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(57) Abstract

A method of flow estimation during CPAP treatment is disclosed and
involves measuring turbine (32) speed by means of the motor’s Hall-effect
sensors (80). The equivalent pressure, pest, that would be developed by
the turbine (32) for that measured speed if the flow were zero is estimated
using a predetermined mathematical function. Coincidentally with the speed
measurement and pressure estimation, the delivery tube pressure, pac, is
measured by the pressure transducer (42), and from pact together with pest, the
difference between the two pressures is calculated, representing an estimation
of flow, fes. The flow estimation value can be linearised by the square root
device (86), and then filteredby the combination of low pass and high pass
filters (90, 92) to derive a filtered flow estimate value, that has the non-
respiratory components removed. A method of flow compensation of flow-
induced pressure swings also is disclosed.
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Flow Estimation and Compensation of Flow-Induced
Pressure Swings in CPAP Treatment and Assisted Respiration

Field of the Invention

This invention relates to methods and apparatus for the estimation of
respiratory flow, and to the compensation of pressure swings at the entrance of a
patient's airway induced by respiratory flow in the course of continuous positive airway

pressure (CPAP) treatment or assisted respiration.

Background of the Invention

The administration of CPAP is common in the treatment of Obstructive Sleep
Apnea (OSA) syndrome and Upper Airway Resistance syndrome. CPAP treatment
effectively acts as a pneumatic splint of a patient's upper airway by providing air or
breathable gas at a pressure elevated above atmospheric pressure to the entrance of the
patient's airway. Treatment pressures in the range 4 - 20 cm H,O are commonly
encountered. More sophisticated forms of CPAP include bi-level CPAP in which
different treatment pressures are applied in synchronism with the inspiratory and
expiratory phases of respiration, and autosetting (controlled variable treatment pressure)
CPAP, as described in U.S. Patent No. 5,245,995. In all forms of CPAP treatment it
is desired to maintain the treatment pressure, usually clinically determined by a
physician, to be as constant as possible to maintain treatment efficacy without causing
the patient undue discomfort by having to work against an unnecessarily high positive
airway pressure.

Common to all forms of CPAP apparatus is a mask worn by a patient having
connection via a flexible air delivery tube to a flow generator. The flow generator has
a turbine driven by an electric motor that is under the control of a microprocessor-
based controller.

In this specification a reference to a "mask” is to be understood as including a

nose mask. a mouth mask. a nose and mouth mask in combination or a full face mask.

SUBSTITUTE SHEET (Rule 26)
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Simple CPAP machines estimate the mask pressure from the motor speed and
operate under speed regulation. More sophisticated machines incorporate a pneumatic
pressure transducer that provides a feedback signal representative of pressure at either
the mask or a point within the flow generator itself. If the pressure feedback signal is
from the mask, additional tubing or wires must extend between the mask and the flow
generator which can give rise to sterilisation and/or safety problems. If pressure
feedback is from a point within the flow generator, or at some other point removed
from the mask, the impedance of the air delivery tube can result in flow-induced
pressure swings at the mask. The pressure swings can be up to + 5% of treatment
pressure, and since it is desired to provide the patient with the minimum treatment
pressure to provide treatment efficacy and yet avoid the patient doing unnecessary work
during exhalation, these pressure swings are undesirable and should be eliminated as far
as possible.

It is also desirable to be able to accurately determine dynamic air flow in the
delivery tube and mask. "Flow" is to be understood as including both ventilation
volume and a volumetric flow rate. The flow will have a component due to the flow
generator that is modulated by patient respiration. The measurement of air flow in the
air delivery tube can beneficially be used to measure the average volume breathed by
the patient and to determine whether the patient is inhaling (inspiring) or exhaling
(expiring), the latter of which is crucial in the implementation of bi-level CPAP.
Currently this is done using an in-line sensor to directly measure flow, or by measuring
the pressure drop across a restriction in the air delivery tube (or alternatively, the
pressure drop along the air delivery tube). These methods require the use of additional
transducers, and in some cases additional wiring or tubing to connect the transducer to
an appropriate point in the control circuitry of the CPAP apparatus.

It thus also is desirable to accurately measure or estimate air flow from the

stand-point of enabling advanced control over the administration of CPAP treatment
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and ensuring efficacy of treatment and patient compliance without reducing patient
comfort.
The present invention is directed to overcoming or at least ameliorating one or

more of the foregoing problems.

Summary of the Invention

In one broad form, the invention discloses a method to estimate gas flow from
a turbine, the method comprising the steps of:

measuring the pressure of the gas flowing from the turbine when operating at a
known rotational speed;

estimating the pressure of gas that would be delivered by said turbine at the
known rotational speed if there was no flow; and

calculating the difference between the measured pressure and the estimated
pressure to estimate the gas flow.

In another broad form, the invention discloses a method to estimate the flow of
breathable gas to a patient from a flow generator having a turbine in the administration
of continuous positive airway pressure (CPAP) treatment or assisted respiration, the
method comprising the steps of:

measuring the pressure of gas (p,c) from the flow generator;

measuring the rotational speed () of the turbine;

estimating the pressure of gas (pe,) that would be delivered by the flow
generator at the measured rotational speed if there were no flow to the patient: and

calculating the difference between peg and p,, to give the estimate of flow
(fest)-

The said difference further can be signal-processed to give a direct estimate of
flow. The processing can include filtering to give a direct estimate of flow.

The invention yet further discloses a method to reduce flow-induced pressure

swings at a patient mask during the administration of CPAP treatment or assisted
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respiration, said mask being coupled to a flow generator by a gas delivery tube and the
pressure of delivered gas being measured at a point remote from said mask, said
measured pressure being used to derive a treatment pressure control signal supplied to
said flow generator to control said desired treatment pressure, the method comprising
the steps of:

determining the flow of gas to the patient;

scaling said determined flow; and

adjusting said treatment pressure control signal by said scaled flow.

The scaled flow can be further filtered to pass only the scaled flow
corresponding to increases in flow, corresponding to a reduction in the desired
treatment pressure.

The invention yet further discloses apparatus to estimate the flow of gas from a
flow generator turbine supplying breathable gas in CPAP treatment or assisted
respiration, the apparatus comprising:

pressure measurement means for measuring the pressure of gas from the
turbine when operating at a known rotational speed;

pressure estimation means for estimating the pressure of gas that would be
delivered by said turbine at the known rotation speed if there was no flow; and

processor means for calculating the difference between the measured pressure
and the estimated pressure to give an estimation of flow.

The invention yet further discloses apparatus to provide CPAP treatment or
assisted respiration for supplying a positive treatment pressure of breathable gas at the
entrance of a patient's airway, the apparatus comprising:

a flow generator having a turbine;

a gas delivery tube connected at one end thereof with the flow generator:

a patient mask connected to the other end of the delivery tube to be worn by

the patient;
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pressure sensor means sensing delivery pressure from either the flow generator
or the delivery tube remote from the mask; and

processor means for controlling the flow generator, and further operable to
estimate the flow of breathable gas by estimating the pressure of gas that would be
delivered by the flow generator at the actual turbine rotational speed for zero flow and
calculating the difference between the measured pressure and said estimated pressure to
give an estimate of flow.

The apparatus can be further operable to scale the flow and compensate said
pressure control signal by the scaled flow. The said difference further can be signal
processed to give a direct estimate of flow. The processing can include filtering to

remove non-respiratory components.

Brief Description of the Drawings

Fig. 1 is a schematic block diagram of CPAP treatment apparatus;

Fig. 2 is a cross-sectional view of the air delivery tube at the point where
pressure is sensed;

Fig. 3 is a block flow diagram describing the estimation of flow;

Fig. 4 is a schematic block diagram relating to Fig. 3: and

Fig. 5 is a schematic block diagram relating to the compensation of flow-
induced pressure swings; and

Fig. 6 is a chart of pressure swing versus set-point (treatment) pressure.

Detailed Description of Preferred Embodiments and Best Mode
The embodiments described relate to CPAP treatment apparatus, however it is
to be understood that the invention equally has application in apparatus for the

provision of assisted respiration or ventilation.
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Flow Estimation

As shown in Fig. 1, the CPAP flow generator 10 is coupled to an air (or
breathable gas) delivery tube 12, in turn coupled with a nose mask 14 being worn by a
patient 16. The flow generator 10 comprises a microprocessor-based motor controller
20 that in one preferred form can include a 8-bit micro-controller such as the
Motorola ™ MC68HC805B6. The motor controller 20 is connected with an electric
motor power supply 24 by a control line 22. The power supply 24 provides a supply of
electrical energy, in the preferred form being DC, to the electrical motor 28 by a
supply line 26. The electrical motor 28 is connected with a turbine 32 by a mechanical
coupling 30. The electric motor 28 also is connected to the motor controller 20 by a
signal line 34.

The turbine 32 provides breathable gas (including air) to the delivery tube 12
at a pressure elevated above atmospheric, and at a flow rate to satisfy a patient's
treatment and respiration needs. This is achieved by speed control of the electric motor
28 and depended upon the pneumatic capacity of the turbine 32. The electric motor 28
preferably is a brushless DC type, such as the PAPST ™ ECA 27-11. This motor has
integral Hall-effect sensors that provide an electrical signal representative of motor
speed provided to the motor controller 20 on the signal line 34. The electric motor 28
can alternatively have connected to it an optical or mechanical tachometer or any other
convenient rotational speed-sensing device. The speed of a DC motor is directly
proportional to the armature voltage as provided by the motor power supply 24. There
is a relationship between motor speed, turbine delivery pressure and flow that can be
determined by experimentation.

In the bi-level form of CPAP, the separate inspiratory and expiratory treatment
pressures are achieved by rapid turbine speed control, although the use of solenoid-
operated spill valves also is known in the art.

A pressure sensing tube 40 is connected with the air delivery tube 12 at a point

proximate the exit of the turbine 32 within the casing of the flow generator 10. The
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sensing tube 40 is connected with a pressure transducer 42 resulting in an electrical
signal indicative of turbine delivery pressure being passed to the motor controller 20 on
a signal line 44.

The flow generator 10, including the pressure sensing tube 40 and pressure
transducer 42, is commercially available as the present applicant's Sullivan ™ III CPAP
machine.

The pressure sensing tube 40 can alternatively be ported into the delivery tube
12 at any point along the length of that tube, or be ported into the mask 14 itself. It
further is possible for the pressure transducer 42 to be proximate the delivery tube 12
so that there is only a small length of tubing from a port into the delivery tube 12 to the
transducer 42, with the signal line 44 thus extending out of the casing of the flow
generator 10.

Fig. 2 shows, in cross-section, detail of the region of the delivery tube 12 to
which the pressure sensing tube 40 connects. The pressure sensing tube 40 attaches a
pressure sensing port 50 located downstream of an orifice plate 52. The orifice plate
represents an impedance that introduces a local pressure disturbance resulting in an air
recirculation region 54 and a laminar flow region 56 extending downstream from the
orifice plate 52. The pressure sensing port 50 is located in the recirculation region 54.
Such a pneumatic recirculation also can be achieved by a localised reduction in the
diameter of the air delivery tube 12.

A method of flow estimation now will be described with reference to Figs. 3
and 4. As would be apparent to one skilled in the art, the processing to be described
can readily be implemented by way of a computer program. In the first step 60. the
motor speed is measured by means of the motor's Hall-effect sensors 80. From this
rotational speed value. the equivalent pressure, P, that would be developed by the
turbine 32 for that measured speed if the flow were zero is estimated in step 62 by

means of the pressure estimator 82, using a predetermined mathematical function.
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One method of estimating the equivalent pressure, peg, is to apply the motor

speed as the input to a quadratic function, having the form:

Pest = €102 + oo + 3 (1)

where ¢, ¢; and ¢3 are constants, which may take any value including zero, derived
from previously determined pressure/speed characteristics of the turbine 32, and o is
the motor speed. On the basis of the applicant’s Sullivan ™ III machine as described.
representative co-efficient values are c; = 118, ¢, = 0 and ¢3 = 0. The coefficients
were calculated using a linear regression technique on the pressure/speed data for zero
flow of the Sullivan ™ III apparatus. The impedance of any inlet baffle and the
pneumatic circuit of the turbine affect the coefficients.

In an alternative implementation, a higher order polynomial may be used to
estimate the equivalent pressure, for zero flow, from motor speed, motor current and/or
armature voltage.

In another alternative implementation, a lookup table may be used to estimate
the equivalent pressure for zero flow from motor speed. motor current and/or armature
voltage based on an empirical set of measurements.

Coincidentally the speed measurement and pressure estimation with pressure
steps 60.62, the delivery tube pressure, p,, is measured in step 64 by means of the
pressure transducer 42, and p,, together with p, are passed to a differential
summation device 84 whereby, in step 66, the difference between the two pressures is
calculated. The output from the summation device 84 represents an estimation of flow.
fest-

A conventional orifice plate meter consists of a thin plate which is inserted into
the air-delivery ube. The plate has a central orifice that is smaller than the diameter of
the tube and ports either side of the plate for measuring pressure. The obstruction

results in a constriction of the flow and a local pressure disturbance which can be
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measured. The flow q is determined by measuring the pressure at the sensing ports and

is given by

qQ=c¢yp; - P2 (2)

where c is a constant for a given configuration, p; is the pressure at the sensing port
preceding the orifice plate and p, is the pressure at the sensing port following the plate.

As previously noted, measurement of both pressure and flow in a CPAP
machine usually requires at least two transducers. A pressure transducer is required for
pressure regulation and a second transducer is required for flow measurement. The
second transducer may be either a pressure transducer or a flow transducer. In the first
case flow is given by equation (2), in the later case flow is measured directly.

For non-zero flow, it is seen from equation (2) that the pressure p; is greater
than p, remains constant.

At zero flow, the pressures p; and p, are equal and can be estimated from a
quadratic function of the motor speed having the form of equation (1).

For non-zero flow, p; is increased, to meet the increased flow, by increasing
the motor speed. Therefore, the pressure estimate derived from the motor speed also
increases. The change in motor speed is approximately proportional to the change in
flow, then the change in peg, 1s proportional to the change in p;. The flow f‘esl can be
estimated, therefore, from the difference between the pressure estimate p,, and the

measured pressure p,, ie.
N
fes[ =CyPest —P2 (3)

The orifice plate 52 has a 'square law' impedance. in which case the output of
the summation device 84 represents "FLOW SQUARED". In such a case, the "FLOW

SQUARED" value can be linearised in step 68 by the square root device 86. and then
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filtered in step 70 by the combination of low pass and high pass filters 90.92 to derive a
"FILTERED FLOW ESTIMATE" value, that has the non-respiratory components

removed. The low pass filter preferably will have an upper frequency limit of 20Hz to
remove noise, while the high pass filter preferably will have a lower frequency limit of

0.1Hz to remove non-respiratory components.

Flow Compensation

The performance of flow compensation, which enables flow induced pressure
swings at the mask to be minimised, will now be described with reference to Fig. 5.
The method of flow compensation can be utilised using the flow estimation value
calculated in accordance with the method described above, or on the basis of a flow
measurement made by a flow transducer.

In a preferred embodiment, the flow-generator incorporates a pressure
transducer used for pressure regulation such as shown in Fig. 1. The transducer 42
measures pressure in the gas delivery circuit at a point removed from the mask. The
flow induced pressure perturbations at the mask are therefore larger than that at the
controlled point. The compensation of flow-induced pressure perturbations at the mask
is by way of compensating control over the mask pressure. while still retaining
adequate flow for respiration purposes.

Fig. 5 shows the processing performed by the motor controller 20 in
performance of the flow compensation. As would be apparent to one skilled in the art.
the function of the logical blocks can be implemented by way of a computer program.
Both the electric motor speed and the actual measured delivery pressure are provided to
a computational element 100 respectively by the signal lines 34 and 44. The
computational element 100 estimates the flow in accordance with the technique
described in conjunction with Figs. 3 and 4, thus the output of the computational
element is the "FILTERED FLOW ESTIMATE". That signal is passed to a squarer

element 102 to derive a signal representing "FLOW2". In the alternative, where the
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orifice plate used to derive delivery pressure is a square-law type, then, as previously

described, an estimate of "FLOW?2" is obtained directly in the flow estimation method,

hence the squaring function of the squarer element 102 need not be performed. The

Vestimated "FLOW?" value is passed to a gain element 104 that scales the signal. The

scale factor may take on any value, including one and zero, may have a positive or
negative sign and may take on different values at different times. In a typical
implementation, that incorporates an obstruction of the air-delivery circuit, the scale
factor is zero for negative flow, ie when the mask pressure is less than the pressure at
the turbine, and a small positive constant, less than one, when the flow is positive.

The scaled flow signal passes by a limiter element 106, the function of which
is to limit the magnitude of the "FLOW COMPENSATION VALUE" to a
predetermined value to ensure stability.

By way of further explanation, when pressure is measured from within the
recirculation region 54, and is the controlled variable, the mask pressure initially
increases with increasing flow and then falls. The deviation from the pressure set point
can be reduced, therefore, by subtracting the scaled flow estimate from the pressure set
point. However, if the estimated flow is negative (i.e. the measured pressure is greater
than the estimate pressure), no compensation is implemented to avoid instability due to
positive feedback.

As the mask pressure varies as the square of flow, the flow compensation
technique can be refined by making the compensation value proportional to the square
of flow. Beyond a certain flow value, the mask pressure will begin to fall with
increasing flow. It may be desired, therefore, to limit the magnitude of the
compensation value. The most preferable limit would be at the turning point of the
pressure/flow curve. The turning point is variable and is a function of motor speed.
Alternatively, and more simply, a fixed limit could be used.

The constants in equation (1) can be calculated from recorded pressure/speed

data at zero flow. For the purposes of flow compensation. the value of the constant in
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equation (3) may be unimportant (as it is replaced by a scaling factor), however, if
required, it may be derived by fitting equation (3) to measured flow data. The

complete flow compensation procedure is as follows:

1. calculate p,, from equation (1),
2. measure the pressure p,,
3. calculate the compensation value (peg-p;), Which is proportional to

flow squared,

4, if the compensation value is negative set the compensation to zero,
5. multiply the compensation value by the scale factor,

6. limit the magnitude of the compensation value, and

7. subtract the flow compensation from the pressure error.

The control loop minimises the difference between the set pressure and the
measured pressure, and at the same time minimises the difference between the pressure
that should be generated for the measured motor speed and the measured pressure.

The outputs from the limiter element 106 represents the "FLOW
COMPENSATION VALUE" scaled in accordance with the pressure-controlling
signals. The "PRESSURE SET POINT" is compared with the measured pressure at the
differential summation element 108, generating a "PRESSURE ERROR" signal. The
"PRESSURE ERROR" signal and the "FLOW COMPENSATION VALUE" form the
inputs to a further differential summation element 110, and in this way the control
variable of "TREATMENT PRESSURE ERROR" is compensated in accordance with
flow, the output from the summation element 110 passing to a controller unit 112 that
provides the controlling signal to the motor power supply 24 on the control line 22.

The set point pressure may not be the mask pressure, as is the case for the
arrangement shown in Fig. 1, where it is the turbine output pressure that is measured.

In that case, the pressure set point has been pre-compensated by the controller unit 112
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to be in relation to the point where pressure actually is measured relative to the desired
mask CPAP treatment pressure.

In tests of the flow compensation methodology described utilising the CPAP
apparatus described above, for a set mask treatment pressure of 10 cm H,O, the
magnitude of the pressure swings without compensation was 1.8 cm H,O. With flow
compensation in place, the swings are reduced to 0.7 cm H,O. Over the range of 4 -
18 cm H,O, the average reduction in the magnitude of the pressure swing at the mask

reduced by respiratory flow was 64%. The data is shown in Fig. 6.
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CLAIMS:

1. A method to estimate the flow of breathable gas to a patient from a
flow generator having a turbine in the administration of continuous positive airway
pressure (CPAP) treatment or assisted respiration, the method comprising the steps of:

measuring the pressure of gas (p,,) delivered by the flow generator;

measuring the rotational speed (w) of the turbine;

estimating the pressure of gas (p.) that would be delivered by the flow
generator at the measured rotational speed if there were no flow to the patient; and

calculating the difference between peg, and p,, to give an estimate of the flow

to the patient (fi,).

2. A method as claimed in claim 1, comprising the further step of taking

the square root of the flow estimate to give a linearised flow estimate.

3. A method as claimed in claim 2, comprising the further step of

filtering said linearised flow estimate to remove non-respiratory components.

4. A method as claimed in any one of claims 1, 2 or 3, whereby said step

of estimating comprises the step of performing the calculation:

Pest = €] 02 + ¢ © + 3

where ¢, ¢, and c5 are known constants.

S. A method as claimed in any one of claims 1, 2 or 3, whereby the step

of estimating comprises the step of searching a look-up table tabulating incremental
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rotational speeds with predetermined values of pressure for no flow to identify the

relevant value of p.g.

6. Apparatus for estimating the flow of gas from a flow generator having
a turbine, and supplying breathable gas in the administration of CPAP treatment or
assisted respiration, the apparatus comprising:

pressure measurement means for measuring the pressure of gas from the flow
generator when operating at a known turbine rotational speed;

pressure estimation means for estimating the pressure of gas that would be
delivered by said flow generator at the known rotation speed if there was no flow; and

processor means for calculating the difference between the measured pressure

and the estimated pressure to give an estimation of flow.

7. Apparatus to provide CPAP treatment or assisted respiration by the
supply of a positive treatment pressure of breathable gas to a patient's airway, the
apparatus comprising:

a flow generator having a turbine;

a gas delivery tube connected at one end thereof with the flow generator;

a patient mask to be worn by the patient connected to the other end of the
delivery tube;

pressure sensor means sensing delivery pressure from either the flow generator
or the delivery tube remote from the mask; and

processor means for controlling the flow generator, and further operable to
estimate the flow of breathable gas to the patient by estimating the pressure of gas that
would be delivered by the flow generator at the actual turbine rotational speed for zero
flow and calculating the difference between the measured pressure and said estimated

pressure to give said estimate of flow, said estimate of flow being utilised by the
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processor to dynamically adjust a control signal provided to said flow generator to

reduce flow-induced pressure swings at the mask.

8. A method to reduce flow-induced pressure swings at a patient mask
during the administration of CPAP treatment or assisted respiration, said mask being
coupled to a flow generator, having a turbine, by a gas delivery tube and the pressure
of delivered gas being measured at a point remote from said mask, said measured
pressure being used to derive a treatment pressure control signal supplied to said flow
generator to control said desired treatment pressure, the method comprising the steps
of:

determining the flow of gas to the patient;

scaling said determined flow; and

adjusting said treatment pressure control signal by said scaled flow.

9. A method as claimed in claim 8, comprising the further steps of
filtering said scaled flow to pass only the scaled flow corresponding to increases in flow

that correspond to a reduction in treatment pressure.

10. A method as claimed in claim 8 or claim 9, whereby said step of
determining flow further comprises the steps of:
measuring the pressure of gas (p,.,) delivered by the flow generator;
measuring the rotational speed () of the turbine;
estimating the pressure of gas (peg,) that would be delivered by the flow
generator at the measured rotational speed if there were no flow to the patient: and
calculating the difference between peg, and p,, to give the estimate of the flow

to the patient (fe,).
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11. A method as claimed in claim 10, whereby said step of estimating

comprises the step of performing the calculation:

Pest = C1 ©2 + Co 0 + C3

where ¢, ¢; and ¢y are known constants.

12. A method as claimed in claim 10, whereby the step of estimating

comprises the step of searching a look-up table tabulating incremental rotational speeds

10 with predetermined values of pressure for no flow to identify the relevant value of peg,.
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