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WO 02/079675 PCT/GB02/01551
DESCRIPTION

HYDRAULIC CONTROL CIRCUIT FOR A VARIATOR

The present invention relates to a hydraulic circuit for controlling a
continuously variable ratio unit (““variator”) of the toroidal-race rolling-traction type,
and more particularly for controlling an end load in such a variator.

Toroidal-race »ro.lling-traction type' 'variators are in themselves well known.
One, or more typically two, toroidal or part toroidal cavities are defined by opposed
faces of rotatably, coaxially mounted discs and drive is transmitted between the discs
by rollers disposed in the cavities. It is well known in such variators to mount each
roller in a carriage and ’to connect that carriage to a piston subject to a controlled
hydraulic force. So-called “torque control” operation can be achieved in well known
manner by applying the hydraulic force along a generally tangential direction (with
respect to the axis of the variator discs) and allowing the roller/carriage to move
along a circular path centred on the axis. The roller is permitted to precess (that is,
the roller axis can rotate) and as is well known the roller precesses such that its axis
always intersects the disc axis. Consequently when the roller moveg along its circular
path it also precesses and the change in roller inclination produces a change in
variator transmission 1;a(io. The roller adopts a position in which the force applied
thereto by the piston is balanced by an opposite, “reaction”, force produced (by shear
ofa ﬁlm‘ of so-called “traction fluid”) at the interfaces between the roller and its
neighBoun'ng discs. Tine torque transmitted by the variator is a function of the
reaction force. In the stéady state the hydraulic and reaction forces balance.

In order to enable transmission of torque by the variator there must be

JP 2004-526916 A 2004.9.2
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2
pressﬁre at the roller/disc interfaces and in variators of the “full toroidal” type this is
typically provided by means of a hydraulic actuator which acts on one of the variator
discs to apply an “end load” biasing the discs toward the rollers. The magnitude of
the end load has an important bearing on variator efficiency and performance. It is
known to vary the end load during operation. An important parameter in this regard
is the traction coefficient. If we define the normal force to be the force exerted by the
roller on one of the discs (and of course by the disc on the roller) at the interface
therebetween and along the direction normal to this interface, then the traction
coefﬁcicﬁt W is simply the ratio of reaction force (RF) to normal force (NF):
‘ n=RE

NF

Note that the nox_'mal force is in the general case not precisely equal to the end
load because the norm:;l. force acts along a direction perpendicular to the plane of the
rolierldisc interface, this direction being parallel to the direction of action of the end
load cmly._ in one particular roller position (corresponding to a 1:1 variator drive ratio).
In the general case, the ;nd load and normal force are related through the cosine of
the roller angle.

An excessively low traction coefficient, corresponding to an unnecessarily
high end-load and hence high normal force, gives rise to large energy losses at the
roller/disc interface and;so is inefficient. An excessively high traction coefficient is
also inefficient in eneréy terms and can lead to variator failure, excessive slip at the

roller/disc interface allowing the roller to move, rapidly in some situations, away
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from its proper position. It is necessary to guard against this eventuality.

In so called “full toroidal” variators, energy losses at the roller/disc interface
can be considered in tei’ms of (1) slip and (2) spin. Slip involves relative motion,
along the circumferential direction, of the roller/disc surfaces at their interface,
correspoéding to a mismatch in rotational speeds of the roller and disc. Slip losses
increase as the degree o;f slip increases. Spin involves relative angular motion of the
two surfaces at the roller/disc interface. Itarises from the geometry of the variator
and the z_iegree of spin is determined by this geometry, the roller positions and the
variator speed. However energy losses due to spin are affected by the magnitude of
the normal force and hence are related to the traction coefficient. 1t is found that the
curve representing var;_ation of efficiency with traction coefficient has a peak
representing the best co.mpromise between spin and slip losses. This must be taken
into account in order to operate the variator at optimal efficiency.

A known hydraulic circuit for controlling the variator uses a pair of hydraulic
lines to supply hydraulic fluid at adjustable pressures to opposite sides of the roller
control pistons, thus enabling the reaction force to be varied. In order to provide for
adjuslmént of end load, a valve arrangement of “higher pressure wins” type is used
to supply fluid from whichever of the lines is at higher pressure to a working chamber
of a hydraulic end load actuator and in this way a relationship is created between the
reaction force and the normal force (or, to be strictly accurate in view of the cosine
variation‘ of normal force with roller angle referred to above, between the reaction
force and the end load). :. One such arrangement is described in the applicant’s earlier

European Patent EPO894210 and in its US counterpart 6030310 which disclosed in
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detail a practical end loading arrangement and the contents of which are incorporated
herein by reference for purposes of US law. In that arrangement the end load actuator
actually has two working chambers, one supplied with pressure from the higher
pressure line to apply th;a end load and one supplied from the lower pressure line to
produce an opposed force which reduces the end load. In such an arrangement the
traction coefficient can in effect be pre-set by appropriate choice of piston areas,
particularly in the end lpad actuator.

The hydraulic coupling of the end load to the roller control actuators makes
it possible to vary the end load rapidly in sympathy with the reaction force. This
hydra‘ulit; coupling is highly advantageous. because variators in motor vehicle
transmissions are subject in practice to rapid and severe “torque spikes”, eg. upon
braking, and to provide adequate end load on demand to accommodate such spikes
(and a.vdid variator failure due to the traction coefficient increasing excessively)
requires ;:orrespondingly rapid end load adjustment. In the arrangement described
above., occurrence of a t;rque spike results in a corresponding pressure increase in the
higher pressure line which is automatically and rapidly passed on to the end load
actuator %)y the hydraulics.

However such systems are subject to problems. In some arrangements poor
pressure response, in particular a time lag-in matching the variator end load to the
roller reaction force, has been found to occur. Unavoidably, compliance in the
variator and its hydraulics mean that a finite volume of fluid is required to effect a
change in end load. Flow is absorbed, eg. by flexure of the end load actuator

components. In conjunction with flow restrictions in the hydraulics, the result can
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be a significant time lag between the reaction pressure and the end load pressure and
hence a transient mismatch between the end load and reaction forces. The mismatch
occurs d;xring rapid changes in reaction force as in the event of transient torque
spikes. Inextreme cases there is an associated risk of variator failure.

It should be noted that EP08942 10 suggests an arrangement in which a
hydraulically controlled valve is used to control the end load pressure. This valve has
a spool which is influenced by the end load pressure itself and also by mutually
opposed pressures from. opposite sides of the variator’s double acting roller control
pistons. The spool’s position is determined by the balance between these three
signals. The end load actuator is normally connected to a pump supplying
pmssuﬁwd fluid and the valve controls a drain from the end load actuator so that in
response to excess end load pressure the drain is opened and the pressure is reduced.
The arrangement is intended to maintain the traction coefficient at a constant level
and there is no provision for adjustment of the traction coefficient.

Itis desirable to provide for controlled adjustment of the traction coefficient,
to make possible increaéed efficiency and to take account of variable factors such as
the temperature of the variator traction fluid. Following start up the traction fluid,
initially cold, is progressively warmed and its characteristics are consequently altered.
The appropriate traction coefficient is likewise altered and it would be advantageous
to carry out corresponding modification of the end load.

‘This need to adjust the traction coefficient according to temperature has been
recoghised in prior US patent 6162144, assigned to General Motors Corporation,

although the hydraulic circuit used to achieve the adjustment (see Fig. 3 of the patent)

JP 2004-526916 A 2004.9.2
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simply uses a pulse width modulated valve to feed a percentage of the end load
pressure to a second cha.‘mber of the end load actuator, working in opposition to the
end load pressure, to thereby adjustably reduce the end load. The additional problem
of time lag in adjustment of the end load is not addressed. Additionally it is believed
that there would be sgvére difficulties in creating a practical implementation of the
circuit proposed in this patent, particularly in providing a pulse width modulated
vaive capable of carrying out the required function.

It should also be noted that adjustment of the coefficient of traction can be
achieved in the type of known hydraulic circuit discussed above, having two
hydraulic supply lines feeding opposite sides of the roller control pistons and a higher
pressure wins arrangement to feed pressure from one of the lines to the end load
actuator, by adjusting t‘he pressures in both lines together to thereby increase or
decrease the higher pressure (and hence the end load) without altering the pressure
difference between the two lines which detenni‘nes the reaction force. However this
approach does not address the problem of end load time lag and complicates the
control of the variator rollers.

The inventors have recognised that to address the two problems of end load
time lag and traction coefficient adjustment requires a dual mode of end load pressure
control, r;ut found in the above mentioned prior art.

In accordance v;lith a first aspect of the present invention there is a variator
assembly comprising ﬁ variator of the toroidal-race rolling-traction type having input
and output discs, rollers which are acted on by hydraulic roller control actuators and

are positioned between the discs to transmit torque from one disc to the other,
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hydraulic end loading means supplied with fluid at an end load pressure to apply an
end load to bias the discs and the rollers toward each other thereby enabling the
transmission of torque, and reaction pressure supply means connected to the roller
control actuators to cavise them to apply an adjustable reaction force to the rollers, the
assembly further comprising hydraulically influenced valve means responsive to the
reaction pressure and the end load pressure to control the end load pressure and
thereby maintain a relationship between the end load and reaction pressures, and
adjusnneﬁt means to adjust the relationship between the end load and reaction
pressures.

In a preferred émbodimcnt the effect of the adjustment means is to reduce the
end load pressure so that in the event of inaction of the adjustment means the end
load pressure is increased.

Preferably, the v‘alve means serves to compare an input related to the end load
pressure with an input felated to the reacﬁon pressure and to control the end load
pressure in dependence upon the comparison.

In a further prcf;en'ed embodiment of the present invention the valve means
comprise a pilot operatefi valve receiving a hydraulic reaction pressure input signal
taken frqm a connection to the reaction pressure supply means.

In another preferred embodiment of the present invention the roller control
actuators are double acting and are connected to first and second reaction pressure
supply means, the pressﬁ:cs from which opj)ose each other in determining the force
applied to the rollers, a further valve arrangement being connected across the first and

second supply means to direct the higher of the two pressures to the valve means.

JP 2004-526916 A 2004.9.2
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Preferably the valve means is arranged to receive as a further input an end
load adjustment signal from the adjustment means and to modify the end load
pressure in response thereto.

In one such embodiment the valve means comprises a valve spool and the
adjustment means comprises an actuator for applying an adjustable biasing force to
the valve spool.

The actuator may be coupled to the valve spool through a spring member.

In a further preferred embodiment the assembly further comprises a pressure
modifying arrangement which receives as an input pressure one of the reaction
pressure and the end load pressure, which modifies this pressure to create an output
pressure which is a function of the input-pressure and which applies the output
pressure to the valve means.

Preferably the pressure modifying arrangement comprises two restrictors
which are connected in series and through which the input pressure is led to a
pressure sink, one of the restrictors being variable and the output pressure being taken
from between the two restrictors.

The valve means may have at least two states in which it serves to connect the
end loading means reépectively to

(1)  ahigh pressure fluid source and

(25 a pressure sink.

Preferably the vz;lve means has a further state in which it serves to isolate the
end loading means. ‘

It is especially preferred that the adjustment means are electronically

JP 2004-526916 A 2004.9.2
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controlled in dependence upon measured variator operating parameters.

According to a.second aspect of the present invention there is a variator
assembly comprising a variator of the toroidal-race rolling-traction type having input
and output discs, hydraulic piston actuated rollers positioned between said discs and
operative to transmit traction therebetween and end loading means for applying
hydraulic pressure to bias the discs towards engagement with each other, the
assembly further comprising:

{a) means for supplying a reaction circuit pressure which is a function of
pressure applied to the roller pistons;

" (b) an accumulator containing hydraulic fluid at an accumulator pressure;

(c) pilot valve means switchable between a first position in which it connects
the reaction circuit pressure to the end loading means and a second position in which
it conﬁecis the accumulator to the end loading means, the valve means being biased
towards the first positic'm by a force which is a function of the pressure in the end
loading means and béing biased towards the second position by a force which is a
function of the reaction circuit pressure.

According to a third aspect of the present invention there is a variator
assembly comprising a x.'ariator of the toroidal-race rolling-traction type having input
and output discs, hyﬁuiic piston actuated rollers positioned between said discs and
operativc: to transmit traction therebetween and end loading means for applying
hydraulic pressure to bias the discs towards engagement with the rollers, the assembly
further comprising:

(a) means for supplying a reaction circuit pressure which relates to pressure

JP 2004-526916 A 2004.9.2
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applie& to the roller pistons;

(B) a pressurised fluid source; and

(c) pilot valve tricans switchable between a first position in which it connects
the rea;_ction circuit pressure to the end loading means and a second position in which
it connects the pressurised fluid source to the end loading means, the valve means
being biz;sed towards the first position by a force which is related to the pressure in
the end loading means a;ld being biased towards the second position by a force which
is related to the reactibn circuit pressure.

Si)cciﬁc embodiments of the present invention will now be described, by way

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

Fig. 1 is a cross sectional view of a variator incorporating a

g P ive,
somewhat simplified, form of end load mechanism, together with a schematic
representation of a control circuit for the variator, incoxporaﬂng certain features of
the present invention; .

Figs. 2 to 7 are schematic representations of further control circuits
embodying certain features of the present invention;

‘Figs. 8, 9 and 10 are schematic representations of still further control circuits,
which embody the present invention; and

Fig. 11isa grapi: illustrating operétion of the invention,

A variator 2 schematically illustrated in Fig. 1 compﬁsgs a pair of input rotor
discs 78,79, an output rotor disc 4 and a plurality of rollers 12 situated therebetween
for transmission of torque in a manner well known to those skilled in the art and

therefore not described in detail herein. At the end of the variator 2 there is provided

JP 2004-526916 A 2004.9.2
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an end-load assembly 5 which, in its representative form, comprises a simple
hydraulixb't chamber 6 fed with hydraulic fluid at pressure. The pressure in chamber
6 acts to load disc 78 axially such that it clamps the rollers 12 between the discs 4,
78,79 and enables transmission of torque across the variator. As mentioned above,
the magnitude of the end load is to be adjusted in order to achieve an appropriate
traction coefficient.

Turning now to the control circuit 7 of the; present embodiment of the
invention, it will be appreciated that the axle 10 of a master roller 12" of the variator
is mounted in the cavity 14 of a hollow shaft 16 of a double-headed roller carriage
piston 18 This piston is formed with opposed piston heads 20, 21 which slide under
hydraulic load within coaxial cylindrical caps 23, 24 and which are free to rotate
about the axis of shaft Ié. In practice a double-acting piston is often preferable, with
opposite-faces of the single head both exposed to fluid, but the equivalent double-
headed piston arrangement represented in the drawing has been used for ease of
understanding. In either case, the piston reaction force is dependent on the difference
in the hydraulic pressures applied to the two faces of the piston.

Hydraulic fluid inlets 26, 27 and outlets 29, 30 are formed in the end and side
walls of ;:aps 23, 24 respectively, and the end caps of a set of slave roller carriage
pistoﬁs 18 are supplied w1th fluid by means of a plurality of similar supply branches
25, 25a via restrictors 31, 31a in the supply branches 25, 25a. The pressures acting
on th; corresponding slave carriage pistons 18 of the remaining rollers are related to
those in ‘;aps 23, 24 so that at equilibrium the applied reaction forces equate.

The control circuit comprises two sources of hydraulic fluid provided by oil

JP 2004-526916 A 2004.9.2



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

(28)

WO 02/079675 PCT/GB02/01551

12

pumps 32, 33 capable of delivering hydraulic fluid from a sump 35 at, for example,
between 0 to 50 bar to left-hand and right-hand upstream flow lines 37 and 38 and
it is these lines that deliver the fluid respectively to the cylinder inlets 26 and 27 of
the master piston 18' @d to the slave pistons 18. Such pumps will, however, not
provide hydraulic fluid at these pressures unless control valves 58, 59, connected to
the respective hydraulic outlets 29, 30, are sufficiently restricted. A cross-connection
43 between lines 37 and 38 communicates by way of a “higher-pressure-wins”
arrangement of non-ret;urn valves 45 and 46, and via a conduit 48, with a further
control circuit 100 whose output is connected to the hydraulic chamber 6 of the end-
load mechanism 5. This ensures that the further control circuit 100 is always fed with
fluid at aipressure whichever of the two pressure lines 37, 38 is of higher pressure
(hereinafter referred to as “reaction circuit pressure”).

Outlets 29 and 36 from caps 23 and 24 lead by way of downstream left-hand
and righti-hand lines 55 and 56 to the inlets of the two pressure control valves 58 and
59 which are formed as electro-hydraulic proportional pressure control valves and
whose operation is desctibed later herein. Downstream of the control valves 58 and
59, the left and right'hal;xd fluid lines combine at 68 after which a connection 70 is

operable to provide fluid for general lubrication of the transmission. This is

maintained at the correct back pressure by pressure relief valve 72.

The further control circuit 100 comprises a shuttle valve 102 in the form of
a double pilot operated directional control valve having a first inlet port for receipt
of the reaction circuit pressure from the “higher-pressure-wins” valve arrangement

45, 46 via an end-load discharge dump valve 104, a second inlet port connected to
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a high pressure fluid s.ource formed in this embodiment as a hydraulic pressure
accumulator 106, and an outlet port connected directly to the hydraulic chamber-6 of
the end-load mechanism 5. The discharge dump valve 104 is a flow control valve
which allows free flow @n the forward direction (i.e. towards the control circuit 100)
but which regulates anx; limits reverse flow back to the reaction circuit in that the
valve dumps any excess reverse flow above a predetermined level (e.g. the valve
allows a maximum reverse flow of typically 0.5 litres /min and dumps any excess
flow).

The shuttle \{al'\‘re 102 is biased by a spring 108 towards the position
illustrated in Figure 1, in which the output of the discharge dump valve 104 is

connected to the outlet of the shuttle valve 102 and thence to the hydraulic chamber

6 of the end-load hanism 5. H , the position of the valve is further

determined by two pil(;t pfessures\ The first pilot pressure is taken by line 110
directly from the hydraulic chamber 6 of the end-load mechanism 5 and corresponds
to the hydraulic pressure existing in the chamber 6 at any time. The second pilot
pressure is taken from the higher of the two pressures applied to one of the slave
pistons 18, by means of a zero flow shuttle valve 112 via line 111. The valve 112is
actuated by fluid pressure at points between the piston outlets and the flow restrictors
31,31a, ]Sreferably as close as possible to the piston outlets, since these pressures are
most representative of the actual pressures existing within the cylinder 18'.

As will be appreciated by those skilled in the art, the valve 112 may be
actuated by pressures from opposite sides of two different slave pistons 18, since the

pressures applied to the same side of each of the pistons 18 are the same. In the
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drawing, the pressures are taken from the two ends of the same piston, for ease of
reference. Alternatively, the valve 112 may be actuated by pressures from opposite
sides of the master piston 18', but this may cause problems if the piston is fitted with
a hydrautic end stop mechanism.

The two pilot pressures act in opposite senses on the pilot-operated shuttle
valve 102 and thus the shuttle valve 102 serves as a comparator, comparing the
higher of the pressures applied to the variator control cylinders with the end-load
pressure. Since the shuttle valve 102 reacts to pressures within one of the slave
pistons 18 as restricted by the flow restrictors 31, 31a and since the pilot signal from
the variator control cylinder requires no flow, the output from the valve 112 is
therefore the most accurate indicator of pressure, and therefore reaction force, within
the cy]iﬁders. In particular, it overcomes the potential of a false indication of
pressure resulting from bressure losses (and therefore time lags) which occur when
the end-load is being charged and slower pressure rise in the hydraulic chamber 6 of
the egd—lbad mechanism 5.

A; mentioned above, the shuttle valve 102 has a bias provided by spring 108,
such that the end-load~ pressure must fall below the maximum reaction circuit
pressure by an amomﬁ iﬁ excess of the preloading of the spring 108 (typically in the
region of_ 1 bar) before the shuttle valve moves to its alternative position in which the
accumuiator 106 is connected to the end-load.

Thus, for situations where the end-load pressure exceeds the reaction circuit
pressure, and also where the reaction circuit pressure exceeds the end-load pressure

by less than the bias of the spring 108, the shuttle valve will cm.mect the output of the
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“higher pressure wins” valve arrangement 45, 46 to the chamber 6 of the end-load
mechaﬁism 5. This ensures accurate steady state pressure matching of the reaction
circuit pressure from the variator and the end-load pressure and makes the system
determinate under steady state conditions. .

When the end-load pressure falls below the reaction circuit pressure by an
amount in excess of the ;preloading of the spring 108, the pilot-operated shuttle valve
102 moves to its alternative position, connecting the chamber 6 of the end-load
assembly 5 to the accumﬁlator 106 (which is typically charged to a pressure of about
50 to 55 bar). The end-load chamber 6 is then charged from the accumulator, but
because of the diﬁ'erent‘ial area of the spool of the valve 102 at full stroke the end-
load must rise above .re:;cﬁon circuit pressure before the valve 102 moves back to
connect tlhe end-load chamber 6 to the reaction circuit feed.

) In practice, it ig found that the shuttle valve 102 tends to shuttle back and
forth between its two-extreme positions in transient conditions. The valve rarely
remains connected to the accumulator for a sufficient length of time for the
accumulator pressure to be applied fully to the end load chamber 6, since whenever
a different pressure is applied to the end load chamber 6, the pressures controlling the
position of the shuttle V;ilve are also changed as a consequence.

The result of the above is that during a transient situation the end-load is
applied stepwise as the pilot-operated shuttle valve 102 shuttles back and forth to top
up end-load pressure as required. Reaction to transient “spikes” in the reaction
pressure is rapid. The system allows thev use of small mechanical valves and is

therefore very dynamic.
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If pressure demand in the end-load assembly drops (as a result of a fall in the
pressures applied to the variator control pistons), any excess in the flow (over a
predetermined limit) from the end-load chamber 6 is dumped to tank via the end-load
dump valve 104 rather than flowing back into the reaction circuit, thereby ensuring
good pressure-off times.

Figures 2 to 10 jllustrate various further variator control circuits in a more
schematic form, only those components directly related to end load control being
included. The same reference numerals are used throughout Figures 2 to 10 to
indicate certain common components. Refer firstly to Figure 2 which includes all
such numerals. The end load actuator is seen at 200 and as before has a working
chamber 202 supplied with fluid at an operéting pressure through a shuttle valve 204
formed as a double pilot operated directional control valve which in each case
receives a hydraulic pilot signal representative of the end load operating pressure. In
each of the embodiments illustrafed in Figures Z'to 10 this is provided through a
passage 206 which is additionally connected to a first port 207 of the shuttle valve
and to the working cl.lamber 202. Figures 2 to 10 all show only a single
mpresenﬁtive roller control piston 210, shown schematically in these illustrations
within a cylinder 212 to form a double aqting arrangement, opposite faces of the
piston 210 receiving hydraulic fluid through respective branches 214, 216
corresponding to the branches 25, 25a of the Figure 1 circuit. ‘Those components of
the hydra.ulic circuit used to generate adjustable pressure in the branches 214, 216 in
order .to control the rollér reaction force are omitted from Figures 2 to 10, but may be

as in Figure 1. The branches 214, 216 incorporate respective flow restrictions
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218,220 whose function is to provide damping of roller motion. A higher pressure
wins valve arrangement 222 has respective inputs connected on either side of the
representative roller control cylinder 212. These connections are formed between the
cylinder and the respective restrictors 218220, in order that the valve arrangement

222 can pass on, through a conduit 225, the higher of the reaction circuit pressures

with minimal time lag to serve as a second pilot pressure signal acting on the shuttle

valve 204 and opposing the signal representing the end load pressure. In each of
Figures 2 to 10, and similarly to the Figure 1 embodiment, a second port 223 of the
shuttle valve 204 is conriected to a high pressure fluid source comprising a hydraulic
accumulz;tor 224 which is maintained at the required pressure by means of a pump
226, a relief valve 228 and a non refurn valve 230 in a manner with which the person
skilled in the art will i)e familiar.

The circuits illustrated in these drawings differ from each other, among other
things, with regard to the connection of the shuttle valve’s third port 232. In each
case however the shuttlle valve 204 is a three position valve which serves, in its
different positions, to :-

i. isolate each port from the other, as in the position shown in the drawings;

ii. connect the first and second ports 207, 223 to deliver hydraulic fluid
pressure from the ac.cumulator 224 to the working chamber 202 of the end load
actuator _200; or

iii. connect the first and third ports 207, 232 to connect the end load working
chamber 202 to some part of the circuit serving as a pressure sink.

In all of these circuits the path to the pressure sink incorporates a flow
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restrictor 234 whose ﬁmcticn will be described below.

. Looking now specifically at Figure 2, it can be seen that the third port 232 of
the shuttle valve 204 is connected through the flow restrictor 234 to a drain leading
to the sump 240. There" is no provision for connecting the reaction circuit pressure
to the end load worki‘ngv chamber 202, as in the Figure 1 circuit. Nonetheless the
reaction circuit pressure does have a controlling influence on the end load pressure
since the shuttle valve 204 serves to compare the two pressures, due to its pilot
inputs. If the reaction.circuit pressure overcomes the end load pressure, indicating
that the g:nd load is insufficient, then the valve 204 shuttles to position (ii) referred
to above (spool in its right-most position) to connect the accumulator 204 to the end
load actuator 200 and so increase the end load, until the required pressure is achieved
at which point the valve shuttles back to position (i) to maintain end load at a steady
level. 'If on the other hand reaction circuit pressure falls to a sufficiently low level
relative to the end load pressure then the valve shuttles to position (iii) allowing
discharge of the end load workinig chamber 202 through the flow restrictor 234, until
once more the end load and reaction circuit pressures acting on the shuttle valve 204
balance such as to allow it to return to position (i).

The flow restrictor 234 controls the end load decay rate, ensuring good end
load traction during reﬁeated transients and imposing a limit on the flow required
from the accumulator 224 no matter how high the frequency of disturbance to the
system. Above a certain frequency of excitation, the end load simply remains high.
In betweén the steady state condition and the infinite frequency case lies a maximum

mean accumulator flow, occurring at a certain frequency and magnitude of pressure
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disturbance. The capgci;y of the high pressure fluid source 224, 226 can be selected
on this basis.

Note that the comparison between the end load and reaction circuit pressures,
effected by the shuttle valve 204 in this exemplary embodiment, can be weighted.
The areas of the valve’s spool subject to the two pilot pressures need not be equal,
and the ratio of one to the other can be used to set the traction coefficient. Also the
valve’s spool is typically biased, eg. by mechanical springing.

The circuit illustrated in Figure 3 differs from that of Figure 2 in that the
pressure sink is provided by means of a conduit 250 leading from the flow restrictor
234 to the higher pressure wins valve arrangement 222 and hence to the higher
pressﬁre side of the roller control circuit.

The circuit illustrated in Figure 4 corresponds to the Figure 3 circuit except
that a flow control (rééulating) valve 260 is used in the route to the pressure sink
(again, provided through conduit 250 leading to the roller control circuit through the
valve @gement 222) in place of the flow restrictor 234. The flow control valve
260 controls the rate of' end load discharge and sends a regulated flow through the
conduit 250 to the rollér control circuit, most of the end load discharge flow typically
being dumped by the valve 260 to the sump through a dump passage 262. This
prevents the reaction circuit pressure from being disrupted when the end load
discharges.

The circuit il]ustl;ated in Figure 5 differs from that of Figure 3 in that end load
discharge is provided for by means of a further higher pressure wins valve

arrangement 270 which receives the discharge fluid through a conduit 272 leading
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from the flow restrictor 234 and delivers it, through whichever of its outlets 274, 276
is at higher pressure, to the main roller control circuit, outboard of the relevant roller
flow réstriclor 218,220.

Figure 6 illustrates a development of the circuit illustrated in Figure 5, the
difference between the t;wo circuits being that the flow restrictor 234 of Figure 5 has
been replaced by a flow control valve 280. This petforms a similar role to valve 260
of the Figure 4 circuit, controlling the rate of end load discharge and sending a
regulated‘ flow back to the reaction circuit during discharge, the remainder of the flow
being dumped to the ta.nk through dump passage 282. This prevents disruption of
roller control circuit pre.ssure upon end load discharge.

Fiigure 7 illustrates a fail safe feature which may be added to any of the
illustrated circuits. A back-up conduit 290 conducts the higher reaction circuit
pressure from the higher pressure wins arrangement 222 to a normally closed check
valve 292, connected in its turn to the end load actuator 200. If for any reason (eg.
malfunction of the circuit) the end load should fall to an unacceptably low level
relative to reaction pressure, which could otherwise create a danger of inadequate end
loading leading to variator traction failure, then the check valve 292, is caused to
open providing a low resistance path for the end load to be charged from the reaction
circuit. An operational sensor 294, formed in this embodiment as a differential
pressure switch, would then indicate to the transmission’s electronic control (PCU)
that the problem had‘occumed, enabling appropriate control to be implemented to
proteci the transmission, and in some embodiments providing the driver with a

warning signal.
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While the embodiments described above allow rapid and effective end loaq
control, addressing the énd load time lag problem which has already been discussed,
it has yet to be cxplain.ed how they may be adapted to permit adjustment of the
rclationsi;ip between reaction circuit pressure and end load, and hence adjustment of
the variator traction cogfﬁcient. Figures 8 and 9 illustrate embodiments in which
provision is made to effectively “weight” the comparison of reaction citcuit and end
load pressures, thereby adjusting the relationship between the two pressures and
hence the traction coefficient which is achieved. In the illustrated embodiments,
utilising the shuttle valve 204 to carry out this comparison, the weighting is effected
by means of adjustable biasing of the shuttle valve spool, providing what is in effect
a further control input thereto. This approach can be applied to any of the previously
described circuits, as will be apparent from the following.

The circuit illustrated in Figure 8 corresponds to that of Figure 7 except that
a solenoid 300 acts on the spool of the shuttle valve 204 such as to apply an
adjustable biasing force thereto, urging the spool toward the end load discharge
position (iii) - i.e. to the left, in the drawing. The magnitude of the biasing force is.
controlled by the transmission’s PCU 302, The shuttle valve 204 thus adopts the end
load charge position (ii) only when the reaction circuit overcomes the sum of the end
load pilot force and the solenoid biasing force. This feature thus enables the PCU to
introducé an adjustable negative offset on the end load level in order to increase
traction coefficient to aﬁ optimal level, thereby potentially increasing efficiency.
This control can be carried out in dependence upon measured operating parameters

such as operating temperature or indeed prevailing variator roller positions, received
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by the PCU as inputs 301.

This mode of traction coefficient control may be referred to as “subtractive”
since the additional, variable input to the shuttle valve 204 provided by the solenoid
300 serves to reduce the end load. This has the benefit of being fail safe in the event
of failure of the solenoid 300. If the solenoid fails, applying no biasing force, the
effect is to increase the end load which reduces efficiency but still provides adequate
end load for variator function, enabling the vehicle to “limp home”.

In Figure 9 a solenoid 310 is provided which biases the shuttle valve 204 in
the direétion (opposite to the direction of action of solenoid 300) toward the
accumulator charge position (ii). Hence the‘ valve only shuttles from the accumulator
charge position when &lé end load pilot force is sufficient to overcome the sum of the
reaction pressure pilot force and the biasing force applied by the solenoid 310. Again
the solen;n'd’s biasing force is controlled by the PCU 302 which can therefore set a
positive offset on the eéld load level. This “additive” control can again be used to
adjust the traction coéfﬁcient to provide efficiency improvements.

Iti will be apparent that any of the shuttle valves 204 of the circuits iltustrated
in Figs. 1 to 7 may receive an additional control signal, e.g. from a solenoid such as
300 o‘r 310, to enable tr:liction coefficient adjustment in accordance with the present
invention. ‘

The skilled reader will recognise that the function of the shuttle valve 204 can
be put into practice in a variety of ways. For example, it is desirable not to directly
secure the solenoid 302 to the valve spool since the solenoid is relatively massive and

the valve’s speed of response would consequently be impaired. A more practical
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altemgtive is to couple the solenoid and spool through a spring, so that the solenoid
serves to .apply an adjustable mean force to the spool. A further alternative is to have
the so.lenoid, or some ot.her actuator, adjust the position of a sleeve of the valve 204
defining the valve’s pon.s in order to provide the required offset.

The function of the solenoids 300, 310 is, as will be apparent, to adjust the
relationship between the end load pressure and the reaction circuit pressure. Such
adjustment may however be achieved in other ways. One altemative is illustrated in
Figure 10. As in earlier circuits the pressure supplied to the working chamber 202
of the end load actuator 200 is controlled by the three position shuttle valve 204
whose spool is influenced by a first pilot pressure signal from connection 206 to the
working chamber 202 and by an opposed, second pilot pressure signal derived from
the higher pressure wins arrangement 222. However in the Figure 10 circuit this
second pilot pressure siénal is adjustable. Instead of being led directly to the spool
of the shuttle valve 204, the output of the higher pressure wins arrangement 222 is
connected through a series combination of first and second flow restrictors 350, 352
to drain. . The second pilot pressure signal is taken through a conduit 354 connected
to a point between the first and second flow restrictors 350, 352, one of which
provides a variable restriction under control from the PCU 302. In Figure 10 this
function is carried out by the first flow restrictor 350 which takes the form of an
electronically controlled valve.

‘ Tﬁe first and second flow restrictors function analogously to a potential
divider in an electroni;c circuit. A pilot flow passes continuously through the

restrictors, this flow being small enough not to significantly alter the reaction

JP 2004-526916 A 2004.9.2



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

(40)

WO 02/079675 PCT/GB02/01551

24
pressure obtained from the higher pressure wins arrangement 222,
In flowing from the higher pressure wins :m-angemént to the tank (here
labelled 354, and of course being at atmospheric pressure) the fluid experiences a
total pressure drop equai to the reaction circuit pressure. Neglecting flow resistance

in the intervening conduits, this pressure drop takes place across the two flow

restrictors 350, 352. The ratio of the pressure drop AP, across first restrictor 350 to

the pressure drop AP, .across second restrictor 352 is determined by the resistance to

flow of the two restrictors and (while the valve forming the first restrictor 350 is not
adjusted) is largely constant regardless of changes in flow rate with variations in

reaction circuit pressure. Adjusting the restrictor 350, however, allows the ratio of

AP, to AP, to be correspondingly adjusted.

. donsequently an adjustable fraction of the reaction circuit pressure is applied
to the shuttle valve 204 to serve as the second pilot pressure signal. Hence by
controlling the variable restrictor 350, the relationship between the end load and the
reaction circuit pressure can be adjusted.

Whereas Figures 8 and 9 are concerned with “subtractive” and “additive”
adjustment of this rela;ionship, Figure 10 shows a way to achieve what may be
referred to as “multiplicative” adjustment. Figure 11 is a graph intended to make this
distinction clear, reaction circuit pressure (or equivalently variator reaction torque)
CP being shown on the horizontal axis against end load EL on the vertical axis. The

straight line A indicates the (idealised) relationship between these two variables
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created by use of the shuttle valve 204 in the absence of adjustment by solenoids 300,
310 or by variable restrictor 350.

The ratio of end load to reaction circuit pressure is constant. To put this
another way, neglecting the cosine factor referred to above, the straight line A
corresponds to a constant traction coefficient. Straight line B shows the effect of
subtractive adjustment of end load as effected by the Figure 8 circuit. The gradient
of the lin;a relating reaction and end load pressures is unchanged but the line is offset
vertically, no longer pa;sing through the origin. Consequently there is no longer a
constant ratio of one pressure to the other. The traction coefficient thus varies with
changes in reaction circuit pressure. Line C shows an additive adjustment, again with
a non-constant traction 90efﬁcient. Line D on the other hand shows a multiplicative
adjustment carried out l;y the Figure 10 circuit. The gradient differs from line A but
the line still passes through the origin, indicating that the effect of the adjustment is
to changie the traction coefficient to a new value which is nonetheless constant
notwithstanding change.s in the reaction circuit pressure.

The circuits illus“trated in Figs. 8, 9°'and 10, it will be understood, utilise the
hydrauliqally controlled shuttle valve to maintain a relationship between end load and
reaction pressures. Being hydraulically controlled the valve can have a quick
response time and so react with sufficient rapidity to maintain adequate traction even
during rapid “u-ansients’;_such as in the event of rapid vehicle braking or acceleration,
which briefly create very high variator torque demand. The solenoid 302 or the
restrictor valve 350, serving to adjust this relationship, are electronically controlled

and consequently slower in responding but the required adjustment (corresponding

JP 2004-526916 A 2004.9.2



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

(42)

WO 02/079675 PCT/GB02/01551

26
e.g. to fluid temperature) can be more slowly carried out without impairing variator

function.
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CLAIMS
1. A variator assembly comprising a variator of the toroidal-race rolling-traction

type having input and output discs, rollers which are acted on by hydraulic roller
control actuators and are positioned between the discs to transmit torque from one
disc to the other, hydraulic end loading means supplied with fluid at an end load
pressure-to apply an end load to bias the discs and the rollers toward each other
thereby énabling the transmission of torque, and reaction pressure supply means
connetted to the roller control actuators to cause them to apply an adjustable reaction
force to the rollers, the assembly further comprising hydraulically influenced valve
means responsive to the reaction pressure and the end load pressure to control the end
load ;;ressure and thereby maintain a relationship between the end load and reaction
pressﬁres, and adjustme;nt means to adjust the relationship between the end load and
reaction pressures.

) 2. A variator assembly as claimed in claim 1 wherein the effect of the
adjustment means is to 1.'educt: the end load pressure so that in the event of inaction
of the adjustment meanls the end load pressure is increased.

3 A variat(;r assembly as claimed in claim 1 or claim 2 wherein the
valve meéns serves to compare an input related to the end load pressure with an input
related to the reaction pressure and to control the end load pressure in dependence
upon the comparison,

4, A variator assembly as claimed in any preceding claim wherein the

valve means comprise a pilot operated valve receiving a hydraulic reaction pressure
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input signal taken from a connection to the reaction pressure supply means.

S. A variat;)r assembly as claimed in any preceding claim wherein the
roller control actuato?s .are double acting and are connected to first and second
reaction lpressure supply means, the pressures from which oppose each other in
determining the force applied to the rollers, a further valve arrangement being
connected across the first and second supply means to direct the higher of the two
pressures to the valve means.

6. A variator assembly as claimed in claim 3 wherein the valve means
is arranged to receive as a further input an end load adjustment signal i’rom the
adjustment means and to modify the end load pressure in response thereto.

7. A variator assembly as claimed in claim 6 wherein the valve means
comprises a valve spool and the adjustment means comprises an actuator for applying
an adjustable biasing force to the valve spool.

8. A variau‘)r assembly as clzimed in claim 7 wherein the actuator is
coupled to the valve spool through a spring member.

9. A variator assembly as claimed in any preceding claim further
comprising a pressure modifying arrangement which receives as an input pressure
one of the reaction pressure and the end load pressure, which modifies this pressure
to cree;te an output pressure which is a function of the input pressure and which
applies tﬁe output pressure to the valve means.

10. A variator as claimed in claim 9 wherein the pressure modifying
arrangement comprises two testrictors which are connected in series and through

which the input pressure is led to a pressure sink, one of the restrictors being variable

JP 2004-526916 A 2004.9.2
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and the dutput pressure being taken from between the two restrictors.

1. A variatbr assembly as claimed in claim 9 or claim 10 wherein the
input pressure to the modifying arrangement is the reaction pressure.

12. A variator assembly as claimed in any preceding claim wherein the
valvebme‘ans has at least two states in which it serves to connect the end loading
means respectively to '

) a high pressure fluid source and

(2) a pressure sink.

13. A variator assembly as claimed in claim 12 wherein the valve means
has a further state in Ql;ich it serves to isolate the end loading means.

4. A vari;\tﬁr assembly as claimed in claim 12 or claim 13 wherein the
pressure sink comprises a drain at atmospheric pressure.

15. A variato;' assembly as claimed in claim 12 or claim 13 wherein the
pressure sink comprises a connection to the reaction pressure supply means.

16. A variator assembly as claimed in any of claims 12 to 15 wherein the
connection to the pressure sink is through a flow restrictor serving to limit throughput
of fluid of the valve means.

17. A variator assembly as claimed in any preceding claim wherein the
adjustment means are electronically controlled in dependence upon measured variator

operating parameters.
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