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SYSTEMS AND METHODS FOR SYNCHRONIZED VALVE ACTUATION

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims priority to and all benefit of U.S. Provisional Patent Application
Serial No. 63/499,500, filed on May 2, 2023, for SYSTEMS AND METHODS FOR
SYNCHRONIZED VALVE ACTUATION, the entire disclosure of which is incorporated herein

by reference.

BACKGROUND

[0002] Actuators are often used to control the operation of valves and other fluid system
components. An actuator may be of any number of different designs including pneumatic,
hydraulic, electric and so on. Fluid driven actuators use pressurized fluid, such as air, to move one
or more fluid driven actuator members (e.g., pistons, diaphragms, bellows, etc.) in order to move
a valve element (e.g., a rotary valve stem, plug, diaphragm, and/or bellows) for control (e.g.,
shutoff, metering, directional control) of system fluid passing through the valve.

[0003] A conventional actuated valve assembly uses a spring biased pneumatic actuator for two-
position operation of the valve between an actuated position, in response to pressurization of the
actuator inlet port to overcome the biasing spring and move the actuator piston and connected
valve member, and a normal or return position, in response to venting of the actuator inlet pressure
and spring movement of the actuator piston and valve member.

[0004] Many different conditions or variables may result in variations in valve cycle flow
performance, including, for example, variations in actuator spring stiffness, applied actuator
pressure, rate of actuator pressure build-up, and rate of actuator pressure exhaust. Such variations
in valve cycle times may cause inconsistent or undesirable fluid flow conditions, which may be

compounded when utilizing a multiple valve arrangement to deliver fluid to or from a system.
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SUMMARY

[0005] In an exemplary embodiment of the present disclosure, a method of controlling fluid flow
in a fluid system is contemplated, with the fluid system including an actuated valve assembly
including an actuator having an actuator member biased towards a normal position and an inlet port
configured to receive a pressurized fluid for movement of the actuator member to an actuated position.
In an exemplary method, a command signal pulse is received at a valve controller. In response to
receipt of the command signal pulse, after a predetermined opening delay, an actuation signal pulse
is transmitted from the valve controller to a pilot valve. In response to receipt of the actuation
signal pulse at the pilot valve, the pilot valve is actuated to direct pressurized fluid to the actuator
inlet port for movement of the actuator member to the actuated position. In response to movement
of the actuator member to the actuated position, a stroke signal pulse is transmitted from a position
sensor assembled with the valve assembly to the valve controller. In response to termination of
the command signal pulse, after a predetermined closing delay, transmission of the actuation signal
pulse to the pilot valve is terminated. In response to termination of the actuation signal pulse, the
pilot valve is actuated to divert pressurized fluid from the actuator inlet port for biased movement
of the actuator member to the normal position. In response to movement of the actuator member
to the normal position, transmission of the stroke signal pulse to the valve controller is terminated.
An adjusted predetermined opening delay is calculated based on the time between transmission of
the actuation signal pulse and receipt of the stroke signal pulse. An adjusted predetermined closing
delay is calculated based on the time between termination of the actuation signal pulse and
termination of the stroke signal pulse.

[0006] In another exemplary embodiment of the present disclosure, a valve control module includes
a controller storing a real time operating system for controlling operation of the valve control
module, at least one command signal input connector in circuit communication with the controller
and connectable with an external device for receiving command signal pulses from the external
device, at least one driver circuit in circuit communication with the controller and connectable
with a pilot valve of a valve assembly for transmitting to the pilot valve actuation signal pulses
generated by the controller, and at least one digital input connector in circuit communication with
the controller and connectable with a position sensor of the valve assembly for receiving stroke

signal pulses from the position sensor and communicating the stroke signal pulses to the controller.
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[0007] In another exemplary embodiment of the present disclosure, a fluid supply system includes at
least one actuated valve assembly, a valve control module, and at least one position sensor. The at
least one actuated valve assembly includes an actuator having an actuator member biased towards a
normal position and a pilot valve connected with an inlet port of the actuator and configured to be
operated between a first configuration supplying pressurized fluid to the actuator inlet port for
movement of the actuator member to an actuated position and a second configuration diverting
pressurized fluid from the actuator inlet port for biased movement of the actuator member to the
normal position. The valve control module includes a valve controller configured to receive a
command signal pulse and, after a predetermined opening delay, to transmit an actuation signal
pulse from the valve controller to the pilot valve for actuation of the pilot valve to the first
configuration and corresponding movement of the actuator member to the actuated position. The
at least one position sensor is assembled with the at least one valve assembly and is configured to
transmit a stroke signal pulse to the valve controller in response to movement of the actuator
member to the actuated position. The valve controller is configured to calculate an adjusted
predetermined opening delay based on the time between transmission of the actuation signal pulse
and receipt of the stroke signal pulse.

[0008] In another exemplary embodiment of the present disclosure, a method of synchronizing
opening actuation of a first valve assembly with closing actuation of a second valve assembly is
contemplated. In an exemplary method, in response to receipt of a first command signal pulse, after
a predetermined opening delay, a first actuation signal pulse is transmitted to a first pilot valve to
direct pressurized fluid to a first actuator inlet port of a first actuator of the first valve assembly to
effect opening actuation of the first valve assembly. In response to termination of a second
command signal pulse simultaneous with receipt of the first command signal pulse, transmission
of a second actuation signal pulse to a second pilot valve is terminated to divert pressurized fluid
from a second actuator inlet port of a second actuator of the second valve assembly to effect spring
biased closing actuation of the second valve assembly. The predetermined opening delay includes
an offset corresponding to at least one of: (a) a measured delay in a previous opening actuation of
the first valve assembly, between transmission of the first actuation signal pulse and opening
actuation of the first valve assembly; (b) a non-linear change in flow rate during opening actuation
of the first valve assembly; (c) a spike in flow resulting from a choked volume between a valve

seat and an upstream orifice restriction of the first valve assembly; and (d) a lag in flow resulting
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from a choked volume between a valve seat and a downstream orifice restriction of the first valve

assembly.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] FIG. 1is a schematic view of a fluid supply system, according to an exemplary embodiment
of the present disclosure;
[0010] FIG. 2 is a graphic illustration of a signal pulse arrangement for controlling timing of
actuation of an actuated valve assembly, according to an exemplary embodiment of the present
disclosure;
[0011] FIG. 2A is a flow chart illustrating a process for controlling fluid flow in a fluid system,
according to an exemplary embodiment of the present disclosure;
[0012] FIG. 3 is a schematic view of a fluid supply system, according to an exemplary embodiment
of the present disclosure;
[0013] FIG. 3A is a top view of an electronic valve control module, according to an exemplary
embodiment of the present disclosure;
[0014] FIG. 4 is a schematic illustration of a multiple valve switching system, according to an
exemplary embodiment of the present disclosure;
[0015] FIG. 5A is a graphic illustration of total fluid flow through synchronized switching valves;
[0016] FIG. 5B is a graphic illustration of total fluid flow through synchronized switching valves,
with an actuation delay applied to the opening valve;
[0017] FIG. 6 is a graphic illustration of flow through synchronized switching valves having an
orifice restriction, with an actuation delay applied to the opening valve;
[0018] FIG. 7 is a graphic illustration of a flow curve for a valve having a choked volume between
an upstream orifice restriction and a valve seat, overlayed with a flow curve for the valve having
an opening delay and a closing advance applied to the actuation sequence; and
[0019] FIG. 8 is a graphic illustration of a flow curve for a valve having a choked volume between
a downstream orifice restriction and a valve seat, overlayed with a flow curve for the valve having

an opening advance and a closing advance applied to the actuation sequence.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS
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[0020] While various inventive aspects, concepts and features of the inventions may be described
and illustrated herein as embodied in combination in the exemplary embodiments, these various
aspects, concepts and features may be used in many alternative embodiments, either individually
or in various combinations and sub-combinations thereof. Unless expressly excluded herein all
such combinations and sub-combinations are intended to be within the scope of the present
inventions. Still further, while various alternative embodiments as to the various aspects, concepts
and features of the inventions--such as alternative materials, structures, configurations, methods,
circuits, devices and components, alternatives as to form, fit and function, and so on--may be
described herein, such descriptions are not intended to be a complete or exhaustive list of available
alternative embodiments, whether presently known or later developed. Those skilled in the art
may readily adopt one or more of the inventive aspects, concepts or features into additional
embodiments and uses within the scope of the present inventions even if such embodiments are
not expressly disclosed herein. Additionally, even though some features, concepts or aspects of
the inventions may be described herein as being a preferred arrangement or method, such
description is not intended to suggest that such feature is required or necessary unless expressly so
stated. Still further, exemplary or representative values and ranges may be included to assist in
understanding the present disclosure, however, such values and ranges are not to be construed in
a limiting sense and are intended to be critical values or ranges only if so expressly stated.
Parameters identified as “approximate” or “about” a specified value are intended to include the
specified value, values within 5% of the specified value, and values within 10% of the specified
value, unless expressly stated otherwise. Further, it is to be understood that the drawings
accompanying the present disclosure may, but need not, be to scale, and therefore may be
understood as teaching various ratios and proportions evident in the drawings. Moreover, while
various aspects, features and concepts may be expressly identified herein as being inventive or
forming part of an invention, such identification is not intended to be exclusive, but rather there
may be inventive aspects, concepts and features that are fully described herein without being
expressly identified as such or as part of a specific invention, the inventions instead being set forth
in the appended claims. Descriptions of exemplary methods or processes are not limited to
inclusion of all steps as being required in all cases, nor is the order that the steps are presented to

be construed as required or necessary unless expressly so stated.
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[0021] In systems utilizing frequently cycled valves to provide controlled doses of a fluid (e.g.,
chemical doses in an atomic layer deposition or ALD process), deviations or inconsistencies in the
opening and/or closing actuation timing of the valve may produce undesirable deviations or
inconsistencies in the resulting dose volumes, regardless of the precision with which the valve
flow rate is controlled. In some applications, a desired dosage is established based on a known
and controlled valve flow rate, from which the required open valve duration is determined.

[0022] According to an exemplary aspect of the present disclosure, an actuated valve assembly
may be provided with a control system configured to identify deviations in the opening and/or
closing actuation timing of the valve and adjusting the initiation of actuator pressurization and
depressurization in response to the identified deviations to maintain a desired open valve duration
for consistent desired fluid dosage volumes.

[0023] In an exemplary system 100, as schematically illustrated in FIG. 1, a valve assembly 110
includes a valve body 111, a valve element 114 (e.g., stem, diaphragm), and an actuator 115. The
valve body 111 includes a valve seat 112 disposed between inlet and outlet ports 113-1, 113-2,
with the valve element 114 assembled with the valve body and movable with respect to the valve
seat between a closed position blocking flow between the inlet port and the outlet port and an open
position permitting flow between the inlet port and the outlet port. The actuator 115 is assembled
with the valve body 111 and includes a fluid driven actuator member 116 (e.g., piston) operatively
connected with the valve element 114 for movement of the valve element from a first (e.g., closed)
position to a second (e.g., open) position in response to the supply of a pressurized actuation fluid
to an inlet port 117 of the actuator.

[0024] To control actuation of the valve 110, the actuator inlet port 117 is connected with a
pressurized actuation fluid source 105 by a pilot valve 120 (e.g., solenoid) configured to supply
pressurized actuation fluid (e.g., air) from the pressurized actuation fluid source to the actuator
inlet port in an energized (e.g., opening) configuration to move the actuator member 116 against a
biasing element 118 (e.g., spring) of the actuator 115 for movement of the valve element 114 from
the first position to the second position, and to divert or vent pressurized actuation fluid from the
actuator inlet port in a de-energized (e.g., closing) configuration to allow biasing member driven
movement of the actuator member for movement of the valve element from the second position to
the first position. In the illustrated system 100, actuation of the pilot valve 120 is initiated by a

control module 130 (e.g., circuit board based device) configured to send actuation signal pulses to
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the pilot valve to operate the pilot valve between the energized and de-energized configurations.
The control module 130 may be programmed or directed (e.g., with a “recipe”) to control the
timing of the opening and closing of the valve assembly 110 to provide a desired open valve
duration corresponding to a desired fluid dose, based on a predetermined flow rate through the
open valve assembly.

[0025] To monitor and control the actual timing and duration of the open valve condition, the
actuator 115 may be provided with a position sensor 119 configured to generate a stroke signal
pulse when the actuator member 116 reaches a position in the actuation stroke (e.g., a mid-stroke
position, such as a midpoint in the actuator stroke, or a position corresponding to a midpoint of the
flow curve) identifying actuation of the actuator member and valve element 114. Many different
types of position sensor arrangements may be utilized, including, for example, a proximity sensor
installed in the actuator piston chamber (e.g., through an actuator cap) and configured to detect the
actuator piston when the actuator piston reaches a predetermined stroke position during actuation.
The position sensor 119 is in electronic communication with the control module 130 (e.g., wired
or wireless communication) to deliver the stroke signal pulse to the control module, to provide
confirmation of actuation and to indicate to the control module the timing of the actuation.

[0026] In the event of deviations in the opening and/or closing actuation timing of the valve
assembly 110, as identified by the stroke signal pulses delivered to the control module 130, the
system 100 may be configured to adjust the timing of the actuation signal pulses to the pilot valve
120 to correct for these deviations, for example, to maintain a consistent desired dosage timing
and volume. In some such systems, the control module may receive command signal pulses from
a program or recipe providing device 108 (e.g., external computer), with the local control module
130 delaying transmission of an actuation signal pulse to the pilot valve 120 by a predetermined
opening delay time OD based on measured delays between the transmitted actuation signal pulse
and the received stroke signal pulse in one or more prior cycles. By configuring the local control
module 130 for applying these actuation adjustments, adaptations to the actuation signal pulse
timing are controlled locally at the control module while allowing the computer provided program
or recipe to remain unchanged. In other arrangements, the program or recipe defining dosing
frequency, volume, and timing may be stored on the control module, thereby eliminating

communication with an external device.
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[0027] The valve control module 130 is configured to control actuation of one or more valve
assemblies based on a program or recipe provided by a connected (e.g., wired or wireless)
computer or other device. In the illustrated embodiment, the valve control module 130 includes a
main power port 131 for receiving power from a connected power source 103 (e.g., battery, power
outlet) and a controller (e.g., microprocessor or MPU) 132 storing a real time operating system for
controlling operation of the valve control module 130. The controller 132 is in circuit
communication with a command signal input connector 133 connectable (e.g., wired or wireless)
with the external computer 108 for receiving command signal pulses, and with a driver circuit 134
connectable (e.g., wired or wireless) with the pilot valve 120 of the valve assembly 110 for
transmitting to the pilot valve actuation signal pulses received from the controller 132. The
controller 132 is in circuit communication with a digital input connectors 135 connectable (e.g.,
wired or wireless) with the position sensor 119 of the valve assembly 110 for receiving stroke
signal pulses from the position sensor and communicating the stroke signal pulses to the controller.
As shown, the valve control module 130 may include a communication port 136, such as, for

example, any suitable wired communication port (e.g., universal synchronous/asynchronous

receiver/transmiiter or USART, Ethernet, EtherCAT®, or Modbus®) or any suitable wireless
communication port (e.g., Bluetooth®, Wi-Fi, cellular communication, or RFID), in circuit
communication with the controller 132 for transmitting valve cycle data from the controller to the
external computer 108 or other external device, for example, to monitor valve performance.

[0028] According to an exemplary aspect of the present disclosure, in an exemplary method for
controlling fluid dosage supplied by one or more actuated valve assemblies, a computer 108
transmits a command signal pulse C (at time to, FIG. 2) to a valve control module 130 (e.g., to the
command signal input connector 133) in accordance with a fluid dosing recipe. Upon receipt of
the command signal pulse C (e.g., communicated to the controller 132 from the signal input
connector 133), the controller initiates a delay timer configured to delay transmission of an
actuation signal pulse A (at time t;) from the controller 132 to the pilot valve 120 (e.g., via the
driver circuit 134) by a predetermined opening delay time OD. Upon receipt of the actuation signal
pulse A, the pilot valve 120 is operated to supply pressurized actuation fluid from a fluid pressure
source 105 to the actuator inlet port 117 of the actuated valve assembly 110. When the fluid
supplied to the actuator inlet port 117 reaches a pressure sutficient to overcome the biasing force

of the actuator biasing member 118 and any other forces resisting valve actuation (e.g., piston
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and/or valve element friction forces), the actuator member 116 moves toward the opening position,
activating the position sensor 119 when the actuator member reaches a predetermined stroke
position. The position sensor 119 transmits a corresponding stroke signal pulse S (at time t2) to
the valve control module 130 (e.g., to the controller 132 via the digital input connector 135), and
the controller 132 calculates any delay between the transmission of the actuation signal pulse A to
the pilot valve 120 and the receipt of the stroke signal pulse S from the position sensor 119.
[0029] Based on the fluid dosing recipe, the computer 108 terminates transmission of the
command signal pulse C to the valve control module 130 after a programmed duration (at time t3),
as determined by the desired dose volume and expected flow rate through the open valve assembly
110. Upon termination of the command signal pulse C, the controller 132 initiates a delay timer
configured to delay termination of the actuation signal pulse A (at time t4) from the valve control
module 130 to the pilot valve 120 by a predetermined closing delay time CD. Upon termination
of the actuation signal pulse A, the pilot valve 120 is operated (e.g., de-energized) to divert
pressurized actuation fluid from the actuator inlet port 117 of the actuated valve assembly 110.
When the pressure applied to the actuator inlet port 117 is sufficiently reduced to be overcome by
the biasing force of the actuator biasing member 118, the actuator member 116 moves toward the
closing position, deactivating the position sensor 119 when the actuator member moves beyond
the predetermined stroke position, thereby terminating transmission of the stroke signal pulse (at
time ts) to the controller 132 (via the digital input connector 135), and the controller calculates any
delay between the termination of the actuation signal pulse to the pilot valve 120 and the
termination of the stroke signal pulse received from the position sensor 119.

[0030] To maintain consistent opening valve stroke timing over repeated cycling of the valve
assembly 110 in the presence of deviations in conditions affecting delays in valve actuation (e.g,,
actuation fluid pressure, valve and actuator friction forces, etc.), the controller 132 may be
configured to provide for a target open time TOT between receipt of the command signal pulse
from the computer 108 and receipt of the stroke signal pulse from the actuator position sensor 119.
This constant value target open time TOT may be selected to be greater than any expected actuation
delays, as measured by the position sensor 119, such that the opening delay OD may be varied to
provide a substantially constant target open time TOT when combined with the measured actuation
delay or measured opening response MOR (i.e., time between generation of the actuation signal

pulse and receipt of the stroke signal pulse).
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[0031] In some such systems, the calculation of the opening delay OD for a valve cycle n may be
based on the measured opening response MOR of the immediately preceding valve cycle (n-1),
such that, for example, OD, = TOT — MOR,.1, utilizing the assumption that valve stroke delays
for consecutive valve cycles will be relatively consistent, with negligible variations. In other
systems, the iteratively determined opening delay OD may be modified using one or more
algorithms or other such numerical schemes to optimize flow accuracy, flow consistency, and/or
valve/actuator performance. As one example, the opening delay OD may be dampened, for
example, by an opening delay calculation that incorporates a damping factor DFO. As one
example, the opening delay OD for a valve cycle n may be calculated as OD, = TOT — (1-
DFO)*0ODy.1 — DFO*MOR;.1, with the damping factor DFO being set to a value between 0 and 1
to provide a desired degree of dampening. In still other arrangements, the opening delay OD may
be based, at least in part, on the average measured opening response MOR of a defined number
(x) of preceding valve cycles, such that, for example, OD, = TOT — (MORnx+ ... + MOR,.1)/x.
Still other algorithms or numerical schemes may be utilized to appropriately adjust the opening
delay OD.

[0032] To maintain consistent closing valve stroke timing over repeated cycling of the valve
assembly 110 in the presence of deviations in conditions affecting delays in valve actuation (e.g.,
actuation fluid pressure, valve and actuator friction forces, etc.), the controller 132 may be
configured to provide for a target close time TCT between termination of the command signal
pulse from the computer 108 and termination of the stroke signal pulse from the actuator position
sensor 119. This constant value target close time TCT may be selected to be greater than any
expected actuation delays, as measured by the position sensor 119, such that the closing delay CD
may be varied to provide a substantially constant target close time TCT when combined with the
measured actuation delay or measured closing response MCR (i.e., time between termination of
the actuation signal pulse and termination of the stroke signal pulse).

[0033] In some such systems, the calculation of the closing delay CD for a valve cycle n may be
based on the measured closing response MCR of the immediately preceding valve cycle (n-1),
such that, for example, CD, = TCT — MCRu.1, utilizing the assumption that valve stroke delays for
consecutive valve cycles will be relatively consistent, with negligible variations. In other systems,
the iteratively determined closing delay CD may be modified using one or more algorithms or

other such numerical schemes to optimize flow accuracy, flow consistency, and/or valve/actuator

10
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performance. As one example, the closing delay CD may be dampened, for example, by a closing
delay calculation that incorporates a damping factor DFC. As one example, the closing delay CD
for a valve cycle n may be calculated as CD, = TCT — (1-DFC)*CDy.1 — DFC*MCRy.1, with the
damping factor DFC being set to a value between O and 1 to provide a desired degree of
dampening. In still other arrangements, the closing delay CD may be based, at least in part, on the
average measured closing response MCR of a defined number (x) of preceding valve cycles, such
that, for example, CD, = TCT — (MCR.x+ ... + MCRu.1)/x. Still other algorithms or numerical
schemes may be utilized to appropriately adjust the closing delay CD.

[0034] In an exemplary process 1000 of controlling fluid flow in a fluid system using a valve
control module (e.g., any of the valve control modules described herein), as illustrated in the flow
chart of FIG. 2A, the controller of the valve control module polls for a command signal from an
external device (e.g., from a command signal input connector), at 1010. If/when a command signal
is received (at 1020), the controller initiates a delay timer to increment an opening delay OD (at
1030). The delay timer is polled by the controller (at 1040), and when the predetermined opening
delay OD time is reached (at 1050), an actuation signal is transmitted from the controller to the
pilot valve (e.g., via a driver circuit), at 1080, thereby actuating the pilot valve for pneumatic
actuation of the valve assembly to an actuated (e.g., open) position. The controller continues to
poll for the command signal (at 1090), and when the command signal is no longer being received
(at 1100), the controller initiates a delay timer to increment a closing delay CD (at 1110). The
delay timer is polled by the controller (at 1120), and when the predetermined closing delay CD is
reached (at 1130), the actuation signal is terminated (at 1140), causing the pilot valve to close, for
return of the valve assembly to the normal (e.g., closed) position.

[0035] In applications requiring continuous controller monitoring and precise adjustment of
actuation signal transmissions, controller hardware based failures or errors may develop in a valve
control module, causing missed or delayed signal pulses and an unacceptable (e.g., in
volume/duration and/or timing) fluid supply. In some implementations, the valve control module
controller may be configured to initiate a passthrough mode in response to receipt or identification
of an error signal corresponding to, for example, failure to receive or recognize a pulse
transmission or receipt of a significantly delayed pulse transmission. As shown in the illustrated
embodiment of FIG. 1, the valve control module 130 may be provided with a relay switch 137 that

may be connected between the command signal input connector 133 and the driver circuit 134 and
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operated (e.g., activated or deactivated) by the controller 132 in response to controller receipt of
the error signal, such that subsequent command signal pulses generated by the external computer
108 and transmitted through the command signal input connector 133 bypass the controller for
transmission directly to the driver circuit 134 for transmission of the command signal pulses to the
pilot valve 120. The resulting actuations of the valve assembly would continue in accordance with
the supplied program or recipe, without the (potentially faulty) adjustment by the valve control
module. In response to receipt of the error signal, the controller 132 may additionally be
configured to transmit a notification signal to the external computer 108 via the communication
port 136 to identify the detected error and resulting entry into the passthrough mode. Reversion
of the valve control module 130 from the passthrough mode to the standard operating mode may
be configured to require manual user operation of the relay switch(es) 137, and/or a
communication signal from the external computer 108 through the communication port 136,
directing a reset of the valve control module.

[0036] In some embodiments, the valve control device may be configured to independently control
actuation of a plurality of valve assemblies. FIG. 3 illustrates an exemplary system 200 including
a plurality of valve assemblies 210a-c (e.g., three, as shown, or more or fewer than three), which
may (but need not) be similar to the valve assembly 110 of FIG. 1, for which actuation of a
corresponding pilot valve 220a-c is initiated by a control module 230 (e.g., circuit board based
device) configured to send actuation signal pulses to the corresponding pilot valve to operate the
pilot valve between the energized (e.g., open) and de-energized (e.g., closed) configurations. The
control module 230 may be programmed or directed (e.g., with a “recipe”) to control the timing of
the opening and closing of each of the valve assemblies 210a-c to provide desired open valve
timing and durations duration corresponding to desired fluid doses, based on predetermined flow
rates through the open valve assemblies.

[0037] In the event of deviations in the opening and/or closing actuation timing of selected valve
assemblies 210a-c, as identified by the stroke signal pulses delivered to the control module 230,
the system 200 may be configured to adjust the timing of the actuation signal pulses to the pilot
valves 220a-c to correct for these deviations, for example, to maintain a consistent desired dosage
timing and volume. In some such systems, the control module may receive command signal pulses
from a program or recipe providing device 208 (e.g., external computer), with the local control

module 230 delaying transmission of an actuation signal pulse to the selected pilot valve(s) 220a-
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¢ by a predetermined opening delay time OD based on measured delays between the transmitted
actuation signal pulse and the received stroke signal pulse in one or more prior cycles. By
configuring the local control module 230 for applying these actuation adjustments, adaptations to
the actuation signal pulse timing are controlled locally at the control module while allowing the
computer provided program or recipe to remain unchanged. In other arrangements, the program
or recipe defining dosing frequency, volume, and timing may be stored on the control module,
thereby eliminating communication with an external device.

[0038] The valve control module 230 is configured to control actuation the valve assemblies 210a-
¢ based on a program or recipe provided by a connected (e.g., wired or wireless) computer or other
device. In the illustrated embodiment, the valve control module 230 includes a main power port
231 for receiving power from a connected power source 203 (e.g., battery, power outlet) and a
controller (e.g., microprocessor or MPU) 232 storing a real time operating system for controlling
operation of the valve control module 230. The controller 232 is in circuit communication with a
plurality of command signal input connectors 233a-c connectable (e.g., wired or wireless) with the
external computer 208 for receiving command signal pulses, and with a plurality of corresponding
driver circuits 234a-c connectable (e.g., wired or wireless) with the corresponding pilot valves
220a-c of the valve assemblies 210a-c for transmitting to the pilot valve actuation signal pulses
received from the controller 232. The controller 232 is in circuit communication with a plurality
of digital input connectors 23 5a-c connectable (e.g., wired or wireless) with position sensors 219a-
¢ of the corresponding valve assemblies 210a-c for receiving stroke signal pulses from the position
sensors and communicating the stroke signal pulses to the controller. As shown, the valve control
module 230 may include a communication port 236, such as, for example, any suitable wired
communication port (e.g., universal synchronous/asynchronous recetver/iransmitter or USART,
Ethernet, EtherCAT®, or Modbus®) or any suitable wireless communication port (e.g.,
Bluetooth®, Wi-Fi, cellular communication, or RFID), in circuit communication with the
controller 232 for transmitting valve cycle data from the controller to the external computer 208
or other external device, for example, to monitor valve performance.

[0039] The valve control module 230 may be provided with a plurality of relay switches 237a-c
that may be connected between corresponding ones of the command signal input connectors 233a-
¢ and the driver circuits 234a-c and operated (e.g., activated or deactivated) by the controller 232

in response to controller receipt of an error signal (as described above), such that subsequent
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command signal pulses generated by the external computer 208 and transmitted through the
command signal input connectors 233a-c bypass the controller for transmission directly to the
driver circuit 234a-c for transmission of the command signal pulses to the pilot valves 220a-c. The
resulting actuations of the valve assembly would continue in accordance with the supplied program
or recipe, without the (potentially faulty) adjustment by the valve control module. In response to
receipt of the error signal, the controller 232 may additionally be configured to transmit a
notification signal to the external computer 208 via the communication port 236 to identify the
detected error and resulting entry into the passthrough mode. Reversion of the valve control
module 230 from the passthrough mode to the standard operating mode may be configured to
require manual user operation of the relay switches 237a-c, and/or a communication signal from
the external computer 208 through the communication port 236, directing a reset of the valve
control module by operation (e.g., activation or deactivation) of the relay switches.

[0040] FIG. 3A illustrates an exemplary embodiment of a circuit board (PCB) based valve control
module 230" having a controller 232" in circuit communication with six command signal input
connectors 233a’-f", six driver circuits 234a’-f", six controller bypassing relay switches 237a’-f",
and six digital input connectors 235a’-f" for independently controlled actuation of up to six valve
assemblies, along with a main power port 231" and communication port 236°, as described above.
In other embodiments, a valve control device may be configured to independently control any
suitable number of valve assemblies (i.e., fewer or more than six valve assemblies). In some such
arrangements, the controller 232" may be configured to simultanecusly monitor the positions of
each of the plurality of valve assemblies, in real time during operation of the system. This
monitoring may be used to identify actuation inconsistencies between valve assemblies and/or
actuation inconsistencies over time, to provide an alert to a system operator (e.g., through
communication with an external computer or other such device) and/or to initiate and/or modify
actuation adjustments by the controller to one or more of the valve assemblies, for example, to
maintain consistent, synchronized, and/or properly ordered actuation of the multiple valve
assemblies.

[0041] In some implementations, a multiple valve fluid system may be configured to deliver fluid
from a single source to multiple locations or outlets. As one example, as schematically shown in
FIG. 4, a multiple valve switching system 300 may utilize two or more valves 310-1, 310-2

downstream from a mass flow controller 301 (MFC) or other substantially constant flow source.
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In many such applications, to maintain substantially constant flow from the flow source (e.g., to
avoid rapid pulsing or downstream flow fluctuations for which the MFC is unable to adequately
compensate), it may be desirable to synchronize actuation of the switching valves 310-1, 310-2
such that total flow through the valves remains substantially constant as at least one valve is
actuated to a closed position and at least one valve is actuated to an open position. In an exemplary
application, a divert system for an atomic layer deposition (ALD) system includes a first actuated
valve 310-1 that delivers pulsed fluid flow from the MFC to an ALD process line P, and a second
actuated valve 310-2 that delivers pulsed fluid flow from the MFC to a waste or drain line D when
the first actuated valve is closed, such that the pulsing of the fluid flow to the process line is not
experienced by the MFC, which is allowed to maintain a substantially constant fluid flow rate.
[0042] Many factors affect variations in total flow through synchronized switching valves during
actuation. For example, different pneumatically actuated valves may have different actuator
pressure required for actuation, different flow rates through the actuator supply or exhaust lines,
different valve stroke distances/times, and different actuator stroke times on a return stroke
(controlled by spring force and rate of venting actuation fluid) compared to a forward or positive
stroke (controlled by actuating fluid pressure overcoming spring forces). These variations can
result in deviations in the actuation timing of the valves, such that simultaneous opening and
closing actuation signals operating pilot valves to supply actuation fluid through a first (e.g.
supply) valve and a second (e.g., vent) valve can result in mis-matched valve strokes of the two
valves and varying total fluid flow through the valves (and from the MFC) during these cycle
times.

[0043] To address these varying valve stroke response times, a valve control device configured to
adjust valve actuation based on calculated actuation signal pulse transmission delays, as described
above, may be configured to apply additional opening delay ODa and/or closing delay CDa
adjustments, similar to those described above, to adjust the second (vent) valve actuation timing
relative to the first (supply) valve actuation timing to maintain more consistent fluid flow demand
from the fluid supplying MFC.

[0044] Another factor affecting variations in total flow through an array of switching valves during
actuation is the non-linearity of fluid flow rate change through the valve during actuation, as shown
in FIGS. SA and 5B, such that the midpoint of the actuator stroke does not correspond to a midpoint

in the valve flow rate (Cv). In an exemplary actuated valve embodiment, the midpoint in the valve
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flow rate, where the flow coefficient Cv is half the maximum flow coefficient Cvmax, Occurs at an
actuator stroke position significantly closer to the closed position (e.g., about 15% - 30% of the
full actuator stroke from the closed position). If the closing valve and opening valve are actuated
simultaneously (FIG. 5A), and exhibit similar, but inverted, flow vs. stroke curves, the opening
valve reaches midpoint flow before the closing valve reaches midpoint flow, resulting in an
extended period during actuation in which a greater total fluid flow passes through the valves.
[0045] To address the total flow variation caused by non-linear fluid flow rate change during
actuation, the actuation system may be configured to delay actuation of the opening valve relative
to actuation of the closing valve, or to advance actuation of the closing valve relative to actuation
of the opening valve (FIG. 5B), to minimize the total flow deviation during actuation, as compared
to total flow in the fully actuated condition (e.g., with one valve fully open and the other valve
fully closed). In some arrangements the opening valve delay ODg or the closing valve advance -
CDg may be set to approximate the time difference between the Cv midpoint and the stroke
duration midpoint. For example, in an exemplary arrangement using valves having an actuation
stroke duration of about 2.5 ms (i.e., stroke duration midpoint of about 1.25 ms) and a midpoint
flow condition during opening or Cv midpoint at about 0.75 ms, the controller may be configured
to delay actuation of the opening valve, or to advance actuation of the closing valve, by about 0.5
ms (i.e., the time difference between the 1.25 ms stroke duration midpoint and the 0.75 ms opening
flow midpoint). Alternatively, the opening actuation delay ODsg or closing actuation advance -
CDg may be set at a fraction of the valve stroke duration, such as, for example, 15% - 30%, or
about 20%, of the valve stroke duration (e.g., 0.50 ms delay for a valve having an opening stroke
duration of 2.5 ms).

[0046] In some implementations, such as the ALD supply and vent valve application described
above, delay of the opening actuation timing and/or advance of the closing actuation timing of the
supply valve 310-1 may result is a supplied dose that deviates from (e.g., is smaller than) the
desired dose. In some such arrangements, adjustments may be limited to the vent valve 310-2, for
which dose volumes are not critical. For example, in such an arrangement, the vent valve 310-2
may have a non-linear flow based opening delay ODg and closing advance -CDg, with no non-
linear flow curve adjustment for the supply valve 310-1.

[0047] In some valve arrangements, one or more of the valves may include an orifice restriction

(e.g., assembled with or integrated into the valve) selected to limit valve flow to a desired reduced
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flow rate. In such an arrangement, the midpoint flow position of the actuator / actuating element
deviates more significantly from the midpoint position and midpoint duration of the actuator
stroke, as the maximum flow coefficient Cvmax is limited by the orifice restriction and the valve
reaches the reduced “full flow” condition even closer to the fully closed position. As a result, the
opening valve delay ODg and/or closing valve advance -CDg corresponding to flow-stroke
midpoint deviation of the standard, unrestricted valve, as described above, would likely be
insufficient to compensate for the flow change discrepancies between the flow restricted opening
and closing valves.

[0048] According to an aspect of the present disclosure, to address the total flow variation caused
by an orifice restriction associated with the valve(s), the actuation system may be configured to
adjust the non-linear flow based opening delay ODg and closing advance -CDg (FIG. 6) to further
delay actuation of the opening valve or further advance actuation of the closing valve, to minimize
the total flow deviation during actuation, as compared to total flow in the fully actuated condition
(e.g., with one valve fully open and the other valve fully closed). Unlike the valve stroke flow
characteristics of an unrestricted valve, which may be fairly and broadly estimated based on valve
type (e.g., using a delay of about 20% of the valve stroke duration), the size of orifice restriction
incorporated by the system designer or end user may vary significantly, causing a significant
variation in the valve stroke flow midpoint. In an exemplary system, an actuation system may
include a controller configured to adjust the non-linear flow based opening delay ODg and closing
advance -CDg based on a user identified orifice size, for example, one or more orifice size values
or ranges of values (e.g., < Imm, Imm to 2mm, 2 to 3 mm), or one or more orifice restriction flow
coefficient Cvor values or ranges of values (e.g., <0.04, 0.04 t0 0.18, 0.18 t0 0.42), with the smaller
orifice restriction corresponding to a proportionally greater actuation delay for the opening valve
or actuation advance for the closing valve. In some applications, the flow restriction actuation
offsets ODsg, -CDg may correspond to the time difference between the valve stroke midpoint and
the restriction Cv midpoint, either replacing the non-restricted opening delay ODgp and closing
advance -CDg or by adding an adjustment factor to the non-restricted opening delay ODg and
closing advance -CDs.

[0049] In some embodiments, rather than applying an opening and/or closing actuation offset to
account for predetermined or measured timing deviations between the stroke midpoint position

and the flow midpoint position of the actuator, an actuator may be provided with an actuator
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position sensor configured to generate a stroke signal identifying the flow midpoint position,
thereby eliminating the need for non-linear flow based actuation offsets ODg, CDg in adjusting
the actuation timing of the valves. In some such arrangements, the actuator position sensor may
be adjustable or otherwise configurable to address noted or anticipated changes in the actuation
flow curve (e.g., due to use of a different orifice restriction) by adjusting the stroke position at
which the sensor generates and/or terminates a stroke signal to correspond with the flow midpoint
position of the actuator member. As one example, an optical position sensor may be used to
electronically adjust (e.g., change the distance between the sensor and the actuator member at
which the sensor is triggered) the actuation set point to correspond to the flow midpoint position
of the actuator member.

[0050] In some valve arrangements having orifice restrictions, the orifice restriction may be
provided in alignment with, or in close proximity to, the valve seat, such that the choked fluid
volume in the closed valve is minimized. In valve arrangements having orifice restrictions further
upstream from the valve seat, a choked fluid volume between the upstream orifice restriction and
the valve seat may produce a spike or burst of fluid flow when the valve is opened. In valve
arrangements having orifice restrictions further downstream from the valve seat, a choked fluid
volume between the valve seat and the downstream orifice restriction may produce a prolonged
flow lag or decay after the valve is closed, and a delayed supply of fluid flow when the valve is
opened. While these deviations may not affect the total fluid flow from the flow source, the choked
volume induced flow deviations may influence the total dose pulse width and/or resulting dose
volume, for example, resulting in a larger than desired fluid dose for valves having an upstream
orifice restriction, and a delayed fluid dose for valves having a downstream orifice restriction.
[0051] To compensate for the fluid flow burst associated with an upstream orifice restriction, an
additional opening actuation signal delay ODc may be applied to the opening valve, to provide the
desired timing of the supplied dose. While this flow burst-based opening delay ODc may
sufficiently adjust the dose volume to a desired volume, in some embodiments, a flow burst-based
closing valve advance -CDc¢ may be applied to more accurately provide the desired dose volume
(FIG. 7).

[0052] To compensate for the fluid flow decay associated with a downstream orifice restriction, a
flow lag-based opening actuation signal advance -ODp may be applied to the opening valve and a

flow lag-based closing actuation signal advance -CDp may be applied to the closing valve to
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compensate for delays in flow through the valve and past the downstream orifice restriction while
maintaining desired timing and volume of the fluid dose (FIG. 8).

[0053] As the choked volume between the valve seat and the orifice restriction may vary based on
the type of valve and the type of installed/integrated orifice restriction, in an exemplary system, an
actuation system may include a controller configured to apply a flow burst-based actuation signal
adjustment ODc¢, CDc or a flow lag-based actuation signal adjustment ODp, CDp based on a user
identified valve/orifice restriction type, with the controller including a stored delay/advance setting
for the possible valve/orifice restriction type combinations, with the larger choked volume
arrangements corresponding to a proportionally greater actuation delay or advance.

[0054] In multi-valve switching arrangements having flow conditions affected by one or more of:
(a) varying valve stroke response times, (b) total flow variation caused by non-linear fluid flow
rate change (or flow rate curve) during actuation, with or without an orifice restriction, and (c)
position of the orifice restriction, timing of the opening actuation signal of a first valve may be
adjusted by one or more corresponding opening signal timing offsets ODa, ODg, OD¢/p, and the
timing of the closing actuation signal of a second valve may be adjusted by one or more
corresponding closing signal timing offsets CD4, CDg, CDc/p.

[0055] In an exemplary system including a first, unrestricted supply valve vi and a second,
unrestricted vent valve vz synchronized for directing a substantially continuous fluid flow (e.g.,
from a mass flow controller), upon receiving a supply valve command signal from the external
computer, the valve controller initiates a timer to apply a supply valve opening delay OD: before
transmitting a supply valve actuation signal to the supply valve. The opening delay OD;
corresponds to a valve stroke response based opening delay ODia calculated (e.g., by the
controller) as the recipe defined supply valve total opening time TOT; minus the supply valve
measured opening response MOR; based adjustment, as described above.

[0056] Upon termination of the supply valve command signal from the external computer, the
valve controller initiates a timer to apply a supply valve closing delay CD; before terminating
transmission of the supply valve actuation signal to the supply valve vi. The closing delay CD
corresponds to a valve stroke response based closing delay CD1a calculated (e.g., by the controller)
as the recipe defined supply valve total closing time TCT; minus the supply valve measured

closing response MCR based adjustment, as described above.
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[0057] Upon receiving a vent valve command signal from the external computer (e.g.,
simultaneous with the termination of the supply valve command signal), the valve controller
initiates a timer to apply a vent valve opening delay OD; before transmitting a vent valve actuation
signal to the vent valve v2. The opening delay OD: corresponds to a valve stroke response based
opening delay OD2a plus a non-linear flow change based opening delay OD;p. The valve stroke
response based opening delay ODza is calculated (e.g., by the controller) as the recipe defined vent
valve total opening time TOT: minus the vent valve measured opening response MOR; based
adjustment, as described above, and the non-linear flow change based opening delay ODas is
provided as a pre-defined (e.g., by the controller, or as an input supplied to the controller) or
calculated (e.g., based on measured stroke time) offset time corresponding to the time difference
between the stroke midpoint position and the flow midpoint position of the vent valve va.

[0058] Upon termination of the vent valve command signal from the external computer (e.g.,
simultaneous with the transmission of the supply valve command signal), the valve controller
initiates a timer to apply a vent valve closing delay CD; before terminating transmission of the
vent valve actuation signal to the vent valve. The closing delay CD; corresponds to a valve stroke
response based closing delay CD2a minus a non-linear flow change based closing offset or advance
CDzr. The valve stroke response based closing delay is calculated (e.g., by the controller) as the
recipe defined vent valve total closing time TCT2 minus the vent valve measured closing response
MCR; based adjustment, as described above, and the non-linear flow change based closing
advance -CDqg is provided as a pre-defined (e.g., by the controller, or as an input supplied to the
controller) or calculated (e.g., based on measured stroke time) offset time corresponding to the
time difference between the stroke midpoint position and the flow midpoint position of the vent
valve va.

[0059] In an exemplary system including a first, orifice restricted supply valve vi and a second,
vent valve vz synchronized for directing a substantially continuous fluid flow (e.g., from a mass
flow controller), upon receiving a supply valve command signal from the external computer, the
valve controller initiates a timer to apply a supply valve opening delay OD; before transmitting a
supply valve actuation signal to the supply valve vi. The opening delay OD; corresponds to a
valve stroke response based opening delay OD4 plus a flow burst/lag based offset ODic/p. The
valve stroke response based opening delay OD1 4 is calculated (e.g., by the controller) as the recipe

defined supply valve total opening time TOT; minus the supply valve measured opening response
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MOR| based adjustment, as described above. Where the orifice restriction is upstream of the valve
seat, the flow burst based opening offset or delay OD;c is provided as a pre-defined (e.g., by the
controller, or as an input supplied to the controller) offset time corresponding to the distance (and
resulting choked volume) between the orifice restriction and the valve seat. Where the orifice
restriction is downstream of the valve seat, the flow lag based opening offset or advance -ODip is
provided as a pre-defined (e.g., by the controller, or as an input supplied to the controller) offset
time corresponding to the distance (and resulting choked volume) between the orifice restriction
and the valve seat.

[0060] Upon termination of the supply valve command signal from the external computer, the
valve controller initiates a timer to apply a supply valve closing delay CD; before terminating
transmission of the supply valve actuation signal to the supply valve vi. The closing delay CD;
corresponds to a valve stroke response based closing delay CD1a plus a flow burst/lag based offset
CDicmp. The valve stroke response based closing delay CDia is calculated (e.g., by the controller)
as the recipe defined total closing time TCT minus the measured closing response MCR based
adjustment, as described above. Where the orifice restriction is upstream of the valve seat, the
flow burst based offset or delay CDip is provided as a pre-defined (e.g., by the controller, or as an
input supplied to the controller) offset time corresponding to the distance (and resulting choked
volume) between the orifice restriction and the valve seat. Where the orifice restriction is
downstream of the valve seat, the flow lag based closing offset or advance -CDip is provided as a
pre-defined (e.g., by the controller, or as an input supplied to the controller) offset time
corresponding to the distance (and resulting choked volume) between the orifice restriction and
the valve seat.

[0061] Upon receiving a vent valve command signal from the external computer (e.g.,
simultaneous with the termination of the supply valve command signal), the valve controller
initiates a timer to apply a vent valve opening delay OD; before transmitting a vent valve actuation
signal to the vent valve v2. The opening delay OD; corresponds to a valve stroke response based
opening delay ODza plus a non-linear flow change based opening delay ODzp. The valve stroke
response based opening delay ODza is calculated (e.g., by the controller) as the recipe defined vent
valve total opening time TOT> minus the vent valve measured opening response MOR; based
adjustment, as described above. The non-linear flow change based opening delay OD:p is

provided as a pre-defined (e.g., by the controller, or as an input supplied to the controller) or
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calculated (e.g., based on measured stroke time) offset time corresponding to the time difference
between the stroke midpoint position and the flow midpoint position of the flow restricted vent
valve. While a flow burst/lag offset ODac/p may be applied to the vent valve opening delay OD»,
in some arrangements, this adjustment may be disregarded as the volume of the vented “dose” may
be considered non-critical.

[0062] Upon termination of the vent valve command signal from the external computer (e.g.,
simultaneous with the transmission of the supply valve command signal), the valve controller
initiates a timer to apply a vent valve closing delay CD; before terminating transmission of the
vent valve actuation signal to the vent valve v2. The closing delay CD; corresponds to a valve
stroke response based closing delay CD2a minus a non-linear flow change based closing offset or
advance CD;p. The valve stroke response based closing delay CD2a may be calculated (e.g., by
the controller) as the recipe defined vent valve total closing time TCT2 minus the vent valve
measured closing response MCR; based adjustment, as described above. The non-linear flow
change-based closing advance -CDsp is provided as a pre-defined (e.g., by the controller, or as an
input supplied to the controller) or calculated (e.g., based on measured stroke time) offset time
corresponding to the time difference between the stroke midpoint position and the flow midpoint
position of the flow restricted vent valve. While a flow burst/lag offset CD2cm may be applied to
the vent valve closing delay CD;, in some arrangements, this adjustment may be disregarded as
the volume of the vented “dose” may be considered non-critical.

[0063] Systems for monitoring and controlling pneumatically actuated valve performance may
utilize additional or other sensor arrangements to monitor and adjust valve assembly actuation
based on other system parameters, including, for example, actuator pressure, system fluid pressure,
temperature, and flow rate. As one example, actuator sensor arrangements may be used to detect
deviations in actuator pressures during valve cycling, allowing for diagnosis of valve actuation
issues (e.g., leakage past the fluid driven actuator member, changes in required actuation force) or
for modification of actuator parameters (e.g., to adjust cycle time, pulse duration, closing force,
etc.) An exemplary sensor-based system for monitoring and controlling pneumatic actuator
performance is described in co-owned U.S. Patent No. 11,073,442, entitled “SYSTEMS AND
METHODS FOR CONTROL AND MONITORING OF ACTUATED VALVES” (the “’442

Patent”), the entire disclosure of which is incorporated herein by reference.
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[0064] In some implementations, a multiple valve fluid system may be configured to deliver
different fluids from multiple sources to a single site or location. As an example, different
precursor (high reactive) gases may be sequentially supplied to an atomic layer deposition (ALD)
reaction chamber for atomic layer-by-layer growth of films on a target substrate. In some
implementations, each of the multiple fluids may be supplied through pairs of switching valve
assemblies adjustably controlled and synchronized by a valve control module, for example, to
maintain substantially constant flow of the corresponding fluid from the fluid supplying mass flow
controller (MFC), as described in greater detail above. In other implementations, each of the
multiple fluids may be supplied from a corresponding fluid source through a corresponding single
valve assembly adjustably controlled and synchronized by a valve control module, for example,
for precise timing and dosing of the supplied fluids.

[0065] In some applications, such as, for example, the supply of precursor gases to a reaction
chamber for atomic layer deposition, this simultaneous open condition of more than one of the
valve assemblies may result in undesirable or unacceptable mixing of the fluids. In such
applications, an externally provided program or recipe for sequentially supplying different fluids
to a target location may be configured such that all other valve assemblies be closed before a
selected valve assembly is opened. Despite these recipe or program configurations, in
implementations in which the valve control module provides for actuation signal timing and/or
duration adjustments, such adjustments to the valve controlling actuation signals may result in
adjusted control of the valve assemblies that could cause more than one valve to be open at the
same time. Additionally or alternatively, other system conditions may result in delayed opening
and closing of one of the valve assemblies, such as, for example, reduced pneumatic pressure to
the actuator delaying valve opening, or restricted or choked pneumatic pressure exhaust from the
actuator delaying valve closing,

[0066] According to an exemplary aspect of the present disclosure, a valve control module (e.g.,
an actuation signal adjusting valve control module, as described above) in controlling
communication with a plurality of fluid supplying valve assemblies may include a controller
configured to audit or otherwise identify the condition (open or closed) of each of the valve
assemblies before transmitting an actuation signal pulse to a selected one of the valve assemblies.
If the controller receives an indication that one of the other (non-selected) valve assemblies is in

an open condition (e.g., a stroke signal pulse transmitted to the controller), the controller will delay

23



WO 2024/229060 PCT/US2024/027129

or cancel transmission of the actuation signal pulse, thereby preventing a condition in which two
or more of the valve assemblies are open at the same time.

[0067] Upon indication that the open, non-selected valve assembly has closed (e.g., termination
of the stroke signal pulse), the controller may proceed with transmission of the actuation signal
pulse for actuation of the selected valve assembly. In some implementations, the controller may
be configured to modify a stored opening delay OD (as described above) of the actuation signal
based on the delay resulting from the existing valve open condition. In other implementations, the
controller may additionally or alternatively be configured to initiate a passthrough mode (described
in greater detail above), thereby eliminating valve control module actuation signal adjustments
that may be causing valve assembly open conditions to overlap. In still other implementations,
the controller may additionally or alternatively be configured to initiate an emergency
shutdown/alert mode discontinuing valve assembly actuation, for example, when the valve open
condition exceeds a maximum permissible threshold.

[0068] Referring back to FIG. 2A, the exemplary fluid flow control process 1000 may include,
after the opening delay OD time has been reached (at 1050), controller polling for a stroke signal
from a valve assembly position sensor (e.g., via a digital input connector), at 1060, for indication
that a valve assembly is already open. The controller may continue polling for the stroke signal,
until no valve assemblies are open (at 1070), before transmitting the actuation signal to the pilot
valve (at 1080).

[0069] Although the invention has been disclosed and described with respect to certain exemplary
embodiments, certain variations and modifications may occur to those skilled in the art upon
reading this specification. Any such variations and modifications are within the purview of the
invention notwithstanding the defining limitations of the accompanying claims and equivalents
thereof. Accordingly, departures may be made from such details without departing from the spirit or

scope of the applicant's general inventive concept.
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We claim:
1. A method of controlling fluid flow in a fluid system, the fluid system including an actuated
valve assembly including an actuator having an actuator member biased towards a normal position
and an inlet port configured to receive a pressurized fluid for movement of the actuator member to an
actuated position, the method comprising:

receiving a command signal pulse at a valve controller;

in response to receipt of the command signal pulse, after a predetermined opening delay,
transmitting an actuation signal pulse from the valve controller to a pilot valve;

in response to receipt of the actuation signal pulse at the pilot valve, actuating the pilot
valve to direct pressurized fluid to the actuator inlet port for movement of the actuator member to
the actuated position;

in response to movement of the actuator member to the actuated position, transmitting a
stroke signal pulse from a position sensor assembled with the valve assembly to the valve
controller;

in response to termination of the command signal pulse, after a predetermined closing
delay, terminating transmission of the actuation signal pulse to the pilot valve;

in response to termination of the actuation signal pulse, actuating the pilot valve to divert
pressurized fluid from the actuator inlet port for biased movement of the actuator member to the
normal position;

in response to movement of the actuator member to the normal position, terminating
transmission of the stroke signal pulse to the valve controller;

calculating an adjusted predetermined opening delay based on a measured time duration
between transmission of the actuation signal pulse and receipt of the stroke signal pulse; and

calculating an adjusted predetermined closing delay based on a measured time duration

between termination of the actuation signal pulse and termination of the stroke signal pulse.
2. The method of claim 1, wherein receiving the command signal at the valve controller

comprises transmitting the command signal from an external computer in communication with the

valve controller.
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3. The method of any of claims 1 and 2, wherein the predetermined opening delay and the
adjusted predetermined opening delay are calculated to maintain a substantially constant total opening

time duration between receipt of the command signal pulse and receipt of the stroke signal pulse.

4. The method of any of claims 1 — 3, wherein the predetermined closing delay and the adjusted
predetermined closing delay are calculated to maintain a substantially constant total closing time

duration between termination of the command signal pulse and termination of the stroke signal pulse.

5. The method of any of claims 1 —4, wherein the position sensor is assembled with the actuator.

6. The method of claim 5, wherein the position sensor is configured to sense a mid-stroke

position of the actuator member.

7. The method of any of claims 1 — 6, further comprising transmitting actuation timing data from

the controller to an external computer.

8. The method of any of claims 1 — 7, wherein the valve assembly includes a valve element
movable between a closed position blocking flow between inlet and outlet ports of the valve assembly

and an open position permitting flow between the inlet and outlet ports.

9. The method of claim 8, wherein the normal position of the actuator member corresponds to
the closed position of the valve element and the actuated position of the actuator member corresponds

to the open position of the valve element.

10. The method of any of claims 1 — 9, wherein the fluid system further includes a second valve
assembly including a second actuator having a second actuator member biased towards a normal
position and a second inlet port configured to receive a pressurized fluid for movement of the second

actuator member to an actuated position.

11. The method of claim 10, further comprising:

receiving a second command signal pulse at the valve controller;
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in response to receipt of the second command signal pulse, after a predetermined second
opening delay, transmitting a second actuation signal pulse from the valve controller to a second
pilot valve;

in response to receipt of the second actuation signal pulse at the second pilot valve,
actuating the second pilot valve to direct pressurized fluid to the second actuator inlet port for
movement of the second actuator member to the actuated position;

in response to movement of the second actuator member to the actuated position,
transmitting a second stroke signal pulse from a second position sensor assembled with the second
valve assembly to the valve controller;

in response to termination of the second command signal pulse, after a predetermined
second closing delay, terminating transmission of the second actuation signal pulse to the second
pilot valve;

in response to termination of the second actuation signal pulse, actuating the second pilot
valve to divert pressurized fluid from the second actuator inlet port for biased movement of the
second actuator member to the normal position;

calculating an adjusted predetermined second opening delay based on a measured time
duration between transmission of the second actuation signal pulse and receipt of the second stroke
signal pulse; and

calculating an adjusted predetermined second closing delay based on a measured time
duration between termination of the second actuation signal pulse and termination of the second

stroke signal pulse.

12. The method of claim 11, wherein receiving the second command signal pulse at the valve

controller is simultaneous with termination of the command signal pulse at the valve controller.
13. The method of any of claims 11 and 12, further comprising delaying transmission of the

actuations signal pulse from the valve controller to the pilot valve when the second actuator

member is in the actuated position.
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14, The method of any of claims 1 — 13, further comprising, in response to receipt of an error
signal at the valve controller, entering a passthrough mode in which subsequent command signal

pulses bypass the valve controller and are transmitted to the pilot valve.

15. The method of claim 14, wherein entering the passthrough mode comprises operation of a

relay switch by the valve controller.

16. A valve control module comprising:

a controller storing a real time operating system for controlling operation of the valve
control module;

at least one command signal input connector in circuit communication with the controller
and connectable with an external device for receiving command signal pulses from the external
device;

at least one driver circuit in circuit communication with the controller and connectable with
at least one pilot valve of at least one valve assembly for transmitting to the at least one pilot valve
actuation signal pulses generated by the controller; and

at least one digital input connector in circuit communication with the controller and
connectable with a position sensor of the valve assembly for receiving stroke signal pulses from

the position sensor and communicating the stroke signal pulses to the controller.

17. The valve control module of claim 16, further comprising a communication port in circuit
communication with the controller for transmitting valve cycle data from the controller to the

external device.

18. The valve control module of any of claims 16 and 17, further comprising a main power

port for receiving power from a connected power source.
19. The valve control module of any of claims 16 — 18, wherein the controller, the command

signal input connector, the driver circuit and the digital input connector are carried by a single

circuit board.
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20.  The valve control module of any of claims 16 — 19, wherein the controller is configured to
deliver an actuation signal pulse to the driver circuit for transmission of the actuation signal pulse
to the pilot valve after a predetermined opening delay from receipt of a command signal pulse,

wherein the predetermined opening delay is calculated by the controller.

21. The valve control module of claim 20, wherein the controller is configured to receive a
stroke signal pulse from the digital input connector, and to calculate an elapsed time between the

transmission of the actuation signal pulse and the receipt of the stroke signal pulse.

22. The valve control module of claim 21, wherein the controller is configured to adjust the
predetermined opening delay based on the elapsed time between the transmission of the actuation

signal pulse and the receipt of the stroke signal pulse.

23. The valve control module of any of claims 21 and 22, wherein the controller is configured
to terminate transmission of the actuation signal pulse after a predetermined closing delay from
termination of the command signal pulse, wherein the predetermined closing delay is calculated

by the controller.

24, The valve control module of claim 23, wherein the controller is configured to calculate an
elapsed time between the termination of the actuation signal pulse and the termination of the stroke

signal pulse.

25. The valve control module of claim 24, wherein the controller is configured to adjust the
predetermined closing delay based on the elapsed time between the termination of the actuation

signal pulse and the termination of the stroke signal pulse.
26. The valve control module of any of claims 20 - 25, wherein the controller is configured to

adjust at least one of the predetermined opening delay and the predetermined closing delay based

on a system identification signal.
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27. The valve control module of claim 26, wherein the system identification signal corresponds
to at least one of a non-linear actuation flow curve of the valve assembly, an orifice restriction size

of the valve assembly, and an orifice restriction position of the valve assembly.

28. The valve control module of any of claims 16 — 27, wherein:

the at least one command signal input connector comprises a plurality of command signal
input connectors for receiving command signal pulses for actuation of a plurality of valve
assemblies;

the at least one driver circuit comprises a plurality of driver circuits for transmitting to a
plurality of pilot valves of the plurality of valve assemblies actuation signal pulses generated by
the controller; and

the at least one digital input connector comprises a plurality of digital input connectors for
receiving stroke signal pulses from a plurality of position sensors of the plurality of valve

assemblies.

29. The valve control module of claim 28, wherein the controller is configured to delay
transmission of the actuations signal pulses to one of the plurality of driver circuits corresponding
with a selected one of the plurality of valve assemblies in response to receipt of stroke signal pulses

indicating an open position of another one of the plurality of valve assemblies.

30. The valve control module of any of claims 16 — 29, further comprising at least one relay
switch connected between the at least one command signal input connector and the at least one
driver circuit and operable to bypass the controller for transmission of the command signal pulses

to the at least one driver circuit.

31 The valve control module of claim 30, wherein the controller is configured to activate the

at least one relay switch in response to receipt of an error signal at the controller.

32. A fluid supply system comprising;
at least one actuated valve assembly including:

an actuator having an actuator member biased towards a normal position; and
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a pilot valve connected with an inlet port of the actuator and configured to be operated
between a first configuration supplying pressurized fluid to the actuator inlet port for
movement of the actuator member to an actuated position and a second configuration
diverting pressurized fluid from the actuator inlet port for biased movement of the actuator
member to the normal position;

a valve control module including a valve controller configured to receive a command signal
pulse and transmit an actuation signal pulse from the valve controller to the pilot valve for actuation
of the pilot valve to the first configuration after a predetermined opening delay stored in the valve
controller, for corresponding movement of the actuator member to the actuated position; and

at least one position sensor assembled with the at least one valve assembly and configured
to transmit a stroke signal pulse to the valve controller in response to movement of the actuator
member to the actuated position;

wherein the valve controller is configured to calculate an adjusted predetermined opening
delay based on a measured time duration between transmission of the actuation signal pulse and
receipt of the stroke signal pulse, the valve controller being configured to replace the

predetermined opening delay with the adjusted predetermined opening delay.

33. The fluid supply system of 32, wherein the valve controller is configured to terminate
transmission of the actuation signal pulse to the pilot valve in response to termination of the
command signal pulse, after a predetermined closing delay, and wherein the pilot valve is
configured to actuate to the second configuration in response to termination of the actuation signal
pulse to divert pressurized fluid from the actuator inlet port for biased movement of the actuator
member to the normal position, terminating transmission of the stroke signal pulse to the valve

controller.
34. The fluid supply system of claim 33, wherein the valve controller is configured to calculate

an adjusted predetermined closing delay based on a measured time duration between termination

of the actuation signal pulse and termination of the stroke signal pulse.

31



WO 2024/229060 PCT/US2024/027129

35.  The fluid supply system of claim 34, wherein the adjusted predetermined closing delay is
calculated to maintain a substantially constant total closing time between termination of the command

signal pulse and termination of the stroke signal pulse.

36. The fluid supply system of any of claims 32 — 35, further comprising an external device

configured to transmit the command signal pulse to the valve controller.

37. The fluid supply system of any of claims 32 — 36, wherein the adjusted predetermined opening
delay is calculated to maintain a substantially constant total opening time between receipt of the

command signal pulse and receipt of the stroke signal pulse.

38. The fluid supply system of any of claims 32 — 37, wherein the position sensor is assembled

with the actuator.

39.  The fluid supply system of claim 38, wherein the position sensor is configured to sense a mid-

stroke position of the actuator member.

40. The fluid supply system of any of claims 32 — 39, wherein the valve controller is configured

to transmit actuation timing data from the valve controller to an external computer.

41.  The fluid supply system of any of claims 32 — 40, wherein the valve assembly includes a valve
element movable between a closed position blocking flow between inlet and outlet ports of the valve

assembly and an open position permitting flow between the inlet and outlet ports.
42, The fluid supply system of claim 41, wherein the normal position of the actuator member
corresponds to the closed position of the valve element and the actuated position of the actuator

member corresponds to the open position of the valve element.

43.  The fluid supply system of any of claims 32 — 42, wherein the at least one valve assembly

comprises a plurality of valve assemblies.
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44, The fluid supply system of any of claims 32 — 43, wherein the valve control module comprises

the valve control module of any of claims 16 —31.

45. A method of synchronizing opening actuation of a first valve assembly with closing actuation
of a second valve assembly in a fluid supply system, the method comprising:

in response to receipt of a first command signal pulse, after a predetermined opening delay,
transmitting a first actuation signal pulse to a first pilot valve to direct pressurized fluid to a first
actuator inlet port of a first actuator of the first valve assembly to effect opening actuation of the
first valve assembly;

in response to termination of a second command signal pulse simultaneous with receipt of
the first command signal pulse, terminating transmission of a second actuation signal pulse to a
second pilot valve to divert pressurized fluid from a second actuator inlet port of a second actuator
of the second valve assembly to effect spring biased closing actuation of the second valve
assembly;

wherein the predetermined opening delay includes an offset corresponding to at least one
of: (a) a measured delay in a previous opening actuation of the first valve assembly, between
transmission of the first actuation signal pulse and opening actuation of the first valve assembly;
(b) a non-linear change in flow rate during opening actuation of the first valve assembly; (c) a
spike in flow resulting from a choked volume between a valve seat and an upstream orifice
restriction of the first valve assembly; and (d) a lag in flow resulting from a choked volume

between a valve seat and a downstream orifice restriction of the first valve assembly.

46. The method of claim 45, further comprising applying a predetermined closing delay
between termination of the second command signal pulse and termination of transmission of the
second actuation signal pulse, wherein the predetermined closing delay includes an offset
corresponding to at least one of: (a) a measured delay in a previous closing actuation of the second
valve assembly, between termination of the first actuation signal pulse and closing actuation of the
second valve assembly; (b) a non-linear change in flow rate during closing actuation of the second
valve assembly; (c) a spike in flow resulting from a choked volume between a valve seat and an

upstream orifice restriction of the first valve assembly; and (d) a lag in flow resulting from a
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choked volume between a valve seat and a downstream orifice restriction of the first valve

assembly.
47.  The method of any of claims 45 and 46, wherein the transmission of the first and second
actuation signal pulses are performed by a valve control module in communication with the first

and second pilot valves.

48. The method of claim 47, wherein the valve control module comprises the valve control

module of any of claims 16 —31.

49. The method of any of claims 45 — 48, wherein the fluid supply system comprises the fluid

supply system of any of claims 32 — 44.
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