
1  Valve Control System and Method  Technical Field of
the Invention: [0001] Embodiments of the present
invention relate to the field  of flow control. More
particularly, embodiments of the  present invention
relate to systems and methods for multiple channel
flow control.  Background of the Invention: [00.02]
Many thermal mass flow controllers utilize
force-actuated  "globe" valves to control gas flow
through the  controllers. A globe valve, as shown in
FIGURE 1,  typically comprises a spherical poppet 10
that.seals  against a circular or conical valve
seat.12. A variable  force actuator connected to a
valve stem 14 can exert a  force to unseat poppet 10
from valve seat 12. A valve,  such as that depicted in
FIGURE.1, can be designed such.  that the differential
pressure force 16 of the fluid being  controlled
either acts to seal the valve or unseat the  valve. In
the example of FIGURE 1, the differential  pressure
force 16 acts to-unseat the valve. To counteract  this
force,a preload spring can exert a spring force 18  on
the poppet to keep the valve closed in the absence of
an actuating force. This preload force is generally
set  high enough to prevent flow at the highest
anticipated  inlet pressure. [0003] In many mass flow
controllers, the initial application of  .force by the
actuator does not result in appreciable flow,  as
the-valve is held closed by the preload spring force-.
When the actuating force is approximately equal to the
spring force minus the force caused by the
differential  pressure, the poppet opens 'and fluid
begins to flow. As  further actuating force is applied
to the valve stem, the  



poppet is further removed from the valve seat and the
flow  orifice is enlarged. This causes increased flow
through  the valve. 111111 IIIII IIIII IIIII IIIII
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IIIII IIIII IIII IIII *000002* 2  [0004] FIGURE 2
illustrates an example flow/force curve for a valve.
The region of the force flow/force curve where no
flow occurs is referred to as a deadband. The width of
the deadband region is proportional to the preload
closing  force and the opening force exerted on the
poppet by the  differential pressure force. The region
where flow does  occur is the useful control region.
The point at which  leakage begins to occur and the
valve begins to open is  referred to as the valve
threshold. Flow in the control  region is typically
proportional to the valve displacement  caused by the
actuating force acting against the preload  spring,
valve seat/poppet diameter, and differential
pressure. While control region of FIGURE 2 is shown as
generally :Linear, the control region can be non
linear and  suffer from mechanical hysteresis. [0005]
Several factors (both dynamic and static) can alter
the  threshold and gain (i.e., slope of flow/force
curve the.  control region) of the valve. For
instance, a change in  preload will alter the valve
threshold without affecting  gain in the control
region. A change in valve diameter,  on the other
hand, will affect the gain with relatively  little
change in the threshold. This is because the same
linear displacement of a larger valve poppet results
in  greater flow through the valve at the same
differential  



pressure. Similarly, a change in differential pressure
will affect gain, with increased differential pressure
leading to a larger. gain. [0006] FIGURE 3 shows three
example flow/force curves for three  combinations of
valve diameters and preload settings.  Each of the
three response curves is able to reach a one  hundred
percent flow rate, despite the variance in valve
diameter and corresponding preload setting. However,
the  valves display different threshold levels and
gains within  their control regions. When the valve
diameter is.larger.  or differential pressure
anticipated is higher, the valve.  preload is
increased 'to prevent leak-through. Likewise, 3 , .
when the valve diameter is smaller or the anticipated
differential pressure is lower, the preload can be
decreased. This compensates for the lower gain of the
smaller valve or lower pressure to ensure that the
valve  can reach an adequate maximum flow rate.' In
prior art  systems, each mass flow controller is
individually tuned  to compensate for changes in
threshold and gain. [0007] Prior art mass flow
controller valve systems utilized a  single control
system.output channel to set the opening  force
applied to the valve stem. When a non-zero mass  flow
set point is received, the control system begins to
increase the output value until flow is established
and  eventually equals the set point value. The time
required  to increase. the valve force beyond the
threshold  contributes to a slow response time.
Additionally, having  to account: for the transition
through the deadband with a  single channel can cause
the integral term of the typical  control algorithm to
overshoot the set point. [0008] To counter-these
effects, some prior art systems apply a  



pre-charge to the control system-output such that
valve  drive is driven immediately to the threshold of
flow any  time a non-zero flow set point is asserted.
This system  is effective in reducing dead time and
control system  overshoot, but introduces other
problems. One such  problem-is a loss of resolution in
the control region.  The actuation force applied to a
poppet is generally  proportional to the number of
quantized step asserted by a  digital controller via a
digital-to-analog conversion  system. Applying a fixed
initial force to overcome. the  valve threshold
requires that a single-channel system uses  some
number of the total available steps for the initial
force. As an example, if a single channel control
system  can adjust the valve opening force in 100 of
those steps,  'the initial force may require 45 of
those steps. This  leaves bnly 55 steps to control
flow in the control  region. As the required threshold
force increases, the 4  resolution in the control
region decreases as more steps  are required for the
initial force. [0009] Moreover, the addition of an
initial force to reach the  valve threshold
complicates the control system. Ideally,  a control
system is most easily implemented when the  control
output is related to the controlled parameter by a
linear function with minimum offset. The use of
threshold  force, however, introduces a significant
offset. The  value of the offset can vary greatly
based on static and  dynamic factors such as valve
diameter and differential  pressure, making it
difficult to calibrate mass flow  controllers that
apply an initial force through the same  channel as.
the control force. SUMMARY OF THE INVENTION  



[0010] Embodiments of the present invention provide a
system and  method of valve control that eliminates,
or at least  substantially reduces, the shortcomings
of prior art valve  control systems and methods. More
particularly,  embodiments of the present invention
provide systems and  methods for multi-channel valve
control. [0011] One embodiment of the present
invention includes a system  of valve control that
comprises a processor, a computer  readable medium
accessible by the processor and a set of  computer
instructions that are executable by the processor  to
output a first signal on-a first. channel indicating
an  initial force to be applied to a valve.by an
actuator and  output a second signal on a second
channel indicating a  control force to be applied to
the valve. [0012] Another embodiment of the present
invention includes a  method for controlling a valve
that includes outputting a  first signal on afirst
control channel indicating an  initial force to be
applied to the valve, outputting a  second signal on a
second control channel indicating a  control force to
be-applied to the valve, and generating a  third
signal from the first signal and the second signal, 5
wherein the third signal indicates a valve force equal
to  the initial force and the control force. [0013]
Yet another embodiment of the present invention
includes a  method for controlling a valve that
comprises generating a  reference signal with a
reference voltage proportional to  a total force,
generating a first signal having a first  voltage
based on the reference voltage, wherein the first
voltage is proportional to an initial force,
generating a  second signal having a remainder
voltage, generating a  second voltage based on the
remainder voltage that is  



proportional to a control force and generating a valve
control signal having a third voltage equal to the
first  voltage and the second voltage. [0014] Yet
another embodiment of the present invention includes
valve control system that has a processor with a
threshold  output and a control output, a computer
readable medium  accessible by the processor and a set
of computer  instructions that are executable to
output a first pulse  width modulated signal on the
threshold output indicating  an initial force to be
applied to a valve by an actuator  and output a second
pulse width modulated signal on the  control channel
indicating a control force to be applied  to the
valve. This embodiment can also include a  reference
voltage source and a first open drain buffer  that
has: at reference voltage input connected to the
reference voltage source, a threshold input connected
to  the threshold output and a first open drain buffer
output.  The.valve control system can further include
a first low  pass filter connected to the first open
drain buffer  output and a first summer having first
summer inputs  connected to the first low pass filter
and the reference  voltage source. This embodiment of
the present invention  can also include a second open
drain buffer that has a  remainder voltage input
connected to a first summer  output, a control input
connected to the control output  and.a second open
drain buffer output. The control system 6  can still
further include a second low pass filter  connected to
the second open drain buffer output, the  second low
pass filter having a second low pass filter  output
and a second summer connected to the second. low  pass
filter output. 



[0015] Yet another embodiment of the present invention
can  include a method for controlling a valve that
comprises'  generating a first pulse width modulated
signal, with a  pulse width proportional to an initial
force, generating a  second pulse width modulated
signal, with a pulse width  proportional to a control
force, converting the first .pulse width modulated
signal into a first direct current  signal having a
first voltage proportional to the initial  force based
on the first pulse width modulated signal and  a
reference voltage, generating a remainder voltage,
converting the second pulse width modulated signal
into a  second direct current signal having a second
voltage  proportional to the control force based on
the second  pulse width modulated signal and the
remainder voltage and  summing the first direct
current signal and the second  direct current signal
to generate a valve control signal. [0016] Another
embodiment of the present invention can include  valve
control system that has a processor with a threshold
output a control output, a computer readable medium
accessible by the processor and a set of computer
instructions stored on the computer readable medium
that  are executable to-output a first signal on the
threshold  output indicating an initial force to be
applied to a  valve by an actuator and output a second
signal on the  control channel indicating a control
force to be applied  to the valve. The control system
can further include a  reference voltage source, a
first digital to analog  converter connected to the
threshold output and the  reference voltage source and
a first summer connected to  an output of the first
digital to analog converter and the  reference voltage
source that generates a remainder 7  



voltage. The control system can still further include
a  second digital to analog converter connected to the
control output and the first summer. The control
system  can further include a second summer connected
to outputs,  of the first digital to analog converter
and the second  digital to analog converter. [0017]
Yet another embodiment of present invention can
include a  method for controlling a valve comprising
31. A method  for controlling a valve comprising
generating a digital  signal indicating an initial
force, generating a second  digital signal indicating
a control force, converting the  first digital signal
at first digital to analog converter  into a first
direct current signal having a first voltage
proportional to the initial force based on the first
digital signal and a reference voltage, generating a
remainder voltage, converting the second digital
signal at  a second digital to analog converter into a
second direct  current signal having a second voltage
proportional to-the  control force based on the second
digital signal and the  remainder voltage and summing
the first direct current  signal and the second direct
current signal to generate a  valve control signal.
BRIEF DESCRIPTIONS OF THE DRAWINGS: [0018] A more
complete understanding of the present invention and
the advantages thereof may be acquired by referring to
the  following description, taken in conjunction with
the  accompanying drawings in which like reference
numbers  indicate like features and wherein: [0019]
FIGURE 1 is a diagrammatic representation of a globe
valve; - [0020] FIGURE 2 is a force/flow chart for a
valve; [0021] FIGURE 3 is a force/flow chart
illustrating the effects of  



changes in valve diameter or differential pressure;
[0022] FIGURE 4 is-diagrammatic representation of a
flow control  device; B  [0023] FIGURE 5 is a
diagrammatic representation of one embodiment  of a
control system; [0024] FIGURE 6 is a diagrammatic
representation of another  embodiment: of a control
system; [0025] FIGURE 7 is a diagrammatic
representation of another  embodiment, of a control
system; and [0026] FIGRUE 8 is a flow chart
illustrating one embodiment of a  method for
controlling a valve. DETAILED DESCRIPTION: [0027]
Embodiments of the present invention provide a system
and  method for multi-channel valve control. More
particularly, embodiments of.the present invention'
provide  a system and method of dual-channel valve
drive in a mass  flow controller. [0028] For purposes
of this invention, the term "total force"  refers to
the force required to achieve 100% flow for a
particular valve configuration, "initial force" refers
to  a baseline force applied to the valve over the
initial  portion of the force/flow curve for the
valve, the  remainder force is the difference between
the total force  and the initial force, the term
"control force" indicates  a force applied in addition
to the initial force and the  term "valve force"
indicates the amount of force applied  to the valve.
[0029] Embodiments of the present invention provide a
valve  control system in which the initial force can
be indicated  on a first channel and the control force
can be indicated  on another channel. The outputs of
the two channels can  



be combined to determine the valve force. By splitting
control of the initial force and control force between
multiple channels, the control system can have
increased  resolution controlling the control force
and can react  more easily to dynamic conditions
(e.g., changes in  pressure) that affect the
force/flow curve for the valve. [0030] FIGURE 4 is a
diagrammatic representation of one  embodiment of a
flow controller. Mass flow controller 400 9  comprises
inlet fitting 410, flow restrictor 420 thermal mass
flow sensor 430,  control valve 440, solenoid 450,
outlet fitting 460 and 1/0 coupling 470 for
communicating with a control system or process
management system. 5 Thermal mass flow sensor 430,
which can include upstream and downstream  resistors
and solenoid 450 may be coupled to an embedded control
system.  The control valve is driven by a current
controlled solenoid valve drive circuit. [0031] Fluid
(e.g., gas, liquid, gas-vapor mix) enters mass flow
controller 400 through  inlet fitting 410, flows
through flow restrictor 420, control valve 440 and 10
outlet fitting 460. The volume of gas flowing through
outlet fitting 460 is  controlled by control valve
440, which is in turn controlled by solenoid 450.  The
embedded control system monitors the set point input
and flow sensor  output. A control algorithm, such as
a closed loop control algorithm executed  by the
embedded control system operates to output a valve
control signal to 15 solenoid 450. In response to the
valve control signal, solenoid 450 exerts a  force on
valve stem 462 to move poppet 464 away from valve seat
466. The  amount of force the solenoid must exert to
allow a particular flow through  control valve 440 can
be based on a preload force exerted by a preload
spring,  a force exerted by the diaphragm and the
differential pressure force. The mass 20 flow
controller of FIGURE 4 is provided by way of example
only, and  embodiments of the present invention can be
implemented in a variety of mass  flow controllers
including those described in United States Patent
Application  Serial No. 10/886,836, entitled "Method
and System for a Mass Flow Controller with Reduced
Pressure Sensitivity", filed July 8, 2004, by Tinsley



25 et al., which is hereby fully incorporated by
reference herein, (the "Reduced  Pressure Sensitivity
Application"). 10  [0032] FIGURE 5 is a diagrammatic
representation of one embodiment of a control system
500 according to one embodiment of the present
invention. Control  system 500 can include sensor
logic to output a sensed flow based on the 5
resistances of the upstream and downstream sense
elements (e.g., resistors).  The sensor logic 501 can
include sensor logic such as the interface logic of
United States Patent No. 6,575,027, entitled "Mass
Flow Sensor Interface  Circuit", issued June 10, 2003
to Larson et al., which is hereby fully incorporated
by reference herein. Processor 505 (e.g., CPU, ASIC,
or other 10 processor known in the art) can be
connected to sensor logic 501 by an analog  to digital
("A/D") converter 502. A/D converter 502 can receive
the sensed  flow signal from sensor logic 501 and
convert the received signal to a digital
representation of the sensed flow. Processor 505 can
receive the sensed flow  from A/D converter 502. Based
on a digital or analog set point 507 applied to 15
controller 500, and the sensed flow, processor 505 can
generate a digital  control signal that represents how
much a valve should open or close to  regulate fluid
flow. In generating the control signal, controller 500
can also  account for the attitude of the thermal mass
flow sensor (e.g., thermal mass  flow sensor 430), as
described in United States Patent Application No. 20
10/887,048, entitled "Attitude Insensitive Flow Device
System and Method",  filed July 8, 2004, by Dwight
Larson, which is hereby fully incorporated by
reference herein. [0033] According to one embodiment,
the present invention can utilize multiple  channels
to regulate how much the valve should open or close.
The output of  25 the first channel 506 can indicate
an initial force to be applied by, for example, a
solenoid. The output of the second channel 508 can
indicate the additional,  or control force, that
should be applied to the valve to open the valve to
produce a 11  desired flow. According to one
embodiment of the present invention, the  



control force can be represented as a portion of the
remaining force. [0034] As an example, if the total
force required to open a valve for 100% flow is 5
considered 100% force, first channel 506 can output a
signal to indicate that  the actuator should apply,
for example, 44% force. According to one  embodiment
the present invention, the force indicated by first
channel 506 can  be approximately the valve threshold
force. Second channel 508 can output a  signal to
indicate the percentage of the remaining force (e.g.,
the remaining 10 56% force) that the actuator should
apply. For example, second channel 508  can indicate
that the actuator should apply 50% of the remaining
force. The  outputs of the first channel and second
channel can be combined to indicate  the valve force
to be applied by the actuator. Continuing with the
foregoing  example, the output of the first channel
and the second channel can be 15 combined to indicate
that the actuator should apply 72% of the total force
(e.g., 44% of the total force as the initial force
plus 50% of the remaining force  as the control force)
to the valve. The output of the channels can be
combined,  according to one embodiment of the present
invention, using additional logic  as shown, for
example, in FIGURE 6 and FIGURE 7. 20 [0035] If the
output of first channel 506 indicates a force to be
applied at or near the  valve threshold force, the
full resolution of second channel 508 can be used for
the control region of the valve. Returning to the
previous example, if the valve  threshold force is
approximately 44% of the force required to open the
valve to achieve 100,' flow, and the output of first
channel 506 is configured to  25 indicate a force to
be applied by the actuator of approximately 44% the
total  force, the remaining 56% of the total force is
the force used for actually  opening the valve rather
than overcoming the preload. The amount of 12  this
remaining 56% used is dictated by the output of second
channel 508. [0036] It should be noted that first
channel 506 and second channel 508 can indicate  the
respective forces to be applied according to any
digital or analog scheme 5 known in the art. For
example, each channel can output a digital
representation  of the force to be applied or can
output a voltage that is to the force to be  applied
for each channel. According to one embodiment of the
present  



invention, the output of each control channel can be a
pulse width modulated  ("PWM") signal. As would be
understood by those of ordinary skill in the art, 10 a
PWM signal has a preset frequency. In each period (P).
referred to as a duty  cycle, the pin outputting the
signal can be set high for a time tl and low for a
time t2 that is equal to P minus t1. The time ti can
range from 0%-100% of the  duty cycle in preset
increments. For example, a PWM output may have a
frequency of 100MHz and tl can range from 0-10s in
increments of. I is. In 15 this case, the PWM signal
has 100 steps per duty cycle. [0037] According to one
embodiment of the present invention, the output of the
first  channel can output a PWM signal with a pulse
width proportional to the initial  force relative to
the total force. For example, if the initial force is
44% of the  total force, the PWM signal will be high
for 44% of the steps in a duty cycle. 20 For second
channel 508, the PWM signal will be high for the
portion of the  duty cycle proportional to the amount
of the remaining force to be applied  (i.e.,
proportional to the amount of the total force minus
the initial force to be  applied). If, for example,
second channel 508 indicates that 50% of the
remaining force is to be applied, the PWM signal from
second channel 508 25 can be set to high for half the
duty cycle. [0038] Processor 505 can generate signals
on the first channel and the second channel  by
executing a software program 13  that can include a
control algorithm, stored as a set-of  computer
:instructions 516 on a computer readable medium  518
(e.g.,, EEPROM, RAM, ROM, flash memory, magnetic
storage, optical storage or other computer readable
memory  known in the art), accessible by processor
505. In one  embodiment: of the present invention,
controller 500 can 'be  calibrated such that processor
505 outputs a threshold  signal on the first channel
to indicate that the initial  force to be applied is
approximately the threshold force.  Processor 505 can,
according to one mode of operation,  output the
threshold signal whenever a set point signal is  



applied to controller 500. [0039] The control
algorithm can calculate the digital control  signal
output on second channel 508 using any control  scheme
known in the art, including, but not limited to, a
PID, a modified PID with offset or other control
algorithm  known in the art. The control algorithm
determines how far  the valve should open based, for
example, on calibration  curves for the valve, gas
flowing through the valve and  the set point applied.
Assuming the first channel  indicates an initial force
that is approximately the valve  threshold force, the
amount the valve should open, from a  range of fully
closed to fully open, is generally  proportional to
the amount of the remainder force applied  by the
proportional actuator. Therefore, processor 505  can
indicate how far the valve should open by indicating
the.amount of remaining force that should be applied
to  the valve, assuming the first channel is
indicating that  the initial force to be applied is
approximately the  threshold force. For example, if
the valve is to open  50%, processor 505, in response
to the control algorithm  determining that the valve
should open 50%, can indicate  on second channel 508
that 50% of remaining force should  be applied. The
initial. force specified by the first  channel and the
additional force specified by the second 14  channel
can be combined to determine the valve force that
should be applied to the valve. (0040] Controller 500
can include additional input/output  capabilities. For
example, controller 500 can include a  serial
interface to support administrative functions such  as
updating computer instructions. 516. Additionally,
controller 500 can include network interfaces to  



communicate with other flow control devices,
administrative computers or other device capable of
communicating over a network. [0041] FIGURE 6.1's a
diagrammatic representation of a controller  system
600 that includes additional logic for combining
channels. Control system 600 can include. a processor
602  (a microcontroller, a digital signal processor,
an ASIC or  other processor known in the art) that can
execute  computer instructions stored.on.a computer
readable medium  to implement any control algorithm
known in the art.  According to one embodiment of the
present invention,  processor.602 can include at least
two outputs, a first  output 604 (the threshold output
604) and a second output  606 (the control output
606). Each output can be a PWM  output-that can output
a signal having a particular pulse  width per duty
cycle. By way of example, but not  limitation, each of
threshold output 604 and control  output 606 can
output a signal with 16,000 steps per duty  cycle,
with a Page: 14 fundamental frequency of 2 kHz, or
500s period. The step  size is 31.25ns (16000 steps
possible in 50011s). The DSP  may be a Texas
Instruments TMS320LF2407A, the open drain  buffer a
dual-package Fairchild Semiconductor NC7WZ07P6X,  the
low-pass filter a Sallen-Key topology active second--
order filter with fc = 100Hz,.and the op-amp a Linear
Technology LT1057S8. [0042] In other embodiments of
the present invention, threshold  output 604 and
control output 606 can output a different 15  number
of steps per duty cycle and a different number of
steps per duty cycle than each. other. [0043]
Threshold output 604 can be connected to an open drain



buffer 608 that is also connected to a reference
voltage  source 610. Open drain buffer 608 essentially
squares,the  PWM -signal to the reference voltage
(V1ef) . In other  words, open drain buffer 608 gives
the pulses of the PWM  signal output at threshold
output 604 a particular height  such that the PWM
signal output from open drain buffer 608  has both a
regulated time width and peak voltage.. The  time
integral of the PWM signal for one duty cycle (i.e.,
the area under a pulse if the pulse is charted) is
proportional to-the initial force. The output of open
drain buffer 608 is connected to a low pass filter 612
that rectifies the PWM signal to create a DC output
with a  voltage proportional to the width of the PWM
signal. If  the width of a PWM pulse is represented as
a percentage of  the total available steps' (Pt), the
output voltage of low  pass filter, which is.also
proportional to the initial  force, is approximately:
T=VrefPt [EQN. 1] T=output of low 'pass filter
Vref=reference voltage Pt=pulse width of threshold
signal as percentage of  available pulse width [0044]
The output of low pass filter 612 can be connected to
a  summer 614 that is also connected to reference
voltage  source 610. Summer 614 subtracts the output T
of low pass  filter 612 from the reference voltage to
give a remainder  voltage of approximately:
Vremainder=Vref-T [EQN. 2] [0045] The remainder
voltage, according to one embodiment of the  present
invention, is proportional to the remainder force.
The output of low pass filter 61,2 can also be
connected-to  summer 620, described below. 



16  [0046] Control output 606 can be connected to a
second open drain buffer 616, which can also be
connected to the output of  summer 614. Open drain
buffer 616 squares the control PWM  signal.to the
remainder voltage provided by summer 614.  The output:
of open drain buffer 616 can connected to a low ,pass
filter 618. Low pass filter 618 rectifies the output
signal of open drain buffer 616. The output of low.
pass  filter 618 is a DC signal with a voltage (C)
proportional  to the pulse width of the PWM signal
output on control  output signal 606, approximately
according to: C= (Vremainder) Pc [EQN. 3]  C=output of
low pass filter Pt=pulse width of control signal as
percentage of  available pulse width [0047] The output
of low pass filter 618 is connected to summer  620.
Summer 620 adds the output signal of low pass filter
618 to the output of summer 614 to generate a valve
control signal having a control voltage (Vc)
approximately  according to the following
relationships: Vc=T+C [EQN. 4]   Vc= (Vremainder* Pc)
+ (Vref * Pt ) VC= ( (Vref-Pt*Vref) Pc) + (Vref*Pt)
[EQN  5]  Vc=(VrefPc PtVrefPc+Vref*Pt) [EQN. 6]
Vc=Vref (P.-PtPc+Pt) [EQN. 7]  Vc=Vref(Pt+Pc(1-Pt) )
[EQN.' 8] [0048] The control. voltage, according to
one embodiment of the  present invention, is
approximately proportional to the  valve force..
Summer 620 is connected. to a proportional  actuator
control module 622 that, in the case of a solenoid, is
configured to generate a current proportional- to the
voltage of the valve control signal. 



[0049] As an example of the control system of FIGURE 6
in  operation, assume that each of threshold output
604 and 17  control output 606 can output PWM signals
having up to  16,000 steps per duty cycle. Further
assume that control  system 600 has been calibrated
for a system having a "valve  threshold of 44% of the
total force. In other words, the  solenoid requires
44% of the total force required to open  the valve
completely to reach the valve threshold. -
Additionally, in this example, assume that the
reference  voltage is 2..5 Volts. Threshold output 604
can output a  signal'that indicates the initial force
that should be  applied to approximately reach the
valve threshold. This  can be done, for example, by
generating an output  proportional to the percentage
of the total force required  to fully open the valve
being controlled. In this case,  processor 602 can
output 7040 steps per. duty cycle, or 44%- of the
steps available in the duty cycle. Open drain  buffer
608 essentially multiplies the reference voltage by
Pt (.44 in this example) to create an output that is
passed to low pass filter 612. The output signal of
low  pass filter 612 is a DC signal having a voltage
equal to  Pt multiplied by V=,= according to EQN 1. In
the case in  which 7040 steps are output in a duty
cycle for Pt and the  reference voltage is 2.5 Volts,
T equals 1.1 Volts. Summer 614 is configured to
subtract T from V,,f to  generate a Vremarnde= of 1.4
Volts according to EQN 2.  [0050] Processor 602 can
also output a signal' on'control output .606 to
indicate how much control force should be applied  to
the valve. If,. for example, the valve should be 50%
open based on the determination of the control
algorithm,  and the threshold channel 604 is
calibrated to indicate  



initial force approximately equal to the valve
threshold,  the percentage of the remaining force
(i.e., the total  force minus the initial force)
applied will approximately  equal the percentage the
valve should open. If, for  example, the valve is to
open 50%,'processor 602 can  output 8,000 steps per
duty cycle at control output 606 to 18  indicate that
a control force that is 50% of the remainder force
should be  applied. In this case Pc is equal to .5.
[0051] Open drain buffer 616 can multiply the signal
from control output 606 by the  5 remainder voltage,
which is proportional to the remainder force, and pass
the  resulting signal to low pass filter 618. The
output of low pass filter, according  to one
embodiment, can be a DC signal of 0.7 Volts according
to EQN 3.  Summer 620 can sum the output signal from
low pass filter 618 to the output  signal of low pass
filter 612 to generate a valve control signal having a
control 10 voltage Vc of 1.8 Volts according to EQN 4.
Proportional actuator control  module 622 can convert
the 1.8 volts to a proportional current to cause, for
example, the solenoid to open 50%. [0052] In the
example above, threshold output 604 and control output
606 indicate the  initial force and control force to
be applied using a PWM signal with a pulse  15 width
proportional to the force to be applied. Each PWM
signal is squared to a voltage--the reference voltage
in the case of threshold output 604 and the  remainder
voltage in the case of control output 606. However, it
should be  noted that processor 602 can indicate the
initial and control force to be applied  in other
manners, including through digital and analog outputs
that are 20 processed to produce the appropriate force
on the valve. Additionally, it  should be noted that
because the threshold output 604 in the above example
indicates an initial force that is approximately the
valve threshold force, the  pulse width as percentage
of total duty cycle output on control output 606
approximately corresponds to the percentage the valve
should open. In other 25 embodiments of the present
invention, the initial force indicated by threshold
output 604 may be different than the valve threshold. 



[0053] Additionally, in the above example, the valve
threshold does not change and,  therefore, the pulse
width of PWM signal on threshold output 604 remains
stable. According 30 19  to other embodiments of the
present invention, however, the initial force
indicated on threshold output 604 can change. For
instance, as the pressure  experienced by the flow
controller changes, the valve threshold can also 5
change. Processor 602 can monitor a pressure sensor to
determine which valve  threshold should apply and
generate a corresponding PWM signal on threshold
output 604. [0054] As an example, if the valve
threshold in the above example changes from 44%  to
30% because the pressure differential has increased,
but the set point does  10 not change, the output of
low pass filter 612 will be a DC signal with a voltage
of 0.75 Volts (0.30*2.5 according to EQN 1).
Vremainder from summer 614  will be 1.75 Volts.
Because, in this example, the set point still dictates
that the  valve should be open 50%, control output 606
can continue to output the same  signal. The output
signal of the low pass filter 620 will, in this case,
be 0.875 15 Volts. Consequently, the output of summer
620 will be a valve control signal  with a control
voltage of 1.625 Volts. Actuator control module 622
can  translate this voltage into a current that causes
the actuator to apply the  appropriate force to the
valve. The force required by the actuator to open the
valve 50% is less than in the previous example because
of the greater pressure  20 differential causing a
smaller threshold. [0055] FIGURE 7 illustrates another
embodiment of a control system 700 utilizing
multi-channel valve control that includes logic for
combining channels.  Control system 700 can include a
processor 702 (a microcontroller, a digital  signal
processor, an ASIC or other processor known in the
art) that can 25 implement any control algorithm known
in the art. According to one  embodiment of the
present invention, processor 702 can include at least
two  outputs, a first output 704 (the threshold output
704) and a second output 706  (the control output
706). Each output can be a 



20  digital output that indicates, through a digital
signal, a  force to be applied. (0056) Threshold
output 704 can be connected to a first digital  to
analog converter (DAC 708) that can convert the
digital  signal to an analog signal having a voltage
proportional  to the initial force indicated by the
digital signal of  threshold output 704. For example,
if the signal of  threshold output 704 indicates that
44% of the total force  should be applied as the
initial force, the output of DAC  708 can be 44% of a
reference voltage provided by  reference voltage
source 709. A summer 710 can subtract  the output of
DAC 708, from the reference voltage to  produce a
remainder voltage that is proportional to the
remainder force. [0057] Control output 706 can be
connected to a second DAC 712.  DAC,712 can receive
the remainder voltage and multiply the  signal- of
control output 706 by the remainder voltage. If, for
example, control output 706 indicates that 50% of  the
remaining force should be applied to the valve, the
voltage of the output signal of DAC 710 will be the
half  the. remainder voltage. The output signals of
DAC 712 and  DAC 708 can be summed at summer 714 to
produce a control  signal having a control voltage.
Actuator control module  716 can process control
signal such that the actuator  applies a valve force
to the valve that is proportional  the control voltage
of the control signal. [0058] FIGURE 8 is a flow chart
illustrating one embodiment of a  method for
multi-channel control.. The process of FIGURE 8  can
be implemented, for example, as a set of software
instructions stored on a computer readable medium
(e.g.,  RAM, ROM, magnetic disk or other computer
readable medium  



known in the art) and executed by a processor of a
flow  controller and/or hardware programming in the
flow  controller. At step 802, a valve threshold value
or  values can be stored. The valve threshold value
can be  based on a valve configuration and the
expected maximum 21  differential pressure that the
valve will experience.  Because particular solenoid
(or other. actuator), valve  combinations; will have
approximately the same threshold  value for a given
differential pressure, threshold values  can be
determined for a bin of flow controllers that have
the same valve/restrictor combination. This allows
calibration of the flow controllers to occur on a bin
(i.e., valve/restrictor configuration) basis rather
than  on a controller-by-controller basis. A
particular flow  controller can be calibrated, for
example, by empirically  determining the percentage of
total force, for example 44%  of the total force,
required to reach the valve threshold. [0059] The
threshold value can be selected such the initial force
indicated by the controller is the valve threshold or
below the threshold. For example the stored threshold
value for the controller can indicate that the initial
force should be 43% of the total force. Calibrating
the  controller such that the initial force is
slightly less  than the empirically determined valve
threshold ensures  that leakage will not occur when
the initial force is  applied. The threshold value
determined for a .particular  controller can be stored
in multiple flow controllers  having a similar valve
restrictor arrangement.  Additionally, multiple
threshold values can be stored in a  controller to
account of various maximum differential  pressures the
flow controller may experience. 



[0060] The controller at step 804 can receive a set
point value.  The set point value is typically
asserted by a process  tool or administrative computer
to indicate how much flow  the flow controller should
allow. At step 806, a first  channel can output an
initial force based on the stored  threshold value. In
this case, the initial force  indicated can be
approximately the valve threshold force.
Additionally, at step 808, the controller can
determine  how far the valve should open to allow the
flow dictated  by.the.set point. At step 810, the
controller can 22 generate on a second channel a
signal that indicates the amount of the remainder
force (i.e., the total force minus  the initial force)
that should be applied. In other  words, the
controller can indicate over the second channel  the
amount of control force that should be applied. [0061]
At step 812, the controller can generate a signal that
indicates a valve force to be applied to the valve.
The  valve forcer according to one embodiment 'of the
present  invention, can be equal to the initial force
plus the  control force. As discussed in conjunction
with FIGURE 6  and FIGURE, 7, this can be done, for
example, by adding a  voltage that is proportional to
the initial force to a  voltage that is proportional
to the control force to  generate a control signal
with a control voltage  proportional to the valve
force. The valve control  signal can be input to an
actuator control that can cause  the actuator to apply
the appropriate amount of force to  the valve. The
process of FIGURE 8 can be repeated as  needed or
desired. [0062] Embodiments of the present invention
provide advantages  over prior art valve control
systems and methods as the  complicating effects of
changing threshold force are  



largely attenuated. In prior art valve control system,
differences in valve diameter could lead to a wide
range  of gains. This wide range of flow-control gains
places a  significant demand on a single-channel
digital control  system tasked with maintaining
similar flow control  performance from one valve to
the next. The range of  output gains must be taken
into account when setting the  overall loop gain for
the control system, potentially  adversely affecting
the stability and response time of a  particular mass
flow- controller. [0063] By contrast, the present
invention can utilize one channel  to output the
threshold force and another channel to  output a
control force. Regardless of the threshold value  and
the gain, the control channel has approximately the 23
same number of steps for control in the control
region.  Using the example above, the control channel
will have  approximately 16,000 steps to control flow
in the control  region regardless of the valve
threshold and valve gain.  Thus, the control channel
does not lose resolution as the  threshold value
increases. [0064] The two-channel method can
effectively eliminate the  characteristic differences
between valve configurations.  More particularly,
because the control channel has  approximately the
same number of steps available to  control flow
regardless of the valve configuration, the  force/flow
curve for the control channel will be  approximately
the same. The control system of the  present invention
thus normalizes the gain. of the valve  for the
control channel. This can provide an advantage  over
prior art systems, because the control channel
presents 'a more consistent and predictable gain than
prior  



art system. Moreover, overall control response and
stability can be achieved for a wider range of 'valve
configurations. (00651. While the present invention
has been described with  reference to particular
embodiments, it should be  understood that the
embodiments are illustrative and that the scope of the
invention is not limited to these  embodiments. Many
variations, modifications, additions  and improvements
to the embodiments described above are  possible. It
is contemplated that these variations,  modifications,
additions and improvements fall within the  scope of
the invention as detailed in the following  claims. .
LLOYD WISE  24 WHAT IS CLAIMED IS: 1. A system of
valve control comprising:  a processor; 5 a computer
readable medium accessible by the processor; a set of
computer instructions stored on the computer readable
medium, wherein the set  of computer instructions
comprise instructions executable to: output a first
signal on a first channel indicating an initial force
to be applied to a  valve; and 10 output a second
signal on a second channel indicating a control force
to be applied to  the valve; wherein the initial force
is substantially equal to a valve threshold. 2. The
system of Claim 1, wherein the control force is at
least a portion of a remainder  15 force. 3. The
system of Claim 2, wherein the remainder force is
equal to a total force minus the  initial force. 20 4.
The system of Claim 1, wherein the first signal is a
first pulse width modulated signal  having a pulse
width proportional to the initial force and wherein
the second signal is a second  



pulse width modulated signal having a pulse width
proportional to the control force. 5. The system of
Claim 4, further comprising: 25 a reference voltage
source that produces a reference voltage; a first open
drain buffer connected to the reference voltage source
and the processor,  wherein the first open drain
buffer receives the first signal and outputs a third
signal having a  first voltage proportional to the
initial force; and a second open drain buffer
connected to the processor, wherein the second open
drain  30 buffer receives the second signal and
outputs LLOYD WISE  25 a fourth signal having a second
voltage proportional to the control force. 6. The
system of Claim 5, further comprising a first summer,
wherein the first summer  5 subtracts the first
voltage from the reference voltage to generate a fifth
signal having a  remainder voltage. 7. The system of
Claim 6, wherein the second open drain buffer is
connected to a second  summer and wherein the second
open drain buffer generates the fourth signal based on
the 10 remainder voltage and the second signal. 8. The
system of Claim 6, further comprising: a first low
pass filter that filters the third signal; and  a
second low pass filter that filters the fourth signal.
15 9. The system of Claim 6, further comprising a
second summer that adds the third signal  and the
fourth signal to generate a valve control signal. 10.
The system of claim 9, further comprising an actuator
control module connected to the  20 second summer that
translates the valve control signal into a valve force
to be applied to the  valve. 11. The system of Claim
1, further comprising: a first digital to analog
converter connected to the processor that converts the
first  25 signal into a third signal having a first
voltage proportional to the initial force; and a
second digital to analog converter connected to the
processor that converts the  second signal into a
fourth signal that has a second voltage proportional
to the control force.  12. The system of claim 11,
further comprising a summer connected to the first
digital to  



30 analog converter and the second LLOYD WISE  26
digital to analog converter that adds the third signal
and the forth signal to generate a valve  control
signal. 5 13. The system of Claim 1, wherein the
control force is indicated proportional to a
remaining force. 14. The system of Claim 1, wherein
the computer instructions further comprise
instructions executable to: 10 receive a set point
signal; output the first signal in response to the set
point signal. 15. The system of Claim 1, wherein the
computer instructions further comprise  instructions
executable to: 15 receive a set point signal; and
generate the second signal based on the set point
signal. 16. The system of Claim 1, wherein the
computer instructions further comprise  instructions
executable to change the first signal to indicate a
new initial force. 20 17. The system of claim 16,
wherein the system is a fluid control system further
comprising a pressure sensor to measure pressure
experienced by the fluid control system,  wherein the
processor monitors the pressure sensor, and wherein
the computer instructions  further comprise
instructions executable to change the first signal in
response to a change in  25 pressure measured by the
pressure sensor. 18. A method for valve control
comprising: outputting a first signal on a first
control channel indicating an initial force to be
applied to the valve; 30 outputting a second signal on
a second control channel indicating a control force to
be  applied to the valve; and LLOYD WISE  26a
generating a third signal from the first signal and
the second signal, wherein the third  signal indicates
a valve force equal to a sum of the initial force and
the control force;  



wherein the initial force is substantially equal to a
valve threshold force. 5 19. The method of Claim 18,
further comprising indicating the initial force with a
first  pulse width modulated signal and LLOYD WISE  27
indicating the control force with a second pulse width
modulated signal.  20. The method of Claim 1. 8,
further comprising: 5 indicating the initial force
with a first voltage proportional to the initial
force; and  indicating the control force with a second
voltage proportional to the control force with
respect to a remainder force. 21. The method of claim
20, wherein the remainder force is a total force minus
the initial  10 force. 22. The method of Claim 18,
further comprising changing the first signal to
indicate a new  initial force. 15 23. A method of
controlling a valve, comprising: generating a
reference signal with a reference voltage proportional
to a total force;  generating a first signal having a
first voltage based on the reference voltage, wherein
the first voltage is proportional to an initial force;
generating a second signal having a remainder voltage;
20 generating a second voltage based on the remainder
voltage that is proportional to a  control force; and
generating a valve control signal having a control
voltage equal to a sum of the first  voltage and the
second voltage. 25 24. The method of Claim :23,
further comprising: converting the valve control
voltage into an applied force. LLOYD WISE  28 25. The
method of Claim 23, further comprising changing the
first voltage to indicate a  new initial force. 5 26.
A valve control system comprising:  a processor
further comprising: 



a threshold output; and  a control output; a computer
readable medium accessible by the processor; 10 a set
of computer instructions stored on the computer
readable medium, wherein the set of  computer
instructions comprise instructions executable to:
output a first pulse width modulated signal on the
threshold output indicating an initial  force to be
applied to a valve by an actuator; and output a second
pulse width modulated signal on the control
outputindicating a control  15 force to be applied to
the valve; a reference voltage source; a first open
drain buffer further comprising: a reference voltage
input connected to the reference voltage source;  a
threshold input connected to the threshold output; 20
a first open drain buffer output; a first low pass
filter connected to the first open drain buffer
output; a first summer having first summer inputs
connected to the first low pass filter and the
reference voltage source; a second open drain buffer
further comprising: 25 a remainder voltage input
connected to the first summer output;  a control input
connected to the control output; a second open drain
buffer output; a second low pass filter connected to
the second open drain buffer output, the second low
pass filter having a second low pass filter output;
and 30 a second summer connected to the second low
pass filter output. LLOYD WISE  29 27. The control
system of Claim 26, further comprising a proportional
actuator control  module connected to an output of the
second summer. 5 28. A method for controlling a valve
comprising: generating a first pulse width modulated
signal, with a pulse width proportional to an  initial
force; generating a second pulse width modulated
signal, with a pulse width proportional to a  



control force; 10 converting the first pulse width
modulated signal into a first direct current signal
having a first voltage proportional to the initial
force based on the first pulse width modulated  signal
and a reference voltage; generating a remainder
voltage; converting the second pulse width modulated
signal into a second direct current signal  15 having
a second voltage proportional to the control force
based on the second pulse width  modulated signal and
the remainder voltage; and summing the first direct
current signal and the second direct current signal
to. generate  a valve control signal. 20 29. A valve
control system comprising:  a processor further
comprising: a threshold output; and  a control output;
a computer readable medium accessible by the
processor; 25 a set of computer instructions stored on
the computer readable medium, wherein the set of
computer instructions comprise instructions executable
to: output a first signal on the threshold output
indicating an initial force to be applied to a  valve
by an actuator; and output a second signal on the
control output indicating a control force to be
applied to  30 the valve; a reference voltage source;
LLOYD WISE  30 a first digital to analog converter
connected to the threshold output and the reference
voltage source; a first summer connected to an output
of the first digital to analog converter and the  5
reference voltage source, wherein the first summer
generates a remainder voltage; a second digital to
analog converter connected to the control output and
the first summer  and the threshold output; and a
second summer connected to outputs of the first
digital to analog converter and the  second digital to
analog converter. 



10 30. A method for controlling a valve comprising:
generating a digital signal indicating an initial
force;  generating a second digital signal indicating
a control force; converting the first digital signal
at first digital to analog converter into a first
direct  15 current signal having a first voltage
proportional to the initial force based on the first
digital  signal and a reference voltage., generating a
remainder voltage; converting the second digital
signal at a second digital to analog converter into a
second direct current signal having a second voltage
proportional to the control force based on  20 the
second digital signal and the remainder voltage; and
summing the first direct current signal and the second
direct current signal. 


