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TITLE OF THE INVENTION

SYSTEM AND METHOD FOR USING A MODEL FOR IMPROVING CONTROL OF
A MASS FLOW CONTROLLER

BACKGROUND OF THE INVENTION
[0001] 1. Field of the Invention

[0002] The present invention relates generally to methods and systems for controlling the

mass flow rate of a fluid, and more particularly to the operation of mass flow controllers.
[0003] 2. Discussion of the Related Art

[0004] Many industrial processes require precise control of various process fluids. For
example, in the semiconductor industries, mass flow controllers are used to precisely measure
and control the amount of a process fluid that is introduced to a process chamber. The term
fluid is used herein to describe any type of matter in any state that is capable of flow. It is to
be understood that the term fluid applies to liquids, gases, and slurries comprising any

combination of matter or substance to which controlled flow may be of interest.

[0005] However, as technology progresses, the semiconductor processes continue to get
tighter and tighter as the design geometry continues to shrink. Processes now require very fast
response time (Y second or even faster), strong immunity to perturbation (e.g. inlet pressure

fluctuation) and large turn down (i.e. smaller minimum controllable setpoint).

[0006] Current mass flow controllers utilizing proportional, integral, and derivative (PID)
based control are reaching the limit of their capability. They also require extensive tuning to
be able to perform in a wide range of conditions and reject a large range of perturbation. For
instance, tuning needs to be done for each specific application (i.e., type of fluid and operating
conditions). Moreover, complex algorithms are required to be able to adjust the P, I and D

when conditions change.

[0007] To combat some of these problems, the disclosed embodiments include a system and

method for using a model for improving control of a mass flow controller.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0008] Illustrative embodiments of the present invention are described in detail below with
reference to the attached drawing figures, which are incorporated by reference herein and

wherein:

[0009] Figure 1 illustrates components of a mass flow controller in accordance with the

disclosed embodiments;
[0010] Figure 2 illustrates a flow diagram illustrating an example of a PID control loop;

[0011] Figure 3 illustrates an example of a valve flow model in accordance with the disclosed

embodiments;

[0012] Figure 4 illustrates an example of a valve force versus lift model in accordance with

the disclosed embodiments;

[0013] Figure 5 illustrates an example of a valve hysteresis model in accordance with the

disclosed embodiments;

[0014] Figure 6 is a flow diagram illustrating an example of a model based control loop in

accordance with the disclosed embodiments;

[0015] Figure 7 illustrates a process for dynamically generating and updating a surface map

that indicates the state of the hysteresis as a function of all the previous valve positions;
[0016] Figure 8 illustrates an initial state of a surface map represented on a Preisach plane;

[0017] Figure 9 illustrates the surface map of Figure 8 after increasing the magnetic field in a

monotonic fashion.

[0018] Figure 10 illustrates the surface map of Figure 9 when the magnetic field is increased;
[0019] Figure 11 illustrates the surface map of Figure 10 after decreasing the valve drive;
[0020] Figure 12 illustrates the surface map of Figure 11 after increasing the valve drive; and

[0021] Figure 13 illustrates an example of the surface map after a number of iterations of

increasing and decreasing the valve drive.
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DETAILED DESCRIPTION

[0022] The disclosed embodiments include a system and method for controlling a mass flow
controller by utilizing a mathematical model of the various components of a mass flow
controller for enabling a control scheme to be tailored to the customer application in ways that
are not possible with a simple PID based control system. In addition, having a model based
controller in the mass flow controller will enable automatic optimal response to the device

under various conditions without requiring tuning for each specific application/condition.

[0023] The disclosed embodiments and advantages thereof are best understood by referring to
Figures 1-13 of the drawings, like numerals being used for like and corresponding parts of the
various drawings. Other features and advantages of the disclosed embodiments will be or will
become apparent to one of ordinary skill in the art upon examination of the following figures
and detailed description. It is intended that all such additional features and advantages be
included within the scope of the disclosed embodiments. Further, the illustrated figures are
only exemplary and are not intended to assert or imply any limitation with regard to the
environment, architecture, design, or process in which different embodiments may be

implemented.

[0024] FIG. 1 shows schematically a typical mass flow controller 100 that includes a step 110,
which is the platform on which the components of the MFC are mounted. A thermal mass
flow meter 140 and a valve assembly 150 containing a valve 170 are mounted on the step 110
between a fluid inlet 120 and a fluid outlet 130. The thermal mass flow meter 140 includes a
bypass 142 through which typically a majority of fluid flows and a thermal flow sensor 146
through which a smaller portion of the fluid flows.

[0025] Thermal flow sensor 146 is contained within a sensor housing 102 (portion shown
removed to show sensor 146) mounted on a mounting plate or base 108. Sensor 146 is a small
diameter tube, typically referred to as a capillary tube, with a sensor inlet portion 146A, a
sensor outlet portion 146B, and a sensor measuring portion 146C about which two resistive
coils or windings 147, 148 are disposed. In operation, electrical current is provided to the two
resistive windings 147, 148, which are in thermal contact with the sensor measuring portion
146C. The current in the resistive windings 147, 148 heats the fluid flowing in measuring
portion 146 to a temperature above that of the fluid flowing through the bypass 142. The

resistance of windings 147, 148 varies with temperature. As fluid flows through the sensor
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conduit, heat is carried from the upstream resistor 147 toward the downstream resistor 148,

with the temperature difference being proportional to the mass flow rate through the sensor.

[0026] An electrical signal related to the fluid flow through the sensor is derived from the two
resistive windings 147,148. The electrical signal may be derived in a number of different
ways, such as from the difference in the resistance of the resistive windings or from a
difference in the amount of energy provided to each resistive winding to maintain each
winding at a particular temperature. Examples of various ways in which an electrical signal
correlating to the flow rate of a fluid in a thermal mass flow meter may be determined are
described, for example, in commonly owned U.S. Pat. No. 6,845,659, which is hereby
incorporated by reference. The electrical signals derived from the resistive windings 147,148

after signal processing comprise a sensor output signal.

[0027] The sensor output signal is correlated to mass flow in the mass flow meter so that the
fluid flow can be determined when the electrical signal is measured. The sensor output signal
is typically first correlated to the flow in sensor 146, which is then correlated to the mass flow
in the bypass 142, so that the total flow through the flow meter can be determined and the
control valve 170 can be controlled accordingly. The correlation between the sensor output
signal and the fluid flow is complex and depends on a number of operating conditions

including fluid species, flow rate, inlet and/or outlet pressure, temperature, etc.

[0028] The process of correlating raw sensor output to fluid flow entails tuning and/or
calibrating the mass flow controller and is an expensive, labor intensive procedure, often
requiring one or more skilled operators and specialized equipment. For example, the mass
flow sensor may be tuned by running known amounts of a known fluid through the sensor
portion and adjusting certain signal processing parameters to provide a response that
accurately represents fluid flow. For example, the output may be normalized, so that a
specified voltage range, such as 0 V to 5 V of the sensor output, corresponds to a flow rate
range from zero to the top of the range for the sensor. The output may also be linearized, so
that a change in the sensor output corresponds linearly to a change in flow rate. For example,
doubling of the fluid output will cause a doubling of the electrical output if the output is
linearized. The dynamic response of the sensor is determined, that is, inaccurate effects of
change in pressure or flow rate that occur when the flow or pressure changes are determined so

that such effects can be compensated.
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[0029] A bypass may then be mounted to the sensor, and the bypass is tuned with the known
fluid to determine an appropriate relationship between fluid flowing in the mass flow sensor
and the fluid flowing in the bypass at various known flow rates, so that the total flow through
the flow meter can be determined from the sensor output signal. In some mass flow
controllers, no bypass is used, and the entire flow passes through the sensor. The mass flow
sensor portion and bypass may then be mated to the control valve and control electronics
portions and then tuned again, under known conditions. The responses of the control
clectronics and the control valve are then characterized so that the overall response of the
system to a change in set point or input pressure is known, and the response can be used to

control the system to provide the desired response.

[0030] When the type of fluid used by an end-user differs from that used in tuning and/or
calibration, or when the operating conditions, such as inlet and outlet pressure, temperature,
range of flow rates, etc., used by the end-user differ from that used in tuning and/or
calibration, the operation of the mass flow controller is generally degraded. For this reason,
the flow meter can be tuned or calibrated using additional fluids (termed "surrogate fluids")
and or operating conditions, with any changes necessary to provide a satisfactory response
being stored in a lookup table. U.S. Pat. No. 7,272,512 to Wang et al., for "Flow Sensor
Signal Conversion," which is owned by the assignee of the present invention and which is
hereby incorporated by reference, describes a system in which the characteristics of different
gases are used to adjust the response, rather than requiring a surrogate fluid to calibrate the

device for each different process fluid used.

[0031] In addition, the mass flow controller 100 may include a pressure transducer 112
coupled to flow path at some point, typically, but not limited to, upstream of the bypass 142 to
measure pressure in the flow path. Pressure transducer 112 provides a pressure signal
indicative of the pressure. In accordance with the disclosed embodiments, the pressure

transducer 112 is used to measure pressure during a rate of decay measurement.

[0032] Control electronics 160 control the position of the control valve 170 in accordance with
a set point indicating the desired mass flow rate, and an electrical flow signal from the mass
flow sensor indicative of the actual mass flow rate of the fluid flowing in the sensor conduit.
Traditional feedback control methods such as proportional control, integral control,
proportional-integral (PI) control, derivative control, proportional-derivative (PD) control,

integral-derivative (ID) control, and proportional-integral-derivative (PID) control are then
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used to control the flow of fluid in the mass flow controller. A control signal (e.g., a control
valve drive signal) is generated based upon an error signal that is the difference between a set
point signal indicative of the desired mass flow rate of the fluid and a feedback signal that is
related to the actual mass flow rate sensed by the mass flow sensor. The control valve is
positioned in the main fluid flow path (typically downstream of the bypass and mass flow
sensor) and can be controlled (e.g., opened or closed) to vary the mass flow rate of fluid
flowing through the main fluid flow path, the control being provided by the mass flow

controller.

[0033] In the illustrated example, the flow rate is supplied by electrical conductors 158 to a
closed loop system controller 160 as a voltage signal. The signal is amplified, processed and
supplied to the control valve assembly 150 to modify the flow. To this end, the controller 160
compares the signal from the mass flow sensor 140 to predetermined values and adjusts the

proportional valve 170 accordingly to achieve the desired flow.

[0034] Figure 2 is a flow diagram illustrating a typical PID control loop with feed-forward
correction in accordance with the disclosed embodiments. The PID control loop 200 begins at
step 202 by measuring temperature to determine a temperature along the fluid path. At step
204, the PID control loop 200 measures pressure using a pressure transducer. The PID control
loop 200 at step 206 calculates a static feed-forward correction value(s) using the measured
pressure. The PID control loop 200 uses the static feed-forward correction value(s) to adjust
the control signal at step 220 to counter the pressure disturbance. The PID control loop 200
measures the flow using the flow meter at step 208. At step 210, the PID control loop 200
obtains the setpoint. The PID control loop 200 calculates the required valve position using the
PID controller at step 212. The PID control loop 200 adjusts the control signal at step 220 to
be able to obtain the calculated required valve position. The PID control loop 200 applies the
valve control signal to the valve, at step 222, in order to move the valve to the calculated

required valve position, with the PID control loop 200 repeating thereafter.

[0035] In contrast to the PID control loop 200, the disclosed embodiments herein describes a
control loop that utilizes a mathematical model of the various component of a mass flow
controller to enable the control scheme to be tailored to the customer application in ways that
are not possible with simple PID based control system. For instance, the disclosed
embodiments may utilize models of, but not limited to, the following mass flow controller

components: a sensor model to model the characteristics of the sensor under different flow

6
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conditions and gases; a valve model to model the characteristics of the valve under different
flow condition (e.g. actual flow, temperature, gas characteristics, inlet and outlet pressure, etc),
including magnetic hysteresis, and lift vs. force.; a bypass model to model the characteristics
of the bypass as a function of gas, flow, inlet pressure, etc.; and a controller model to model

the characteristics on the controller as it applies to the complete MFC.

[0036] As non-limiting examples, Figure 3 illustrates an example of a valve flow model 300,
Figure 4 illustrates a valve force versus lift model 400, and Figure 5 illustrates an example of a

valve hysteresis model 500 (with no preload).

[0037] Figure 6 is a flow diagram illustrating an example of a model based control loop 600
that utilizes the models of the various component of a mass flow controller in accordance with
the disclosed embodiments. The model based control loop 600 may be implemented in a
controller of a mass flow controller to provide automatic optimal response to the device under

various conditions without requiring tuning for each specific application/condition.

[0038] Similar to the PID control loop 200, the model based control loop 600 begins by
measuring temperature to determine a temperature along the fluid path at step 602. At step
604, the model based control loop 600 measures pressure using a pressure transducer. The
model based control loop 600 measures the flow using the flow meter at step 606. At step

608, the model based control loop 600 obtains the setpoint.

[0039] At step 610, the model based control loop 600 performs a calculation to determine the
required valve lift to achieve flow setpoint using a valve flow model as illustrated in Figure 3.
The valve flow model is implemented in manufacturing software to calculate fixed coefficients
that are written into the mass flow controller. In one embodiment, the algorithm is

implemented inside the mass flow controller itself and runs in real time.

[0040] In one implementation, in generating the valve flow model 300, the flow of fluid at
different inlet and outlet pressures are physically modeled as predominately consisting of two
components: the viscous pressure drop and the inviscid (dynamic) pressure drop. By summing
the contributions of each of these components where the effective displacement of the valve
for each component is equal, the effective displacement of the valve may be empirically
determined using the following methodology. The determination of the effective displacement
of the valve at a particular fluid flow rate on a particular fluid enables a gain term associated
with the valve to be determined, and thus the determination of a gain term associated with the

valve actuator.
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[0041] In general, each component that is part of the model based control loop 600 may have
an associated gain. The term gain refers to the relationship between an input and an output of
a particular component or group of components. For instance, a gain may represent a ratio of
a change in output to a change in input. A gain may be a function of one or more variables,
for example, one or more operating conditions and/or characteristics of a mass flow controller
(e.g., flow rate, inlet and/or outlet pressure, temperature, valve displacement, etc.) In general,
such a gain function will be referred to as a gain term. A gain term and more particularly, the
representation of a gain term may be a curve, a sample of a function, discrete data points, point

pairs, a constant, etc.

[0042] In one embodiment, allowing the upstream or inlet pressure to be represented by P; and
the downstream or outlet pressure to be represented by P», then at a mass flow rate represented
by Q, the valve-lift is represented by H, and the viscous effect alone reduces the pressure from
P; to some intermediate pressure Px. The inviscid compressible flow further reduces the
pressure from an intermediate pressure Py to P,. Modeling the viscous pressure drop across
the valve 170 based upon a physical model of viscous flow of fluid between two parallel plates
(e.g., between a valve seat and a jet surface), the distance H between the two parallel plates

(e.g., the displacement of the valve 170) is provided by the following equation:

[0043]

24+ uQLRT
w(P} - P%)

[0044] H3 = - 1.654 x 10718 (ft3) (equation 1)

[0045] where:

Py, Pk : Pressure upstream and downstream of the viscous surface (psi);
[0046] Q: Mass flow rate (sccm);

[0047] L: length of the flow path (ft);

[0048] H: distance between the two parallel surfaces (ft);

[0049] w: the breadth of the flow path, w equals 7+ @ and @ is the mean diameter of plateau,
@ is equal to 0.040" based upon the tested valve;

[0050] w.: dynamic viscosity of the gas (centi-Poise);
[0051] T: Absolute temperature (deg. Rankine); and

[0052] R: gas constant (ft-1bf/lbm-deg. R).
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[0053] Modeling the inviscid pressure drop across the valve 170 based upon a physical model

of inviscid flow of fluid through an orifice or jet provides

y+1
Q 2 \Goen) .
[0054] 2 = 1.2686 x 10°P, (m) 203 /ﬁ (equation
for choked flow; and:
Q P (%1) 2 P (Y;l)
= = 6 -2 ¥ )(Exo\Nv/ _ :
[0055] £ = 1.2686 x 10°P,, (Px'()) (y—l)erl,o{(Pz ) 1} (equation 3)

[0056]

for unchoked flow; where the flow is choked if

) =)

[0057] =< (=
(equation 4)

[0058] and unchoked otherwise, and where:

[0059] Q=flow through the valve (sccm);

[0060] A=m - @ - H=valve effective area (sq. in,);

[0061] @=diameter of orifice;

[0062] M, =gas molecular weight (gm/mol);

[0063] Py,0, =upstream total pressure (torr);

[0064] P, =downstream static pressure (torr);

[0065] Ti,0 =gas temperature (K);

[0066] y =ratio of specific heats.

2)

[0067] From the above viscous and inviscid equations, the effective displacement (i.e., H) of

the valve 170 may be readily determined. One exemplary method of calculating the effective

displacement is to estimate the intermediate pressure Px by trial-and-error, where one

calculates the values of H from both the viscous flow theory (Hv, Eq. 1) and the inviscid

theory (Hi, Eq. 2 or 3), depending on whether the flow is choked or not, (Eq. 4). Thus, if the
intermediate pressure is approximately twice the outlet pressure, choked flow may be

assumed, and equation 2 is used for the inviscid component of the calculation, whereas if the

9
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inlet pressure is less than approximately twice the outlet pressure, equation 3 is used for the
inviscid component of the calculation. For a given Q, Py, and P,, the correct Px is obtained
when the viscous valve-lift (Hv) and the inviscid valve-lift (Hi) become equal to each other.
Thus, the computational scheme involves successive iteration to obtain Py. The calculation
begins by choosing Px to be mid-way between P; and P,. Then, Hv and Hi are calculated. If it
is determined that Hv is greater than Hi, meaning that there is not enough differential pressure
for the viscous flow to deliver the required flow than for the inviscid flow, then during the
next iteration, a lower pressure Py’ will be chosen, i.c., between the downstream pressure P,
and the previous pressure P. The iteration continues until the two calculated valve-lift Hv and
Hi come within some threshold of each other. As stated above, this iterative process may be
performed in software implemented inside the mass flow controller itself and may be executed
in real time. Accordingly, based upon the above method, the effective displacement of the

valve 170 may be determined for each of a number of different flow rates.

[0068] It should be appreciated that different valves and valve types may have different
physical models. Furthermore, there may be more than one physical model that may be used
to model the characteristics of any particular valve. Accordingly, the present invention is not

limited to any particular valve model.

[0069] Referencing back to Figure 6, the model based control loop 600 at step 612 calculates
the required force to generate said lift using a lift versus force model, such as, but not limited
to, the lift versus force model 400 illustrated in Figure 4. In one embodiment, the lift versus
force model is based on the force balance equation: F = kx + deltaP*A. With k the spring
constant equivalent of the valve, x being the amount of displacement, deltaP being the
pressure difference across the valve, and A equaling the surface area of the valve seat exposed

to the pressure difference.

[0070] The model based control loop 600 then, at step 614, calculates the required drive to
generate said force using a valve hysteresis model, such as, but not limited to, the valve
hysteresis model 500. The model based control loop 600 applies the valve control signal to
the valve, at step 616, using the calculated drive to move the valve to the required position,

with the model based control loop 600 repeating thereafter.

[0071] In one embodiment, the valve hysteresis model in step 614 is implemented as software
or firmware inside the mass flow controller utilizing the classical Preisach model. The
Preisach model is used to capture the non linearity of the hysteresis characteristics of the

10
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electromagnetic or Piezo actuator by modeling the amount of force as a function of actuator
drive. The main element of the Preisach model is a force vs. valve drive surface map, Ms,
which accounts for changes in force as a function of the history of the valve drive over time.
The Preisach function P(U,V) is the density function of all the hysterons in the magnetic

material. The total magnetization is represented by the equation:
Ms = [f, PU,V)dudv (equation 5)

[0072] The magnetization can be represented on a Preisach plane. For example, Figure 8
illustrates an initial state of a surface map 800 represented on a Preisach plane. The initial
state is assumed to be with all the hysterons in the -1 state (i.e., the surface map 800 is
completely inactive). In Figure 8, U represents the valve drive, V represents the force required
for a given lift, and m = -1 is the inactive surface area. In one embodiment, U is assumed to
greater than V, thus, only a triangle is needed to represent the whole system. After increasing
the field in a monotonic fashion, a small number of hysterons (those with low sensitivity)
switch their magnetization from -1 to +1 (m=+1 is the surface area that is active). This is
represented by the small area at the bottom of the triangle in Figure 9. As the field continues

to increase, more hysterons switch to the +1 magnetization shown in Figure 10.

[0073] By integrating the active surface area, the disclosed embodiments are able to track the
valve actuator force as function of valve drive over time. Otherwise stated, the dynamic
surface map is a live table with the state of the hysteresis as a function of all the previous
positions. For example, Figure 7 depicts a process 700 for dynamically generating and
updating a surface map that indicates the state of the hysteresis as a function of all the previous
valve positions. In one embodiment, after a mass flow controller powers up, the process 700
is initiated at step 702. The process 700 may also be initiated each time the MFC control

algorithm receives a zero setpoint and the valve is turned off.

[0074] The process 700 at step 704 calls an update function that receives a desired force as an
input. At step 706, the process determines whether the desired force is greater than or less
than a current force. If the process determines at step 706 that the desired force is less than the
current force, the process at step 708 subtracts a value Vd_down from the current drive. At
step 710, the process updates a temporary copy of the surface map as shown in Figure 11 and
calculates a new force. The process determines whether the new force is less than or equal to
the desired force at step 712. If the process determines that the new force is not less than or

equal to the desired force, the process repeats the process at step 708 by subtracting a value
11



10

15

20

25

30

WO 2013/134141 PCT/US2013/028902

Vd _down from the current drive until the new force is not less than or equal to the desired
force. Once this occurs, the process at step 720 updates the real surface map and outputs the

required valve drive value.

[0075] However, if the process determines at step 706 that the desired force is greater than the
current force, the process at step 714 adds a value Vd_up to the current drive. At step 716, the
process updates a temporary copy of the surface map as shown in Figure 12 and calculates a
new force. The process determines whether the new force is greater than or equal to the
desired force at step 718. If the process determines that the new force is not greater than or
equal to the desired force, the process repeats the process at step 714 by adding a value
Vd_down from the current drive until the new force is not greater than or equal to the desired
force. Once this occurs, the process at step 720 updates the real surface map and outputs the
required valve drive value. Figure 13 illustrates an example of the surface map after a number
of iterations using the above process. The process 700 is repeated every time a new desired

force is obtained.

[0076] In one embodiment, the below discrete matrix is used to represent equation 5 shown

above.

[p(O.O) =+ p(O,N)
P — H * H

p(L0) - p(LN)

[0077] with p(i,j) =0 for j>=1.

[0078] Every column of the matrix represents a different valve drive. The resolution of the
valve drive determines the size of the matrix. For example, a 1% resolution necessitates a
100xM matrix. The rows are the force resulting from the drive. Note that the matrix does not
have to be square, so M could be lower or greater than 100. As the valve drives does up and
down, cells of the matrix alternatively becomes 1 and 0 to create the active/inactive surface

map as shown in Figure 13.

[0079] In certain embodiments, the process 700 could implement a “dead band”, as well as
steps for adjusting the values for Vd_up and Vd_down based on for example inlet pressure,

temperature or gas characteristics.

[0080] In an alternative embodiment, process 700 may be modified to only keep track of the
maximum and minimum inflexion points in the Preisach map in order to reduce the

computational and memory requirement of the algorithm. The Preisach map is then inverted
12
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to obtain the required drive needed to generate a given force. In addition, alternative
embodiments may implement other mathematical models of the hysteresis effect, such as, but
not limited to the Chua and Stromsmoe model, the Jiles and Atherton model, or the Karnopp

model.

[0081] Still, in another embodiment, a model-based mass flow controller may utilize the PID
control as described previously in Figure 2, and add the hysteresis model where the control
variable out of the PID is the force that the hysteresis model converts into drive (as opposed to
the control variable out of the PID being the drive, i.e., step 220). This provides the
advantages of greatly reduced hysteresis in the control system, which in turn speeds up

recovery from perturbation.

[0082] Accordingly, as described above, advantages of the disclosed embodiments include,
but are not limited to, providing a model based controller in a mass flow controller that is
configured to enable automatic optimal response to the device under various conditions

without requiring tuning for each specific application/condition.

[0083] While specific details about the above embodiments have been described, the above
hardware and software descriptions are intended merely as example embodiments and are not

intended to limit the structure or implementation of the disclosed embodiments.

[0084] In addition, certain aspects of the disclosed embodiments, as outlined above, may be
embodied in software that is executed using one or more processing units/components.
Program aspects of the technology may be thought of as “products” or “articles of
manufacture” typically in the form of executable code and/or associated data that is carried on
or embodied in a type of machine readable medium. Tangible non-transitory “storage” type
media include any or all of the memory or other storage for the computers, processors or the
like, or associated modules thereof, such as various semiconductor memories, tape drives, disk
drives, optical or magnetic disks, and the like, which may provide storage at any time for the

software programming.

[0085] Those skilled in the art will recognize that the present teachings are amenable to a
variety of modifications and/or enhancements. While the foregoing has described what is
considered to be the best mode and/or other examples, it is understood that various
modifications may be made therein and that the subject matter disclosed hercin may be

implemented in various forms and examples, and that the teachings may be applied in
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numerous applications, only some of which have been described herein. Such modifications

are intended to be covered within the true scope of the present teachings.

[0086] In addition, the flowchart and block diagrams in the figures illustrate the architecture,
functionality, and operation of possible implementations of systems, methods and computer
program products according to various embodiments of the present invention. It should also
be noted that, in some alternative implementations, the functions noted in the block may occur
out of the order noted in the figures. For example, two blocks shown in succession may, in
fact, be executed substantially concurrently, or the blocks may sometimes be executed in the
reverse order, depending upon the functionality involved. It will also be noted that each block
of the block diagrams and/or flowchart illustration, and combinations of blocks in the block
diagrams and/or flowchart illustration, can be implemented by special purpose hardware-based
systems that perform the specified functions or acts, or combinations of special purpose

hardware and computer instructions.

[0087] The terminology used herein is for describing particular embodiments only and is not
intended to be limiting of the invention. As used herein, the singular forms "a", "an" and "the"
are intended to include the plural forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms "comprise" and/or "comprising,” when used in this
specification and/or the claims, specify the presence of stated features, integers, steps,
operations, elements, and/or components, but do not preclude the presence or addition of one
or more other features, integers, steps, operations, elements, components, and/or groups
thereof. The corresponding structures, materials, acts, and equivalents of all means or step
plus function elements in the claims below are intended to include any structure, material, or
act for performing the function in combination with other claimed elements as specifically
claimed. The description of the present invention has been presented for purposes of
illustration and description, but is not intended to be exhaustive or limited to the invention in
the form disclosed. Many modifications and variations will be apparent to those of ordinary
skill in the art without departing from the scope and spirit of the invention. The embodiment
was chosen and described to explain the principles of the invention and the practical
application, and to enable others of ordinary skill in the art to understand the invention for
various embodiments with various modifications as are suited to the particular use
contemplated. The scope of the claims is intended to broadly cover the disclosed

embodiments and any such modification.
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CLAIMS

Claim 1. A mass flow controller for controlling a flow of a fluid, the mass flow controller
comprising:
an inlet for receiving the fluid ;
a flow path in which the fluid passes through the mass flow controller;
a mass flow meter for providing a signal corresponding to mass flow of the fluid
through the flow path;
an adjustable valve for regulating the flow of the fluid out of an outlet of the mass flow
controller;
at least one processing component configured to execute instructions to determine,
using a valve hysteresis model, a valve drive necessary to generate a force to
achieve a valve lift for moving the adjustable valve to a desired valve position
based on a given flow setpoint; and
a controller configured to apply a valve control signal based on the determined valve
drive to adjust the adjustable valve to the desired valve position to control the

flow of the fluid out of an outlet of the mass flow controller.

Claim 2. The mass flow controller of Claim 1, further comprising a temperature sensor for

determining a temperature along the flow path.

Claim 3. The mass flow controller of Claim 1, further comprising a pressure transducer for

providing a signal corresponding to a fluid pressure of the fluid near the inlet of the flow path.

Claim 4. The mass flow controller of Claim 1, wherein the mass flow meter is a thermal mass

flow meter that includes a flow sensor.

Claim 5. The mass flow controller of Claim 1, wherein the at least one processing component

is configured to execute instructions to determine the valve lift using a valve flow model.

Claim 6. The mass flow controller of Claim 1, wherein the at least one processing component
is configured to execute instructions to determine the force to achieve the valve lift using a

valve lift versus force model.
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Claim 7. The mass flow controller of Claim 1, wherein the at least one processing component
is configured to execute instructions to implement the valve hysteresis model utilizing a

Preisach model.

Claim 8. The mass flow controller of Claim 7, wherein the at least one processing component
is configured to execute instructions to maintain a surface map indicative of a state of
hysteresis associated with the adjustable valve as a function of previous positions of the

adjustable valve.

Claim 9. The mass flow controller of Claim 8, wherein the at least one processing component
is configured to execute instructions to obtain a desired force; and perform at least one
iteration of updating the surface map by performing one of increasing or decreasing the valve

drive until the desired force is obtained.

Claim 10. The mass flow controller of Claim 9, wherein the at least one processing
component is configured to execute instructions to obtain an end user-specified value that is

used in increasing or decreasing the valve drive until the desired force is obtained.

Claim 11. The mass flow controller of Claim 9, wherein the at least one processing
component is configured to execute instructions to utilize a manufacturer-specified value in

increasing or decreasing the valve drive until the desired force is obtained.

Claim 12. A method for controlling a flow of a fluid, the method comprising:
determining, based on valve hysteresis model, a valve drive necessary to generate a
force to achieve a valve lift for moving an adjustable valve to a desired valve
position based on a given flow setpoint; and
applying, using a processor, a valve control signal based on the determined valve drive
to adjust the adjustable valve to the desired valve position to control the flow of
the fluid.

Claim 13. The method of Claim 12, further comprising determining, using the processor, a

temperature and a fluid pressure along a flow path of the fluid.

Claim 14. The method of Claim 12, further comprising determining, using the processor, the

valve lift using a valve flow model.
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Claim 15. The method of Claim 12, further comprising determining, using the processor, the

force to achieve the valve lift using a valve lift versus force model.

Claim 16. The method of Claim 12, further comprising implementing, using the processor, the

valve hysteresis model utilizing a Preisach model.

Claim 17. The method of Claim 16, further comprising maintaining, using the processor, a
surface map indicative of a state of hysteresis associated with the adjustable valve as a

function of previous positions of the adjustable valve.

Claim 18. The method of Claim 17, further comprising obtaining a desired force; and
executing, using the processor, at least one iteration of updating the surface map by

performing one of increasing or decreasing the valve drive until the desired force is obtained.

Claim 19. The method of Claim 18, further comprising receiving an end user-specified value

that is used in increasing or decreasing the valve drive until the desired force is obtained.

Claim 20. The method of Claim 18 further comprising utilizing a manufacturer-specified

value in increasing or decreasing the valve drive until the desired force is obtained.
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