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CLOSED-LOOP PROGRAMMING AND CONTROL OF A COMBUSTION
APPLIANCE

TECHNICAL FIELD

The present disclosure relates generally to systems and methods for defining
an air/fuel ratio for a burner of a combustion appliance, and more particularly to
programming a controller of a valve assembly and controlling operation of a

combustion appliance based on defined air-fuel ratios.

BACKGROUND

The air/fuel ratio used during the operation of a combustion appliance can
affect the efficiency and emissions of the combustion appliance. Examples of such
combustion appliances include furnaces, water heaters, boilers, direct/in-direct make-
up air heaters, power/jet burners and any other residential, commercial or industrial
combustion appliance. In many cases, a combustion appliance can be modulated
over a plurality of burner loads, with each burner load resulting in a different heat
output. At higher burner loads, more fuel and more air are provided to the burner, and
at lower burner loads less fuel and less air are provided to the burner.

In many cases, the combustion appliance may include a burner that is fed air
by a modulating blower or the like and fuel is fed by a modulating gas valve. The
modulating gas valve may have an air/fuel controller that is designed to control the
air/fuel ratio that is delivered to the burner. In some cases, the air/fuel controller may
not have direct control over the burner load of the combustion appliance. In other
cases, the air/fuel controller may be a slave device and simply receive a burner load
command from an external controller, and may respond by modulating the gas valve
to provide a desired air/fuel ratio to the burner at the commanded burner load. In
some instances, the modulating the gas valve may be pneumatically controlled. In
other instances, the modulating the gas valve may be controlled by an electronically
controlled actuator.

In many cases, an air/fuel ratio versus burner load curve is set during a
commissioning process of the gas valve at the time of installation or during
subsequent maintenance. The particular air/fuel ratio versus burner load curve may

depend on the particular equipment involved and/or the particular application at hand.
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Commissioning the air/fuel ratio versus burner load can be a time consuming and

tedious process.

SUMMARY

The present disclosure relates generally to systems and methods for defining
an air/fuel ratio for a burner of a combustion appliance, and more particularly to
programming a controller of a valve assembly. The present disclosure also relates to
controlling operation of a burner of a combustion appliance based on defined air-fuel
ratios.

In one example of the disclosure, an auto-programming control system for a
combustion burner having a plurality of burner firing rates is disclosed. The auto-
programming control system may include a controller, and memory in communication
with the controller. The controller may be configured to control an air-fuel ratio of a
fluid flow to a combustion chamber. The controller may be configured to fire the
combustion burner at each of the plurality of burner firing rates, and at each of the
plurality of burner firing rates the controller may be configured to set an air-fuel
setting, receive a measure of a combustion constituent exiting the combustion
chamber at the air-fuel setting, determine a difference between the measure of the
combustion constituent exiting the combustion chamber and a set point at the air-fuel
setting, adjust the air-fuel setting until the difference between the measure of the
combustion constituent exiting the combustion chamber and the set point is below a
threshold, and save an association between the air-fuel setting and the corresponding
one of the plurality of burner firing rates to the memory, and then move to a next
burner firing rate of the plurality of burner firing rates and repeat.

In another example of the disclosure, a closed loop control system may
include a controller and an input/output port in communication with the controller.
The controller may be configured to control an air-fuel ratio of a fluid flow to a
combustion chamber. The controller may be further configured to receive via the
input/output port a measure of a combustion constituent exiting the combustion
chamber, compare the measure of the combustion constituent exiting the combustion
chamber to a set point, and control the air-fuel ratio in the fluid flow to the
combustion chamber based at least in part on the comparison of the measure of the

combustion constituent exiting the combustion chamber to the set point.
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The preceding summary is provided to facilitate an understanding of some of
the innovative features unique to the present disclosure and is not intended to be a full
description. A full appreciation of the disclosure can be gained by taking the entire

specification, claims, drawings, and abstract as a whole.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure may be more completely understood in consideration of the
following description of various illustrative embodiments in connection with the
accompanying drawings, in which:

Figure 1 is a schematic diagram of an illustrative burner control system;

Figure 2 is a schematic perspective view of an illustrative gas valve assembly;

Figure 3 is a schematic side view of the illustrative gas valve assembly of
Figure 2;

Figure 4 is a schematic side of the inlet port side of the illustrative gas valve
assembly of Figure 2;

Figure 5 is a schematic side view of the outlet port side of the illustrative gas
valve assembly of Figure 2;

Figure 6 is a schematic cross-sectional view of the illustrative gas valve
assembly of Figure 2, taken along line 6-6 of Figure 4;

Figure 7 is a cross-sectional view of the illustrative gas valve assembly of
Figure 2, taken along line 7-7 of Figure 3;

Figure 8 is a schematic block diagram of an illustrative valve controller in
communication with an illustrative external device;

Figure 9 is a graph of illustrative combustion constituents in exhaust of a
combustion reaction;

Figure 10 is a schematic flow diagram depicting an illustrative air-fuel ratio
programming procedure based on oxygen content in an exhaust from a combustion
appliance;

Figure 11 is a schematic flow diagram depicting an illustrative air-fuel ratio
programming procedure based on carbon dioxide content in an exhaust from a
combustion appliance;

Figure 12 is a schematic flow diagram depicting an illustrative closed-loop air-
fuel ratio control procedure for a combustion appliance based on oxygen content in an

exhaust from a combustion appliance;
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Figure 13 is a schematic flow diagram depicting an illustrative closed-loop air-
fuel ratio control procedure for a combustion appliance based on carbon dioxide
content in an exhaust from a combustion appliance; and

Figure 14 is a schematic flow diagram depicting an illustrative closed-loop air-
fuel ratio control procedure for a combustion appliance based on oxygen and carbon
dioxide content in an exhaust from a combustion appliance.

While the disclosure is amenable to various modifications and alternative
forms, specifics thereof have been shown by way of example in the drawings and will
be described in detail. It should be understood, however, that the intention is not to
limit aspects of the disclosure to the particular illustrative embodiments described. On
the contrary, the intention is to cover all modifications, equivalents, and alternatives

falling within the spirit and scope of the disclosure.

DESCRIPTION

The following description should be read with reference to the drawings
wherein like reference numerals indicate like elements throughout the several views.
The detailed description and drawings show several illustrative embodiments which
are meant to be illustrative of the claimed disclosure.

Valves may be added to fluid supply lines including, but not limited to, gas
valves added to supply lines configured to provide fuel to a burner of a combustion
appliance. In some cases, an air to fuel ratio (also referred to as air/fuel ratio, air-fuel
ratio, or A/F ratio) may depend on or may be proportional to a burner load of the
combustion appliance. The A/F ratio may affect the burner efficiency and/or burner
emissions differently at different burner loads (i.e. burner firing rates). In heating
(and/or other fuel burning) applications, adjustments to an air/fuel ratio in real time
based on sensor feedback and/or based on a burner load or firing rate may be used to
achieve set points for combustion constituents (e.g., CO2, O, CO, etc.) exiting a
combustion chamber over an entire burner load or burner firing rate range of the
system.

In some cases, a gas valve assembly may be configured to monitor and/or
control various operations including, but not limited to, gas flow and/or gas
consumption, electronic cycle counting, overpressure diagnostics, high gas pressure

and low gas pressure detection, valve proving system tests, valve leakage tests, proof
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of valve closure tests, diagnostic communications, and/or any other suitable operation
as desired. In addition, a gas valve assembly may be configured to facilitate adjusting
AJF ratio in real or near real time based on sensor feedback and/or based on a burner
load or firing rate, as further described below.

Figure 1 is schematic diagram of a burner control system 2 having a fuel and
air mixture where an air/fuel ratio is adjustable. The burner control system 2 may
have an air supply channel 3 for supplying air 4 into a chamber 6 (e.g., a combustion
chamber or other suitable chamber) with a fan 5 at one end of the channel 3. At the
other end of channel 3, the supplied air 4 may enter the chamber 6. Fuel 7 (e.g., gas
or other suitable fuel) may be injected, via a fuel channel 8, into the airflow at a
location in the air supply channel 3 and/or in the chamber 6. The fuel channel 8 may
be connected to a gas valve assembly 10 and in communication with the air supply
channel 3 and/or the chamber 6. The burner control system 2 depicted in Figure 1 is
only an illustrative schematic depiction and it is contemplated the burner control
system 2 may have one or more additional or alternative components and/or
configurations.

A valve controller 26 may be in communication with the valve assembly 10 or
may be part of the valve assembly 10, as discussed in greater detail below. In some
cases, the valve controller 26 may provide a signal 9 to the valve assembly 10 to
adjust a position of a valve of the valve assembly 10. In some cases, the valve
assembly 10 may be motorized and may be configured to open and/or close the valve
thereof incrementally according to the signal 9. For example, the valve controller 26
may send the signal 9 to the valve assembly 10 to open the valve when more fuel is
needed and may send the signal 9 to the valve assembly 10 to close the valve when
less fuel is needed.

In some cases, the valve controller 26 may be connected to the fan 5, which
may be varied in speed according to a signal 11 from the valve controller 26 to vary a
flow of air 4 through the air supply channel 3 and establish a burner load or firing
rate. Alternatively or additionally, the fan 5 may be configured to receive a control
signal to vary a flow of air 4 through the air supply channel 3 from a burner
controller, combustion appliance controller, or other controller separate from the
valve controller 26 to facilitate establishing the burner load or firing rate. In such
cases, the valve controller 26 may also be configured to receive a control signal

indicating a set speed of the fan 5 from the burner controller, combustion appliance
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controller, or other controller separate from the valve controller 26. Changing speeds
of the fan 5 may increase or decrease the burner load or firing rate of the burner or
combustion appliance, as the burner load or firing rate may be or may be a function of
the speed of the fan.

An air/fuel ratio of the burner control system 2 may be controlled to achieve a
desired measure of combustion constituents exiting the chamber 6. In some cases, a
combustion sensor 13 may be mounted at an exhaust port 15 of the chamber 6 to
provide a signal 17 (e.g., via a wired or wireless communication path) to the valve
controller 26, where the combustion sensor 13 may indicate a measure and/or other
information of combustion constituents 19 emanating from a flame 21. In some
cases, the combustion sensor 13 may be utilized during setup and/or at other times to
program the valve controller 26 to include a table of air/fuel ratios for one or more
burner loads or firing rates of the combustion appliance that are configured to achieve
set points for measures of the combustion constituents 19 in the exhaust from the
chamber 6. In such cases, the combustion sensor 13 may be removable and may be
utilized only for programming and setting up the valve controller 26, but this is not
required. Alternatively or in addition, the combustion sensor 13 may be permanently
mounted or otherwise mounted at the exhaust port 15 of the chamber 6 and the signal
17 from the combustion sensor 13 may be used to provide a closed loop control of the
air/fuel ratio of fluid flow to the chamber 6 based on the signal 17.

A separate device 40 (e.g., a human-machine-interface (HMI)) may be utilized
to facilitate setting up and/or programming the valve controller 26 in the manners
described herein and/or in one or more other suitable manners. As shown in Figure 1,
the separate device 40 may be in communication with the valve controller 26.
Alternatively, the separate device 40 may be omitted and the valve controller 26
and/or one or more other suitable controllers of the combustion appliance may be
configured to facilitate setting up and/or programming the valve controller 26.

Figures 2-7 depict schematic views of an illustrative valve assembly 10 for
controlling gas flow to a combustion appliance or other similar or different device.
Figure 2 depicts a schematic perspective view of the illustrative valve assembly 10. In
the illustrative embodiment, the gas valve assembly 10 may include a valve body 12,
which may generally be a six sided shape or may take on other suitable shapes as
desired, and may be formed as a single body or may be multiple pieces connected

together. As shown, the valve body 12 may be a six-sided shape having a first end
6
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12a, a second end 12b, a top 12c, a bottom 12d, a back 12e and a front 12f, as
depicted in the various views of Figures 2-3. The terms top, bottom, back, front, left,
and right are relative terms used merely to aid in discussing the drawings, and are not
meant to be limiting in any manner.

The illustrative valve body 12 may include an inlet port 14, an outlet port 16
and a fluid path or fluid channel 18 extending between the inlet port 14 and the outlet
port 16. Further, the valve body 12 may include one or more gas valve ports 20 (e.g.,
a first valve port 20a and a second valve port 20b, shown in Figure 7) positioned or
situated in the fluid channel 18, one or more fuel or gas valve member(s) (sometimes
referred to as valve sealing member(s)) moveable within the gas valve ports 20 (e.g., a
first valve sealing member within the first valve port 20a and a second valve sealing
member within the second valve port 20b, though not explicitly shown), one or more
pressure sensor assemblies 24 (e.g., pressure sensors 62, 63, 64, as shown in Figure 7
for example), one or more position sensors (not explicitly shown), and/or one or more
valve controllers 26 (as shown in Figure 7, for example) affixed relative to or coupled
to the valve body 12 and/or in electrical communication (e.g., through a wired or
wireless connection) with pressure sensor assemblies 24, position sensor(s), and/or
gas valve members.

The valve assembly 10 may further include one or more actuators for
operating moving parts therein. For example, valve assembly 10 may have actuators
including, but not limited to, one or more stepper motors 94 (shown as extending
downward from the bottom 12d of valve body 12 in Figure 2), one or more solenoids
96 (shown as extending upward from the top 12¢ of valve body 12 in Figure 2), and
one or more servo valves 98 (a servo valve 98 is shown as extending upward from the
top 12c¢ of valve body 12 in Figures 2 and 3, where a second servo valve has been
omitted), where the servo valve 98 may be a 3-way auto-servo valve or may be any
other type of servo valve. In one illustrative embodiment, the one or more solenoids
96 may control whether the one or more gas valve ports 20 are opened or closed. The
one or more stepper motors 94 may determine the opening size of the gas valve ports
20 when the corresponding gas valve sealing member is opened by the corresponding
solenoid 96. In some cases, the one or more stepper motors 94 may not be provided
when, for example, the valve assembly 10 is not a "modulating" valve that allows
more than one selectable flow rate to flow through the valve when the valve is

opened. The one or more actuators and/or motors 94, 96, 98 may be in electrical
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communication (e.g., through a wired or wireless connection) with the one or more
valve controllers 26.

As shown, the valve body 12 may include one or more sensor and electronics
compartments 56, which in the illustrative embodiment, extend from the back side
12e as depicted in Figures 2 and 3. The sensor and electronics compartments 56 may
be coupled to or may be formed integrally with the valve body 12, and may enclose
and/or contain at least a portion of the valve controllers 26, pressure sensor assemblies
24 and/or electronics required for operation of valve assembly 10 as described herein.
Although the compartments 56 may be illustratively depicted as separate structures,
the compartments 56 may be a single structure part of, extending from, and/or
coupled to the valve body 12.

Figure 4 illustrates the inlet port side of the illustrative valve assembly 10 and
shows the first end 12a of the valve body 12. Through the valve inlet port 14, it can
be seen from Figure 4 that the valve assembly 10 may include one or more valve
sealing members 22 positionable within the fluid channel 18 in response to a force
applied by a spring 31. The sealing member 22 may be positionable in one or more
other suitable manner, as desired.

Figure 5 illustrates the outlet port side of view of the illustrative valve
assembly 10 and shows the second end 12b of the valve body 12. Through the valve
outlet port 16, the fluid channel 18 may be viewed. Figure 6 illustrates a cross-
sectional view of the illustrative valve assembly taken at line 6-6 of Figure 4, and
Figure 7 illustrates a cross-sectional view of the illustrative valve assembly 10 taken
at line 7-7 of Figure 3. In the illustrative embodiment, the one or more fluid valve
ports 20 may include a first gas valve port 20a and a second gas valve port 20b
situated along and/or in communication with the fluid channel 18, with an
intermediate volume 25 therebetween. This is a double-blocking valve design. Within
each gas valve port 20, a corresponding gas valve sealing member 22 (e.g., a first gas
valve sealing member 22a in the first gas valve port 20a and a second gas valve
sealing member 22b in the second gas valve port 20b, as depicted in Figure 6) may be
situated in the fluid channel 18 and may be positioned (e.g., concentrically or
otherwise) about an axis, rotatable about the axis, longitudinally and axially
translatable, rotationally translatable, and/or otherwise selectively movable between a

first position (e.g., an opened or closed position) and a second position (e.g., a closed
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or opened position) within the corresponding valve port 20. Movement of the valve
sealing member(s) 22 may open and close the valve port 20.

It is contemplated that the valve sealing member 22 may include one or more
of a valve disk, a valve stem 92, and/or valve seal for sealing against a valve seat 90
situated in the fluid channel 18, as depicted in Figure 6, and/or other similar or
dissimilar components facilitating a seal. Alternatively, or in addition, the valve
sealing member 22 may include structural features and/or components of a gate valve,
a disk-on-seat valve, a ball valve, a butterfly valve and/or any other type of valve
configured to operate from a closed position to an opened position and back to a
closed position. An open position of a valve sealing member 22 may be any position
that allows fluid to flow through the respective gas valve port 20 in which the valve
sealing member 22 is situated, and a closed position may be when the valve sealing
member 22 forms at least a partial seal at the respective valve port 20. The valve
sealing member 22 may be operated through any technique. For example, the valve
sealing member 22 may be operated through utilizing a spring 31, an actuator 29 to
effect movement against the spring 31, and, in some cases, a position sensor to sense a
position of the valve sealing member 22.

The valve actuator(s) 29 may be any type of actuator configured to operate the
valve sealing member 22 by actuating the valve sealing member 22 from the closed
position to an opened position and then back to the closed position during each of a
plurality of operation cycles during a lifetime of the gas valve assembly 10 or of the
actuator 29. In some cases, the valve actuator 29 may be a solenoid actuator (e.g., a
first valve actuator 29a and a second valve actuator 29a), a hydraulic actuator,
magnetic actuators, electric motors, pneumatic actuators, and/or other similar or
different types of actuators, as desired. In the example shown in Figure 6, valve
actuators 29a, 29b may be configured to selectively move valves or valve sealing
members 22a, 22b of valve ports 20a, 20b between a closed position, which closes the
fluid channel 18 between the inlet port 14 and the outlet port 16 of the valve body 12,
and an opened position.

The valve assembly 10 may include a characterized port defined between the
inlet port 14 and the outlet port 16. A characterized port may be any port (e.g., a fluid
valve port 20 or other port or restriction through which the fluid channel 18 may
travel) at or across which an analysis may be performed on a fluid flowing

therethrough. For example, if a flow resistance of a valve port 20 is known over a
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range of travel of the valve sealing member 22, the one of the one or more gas valve
ports 20 may be considered the characterized port. As such, and in some cases, the
characterized port may be a port 20 having the valve sealing member 22 configured to
be in an opened position and/or in a closed position. Alternatively, or in addition, a
characterized port may not correspond to a gas valve port 20 having a valve sealing
member 22. Rather, the characterized port may be any constriction or feature across
which a pressure drop may be measured and/or a flow rate may be determined.

The illustrative gas valve assembly 10 of Figures 2-7 is an example of a gas
safety shutoff valve, or double-block valve. In some cases, however, it is
contemplated that the gas valve assembly 10 may have a single valve sealing member
22, or three or more valve sealing members 22 in series or parallel, as desired.

The gas valve assembly 10 may include and/or may otherwise be in
communication with a flow module 28 (see, for example, the flow module 28 shown
as part of the valve controller 26 in Figure 8) for sensing one or more parameters of a
fluid flowing through fluid channel 18, and in some cases, determining a measure
related to a gas flow rate of the fluid flowing through the fluid channel 18. In some
instances, the flow module 28 may include a pressure block or pressure sensor
assembly (e.g., the pressure sensor assembly 24 discussed herein and/or other suitable
pressure sensor assemblies), a temperature sensor, a valve member position sensor,
and/or the valve controller 26, among other assemblies, sensors and systems for
sensing, monitoring and/or analyzing parameters of a fluid flowing through fluid
channel 18. The flow module 28 may be a part of the valve controller 26, as shown in
Figure 8, and/or otherwise, may be in communication with the valve controller 26.

It is contemplated that the flow module 28 may utilize any type of sensor to
facilitate determining a measure related to a flow rate of a fluid through the fluid
channel 18, such as a pressure sensor, a flow sensor, a valve position sensor, and/or
other suitable type of sensor, as desired. In one example, the valve controller 26 may
be configured to monitor a differential pressure across a characterized port based on
measures from the flow module 28, and in some cases, a position of one or more
valve sealing members 22 of the gas valve assembly 10. The information from
monitoring may be utilized by the flow module 28 to determine and monitor the flow
rate of fluid (e.g., liquid or gas) passing through the fluid channel 18. In some cases,
the valve controller 26 may determine a measure that is related to a gas flow rate

through the fluid channel 18 based, at least in part, on the measure that is related to
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the pressure drop across the characterized port along with a pre-stored relationship in
the memory 30 between the pressure drop and gas flow rates. The memory 30 may be
a part of the valve controller 26 and/or more specifically part of the flow module 28,
as desired.

The valve controller 26 may be configured to determine a relationship
between a desired burner load or firing rate and the measure related to a gas flow rate
based, at least in part, on a previously established relationship stored in the memory
30. In some cases, the previously established relationship may include A/F ratio
versus burner load curve and/or A/F ratio look up tables for desired burner loads or
firing rates.

The different relationships described herein may be generated during
installation and/or calibration of the valve assembly 10, and may be stored as data
tables or curves in the memory 30. Using the previously established relationship(s)
between flow rate and burner load or firing rate and a burner load control signal or
command received at the valve assembly 10 from another device (e.g. building
controller, system level controller or combustion appliance controller) within the
system, the valve controller 26 may be configured to adjust a measure of fuel flow
through the valve assembly 10 to achieve a desired A/F ratio. Alternatively or in
addition, the valve controller 26 may be configured to adjust an A/F ratio in real time
for received burner load control signals or commands received at the valve assembly
10 in real time based on feedback or measures received from a sensor sensing
combustion constituents exiting a combustion chamber of a combustion appliance.

It is contemplated that the valve controller 26 (see, Figure 7) may be
physically secured or coupled to, or secured or coupled relative to, valve body 12.
The valve controller 26 may be configured to control and/or monitor a position or
state (e.g., an open position and a closed position) of the valve sealing members 22 of
the valve ports 20 and/or to perform other functions and analyses, as desired. In some
cases, the valve controller 26 may be configured to close or open gas valve member(s)
or valve sealing member(s) 22 on its own volition, in response to control signals or
commands from other systems or appliances (e.g., a system level controller, central
building controller, or combustion appliance controller ), and/or in response to
received measures related to sensed parameters (e.g., sensed pressures upstream,
intermediate, and/or downstream of the characterized valve port(s), sensed differential

pressures across the characterized valve port(s), temperature sensed upstream,
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intermediate, and/or downstream of the characterized valve port(s), sensed
combustion constituents in exhaust, and/or in response to other measures, as desired).
In one example, the valve controller 26 may be configured to close or open gas valve
member(s) or the valve sealing member(s) 22 in response to determining or receiving
a burner load (e.g. firing rate) control signal or command from a system or building
level controller or an appliance controller (e.g. burner controller) to control a rate of
flow of gas through the valve assembly 10 and to a connected appliance to achieve a
desired A/F ratio for the commanded burner load.

The memory 30, which in some cases may be part of valve controller 26, may
be configured to record data related to sensed pressures, sensed differential pressures,
sensed temperatures, and/or other measures sensed by sensors of the flow module 28
and/or other suitable sensors. The valve controller 26 may access this data, and in
some cases, communicate (e.g., through a wired or wireless communication link) the
data and/or analyses of the data to other systems (e.g., a system level or central
building control). The memory 30 and/or other memory may be programmed and/or
developed to contain software to affect one or more of the configurations described
herein.

Figure 8 is a schematic block diagram of an illustrative valve controller 26 in
communication with a separate device 40. The illustrative valve controller 26 may
include a processor or controller 36 (e.g., microcontroller and/or other suitable
processor or controller). The processor or controller 36 may include or implement a
proportional-integral-derivative (PID) controller, but this is not required. Other
control configurations are contemplated. The valve controller 26 may be adapted or
configured to operate in accordance with an algorithm that controls or at least
partially controls portions of the valve assembly 10. The valve controller 26 may
include the memory 30 that may be considered as being electrically connected to the
processor 36. The memory 30 may be used to store any desired information, such as
control algorithm, set points, A/F ratio versus burner load firing rate tables or curves,
and the like. The processor 36 may store information within memory 30 and may
subsequently retrieved the stored information. The memory 30 may be any suitable
type of storage device, such as RAM, ROM, EPROM, a flash drive, a hard drive, and
the like. Further, although not depicted in Figure 8, the valve controller 26 may

include a user interface having display and/or user input features.
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The valve controller 26 may include an input/output block (I/O block) 32
having a number of wire terminals for receiving one or more wires from the valve
assembly 10 and/or combustion appliance. While the term I/O may imply both input
and output, it is intended to include input only, output only, as well as both input and
output. The I/O block 32 may be used to communicate one or more signals (e.g., one
or more digital signals and/or one or more analog signals) to and/or from the valve
assembly 10 and/or combustion appliance. The valve controller 26 may have any
number of wire terminals for accepting connections from the valve assembly 10
and/or combustion appliance. How many and which of the wire terminals are actually
used at a particular installation may depend on the particular configuration of the
valve assembly 10 and/or combustion appliance.

In some cases, as illustrated, the valve controller 26 may include a
communications or data port 34. The communications ports 34 may be configured to
communicate with the processor 36 and/or the I/O block 32 and mayj, if desired, be
used to upload information to the processor 36, download information from the
processor 36, provide commands to the processor 36, send commands from the
processor 36, and/or perform any other suitable task. The communication port 34
may be a wireless port such as a Bluetooth™ port or any other wireless protocol. In
some cases, communication port 34 may be a wired port such as a serial port, a
parallel port, a CATS port, a USB (universal serial bus) port, or the like. In some
instances, the communication port 34 may be a USB port and may be used to
download and/or upload information from a USB flash drive. Other storage devices
may also be employed, as desired, and may be in communication with the processor
36 through the communications port 34.

The separate device 40 may be in communication with the processor 36 of the
valve controller 26 through the communications port 34 or other suitable connection
to facilitate calibration procedures and/or programming of the valve controller 26.
The valve controller 26 may be in wired or wireless communication with the separate
device 40. The separate device 40 may be a computing device separate from the
valve assembly 10. For example, the separate device 40 may be a human-machine
interface (HMI) such as a personal computer, tablet computer, smart phone, laptop
computer, or other suitable computing device as desired.

In some cases, the separate device 40 may not be a part of the valve assembly

10 or combustion appliance. For example, the separate device 40 may be a portable
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device which travels with the installer. The separate device 40 may be adapted or
configured to facilitate programming the valve assembly 10 (e.g., generate A/F ratios
for a particular valve assembly 10 and each burner rate or firing rate of a combustion
appliance) via a set up wizard or software program. The separate device 40 may
include a processor 42 and memory 44 connected to the processor 42. The memory 44
may be used to store any desired information, such as the aforementioned setup
wizard, software programs, set points, and the like. The processor 42 may store
information within memory 44 and may subsequently retrieve the stored information.
The memory 44 may be any suitable type of storage device, such as RAM, ROM,
EPROM, a flash drive, a hard drive, and the like.

In some cases, as illustrated, the separate device 40 may include a
communications or data port 46. The communication ports 46 may be configured to
communicate with the processor 42 and may, if desired, be used to either upload
information to the processor 42, download information from the processor 42, provide
commands to the processor 36, send commands from the processor 36, and/or perform
any other suitable task. The communications port 46 may be a wireless port such as a
Bluetooth™ port or any other wireless protocol. In some cases, communication port
46 may be a wired port such as a serial port, a parallel port, a CATS port, a USB
(universal serial bus) port, or the like. In some instances, the communication port 46
may be a USB port and may be used to download and/or upload information from a
USB flash drive. Other storage devices may also be employed, as desired. In some
cases, the separate device 40 may be in communication with the processor 36 of the
valve controller 26 to facilitate programming procedures and/or other suitable
procedures as desired.

The separate device 40 may include a display 48. The display 48 may be part
of a personal computer, tablet computer, smart phone, laptop computer, and/or may
include a standalone display. In some instances, the separate device 40 may include a
user input 50 for receiving a user input from a user. For example, the user input may
include a keyboard, mouse, actuatable buttons, a touchscreen display, and/or other
user input mechanism. These are just examples.

Figure 9 depicts a graph 80 of illustrative combustion constituents in exhaust
from a combustion appliance as a function of excess air in the exhaust. Although
there are a variety of gas constituents in exhaust of a combustion appliance, the graph

depicted in Figure 9 focuses on carbon monoxide (CO) 82, carbon dioxide (CO3) 84,
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and oxygen (O7) 86. As can be seen in Figure 9, at least theoretically, when there is
no excess air in the combustion process, the constituents of the product of combustion
may include CO 82 and CO; 84, and when there is excess air in the combustion
process, the constituents of the product of combustion may include Oz 86 and CO, 84.
Although in theory there is no CO 82 present in the product of combustion when there
is excess air, some CO 82 may exist in the product of combustion when there is
excess air.

In some cases, the slope of the CO, 84 may indicate whether more or less air
is needed in a combustion chamber of the combustion appliance. For example, as
shown in Figure 9, if the slope of the CO2 84 line is positive, CO 82 is expected to be
present and it may be determined more air is needed such that O, 86 may react with
the CO 82 to form CO; 84. Further, as shown in Figure 9, if the slope of the CO» 84
line is negative, it may be determined that the product of combustion does not include
an unsafe amount of CO 82. As a result, based on the interaction between CO 82,
CO; 84, and O, 86 and/or other factors, it is possible to adjust an air-fuel ratio of fluid
flowing to a combustion chamber to meet a combustion constituent set point for the
exhaust or product output of the combustion appliance.

Figures 10 and 11 depict flow diagrams of illustrative techniques for
programming a valve controller (e.g., the valve controller 26 or other suitable valve
controller) to provide predetermined air-fuel ratios in a flow of fluid to a combustion
chamber at different burner firing rates (e.g., at different fan speeds). Programming
of the valve controller may occur at a time of setting up the valve controller at a
burner control system and/or at one or more other suitable times. Programming of a
valve controller may occur at a site location for a burner control system to account for
local pressures, local temperatures, equipment type, and/or other conditions, but this
is not required.

At least some of the techniques depicted in Figures 10 and 11 may be
automated using the valve controller and/or one or more other components of a burner
control system (e.g., the burner control system 2 or other suitable burner control
system). In some cases, the techniques of Figures 10 and 11 may utilize one or more
components in communication with the valve controller. For example, a human-
machine interface (HMI) (e.g., the HMI 23 or other suitable HMI) may be in
communication with the valve controller and may be configured to program the valve

controller automatically or in response to user input by associating and saving air-fuel
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ratio set points for specified burner firing rates in the valve controller or in another
suitable location in communication with the valve controller. Alternatively, or in
addition, the valve controller may be configured to program itself automatically, in
response to user input, and/or in response to a trigger without the use of an HMI. The
HMI, when included, and the valve controller may be referred to as a controller herein
even though the HMI and the valve controller may be configured as a single
component or separate components.

The techniques of Figures 10 and 11 may utilize one or more sensors for
sensing combustion constituents in an exhaust from the combustion chamber (e.g., the
combustion sensor 13 or other suitable sensors) that are in communication with the
valve controller. In some cases, the burner control system may include a combustion
sensor and in other cases, the burner control system may not include a combustion
sensor. When a combustion sensor is not included in the burner control system, a
combustion sensor may be placed in the exhaust from the combustion chamber and
communicatively connected to the valve controller and/or the HMI to provide
measurements of the combustion constituents at each burner firing rate and/or each
air-fuel ratio.

The programming techniques depicted in Figures 10 and 11 may provide for
automated closed-loop programming of the valve controller. For example, each of the
techniques may include determining or otherwise establishing an air-fuel ratio setting
for a burner firing rate, receiving a measure of one or more combustion constituents
exiting the combustion chamber at the air-fuel ratio setting and burner firing rate,
determining a difference between the received measure of one or more combustion
constituents and a set point for the one or more combustion constituents, adjusting the
air-fuel ratio for the burner firing rate until a difference between the received measure
of the one or more combustion constituents and the set point for the one or more
combustion constituents is below a threshold, and then saving an association between
the air-fuel ratio setting that results in received measures below the threshold and the
burner firing rate. This process may be automatically or otherwise repeated for each
of two or more possible burner firing rates. In some cases, the process may be
automatically or otherwise repeated for all possible burner firing rates of the
combustion appliance.

Figure 10 depicts an illustrative method 100 of closed loop air-fuel ratio

programming based on an amount of oxygen (e.g., a combustion constituent) in the
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exhaust from the combustion chamber. When an HMI is to be used in addition to the
valve controller, the HMI may be connected 102 to the valve controller and the
software of the HMI may proceed to an air-fuel ratio setup. The HMI may proceed to
the air-fuel ratio setup automatically upon being connected to the valve controller
and/or upon receiving user input.

A combustion sensor may be setup and connected 104 to the HMI and/or the
valve controller. When the combustion sensor is not a permanent part of the burner
control system, the combustion sensor may be attached to and/or placed in a flue
extending from the combustion chamber and connected to or otherwise placed in
communication with the HMI and/or the valve controller. Although the combustion
sensor may be configured to sense an oxygen content in the flue, the combustion
sensor may be configured to sense one or more other constituent contents in the flue.
The combustion sensor may be a single sensor or multiple sensors

Once the HMI and the combustion sensors are connected, as needed, the HMI
and/or the valve controller may set up 106 the combustion sensor to ensure it is
correctly measuring oxygen. In one example, the HMI and/or the valve controller
may run a calibration procedure to ensure the combustion sensor is properly sensing
oxygen. Although other calibration procedures may be utilized, one example
calibration procedure may compare: (1) a measure of oxygen received from the
combustion sensor when air is being blown through the combustion chamber while
the combustion appliance is not firing; to (2) an expected oxygen content in air (e.g.,
20.95 % oxygen plus or minus a tolerance relative to the other constituents of air) and
adjust a sensitivity and/or offset of the sensor, as needed.

An oxygen set point in exhaust from a combustion chamber at specified burner
firing rates for which air-fuel ratios are to be determined may be defined 108. The
oxygen set point for the exhaust from the combustion chamber may be set by a user
when setting up the HMI or valve controller for programming and/or may be pre-
determined by an original equipment manufacturer. In some cases, the oxygen set
point may be associated with one or more safety regulations as the presence of oxygen
in the exhaust may reduce an amount of carbon monoxide in the exhaust from the
combustion chamber.

The burner firing rates for which an air-fuel ratio may be determined may be
any set of burner firing rates at which the burner control system may be configured to

fire. In some cases, the burner firing rates for which an air-fuel ratio may be
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determined may be a sub-set of all of the burner firing rates at which the burner
control system may be configured to fire. Alternatively, the burner firing rates for
which an air-fuel ratio may be determined may be all of the burner firing rates at
which the burner controller system may be configured to fire. Example burner firing
rates may be percentages of a maximum burner firing rate, a fan speed at a percentage
of a maximum of burner firing rates, and/or one or more other values related to a
burner firing.

Once the oxygen set point and the burner firing rates at which air-fuel ratios
are to be determined have been established, an automated feedback loop portion 112
of the method 100 may be initiated at a particular burner firing rate by going 110 to
the first burner firing rate (e.g., burner firing rate; with i = 1, where 1 goes from 1 to
N). The automated feedback loop 112 may include setting 114 an air-fuel ratio for the
burner firing rate;, measuring 116 an oxygen content in exhaust from the combustion
chamber with the combustion sensor, and receiving 118 (e.g., via the input/output port
32 or other input/output interface) the measured oxygen in the combustion exhaust.

In some cases, the air-fuel ratio setting may be achieved by adjusting a valve position
of a gas valve assembly (e.g., the gas valve assembly 10 or other suitable gas valve
assembly) to adjust a fuel flow through the gas valve assembly, as the flow of air may
be established from the burner firing rate (e.g., a set fan speed may be associated with
a burner firing rate).

The HMI and/or the valve controller may determine 120 whether the received
measured oxygen in the combustion exhaust is within a specified tolerance relative to
the defined or set oxygen set point for the exhaust from the combustion chamber. An
example manner of determining whether the received measured oxygen content in the
combustion exhaust is within a tolerance may include determining a difference
between the measured oxygen content and the defined oxygen set point and then
comparing the determined difference to a threshold value. If the determined
difference is below the threshold, it may be determined the measured oxygen content
is within a specified tolerance and if the determined difference has reached or gone
beyond the threshold, it may be determined the measured oxygen content is not within
a specified tolerance.

When the measured oxygen content is not within the predetermined tolerance,
the HMI and/or the valve controller may be configured to adjust 122 the air-fuel ratio

setting of the burner control system while staying at the specified burner firing rate.
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Then, steps 114-122 may be repeated at the specified burner firing rate until the
measured oxygen content is within the predetermined tolerance. In some cases, the
feedback loop 112 may time out and an alarm or other notification may be issued to
indicate a measured oxygen content within the predetermined tolerances cannot be
achieved at the specified burner firing rate.

When the measured oxygen content is within the predetermined tolerance, the
air-fuel ratio setting may be associated with the burner firing rate and recorded or
saved 124 in memory that is in communication with the valve controller. In some
cases, the associated air-fuel ratio setting and burner firing rate may be saved in
memory of the valve controller or the valve assembly. After recording or saving the
air-fuel ratio setting and the burner firing rate, the method 100 may include
determining 126 if an air-fuel ratio setting needs to be determined for any other burner
firing rates.

When i does not equal N, it may be determined further air-fuel ratio settings
need to be determined and the burner control system may adjust the burner firing rate
to the next burner firing rate (e.g., burner firing ratei+1). In some cases, air-fuel ratios
may be established for burner firing rates in a sequential manner, but this is not
required. When i does equal N, it may be determined no further burner firing rates
need to have an associated air-fuel ratio setting established. As such, the method 100
may be ended 128 and the programming of the valve controller may be completed.
Once programming is completed, the burner control system may be configured to
send a burner firing rate to the valve controller and the valve controller may be
configured to adjust a valve of the valve assembly to achieve an air-fuel ratio
associated with the received burner firing rate.

Figure 11 depicts an illustrative method 200 of closed loop air-fuel ratio
programming based on an amount of carbon dioxide (e.g., a combustion constituent)
in the exhaust from the combustion chamber. When an HMI is to be used in addition
to the valve controller, the HMI may be connected 202 to the valve controller and the
software of the HMI may proceed to an air-fuel ratio setup. The HMI may proceed to
the air-fuel ratio setup automatically upon being connected to the valve controller
and/or upon receiving user input.

A combustion sensor may be setup and connected 204 to the HMI and/or the
valve controller. When the combustion sensor is not a permanent part of the burner

control system, the combustion sensor may be attached to and/or placed in a flue
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extending from the combustion chamber and connected to or otherwise placed in
communication with the HMI and/or the valve controller. Although the combustion
sensor may be configured to sense a carbon dioxide content in the flue, the
combustion sensor may be configured to sense one or more other constituent contents
in the flue. The combustion sensor may be a single sensor or multiple sensors

Once the HMI and the combustion sensors are connected, as needed, the HMI
and/or the valve controller may set up 206 the combustion sensor to ensure it is
correctly measuring carbon dioxide, oxygen, and/or other exhaust constituents. In one
example, the HMI and/or the valve controller may run a calibration procedure to
ensure the combustion sensor is properly sensing carbon dioxide, oxygen and/or other
exhaust constituents. Although other calibration procedures may be utilized, one
example calibration procedure may compare: (1) a measure of carbon dioxide,
oxygen, and/or other constituents received from the combustion sensor when air is
being blown through the combustion chamber while the combustion appliance is not
firing: to (2) an expected carbon dioxide, oxygen, and/or other constituent content in
air (e.g., 0.04% carbon dioxide and/or 20.95 % oxygen plus or minus a tolerance
relative to the other constituents of air) and adjusts a sensitivity and/or offset of the
sensor, as needed.

A carbon dioxide set point in exhaust from a combustion chamber at specified
burner firing rates for which air-fuel ratios are to be determined may be defined 108.
The carbon dioxide set point for the exhaust from the combustion chamber may be set
by a user when setting up the HMI or valve controller for programming and/or may be
pre-determined by an original equipment manufacturer. In some cases, the carbon
dioxide set point may be associated with one or more safety regulations as a slope of
carbon dioxide content in the exhaust may be indicative of whether carbon monoxide
may be present in the exhaust from the combustion chamber.

As in method 100, the burner firing rates for which an air-fuel ratio may be
determined may be any set of burner firing rates at which the burner control system
may be configured to fire. In some cases, the burner firing rates for which an air-fuel
ratio may be determined may be a sub-set of all of the burner firing rates at which the
burner control system may be configured to fire. Alternatively, the burner firing rates
for which an air-fuel ratio may be determined may be all of the burner firing rates at
which the burner controller system may be configured to fire. Example burner firing

rates may be percentages of a maximum burner firing rate, a fan speed at a percentage
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of a maximum of burner firing rate, and/or one or more other values related to a
burner firing.

Once the carbon dioxide set point and the burner firing rates at which air-fuel
ratios are to be determined have been established, the burner control system may
initiate operating the combustion appliance at a first burner firing rate (e.g., burner
firing rate; with 1 = 1, where 1 goes from 1 to N). At each burner firing rate the HMI
or valve controller may determine whether an oxygen content in the combustion
exhaust is greater than zero (0) or other threshold. It may be important to determine
214 whether the oxygen content is above zero or other suitable threshold at an air-fuel
ratio because if the oxygen content is not greater than zero or other suitable threshold,
there may be carbon monoxide present in the exhaust from the combustion chamber.
As such, if the oxygen content of the exhaust is not above zero or other suitable
threshold, the air-fuel ratio may be adjusted 216 by increasing a ratio of air to fuel in
the flow of fluid to the combustion chamber and it may be further determined 214
whether an oxygen content in the exhaust from the combustion chamber is greater
than zero or other suitable threshold. This process may be repeated until the oxygen
content in the exhaust is greater than zero or other suitable threshold.

Once the oxygen content of the exhaust has been determined to exceed zero or
go beyond one or more other suitable thresholds, an automated feedback loop portion
212 of the method 200 may be initiated at the established burner firing rate. The
automated feedback loop 212 may include setting 218 an air-fuel ratio for the burner
firing ratei, measuring 220 a carbon dioxide content in exhaust from the combustion
chamber with the combustion sensor, and receiving 222 (e.g., via the input/output port
32 or other input/output interface) the measured carbon dioxide in the combustion
exhaust. In some cases, the air-fuel ratio setting may be achieved by adjusting a valve
position of a gas valve assembly (e.g., the gas valve assembly 10 or other suitable gas
valve assembly) to adjust a fuel flow through the gas valve assembly, as the flow of
air may be established from the burner firing rate (e.g., a set fan speed may be
associated with a burner firing rate).

The HMI and/or the valve controller may determine 224 whether the received
measured carbon dioxide in the combustion exhaust is within a specified tolerance
relative to the defined or set carbon dioxide set point for the exhaust from the
combustion chamber. An example manner of determining whether the received

measured carbon dioxide content in the combustion exhaust is within a tolerance may
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include determining a difference between the measured carbon dioxide content and
the defined carbon dioxide set point and then comparing the determined difference to
a threshold value. If the determined difference is below the threshold, it may be
determined the measured carbon dioxide content is within a specified tolerance and if
the determined difference has reached or gone beyond the threshold, it may be
determined the measured carbon dioxide content is not within a specified tolerance.

When the measured carbon dioxide content is not within the predetermined
tolerance, the HMI and/or the valve controller may be configured to adjust 226 the
air-fuel ratio setting of the burner control system while staying at the specified burner
firing rate. Then, steps 220-226 may be repeated at the specified burner firing rate
until the measured carbon dioxide content is within the predetermined tolerance. In
some cases, the feedback loop 212 may time out and an alarm or other notification
may be issued to indicate a measured carbon dioxide content within the predetermined
tolerances cannot be achieved at the specified burner firing rate.

When the measured carbon dioxide content is within the predetermined
tolerance, the air-fuel ratio setting may be associated with the burner firing rate and
recorded or saved 228 in memory that is in communication with the valve controller.
In some cases, the associated air-fuel ratio setting and burner firing rate may be saved
in memory of the valve controller or the valve assembly, but this is not required.
After recording or saving the air-fuel ratio setting and the burner firing rate, the
method 200 may include determining 230 if an air-fuel ratio setting needs to be
determined for any other burner firing rates.

When i does not equal N, it may be determined further air-fuel ratio settings
need to be determined and the burner control system may adjust the burner firing rate
to the next burner firing rate (e.g., burner firing ratei+1. In some cases, air-fuel ratios
may be established for burner firing rates in a sequential manner, but this is not
required. When i does equal N, it may be determined no further burner firing rates
need to have an associated air-fuel ratio setting established. As such, the method 200
may be ended 232 and the programming of the valve controller may be completed.
Once programming is completed, the burner control system may be configured to
send a burner firing rate to the valve controller and the valve controller may be
configured to adjust a valve of the valve assembly to achieve an air-fuel ratio

associated with the received burner firing rate.
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Figures 12-14 depict flow diagrams of illustrative techniques for controlling a
valve controller (e.g., the valve controller 26 or other suitable valve controller) in real-
time based on feedback from a combustion sensor (e.g., the combustion sensor 13 or
other suitable sensor). In some cases, an air-fuel ratio may be adjusted in response to
a measurement of a combustion constituent sensed by the combustion sensor. Such
control of the valve controller may account for local pressures, local temperatures,
type of equipment, and/or other conditions, but this is not required.

At least some of the techniques depicted in Figures 12-14 may be automated
using the valve controller and/or one or more other components of a burner control
system (e.g., the burner control system 2 or other suitable burner control system). In
some cases, the techniques of Figures 12-14 may utilize one or more components in
communication with the valve controller. For example, a human-machine interface
(HMI) (e.g., the HMI 23 or other suitable HMI) may be in communication with the
valve controller and configured to interact with the valve controller to automatically
control a valve position of a valve assembly (e.g., the gas valve assembly 10 or other
suitable valve assembly) to adjust an air-fuel ratio of fluid flowing to a combustion
chamber (e.g., the chamber 6 or other chamber) and maintain a measured combustion
constituent within a tolerance relative to a set point. The HMI, when included, and
the valve controller may be referred to as a controller herein even though the HMI and
the valve controller may be configured as a single component or separate components.

The techniques of Figures 12-14 may utilize one or more sensors for sensing
combustion constituents in an exhaust from the combustion chamber that are in
communication with the valve controller. In some cases, the burner control system
may include a combustion sensor and in other cases, the burner control system may
not include a combustion sensor. When a combustion sensor is not included in the
burner control system, a combustion sensor may be placed in the exhaust from the
combustion chamber and communicatively connected to the valve controller and/or
the HMI to provide measurements of the combustion constituents at each burner firing
rate and/or each air-fuel ratio.

The control techniques depicted in Figures 12-14 may provide for automated
closed-loop control of the fuel-air ratio. For example, each of the techniques may
include determining or otherwise establishing an air-fuel ratio setting for a burner
firing rate, receiving a measure of one or more combustion constituents exiting the

combustion chamber at the air-fuel ratio setting, comparing the received measure of
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one or more combustion constituents and a set point for the one or more combustion
constituents, controlling the air-fuel ratio based at least in part on the comparison
between the received measure of one or more combustion constituents and the set
point for the one or more combustion constituents.

Figure 12 depicts an illustrative method 300 of closed loop burner system
control to achieve an oxygen (e.g., a combustion constituent) set point in the exhaust
from the combustion chamber. When an HMI is to be used in addition to the valve
controller, the HMI may be connected 302 to the valve controller and the software of
the HMI may proceed to an air-fuel ratio setup. The HMI may proceed to the air-fuel
ratio setup automatically upon being connected to the valve controller and/or upon
receiving user input.

A combustion sensor may be setup and connected 304 to the HMI and/or the
valve controller. When the combustion sensor is not a permanent part of the burner
control system or is not part of the burner control system at the time of set up (e.g., in
a retro-fit application and/or other suitable applications), the combustion sensor may
be attached to and/or placed in a flue extending from the combustion chamber and
connected to or otherwise placed in communication with the HMI and/or the valve
controller. Although the combustion sensor may be configured to sense an oxygen
content in the flue, the combustion sensor may be configured to sense one or more
other constituent contents in the flue. The combustion sensor may be a single sensor
or multiple sensors.

Once the HMI and the combustion sensor are connected, as needed, the HMI
and/or the valve controller may set up 306 the combustion sensor to ensure it is
correctly measuring oxygen. In one example, the HMI and/or the valve controller
may run a calibration procedure to ensure the combustion sensor is properly sensing
oxygen. Although other calibration procedures may be utilized, one example
calibration procedure may compare: (1) a measure of oxygen received from the
combustion sensor when air is being blown through the combustion chamber while
the combustion appliance is not firing; to (2) an expected oxygen content in air (e.g.,
20.95 % oxygen plus or minus a tolerance relative to the other constituents of air) and
adjust a sensitivity and/or offset of the sensor, as needed. Such a calibration
procedure may be repeated before and/or after each firing in the combustion chamber.
Alternatively, the calibration procedure may occur upon receiving input from a user

and/or at predetermined intervals.
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An oxygen set point and associated tolerances, if any, for oxygen content in
exhaust from a combustion chamber may be defined 308. The oxygen set point and
associated tolerances for oxygen in the exhaust from the combustion chamber may be
set by a user when setting up the HMI or valve controller and/or may be pre-
determined by an original equipment manufacturer. In some cases, the oxygen set
point may be associated with one or more safety regulations as the presence of oxygen
in the exhaust may reduce an amount of carbon monoxide in the exhaust from the
combustion chamber. Further, the oxygen set point may be a constant or may be set
to be a function of a burner firing rate (e.g., the set point may be related to a fan speed
of the combustion appliance). When the oxygen set point is a function of a burner
firing rate, the HMI or valve controller may be configured to automatically change the
oxygen set point in response to changes in the burner firing rate (e.g., in response to
changes in fan speed of a fan blowing air through the combustion chamber).

An automated closed-loop control portion 310 of the method 300 may be
initiated by igniting 312 a burner of a combustion appliance and the closed-loop
control portion 310 may be repeated (e.g., continuously, at predetermined times, etc.)
while the burner is firing. In some cases, the burner of the combustion appliance may
be ignited at an initial fan speed and air-fuel ratio configured to achieve an oxygen set
point for oxygen in the exhaust from the combustion chamber. The automated closed
loop control portion 310 may include measuring 314 an oxygen content in exhaust
from the combustion chamber with the combustion sensor, receiving 316 (e.g., via the
input/output port 32 or other input/output interface) the measured oxygen in the
combustion exhaust, and determining 318 whether the received measured oxygen in
the combustion exhaust is within a specified or predetermined tolerance relative to the
oxygen set point for oxygen in the combustion exhaust.

Determining 318 whether the received measured oxygen in the combustion
exhaust is within a specified or predetermined tolerance may include comparing the
received measure of oxygen in the combustion exhaust to the oxygen set point for
oxygen in the combustion exhaust to determine a difference between the received
measure of oxygen and the oxygen set point. Then, when the difference reaches or
goes beyond a threshold amount (e.g., is beyond a tolerance), the HMI, valve
controller, or other suitable controller of the burner control system may be configured
to adjust 320 the air-fuel ratio and the steps 314-320 may be repeated until the

received measured oxygen is within the predetermined tolerance. When the
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difference has not reached the threshold amount (e.g., is within a tolerance), the HMI,
valve controller, or other suitable controller of the burner control system may be
configured to maintain 322 the air-fuel ratio achieving the received measured oxygen
and the steps 314-318 and 322 may be repeated until the received measured oxygen
reaches or goes beyond the predetermined tolerance.

In addition to or as an alternative to following the steps 314-322 of the
automated closed-loop control portion 310 of the method 300 to achieve an oxygen
set point in the exhaust from the combustion chamber, a PID controller that
implements a PID control algorithm may be utilized to perform the steps of adjusting
an air-fuel ratio based on a measured oxygen (e.g., steps 318, 320, and 322) in the
closed loop control portion 310 of the method 300. With such a PID controller, rather
than determining if a measured oxygen is within a specified or predetermined
tolerance, the closed loop control portion 310 may output one or more control signals
that adjust the air-fuel ratio, where the one or more control signals may include a term
that is proportional (P) to a difference between the measured oxygen and an oxygen
set point, a term that represents an integral (I) of the difference between the measured
oxygen and the oxygen set point, and a term that represents a derivative (D) of the
difference between the measured oxygen and the oxygen set point.

Figure 13 depicts an illustrative method 400 of closed loop burner system
control to achieve a carbon dioxide (e.g., a combustion constituent) set point in the
exhaust from the combustion chamber. When an HMI is to be used in addition to the
valve controller, the HMI may be connected 402 to the valve controller and the
software of the HMI may proceed to an air-fuel ratio setup. The HMI may proceed to
the air-fuel ratio setup automatically upon being connected to the valve controller
and/or upon receiving user input.

A combustion sensor may be setup and connected 404 to the HMI and/or the
valve controller. When the combustion sensor is not a permanent part of the burner
control system or is not part of the burner control system at the time of set up (e.g., in
a retro-fit application and/or other suitable applications), the combustion sensor may
be attached to and/or placed in a flue extending from the combustion chamber and
connected to or otherwise placed in communication with the HMI and/or the valve
controller. Although the combustion sensor may be configured to sense a carbon

dioxide content in the flue, the combustion sensor may be configured to sense one or
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more other constituent contents in the flue. The combustion sensor may be a single
sensor or multiple sensor.

Once the HMI and the combustion sensor are connected, as needed, the HMI
and/or the valve controller may set up 406 the combustion sensor to ensure it is
correctly measuring oxygen. In one example, the HMI and/or the valve controller
may run a calibration procedure to ensure the combustion sensor is properly sensing
carbon dioxide. Although other calibration procedures may be utilized, one example
calibration procedure may compare: (1) a measure of carbon dioxide received from
the combustion sensor when air is being blown through the combustion chamber and
when the combustion appliance is not firing; to (2) an expected carbon dioxide
content in air (e.g., 0.04 % carbon dioxide plus or minus a tolerance relative to the
other constituents of air) and adjust a sensitivity and/or offset of the sensor, as needed.
Such a calibration procedure may be repeated before and/or after each firing in the
combustion chamber. Alternatively, the calibration procedure may occur upon
receiving input from a user and/or at predetermined intervals.

A carbon dioxide set point and associated tolerances, if any, for carbon
dioxide content in exhaust from a combustion chamber may be defined 408. The
carbon dioxide set point and associated tolerances for carbon dioxide in the exhaust
from the combustion chamber may be set by a user when setting up the HMI or valve
controller and/or may be pre-determined by an original equipment manufacturer. In
some cases, the carbon dioxide set point may be associated with one or more safety
regulations. Further, the carbon dioxide set point may be a constant or may be set to
be a function of a burner firing rate (e.g., the set point may be related to a fan speed of
the combustion appliance). When the carbon dioxide set point is a function of a
burner firing rate, the HMI or valve controller may be configured to automatically
change the carbon dioxide set point in response to changes in the burner firing rate
(e.g., in response to changes in fan speed of a fan blowing air through the combustion
chamber).

An automated closed-loop control portion 410 of the method 400 may be
initiated by igniting 412 a burner of a combustion appliance and the closed-loop
control portion 410 may be repeated (e.g., continuously, at predetermined times, etc.)
while the burner is firing. In some cases, the burner of the combustion appliance may
be ignited at an initial fan speed and an air-fuel ratio configured to achieve a carbon

dioxide set point for carbon dioxide in the exhaust from the combustion chamber.
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The automated closed loop control portion 410 may include measuring 414 a carbon
dioxide content in exhaust from the combustion chamber with the combustion sensor,
receiving 416 (e.g., via the input/output port 32 or other input/output interface) the
measured carbon dioxide in the combustion exhaust, and determining 418 whether the
received measured carbon dioxide in the combustion exhaust is within a specified or
predetermined tolerance relative to the carbon dioxide set point for carbon dioxide in
the combustion exhaust.

As discussed above, when carbon dioxide measurements are graphed, a slope
of the measured carbon dioxide may be indicative of whether carbon monoxide is
present in the combustion exhaust. For example, if the slope of the measured carbon
dioxide is positive, carbon monoxide may be present in the combustion exhaust and if
the slope of the measured carbon monoxide is negative, carbon monoxide likely is not
present or is diminishing in the combustion exhaust. As such, a slope of carbon
monoxide relative to air may be compared 420 to a threshold value (e.g., zero or other
suitable threshold value) and if the slope has not reached or gone beyond the
threshold, an air-fuel ratio may be increased 422 by increasing a combustion air
amount (e.g., increasing a fan speed) and/or by decreasing fuel (e.g., by closing a
valve or reducing a valve opening) to a combustion chamber. When the slope of the
measured carbon dioxide relative to air has reached or gone beyond the threshold
value, it may be determined 418 whether the received measure of carbon dioxide is
within the predetermined tolerance.

Determining 418 whether the received measured carbon dioxide in the
combustion exhaust is within a specified or predetermined tolerance may include
comparing the received measure of carbon dioxide in the combustion exhaust to the
carbon dioxide set point for carbon dioxide in the combustion exhaust to determine a
difference between the received measure of carbon dioxide and the carbon dioxide set
point. Then, when the difference reaches or goes beyond a threshold amount (e.g., is
beyond a tolerance), the HMI, valve controller, or other suitable controller of the
burner control system may be configured to adjust 424 the air-fuel ratio and the steps
414-424 may be repeated until the received measured carbon dioxide is within the
predetermined tolerance. When the difference has not reached the threshold amount
(e.g., s within a tolerance), the HMI, valve controller, or other suitable controller of
the burner control system may be configured to maintain 426 the air-fuel ratio

achieving the received measured carbon dioxide and the steps 414-422 and 426 may
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be repeated until the received measured carbon dioxide reaches or goes beyond the
predetermined tolerance.

In addition to or as an alternative to following the steps 414-426 of the
automated closed-loop control portion 410 of the method 400 to achieve a carbon
dioxide set point in the exhaust from the combustion chamber, a proportional-integral-
derivative (PID) controller that implements a PID control algorithm may be utilized to
perform the steps of adjusting an air-fuel ratio based on a measured carbon dioxide
(e.g., steps 418, 424, and 426) in the closed loop control portion 410 of the method
400. With such a PID controller, rather than determining if a measured carbon
dioxide is within a specified or predetermined tolerance, the closed loop control
portion 410 may output one or more control signals that adjust the air-fuel ratio,
where the one or more control signals may include a term that is proportional (P) to a
difference between the measured carbon dioxide and a carbon dioxide set point, a
term that represents an integral of the difference between the measured carbon dioxide
and the carbon dioxide set point, and a term that represents a derivative of the
difference between the measured carbon dioxide and the carbon dioxide set point.

Figure 14 depicts an illustrative method 500 of closed loop burner system
control to achieve a carbon dioxide (e.g., a combustion constituent) set point in the
exhaust from the combustion chamber based on sensed carbon dioxide and sensed
oxygen. When an HMI is to be used in addition to the valve controller, the HMI may
be connected 502 to the valve controller and the software of the HMI may proceed to
an air-fuel ratio setup. The HMI may proceed to the air-fuel ratio setup automatically
upon being connected to the valve controller and/or upon receiving user input.

A combustion sensor may be setup and connected 504 to the HMI and/or the
valve controller. When the combustion sensor is not a permanent part of the burner
control system or is not part of the burner control system at the time of set up (e.g., in
a retro-fit application and/or other suitable applications), the combustion sensor may
be attached to and/or placed in a flue extending from the combustion chamber and
connected to or otherwise placed in communication with the HMI and/or the valve
controller. Although the combustion sensor may be configured to sense a carbon
dioxide and oxygen content in the flue, the combustion sensor may be configured to
sense one or more other constituent contents in the flue. The combustion sensor may
be a single sensor or more multiple sensors. The combustion sensor may be a single

sensor or multiple sensors.
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Once the HMI and the combustion sensor are connected, as needed, the HMI
and/or the valve controller may set up 506 the combustion sensor to ensure it is
correctly measuring oxygen. In one example, the HMI and/or the valve controller
may run a calibration procedure to ensure the combustion sensor is properly sensing
carbon dioxide and oxygen. Although other calibration procedures may be utilized,
one example calibration procedure may compare: (1) a measure of carbon dioxide and
a measure of oxygen both received from the combustion sensor when air is being
blown through the combustion chamber while the combustion appliance is not firing;
to (2) an expected carbon dioxide content in air and an expected oxygen content in air
(e.g., 0.04 % carbon dioxide plus or minus a tolerance relative to the other
constituents of air and 20.95 % oxygen plus or minus a tolerance relative to the other
constituents of air) and adjust a sensitivity and/or an offset of the sensor, as needed.
Such a calibration procedure may be repeated before and/or after each firing in the
combustion chamber. Alternatively, the calibration procedure may occur upon
receiving input from a user and/or at predetermined intervals.

A carbon dioxide set point and associated tolerances, if any, for combustion
constituents in the exhaust from a combustion chamber may be defined 508. The
carbon dioxide set point and associated tolerances for combustion constituents in the
exhaust from the combustion chamber may be set by a user when setting up the HMI
or valve controller and/or may be pre-determined by an original equipment
manufacturer. In some cases, the carbon dioxide set point may be associated with one
or more safety regulations. Further, the carbon dioxide set point may be a constant or
may be set to be a function of a burner firing rate (e.g., the set point may be related to
a fan speed of the combustion appliance). When the carbon dioxide set point is a
function of a burner firing rate, the HMI or valve controller may be configured to
automatically change the carbon dioxide set point in response to changes in the burner
firing rate (e.g., in response to changes in fan speed of a fan blowing air through the
combustion chamber).

An automated closed-loop control portion 510 of the method 500 may be
initiated by igniting 512 a burner of a combustion appliance and the closed-loop
control portion 510 may be repeated (e.g., continuously, at predetermined times, etc.)
while the burner is firing. In some cases, the burner of the combustion appliance may
be ignited at an initial fan speed and an air-fuel ratio configured to achieve a carbon

dioxide set point for carbon dioxide in the exhaust from the combustion chamber.
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The automated closed loop control portion 510 may include measuring 514 a carbon
dioxide content in exhaust from the combustion chamber with the combustion sensor,
receiving 516 (e.g., via the input/output port 32 or other input/output interface) the
measured carbon dioxide in the combustion exhaust, and determining 518 whether the
received measured carbon dioxide in the combustion exhaust is within a specified or
predetermined tolerance relative to the carbon dioxide set point for carbon dioxide in
the combustion exhaust.

As discussed above, a presence of oxygen in the combustion exhaust is
indicative of no carbon monoxide or an acceptable amount of carbon monoxide in the
combustion exhaust. As such, the HMI or valve controller may be configured to
determine 520 whether an oxygen content in the combustion exhaust is greater than
zero (0) or other suitable threshold. If the oxygen content of the exhaust is not above
zero or other suitable threshold, the air-fuel ratio may be adjusted 522 by increasing a
ratio of air to fuel in the flow of fluid to the combustion chamber via increasing a
combustion air amount (e.g., increasing a fan speed) and/or by decreasing fuel (e.g.,
by closing a valve or reducing a valve opening) to a combustion chamber and it may
be further determined 520 whether an oxygen content in the exhaust from the
combustion chamber is greater than zero or other suitable threshold. This process
may be repeated until the oxygen content in the exhaust is greater than zero or other
suitable threshold. Once the oxygen content of the exhaust has been determined to
exceed zero or go beyond one or more other suitable thresholds, it may be determined
518 whether the received measure of carbon dioxide is within the predetermined
tolerance.

Determining 518 whether the received measured carbon dioxide in the
combustion exhaust is within a specified or predetermined tolerance may include
comparing the received measure of carbon dioxide in the combustion exhaust to the
carbon dioxide set point for carbon dioxide in the combustion exhaust to determine a
difference between the received measure of carbon dioxide and the carbon dioxide set
point. Then, when the difference reaches or goes beyond a threshold amount (e.g., is
beyond a tolerance), the HMI, valve controller, or other suitable controller of the
burner control system may be configured to adjust 524 the air-fuel ratio and the steps
514-524 may be repeated until the received measured carbon dioxide is within the
predetermined tolerance. When the difference has not reached the threshold amount

(e.g., s within a tolerance), the HMI, valve controller, or other suitable controller of
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achieving the received measured oxygen and the steps 514-522 and 526 may be
repeated until the received measured oxygen reaches or goes beyond the
predetermined tolerance.

In addition to or as an alternative to following the steps 514-526 of the
automated closed-loop control portion 510 of the method 500 to achieve a carbon
dioxide set point in the exhaust from the combustion chamber based on sensed carbon
dioxide and sensed oxygen, a proportional-integral-derivative (PID) controller that
implements a PID control algorithm may be utilized to perform the steps of adjusting
an air-fuel ratio based on a measured carbon dioxide (e.g., steps 518, 524, and 526) in
the closed loop control portion 510 of the method 500. With such a PID controller,
rather than determining if a measured carbon dioxide is within a specified or
predetermined tolerance, the closed loop control portion 510 may output one or more
control signals that adjust the air-fuel ratio, where the one or more control signals
include a term that is proportional to a difference between the measured carbon
dioxide and a carbon dioxide set point, a term that is related to an integral of the
difference between the measured carbon dioxide and the carbon dioxide set point, and
a term that is related to a derivative of the difference between the measured carbon
dioxide and the carbon dioxide set point.

It should be understood that this disclosure is, in many respects, only
illustrative. The various individual elements discussed above may be arranged or
configured in any combination thereof without exceeding the scope of the disclosure.
Changes may be made in details, particularly in matters of shape, size, and
arrangement of steps without exceeding the scope of the disclosure. The disclosure’s
scope is, of course, defined in the language in which the appended claims are

expressed.
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What is claimed:

1. A valve for supplying a fuel flow to a combustion chamber, wherein a
fan provides an air flow to the combustion chamber, the valve comprising:

a housing;

a controller housed by the housing, the controller configured to control an air-
fuel ratio of a fluid flow to the combustion chamber by adjusting the fuel flow and/or
air flow to the combustion chamber;

an input/output port in communication with the controller;

wherein the controller is configured to:

receive via the input/output port a measure of a combustion constituent
exiting the combustion chamber;

compare the measure of the combustion constituent exiting the
combustion chamber to a set point; and

control the air-fuel ratio of the fluid flow to the combustion chamber
based at least in part on the comparison of the measure of the
combustion constituent exiting the combustion chamber to the

set point.

2. The valve of claim 1, wherein the controller is configured to:

determine a difference between the measure of the combustion constituent
exiting the combustion chamber and the set point;

when the difference reaches or goes beyond a threshold, adjust the air-fuel
ratio in the fluid flow to the combustion chamber; and

when the difference does not reach the threshold, maintain the air-fuel ratio in

the fluid flow to the combustion chamber.
3. The valve of claim 1, wherein the controller is configured to
automatically change the air-fuel ratio based at least in part on a fan speed of the fan

that provides combustion air to the combustion chamber.

4. The valve of claim 1, wherein the measure of the combustion

constituent comprises a measure of an oxygen concentration exiting the combustion
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chamber and a measure of a carbon dioxide concentration exiting the combustion

chamber.

5. The valve of claim 4, wherein the controller is configured to:

determine when the carbon dioxide concentration increases beyond the set
point by a threshold amount, and when this occurs, the controller is
configured to increase the fan speed of the fan to increase the air flow
to the combustion chamber; and

determine when the carbon dioxide concentration decreases below the set
point by a threshold amount, and when this occurs, the controller is
configured to decrease the fan speed of the fan to decrease the air flow

to the combustion chamber.

6. The valve of claim 4, wherein the controller is configured to:

determine when the carbon dioxide concentration increases beyond the set
point by a threshold amount, and when this occurs, the controller is
configured to decrease the fuel flow from the valve to the combustion
chamber; and

determine when the carbon dioxide concentration decreases below the set
point by a threshold amount, and when this occurs, the controller is
configured to increase the fuel flow from the valve to the combustion

chamber.

7. The valve of claim 4, wherein the controller is further configured to:

compare the oxygen concentration exiting the combustion chamber to a first
set point;

compare the carbon dioxide concentration exiting the combustion chamber to
a second set point; and

control the air-fuel ratio of the fluid flow to the combustion chamber based at
least in part on: (1) the comparison of the oxygen concentration exiting
the combustion chamber to the first set point; and (2) the comparison
of the carbon dioxide concentration exiting the combustion chamber to

the second set point.
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8. The valve of claim 1, wherein the controller includes a PID controller
and the PID controller is configured to:
compare the measure of the combustion constituent exiting the
combustion chamber to a set point over time; and
control the air-fuel ratio in the fluid flow to the combustion chamber
based at least in part on the comparison of the measure of the
combustion constituent exiting the combustion chamber to the

set point over time.

9. The valve of claim 1, further comprising:
a sensor in communication with the controller via the input/output port, the
sensor configured to sense and provide the measure of the combustion constituent

exiting the combustion chamber to the controller.

10. The valve of claim 9, wherein the controller is configured to calibrate
the sensor by comparing an expected value to the measure of the combustion
constituent exiting the combustion chamber when an air flow is provided through the

combustion chamber without combustion.

11. An auto-programming control system for a combustion burner having
a plurality of burner firing rates, comprising:
a controller configured to control an air-fuel ratio of a fluid flow to the
combustion burner;
a memory in communication with the controller; and
wherein the controller is configured to fire the combustion burner at each of
the plurality of burner firing rates, and at each of the plurality of burner firing rates
the controller is configured to:
set an air-fuel setting;
receive a measure of a combustion constituent exiting the combustion
chamber at the air-fuel setting;
determine a difference between the measure of the combustion
constituent exiting the combustion chamber and a set point; and
adjust the air-fuel setting until the difference between the measure of

the combustion constituent exiting the combustion chamber and
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the set point is below a threshold, and then save an association
between the air-fuel setting and the corresponding one of the
plurality of burner firing rates to the memory; and

move to a next burner firing rate of the plurality of burner firing rates

and repeat.

12.  The control system of claim 11, wherein adjusting the air-fuel setting
comprises adjusting a valve position of a fuel valve, and wherein saving the
association between the air-fuel setting and the corresponding one of the plurality of
burner firing rates comprises saving an association between the valve position and the

corresponding one of the plurality of burner firing rates to the memory.

13.  The control system of claim 11, wherein adjusting the air-fuel setting
comprises adjusting a fan speed of a fan that provides an air flow to the combustion
burner, and wherein saving the association between the air-fuel setting and the
corresponding one of the plurality of burner firing rates comprises saving an
association between the fan speed and the corresponding one of the plurality of burner

firing rates to the memory.

14. The control system of claim 13, further comprising:
a user interface in communication with the controller; and
wherein the controller is configured to identify a set of burner firing rates

based on a user selection made via the user interface.

15. A valve for supplying a fuel flow to a combustion chamber, wherein a
fan provides an air flow to the combustion chamber, the valve comprising:

a housing that houses one or more valves;

a controller housed by the housing, the controller configured to control an air-
fuel ratio of a fluid flow to the combustion chamber by at least adjusting the position
of one or more of the valves in order to adjust the fuel flow to the combustion
chamber;

wherein the controller is configured to:

identify a measure of a combustion constituent exiting the combustion

chamber;
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compare the measure of the combustion constituent exiting the
combustion chamber to a set point; and
control the air-fuel ratio of the fluid flow to the combustion chamber at least
by adjusting the position of one or more of the valves in order to adjust the fuel flow

5  to the combustion chamber.
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See paragraphs [0003]-[0064] and figures 1-12.

Y 1-10,13-15

Y US 2017-0204990 A1 (HONEYWELL INTERNATIONAL INC.) 20 July 2017 1-10,15
See paragraphs [0049], [0064], [0089] and figures 12-13.

Y US 2016-0076768 A1 (NORITZ CORPORATION) 17 March 2016 3,5-6,13-14
See paragraph [0038] and figures 1, 5.
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