
old, for example less than 10%, or less than 5%, of the
maximum displacement of working fluid by the hydraulic
machine per rotation of the rotatable shaft and/or when
a peak in the pressure in high-pressure manifold and/or
a soliton is detected or predicted (for example as a result
of a pattern of active and inactive cycles of working cham-
ber volume determined by at least one controller in re-
sponse to the demand signal) and/or when the ratio of
active to inactive cycles of working chamber volume is
below a threshold, which may be 1:9 or less. This may
be considered as a ripple reduction operating mode of
the at least one controller. The ripple reduction operating
mode of the at least one controller functions to attenuate
pressure pulses in the high-pressure manifold.
[0022] Typically, at least one controller is configured
such that in the ripple reduction operating mode the outlet
valve is opened and closed once per active cycle of work-
ing chamber volume. Typically, the at least one controller
is configured such that each opening and subsequent
closing of the at least one outlet valve overlaps with a
single cycle of working chamber volume. Typically the
outlet valve is opened before the peak of fluid pressure
arising from an active cycle of working chamber volume
and closed after the peak of fluid pressure arising from
an active cycle of working chamber volume. The opening
and closing of the outlet valve may have the effect of
reducing or clipping the peak pressure arising from an
individual active cycle of a working chamber. The open-
ing and closing of the outlet valve may have the effect of
reducing the pressure ripple arising from an individual
active cycle of a working chamber. It may be that the at

least one controller is configured that in at least some
circumstances, typically where the ratio of active cycles
to inactive cycles is high for example, above a threshold,
which may be greater than 9:1, the outlet valve is held
open (throughout consecutive active cycles) but closed
and then opened again during inactive cycles. This main-
tains pressure during inactive cycles, when the majority
of cycles are active cycles, and so reduces pressure rip-
ple in these circumstances.
[0023] In some embodiments, the high-pressure man-
ifold is in communication with a higher-pressure working
fluid source (i.e. a source having working fluid at a higher
pressure than the high-pressure manifold, e.g. an accu-
mulator or higher-pressure manifold) through an inlet
valve and at least one controller is configured to close
and open the inlet valve in phased relationship with cycles
of working chamber volume, to reduce pressure ripple.
In this case, working fluid is admitted through the inlet
valve into the high-pressure manifold (from the high-pres-
sure working fluid source) at least some of the time and
this supply of working fluid is temporarily closed off (by
closing and then reopening the inlet valve) during an ac-
tive cycle of working chamber volume. Thus the addition-
al flow of working fluid compensates for any shortfall or
deficiency in the supply of working fluid between active
cycles of working fluid, reducing pressure ripple. The inlet
valve will typically be closed before the point of maximum
fluid flow during a cycle of working chamber volume and
reopened after the point of maximum fluid flow during the
cycle of working chamber volume. This ripple reduction
mode may occur when the displacement of the hydraulic
machine is below a threshold, for example less than 10%,
or less than 5% of the maximum displacement of working
fluid by the hydraulic machine per rotation of the rotatable
shaft and/or when a peak in the pressure in high-pressure
manifold and/or a soliton is detected or predicted (for
example as a result of a pattern of active and inactive
cycles of working chamber volume determined by at least
one controller in response to the demand signal) and/or
when the ratio of active to inactive cycles of working
chamber volume is below a threshold, which may be 1:9
or less. It may be that when the at least one controller is
not in the ripple reduction mode, the inlet valve remains
closed. It may be that when the at least one controller is
in the ripple reduction mode, the inlet valve is open by
default and closed and reopened by the at least one con-
troller once per active cycle of working chamber volume.
[0024] The at least one controller may transmit a pulse
width modulated signal (typically generating a corre-
sponding solenoid current) to the outlet (and/or inlet)
valve (e.g. to the solenoid actuator of the outlet valve) to
actively control the opening and closing of the outlet
(and/or inlet) valve, typically in phased relationship to cy-
cles of working chamber volume.
[0025] The at least one controller may vary the timing
of the opening and/or closing of the outlet (and/or inlet)
valve, in phased relationship to cycles of working cham-
ber volume, responsive to measurements or calculations
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of one or more of: (a) the demand signal, (b) the volume
of working fluid displaced by the hydraulic machine per
revolution of the rotatable shaft and/or per second, (c)
the speed of rotation of the rotatable shaft, (d) the com-
pliance of the high-pressure manifold (variation in system
pressure with volume of working fluid in the high-pressure
manifold), (e) operating mode of the hydraulic system,
for example whether the at least one controller is regu-
lating displacement in response to the demand signal in
a feedback, feedforward and/or open-loop control mode,
(f) the temperature of the working fluid.
[0026] In some embodiments, one or more said addi-
tional outlets extend from the high-pressure manifold to
the low-pressure manifold such that one or more outlet
valves regulate the flow of working fluid out of the high-
pressure manifold to the low-pressure manifold through
one or more said additional outlets.
[0027] Optionally, one or more additional outlets ex-
tend(s) from the high-pressure manifold to a further man-
ifold, such that the respective one or more outlet valves
regulate(s) the flow of working fluid out of the high-pres-
sure manifold to the further manifold through the one or
more said additional outlets.
[0028] In some embodiments, the further manifold is a
pressurised manifold, for example a manifold in fluid
communication with one or more (typically other) actua-
tors. This arrangement is advantageous because poten-
tial energy stored in the working fluid which flows out of
the high-pressure manifold to the pressurised further
manifold in fluid communication with one or more (typi-
cally other) actuators is at least in part retained (and can
optionally be used to do work). The further manifold may
be a boost line to a hydraulic motor or other actuator.
Boost lines provide a required minimum back-pressure
to an actuator. This boost line may be connected to the
low-pressure port of a hydrostatic steering mechanism.
[0029] In some embodiments, the one or more addi-
tional outlets extend(s) from the high-pressure manifold
to a further manifold with one or more compliant regions
(e.g. flexible hoses or accumulator(s)) which may store
energy from the pressurisation of the working fluid as
potential energy.
[0030] Optionally, the high-pressure manifold may be
part of a closed-circuit hydraulic arrangement and the
further manifold may be part of an open-circuit hydraulic
arrangement, or vice versa.
[0031] Typically, the hydraulic system comprises a
prime mover coupled to the hydraulic machine to provide
power to cause the hydraulic machine to pump working
fluid from the low-pressure manifold to the high-pressure
manifold and wherein the hydraulic system further com-
prises a second hydraulic machine driven by the prime
mover, or one or more further working chambers of the
(first) hydraulic machine configured to pump working fluid
from a low-pressure manifold (the same or another low-
pressure manifold) to the further manifold, such that the
prime mover powers both the open-circuit and closed-
circuit hydraulic arrangements (i.e. where the high-pres-

sure manifold is part of an open-circuit and the further
manifold is part of a closed-circuit or vice versa).
[0032] The hydraulic machine may be one or more
electronically commutated machines (ECM). By an ECM
we refer to a hydraulic fluid working machine comprising
a rotatable shaft and one or more working chambers (e.
g. chambers defined by cylinders, within which pistons
reciprocate in use) having a volume which varies cycli-
cally with rotation of the rotatable shaft, each working
chamber having a low-pressure valve which regulates
the flow of hydraulic fluid between the working chamber
and a low-pressure manifold and a high-pressure valve
which regulates the flow of hydraulic fluid between the
working chamber and a high-pressure manifold. The re-
ciprocation of the pistons may be caused by direct inter-
action with an eccentric on the rotatable shaft, or with a
second rotatable shaft, the second rotatable shaft being
rotatably connected to the rotatable shaft. A plurality of
ECMs with linked rotatable shafts (e.g. common shafts)
driven by a prime mover may function together as the
hydraulic machine.
[0033] The hydraulic system may be a hydraulic vehi-
cle, typically an industrial or off-highway vehicle, for ex-
ample a fork lift truck.
[0034] The capacity of the various components will be
selected depending on the application. In an example
the electronically controllable outlet valve may be con-
figured to allow a flow of at least 20 litres per minute, or
at least 25 litres per minute. The electronically controlla-
ble outlet valve may be configured to allow a nominal
flow of 15 litres per minute.
[0035] The electronically controllable outlet valve may
be a solenoid actuated (e.g. electro-proportional) flow
control valve. The electronically controllable outlet valve
may be an electromagnetic proportional valve. Alternate-
ly, a manually adjustable flow control valve or an orifice
could be used in combination (typically in series) with an
electrically controllable on/off valve, together functioning
as the electronically controllable outlet valve.
[0036] At least one controller typically comprises one
or more hardware processors which together process a
demand signal and control the one or more electronically
controllable outlet valves. Typically a first hardware proc-
essor determines both the net displacement of the one
or more working chambers and the intended flow of hy-
draulic fluid out of the one or more outlets. It may be that
one or more second hardware processors generate the
control signals which actively control the electronically
controllable working chamber valves. The first hardware
processor may receive a demand signal and transmit one
or more adjusted demand signals (taking into account
the flow of working fluid out of the high-pressure manifold
through the one or more outlet valves) to one or more
second hardware processors. The or each second hard-
ware processor may generate valve control signals to
actively control the electronically controllable working
chamber valves to implement a displacement of working
fluid by the one or more working chambers indicated by

7 8 



EP 3 748 155 A1

6

5

10

15

20

25

30

35

40

45

50

55

the adjusted demand signals.
[0037] According to a second aspect of the invention
there is provided a method of operating a hydraulic sys-
tem, the hydraulic system comprising a hydraulic ma-
chine, the hydraulic machine comprising a rotatable
shaft, a low-pressure manifold and a high-pressure man-
ifold, and one or more working chambers having a volume
which varies cyclically with rotation of the rotatable shaft,
each working chamber having a low-pressure valve
which regulates communication between the low-pres-
sure manifold and the working chamber and a high-pres-
sure valve which regulates communication between the
high-pressure manifold and the working chamber,
wherein for each working chamber at least one of the
respective low-pressure valve and high-pressure valve
is an electronically controllable working chamber valve;

the high-pressure manifold extending between the
one or more said working chambers and one or more
actuator ports and one or more additional outlets;
one or more hydraulic actuators which are fluidly
connected to said high-pressure manifold through
one or more said actuator ports and thereby hydrau-
lically driven by the hydraulic machine,
one or more electronically controllable outlet valves
which regulate the opening or closing of the one or
more additional outlets; and
the method comprising receiving a demand signal
and, responsive thereto, regulating the one or more
electronically controllable working chamber valves
in phased relationship to cycles of working chamber
volume to thereby regulate the net displacement of
working fluid by each working chamber on each cycle
of working chamber volume, and concurrently regu-
lating the one or more electronically controllable out-
let valves, to thereby regulate the net displacement
of working fluid into or out of the high-pressure man-
ifold allowing for the flow of working fluid out of the
high-pressure manifold through the one or more ad-
ditional outlets, when one or more additional outlet
is open, to meet a demand indicated by the demand
signal.

[0038] In some embodiments, the electronically con-
trollable working chamber valves are controlled to cause
the hydraulic machine to displace working fluid in excess
of the demand indicated by the demand signal and one
or more electronically controllable outlet valves is con-
trolled to be open, such that the net displacement of work-
ing fluid into the high-pressure manifold from the one or
more working chambers is regulated to meet the demand
indicated by the demand signal after allowing for the flow
of working fluid out of the high-pressure manifold through
the one or more additional outlets.
[0039] Under some other circumstances, and typically
by default, the electronically controllable working cham-
ber valves are controlled to cause the hydraulic machine
to displace working fluid to match the demand indicated

by the demand signal and to cause the one or more outlet
valves to be closed, such that the working fluid does not
flow out of the high-pressure manifold through the one
or more additional outlets.
[0040] The demand signal may comprise, or be used
to calculate, a fraction of maximum displacement (Fd).
Typically, displacement, in volume flow terms, is propor-
tional to the fraction of maximum displacement and the
speed of rotation of the rotatable shaft. Optionally, the
demand signal may be an adjusted demand signal, for
example where the at least one controller receives a de-
mand signal and determines that the received demand
signal is associated with pulsatile flow, it may calculate
an adjusted demand signal (typically a demand signal
that would be indicative of a higher flow demand).
[0041] In some embodiments of the method, when the
demand is below a threshold, the electronically control-
lable working chamber valves may be controlled to cause
the hydraulic machine to displace working fluid at a pre-
determined minimum fraction of maximum displacement,
or in a predetermined pattern of working chambers car-
rying out active or inactive cycles of working chamber
volume,
and wherein the one or more outlet valves are controlled
to cause hydraulic fluid to flow out of the high-pressure
manifold such that the overall displacement of working
fluid into the high-pressure manifold meets the demand.
[0042] This is useful, for example, to avoid undesirable
effects of the highly pulsatile flow which would arise at
low demands if the demand was met using only occa-
sional active cycles of working chamber volume.
[0043] Typically, (for example, towards the lower end
of an operating range of flow rates) the at least one con-
troller is operable to intersperse idle cycles in which there
is no net displacement of fluid and partial cycles in which
a part of the maximum stroke volume of the working
chamber is displaced, even where a demand signal re-
mains constant. Typically, within a portion of the operat-
ing range of flow rates the at least one controller is op-
erable to intersperse idle cycles in which there is no net
displacement of fluid, and partial cycles in which a part
of the maximum stroke volume of the working chamber
is displaced, and full cycles in which the maximum stroke
volume of the working chamber is displaced, even where
a demand signal remains constant.
[0044] The at least one outlet valve may be opened
and closed without synchronisation to the phase of cycles
of working chamber volume. The outlet valve may remain
open for an average (mean) of 10 or more, or 100 or
more cycles of working chamber volume. However, it
may be that the method comprises opening and closing
a said outlet valve in phased relationship to cycles of
working chamber.
[0045] In this case, the timing of the opening and clos-
ing of the outlet valve may be controlled to (e.g. selec-
tively) reduce pressure ripples in the high-pressure man-
ifold. This may occur when the displacement of the hy-
draulic machine is below a threshold, for example less
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than 10%, or less than 5% of the maximum displacement
of working fluid by the hydraulic machine per rotation of
the rotatable shaft and/or when a peak in the pressure
in high-pressure manifold and/or a soliton is detected or
predicted (for example as a result of a pattern of active
and inactive cycles of working chamber volume deter-
mined by at least one controller in response to the de-
mand signal) and/or when the ratio of active to inactive
cycles of working chamber volume is below a threshold,
which may be 1:9 or less. This may be considered as a
ripple reduction operating mode, which attenuates pres-
sure pulses in the high-pressure manifold.
[0046] It may be that (in the ripple reduction operating
mode), the outlet valve is opened and closed once per
active cycle of working chamber volume. Typically, each
opening and subsequent closing of the at least one outlet
valve overlaps with a single cycle of working chamber
volume. Typically the outlet valve is opened before the
peak of fluid pressure arising from an active cycle of work-
ing chamber volume and closed after the peak of fluid
pressure arising from an active cycle of working chamber
volume.
[0047] In some embodiments, the high-pressure man-
ifold is in communication with a higher-pressure working
fluid source through an inlet valve and the method com-
prises closing and opening the inlet valve in phased re-
lationship with cycles of working chamber volume, to re-
duce pressure ripple. In this case, working fluid is admit-
ted through the inlet valve into the high-pressure manifold
(from the high-pressure working fluid source) at least
some of the time and this supply of working fluid is tem-
porarily closed off during an active cycle of working cham-
ber volume. Thus the additional flow of working fluid com-
pensates for any shortfall or deficiency in the supply of
working fluid between active cycles of working fluid, re-
ducing pressure ripple. This ripple reduction mode may
occur when the displacement of the hydraulic machine
is below a threshold, for example less than 10%, or less
than 5% of the maximum displacement of working fluid
by the hydraulic machine per rotation of the rotatable
shaft and/or when a peak in the pressure in high-pressure
manifold and/or a soliton is detected or predicted (for
example as a result of a pattern of active and inactive
cycles of working chamber volume determined by at least
one controller in response to the demand signal) and/or
when the ratio of active to inactive cycles of working
chamber volume is below a threshold, which may be 1:9
or less. It may be that when the apparatus is not in the
ripple reduction mode, the inlet valve remains closed. It
may be that when the apparatus is in the ripple reduction
mode, the inlet valve is open by default and closed and
reopened once per active cycle of working chamber vol-
ume.
[0048] The timing of the opening and/or closing of the
outlet (and/or inlet) valve, in phased relationship to cycles
of working chamber volume, responsive to measure-
ments or calculations of one or more of: (a) the demand
signal, (b) the hydraulic machine rate of displacement

(per revolution of the rotatable shaft) or flow rate, (c) the
speed of rotation of the rotatable shaft, (d) the compliance
of the high-pressure manifold (variation in system pres-
sure with volume of working fluid in the high-pressure
manifold), (e) operating mode of the hydraulic system,
for example whether at least one controller is regulating
displacement in response to the demand signal in a feed-
back, feedforward and/or open-loop control mode, (f) the
temperature of the working fluid.
[0049] Optionally, under at least some circumstances
the electronically controllable working chamber valves
may be controlled to cause the hydraulic machine to dis-
place working fluid at one of a plurality of discrete frac-
tions of maximum displacement, or in one of a plurality
of predetermined patterns of working chambers carrying
out active or inactive cycles of working chamber volume,

wherein the electronically controllable working
chamber valves are controlled to cause the working
chambers to displace one of the plurality of discrete
fractions of maximum displacement in excess of the
displacement required to meet the demand indicated
by the received demand signal, or to carry out one
of the plurality of predetermined patterns which caus-
es the combined displacement of the one or more
working chambers to exceed the displacement re-
quired to meet the demand,
and wherein the one or more outlet valves are con-
trolled to cause hydraulic fluid to flow out of the high-
pressure manifold such that the overall displacement
of working fluid into the high-pressure manifold
meets the demand.

[0050] In some embodiments of the method, the elec-
tronically controllable working chamber valves may be
controlled to cause the hydraulic machine to displace
working fluid in excess of the flow required to meet the
demand indicated by the demand signal and to cause
one or more of the outlet valves to be open, responsive
to determination that the demand is such that if

i) the one or more additional outlets were closed and
ii) demand was met only using working fluid dis-
placed by the one or more working chambers,

there would be an undesirable response (e.g. resonance)
arising from the pattern of selection of working chambers
to carry out active or inactive cycles to meet the demand.
[0051] It may be that when the demand is below a
threshold, the electronically controllable working cham-
ber valves are controlled to cause only a predetermined
number of working chambers to carry out active cycles
and the other working chambers of the one or more work-
ing chambers to carry out inactive cycles. It may be that,
below the threshold, only working chambers which are
phased apart by a predetermined amount carry out active
cycles and the remainder carry out inactive cycles. The
predetermined amount may be 360°/n where n is an in-
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teger and in particular it may be 120°, or 120°/n where n
is an integer because this provides relatively low ripple
output flows.
[0052] It may be that in at least some circumstances,
for example when the demand is below a threshold, or
for any demand, the electronically controllable working
chamber valves are controlled to cause the hydraulic ma-
chine to displace working fluid which is at least a prede-
termined margin in excess of the flow required to meet
the demand.
[0053] Typically, the method further comprises meas-
uring or calculating a current rate of flow of working fluid
through the one or more additional outlets, optionally
comprising measuring the pressure in the high-pressure
manifold.
[0054] The electronically controllable outlet valve may
also be opened temporarily to do one or more of: allow
air to be bled out of the high-pressure manifold, for ex-
ample during filling of the machine with working fluid;
drain hot working fluid, e.g. from a crankcase, to avoid
overheating; or warm the working fluid (which may be
oil), for example in an initial phase after start-up and be-
fore normal operation.
[0055] It will be understood that, any feature of any one
or more embodiments of any aspect of the invention may
be combined or used with any other feature in any other
one or more embodiments of any other aspect of the
invention.

Description of the Drawings

[0056] An example embodiment of the present inven-
tion will now be illustrated with reference to the following
Figures in which:

Figure 1 is a schematic diagram of an electronically
commutated machine;

Figures 2A through 2E are a series of plots indicating
the response of an electronically commutated ma-
chine according to the invention;

Figure 3 is a hydraulic schematic of an electronically
controllable outlet valve applied to a hydraulic ma-
chine according to an example embodiment of the
invention;

Figure 4 is a flow chart of a procedure for implement-
ing the invention;

Figures 5A-5E are a series of plots indicating the
relationships between vehicle speed and flow in var-
ious embodiments;

Figure 6 is a plot of demanded flow, pumped flow,
outlet valve flow (upper y-axis) and outlet valve con-
trol signal current (lower y-axis) with time (x-axis);

Figure 7A is a plot of pressure variation as a function
of time without pressure ripple suppression and Fig-
ure 7B is a plot of pressure variation as a function of
time in a ripple reduction operating mode; and

Figure 8 is a schematic diagram of an electronically
controlled machine further comprising an inlet valve.

Detailed Description of an Example Embodiment

First Example

[0057] Figure 1 is a schematic diagram of an electron-
ically commutated machine (ECM) 10 comprising a plu-
rality of working chambers in the form of cylinders 12
which have working volumes 14 defined by the interior
surfaces of the cylinders and pistons 16 which are driven
from a rotatable shaft 18 by an eccentric cam 20 and
which reciprocate within the cylinders to cyclically vary
the working volume of the cylinders 12. The rotatable
shaft 18 is driven by a prime mover (not shown). A shaft
position and speed sensor 22 determines the instanta-
neous angular position and speed of rotation of the ro-
tatable shaft 18, and through a signal line 24 informs the
machine controller 26, which enables the ECM controller
26 to determine the instantaneous phase of the cycles
of each cylinder 12. The ECM controller 26 is typically a
microprocessor or microcontroller, (or a plurality of mi-
croprocessors or microcontrollers which may be distrib-
uted) which executes a stored program in use.
[0058] The working chambers are each associated
with low-pressure valves (LPVs) in the form of electron-
ically actuated face-sealing poppet valves 28, which have
an associated working chamber and are operable to se-
lectively seal off a channel extending from the working
chamber to a low-pressure hydraulic fluid manifold (LPM)
30, which may connect one or several working chambers,
or indeed all as is shown here, to the LPM 30 of the ECM
10. The LPVs 28 are normally open solenoid actuated
valves which open passively when the pressure force on
the poppet from within the working chamber is less than
or equal to the pressure force on the poppet from within
the LPM 30 plus the spring force of the LPV spring, i.e.
during an intake stroke, to bring the working chamber
into fluid communication with the LPM 30, but are selec-
tively closable under the active control of the ECM con-
troller 26 via LPV control line 34 to bring the working
chamber out of fluid communication with the LPM 30.
The valves may alternatively be normally closed valves.
[0059] The working chambers are each further asso-
ciated with a respective high-pressure valve (HPV) 36 in
the form of a pressure actuated delivery valve. The HPVs
36 open outwards from their respective working cham-
bers and are each operable to seal off a respective chan-
nel extending from the working chamber to a high-pres-
sure hydraulic fluid manifold (HPM) 40, which may con-
nect one or several working chambers, or indeed all as
is shown here, to a port 46 in HPM 40. In a similar manner,
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the LPVs are operable to seal off a respective channel
extending from the working chamber to a low-pressure
hydraulic fluid manifold (LPM) 30, which may connect
one or several working chambers, or indeed all as is
shown here, to a port 44 in LPM 30. The HPVs 36 function
as normally-closed pressure-opening check valves
which open passively when the pressure within the work-
ing chamber exceeds the pressure within the HPM 40.
The same HPVs 36 may be solenoid actuated check
valves which the machine controller 26 may selectively
hold open via HPV control line 42 once the HPV 36 is
opened by pressure within the associated working cham-
ber. The solenoid actuation can be used, depending on
its configuration, to open or close, or to hold open or
closed the HPV 36.
[0060] As well as determining whether or not to close
or hold open the LPVs 28 or HPVs 36 on a cycle by cycle
basis, the machine controller 26 is operable to vary the
precise timing (e.g. phasing) of the closure of the LPVs
28 and HPVs 36 with respect of the varying working
chamber volume. Arrows indicate hydraulic fluid flow in
the pumping mode; in the motoring mode the flow is re-
versed. A pressure relief valve 48 may protect the hy-
draulic machine from over-pressure damage. Fluid in the
HPM 40 drives a motor 56 (being an example of an ac-
tuator) which, when operating in closed-circuit mode (not
shown) then flows back to the LPM 30 or, in open-circuit
mode (as shown) flows to the tank 58.
[0061] The ECM 10 also has an electronically control-
lable outlet valve 47 which can be opened or closed by
the machine controller or another system controller.
When open the electronically controllable outlet valve al-
lows some fluid to leave the HPM 40 other than via the
actuator 56. The electronically controllable outlet valve
47 is typically a proportional flow valve, i.e. a valve which
can be opened partially, in contrast to valves which are
binary in the sense that they may only be stable when
completely opened or completely closed. As such, the
machine controller 26 can select not only whether the
electronically controllable outlet valve 47 is open or
closed, but also how open or how closed the electroni-
cally controllable outlet valve 47 is.
[0062] Inputs to the machine controller 26 include a
demand signal 60, (which may be a fraction of maximum
displacement, Fd), the speed and position of the shaft
as measured by the shaft speed and position sensor 24,
and the pressure 54 of the HPM 40 as measured by a
pressure sensor 52 (pressure sensor signal line not
shown). In some examples the pressure 54 of the HPM
40 may be used as a feedback signal as part of a pressure
control system, along with a demand signal 60, however
this is not necessarily the case and one skilled in the art
will appreciate that other demand signals may be used.
In addition, the machine controller 26 may be able to read
(and/or receive data from) a database 50 of disallowed
frequencies (for example, Fd values which lead to pat-
terns of cylinder actuations that give rise to frequencies
that are unfavourable). Outputs include valve control sig-

nals through LPV and HPV control lines 34 and 42, as
well as a control signal (via control line 45) to an elec-
tronically controllable outlet valve 47.
[0063] In some example embodiments, the ECM 10
may also have one or more vibration sensors (for exam-
ple an accelerometer) and the machine controller 26 may
be operable to receive information from the vibration sen-
sors and to determine the frequency and amplitude of
any vibrations detected by the vibration sensors. In which
case, the machine controller 26 is typically also operable
to write vibration data to the database 50. In some cases,
the machine controller 26 may also execute a machine
learning algorithm operable to determine patterns of cyl-
inder actuation and/or Fd values, that give rise to fre-
quencies and/or amplitudes of vibrations that are unfa-
vourable, in which case the machine controller 26 is typ-
ically also operable to write output information from the
machine learning algorithm to the database 50.
[0064] Although in Figure 1 all of the working chambers
are connected to the same HPM 40, in some embodi-
ments, such as the second example below, there are a
plurality of groups of one or more of the working cham-
bers (coupled to the same shaft) which are connected to
a respective plurality of HPMs (and thereby to sources
or sinks of hydraulic fluid, e.g. hydraulic actuators or mo-
tors). Each group may be controlled according to a sep-
arate demand signal for the respective group. In some
embodiments, the allocation of working chambers to
groups can be dynamically changed during operation,
for example using one or more electronically controllable
switching valves.
[0065] An advantage of using ECMs is that the fluid
flow output of respective ECMs can be varied in rapid
response to varying demands, on a cycle-by-cycle basis.
With suitable control of the LPVs 28 and HPVs 36 in
phased relationship with cycles of working chamber vol-
ume, the machine controller 26 can control the net dis-
placement (from the LPM 30 to the HPM 40 or vice versa)
of each chamber on each cycle of working chamber vol-
ume. Each working chamber may, on a given cycle of
working chamber volume, undergo an active cycle with
a net displacement of working fluid or an inactive (idle)
cycle with no net displacement of working fluid. Active
cycles can be pumping mode cycles, in which there is a
net displacement of working fluid from the LPM 30 to the
HPM 40, driven by the rotation of the rotatable shaft 18,
or motoring mode cycles in which there is a net displace-
ment of working fluid from the HPM 40 to the LPM 30
(driving the rotation of the shaft). Inactive cycles can be
achieved by holding a valve (typically an LPV) open
throughout a cycle so that the working chamber remains
in communication with a manifold throughout the cycle.
A decision is made on a cycle by cycle basis as to whether
to carry out active or inactive cycles in order that the net
displacement follows a target demand indicated by a de-
mand signal 60. The demand signal 60 may be a demand
for a pressure of hydraulic fluid, or a flow rate of hydraulic
fluid, or a total displaced volume of hydraulic fluid, or a
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power output, or the position of an actuator hydraulically
linked to the hydraulic fluid, etc.
[0066] In a pumping mode cycle, the machine control-
ler 26 selects the net rate of displacement of hydraulic
fluid from the working chamber to the HPM 40 by the
hydraulic motor 56 by actively closing one or more of the
LPVs 28, typically near the point of maximum volume in
the associated working chamber’s cycle, closing the path
to the LPM 30 and thereby directing hydraulic fluid out
through the associated HPV 36 on the subsequent con-
traction stroke (but does not actively hold open the HPV
36). The machine controller 26 selects the number and
sequence of LPV closures (and HPV openings) to pro-
duce a flow, or create a shaft torque, or power, to thereby
meet or exceed a demand signal 60 (which may be a
demand signal 60 associated with the selected net rate
of displacement).
[0067] In a motoring mode of operation, the hydraulic
machine controller 26 selects the net rate of displace-
ment of hydraulic fluid to be displaced by the hydraulic
machine, via the HPM 40, by actively closing one or more
of the LPVs 28 shortly before the point of minimum vol-
ume in the associated working chamber’s cycle. This
closes the path to the LPM 30 which causes the hydraulic
fluid in the working chamber to be compressed by the
remainder of the contraction stroke. The associated HPV
36 opens when the pressure across it equalises and a
small amount of hydraulic fluid is directed out through
the associated HPV 36, which is held open by the hy-
draulic machine controller 26. The machine controller 26
then actively holds open the associated HPV 36, typically
until near the maximum volume in the associated working
chamber’s cycle, admitting hydraulic fluid from the HPM
40 to the working chamber and applying a torque to the
rotatable shaft 18.
[0068] In use, the machine controller 26 typically re-
ceives the demand signal 60 in the form of a displacement
fraction (Fd) signal and executes an algorithm to deter-
mine whether or not to carry out an active cycle. The
controller may compare accumulated actual displace-
ment with accumulated demand and carry out an active
cycle if the difference between the two exceeds a thresh-
old. Thus, the net displacement by the group of working
chambers connected to the HPM is regulated to thereby
meet this demand.
[0069] However, in some circumstances and for cer-
tain values of Fd (e.g. those associated with low flow
rates, pulsatile flow, or resonance) the machine controller
26 will instead cause the net displacement of the working
chamberto be greaterthan would be required to meet the
demand, thus avoiding patterns of working chamber ac-
tuation which may cause excessively pulsatile flow, or
resonance. In such circumstances, the machine control-
ler 26 also causes the electronically controllable outlet
valve 47 to be (e.g. at least partially) open. The volume
of fluid that is displaced into the HPM 40 (when pumping)
beyond that required as indicated by the demand signal
60 (i.e. the excess Fd) is thereby allowed to leave via the

electronically controllable outlet valve 47 and may either
return to the LPM 30 in closed-circuit mode, or else may
be diverted to tank 58 in open-circuit mode. This provides
the advantage that low flow rates, and rates of flow which
are pulsatile (and are therefore likely to cause resonance)
are avoided and thus potential damage to the vehicle,
machine, or machine parts is mitigated, as is potential
user discomfort, however the net displacement of work-
ing fluid into the HPM 40, after allowing for the loss of
working fluid through outlet valve 47, meet the required
demand, in this case for the motor 56.
[0070] Figures 2A through 2E are a series of plots
showing the operation of an electronically commutated
machine 10 according to the invention. Figure 2A is a
plot of flow demand 60 as a function of time; Figure 2B
is a plot of Fd 102 as a function of time; Figure 2C is a
plot of the position 104 of the electronically controllable
outlet valve 47 as a function of time; Figure 2D is a plot
of the loss 106 (i.e. the flow out of the HPM via the ad-
ditional outlet, controlled by the electronically controllable
outlet valve 47) as a function of time; and Figure 2E is a
plot of the net flow 108 as a function of time.
[0071] At time ti, the demand signal received by the
controller changes to a new level, in this case indicating
a reduced demand. The controller determines that if this
demand were met with a normal pattern of active and
inactive cycles (i.e. if the demand were met by causing
ECMs to output the amount of flow which corresponds
to the demanded flow using the controller’s algorithm to
select active or inactive cycles on each cycle of working
chamber volume) and with outlet valve 47 closed, this
would potentially lead to pulsatile flow. As a result, the
machine controller 26 causes the cylinders connected to
the HPM 40 to produce flow in excess of the decreased
flow demand (although this may still be (and typically will
be) a reduction in total flow when compared to the total
flow output before the machine controller 26 receives the
demand signal 60 indicating a decreased flow demand).
A higher proportion of cylinders connected to the HPM
undergo active (instead of inactive) cycles than would
otherwise take place in response to the demand signal
60. At the same time, the electronically controllable outlet
valve 47 opens to a controlled partially open position such
that a portion of the output flow, corresponding to the
amount of excess flow produced, can leave via the elec-
tronically controllable outlet valve 47. In the open-circuit
arrangement shown in figure 1, the excess flow which
leaves via the electronically controllable outlet valve 47
is directed to the tank 58. Accordingly, the net flow (output
flow from the working chambers minus excess flow from
the working chambers) meets the demanded flow, while
pulsatile flow from the working chambers is reduced or
avoided. When the flow demand changes to a level which
would not cause unwanted resonance or pulsatile flow,
the electronically controllable outlet valve 47 is closed
and the cylinders implement demand, Fd (although this
is not the case for shown in Figure 5D where the outlet
valve 47 is always at least partially open).
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Second Example

[0072] Figure 3 is a diagram of the control circuit of a
vehicle 200, with hydraulic transmission, according to the
invention (in this example, the vehicle is a fork lift truck).
The vehicle 200 comprises a fluid working machine 150
and an engine 152 which acts as prime mover and which
drives the fluid working machine through a rotatable shaft
154. Said shaft may be directly or indirectly connected
(i.e. through a torque connecting member or a gear train)
to the output shaft of the prime mover. The fluid working
machine has a machine controller 156, which is in elec-
tronic communication with a vehicle controller 158, and
three groups of working chambers which are controlled
as independent pumps 160, 162, 164 (first, second, third
pumps), are each in communication with respective high-
pressure manifolds 166, 168 and 170 (first, second, third
high-pressure manifolds). A separate fixed displacement
pump 172 is also coupled to the rotatable shaft 154. The
working chambers are in communication with a low-pres-
sure manifold 174 which extends to tank 176. The fluid
working machine may be formed with a single housing
including the groups of working chambers controlled as
independent pumps or there may be a plurality of hous-
ings. The machine controller and vehicle controller func-
tion as the at least one controller. The third high-pressure
manifold functions as the high-pressure manifold of the
invention.
[0073] The first high-pressure manifold 166 drives one
or more actuators 178 in an open-circuit hydraulic ar-
rangement. Actuators may include a travel motor, lift, tilt,
side-arm, single or double acting rams, e.g. a stick ram,
a bucket ram, and/or other hydraulic working devices,
depending on the type of vehicle 200 and its intended
uses. The third high-pressure manifold 170 is used to
drive wheel motor(s) 180 which in turn drive respective
wheels 182 via a propel system manifold (PSM) block
184 including directional control valve group 186 with a
directional control valve (DCV), which comprises two, 2-
way solenoid operated direction control valves which pro-
vide the pump high-pressure line to one side of the bi-
directional motor at a time. A single wheel motor may
drive multiple wheels or just one wheel. There may be
an intermediate gearbox between the wheel motor and
wheel(s). The connection from the third hydraulic mani-
fold to the directional control valve group functions as the
actuator port 196. The third high-pressure manifold also
has an outlet 188 (functioning as an additional outlet)
through a proportional control valve 190, functioning as
the electronically controlled outlet valve, which leads to
the output line 194 of a hydrostatic steering unit 192 which
is powered by the fixed displacement pump 172. The
output line 194 is above tank pressure and so some po-
tential energy is retained and reused. The wheel motors
are supplied with hydraulic fluid in a closed circuit. The
electronically controlled outlet valve is typically connect-
ed in series with a check valve, to prevent flow of hydraulic
fluid into the high-pressure manifold 170 through the ad-

ditional outlet. A switching valve 165 switches the second
high-pressure manifold, and therefore the output of the
second pump, between the first and third high-pressure
manifolds 166, 170, which it may thereby switchably as-
sist. Although the engine 152 typically drives the pumps
160, 162, 164 and 172, in some circumstances, for ex-
ample during regenerative breaking or when lowering a
load and reclaiming gravitational potential energy, some
or all of pumps 160, 162, 164 may carry out motoring
cycles instead of pumping cycles, while the rotatable
shaft continues to rotate in the same direction. Pumps
160, 162 and 164 are typically different groups of working
chambers within a single fluid working machine with an
integrated controller 156 but they may be discrete pumps.
The fixed displacement pump 172 is typically a separate
device, though it may also be formed of a group of working
chambers within the fluid working machines which may
use only check valves instead of electronically controlled
valves.
[0074] The vehicle controller 158 is in electronic com-
munication with the ECM controller 156 and the electron-
ic switching valve 165. The ECM controller is operable
to independently control the working chambers of the in-
dividual pumps in response to respective received de-
mand signals. For the actuators 178, these may be sig-
nals concerning the pressure in the first high-pressure
manifold 166, or after one or more switching valves, or
a position or speed of movement of an actuator. The
working chambers of the first pump are controlled ac-
cording to known algorithms to implement the respective
demand.
[0075] With reference to Figure 4, for the third high-
pressure manifold, a demand signal is received or cal-
culated from the requirements of the wheel motors. The
requirements typically vary with the speed of the vehicle,
and this signal is used to calculate 252 a required dis-
placement fraction, Fd for the third pump 164. The dis-
placement fraction which is required depends on the
speed of rotation of the rotatable shaft as the actual rate
of displacement of working fluid in volumetric terms is
proportional to both the displacement fraction and the
speed of rotation of the rotatable shaft. The vehicle con-
troller next determines whether this displacement frac-
tion is likely to cause a problem, that is to say whether
the pattern of working chamber active and inactive cycles
which the fluid working machine controller will implement
in response to the displacement fraction signal (Fd) will
cause vibrations, pulsatile flow etc. If no problem is pre-
dicted 254 then the calculated displacement fraction for
the third pump is simply passed to the fluid working ma-
chine controller 156 to implement. However, if a problem
is predicted then, instead, the vehicle controller calcu-
lates a revised displacement fraction, Fd’, which is higher
than Fd, and which is selected to mitigate the predicted
problem, and also calculates a valve open position, for
the proportional flow valve 190, which will give a net dis-
placement of working fluid into the third high-pressure
manifold 170 to meet the demand after allowing for the
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flow of some hydraulic fluid out of the third high-pressure
manifold 170 through the electronically controlled pro-
portional flow valve 190. The vehicle controller then
transmits the revised displacement fraction, Fd’ to the
fluid working machine controller 156 and also transmits
a control signal to the proportional flow valve 190. The
fluid working machine controller 156 receives the revised
demand signal, Fd’, and executes its algorithm to deter-
mine whether each cycle should be active or inactive to
meet the demand signal which it receives.
[0076] In this example, the electronically controllable
outlet valve 190 is connected between the third high-
pressure manifold and the low-pressure side of the steer-
ing mechanism, however it may regulate an outlet from
the high-pressure manifold to a low-pressure manifold or
tank, or to a different high-pressure manifold. Although
in this example, the electronically controllable outlet valve
47 is within the PSM block (184), it may be external to
the PSM block.
[0077] Accordingly, in some embodiments, the dis-
placement of the third pump 164 may be restricted (e.g.
via the vehicle controller) to certain allowable levels, e.
g. only certain displacements may be allowed, or certain
displacements may be disallowed. These restricted al-
lowable displacements may vary with the speed of rota-
tion of the rotatable shaft. When the received demand is
not to be implemented, a higher demand is implemented
and the electronically controllable outlet valve 190 is con-
trolled as appropriate so that the wheel motors receive
the required fluid.
[0078] There are numerous different ways in which the
actual displacement of the individual pumps and the elec-
tronically controllable outlet valve 190 may be controlled
and some examples are shown in Figures 5A through
5E. In these figures the y-axis represents flow (volume
per second) with vehicle speed (x-axis). Demanded flow
is shown with a dotted line 300; the net flow displaced
by pump 164 and perhaps 162 is shown with a solid line
302, and leakage flow through the electronically control-
led outlet valve 190 is shown with a dashed line 304. In
these embodiments, the demanded flow is the sum of
the net displacement of the pump minus the leakage flow.
[0079] The various embodiments shown in Figures 5A
through 5E each address the problem of pulsatile flow at
low flow rates and the embodiments of Figures 5B, 5C
and 5D address the problem of avoiding generating pat-
terns of active and inactive working chamber actuations
at undesirable secondary frequencies.
[0080] In the example embodiment of Figure 5A, the
controller maintains a minimum pump flow FA when the
vehicle speed is between zero and a threshold vehicle
speed SA. Between zero speed and SA speed, the de-
mand displacement fraction, Fd, is low, leading to occa-
sional active cycles interspersed between more frequent
inactive cycles, causing pulsatile flow and/or resonance.
This region or range pulsatile flow (or resonance) is
avoided by the vehicle controller maintaining pump flow
of FA, which lies outside the problematic region or range,

thereby overriding the demanded displacement fraction,
Fd. At the same time, the electronically controllable outlet
valve 190 is regulated to be at least partially open. At
flow FA working chambers are used which provide
smooth flow, for example three working chambers which
are mutually phased apart by 120°.
[0081] The excess flow 304 then leaves manifold 170
via the outlet valve 190. As the vehicle speed increases
from 0 to SA, the demanded flow approaches a point X
where directly matching the demand would no longer be
associated with pulsatile flow and/or resonance and the
portion of flow which leaves manifold 170 via the elec-
tronically controllable outlet valve 190 decreases to zero.
At point X, and for speeds above SA, the calculated de-
mand Fd is implemented without modification.
[0082] In the embodiment of Figure 5B in order to ob-
tain the demanded flow 300, the actual pump flow 302
takes one of a series of equally spaced discrete values
A, B, C, D, E in dependence on vehicle speed. These
discrete flow values are selected to avoid resonances or
other issue related to undesirable vibrations or pulsatile
flow. At the bottom end of the speed range associated
with each discrete flow, the electronically controllable
outlet valve 190 is closed, and it is opened progressively
as the speed increases, until it is fully open, whereupon
the actual pump flow increases to the next discrete level
and the electronically controllable outlet valve is closed
again.
[0083] In the embodiment of Figure 5C, at the majority
of vehicle speeds, there is at least some leakage flow
through outlet valve 190. The pumped flow 302, is the
same as the demanded flow 300 between speeds SA
and SB and again between Sc and SD, or above SE.
These are speed regions where this pumped flow is not
expected to cause undesirable vibrations or pulsatile
flow. The other speed regions, which may be expected
to cause undesirable vibrations or pulsatile flow, are
shown in this figure as flow ranges 1 and 2, and from
zero flow to level FA. These flow ranges correspond to
between speed 0 and SA, and between speed SB and
Sc, and again between speed SD and SE, the pumped
flow has a predetermined value (FA, Fc or FE respective-
ly) which is selected to exceed the demanded flow and
the electronically controlled outlet valve is correspond-
ingly regulated to cause leakage flow 304 such that the
demand flow 300 is met. Again, the minimum flow, FA,
is selected to avoid vibrations arising from pulsatile flow.
From speed SA to speed SB, the pump flow increases
from FA to FB, with the outlet valve closed and then, from
speed SB to SC, the flow is maintained at FC. At speed
SB the amount of leakage flow is at a maximum, FI2 and
it then drops to 0 linearly through this range. There is no
leakage flow and the pump flow increases linearly with
speed from speed Sc to SD and then again from speed
SD to SE, the pump flow is maintained at a fixed level,
FE, with maximum leakage flow FI1, which decreases
from speed SD to SE, selected to obtain the desired net
flow into the high-pressure manifold 170.
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[0084] In the embodiment of Figure 5D, the leakage
flow 304 has a minimum baseline value of FA0 which is
always present through the speed range, and is provided
by the one or more said outlet valve(s) being at least
partially open. The net flow into the high-pressure man-
ifold 40, 170 after allowing for leakage flow of 304, always
meets the demand flow 300. The pump may be operated
at any one of the distinct, discrete ’step’ levels FA, FB,
FC, FD, FE, etc, selected to provide smooth pumped flow.
It should be noted that the size of each step is equal (i.
e. the flows associated with FB, FC, FD, FE, etc. are simple
multiples of flow FA), and as the flow level FA is chosen
to given smooth flow, thus multiples of this flow level are
in theory likely also to yield smooth flow. At speeds SA,
SB, SC, SD, SE respectively, only leaked flow of FA0 is
produced. At other speeds there is additional leaked flow
according to line 304. Leakage flow 304 increases dis-
continuously and then decreases smoothly in a sawtooth
pattern as vehicle speed increases. Point ’X’ corresponds
to a minimum flow level FA, at which the pump alone
provides an acceptably smooth level of flow without un-
desirable frequencies.
[0085] In the embodiment of Figure 5E, as the vehicle
speed increases from speed 0 to SA, the leakage flow is
held constant at flow FA. Leakage flow is switched off
above speed SA, however pumped flow does increase
from flow FA to higher flow FB as vehicle speed increases
in the range from 0 to SA. This enables the net flow to
increase with vehicle speed without pumped flow ever
being below a minimum threshold FA where there would
be pulsatile flow. Again, X corresponds to a minimum
flow level FA, at which the pump alone provides an ac-
ceptably smooth level of flow without undesirable fre-
quencies.
[0086] In the above example, the third hydraulic man-
ifold, driven by the third pump 164, is regulated according
to the invention without any contribution from the second
pump 162. If the electronic switching valve 165 is
switched so that the second pump 162 contributes to the
flow of hydraulic fluid to the wheel-motor propel hydraulic
circuit, then instead of regulating the displacement of the
cylinders which make up the third pump 164 alone, the
second and third manifolds 168 and 170 together form a
high-pressure manifold (the high-pressure manifold) and
the combined displacement of the cylinders which make
up the third pump 164 and second pump 162 is regulated.
In some embodiments, more than one outlet is provided,
each having a separate electronically controlled outlet
valve.
[0087] The invention is also operable where the actu-
ators instead supply fluid to the third pump 164, acting
instead as a motor for example during a regenerative
process. The additional outlet valve can be opened or
closed as required to control flow to either or both of
pumps 162 and 164. The loss of hydraulic fluid through
the additional outlet valve would be taken into account,
and the calculations of flow consumed by the pump, and
lost through the additional outlet valve need only take

into account the sign/direction of fluid flow.
[0088] In the above example, the invention is employed
to control the flow of hydraulic fluid to the wheel-motor
propel hydraulic circuit, by regulating the flow of third
pump 164 and the position of proportional flow valve 190.
However, the invention may also be employed to control
the flow of hydraulic fluid to one or more actuators 178
by the first pump 160 by providing an additional outlet
from manifold 166 regulated by a further electronically
controlled valve in the same way and controlling the dis-
placement of pump 160 and the position of the further
electronically controlled valve in concert. The invention
would be useful for example for providing hydraulic fluid
to hydraulic rams of a hydraulic vehicle (e.g. fork lift truck)
tilt function.

Third Example

[0089] In the first and second examples, the outlet
valve 47, 190 is typically a proportional flow valve which
is opened and closed, or adjusted, relatively slowly. Even
if it were a digital valve, which is either open or closed or
transiting therebetween, it is typically opened or closed
relatively slowly or at least infrequently, compared with
the solenoid operated LPVs 28 and HPVs 36 of the ECM.
Furthermore, it is typically controlled asynchronously
with the cycles of working chamber volume.
[0090] In a third example, illustrated with reference to
Figure 8, the apparatus corresponds generally to Figure
1, with a first outlet valve 47 which is a proportional flow
valve that is controlled as described above, with the ad-
dition of a second outlet valve, 62, which regulates an
outlet path from the HP manifold to tank, and which is a
solenoid operated valve that is digitally operated between
open or closed, typically with a transit time in the range
of 1-4ms, and which is controlled in phased relationship
to the cycles of working chamber volume, through a con-
trol line 45 in the same way as the LPVs 28 and HPVs
36 of the ECM.
[0091] This is used in part to provide a further controlled
flow of working fluid to leave the HP manifold 40, through
the outlet valve so that the net flow to the high-pressure
manifold meets the demand, and partially to attenuate
pressure ripples and/or solitons in the high-pressure
manifold. Pressure ripples are a significant problem at
low fractions of maximum displacement. At a displace-
ment demand of say 5% of maximum demand, the ECM
will typically cause every 20th working chamber in the
sequence to execute an active cycle with the intervening
cycles being inactive cycles. Accordingly, the flow of fluid
to the HP manifold is highly pulsatile in nature.
[0092] With reference to Figure 6, when this occurs or
is predicted, the machine controller 26 varies the control
signal to the second outlet valve 62 to cause the second
outlet valve to open before the time of peak flow from an
individual working chamber into the HP manifold and
close again after the peak flow. This has the effect of
reducing the peak pressure, and thereby attenuating
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pressure ripples. In addition, there will be a loss of work-
ing fluid from the HP manifold, which is a function of the
time for which the valve is open and the pressure differ-
ence across the respective valve while it is open, and
which should be summed with any flow out of the HP
manifold through the first outlet valve when calculating
net flow into the HP manifold to meet demand.
[0093] Figure 6 shows the demand signal 400 which
is constant in the short period of time shown, the flow of
working fluid into the high-pressure manifold 402 during
an active cycle of working chamber volume and the con-
trol signal to the valve 404 causing it to open in response
to the rising edge of the signal and close in response to
the closing edge and a pulse of fluid 406 to flow through
the valve for a period of time 408. The person skilled in
the art can determine experimentally or by calculation
the precise timings required taking into account the open-
ing or closing speed of the second outlet valve and the
time required for pressure waves from the working cham-
bers to propagate to the location of the second outlet
valve.
[0094] The electronically controllable second outlet
valve is open for the duration of the control pulse 404.
Longer pulse lengths result in more flow leaving via the
second outlet valve (and this thus corresponds to higher
loss of flow and loss of efficiency as more fluid flows to
the tank). Pulses of shorter duration result in correspond-
ingly lower losses of flow but increased pressure varia-
tions. The pulse start time or phase (relative to cycles of
working chamber volume) and pulse width (time or phase
of cycles of working chamber volume), is selected to ob-
tain a desired level of attenuation and fluid outflow char-
acteristics.
[0095] The control signal to the second outlet valve
typically takes the form of a current directed to a solenoid
actuator of the valve. This signal is typically varied by
pulse width modulation. The precise moment at which
the second outlet valve opens or closes will be affected
by factors such as the strength of a spring holding the
valve in either a closed or open position (in a normally
closed or normally open valve), the instantaneous pres-
sure in the working chamber and so forth. More generally,
the opening time or phase and the pulse width (expressed
as time or phase) will be varied depending on measure-
ments or calculations of one or more of:

a) the demand signal,

(b) the hydraulic machine rate of displacement, or
flow rate;

(c) the speed of rotation of the rotatable shaft;

(d) the compliance of the high-pressure manifold
(variation in system pressure with volume of working
fluid in the high-pressure manifold);

(e) operating mode of the hydraulic system, for ex-

ample whether the controller is regulating displace-
ment in response to the demand signal in a feedback,
feedforward and/or open-loop control mode; and

(f) the temperature of the working fluid.

[0096] Although typically a pulse is timed to be coinci-
dent with a peak in output flow, in some embodiments of
the invention pulses may be offset in time (e.g. advanced
or retarded with respect to a peak in output flow). This
presents options for optimisation as will be appreciated
by the person skilled in the art.
[0097] Figure 7A is a plot of pressure as a function of
time in an example without application of the invention.
As can be seen from this figure, there are significant var-
iations in pressure overtime, and the amplitude of the
pressure varies between pulses. Figure 7B is a plot of
pressure as a function of time with application of the in-
vention. As can be seen from this figure, the amplitude
of the pressure ripples is reduced, in this example from
20-25 bar to about 15 bar.
[0098] Although in this example the second outlet valve
62 is controlled by the machine controller 26, it may be
controlled by another controller such as a vehicle con-
troller 158, although typically the controller generating
the outlet valve control signals requires to receive a signal
(such as shaft position) indicative of the phase of cycles
of working chamber volume and typically also information
about the sequence of active and inactive cycles of work-
ing chamber volume generated by the machine controller
responsive to the demand signal. The second outlet valve
will more typically lead to the LP manifold or tank, gen-
erally as shown in Figure 1, than to another manifold.
[0099] Typically, an outlet valve provided for the pur-
pose of smoothing pressure ripples has a relatively high
flow capacity and is only opened and closed during active
cycles of working chamber volume. A relatively high flow
capacity is required to significantly attenuate pressure
ripples and if such a valve was left open for a larger pro-
portion of the time, as may be required for the purpose
of controlling net demand as described with reference to
example 1 and example 2, losses would be quite sub-
stantial. Accordingly, the outlet valve for the purpose of
smoothing pressure ripples is typically provided in addi-
tion to an outlet valve for the purpose of regulating net
demand as shown in Figure 1. Nevertheless, a single
outlet valve may be used to both regulate outflow of work-
ing fluid to obtain the desired net flow into the HP manifold
and also to attenuate pressure ripple.

Fourth example

[0100] In a fourth example, shown in Figure 9, appa-
ratus according to Figure 1 has a digital solenoid actuated
inlet valve 64, through which the HP manifold 40 is con-
nected to a source 66 of higher-pressure fluid, such as
a charged fluid accumulator. The machine controller 26
opens the inlet valve between active cycles of working

25 26 



EP 3 748 155 A1

15

5

10

15

20

25

30

35

40

45

50

55

chamber volume and closes the inlet valve during at least
a peak flow region of active cycles of working chamber
volume. Accordingly, fluid is admitted from the higher-
pressure fluid source 64 between times of peak flow into
the working chamber to compensate for any shortfall or
deficiency in the supply of working fluid between active
cycles, i.e. during pressure minima and again to reduce
pressure ripple. Where the higher pressure fluid source
is an accumulator it may be filled with fluid from the high
pressure manifold when it is above a threshold, through
a check valve. The line from the accumulator through the
inlet valve to the high-pressure manifold includes a re-
strictor to prevent excessive flow.

Claims

1. A hydraulic system comprising;

a hydraulic machine, the hydraulic machine
comprising a rotatable shaft, a low-pressure
manifold and a high-pressure manifold, and one
or more working chambers having a volume
which varies cyclically with rotation of the rotat-
able shaft, each working chamber having both
a low-pressure valve which regulates commu-
nication between the low-pressure manifold and
the working chamber, and a high-pressure valve
which regulates communication between the
high-pressure manifold and the working cham-
ber, wherein for each working chamber at least
one of the respective low-pressure valve and
the respective high-pressure valve is an elec-
tronically controllable working chamber valve;
the high-pressure manifold extending between
the one or more said working chambers and one
or more actuator ports and one or more addi-
tional outlets;
one or more hydraulic actuators which are fluidly
connected to said high-pressure manifold
through the one or more actuator ports and
thereby hydraulically driven by the hydraulic ma-
chine;
one or more electronically controllable outlet
valves which regulate the opening or closing of
the one or more additional outlets; and
at least one controller configured to control the
one or more electronically controllable working
chamber valves and the one or more electroni-
cally controllable outlet valves;
wherein the at least one controller is operable
to receive a demand signal and to regulate the
one or more electronically controllable working
chamber valves in phased relationship to cycles
of working chamber volume to thereby regulate
the net displacement of working fluid by each
working chamber on each cycle of working
chamber volume, and to concurrently regulate

the one or more electronically controllable outlet
valves, to thereby regulate the net displacement
of working fluid into or out of the high-pressure
manifold allowing for the flow of working fluid out
of the high-pressure manifold through the one
or more additional outlets, when one or more
additional outlet is open, to meet a demand in-
dicated by the demand signal.

2. A hydraulic system according to claim 1, wherein the
at least one controller is configured to control the
electronically controllable working chamber valves
to cause the hydraulic machine to displace working
fluid in excess of the demand indicated by the de-
mand signal and to cause one or more outlet valves
to be open, the net displacement of working fluid into
the high-pressure manifold from the one or more
working chambers through the high-pressure valves
being thereby regulated to meet the demand indicat-
ed by the demand signal after allowing for the flow
of working fluid out of the high-pressure manifold
through the one or more additional outlets.

3. A hydraulic system according to any one preceding
claim, wherein one or more said outlet valve(s) is a
variable flow control valve, and the at least one con-
troller controls the variable flow control valve across
a range of positions.

4. A hydraulic system according to any one preceding
claim, wherein at least one controller is configured
to open and close a said outlet valve in phased re-
lationship to cycles of working chamber volume to
reduce pressure ripples in the high-pressure mani-
fold.

5. A hydraulic system according to any one preceding
claim, wherein the high-pressure manifold is in com-
munication with a higher-pressure working fluid
source through an inlet valve and at least one con-
troller is configured to close and open the inlet valve
in phased relationship with cycles of working cham-
ber volume, to reduce pressure ripple.

6. A hydraulic system according to any one preceding
claim, wherein one or more said additional outlets
extend from the high-pressure manifold to the low-
pressure manifold such that one or more outlet
valves regulate the flow of working fluid out of the
high-pressure manifold to the low-pressure manifold
through one or more said additional outlets.

7. A hydraulic system according to any one of claims
1 to 3, wherein one or more said additional outlets
extend from the high-pressure manifold to a further
manifold, such that the respective one or more outlet
valves regulate the flow of working fluid out of the
high-pressure manifold to the further manifold
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through the one or more said additional outlets.

8. A hydraulic system according to claim 7, wherein the
further manifold is a pressurised manifold in fluid
communication with one or more actuators.

9. A hydraulic system according to claim 7 or claim 8,
wherein the high-pressure manifold is part of a
closed-circuit hydraulic arrangement and the further
manifold is part of an open-circuit hydraulic arrange-
ment, or vice versa.

10. A hydraulic system according to claim 9, wherein the
hydraulic system comprises a prime mover coupled
to the hydraulic machine to provide power to cause
the hydraulic machine to pump working fluid from
the low-pressure manifold to the high-pressure man-
ifold and wherein the hydraulic system further com-
prises a second hydraulic machine driven by the
prime mover, or one or more further working cham-
bers of the hydraulic machine configured to pump
working fluid from the or another low-pressure man-
ifold, to the further manifold, such that the prime mov-
er powers both the open-circuit and closed-circuit
hydraulic arrangements.

11. A hydraulic system according to any one preceding
claim, which is a hydraulic vehicle, for example a fork
lift truck.

12. A method of operating a hydraulic system, the hy-
draulic system comprising;

a hydraulic machine, the hydraulic machine
comprising a rotatable shaft, a low-pressure
manifold and a high-pressure manifold, and one
or more working chambers having a volume
which varies cyclically with rotation of the rotat-
able shaft, each working chamber having a low-
pressure valve which regulates communication
between the low-pressure manifold and the
working chamber and a high-pressure valve
which regulates communication between the
high-pressure manifold and the working cham-
ber, wherein for each working chamber at least
one of the respective low-pressure valve and
high-pressure valve is an electronically control-
lable working chamber valve;
the high-pressure manifold extending between
the one or more said working chambers and one
or more actuator ports and one or more addi-
tional outlets;
one or more hydraulic actuators which are fluidly
connected to said high-pressure manifold
through one or more said actuator ports and
thereby hydraulically driven by the hydraulic ma-
chine,
one or more electronically controllable outlet

valves which regulate the opening or closing of
the one or more additional outlets; and
the method comprising receiving a demand sig-
nal and, responsive thereto, regulating the one
or more electronically controllable working
chamber valves in phased relationship to cycles
of working chamber volume to thereby regulate
the net displacement of working fluid by each
working chamber on each cycle of working
chamber volume, and concurrently regulating
the one or more electronically controllable outlet
valves, to thereby regulate the net displacement
of working fluid into or out of the high-pressure
manifold allowing for the flow of working fluid out
of the high-pressure manifold through the one
or more additional outlets, when one or more
additional outlet is open, to meet a demand in-
dicated by the demand signal.

13. A method according to claim 12, wherein the elec-
tronically controllable working chamber valves are
controlled to cause the hydraulic machine to displace
working fluid in excess of the demand indicated by
the demand signal and one or more electronically
controllable outlet valves is controlled to be open,
such that the net displacement of working fluid into
the high-pressure manifold from the one or more
working chambers is regulated to meet the demand
indicated by the demand signal after allowing for the
flow of working fluid out of the high-pressure manifold
through the one or more additional outlets.

14. A method according to claim 13, wherein when the
demand is below a threshold, the electronically con-
trollable working chamber valves are controlled to
cause the hydraulic machine to displace working flu-
id at a predetermined minimum fraction of maximum
displacement, or in a predetermined pattern of work-
ing chambers carrying out active or inactive cycles
of working chamber volume,
and wherein the one or more outlet valves are con-
trolled to cause hydraulic fluid to flow out of the high-
pressure manifold such that the overall displacement
of working fluid into the high-pressure manifold
meets the demand.

15. A method according to claim 13 or claim 14, wherein
under at least some circumstances the electronically
controllable working chamber valves are controlled
to cause the hydraulic machine to displace working
fluid at one of a plurality of discrete fractions of max-
imum displacement, or in one of a plurality of prede-
termined patterns of working chambers carrying out
active or inactive cycles of working chamber volume,

wherein the electronically controllable working
chamber valves are controlled to cause the
working chambers to displace one of the plurality
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of discrete fractions of maximum displacement
in excess of the displacement required to meet
the demand indicated by the received demand
signal, or to carry out one of the plurality of pre-
determined patterns which causes the com-
bined displacement of the one or more working
chambers to exceed the displacement required
to meet the demand,
and wherein the one or more outlet valves are
controlled to cause hydraulic fluid to flow out of
the high-pressure manifold such that the overall
displacement of working fluid into the high-pres-
sure manifold meets the demand.

16. A method according to any one of claims 13 to 15,
wherein the electronically controllable working
chamber valves are controlled to cause the hydraulic
machine to displace working fluid in excess of the
flow required to meet the demand indicated by the
demand signal and to cause one or more of the outlet
valves to be open, responsive to determination that
the demand is such that if,

i) the one or more additional outlets were closed,
and
ii) demand was met only using working fluid dis-
placed by the one or more working chambers,

there would be an undesirable response from the
system arising from the pattern of selection of work-
ing chambers to carry out active or inactive cycles
to meet the demand.

17. A method according to any one or claims 13 to 16,
comprising measuring or calculating a current rate
of flow of working fluid through one or more said ad-
ditional outlets, optionally comprising measuring the
pressure in the high-pressure manifold.
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