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METHOD AND SYSTEM FOR CONTROLLING

A FLOW RATIO CONTROLLER USING FEEDBACK

TECHNICAL FIELD

[0001] Embodiments of the present disclosure relate to flow ratio controllers, and more
particularly, to management of mass flow controllers.

BACKGROUND

[0002] Gas delivery systems for semiconductor processing chambers utilize flow splitting
methods to improve mix ratio accuracy, repeatability, and reproducibility in multi-injection
point or shared chamber architectures. Flow splitting can reduce costs of a gas delivery system
significantly in a number of applications. The flow ratio controller (FRC) can be an effective
flow splitting device, but is generally very complex.

[0003] FRCs are widely used in semiconductor industries to distribute gas or gas mixtures to
different zones in a process chamber. However, FRCs often utilize algorithms that create a non-
symmetric condition in order to achieve desired new setpoints in the fastest way possible at the
expense of symmetric transient flow. Additionally, FRCs are often limited in number of
channels and flow range, preventing scalability without incurring high costs. Further, control
architecture is contained within the device, limiting the device to point of use control.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The present disclosure is illustrated by way of example, and not by way of limitation,
in the figures of the accompanying drawings in which like references indicate similar elements.
It should be noted that different references to "an" or "one" embodiment in this disclosure are
not necessarily to the same embodiment, and such references mean at least one.

[0005] Figure 1 is a block diagram illustrating a flow control system utilizing a feedback
driven flow control module coupled to a multi-channel mass flow control apparatus via an
analog connection in accordance with one embodiment.

[0006] Figure 2 is a block diagram of one embodiment of a flow control module.

[0007] Figure 3 is a flow diagram illustrating one embodiment of a method for feedback
driven flow control.

[0008] Figure 4 is a flow diagram illustrating one embodiment of a method for determining
flow control setpoints.

[0009] Figure 5 is a block diagram illustrating a flow control system utilizing a feed-
forward driven flow control module coupled to a multi-channel mass flow control apparatus via
a high speed Ethercat connection in accordance with one embodiment of the present invention.

[0010] Figure 6 is a block diagram of one embodiment of valve control module.
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[0011] Figure 7 is a flow diagram illustrating one embodiment of a method for feed-forward
driven flow control.

[0012] Figure 8 illustrates a graphical representation of a flow transient for a four-channel
flow ratio controller using four MFC devices, in accordance with one embodiment of the present
invention.

[0013] Figure 9 illustrates a block diagram of a computer system that can perform one or
more of the operations described herein.

DETAILED DESCRIPTION

[0014] Embodiments of the disclosure are directed to a method and system for regulating a
multi-channel flow ratio controller (FRC) using an array of two or more mass flow controller
(MFC) devices. The MFC devices operate in parallel to each other and constitute the Flow Ratio
Controller channels, with one MFC per channel. The array of MFC devices receive a gas from a
gas supply and direct it toward a gas chamber or specified zones within a gas chamber. The
MEFC device can be any suitable industry standard mass flow controller. The array of MFC
devices is managed by a Flow Ratio Control System that processes signals to and from the
individual MFC devices. The signals can include voltage measurements indicating total flow
rate as well as valve position for each individual MFC. The Flow Ratio Control System sends
these measurements to a Control Server for processing. The Control Server receives the
measurements from each individual MFC in the array and executes a control algorithm to
implement any changes to the overall flow of gas through the array.

[0015] Unlike conventional FRCs, embodiments are easily scalable to any number of
channels over a flow range from about 10 standard cubic centimeters per minute (sccm) to about
200 standard liters per minute (slm), allowing freedom of gas panel design. Unlike FRCs that
create non-symmetric flow conditions when altering flow setpoints, embodiments provide
control that is inherently stable and symmetric across channels at a lower cost. Embodiments
divide the total gas flow across channels such that the pressure drop during flow adjustments is
minimized, while keeping valves as open as possible.

[0016] When the terms “about” and “approximately” are used herein, these are intended to
mean that the nominal value presented is precise within £10%. Additionally, when the term
“recipe” is used herein, it is intended to refer to a particular combination of flow and/or valve
setpoints that are spread across an MFC array to achieve a desired total flow. Similarly, the term
“recipe control algorithm” is intended to refer to the processing logic that is responsible for
maintaining a predetermined flow “recipe.”

[0017] In one embodiment, the MFC array can be driven in a flow setpoint mode in which

the system sends a flow setpoint command to each MFC each communication cycle. The flow
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setpoint command is a function of flow ratio, measured total flow, and MFC valve voltage. The
Flow Ratio Control System evaluates the flow and valve voltage from each MFC. This
information can be sent to the Control Server where an updated flow setpoint is calculated for
cach MFC in a real-time closed feedback loop. In embodiments, the Flow Ratio Control System
sends commands to and receives signals from each MFC via an analog connection. In
embodiments, the Flow Ratio Control System communicates with the Real-Time System via a
digital connection by way of an analog to digital interface. In one embodiment the digital
connection can be a high speed Ethercat connection.

[0018] In another embodiment, the MFC array can be driven in a feed-forward control mode.
In this embodiment, the MFCs in the array can support a direct digital connection, such as a high
speed Ethercat connection, without the need for an analog to digital interface. The use of a
digital connection can provide the ability to send and receive larger amounts of data and control
measurements between the Flow Ratio Control System and the Control Server. The Flow Ratio
Control System can therefore communicate with the Control Server much more quickly and with
much greater accuracy. In embodiments, after receiving flow and voltage information from the
Flow Ratio Control System, the Control Server can break from the closed feeback loop and send
commands directly to each of the MFCs. In one embodiment, the Control Server can send a
fixed MFC flow setpoint directly to each MFC, bypassing the feeback control logic in the
Control Server. In another embodiment, the Control Server can send an MFC valve position
setpoint directly to each MFC.

[0019] In feed-forward embodiments, previous setpoints used by the Flow Ratio Control
System can be stored in a data store. The Control Server can use the data store to predict correct
flow and/or valve setpoints for specific flow conditions encountered within the Flow Ratio
Control System. When unstable flow conditions are detected that can have been encountered in
the past, the Control Server can select a setpoint that was successfully implemented to correct
the prior condition. The Control Server can then send an updated setpoint command directly to
the MFC array without accessing the feedback control logic. For example, if a process recipe
step causes a transient flow instability within the MFC array, the flow setpoints used for each
channel to correct the problem can be saved to the data store and used to eliminate similar
instabilities encountered in the future. If the same or a similar flow instability is encountered at
a later time, the Control Server can access the data store to predict a series of flow setpoints that
will lead to a flow correction.

[0020] Figure 1 is a block diagram illustrating a flow control system 100 utilizing a
feedback driven flow control module coupled to a multi-channel mass flow control apparatus via

an analog connection, in which embodiments described herein can operate. The flow control
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system 100 can include a user interface 105, a control server 110, a flow ratio control system
125, and an MFC Array 140. The control server 110 can be coupled to the flow ratio control
system 125 via an analog to digital interface 120 that provides analog to digital communication.
Flow ratio control system 125 can receive analog signals from and send analog signals to an
array of mass flow controllers MFC 140-1 to MFC140-n where n represents the total number of
mass flow controllers in any embodiment. For example, in one embodiment the total number of
mass flow controllers can be 2. In another embodiment, the total number of mass flow
controllers can be 10. Each MFC 140-1 to MFC 140-n receives an input flow of gas 146 from
gas supply 145 and produces an output flow of gas 147 directed to chambers 150.

[0021] The user interface 105, control server 110, and flow ratio control system 125 can be
individually hosted by any type of computing device including server computers, gateway
computers, desktop computers, laptop computers, tablet computer, notebook computer, PDA
(personal digital assistant), mobile communications devices, cell phones, smart phones, hand-
held computers, or similar computing device. Alternatively, any combination of user interface
105, control server 110, and flow ratio control system 125 can be hosted on a single computing
device including server computers, gateway computers, desktop computers, laptop computers,
mobile communications devices, cell phones, smart phones, hand-held computers, or similar
computing device.

[0022] User interface 105 can be variously configured with different functionality to enable
a user to provide input to the control server 110. Additionally, the user interface 105 can be
configured to provide information to a user regarding status of the control server 110. In one
embodiment, the user interface 105 can display the desired total flow recipe, the current total
flow readings, the individual errors for any MFC, the total error for the MFC array, or any
combination thereof. In another embodiment, the user interface 105 can be used to terminate
flow operations through the MFC array 140.

[0023] The control server 110 can execute resource intensive algorithms for implementation
and adjustment of a flow recipe based on feedback received from the flow ratio control system
125 regarding the status of any or all of the MFC array 140. In one embodiment, control server
110 can include a flow control module 115.

[0024] The flow control module 115 can handle processing involved in the calculation of
any or all components of the flow recipe. In one embodiment, the flow control module 115 can
send a flow setpoint command to each MFC 140 controlled by the flow ratio control system 125.
In one embodiment, a flow setpoint command for each MFC can be based on a flow percentage,
an initial total flow measurement, and an initial valve voltage measurement. Flow and valve

voltage readings (or measurements) from each MFC can then be sent back to the flow control
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module 115 where the flow recipe is evaluated. An updated flow setpoint can then be calculated
for each MFC in a real-time closed feedback loop. The updated flow setpoint can then be sent to
the flow ratio control system 125 to adjust the individual MFCs in the MFC array 140.

[0025] The control server 110 can communicate with the flow ratio control system 125 via a
high speed digital connection coupled to an analog to digital interface 120. Some MFC
technology only supports analog signal input and output whereas the control server 110 can
support digital input and output over high speed connections such as Ethercat. The analog to
digital interface 120 provides connectivity between the analog MFC array 140 and the control
server 115. In one embodiment, the analog to digital interface 120 can be a CIOC Interface that
translates analog input and output to into Ethercat input and output, utilizing high resolution
analog-to-digital and digital-to-analog conversion.

[0026] The flow ratio control system 125 can handle processing involved in measurement of
flow readings and valve positions of each of the MFCs in the MFC array 140. The flow ratio
control system 125 can include a flow reading module 130 and a valve position module 135. In
one embodiment, flow reading module 130 receives a valve voltage reading from each
individual MFC in the MFC array 140 that is indicative of the total flow of that individual MFC.
Flow reading module 130 then sends the total flow reading to control server 110 to be used in
the recipe control algorithm. In one embodiment, valve position module 135 receives a voltage
reading from each MFC in the MFC array 140 that is indicative of the valve position of that
individual MFC. Valve position module 135 then sends the valve position reading to control
server 110 to be used in the recipe control algorithm.

[0027] Additionally, flow ratio control system 125 can send updated setpoint commands to
cach of the MFCs in the MFC array 140. If flow control module 115 determines that a change in
flow is required, control server 110 can send updated flow setpoint commands to the MFC array
140 via flow ratio control system 125. Similarly, if flow control module 115 determines that a
change in valve position is required, control server 110 can send updated valve position setpoint
commands to the MFC array 140 via flow control ratio system 125.

[0028] Figure 2 is a block diagram of one embodiment of a flow control module 200, which
can correspond to the flow control module 115 of Figure 1. The flow control module 200 can
include one or more of a target setpoint module 210, an error module 215, a total flow module
220, and an update setpoint module 225. Additionally, flow control module 200 can receive
flow reading data 230 and valve position data 235, as well as transmit updated flow setpoint
commands 240.

[0029] Target setpoint module 210 is configured to determine a reference threshold for valve

voltage for each MFC of the MFC array 140. The reference threshold represents a target valve
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voltage to which each MFC valve can be driven so that pressure drops are minimized during
transient flows. In one embodiment, the target setpoint module 210 utilizes a setpoint
representing the point at which a valve is as far open as possible and reduces that setpoint until
the target reference threshold is achieved. In one embodiment, the target setpoint module 210
calculates the target voltage and represents that value as Vmax.

[0030] Error module 215 is configured to determine the difference between the target
voltage Vmax from setpoint module 210 and an individual valve voltage of each MFC in the
MEFC 140 array 140. The individual valve voltage of each MFC in the MFC array 140can be
received as valve position data 235 from the flow ratio control system 125 from Figure 1.
[0031] Error module 215 calculates a value dVi = Vimax — Vi, where i represents a
particular MFC in the MFC array, Vimax represents the Vmax for that MFC, and Vi represents
the actual voltage for that MFC. If the dVi value is positive (that is, if the actual valve voltage is
less than the maximum threshold), it represents the error for that MFC. If the dVi value is
negative (that is, if the actual valve voltage exceeds the maximum threshold), error module 215
calculates the error as a function of the dVi. Utilizing the function permits adding additional
weight to the error factor such that the error becomes exponentially larger in order to drive the
valve back at a higher rate. In various embodiments, the function can use a proportional factor,
an exponential factor, or a polynomial factor.

[0032] Error module 215 then sums the Vimax values for the MFCs in the MFC array to
determine a total error for the MFC array. In one embodiment, the error can be represented as e.
[0033] Total flow module 220 is configured to determine the desired total flow for the MFCs
in the MFC array. Total flow module 220 first calculates a total gain across the MFC’s in the
MEFC array. In one embodiment, the total gain is represented as P. The total gain is determined
as a ratio of the total flow readings across the MFCs in the MFC array. Total flow module 220
can employ a gain table from which it interpolates the actual gain as a function of actual flow
and actual ratio at a particular point in time. In one embodiment, the total flow of the MFCs in
the MFC array can be received as flow reading data 230 from the flow ratio control system 125
from Figure 1. In one embodiment, the total flow is represented as QRd. Total flow module
220 then calculates a desired total flow as a product of QRd and the error calculated in error
module 215. In one embodiment, desired total flow is represented as Q-tot. Thus, Q-tot = QRd
* ¢. In one embodiment, the total flow cannot exceed the maximum value for the MFC devices
used in the MFC array.

[0034] Update setpoint module 225 is configured to determine a new setpoint for each MFC
in the MFC 140 array based on existing flow conditions compared with the desired total flow.

Update setpoint module 225 multiplies the desired total flow Q-tot from total flow module 220
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with a pre-defined setpoint ratio for each MFC in the MFC array. For example, if an MFC array

is composed of 4 MFCs with flow ratios of 10%, 20%, 30% and 40% respectively, update
setpoint module 225 will multiply the Q-tot derived in total flow module 220 with the ratio for
cach of the 4 MFCs to determine the new setpoint for each of the 4 MFCs. In one embodiment,
update setpoint module 225 can then send the updated setpoints to the MFCs in the MFC array
as updated flow setpoint commands 240.

[0035] Figure 3 is a flow diagram illustrating one embodiment of a method 300 for
feedback driven flow control. Method 300 can be performed by processing logic that can
comprise hardware (e.g., circuitry, dedicated logic, programmable logic, microcode, etc.),
software (e.g., instructions run on a processing device), or a combination thereof. In one
embodiment, method 300 is performed by flow control module 115 of Figure 1.

[0036] At block 301 of method 300, processing logic determines initial setpoint commands
for the MFC 140 array. In one embodiment, this can be performed by target setpoint module
210 of Figure 2. At block 302, processing logic sends the initial setpoints commands to the
valves within the system. In one embodiment, a valve is a single MFC device in the MFC 140
array of Figure 1. At block 303, processing logic receives feedback from the valves once the
setpoint commands have been processed by each MFC in the MFC array.

[0037] At block 304, processing logic determines whether the target setpoint for each MFC
has been achieved. If at block 304 processing logic determines that the target setpoint has been
achieved, the method returns to block 303 to again receive feedback from the MFCs. If not, the
method continues to block 305, and processing logic determines updated setpoint commands
based on the feedback received in block 303. In one embodiment, block 305 can be performed
by a combination of any or all of error module 215, total flow module 220, and update setpoint
module 225 of Figure 2.

[0038] At block 306, processing logic sends updated setpoint commands to the valves. In
one embodiment, block 306 can be performed by update setpoint module 225 of Figure 2,
sending the commands as updated flow setpoint commands 240 of Figure 2. At block 307,
processing logic determines whether to terminate the flow. For example, a user can enter a
command to terminate the flow, such as through user interface 105 of Figure 1. If at block 307
processing logic determines that the flow should be terminated, the method ends. If not, the
method returns to block 303 to again receive feedback from the MFCs.

[0039] Figure 4 is a flow diagram illustrating one embodiment of a method 400 for
determining flow control setpoints. Method 400 can be performed by processing logic that can

comprise hardware (e.g., circuitry, dedicated logic, programmable logic, microcode, etc.),
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software (e.g., instructions run on a processing device), or a combination thereof. In one
embodiment, method 400 is performed by flow control module 115 of Figure 1.

[0040] At block 401 of method 400, processing logic determines the target setpoint for each
valve of an MFC array. In one embodiment, block 401 can be performed by target setpoint
module 210 of Figure 2. For example, the target setpoint module can utilize a setpoint
representing the point at which a valve is as far open as possible and reduce that setpoint until a
target reference threshold is achieved, where the target set point is a voltage represented as
Vmax.

[0041] At block 402, processing logic calculates the total error value across the MFCs in the
MEFC array. In one embodiment, block 402 can be performed by error module 215 of Figure 2.
For example, the difference between the target voltage Vmax and an individual valve voltage of
cach MFC can be calculated as a value dVi = Vimax — Vi, where i represents a particular MFC
in the MFC array, Vimax represents the Vmax for that MFC, and Vi represents the actual
voltage for that MFC. The Vimax values for the MFCs can be summed to determine a total error
for the MFC array, which can be represented as e.

[0042] At block 403, processing logic calculates the desired total flow across the MFCs in
the MFC array. In one embodiment, block 403 can be performed by total flow module 220 of
Figure 2. For example, a total gain across the MFCs in the MFC array can be represented as P,
where the total gain is determined as a ratio of the total flow readings across the MFCs in the
MEFC array. The total flow of the MFCs in the MFC array can be represented as QRd. A desired
total flow can be a product of QRd and the error e, where the desired total flow can be
represented as Q-tot.

[0043] At block 404, processing logic calculates an updated setpoint for each of the MFCs in
the MFC array. In one embodiment, block 404 can be performed by update setpoint module 225
of Figure 2. For example, the desired total flow Q-tot from total flow module 220 can be
multipled with a pre-defined setpoint ratio for each MFC in the MFC array to determine an
updated setpoint for each MFC.

[0044] At block 405, processing logic sends updated setpoint commands to the valves. In
one embodiment, block 405 can be performed by update setpoint module 225 of Figure 2,
sending the commands as updated flow setpoint commands 240 of Figure 2. At block 406,
processing logic receives flow readings and valve positions for each MFC in the MFC array. At
block 407, processing logic determines whether to terminate the flow. For example, a user can
enter a command to terminate the flow, such as through front end system 105 of Figure 1. If at
block 407 processing logic determines that the flow should be terminated, the method ends. If

not, the method continues to block 408 and processing logic calculates actual total flow across
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the MFCs in the MFC array. The method then returns to block 402 to repeat the process so long

as flow has not been terminated.

[0045] Figure 5 is a block diagram illustrating a flow control system 500 utilizing a feed-
forward driven flow control module coupled to a multi-channel mass flow control apparatus via
a high speed Ethercat connection, in which embodiments described herein can operate. The flow
control system 500 can include a user interface 505, a control server 510, and a flow ratio
control system 525. The control server 510 can be coupled to the flow ratio control system 525
via a digital connection that provides high speed data transfer. Flow ratio control system 525
can be coupled to an array of mass flow controllers MFC 540-1 to MFC 540-n where n
represents the total number of mass flow controllers in any embodiment. For example, in one
embodiment the total number of mass flow controllers can be 2. In another embodiment, the
total number of mass flow controllers can be 10. Each of the mass flow controllers in the MFC
array 540 receive an input flow of gas 546 from gas supply 545 and produce an output flow 547
directed to chambers 550.

[0046] The user interface 505, control server 510, and flow ratio control system 525 can be
individually hosted by any type of computing device including server computers, gateway
computers, desktop computers, laptop computers, tablet computer, notebook computer, PDA
(personal digital assistant), mobile communications devices, cell phones, smart phones, hand-
held computers, or similar computing device. Alternatively, any combination of user interface
505, control server 510, and flow ratio control system 525 can be hosted on a single computing
device including server computers, gateway computers, desktop computers, laptop computers,
mobile communications devices, cell phones, smart phones, hand-held computers, or similar
computing device.

[0047] User interface 505 can be variously configured with different functionality to enable
a user to provide input to the control server 510. Additionally, the user interface 505 can be
configured to provide information to a user regarding status of the control server 510. In one
embodiment, the user interface 505 can display the desired total flow recipe, the current total
flow readings, the individual errors for any MFC, the total error for the MFC array 540, or any
combination thereof. In another embodiment, the user interface 505 can be used to terminate
flow operations through the MFC array 540.

[0048] The control server 510 can implement resource intensive algorithms for monitoring
information received from the flow ratio control system 525 in order to detect flow conditions
present in the MFC array 540 that require an adjustment. In one embodiment, control server 510

can include a valve control module 515 and setpoint data 520.
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[0049] The valve control module 515 can handle processing involved in making flow
adjustments to the MFC array 540. In one embodiment, valve control module 515 can detect
and correct flow instabilities in the MFC array 540. In another embodiment, valve control
module 515 can make a flow adjustment to the MFC array 540 based on a command entered into
the user interface 505.

[0050] In one embodiment, the valve control module 515 can send an initial setpoint
command to each MFC via the flow ratio control system 525. The flow and valve voltage from
cach MFC can then be sent back to valve control module 515 where the flow is evaluated. If a
flow instability is detected in the MFC array 540, valve control module 515 can predict valve or
flow setpoints to correct the instability. Valve control module 515 can base the prediction on
previous setpoints used in similar flow instability situations that are stored in a data store. In one
embodiment the data store can be setpoint data 520. An updated setpoint can then be calculated
for each MFC in the MFC array 540. The updated flow setpoint can then be sent directly to the
flow ratio control system 525 via the high speed digital connection to adjust the individual
MFCs in the MFC array 540.

[0051] In one embodiment, valve control module 515 can determine that a flow instability
can be corrected with a specific change in the total flow setpoints for each MFC. In this
situation, valve control module 515 can send fixed MFC flow setpoints directly to each MFC in
the MFC array 540 across the digital connection, directly bypassing any feedback control. In
another embodiment, valve control module 515 can determine that a flow instability can be
corrected with a change in valve position for specific MFCs in the MFC array 540. In this
situation, valve control module 515 can send valve position setpoints directly to the applicable
MEFCs in the MFC array 540. The valve control module 515 can utilize either or both of these
two feed forward control modes to update only individual MFCs in the MFC array 540 or it can
update the MFCs in the MFC array 540 at the same time.

[0052] The control server 510 can communicate with the flow ratio control system 525 via a
high speed digital connection. In one embodiment this connection can be an Ethercat
connection. The use of a digital connection can provide the ability to send and receive larger
amounts of data and control measurements between control server 510 and flow ratio control
system 525. Control server 510 can therefore communicate with flow ratio control system 525
much more quickly and with much greater accuracy.

[0053] The flow ratio control system 525 can handle processing involved in measurement of
flow readings and valve positions of each of the MFCs in the MFC array 540. The flow ratio
control system 525 can include a flow reading module 530 and a valve position module 535. In

one embodiment, flow reading module 530 receives a valve voltage reading from each
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individual MFC in the MFC array 540 that is indicative of the total flow of that individual MFC.

Flow reading module 530 then sends the total flow reading to real-time system 510 to be used in
the valve control algorithm. The term “valve control algorithm™ is intended to refer to the
processing logic that is responsible for maintaining a predetermined valve voltage “recipe.” In
one embodiment, valve position module 535 receives a voltage reading from each MFC in the
MEFC array 540 that is indicative of the valve position of that individual MFC. Valve position
module 535 then sends the valve position reading to real-time system 510 to be used in the valve
control algorithm.

[0054] Additionally, flow ratio control system 525 can send updated setpoint commands to
cach of the MFCs in the MFC array 540. If valve control module 515 determines that a change
in flow is required, control server 510 can send updated flow setpoint commands to the MFC
array 540 via flow ratio control system 525. Similarly, if valve control module 515 determines
that a change in valve position is required, control server 510 can send updated valve position
setpoint commands to the MFC array 540 via flow control ratio system 525.

[0055] Figure 6 is a block diagram of one embodiment of a valve control module 600,
which can correspond to the valve control module 515 of Figure 1. The valve control module
600 can include one or more of a target setpoint module 610, a flow adjustment monitor 615, a
prediction module 620, and an update setpoint module 625. Additionally, valve control module
600 can receive flow reading data 630, valve position data 635, and previous setpoint data 640,
as well as transmit updated flow setpoint commands 640.

[0056] Target setpoint module 610 is configured to determine the reference threshold for
valve voltage for each MFC of the MFC array. The reference threshold represents the target
valve voltage to which each MFC valve can be driven so that pressure drops are minimized
during transient flows. In one embodiment, the target setpoint module 610 utilizes the setpoint
representing the point at which a valve is as far open as possible and reduces that setpoint until
the target reference threshold is achieved.

[0057] Flow adjustment monitor 615 is configured to monitor the flow across the MFC array
and determine if there are any adjustments required. In one embodiment, flow adjustment
monitor 615 can receive updated setpoint commands from user interface 505 of Figure 5. In
another embodiment, flow adjustment monitor 615 can monitor the MFC array for instabilities in
the transient flow in any or all of the MFCs. In one embodiment, flow instability module 615
can detect an instability based on calculating the error as described above in error module 215 of
Figure 2. In another embodiment, flow adjustment monitor 615 can detect an instability based
on calculating the gain using the total flow readings across the MFCs in the MFC array as

described above in total flow module 220 of Figure 2. In embodiments, flow adjustment
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monitor 615 can use flow reading data 630 and/or valve position data 635 in order to determine
whether a flow instability is present in the MFC array.

[0058] Prediction module 620 is configured to generate corrected valve or flow setpoints
based on flow adjustments detected by flow adjustment monitor 615. In one embodiment,
prediction module 620 can receive correction setpoints directly via user input through the user
interface 505 of Figure 5. In another embodiment, prediction module 620 can predict updated
setpoints based on user input. For example, if a user enters updated setpoints into a user
interface, prediction module 620 can generate a prediction of the most efficient flow or valve
setpoint values based on previously entered setpoints where a more efficient flow was achieved.
Prediction module 620 can search a database of stored setpoints to determine if a substantially
similar set of setpoints was ever entered in the past and if those setpoints led to a flow instability.
Prediction module 620 can then generate a new set of setpoints that are likely to avoid an
inefficient flow condition.

[0059] In another embodiment, prediction module 620 can predict possible valve or flow
setpoints to correct any instability detected by flow adjustment monitor 615. If a flow instability
is detected, prediction module 620 can receive previous setpoint data 640 from a database of
stored setpoints such as can be found in setpoint data 520 of Figure 5. Prediction module 620
can search stored setpoints to determine if the currently detected flow instability (or a
substantially similar flow instability) has occurred in the system at a prior time. If so, prediction
module 620 will receive the setpoints utilized by the system to correct the prior flow instability
in order to attempt to correct the currently detected flow instability.

[0060] Alternatively, if the conditions of the current flow instability have not been
encountered before in the system, prediction module 620 can search for an instability condition
that was similar to the current flow instability. In one embodiment, prediction module 620 can
use a configurable threshold limit by which any previously encountered flow instability
condition can be considered similar enough to the current flow instability to be useful in
predicting a possible correction. For example, one embodiment can compare total flow voltage
of the current instability condition to the total flow voltage of saved instability data. If the two
are not the same, but are within a predetermined voltage threshold of each other, prediction
module 620 can determine that the two are similar enough such that the setpoints for the stored
data can be useful in predicting a correction for the current problem.

[0061] Update setpoint module 625 is configured to determine a new setpoint for each MFC
in the MFC array based on the prediction generated by prediction module 620. In one
embodiment, update setpoint module 625 can send the updated setpoints directly to the MFCs in
the MFC array as updated flow setpoint commands 645.

12
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[0062] Figure 7 is a flow diagram illustrating one embodiment of a method 700 for feed-

forward driven flow control. Method 700 can be performed by processing logic that can
comprise hardware (e.g., circuitry, dedicated logic, programmable logic, microcode, etc.),
software (e.g., instructions run on a processing device), or a combination thereof. In one
embodiment, method 700 is performed by valve control module 515 of Figure 5.

[0063] At block 701 of method 700, processing logic determines initial setpoint commands
for the MFC array. In one embodiment, this can be performed by target setpoint module 610 of
Figure 6. At block 702, processing logic sends the initial setpoint commands to the valves
within the system. In one embodiment, a valve is an MFC device in the MFC 540 array of
Figure 5. At block 703, processing logic determines whether a flow adjustment is required. For
example, in one embodiment, whether a flow instability has been detected in the system is
determined. In another embodiment, whether new setpoint commands have been entered into a
user interface can be determined. If a flow adjustment is not required, processing logic
continues to monitor the system for flow adjustments. If processing logic determines that a flow
adjustment is required, the method continues to block 704, and processing logic predicts an
adjustment. For example, if a flow instability is detected, a correction to the flow instability can
be predicted. Similarly, if a user enters updated setpoint commands into a user interface that can
lead to a flow instability, a correction to the user entered setpoints in order to avoid the flow
instability can be determined. In one embodiment, block 704 can be performed by prediction
module 620 of Figure 6.

[0064] At block 705, processing logic determines updated setpoint commands based on the
adjustment predicted at block 704. In one embodiment, block 705 can be performed by update
setpoint module 625 of Figure 6. At block 706, processing logic sends updated setpoint
commands to the valves. In an embodiment, block 706 can be performed by update setpoint
module 625 of Figure 6, sending the commands as updated valve setpoint commands 645.
[0065] At block 707, processing logic determines whether to terminate the flow. For
example, a user can enter a command to terminate the flow, such as through front end system
505 of Figure 5. If at block 707 processing logic determines that the flow should be terminated,
the method ends. If not, the method returns to block 703 to again check for flow instabilities in
the system.

[0066] Figure 8 illustrates a graphical representation of a flow transient for a four-channel
flow ratio controller using four MFC devices, in accordance with one embodiment of the present
invention. In one embodiment, MFC 801, MFC 802, MFC 803, and MFC 804 can be MFC 140-
1 through MFC 140-n of Figure 1.
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[0067] At time mark 10 seconds, MFC 801 and MFC 803 are¢ cach set to a flow ratio of 26%

and MFC 802 and MFC 804 are each set to a flow ration of 24%. The MFCs remain at these
setpoints until approximately time mark 16, where new setpoints are entered into the system.
For example, a user can enter new target setpoints into the front end system 105 of Figure 1. At
time 16, the flow control algorithm begins to iteratively calculate updated setpoints and send
them to each of the four MFCs in the array. In one embodiment, the flow control algorithm can
be performed by flow control module 115 of Figure 1. Each of the four MFCs are
symmetrically adjusted until the desired flow is attained without incurring spikes in the total
flow. At an approximate time mark of 17 seconds, MFC 801 has been updated to a flow of 41%,
MFC 802 to a flow of 39%, MFC 803 to a flow of 11%, and MFC 804 to a flow of 9%.

[0068] At an approximate time mark of 24 seconds the setpoints are updated again, driving
the four MFCs to new a new desired flow. At an approximate time of 26 seconds, MFC 803 has
been updated to a flow of 41%, MFC 804 to a flow of 39%, MFC 801 to a flow of 11%, and
MEFC 802 to a flow of 9%.

[0069] Note that Figure 8 describes an embodiment with four channels. However, according
to embodiments, MFC arrays can contain fewer than four channels or more than four channels.
[0070] Figure 9 is a block diagram illustrating an example computing device 900. In one
embodiment, the computing device corresponds to a computing device hosting a control module
940. In one embodiment, the control module 940 can be the flow control module 115 of Figure
1. In another embodiment, the control module 940 can be the valve control module 515 of
Figure 5. The computing device 900 includes a set of instructions for causing the machine to
perform any one or more of the methodologies discussed herein. In alternative embodiments,
the machine can be connected (e.g., networked) to other machines in a LAN, an intranet, an
extranet, or the Internet. The machine can operate in the capacity of a server machine in client-
server network environment. The machine can be a personal computer (PC), a set-top box
(STB), a server, a network router, switch or bridge, or any machine capable of executing a set of
instructions (sequential or otherwise) that specify actions to be taken by that machine. Further,
while only a single machine is illustrated, the term “machine” shall also be taken to include any
collection of machines that individually or jointly execute a set (or multiple sets) of instructions
to perform any one or more of the methodologies discussed herein.

[0071] The exemplary computer device 900 includes a processing system (processing
device) 902, a main memory 904 (e.g., read-only memory (ROM), flash memory, dynamic
random access memory (DRAM) such as synchronous DRAM (SDRAM), etc.), a static memory
1006 (e.g., flash memory, static random access memory (SRAM), etc.), and a data storage

device 918, which communicate with each other via a bus 930.
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[0072] Processing device 902 represents one or more general-purpose processing devices
such as a microprocessor, central processing unit, or the like. More particularly, the processing
device 902 can be a complex instruction set computing (CISC) microprocessor, reduced
instruction set computing (RISC) microprocessor, very long instruction word (VLIW)
microprocessor, or a processor implementing other instruction sets or processors implementing a
combination of instruction sets. The processing device 902 can also be one or more special-
purpose processing devices such as an application specific integrated circuit (ASIC), a field
programmable gate array (FPGA), a digital signal processor (DSP), network processor, or the
like. The processing device 902 is configured to execute the control module 940 for performing
the operations and steps discussed herein.

[0073] The computing device 900 can further include a network interface device 908. The
computing device 900 also can include a video display unit 910 (e.g., a liquid crystal display
(LCD) or a cathode ray tube (CRT)), an alphanumeric input device 912 (e.g., a keyboard), a
cursor control device 914 (e.g., a mouse), and a signal generation device 916 (e.g., a speaker).
[0074] The data storage device 918 can include a computer-readable storage medium 928 on
which is stored one or more sets of instructions (instructions of control module 940) embodying
any one or more of the methodologies or functions described herein. The control module 940
can also reside, completely or at least partially, within the main memory 904 and/or within the
processing device 902 during execution thereof by the computing device 900, the main memory
904 and the processing device 902 also constituting computer-readable media. The control
module 940 can further be transmitted or received over a network 920 via the network interface
device 908.

[0075] While the computer-readable storage medium 928 is shown in an example
embodiment to be a single medium, the term “computer-readable storage medium” should be
taken to include a single medium or multiple media (e.g., a centralized or distributed database,
and/or associated caches and servers) that store the one or more sets of instructions. The term
“computer-readable storage medium” shall also be taken to include any medium that is capable
of storing, encoding or carrying a set of instructions for execution by the machine and that cause
the machine to perform any one or more of the methodologies of the present disclosure. The
term “computer-readable storage medium” shall accordingly be taken to include, but not be
limited to, solid-state memories, optical media, and magnetic media.

[0076] In the above description, numerous details are set forth. It will be apparent, however,
to one of ordinary skill in the art having the benefit of this disclosure, that embodiments of the

disclosure can be practiced without these specific details. In some instances, well-known
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structures and devices are shown in block diagram form, rather than in detail, in order to avoid
obscuring the description.

[0077] Some portions of the detailed description are presented in terms of algorithms and
symbolic representations of operations on data bits within a computer memory. These
algorithmic descriptions and representations are the means used by those skilled in the data
processing arts to most effectively convey the substance of their work to others skilled in the art.
An algorithm is here, and generally, conceived to be a self-consistent sequence of steps leading
to a desired result. The steps are those requiring physical manipulations of physical quantities.
Usually, though not necessarily, these quantities take the form of electrical or magnetic signals
capable of being stored, transferred, combined, compared, and otherwise manipulated. It has
proven convenient at times, principally for reasons of common usage, to refer to these signals as
bits, values, elements, symbols, characters, terms, numbers, or the like.

[0078] It should be borne in mind, however, that all of these and similar terms are to be
associated with the appropriate physical quantities and are merely convenient labels applied to
these quantities. Unless specifically stated otherwise as apparent from the above discussion, it is
appreciated that throughout the description, discussions utilizing terms such as “determining,”

2% ¢

“adding,” “providing,” or the like, refer to the actions and processes of a computing device, or
similar electronic computing device, that manipulates and transforms data represented as
physical (e.g., electronic) quantities within the computer system's registers and memories into
other data similarly represented as physical quantities within the computer system memories or
registers or other such information storage devices.

[0079] Embodiments of the disclosure also relate to an apparatus for performing the
operations herein. This apparatus can be specially constructed for the required purposes, or it
can comprise a general purpose computer selectively activated or reconfigured by a computer
program stored in the computer. Such a computer program can be stored in a computer readable
storage medium, such as, but not limited to, any type of disk including optical disks, CD-ROMs,
and magnetic-optical disks, read-only memories (ROMs), random access memories (RAMs),
EPROMSs, EEPROMSs, magnetic or optical cards, or any type of media suitable for storing
electronic instructions.

[0080] It is to be understood that the above description is intended to be illustrative, and not
restrictive. Many other embodiments will be apparent to those of skill in the art upon reading
and understanding the above description. The scope of the disclosure should, therefore, be

determined with reference to the appended claims, along with the full scope of equivalents to

which such claims are entitled.
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CLAIMS

What is claimed is:
1. A method comprising:

determining a plurality of initial flow setpoint commands, each of the plurality of initial
flow setpoint commands corresponding to one of a plurality of valves;

sending each of the plurality of initial flow setpoint commands to a corresponding one of
the plurality of valves;

receiving feedback from each of the plurality of valves; and

determining, by a processing device, a plurality of updated flow setpoint commands,
cach of the plurality of updated flow setpoint commands corresponding to one of the plurality of
valves, based on the corresponding feedback from each of the plurality of valves.
2. The method of claim 1, wherein the feedback comprises a measured flow and an updated
valve voltage.
3. The method of claim 1, wherein determining the plurality of updated flow setpoint
commands is further based on a corresponding flow percentage.
4. The method of claim 1, wherein the feedback comprises an updated total flow
determined based on a gain, wherein the gain is based on a measured flow from each of the
plurality of valves and a corresponding flow percentage.
5. The method of claim 4, wherein the feedback further comprises an updated valve
voltage, wherein the updated total flow is further determined based on an error, and wherein the
error is based on a difference between a maximum valve voltage and the updated valve voltage,
and a proportional factor.
6. The method of claim 1 further comprising sending each of the plurality of updated flow
setpoint commands to the corresponding valve.
7. The method of claim 1, wherein each of the plurality of initial flow setpoint commands is
based on a corresponding flow percentage, an initial total flow and a corresponding initial valve
voltage.
8. A system comprising a controller programmed to execute instructions comprising:

determining a plurality of initial flow setpoint commands, each of the plurality of initial
flow setpoint commands corresponding to one of a plurality of valves;

sending each of the plurality of initial flow setpoint commands to a corresponding one of
the plurality of valves;

receiving feedback from each of the plurality of valves; and
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determining a plurality of updated flow setpoint commands, each of the plurality of
updated flow setpoint commands corresponding to one of the plurality of valves, based on the
corresponding feedback from each of the plurality of valves.
9. The system of claim 8, wherein the feedback comprises a measured flow and an updated
valve voltage.
10.  The system of claim 8§, wherein determining the plurality of updated flow setpoint
commands is further based on a corresponding flow percentage.
11.  The system of claim 8, wherein the feedback comprises an updated total flow
determined based on a gain, wherein the gain is based on a measured flow from each of the
plurality of valves and a corresponding flow percentage.
12.  The system of claim 11, wherein the feedback further comprises an updated valve
voltage, wherein the updated total flow is further determined based on an error, and wherein the
error is based on a difference between a maximum valve voltage and the updated valve voltage,
and at least one of a proportional factor, an integral factor, or a differential factor.
13.  The system of claim 8 further comprising sending each of the plurality of updated flow
setpoint commands to the corresponding valve.
14.  The system of claim 8§, wherein each of the plurality of initial flow setpoint commands is
based on a corresponding flow percentage, an initial total flow and a corresponding initial valve
voltage.
15. A non-transitory computer readable medium having instructions that, when executed by a
processing device, cause the processing device to:

determine a plurality of initial flow setpoint commands, each of the plurality of initial
flow setpoint commands corresponding to one of a plurality of valves;
sending each of the plurality of initial flow setpoint commands to a corresponding one of the
plurality of valves;

receive feedback from each of the plurality of valves;

determine, by a processing device, a plurality of updated flow setpoint commands, each
of the plurality of updated flow setpoint commands corresponding to one of the plurality of
valves, based on the corresponding feedback from each of the plurality of valves; and

send each of the plurality of updated flow setpoint commands to the corresponding valve.
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