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(57) Abstract: An apparatus for controlling the flow of a gas, containing a controllable valve, wherein the position of the valve ando the gas pressure upstream of the valve are measured and used in conjunction with a first lookup table to determine the flow rate of
the gas through the valve; and a flow restrictor upstream of the controllable valve, wherein the temperature of the flow restrictor ando the gas pressure upstream and downstream of the flow restrictor are measured and used in conjunction with a second lookup table to
determine the flow rate of the gas through the flow restrictor.



METHOD AND APPARATUS FOR GAS FLOW CONTROL

RELATED APPLICATION

[0001] This application claims priority benefit from U.S. Provisional Application, Serial

Number, 62/191,272, filed on July 10, 2015, the content of which is incorporated herein in its

entirety.

BACKGROUND

1. Field

[0002] This Application relates to control of gas flow, especially when accurate

measurement is needed, such as in semiconductor processing.

2 . Related Art

[0003] Metering the flow rate of a gas is important to many industrial processes. In the case

of the semiconductor industry, metering must be especially accurate, because deviations in the

flow rate of only several percent can lead to process failures.

[0004] The industry-standard flow control device is a mass flow controller (MFC),

containing a valve that can be partially opened to allow increased flow or partially closed to

decrease flow. The opening of the valve is controlled by a closed loop feedback circuit that

minimizes the difference between an extemally provided setpoint (i.e., the desired flow rate) and

the reading from an internal flow measuring device. The flow measuring device uses a thermal

sensor with two resistance-thermometer elements wound around the outside of a tube through

which the gas flows. The elements are heated by applying an electric current. As the gas flows

through the tube, it picks up heat from the first element and transfers it to the second element.

The resulting temperature differential between the two elements is a measure of the mass flow

rate of the gas. In the newer, pressure insensitive MFCs, a pressure transducer is included

between the thermal sensor and the control valve to account for the effects of changing pressure

on flow.

[0005] A consequence of the thermal sensor flow measurement used in the MFC is that

accurate flow control requires regular calibration of the device. Without regular calibration, the

actual flow rate through the MFC can drift to unacceptable values due to drift in the flow

measuring device. This calibration is often performed by flowing gas through the MFC into or

out of a known volume and measuring the pressure rise or drop in the volume. The actual flow

rate can be determined by calculating the rate of pressure rise or drop and using established



pressure-temperature-volume gas relations. This type of measurement is known as a rate-of-rise

calibration.

[0006] Another method of metering the flow rate of a gas is to vary the pressure of the gas

upstream of a critical orifice. The volume-flow rate of a gas through a critical orifice at constant

temperature is independent of the upstream or downstream pressure, provided that certain

pressure requirements are met, e.g., the upstream pressure is at least twice that of the

downstream pressure. By controlling the density of the upstream gas, which is proportional to

pressure, the mass-flow rate through the critical orifice can be controlled.

[0007] In this type of flow control, the pressure is controlled using a control valve in a

closed loop control circuit with a pressure transducer positioned between the control valve and

the critical orifice. The control valve is opened or closed to maintain a specified pressure

upstream of the critical orifice. Mass flow rate is determined from the pressure upstream of a

critical orifice and the established characteristics of the critical orifice. Accurate flow metering,

therefore, is dependent not only on the performance of the pressure controlling system, but also

on the mechanical integrity and stability of the dimensions of the orifice. Since the orifice is

susceptible to being restricted with particulate contamination or eroded with reaction by the

gases flowing through it, it is desirable to calibrate the pressure-flow relationship on a regular

basis. This is performed using the same rate-of-rise measurement that is used for the MFC.

[0008] In both of these flow controllers, any drift in the flow will not be discovered until the

flow controller undergoes calibration; consequently, there is always the possibility that critical

processes are being severely compromised by inaccurate gas flow.

[0009] The shortcomings of both of these flow control schemes, especially the need for

external measurements for calibration and detection of faults, illustrate why an improved flow

control scheme is desirable.

[0010] A key requirement of a flow control device that is able to detect faults in its operation

is that there be a sufficient number of process variables that are observable and controllable. For

both types of flow control devices described above, which comprise the vast majority of flow

control devices used in the semiconductor industry, there are not sufficient process variables to

accomplish these tasks.



SUMMARY

[0011] The following summary of the disclosure is included in order to provide a basic

understanding of some aspects and features of the invention. This summary is not an extensive

overview of the invention and as such it is not intended to particularly identify key or critical

elements of the invention or to delineate the scope of the invention. Its sole purpose is to present

some concepts of the invention in a simplified form as a prelude to the more detailed description

that is presented below.

[0012] Disclosed embodiment provides a new flow measuring device which is capable of

self monitoring for potential drift in flow measurement.

[0013] According to aspects of the invention, the traditional mass flow controller is replaced

with a new gas flow controller having sufficient process variables for performing self analysis.

[0014] According to embodiments of the present invention, a sufficient number of process

variables are made available by implementing two flow restrictions: (1) a control valve that is

designed to provide a highly accurate and repeatable mapping between its position and its flow

restriction characteristics, and is able to achieve a very accurate measurement and control of its

position, and (2) a flow restrictor, for which the relationship among upstream pressure,

downstream pressure, temperature, and flow is well characterized.

[0015] Embodiments of the invention provide a method of controlling a flow rate of gas

through a control valve, the method comprising: generating a lookup table correlating pressure

upstream of the gas flow control valve, the measured position of the valve, and flow rates;

establishing a flow rate through the control valve based on the pressure upstream of the gas flow

control valve and the required drive signal to obtain the determined position from the lookup

table; continuing to keep the gas flow control valve at the determined position to provide the

desired flow rate as the pressure changes, if it does change; determining the flow rate using a

flow sensor upstream of the gas flow control valve; calculating a discrepancy between the

desired flow rate from the lookup table and the flow rate determined by the flow sensor,

updating the lookup table using the discrepancy and continuing to measure the pressure and

adjust the gas flow control valve to achieve the desired flow rate, and sending an alarm if the

discrepancy is above a predetermined value. The flow sensor may be a flow restrictor with a

second lookup table that determines flow rate based on measurements of pressure upstream and

downstream of the flow restrictor and the temperature of the flow restrictor. The flow restrictor

may comprise a tube or a channel formed in a machined block of metal, and the method may



further comprise maintaining pressure upstream of the flow restrictor to at least twice pressure

downstream of the flow restrictor. The flow sensor may be a thermal sensor and the method

may further comprise obtaining the flow rate from a mass flow signal of the thermal sensor.

[0016] According to further embodiments, a method of controlling a flow rate of gas

through a control valve is provided, the method comprising: generating a first lookup table

correlating pressure upstream of the gas flow control valve, the measured position of the valve,

and flow rates; determining the flow rate of gas through a flow restrictor positioned upstream of

the control valve, wherein the gas flow rate is determined by use of a second lookup table and

measured values of the pressure upstream of the flow restrictor, the pressure downstream of the

flow restrictor, and the temperature of the flow restrictor; determining from the first lookup table

the required change in control valve position to obtain the desired flow rate; driving that change

in control valve position; repeating above steps during the time that the desired flow rate is at a

nonzero value.

[0017] According to other aspects, an apparatus for controlling the flow of a gas is provided,

comprising a controllable valve, wherein the position of the valve and the gas pressure upstream

of the valve are measured and used in conjunction with a first lookup table to determine the flow

rate of the gas through the valve; and a flow restrictor upstream of the controllable valve,

wherein the temperature of the flow restrictor and the gas pressure upstream and downstream of

the flow restrictor are measured and used in conjunction with a second lookup table to determine

the flow rate of the gas through the flow restrictor. The comparison of the flow rate as

determined from the first lookup table and the flow rate as determined from the second lookup

table is used to verify the accuracy of the flow. The flow restrictor may comprise a tube or a

channel formed in a machined block of metal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The accompanying drawings, which are incorporated in and constitute a part of this

specification, exemplify the embodiments of the present invention and, together with the

description, serve to explain and illustrate principles of the invention. The drawings are

intended to illustrate major features of the exemplary embodiments in a diagrammatic manner.

The drawings are not intended to depict every feature of actual embodiments nor relative

dimensions of the depicted elements, and are not drawn to scale.

[0019] Figure 1 is a simplified schematic diagram of an embodiment of a gas flow control

apparatus in accordance with the present invention for self-verifying gas flow control.



[0020] Figure 2A is a simplified schematic diagram of an embodiment of an apparatus in

accordance with the present invention for a high precision controllable flow restriction, which is

used for the control valve. Figure 2A shows the control valve in the closed position.

[0021] Figure 2B is a simplified schematic diagram of an embodiment of an apparatus in

accordance with the present invention for a high precision controllable flow restriction, which is

used for the control valve. Figure 2B shows the control valve in the open position, where the

amount of opening is designated by "h".

[0022] Figure 3 is a simplified schematic diagram of an embodiment of a flow restrictor.

[0023] Figures 4A and 4B are simplified schematic diagrams of another embodiment of a

flow restrictor.

[0024] Figure 5 is a flow chart of an embodiment of a procedure for controlling and

verifying the flow of a gas.

[0025] Figure 6 is a flow chart of another embodiment of a procedure for controlling and

verifying the flow of a gas.

[0026] Figure 7 is a simplified schematic diagram of an embodiment of a gas flow control

apparatus in accordance with the present invention for self-verifying gas flow control.

DETAILED DESCRIPTION

[0027] According to aspects of the invention, the standard mass flow controller is replaced

by a new gas flow controller (GFC). Generally it should be appreciated that in the standard

MFC what is measured is energy transfer (in the form of heat carried by the gas), which

correlates to mass flow of the gas. Conversely, in the disclosed gas flow controller what is

measured and controlled is gas flow, not mass flow. Consequently, by using the arrangement

disclosed, better control of gas flow is achieved.

[0028] Figure 1 is a simplified schematic diagram of an embodiment of a gas flow control

apparatus 100, in accordance with the present invention, for self-verifying gas flow control. In

Figure 1 gas source 104 provides gas flow into intake 101 of the GFC 100. A pressure

transducer 106 measures the gas pressure at the intake 101. The gas is then flowed into flow

restrictor 110 (explained further below with reference to Figures 3 and 4A and 4B). A second

pressure transducer 112 is provided downstream of the flow restrictor 110.



[0029] In Figure 1 the GFC 100 implements two successive flow restrictions: (1) a flow

restrictor 110, for which the relationship among upstream pressure, downstream pressure,

temperature, and flow is well characterized, followed by (2) a control valve 108 that is designed

to provide a highly accurate and repeatable mapping between its position and its flow restriction

characteristics, and is able to achieve a very accurate measurement and control of its position.

The successive operation of these two flow restrictions enables better control of gas flow and

provides sufficient parameters to enable self monitoring by the GFC.

[0030] Various embodiments of the present invention use a control valve 108 that has a

controllable flow restriction in which the dimensions of the flow restriction are measurable and

controllable to a very high degree of precision.

[0031] In the embodiments of the present invention, this level of precision is obtained by

incorporating the following characteristics:

1. Uniaxial motion of the two opposing faces of the flow restriction, where transverse

and/or rotational motion in the other two axes is limited to less than approximately 1 nm

2 . Measurement of motion in the uniaxial dimension to a precision of approximately 1 nm

3 . Actuation of motion with resolution of approximately 0 .1 nm.

[0032] An illustrative embodiment of such a control valve is shown in Figures 2A and 2B.

In this embodiment the control valve consists of two adjacent bodies 201 and 202 with a planar

contacting area that forms the flow restriction 2 11. Figure 2A illustrates the closed, i.e., no flow

condition, and Figure 2B illustrates the open position. As shown, body 202 is joined to body

201 via upper and lower flexures 221 . In one embodiment, body 201 and body 202 are

cylindrical and the flexure parts 221 are round disks extending from body 202 and may be

machined from the same block as body 202 or maybe simply attached to body 202 by, e.g.,

welding. While other shapes are possible, circular shapes would provide uniform and balanced

movement. In this embodiment, the lower flexure part 221 also functions as the seal 2 10 to seal

cavity 213, although it is clearly possible to provide a separate seal. Cavity 2 13 is confined by

the lower part of body 201 the bottom surface of body 202 and the lower flexure part 221 , and

includes cavity 204, coupled to the inlet piping 208, and cavity 205, coupled to the outlet piping

209. When the body 202 is in its relaxed position, it hermetically separates cavities 204 and



205. When the body 202 is in its raised position, it allows controlled fluid flow between cavities

204 and 205.

[0033] Linear actuator 206 is provided between lever 240 and the top portion of body 201,

such that when the actuator 206 expands, it raises the lever so as to raise body 202 and

elastically flex the flexure parts of body 202, as illustrated in Figure 2B. In the elevated

position, the bottom surface of body 202, which forms the flow restriction surface, is raised a

distance "h" from the complementary flow restriction surface of body 201, to thereby allow

controlled fluid flow through the flow restriction valve 2 11 and into cavity 213, so that the gas

may flow into outlet piping 209. In this embodiment the two cylindrical flexures limit relative

motion between the bodies 201 and 202 to one degree of freedom (vertical), and restrict rotation

of the bodies with respect to each other in the plane of the page. This enables high accurate

control of the fluid flow through the flow restriction 2 11.

[0034] An actuator 206 is installed in the first body 201 which acts on the second body 202

to induce displacement of the second body, and therefore change the flow restriction dimension.

The displacement sensor 207 is installed in the first body to measure this displacement of the

second body 202 with respect to the first body. Alternatively, a displacement sensor may

measure the displacement of the level 240 or the actuator 206. In one embodiment, this is

accomplished using a capacitive measuring device, or displacement sensor, which can measure

linear displacements on the order of one nanometer.

[0035] A closed loop control circuit is formed with the output of the sensor 207 and the

action of the actuator 206 to accomplish control of the flow restriction 2 11 dimensions, and

consequently, the flow conductance coupling the two cavities. Piping 208 and 209 is

incorporated into the system such that gas flow is directed into one cavity and out of another,

such that all flow must pass through the flow restriction defined by the two bodies.

[0036] As shown in Figure 1, the GFC of this embodiment also contains a flow restrictor

110 . Typical embodiments of a flow restrictor are shown in Figures 3 and 4A-4B. In Figure 3,

a tube bent into a U-shape is used for the flow restrictor. As shown in Figure 3, this tube 301 is

welded inside of a flange 302 that is secured to the body of the flow control device (not shown)

with bolts that are inserted into the bolt holes 303, connecting the gas flow path of the flow

restrictor to that of the two pressure transducers 106 and 112, which are also secured to the body

of the flow control device, one upstream and one downstream of the flow restrictor. In Figures



4A-4B, the flow restrictor channel 401 is machined into a block, and this block similarly is

secured to the flow control device with bolts that are inserted into the bolt holes 403.

[0037] Prior to controlling flow, a lookup table, or some other form for recording the data

(referred to generically as "lookup table"), is created to describe the relationship among the

upstream pressure, the downstream pressure, the temperature, and the flow through the flow

restrictor 110 . Another way to capture this same information is to describe the relationship

among the upstream pressure, the pressure drop across the flow restrictor, the temperature, and

the flow through the flow restrictor 110 . With this lookup table and pressure sensors on both

ends of the flow restrictor 110 as well as a temperature sensor 114 measuring the temperature of

the flow restrictor, the flow restrictor 110 can be used as a flow sensor. Since flow restrictor has

no moving parts, drift of gas flow from the lookup table should be minimal, if any.

[0038] The gas flow controller 100 of Figure 1 has a sufficient number of observable and

controllable parameters to be able to perform self-diagnostics on the flow accuracy as well as on

other parameters, such as valve position, pressure transducer drift, etc. Furthermore, these self-

diagnostics can take place while the gas flow controller is delivering gas at a desired flow rate to

a process chamber.

[0039] The controller 120 of Figure 1 has stored within its computer readable storage

medium the values that allow it to determine the required amount of flow restriction opening, h,

that is necessary to obtain the desired flow rate for a given gas pressure and temperature. The

determination of the required opening can be carried out using a lookup table that is determined

ahead of time by measuring the gas flow rate for a wide range of values of pressure,

temperature, and valve position, h .

[0040] One embodiment of a procedure for controlling and verifying the flow of a gas

through the gas control valve 108 is shown in the flow chart of Figure 5, which may be

summarized as follows:

1. At step 500 the desired setpoint for flow rate is sent to the controller 120. If at 505 the

setpoint is zero, it is assumed that processing is completed and at 510 the controller

sends a signal to close the valve and the process stops at 515.

2 . If at 505 the setpoint is not zero, the process proceeds to step 520, wherein the

controller uses the lookup table for the control valve 108 in conjunction with the



measured pressure indicated by pressure transducer, P2 112, to determine the required

control valve position from the lookup table.

3 . The controller determines the required drive signal to establish the determined position

from the first lookup table. This is done using a closed loop control system whereby

the drive signal is changed until a position sensor in the control valve determines that

the position determined from the first lookup table has been established at 525.

4 . The controller reads the values of the pressure transducers, PI 106 and P2 112, and the

temperature sensor, T 114. Using this data, the controller determines the flow rate

from the second lookup table for the flow restrictor 110.

5 . At 535 the controller compares the flow as determined by the flow restrictor second

lookup table to the flow as determined by the control valve first lookup table. If at 535

the values match, the process reverts to step 505.

6 . If at 535 the flow determined by the flow restrictor second lookup table is different

from the flow determined by the control valve first lookup table, then at 540 the

controller updates the control valve first lookup table to agree with the flow determined

by the flow restrictor second lookup table.

7 . In addition, if the comparison of step 540 indicates that the difference between the flow

determined by the flow restrictor lookup table and the flow determined by the control

valve lookup table is greater than some predetermined threshold, then the controller

sends an alarm at 550.

8 . Steps 2 - 7 are repeated at regular intervals during the time that the setpoint is at any

nonzero value.

[0041] In another embodiment, a procedure for controlling and verifying the flow of gas

through the control valve 108 is shown in the flow chart of Figure 6, which may be summarized

as follows:

1. A desired setpoint for flow is sent to the controller at 600. . If at 605 the setpoint is

zero, it is assumed that processing is completed and at 610 the controller sends a signal

to close the valve and the process stops.

2 . If at 605 the value is not zero, then the controller reads the values of the pressure

transducers, PI and P2, and the temperature sensor, T. Using this data in conjunction

with the second lookup table for the flow restrictor, at 615 the controller determines the



current flow, which then allows a calculation of how much the flow needs to change to

achieve the setpoint flow.

3 . At 620 the controller uses the first lookup table for the control valve, and determines

how much the valve needs to move to provide the change in flow determined in step

615.

4 . The controller commands the control valve to move the required amount at 625.

5 . Steps 2, 3, and 4 above are repeated at regular intervals during the time that the

setpoint is at any nonzero value.

6 . From time to time, either on command or at each change in setpoint or some other

convenient schedule, the accuracy of the flow is checked per decision at 630. This is

done by at 635 comparing the flow as determined by the flow restrictor lookup table to

the flow as determined by the control valve lookup table. If at 640 these two values

differ by more than some predetermined threshold, then at 645 a warning or an alarm is

sent, alerting the operator that the accuracy of the flow could not be verified.

[0042] In this embodiment, the regular interval described in step 5 is chosen to be less than

the time that the control valve is able to move to the required position; consequently, the

controller is constantly updating the required control valve movement as the control valve

ultimately converges to the required position to keep the flow as determined by the lookup table

for the flow restrictor equal to the desired setpoint.

[0043] In yet another embodiment, if the required accuracy is not as high, but some type of

flow rate verification is desired, then a thermal sensor can be placed upstream of the gas control

valve instead of the flow restrictor. This is shown in the drawing of Figure 7, where the thermal

sensor 701 is used to verify the accuracy of the flow rate. In Figure 7 the temperature

differential between the two heating elements as measured by thermal sensor 701 indicates the

mass flow rate of the gas. Upstream of GFC 108. This mass flow rate data is used in

conjunction with the look-up table of the GFC to verify the actual flow through the GFC and to

correct for any drift. As explained in the "Background" section, the inaccuracy in the thermal

sensor 701 can be greater than in the flow restrictor; however, the verification of flow rate will

provide value in those cases where the control valve fails to operate correctly, since it provides

data that can be used to verify drift in the GFC 108. Note that the use of thermal sensor 701 in

Figure 7 is different from its use in the prior art MFC, since in the prior art the thermal sensor

output is the indication of flow through the MFC. Conversely, in the embodiment of Figure 7



the output of the thermal sensor is an indication of flow upstream of the GFC, while the flow

through the GFC is determined via the look-up table and is verified by the output of the thermal

sensor 701.



What is claimed is:

1. A method of controlling a flow rate of gas through a control valve, the method

comprising:

generating a lookup table relating pressure upstream of the gas flow control valve, the

measured position of the valve, and flow rates;

establishing a flow rate through the control valve based on the pressure upstream of the

gas flow control valve and the required drive signal to obtain the determined position

from the lookup table;

continuing to keep the gas flow control valve at the determined position to provide the

desired flow rate as the pressure changes, if it does change;

determining the flow rate using a flow sensor upstream of the gas flow control valve;

calculating a discrepancy between the desired flow rate from the lookup table and the

flow rate determined by the flow sensor,

updating the lookup table using the discrepancy and continuing to measure the pressure

and adjust the gas flow control valve to achieve the desired flow rate, and

sending an alarm if the discrepancy is above a predetermined value.

2 . The method of claim 1, wherein the flow sensor is a flow restrictor with a second lookup

table that determines flow rate based on measurements of pressure upstream and

downstream of the flow restrictor and the temperature of the flow restrictor.

3 . The method of claim 2, wherein the flow restrictor comprises a tube and the method

further comprises maintaining pressure upstream of the flow restrictor to at least twice

pressure downstream of the flow restrictor.

4 . The method of claim 2, wherein the flow restrictor comprises a channel formed in a

machined block of metal.

5 . The method of claim 1, wherein the flow sensor is a thermal sensor and the method

further comprising obtaining the flow rate from a mass flow signal of the thermal sensor.

6 . A method of controlling a flow rate of gas through a control valve, the method

comprising:



a . generating a first lookup table correlating pressure upstream of the gas flow

control valve, the measured position of the valve, and flow rates;

b. determining the flow rate of gas through a flow restrictor positioned upstream of

the control valve, wherein the gas flow rate is determined by use of a second

lookup table and measured values of the pressure upstream of the flow restrictor,

the pressure downstream of the flow restrictor, and the temperature of the flow

restrictor;

c . determining from the first lookup table the required change in control valve

position to obtain the desired flow rate;

d . driving that change in control valve position;

e . repeating steps b - d during the time that the desired flow rate is at a nonzero

value.

7 . An apparatus for controlling the flow of a gas, containing a controllable valve, wherein

the position of the valve and the gas pressure upstream of the valve are measured and

used in conjunction with a first lookup table to determine the flow rate of the gas through

the valve; and a flow restrictor upstream of the controllable valve, wherein the

temperature of the flow restrictor and the gas pressure upstream and downstream of the

flow restrictor are measured and used in conjunction with a second lookup table to

determine the flow rate of the gas through the flow restrictor.

8 . The apparatus of claim 7, wherein a comparison of the flow rate as determined from the

first lookup table and the flow rate as determined from the second lookup table is used to

verify the accuracy of the flow.

9 . The apparatus of claim 7, wherein the flow restrictor contains a tube.

10 . The apparatus of claim 7, wherein the flow restrictor contains a channel formed in a

machined block of metal.

11. An apparatus for controlling the flow of a gas, comprising:

a controllable valve;

a thermal sensor upstream of the controllable valve;

a controller storing a look-up table correlating a position of the valve, gas pressure upstream of

the valve and flow rate of the gas through the valve, and wherein a mass flow measured by the



thermal sensor is sent to the controller and the controller uses the mass flow value to update the

look-up table.

12. An apparatus for controlling the flow of a gas, comprising:

a control valve;

a flow restrictor positioned upstream of the controllable valve;

a first pressure transducer positioned upstream of the flow restrictor;

a second pressure transducer positioned downstream of the flow restrictor and upstream of

the control valve;

a temperature sensor positioned to measure temperature at the flow restrictor;

a controller comprising: a processor and a storage medium, the storage medium comprising a

first look-up table correlating pressure of the first pressure transducer measured upstream of

the gas flow control valve, the measured position of the control valve, and flow rates through

the control valve, and a second look-up table correlating upstream pressure of the first

pressure transducer, the downstream pressure of the second pressure transducer, temperature

of the temperature sensor, and mass flow through the flow restrictor.



AMENDED CLAI MS
received by the International Bureau on 03 December 201 6 (03. 12.201 6)

What is claimed is:

. A method of controlling a flow rate of gas through a control valve, the method

comprising:

generating a lookup table relating pressure upstream of the gas flow control valve, the

measured position of the valve, and flow rates;

establishing a flow rate through the control valve based on the pressure upstream of the

gas flow control valve and a required drive signal to obtain a determined position tiom the

lookup table;

continuing to keep the gas flow control valve at the determined position to provide the

desired flow rate as the pressure changes, if it does change;

determining the flow rate using a flow sensor upstream of the gas flow control valve;

calculating a discrepancy between the desired flow rate from the lookup table and the

flow rate determined by the flow sensor,

updating the lookup table using the discrepancy and continuing to measure the pressure

and adjust the gas flow control valve to achieve the desired flow rate, and

sending an alarm if the discrepancy is above a predetermined value.

2 . The method of claim 1 wherein the flow sensor is a flow restrictor with a second lookup

table that determines flow rate based on measurements of pressure upstream and downstream of

the flow restrictor and the temperature of the flow restrictor.

3 . The method of claim 2, wherein the flow restrictor comprises a tube and the method

further comprises maintaining pressure upstream of the flow restrictor to at least twice pressure

downstream of the flow restrictor.

4 . The method of claim 2, wherein the flow restrictor comprises a channel formed in a

machined block of metal.

5. The method of claim 1, wherein the flow sensor is a thermal sensor and the method

further comprising obtaining the flow rate from a mass flow signal of the thermal sensor.



6 . A method of controlling a flow rate of gas through a control valve, the method

comprising:

a . generating a first lookup table correlating pressure upstream of the gas flow control

valve, the measured position of the valve, and flow rates;

b. determining the flow rate of gas through a flow restrictor positioned upstream of the

control valve, wherein the gas flow rate is determined by use of a second lookup table and

measured values of the pressure upstream of the flow restrictor, the pressure downstream of the

flow restrictor, and the temperature of the flow restrictor;

c . determining from the first lookup table the required change in control valve position to

obtain the desired flow rate;

d . driving that change in control valve position;

e . repeating steps b - d during the time that the desired flow rate is at a nonzero value.

7 . An appar atus for controlling the flow of a gas, containing a controllable valve, wherein

the position of the valve and the gas pressure upstream of i valve are measured and used in

conjunction with a first lookup table to detennine the flow rate of the gas through the valve; and

a flow restrictor upstream of the controllable valve, wherein the temperature of the flow

restrictor and the gas pressure upstream and downstream of the flow restrictor are measured and

used in conjunction with a second lookup table to determine the flow rate of the gas through the

flow restrictor.

8 . The apparatus of claim 7, wherein a comparison of the flow rate as determined from the

first lookup table and the flow rate as deteimined from the second lookup table is used to verify

the accuracy of the flow.

The apparatus of claim 7, wherein the flow restrictor contains a tube.

. The apparatus of claim 7, wherein the flow restrictor contains a channel foitned in a

machined block of metal.

11 An apparatus for controlling the flow of a gas. comprising:



a controllable valve;

a thermal sensor upstream of the controllable valve;

a controller storing a look-up table con elating a position of tlie valve, gas pressure upstream of

the valve and flow rate of tlie gas through Hie valve, and wlierein a mass flow measured bv tlie

thermal sensor is sent to the controller and the controller uses the mass flow value to update the

look-up table.

12. An apparatus for controlling tlie flow of a gas, comprising:

a control valve;

a flow restrictor positioned upsti eam of Hie controllable valve;

a first pressure transducer positioned upstream of the flow restrictor;

a second pressure transducer positioned downstream of the flow restrictor and upstream of the

control valve;

a temperature sensor positioned to measure temperature at the flow restrictor;

a controller comprising: a processor and a storage medium, the storage medium comprising a

lirst look-up table correlating pressure of the first pressure transducer measured upstieam of the

gas flow control valve, the measured position of the control valve, and flow rates through the

control valve, and a second look-up table correlating upstream pressure of the first pressure

transducer, the downstream pressure of the second pressure transducer, temperature of the

temperature sensor, and mass flow through the flow restrictor.



STATEMENTUNDER ARTICLE 19

Claims 1- 12 are all the claims; pending in the application.

Claim 1 has been amended to correct antecedent basis indicated in the Written Opinion.

It is noted that Dl does not anticipate claim 1. Notably, Dl recalculate the flow rate

using the same pressure transducer and temperature sensor used to construct the look-up table,

and uses that calculation to update the look-up table. Conversely, claim 1 calls for detennining

the flow rate using a flow sensor upstream of the gas flow control valve. This value is

independent of the calculation used to generate the look-up table and is used to improve on the

calculations leading to the construct of the look-up table.

Entry and consideration of this Amendment are respectfully requested.

Respectfully submitted.
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