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(54) MODULAR WATER HEATING AND TANK SYSTEM MANAGEMENT

(57) Awater heating system includes a storage tank,
at least one heating unit, and a control system. The
storage tank includes a recirculation supply port, a return
port arranged above the recirculation supply port, and a
tank temperature sensor arranged between the recircu-
lation supplyport and the returnport in avertical direction.
The at least one heating unit includes a water inlet port
fluidly coupled to the recirculation supply port and awater

outlet port fluidly coupled to the return port. The control
system is configured to receive a signal from the tank
temperature sensor indicative of a temperature of water
in the storage tank, determine a need for heating based
on thesignal, activate theat least oneheatingunit to draw
water from the storage tank, heat the water, return the
heated water to the storage tank, and reduce a rate at
which the water is heated.
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Description

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Pro-
visional Application No. 63/587,495 filed October 3,
2023. The entire disclosure of the above application is
incorporated by reference.

FIELD

[0002] The present disclosure relates to water heating
systems and, more particularly, to control systems for
modular water heater systems.

SUMMARY

[0003] Heat pump water heater systems operate on
the principle of moving heat from an external environ-
ment to water within the system, rather than generating
heat directly through combustion or electrical resistance
and transferring the generated heat to the water. Heat
pump heater units - which form a part of heat pumpwater
heater systems - use a refrigeration cycle to extract heat
from an external source (such as the ambient atmo-
sphere, the ground, or an external water source) and
transfer the extracted heat into water in the system.
Because heat pump heater units move heat rather than
generating heat directly, they may use less electricity
than traditional electric resistance water heater units
for the same volumeof hot water produced. For example,
while traditional electric resistance water heater units
may convert nearly 100% of the electrical energy they
consume into heat, they must create substantially all of
this heat, which can require a significant amount of en-
ergy. By contrast, in a heat pump water heater system,
heat pump heater units use a relatively small amount of
electrical energy to move heat from the external environ-
ment into the water in the system. Because it generally
requires less energy to move heat than to create it, heat
pump water heater systems can be significantly more
energy efficient than conventional systems.
[0004] While heat pump water heater systems are
energy efficient, there can be a variety of technical chal-
lenges associated with designing such systems - parti-
cularly in larger-scale commercial applications. For ex-
ample, commercial applications often have highly vari-
able hot water demands. Thus, commercial heat pump
water heater systems may have a modular design, and
may also include a variable number of water storage
tanks paired with a variable number of heat pump heater
units, depending on the particular requirements of the
individual application.Given the potential complexity and
variability of commercial heat pump water heater sys-
tems, managing and coordinating multiple heat pump
heater units so that they work together seamlessly and
efficiently can be a complex and technically challenging
task. For example, the control systems should effectively

regulatewheneachheatpumpheaterunit operateswhile
avoiding short cycling individual units and maintaining
consistent water temperatures in the system. Further-
more, for commercial applications with high levels of hot
water demand, control systems should effectively regu-
late theoperationof theheaterunits toallow thesystem to
keep up with both high- and low-demand scenarios while
maximizing the overall efficiency of the system.
[0005] In some modular applications, the water sto-
rage tank can be paired with one or more heat pump
heater units. Coldwatermaybe drawn from the bottomof
the tank, routed through the heat pump heater units
(which move heat from the external environment into
the water), and returned to top of the tank at a higher
temperature. When there is demand for hot water, the
heated water may be drawn from the top of the tank. This
watermay thenbe replacedwith newcoldwater (typically
at the bottom of the tank) from a water supply. The new
cold water may then be routed through the heat pump
heater units, which move additional heat from the exter-
nal environment into thenewcoldwater. In suchsystems,
at least aportionof thewaterwithin thewater storage tank
may be below the desired temperature. If not properly
managed, this can have negative effects on the overall
thermal efficiency of the system.
[0006] Heat pump water heater systems described in
this specification address these technical challenges by
being modular and scalable across a wide range of
applications. Furthermore, heat pump water heater sys-
tems described in this specification include control sys-
tems that automatically adapt to and account for the
variety of operating conditions such scalable heat pump
water systemsmayencounter, all thewhileoptimizing the
efficiency of the systems under many operating condi-
tions.
[0007] Awater heating system includes a storage tank,
at least one heating unit, and a control system. The
storage tank includes a recirculation supply port, a return
port arranged above the recirculation supply port in a
vertical direction, and a tank temperature sensor ar-
ranged between the recirculation supply port and the
return port in the vertical direction. The at least one
heating unit includes a water inlet port and a water outlet
port. The water inlet port is fluidly coupled to the recircu-
lation supply port. The water outlet port is fluidly coupled
to the return port. The control system is communicatively
coupled to the tank temperature sensor and the at least
one heating unit. The control system is configured to
receive a signal from the tank temperature sensor indi-
cative of a temperature of water in the storage tank at a
location of the tank temperature sensor, determine a
need for heating based on the signal received from the
tank temperaturesensor, activate theat least oneheating
unit to draw water from the storage tank by way of the
recirculation supply port in response to determining the
need for heating, heat the water, return the heated water
to the storage tank byway of the return port, and reduce a
rate at which thewater is heated in response to determin-
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ing that a first criterion and a second criterion have been
met.
[0008] In other features, reducing the rate at which the
water is heated comprises stopping operation of the at
least one heating unit. In other features, the at least one
heating unit is a heat pumpheating unit. In other features,
the control system is configured to determine that the
need for heating is caused by one of a draw demand and
a standby loss. In other features, the at least one heating
unit includes an inlet water temperature sensor arranged
to measure a temperature of water entering the water
inlet port and an outlet water temperature sensor ar-
ranged to measure a temperature of water exiting the
water outlet port. The inlet water temperature sensor and
theoutletwater temperaturesensorare communicatively
coupled to the control system. The control system is
configured to determine that the first criterion and the
second criterion have been met based on signals re-
ceived from the inlet water temperature sensor and the
outlet water temperature sensor.
[0009] In other features, the control system is config-
ured todetermine that oneof thefirst andsecondcriterion
have been met by comparing the temperature of water
exiting the water outlet port to a predetermined tempera-
ture limit. In other features, the control system is config-
ured to determine that the other of the first and second
criterion has been met by comparing the temperature of
water entering the water inlet port to a predetermined
temperature limit. In other features, the at least one
heating unit is one of a plurality of such heating units
connected fluidly in parallel with one another to the
recirculation supply port and the water outlet port. The
control system is configured to determine which one of
the plurality of heating units to activate in response to
determining the need for heating.
[0010] In other features, after activating one of the
plurality of heating units in response to determining the
need for heating, the control system is further configured
to receive temperature signals from the tank temperature
sensor over a period of time, determine that an increased
rate of heating is desired based on the temperature
signals, and increase the rate of heating by the plurality
of heating units in response to determining that the
increased rate of heating is desired. In other features,
the control system is configured to increase the rate of
heating by activating another one of the plurality of heat-
ingunits to drawwater from thestorage tankbywayof the
recirculation supply port, heat the water, and return the
heatedwater to the storage tank bywayof the return port.
In other features, the control system is configured to
determine that an increased rate of heating is desired
at least in part by determining that a temperature change
of water at the location of the tank temperature sensor
over the period of time is below a threshold.
[0011] Amethod for controlling a water heating system
includes receiving a signal from a tank temperature sen-
sor indicative of a temperature of a fluid in a storage tank
at a location of the tank temperature sensor, determining

a need for heating based on the signal received from the
tank temperature sensor, activating at least one heating
unit to draw fluid from the storage tank in response to
determining the need for heating, and reducing a rate at
which thewater is heated in response to determining that
a first criterion and a second criterion have been met.
[0012] In other features, reducing the rate at which the
water is heated includes stoppingoperationof the at least
one heating unit. In other features, the method includes
determining that the need for heating is caused by one of
a draw demand and a standby loss. In other features, the
method includes determining that the first criterion and
the second criterion have been met based on signals
received from an inlet water temperature sensor of the at
least one heating unit and an outlet water temperature
sensor of the at least one heating unit. In other features,
determining that one of the first and second criterion has
been met includes comparing a temperature of water
exiting a water outlet port of the at least one heating unit
to a predetermined temperature limit. In other features,
determining that the other of the first and second criterion
has beenmet includes comparing a temperature ofwater
entering a water inlet port of the at least one heating unit
to a predetermined temperature limit.
[0013] In other features, the at least one heating unit
includes a plurality of heating units fluidly connected in
parallel and activating the at least one heating unit to
draw water from the storage tank includes determining
which one of the plurality of heating units to activate. In
other features, the method includes, after activating one
of the plurality of heating units, receiving temperature
signals from the tank temperature sensor over a period of
time, determining that an increased rate of heating is
desired based on the received temperature signals, and
increasing the rate of heating by the plurality of heating
units in response todetermining that the increased rate of
heating is desired. In other features, themethod includes
increasing the rate of heating byactivating another one of
the plurality of heating units to draw water from the
storage tank and return heatedwater to the storage tank,
and determining that an increased rate of heating is
desired at least in part by determining that a temperature
change of fluid at the location of the tank temperature
over the period of time is below a threshold.
[0014] An apparatus for controlling a water heating
system includes an electronic controller operatively
coupled to a tank temperature sensor positioned at a
vertical location in a tank. The electronic controller is
configured to receive a signal from the tank temperature
sensor, determine whether a fluid temperature at the
vertical location transitions from a first temperature re-
gion to a second temperature region based on the signal,
and command one or more heater units to begin a draw
demand response in response to determining that the
fluid temperature at the vertical location transitioned from
the first temperature region to the second temperature
region. A temperature of the first region is greater than a
temperature of the second temperature region. The first
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temperature region is separated from the second tem-
perature region by a thermocline. The electronic control-
ler is configured to determine that the fluid temperature at
the vertical location transitioned from the first tempera-
ture region to thesecond temperature regionbydetecting
the thermocline passing over the tank temperature sen-
sor.
[0015] In other features, the vertical location is located
between a recirculation supply port of the tank and a
return port of the tank. In other features, the electronic
controller is configured to command the one or more
heater units to begin the draw demand response by
activating a first heater unit, determining whether a heat-
ing rate of the first heater unit is sufficient to meet a draw
demand, and activating a second heater unit in response
to determining that the heating rate of the first heater unit
is not sufficient to meet the draw demand. In other fea-
tures, the electronic controller is configured to receive a
second signal from an inlet temperature sensor arranged
to measure a temperature of fluid entering an inlet of one
of the oneormore heater units, receive a third signal from
an outlet temperature sensor arranged to measure a
temperature of fluid exiting an outlet of the one or more
heater units, and deactivate the one or more heater units
based on the first signal and the second signal meeting
one or more conditions.
[0016] In other features, the electronic controller is
configured to deactivate the one or more heater units
based on the first signal and the second signal meeting
one or more conditions by comparing the temperature of
fluid entering the inlet of the one or more heater units to a
first temperature threshold. In other features, the electro-
nic controller is configured to deactivate the one or more
heater units based on the first signal and the second
signal meeting one or more conditions by comparing the
temperature of fluid exiting the outlet of the one or more
heater units to a second temperature threshold. In other
features, the one ormore heater units includes a plurality
of heater units. The electronic controller is configured to
monitor each heater unit of the plurality of heater units for
a fault condition and deactivate the first heater unit and
activate a second heater unit of the plurality of heater
units in response to detecting a fault condition at a first
heater unit of the plurality of heater units.
[0017] In other features, the electronic controller is
configured to receive a fourth signal from a supply tem-
perature sensor arranged to measure a temperature of
fluid exiting the tank through a hot water supply port and
compare the temperature of fluid exiting the tank to a
temperature limit. In other features, the electronic con-
troller is configured to increaseaheating rateof theoneor
more heater units in response to determining that the
temperature of fluid exiting the tank is below the tem-
perature limit. Inother features, theelectroniccontroller is
configured to increase the heating rate of the one ormore
heater units by activating an additional heater unit.
[0018] Amethod for controlling awater heating system
includes receiving a signal from a tank temperature sen-

sor positioned at a vertical location in a tank, determining
whether a fluid temperature at the vertical location transi-
tions from a first temperature region to a second tem-
perature region based on the signal, and commanding
one or more heater units to begin a draw demand re-
sponse in response to determining that the fluid tempera-
ture at the vertical location transitioned from the first
temperature region to the second temperature region.
A temperature of the first region is greater than a tem-
perature of the second temperature region. The first
temperature region is separated from the second tem-
perature region by a thermocline. Determining that the
fluid temperature at the vertical location transitioned from
the first temperature region to the second temperature
region includes detecting the thermocline passing over
the tank temperature sensor.
[0019] In other features, the vertical location is located
between a recirculation supply port of the tank and a
return port of the tank. In other features, commanding the
one or more heater units to begin the draw demand
response includes activating a first heater unit, determin-
ing whether a heating rate of the first heater unit is
sufficient to meet a draw demand, and activating a sec-
ond heater unit in response to determining that the heat-
ing rate of the first heater unit is not sufficient to meet the
draw demand. In other features, the method includes
receivingasecondsignal froman inlet temperaturesenor
arranged to measure a temperature of water entering an
inlet of one of the one or more heater units, receiving a
third signal from an outlet temperature sensor arranged
tomeasure a temperature of water exiting an outlet of the
one or more heater units, and deactivating the one or
moreheaterunitsbasedon thefirst signal and thesecond
signal meeting one or more conditions.
[0020] In other features, deactivating the one or more
heater units based on the first signal and the second
signal meeting one or more conditions includes compar-
ing the temperature of water entering the inlet of the one
or more heater units to a first temperature threshold. In
other features, deactivating the one or more heater units
based on the first signal and the second signal meeting
one or more conditions includes comparing the tempera-
ture of water exiting the outlet of the one or more heater
units to a second temperature threshold. In other fea-
tures, the one or more heater units includes a plurality of
heater units. The method includes monitoring each hea-
ter unit of the plurality of heater units for a fault condition
and deactivating the first heater unit and activating a
second heater unit of the plurality of heater units in
response to detecting the fault condition at a first heater
unit of the plurality of heater units.
[0021] In other features, themethod includes receiving
a fourth signal from a supply temperature sensor ar-
ranged to measure a temperature of water exiting the
tank through a hot water supply port and comparing the
temperature of water exiting the tank to a temperature
limit. In other features, the method includes increasing a
heating rate of theoneormoreheater units in response to
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determining that the temperature ofwater exiting the tank
is below the temperature limit. In other features, increas-
ing the heating rate of the one or more heaters includes
activating an additional heater unit.
[0022] Other examples, embodiments, features, and
aspects will become apparent by consideration of the
detailed description and accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023]

FIG. 1 is a schematic illustration of an example
modular water heater system.

FIG. 2 is a block diagram showing an interconnected
hardware control system of an example modular
water heater system.

FIGS. 3A‑3B are schematic illustrations showing
thermodynamic behavior of water within a tank of
an example modular water heater system during a
hot water draw sequence.

FIGS. 4A‑4B are flowcharts of an example process
for detecting draw demand and standby losswithin a
hot water storage tank in a modular water heater
system.

FIG. 5 is a flowchart of an example process for
controlling heater units of a modular water heater
system.

FIGS. 6A‑6C are flowcharts of an example process
for determining whether a heating rate of a modular
water heater system is sufficient.

FIGS. 7A‑7B are flowcharts of an example process
for determining whether a heating rate of a modular
water heater system is sufficient.

FIG. 8 is a flowchart of an example process for
determining when a heating demand of a modular
water heater system is satisfied.

FIGS. 9A‑9B are flowcharts of an example process
for boosting a rate at which heat is added to a tank of
a modular water heater system.

[0024] In the drawings, reference numbers may be
reused to identify similar and/or identical elements.

DETAILED DESCRIPTION

[0025] FIG. 1 is a schematic illustration of an example
modular water heater system 100. As illustrated in the
example of FIG. 1, some embodiments of system 100
includeoneormorehotwater storage tanks, suchas tank

102 and one or more water heaters, such as heater units
104‑1‑104‑3.Althoughasingle tank102and threeheater
units 104are shown in theexample of FIG. 1, themodular
nature of system 100means that it can be scaled to have
any number of tanks 102 and any number of heater units
104. While the heater units 104 illustrated in FIG. 1 are
airsource heat pump units, heater units 104 may be any
combinationof suitableheaterunit (suchaswater-source
heat pump units, combustion heater units, electrical-re-
sistance heater units, and/or hybrid units including any
combinationofheat pumpunits, combustionheaterunits,
and/or electrical-resistance heater units). In various im-
plementations, tank 102 includes an outer shell, an inner
lining, and an insulation layer between theouter shell and
the inner lining. The outer shell may include a pressure-
resistant material such as steel. The inner lining may
include a corrosion-resistant material such as glass or a
polymer coating. The insulationmaterialmay include any
suitable material - such as fiberglass or a polyurethane
foam - to minimize heat transfer from an interior of tank
102 to an external ambient environment. A fluid (e.g.,
water) may be contained within the inner layer of tank
102.
[0026] In various implementations, tank 102 includes
oneormorewater ports, suchas recirculation supply port
106, return port 108, and hot water supply port 110. In
some examples, recirculation supply port 106 is posi-
tioned near the bottom of tank 102 (for example, within
thebottomhalf, third, quarter, fifth, or tenthof tank102) so
that the coldest, least buoyant water can be supplied to
heater units 104. In some embodiments, return port 108
is located towards the top of the tank 102 (for example,
within the top half, third, quarter, fifth, or tent of tank 102)
so that water heated by heater units 104 can be returned
near the top of tank 102. By positioning return port 108
nearer to the top of tank 102, heated water provided by
heater units 104 will be returned nearer to the top of tank
102 - and therefore closer to hot water supply port 110 so
that the heatedwatermaybe readily supplied throughhot
water supply port 110 in response to a hot water draw
demand. In someexamples, return port 108 is positioned
at the very top of tank 102 (for example, in some single-
pass arrangements). In some embodiments, hot water
supply port 110 is positioned at the top of tank 102. In
various implementations, return port 108 is connected to
hot water supply port 110 via a T-connection at the top of
tank 102.
[0027] Tank 102 may also include one or more tem-
perature sensors, such as tank temperature sensor 112
and supply temperature sensor 114. In some examples,
the various temperature sensors of system 100 include
one or more thermocouples, resistance temperature de-
tectors, thermistors, infrared sensors, semiconductor
temperature sensors, bimetallic temperature sensors,
fiber optic temperature sensors, and/or digital tempera-
ture sensors. Tank temperature sensor 112may be posi-
tioned at a location vertically between recirculation sup-
ply port 106 and return port 108 to measure a tempera-
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ture of water within tank 102 at that location. Supply
temperature sensor 114 may be positioned at or near
hot water supply port 110 to measure a temperature of
water being drawn from tank 102 through hot water
supply port 110. In various implementations, tank 102
includes only tank temperature sensor 112 and not sup-
ply temperature sensor 114. In other examples, tank 102
includes both tank temperature sensor 112 and supply
temperature sensor 114.
[0028] As shown in FIG. 1, some examples of heater
unit 104 include a refrigerant circuit 138 and a water
circuit 140. The refrigerant circuit 138 may include a
compressor116,anexpansiondevice118,anevaporator
coil 120, and a fan 122. In various implementations,
compressor 116, expansion device 118, evaporator coil
120, and heat exchanger 124 may be fluidly coupled by
one or more refrigerant lines as illustrated in FIG. 1. In
operation, the refrigerant circuit 138 transfers heat from
the external ambient environment to water within system
100. For example, compressor 116 compresses and
circulates refrigerant through the refrigerant circuit 138.
Various typesof refrigerantmaybeused in the refrigerant
circuit 138. For example, heater unit 104may use hydro-
fluorocarbon (HFC) refrigerants (such as R‑134a,
R404A, R‑407C, R‑410A, R‑32, and others). Heater unit
104 may also use hydrofluoroolefin (HFO) refrigerants
(such as R‑1234yf, R‑1234ze, R‑1233zd, and others). In
various implementations, heater unit 104 uses natural
refrigerants (such as carbon dioxide, propane, and
others).
[0029] Compressor 116 compresses the refrigerant
(for example, from a low-pressure, low-temperature gas-
eous state to high-pressure gaseous state), which in-
creases the temperature and pressure of the refrigerant.
The compressed refrigerant is moved from compressor
116 to expansion device 118, where the expansion de-
vice reduces the pressure of the compressed refrigerant.
For example, the refrigerant expands from a high-pres-
sure, high-temperature liquid state to a low-pressure,
low-temperature vapor-liquid mixture at or after passing
throughexpansiondevice118.This reduction inpressure
causes the refrigerant to also significantly reduce in
temperature without the need for an external cooling
source. The low-temperature refrigerant is then moved
from expansion device 118 to evaporator coil 120. Eva-
porator coil 120 serves as a heat exchanger between the
external ambient environment and low-temperature re-
frigerant passing through evaporator coil 120. For exam-
ple, fan 122 moves ambient air across evaporator coil
120. Heat from ambient air naturally transfers from the
external ambient environment into the refrigerant, in-
creasing the overall heat energy of the refrigerant. The
heated refrigerant is again moved to compressor 116,
which compresses the refrigerant (thereby substantially
increasing the temperature of the refrigerant).
[0030] In various implementations, hot refrigerant in
the refrigerant circuit 138passes throughheatexchanger
124 as it travels between compressor 116 and expansion

device 118. Heat from the refrigerant is then transferred
from the refrigerant circuit 138 to the water circuit 140 via
heat exchanger 124, thereby cooling and condensing the
refrigerant from a gaseous state to a liquid state. For
example, thewater circuit 140may includepump126and
flow control valve 128. Heater unit 104 may include an
inlet port 134 for receiving water from system 100 and an
outlet port 136 for outputting water to system 100. In
various implementations, inlet port 134 and outlet port
136may be fluidly coupled to heat exchanger 124, pump
126, and/or flow control valve 128 as illustrated in FIG. 1.
In some embodiments, inlet port 134 is fluidly coupled to
recirculation supply port 106 via one or more manifolds,
lines, and/or pipes. In some examples, outlet port 136 is
fluidly coupled to return port 108 via one or more mani-
folds, lines, and/or pipes. In operation, pump 126 may
draw cold water from tank 102 through recirculation
supply port 106, receive the cold water through inlet port
134, pump the cold water through pump 126 and heat
exchanger 124 (where heat from the heated and com-
pressed refrigerant - which includes the additional heat
energy transferred from the external ambient environ-
ment into the refrigerant circuit 138 - is transferred from
the hot refrigerant to the cold water to heat the cold
water). The heated water may be output via flow control
valve 128 and outlet port 136 back to tank 102 (via return
port 108).
[0031] In various implementations, heater unit 104 in-
cludes an inlet temperature sensor 130 for measuring a
temperature of water entering the heater unit 104 (e.g.,
cold water) and an outlet temperature sensor 132 for
measuring a temperature of water exiting the heater unit
104 (e.g., heated water). In some embodiments, inlet
temperature sensor 130 is located between inlet port
134 and pump 126. In other examples, inlet temperature
sensor 130 is located between pump 126 and heat ex-
changer 124. In various implementations, outlet tem-
perature sensor132 is locatedbetweenflowcontrol valve
128 and outlet port 136. In other embodiments, outlet
temperature sensor 132 is locatedbetweenheat exchan-
ger 124 and flow control valve 128.
[0032] As shown in the example of FIG. 1, some em-
bodiments of system 100 include a cold-water inlet, such
as inlet port 142. In various implementations, inlet port
142 may be fluidly coupled to recirculation supply port
106 - for example, via one or more manifolds, lines,
and/or pipes. In other examples, inlet port 142 may be
directly coupled to tank 102. The cold water inlet port 142
can be connected to the cold water manifold at a location
between the recirculation supply port 106, as shown in
FIG. 1, or alternatively between a first branch connection
to one of the heater units 104 and a second branch
connection to another one of the heater units 104, or
alternatively after all of the branch connections to heater
units 104. In some embodiments, inlet port 142 is not
connected directly to the cold water manifold at all and is
instead provided near the bottom of tank 102 (for exam-
ple, at the level of or below recirculation supply port 106).
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Inlet port 142 may provide water to tank 102 to replace
heated water drawn from tank 102. As illustrated in FIG.
1, in some examples of system 100, heater units 104 are
arranged to be fluidly in parallel with one another.
[0033] In various implementations, system100maybe
operated in a single-pass arrangement or a multi-pass
arrangement. In a single-pass arrangement, the water
that is to be heated is heated to a desired set-point
temperature in a single pass through heater units 104.
The set-point temperaturemay refer to a temperature set
byauser - for example, throughauser interface206 (FIG.
2) - at which hot water is stored in tank 102 and/or drawn
from tank 102 through hot water supply port 110. In a
single-passarrangement, theflowrateofwater shouldbe
controlled to the rate such that the heated water exits the
heater unit 104 at the set-point temperature. In a multi-
pass arrangement, heater units 104 heat the water in-
crementally in multiple passes through heater units 104
until water in tank102and/or drawn fromhotwater supply
port 110 reaches the set-point temperature. For example,
in amulti-passarrangement, system100circulateswater
through heater units 104 asmany times as necessary for
water in tank 102and/or drawn fromhotwater supply port
110 to reach the set-point temperature.
[0034] FIG. 2 is a block diagram showing an intercon-
nected hardware control system of modular water heater
system 100. As illustrated in FIG. 2, each heater unit 104
may include a heater unit controller 202, whichmay be in
communicationwith compressor 116, fan122, pump126,
flow control valve 128, inlet temperature sensor 130,
and/or outlet temperature sensor 132. Each heater unit
controller 202 may be in communication with a master
controller 204. In various implementations, master con-
troller 204may be provided as part of tank 102, as part of
a separate control unit, as part of a buildingmanagement
system, or integrated into one of the heater units 104.
Master controller 204may also be in communication with
tank temperature sensor 112 and/or supply temperature
sensor 114. System 100 may also include the user inter-
face 206 in communication with master controller 204. In
various implementations, user interface 206 includes
one ormore displays (whichmay include a touchscreen),
one or more buttons, and/or one or more switches with
which a user can input commands and/or receive infor-
mation about operations of system 100. The user inter-
face 206may be provided as part of tank 102, as part of a
separate control unit, as part of a building management
system, or integrated into one of the heater units 104.
[0035] FIGS. 3A‑3B are exemplary schematic illustra-
tions showing thermodynamic behavior of water within
tank 102 during a hot water draw sequence. In fluids,
stratification may refer to a condition where the fluid
organizes into distinct layers that vary in temperature
and/or density. In a hot water tank such as tank 102,
stratification may result in different layers of water form-
ing at different heights in tank 102 with each layer having
a distinctly different temperature. This occurs as a result
of hot water being less dense than cold water. Aswater in

the tank is heated, it becomes lighter and rises to the top
of the tank while the colder, denser water sinks to the
bottom. This creates distinct layers of water at different
temperatures, with a transition layer - such as thermo-
cline302 - between thehotwater layer and the cold-water
layer. These stratified layers of water tend to be relatively
stable.While water is a relatively good conductor of heat,
the heat transfer between layers of water in a large tank
tends to be relatively slow, especially when there is little
movement tomix the layers. This stable stratificationmay
be beneficial to the overall energy efficiency of system
100.Bykeepinghotwaternear the topof tank102 -where
it can be drawn off as needed without disturbing the
cooler water below - tank 102 can deliver the hot water
more efficiently. This design can reduce the frequency
and duration that the heating units 104 must operate to
maintain the desired water temperature of water drawn
from tank 102.
[0036] Chart 304 illustrates the relationship between
temperature ofwater in tank102 (shownalong the x-axis)
and its height or vertical location within tank 102 (shown
along the y-axis). As shown in chart 304, the temperature
of the water at the bottom of tank 102 (below thermocline
302) may be colder than the temperature of the water at
the top of tank 102 (above thermocline 302). For exam-
ple, temperature of water below thermocline 302 may
have a temperature substantially equal to the tempera-
ture of cold-water entering tank 102 through recirculation
supply port 106 (Tcold in), while temperature of water
above thermocline 302 may have a temperature sub-
stantially equal to the temperature of hot water supplied
from heater units 104 through return port 108, whichmay
be at the set-point temperature (Tset). In various imple-
mentations, the incoming water temperature Tcold inmay
be about 40° F, while the set-point temperature Tsetmay
be about 140° F.
[0037] The thickness of the thermocline 302 depends
onhowmuchmixingoccurswhenheatedwater returns to
tank 102 through return port 108. For example, the more
frequently heater units 104 are cycled, the thicker ther-
mocline 302 may be. When tank 102 is fully charged (or
filled with heated water), thermocline 302 may be near
the very bottom of tank 102. As hot water is drawn from
the top of tank 102 through hot water supply port 110, the
hot water will be replaced with incoming cold water that
enters at the bottom of tank 102 through recirculation
supply port 106. This causes thermocline 302 to move
upwards in the tank, as shown in FIG. 3B. Eventually,
when enough hot water is drawn from tank 102, thermo-
cline 302 may reach and/or move past tank temperature
sensor 112. In various implementations, master control-
ler 204 may detect the hot water draw by detecting
thermocline 302 as it moves past tank temperature sen-
sor 112.
[0038] Additionally, when there is no hot water draw
and/or no heating of the water in tank 102 for a sustained
periodof time, theheatedwater in tank102will eventually
drop in temperature due to the gradual heat transfer from
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the interior of tank 102 to the external ambient environ-
ment. This temperature drop may be more gradual but
can also be detected by master controller 204 by mon-
itoring tank temperature sensor 112. In some embodi-
ments, master controller 204 may use a single sensor -
such as tank temperature sensor 112 - to detect both hot
water draw demand (for example, by detecting thermo-
cline302)and thestandby loss (for example, bydetecting
the gradual heat loss from water in tank 102).
[0039] FIGS. 4A‑4B are flowcharts of an example pro-
cess 400 for detecting draw demand and standby loss
within a hot water storage tank 102 in a modular water
heater system 100. At 402, master controller 204 re-
ceives a signal from tank temperature sensor 112 indi-
cative of a temperature in tank 102 (Ttank).At 404,master
controller 204 compares the temperature in tank 102
(Ttank) to a first threshold temperature (Tlim1). In various
implementations, the value of the first threshold tempera-
ture (Tlim1) is set by the user via user interface 206. In
other examples, the value of the first threshold tempera-
ture (Tlim1) is a preset value. In some embodiments, the
value of the first threshold temperature (Tlim1) is a value
offset by a fixedamount from the set-point temperature of
tank 102. In various implementations, the first threshold
temperature (Tlim1) may be about 100° F. Master con-
troller 204 detecting a temperature reading at tank tem-
perature sensor 112 below the first threshold tempera-
ture (Tlim1) may indicate that thermocline 302 has
reached or passed tank temperature sensor 112, which
indicates that a draw of hot water from tank 102 is
occurring.
[0040] In response to master controller 204 determin-
ing that the temperature in tank 102 (Ttank) is below the
first threshold temperature (Tlim1) ("YES" at decision
block 406), master controller 204 begins a draw demand
response at 408. In various implementations, the draw
demand response includes activating one or more of
heater units 104. Additional details associated with the
drawdemand responsewill bedescribed further on in this
specification with reference to FIG. 5. In response to
master controller 204 determining that the temperature
in tank 102 (Ttank) is not below the first threshold tem-
perature (Tlim1) ("NO" at decision block 406), master
controller 204 compares the temperature in tank 102
(Ttank) to a second threshold temperature (Tlim2) at
410. In various implementations, the second threshold
temperature (Tlim2) is greater than the first threshold
temperature (Tlim1). In some embodiments, the second
threshold temperature (Tlim2) may be a number of de-
grees less than the set-point temperature of tank102. For
example, the second threshold temperature (Tlim2) may
beabout 5°F lower than the set-point temperature of tank
102.Master controller 204 detecting a temperature read-
ing at tank temperature sensor 112 below the second
threshold (Tlim2) may indicate that a standby loss of heat
has occurred and that water in tank 102 should be re-
heated. However, in some scenarios, it may take a sub-
stantial amount of timebeforewater in tank102 loses that

muchheat. Thus, inorder toprevent frequent short cycles
of the heater units 104 - and increase the overall effi-
ciency of system 100 while reducing wear and tear on
heater units 104 - a minimum of time off after conclusion
of a previous heating cycle can be met before master
controller 204 initiates a new heating cycle to address
standby losses.
[0041] In response to master controller 204 determin-
ing that the temperature in tank 102 (Ttank) is not below
the second threshold temperature (Tlim2) ("NO" at deci-
sion block 412), master controller 204 receives an up-
dated signal from tank temperature sensor 112 indicative
of temperature in tank 102 (Ttank) at 414 and process 400
proceeds back to block 404. In response to master con-
troller 204 determining that the temperature in tank 102
(Ttank) is below the second threshold temperature (Tlim2)
("YES" at decision block 412), master controller 204
determines an amount of time that has elapsed since
the previous heating event (e.g., how long heater units
104 have remained off) at 416. At decision block 418,
master controller 204 determines whether the amount of
time elapsed since the previous heating event exceeds a
threshold. In response tomaster controller 204 determin-
ing that the amount of time elapsed since the previous
heating event does not exceed the threshold ("NO" at
decision block 418), master controller 204 receives an
updated signal from tank temperature sensor 112 indi-
cative of temperature in tank 102 (Ttank) at 414.
[0042] In response to master controller 204 determin-
ing that the amount of time elapsed since the previous
heating event exceeds the threshold ("YES" at decision
block418),master controller 204beginsa timer at 420.At
422,master controller 204monitors the timer. At decision
block 424, master controller 204 determines whether the
timer has run for a period of time exceeding a predeter-
mined delay period (tdelay). In some embodiments the
predetermined delay period (tdelay) may be prepro-
grammed into master controller 204. In various imple-
mentations, the predetermined delay period (tdelay) may
be set and/or adjusted by the user via user interface 206.
In some examples, the predetermined delay period (tde-
lay) may be about five minutes. In response to master
controller 204 determining that the timer has not run for
the period of time exceeding the predetermined delay
period (tdelay) ("NO" at decision block 424), master con-
troller 204 continues monitoring the timer at 426 and
process 400 returns to decision block 424. In response
to master controller 204 determining that the timer has
run for the period of time exceeding the predetermine
delayperiod (tdelay) ("YES"at decisionblock424),master
controller 204 receives an updated signal from tank
temperature sensor 112 indicative of the temperature
in tank 102 (Ttank) at 428. At decision block 430, master
controller 204 determines whether the updated tempera-
ture in tank 102 (Ttank) is less than the second threshold
temperature (Tlim2) at decision block 430.
[0043] In response to master controller 204 determin-
ing that the updated temperature in tank 102 (Ttank) is still
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less than the second threshold temperature (Tlim2)
("YES" at decision block 430), master controller 204
begins a standby loss response at 432. In some embodi-
ments, the standby loss response includesactivatingone
ormore of heater units 104. Additional details associated
with the standby loss response will be described further
on in this specification with reference to FIG. 5. In re-
sponse to master controller 204 determining that the
updated temperature in tank 102 (Ttank) is not less than
the second threshold temperature (Tlim2) ("NO" at deci-
sion block 430), process 400proceeds back to block 414.
In various implementations, both the draw demand re-
sponse and the standby loss response may begin by
heating water using a single heater unit 104. Generally,
system 100 may be most efficient when operating with a
lowest number of heating units 104 possible. Thus, in
some scenarios, the standby loss responsemay recover
the standby loss using only a single heater unit 104 (so
long as there is sufficient time to do so before a hot-water
drawoccurs). In response to a drawdemand, the number
of heating units 104 that need tooperate in order tomatch
the demand and prevent depletion of the hot-water sto-
rage may depend on the magnitude and duration of the
hot-water draw. For example, master controller 204 may
initially activate a single heater unit 104, then add or
remove additional heater units 104 to meet demand -
for example, based on the magnitude and/or duration of
the hot-water draw.
[0044] FIG. 5 is a flowchart of an example process 500
for controlling heater units 104. In various implementa-
tions, process 500 may be suitable as a draw demand
responseand/or a standby loss response. At 502,master
controller 204 selects an order in which heater units 104
will be operated. In various implementations, master
controller 204 may use a rotating order. For example, if
system100 includes three heater units 104‑1, 104‑2, and
104‑3, master controller 204 may (i) set the operating
order for the first heating cycle as heater unit 104‑1,
heater unit 104‑2, then heater unit 104‑3, (ii) set the
operating order for the next heating cycle as heater unit
104‑2, heater unit 104‑3, then heater unit 104‑1, and (iii)
set the operating order for the subsequent heating cycle
as heater unit 104‑3, heater unit 104‑1, then heater unit
104‑2. Master controller 204 may continue rotating
through the heater units by moving the first heater unit
104 of a previous cycle to the end of the next cycle. In
other embodiments, master controller 204 tracks a total
accumulated run time of each heater unit 104 and sets
the order to give preference to units in order from those
with the least run time to those with the most.
[0045] At 504, master controller 204 selects the initial
heater unit 104 based on the heater unit order selected at
block 502. At 506, master controller 204 starts the se-
lected heater unit 104. For example, master controller
204 sends a command to heater unit controller 202 to run
theassociatedheater unit 104 toheatwater in the system
100. In some embodiments, compressor 116 of the se-
lected heater unit 104 is a constant speed compressor. In

various implementations, compressor116of theselected
heater unit 104 is a variable speed compressor. In ex-
amples where the compressor 116 is a variable speed
compressor, master controller 204 and/or heater unit
controller 202 may adjust the speed of compressor 116
to adjust the heat output of heater unit 104. In some
examples, master controller 204 and/or heater unit con-
troller 202 adjusts the flow rate ofwater through thewater
circuit 140 of the selected heater unit 104 byadjusting the
pump speed of pump 126 and/or a flow rate through flow
control valve 128. In examples where system 100 is
configured as a single-pass system, master controller
204 and/or heater unit controller 202 may adjust the flow
rateofwater through thewater circuit 140byadjusting the
pump speed of pump 126 and/or the flow rate through
flow control valve 128 to until the temperature of water
exiting the selected heater unit 104 sensed by outlet
temperature sensor 132 substantially matches the set-
point temperature or a different temperature.
[0046] At 508, master controller 204 determines
whether the heating rate is sufficient. In various imple-
mentations, master controller 204 determines whether
the heating rate is sufficient by monitoring tank tempera-
ture sensor 112. For example, master controller 204may
initiate the draw demand response after it detects ther-
mocline 302 passing tank temperature sensor 112 as
heated water is drawn from the top of tank 102. Because
heated water is added to tank 102 above tank tempera-
ture sensor 112, a sufficient heating rate may result in
enough heated water being added to tank 102 to push
thermocline 302 back below tank temperature sensor
112.Master controller 204maymonitor tank temperature
sensor 112 and determine that the heating rate is suffi-
cient in response to master controller 204 detecting
thermocline 302 passing tank temperature sensor 112
after the draw demand response is initiated. In various
implementations, master controller 204 monitors tank
temperature sensor 112 to determine whether a rate of
change of temperature in tank 102 meets or exceeds a
threshold. If the heating rate is not sufficient, thermocline
302 may continue to rise and not pass back below tank
temperature sensor 112. Accordingly, in some embodi-
ments, master controller 204 determines that the heating
rate is not sufficient in response to not detecting thermo-
cline 302 pass below tank temperature sensor 112 for a
period of time after initiating the heating cycle. Additional
details associated with determining whether the heating
rate is sufficient will be described further on in this spe-
cification with reference to FIGS. 6A‑7B.
[0047] In response to master controller 204 determin-
ing that the heating rate is not sufficient, ("NO" at decision
block 510), master controller 204 increases heating at
block 512. For example, master controller 204 may in-
crease heating by starting an additional heater unit 104.
In various implementations, master controller 204 in-
creases the compressor speed of compressor 116. In
examples where heater unit 104 includes combustion
heater units,master controller 204may increase fuel flow
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to heater unit 104. In embodimentswhere heater unit 104
includes electrical-resistance heater units, master con-
troller 204 may increase power supplied to electrical
heating elements of heater unit 104. After master con-
troller 204 increases heating at block 512, process 500
returns to block 508. In response tomaster controller 204
determining that the heating rate is sufficient ("YES" at
decision block 510), process 500 returns to block 508. In
various implementations, master controller 204 waits a
predetermined delay period before again determining
whether the heating rate is sufficient at block 508. In
some examples, the predetermined delay period may
be the same as the predetermined delay period (tdelay)
previously described with reference to process 400. In
some embodiments, the predetermined time period may
be different from the predetermined time period (tdelay)
previously described with reference to process 400.
[0048] FIGS. 6A‑6C are flowcharts of an example pro-
cess 600 for determining whether a heating rate is suffi-
cient. In various implementations, master controller 204
begins process 600 after one or more heater units 104
are started - for example, during a demand response. For
example, process 600 may begin after a single heater
unit 104 is startedanddeterminewhether theheating rate
of the single heater unit 104 is sufficient. In some embo-
diments, process 600 begins after multiple heater units
104 have been started and determineswhether the heat-
ing rate of the multiple heater units 104 are sufficient. In
some examples, process 600 begins after one or more
heater units 104 have been added in response to master
controller 204 determining the heating rate of the pre-
viously running heater units 104 was not sufficient, and
process 600 determines whether the increased heating
rate is sufficient. In various implementations, process
600 may begin at any point during the demand response
cycle, and/ormaster controller 204may execute process
600 multiple times - for example, after the initial heater
units 104 are started and/or after additional heater units
104 are added and/or removed.
[0049] At 602, master controller 204 determines a time
elapsed since one or more heater units 104 have been
started. For example, master controller 204 may deter-
mine how long the one or more heater units 104 have
been operating in response to the current demand draw
responseor standby loss response cycle, or how long the
one or more heater units 104 have been operating since
master controller 204 increased the heating rate. In var-
ious implementations, the one or more heater units 104
have been operating since the beginning of the current
demand draw response or standby loss response cycle,
and the time elapsed represents a time since the begin-
ning of the current demand draw response or standby
loss response cycle. In some embodiments, the one or
more heaters 104 were started in response to master
controller 204 determining that the heating rate was not
sufficient, and the time elapsed represents a time since
master controller 204 last increased heating (for exam-
ple, by starting one or more additional heater units 104).

At 604, master controller 204 determines whether the
time elapsedmeets or exceeds aminimum delay thresh-
old. In some embodiments, theminimumdelay threshold
may be about 15 seconds. In some examples, imple-
menting theminimumdelay threshold allowsoperation of
the heater unit 104 to stabilize before master controller
204 determines whether additional heating is necessary.
This reduces inefficiencies and/or additional wear and
tear associated with frequently cycling heater units 104
on and off In response to determining that the time
elapsed does notmeet or exceed theminimum threshold
("NO" at decision block 604), master controller 204 con-
tinues to determine the time elapsed since the selected
heater unit 104 started (at 606) and process 600 returns
to decision block 604. In response to determining that the
time elapsed meets or exceeds the minimum threshold
("YES" at decision block 604), master controller 204
receives an initial signal from tank temperature sensor
112 indicative of the temperature in tank 102 (Ttank) at
608.
[0050] At 610, master controller 204 sets the current
temperature in tank 102 (Ttank) as a reference tempera-
ture (Tref). At 612,master controller 204 initializes a timer
to monitor temperatures in tank 102 over a duration
divided into M intervals. In various implementations,
master controller 204 monitors tank temperatures at
each time increment m over the duration (the total num-
ber of incrementsmayequalM). At 614,master controller
204 initializes an increment counter and sets the initial
increment counter to 0 (m = 0). At 616, master controller
204 receives an updated signal from tank temperature
sensor 112 indicative of the updated temperature in tank
102 at the current timer increment m (Ttank,m). At 618,
master controller 204 determines whether the current
timer increment is the initial time increment (m = 0). In
response to determining that the current timer increment
is the initial timer increment (m = 0 - "YES" at decision
block 618), master controller 204 sets the current tem-
perature in tank 102 (Ttank,m) as an initial temperature
(T0) at 620 and process 600 proceeds to block 622.
[0051] In response todetermining that thecurrent timer
increment is not the initial timer increment (m≠0 - "NO" at
decision block 618), master controller 204 compares the
temperature in tank 102 at the current timer incrementm
(Ttank,m) with the reference temperature (Tref) at 622. The
reference temperature (Tref) may be the maximum tem-
perature previously measured in tank 102 during the
current timer durationM. By comparing the temperature
in tank 102 at the current temperature increment m
(Ttank,m), master controller 204 determines whether
water in tank 102 is increasing in temperature. In re-
sponse to determining that the temperature in tank 102
at the current timer increment m (Ttank,m) is not greater
than the reference temperature (Tref) ("NO" at decision
block 624), then the temperature in tank 102 is not
increasingandmaster controller 204determineswhether
the current timer incrementm has reached its maximum
value M (m = M), which indicates that the timer has
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reached the end of the duration. In response to master
controller 204 determining that the current timer incre-
mentm has reached itsmaximumvalueM (m=M- "YES"
at decision block 626), master controller 204 determines
that the heating rate is not sufficient at 628. In response to
master controller 204 determining that the current timer
incrementm has not reached its maximum valueM (m ≠
M - "NO" at decision block 626), master controller 204
increases increment counter m by 1 (sets m = m + 1) at
630 and process 600 proceeds back to block 616.
[0052] In response to determining that the temperature
in tank 102 at the current timer increment m (Ttank,m) is
greater than the reference temperature (Tref) ("YES" at
decision block 624), then the temperature in tank 102 is
increasing and master controller 204 sets the tempera-
ture in tank 102 at the current timer incrementm (Ttank,m)
as the reference temperature (Tref) at 632.At 634,master
controller 204 compares the reference temperature (Tref)
with a threshold temperature (Tlim). In various implemen-
tations, the threshold temperature (Tlim) is set below the
second threshold temperature (Tlim2) used to initiate the
standby loss response in process 400. Accordingly,mas-
ter controller 204 avoids increasing the heating rate dur-
ing a standby loss response cycle.
[0053] In response to determining that the reference
temperature (Tref) meets or exceeds the threshold tem-
perature (Tlim) ("YES" at decision block 636), master
controller 204 determines that the heating rate is suffi-
cient and process 600 proceeds back to block 612. In
response to determining that the reference temperature
(Tref) does notmeet or exceed the threshold temperature
(Tlim) ("NO" at decision block 636), master controller 204
computes thedifferencebetween the reference tempera-
ture (Tref) and the initial temperature (T0) and compares
the computed difference to a threshold difference (dTmin)
at 638. In various implementations, the threshold differ-
ence (dTmin) is about 0.6° F. In response to master
controller 204 determining that the computed difference
meets or exceeds the threshold difference (dTmin) (Tref -
T0 ≥ dTmin - "YES" at decision block 640), master con-
troller 204 determines that the heating rate is sufficient
andprocess600proceedsback toblock612. In response
to master controller 204 determining that the computed
difference does not meet or exceed the threshold differ-
ence (dTmin) ("NO" at decision block 640), process 600
proceeds to decision block 626.
[0054] FIGS. 7A‑7B are flowcharts of an example pro-
cess 700 for determining whether a heating rate is suffi-
cient. At 702, master controller 204 initializes a buffer of
size n. At 704, master controller 204 receives a signal
from tank temperature sensor 112 indicative of a tem-
perature in tank 102 at an initial time (t = i). Master
controller 204 may receive updated signals from tank
temperature sensor 112 at regular intervals. At 706,
master controller 204 determines whether the buffer is
full. In response to determining that the buffer is not full
("NO" at decision block 706), master controller 204 adds
the temperature readingof tank102 (Ttank) to thebuffer at

708. At 710, master controller 204 receives an updated
signal from tank temperature sensor 112 indicative of the
temperature in tank 102 (Ttank) at the next time interval
(for example, after the initial time t = i has advanced by an
interval j) and process 700 proceeds back to decision
block 706.
[0055] In response to determining that the buffer is full
("YES" at decision block 706), master controller 204
removes the oldest temperature reading from the buffer
at 712. At 714, master controller 204 adds the updated
temperature reading (Ttank) to the buffer. At 716, master
controller 204 determines a minimum temperature read-
ing (Tmin) of temperature readings present in the buffer.
At 718, master controller 204 determines a maximum
temperature reading (Tmax) of temperature readings pre-
sent in the buffer. At 720,master controller 204 computes
a difference (Tmax ‑ Tmin) between the maximum tem-
perature reading (Tmax) in the buffer and the minimum
temperature reading (Tmin) in the buffer and compares
the computed difference to a threshold (ΔTthresh). In
response to determining that the computed difference
does not exceed the threshold (ΔTthresh) ("NO" at deci-
sion block 722), master controller 204 determines that
the heating rate is not sufficient at 724. In response to
determining that the computed difference exceeds the
threshold (ΔTthresh) ("YES"atdecisionblock722),master
controller 204 determines that the heating rate is suffi-
cient and process 700 proceeds back to block 710.
[0056] Asshown inFIGS. 5‑7B, in someembodiments,
the demand draw response and the standby loss re-
sponse may follow the same control logic. This has the
technical benefit of simplifying the control logic of master
controller 204, which reduces complexity from system
100. However, specific parameters may be different for
each response. For example, if the heater units 104 are
heatpumpswithvariable speedcompressors116, then in
a standby loss response, the initial heater unit 104 may
start operating at aminimum compressor speed (while in
a demand draw response, the initial heater unit 104 may
start operating at a higher compressor speed in an at-
tempt to catch the demand). In some embodiments,
master controller 204 may increase the set-point tem-
perature communicated to heater unit controller 202 in a
demanddraw response (for example, as compared to the
set-point temperature communicated to heater unit con-
troller in a standby loss response). In various implemen-
tations, the threshold temperature (Tlim) of process600 is
set below the second threshold temperature (Tlim2) used
to initiate the standby loss response in process 400. This
logic allowsmaster controller 204 to avoid increasing the
heating rate during a standby loss response cycle. Since
it is typically most efficient to overcome a standby loss
using only aminimum rate of heating, this logic optimizes
the overall efficiency of system 100.
[0057] FIG. 8 is a flowchart of an example process 800
for determining when a heating demand is satisfied. In
various implementations, master controller 204 and/or
heater unit controller 202 monitor inlet temperature sen-
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sors 130 and outlet temperature sensors 132 at each
individual heater unit 104. Master controller 204 and/or
heater unit controller 202 then may shut down or reduce
heating at individual heater units 104. Inlet temperature
sensor 130 senses a heater inlet temperature (Tin) in-
dicative of a temperature of water entering heater unit
104. Outlet temperature sensor 132 senses a heater
outlet temperature (Tout) indicative of a temperature of
water exitingheater unit 104. In various implementations,
master controller 204 and/or heater unit controller 202
uses the heater inlet temperature (Tin) and/or the heater
outlet temperature (Tout) to determine whether one or
more terminating criterion are met. If the terminating
criterion is met, master controller 204 and/or heater unit
controller reduces heat load of system 100 - for example,
by reducing heat output from or shutting down one or
more heater units 104.
[0058] At 802, master controller 204 and/or heater unit
controller 202 determines a time elapsed since the se-
lectedheater unit 104 started the current heating cycle. In
response to determining that the time elapsed does not
meet or exceed aminimumdelay ("NO" at decision block
804), master controller 204 and/or heater unit controller
202 continues to determine the time elapsed since the
selected heating unit started the current heating cycle at
806 and process 800 returns to decision block 804. In
various implementations, it may not be preferable to
overly cycle the compressor 116 of a heat pump heater
unit 104, so operating the heat pump heater unit 104 for a
minimum period of time may be preferable to reduce
unnecessary wear and tear on system 100. In some
examples, the minimum delay may be about three min-
utes. In some cases, the plumbing after heat exchanger
124 may have hot water remaining in it from a previous
heating cycle, and incorporating the minimum delay al-
lows heater unit 104 to operate through this transient
event without shutting down prematurely. In response to
determining that the time elapsed meets or exceeds the
minimum delay ("YES" at decision block 804), master
controller 204 and/or heater unit controller 202 receives a
signal from inlet temperature sensor 130 indicative of the
heater inlet temperature (Tin) at 808.
[0059] At 810, master controller 204 and/or heater unit
controller 202 receives a signal from outlet temperature
sensor 132 indicative of the heater outlet temperature
(Tout) at 810. At decision block 812,master controller 204
and/orheater unit controller 202determinewhetherafirst
terminating criterion is met. In various implementations,
the first terminating criterionmaybebasedexclusively on
theheateroutlet temperature (Tout). Forexample, thefirst
terminating criterion may be met when the heater outlet
temperature (Tout) exceeds a temperature limit. In var-
ious implementations, the temperature limit may be re-
lated to the set-point temperature. In some embodi-
ments, the temperature limit may be a maximum allow-
able outlet temperature for the heater unit 104. In re-
sponse to master controller 204 and/or heater unit con-
troller202determining that thefirst terminatingcriterion is

not met ("NO" at decision block 812), process 800 pro-
ceeds back to block 808. In response tomaster controller
204 and/or heater unit controller 202 determining that the
first terminating criterion is met ("YES" at decision block
812), master controller 204 and/or heater unit controller
202 determine whether a second terminating criterion is
met at decision block 814.
[0060] In various implementations, the second termi-
nating criterion may be based exclusively on the heater
inlet temperature (Tin). For example, the second termi-
nating criterion may be met when the heater inlet tem-
perature (Tin) is less than a minimum temperature differ-
ential (ΔT) below themaximumallowable outlet tempera-
ture. In some embodiments, the minimum temperature
differential (ΔT) may be set as a temperature rise the
water flow can be expected to havewhen heater unit 104
is operating at its maximum water flow rate. In response
to master controller 204 and/or heater unit controller 202
determining that the second terminating criterion is not
met ("NO" at decision block 814), process 800 returns to
block 808. In response to master controller 204 and/or
heater unit controller 202 determining that the second
terminating criterion ismet ("YES" at decision block 814),
master controller 204 and/or heater unit controller 202
reduces the heating load. In various implementations,
master controller 204 and/or heater unit controller 202
reduces the heating rate of the heater unit 104 by redu-
cing the speed of compressor 116. In some examples,
master controller 204 and/or heater unit controller 202
shuts down the heater unit 104. In other embodiments,
master controller 204 and/or heater unit controller 202
shuts down another heater unit 104 in system 100 - for
example, one that has been operating longer, or has had
more operating cycles, or has a greater accumulated
total operating time.
[0061] In various implementations, master controller
204 and/or heater unit controller 202 reduces heating
loadat 816byshuttingdownoneormoreheater units104
in series. Master controller 204 and/or heater unit con-
troller 202 may impose a minimum delay between shut-
ting down each heater unit 104. This minimum delay can
allow cold incoming water to reach another heater unit
104, which may prevent the terminating criterion from
beingmet for that unit. This results in an improved overall
stability for system 100. The control logic of process 800
offers additional technical benefits to system 100. For
example, by requiring that both the first terminating cri-
terion and the second terminating criterion to be met
before reducing theheating load, amore stable operation
of system 100 may be achieved. Even when the control
logic of system 100 implements various time delays as
previously described, temperature oscillations can still
occur within the water circuit 140. These temperature
oscillations may be transitory in nature - and do not
indicate a true need to reduce heating load. Requiring
both criteria to be met allows the system 100 to avoid
reacting prematurely to such oscillations in water tem-
perature.
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[0062] In some embodiments, requiring both the first
terminating criterion and the second terminating criterion
to be met before reducing the heating load also allows
any active heater units 104 to operate up to the point
where the incoming water temperature is such that the
heat pump unit is not able to effectively transfer heat to
the water within its operating envelope. In various im-
plementations, process 800may operate on each heater
unit 104 inoperation.Dependingon thespecificplumbing
arrangement of the heater units 104 and tanks 102,
terminating criterion may be met on one heater unit
104 but not other heater units 104. Removing the heater
unit 104 forwhich the terminating criterion ismet can also
allow for a better and more efficient response to a draw
demand (for example, by ensuring that each operating
heater unit 104 is operating within an efficient envelope).
[0063] In addition to reducing heating load based on
terminating criterion (as described in process 800), mas-
ter controller 204 and/or heater unit controller 202 can
also shut down the operation of a heater unit 104 in
response to detecting a fault condition. In various imple-
mentations, the fault condition can include anything that
indicates an undesirable or abnormal condition. For ex-
ample, if the heater outlet temperature (Tout) greatly
exceeds the maximum allowable outlet temperature,
then this may indicate a fault condition in the heater unit
104. Similarly, an excessively high-pressure condition at
the outlet of compressor 116 or an excessively low tem-
perature condition at the evaporator fan may also indi-
cate a fault condition. In various implementations,master
controller 204 may turn on another heater unit 104 in
response to shutting down another heater unit 104 for a
fault condition to make up for the lost capacity.
[0064] When tank temperature sensor 112 does not
indicate a need to increase heating and all of the heater
units 104 have stopped operating due to the terminating
criterion having been met, then the demand can be said
to have been satisfied. These conditions typically arise
when thermocline302hasbeenpusheddown in tank102
to a position at or below the recirculation supply port 106
near the bottom of tank 102 and tank 102 has been
substantially filled with hot water.
[0065] FIGS. 9A‑9B are flowcharts of an example pro-
cess900 for boostinga rate atwhich heat is added to tank
102. In some embodiments, control logic for system 100
may include a boost feature. In normal operation, the
water flow rate to an individual operating heater unit 104
may be regulated to achieve a heater outlet temperature
(Tout) substantially equal to the set-point temperature of
the tank 102. In someembodiments, hotwater return port
108maynot be locatedat the very topof tank102. In such
examples, water held in tank 102 above the return port
108 could be at a lower temperature than the set-point
temperature. Since water may be drawn from the top of
tank 102 through hot water supply port 110 to satisfy the
draw demand, master controller 204maymonitor supply
temperature sensor 114 to determine whether water
being drawn through hot water supply port 110 is at the

set-point temperature. In various implementations, mas-
ter controller 204 may initiate process 900 to boost the
rate at which heat is added to tank 102 in response to
supply temperature sensor 114 detecting that water
being drawn through hot water supply port 110 is below
the set-point temperature. In some scenarios, the tem-
perature of water being drawn through hot water supply
port 110 may drop below the set-point temperature in
response to a long-sustained draw of hot water.
[0066] At 902, master controller 204 begins a timer. At
904, master controller 204 receives a signal from supply
temperature sensor 114 indicative of a supply tempera-
ture (Tsupply) at an initial time increment. At 906, master
controller 204 compares the supply temperature (Tsupply)
to a temperature limit (Tlim). In various implementations,
the temperature limit (Tlim) may be a small temperature
differential below the set-point temperature (for example,
about 1° F, 2.5° F, 5° F, or 10° F below the set-point
temperature). In response to master controller 204 de-
termining that the supply temperature (Tsupply) is less
than the temperature limit (Tlim) ("YES" at decision block
908), master controller 204 receives a signal from tank
temperature sensor 112 indicative of the temperature in
tank 102 (Ttank) at 910. At 912, master controller 204
compares the temperature in tank 102 (Ttank) to the
temperature limit (Tlim). In response to master controller
204 determining that the temperature in tank 102 (Ttank)
is below the temperature limit (Tlim) ("YES" at decision
block 914), master controller 204 increments the timer at
916. At decision block 918, master controller determines
whether the timer has expired. In various implementa-
tions, the timer may be set for a duration of time, and the
timer expires after the during of time passes. In some
embodiments, the duration of time may be about 30
seconds.
[0067] In response to master controller 204 determin-
ing that the timer has not expired ("NO" at decision block
918), master controller receives an updated signal from
supply temperature sensor 114 indicative of the supply
temperature (Tsupply) at the next time increment at 920
andprocess900proceedsback toblock906. In response
to master controller 204 determining that the timer has
expired ("YES" at decision block 918), master controller
204 determines whether the boost is at a maximum level
at decision block 922. In response to master controller
204 determining that the boost is not at the maximum
level ("NO" at decision block 922), master controller
increases the boost at 924. In various implementations,
master controller 204 increases the boost by increasing
the set-point temperature communicated to heater units
104. In response to master controller 204 determining
that the boost is already at the maximum level ("YES" at
decision block 922), process 900 returns to block 902. At
926, master controller 204 ends the boost in response to
determining that the supply temperature (Tsupply) does
not exceed the temperature limit (Tlim) ("NO" at decision
block 908) or determining that the temperature in tank
102 (Ttank) is not less than the temperature limit (Tlim)
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("NO" at decision block 914). In some embodiments,
master controller 204 ends the boost by reverting the
set-point temperature communicated to heater units 104
back to theset-point temperature input by theuser at user
interface 206.
[0068] Process 900 includes technical features that
offer benefits for improving the efficiency of system
100. For example, after master controller 204 checks
whether the supply temperature (Tsupply) is less than
the temperature limit (Tlim), master controller 204 next
checkswhether the temperature in tank102 (Ttank) is also
less than the temperature limit (Tlim). By implementing a
check of temperature in tank 102 (Ttank) against the
temperature limit (Tlim), process 900 ensures that the
boost is stopped when the temperature at tank tempera-
ture sensor 112 reaches the temperature limit (Tlim) -
which may indicate that the tank 102 is sufficiently
charged as the thermocline 302 is driven below tank
temperature sensor 112. This prevents the unnecessary
continued boost of the system 100. For example, if the
draw of hot water from tank 102 ceases in the middle of
boosted operation, the draw of hot water through hot
water supply port 110 ceases, and supply temperature
sensor 114 may no longer detect the temperature of
water at the top of tank 102. Thus, in such a scenario,
master controller 204 will not be able to determine
whether theheatingdemand is satisfiedbasedonsignals
from the supply temperature sensor 114 alone.
[0069] Although only a single tank temperature sensor
112 is needed to control theoperationof system100, tank
102 may be equipped with multiple temperature sensors
at varying heights. In some embodiments, master con-
troller 204 may switch between different ones of the
multiple temperature sensors to control system 100.
For example, master controller 204 may be in commu-
nication with an electric grid demand response system to
receive "shed load" commands when the electric grid is
overloaded. In response to receiving such a "shed load"
command, master controller 204 can switch to receiving
signals from a tank temperature sensor that is located
higher up in tank 102 such that thermocline 302 must
travel further up in tank 102 before the temperature
sensor signal triggers a heating demand. This reduces
the relative amount of hot water stored in tank 102, which
reduces the idle power draw of system 100. In some
examples, master controller 204 may adjust (such as
by decreasing) the set-point temperature in response
to "shed load" commands. In various implementations,
master controller 204 may increase the time delays that
must be met before bringing on additional heating loads
in response to "shed load" commands.
[0070] The foregoing description is merely illustrative
in nature and does not limit the scope of the disclosure or
its applications. The broad teachings of the disclosure
may be implemented in many different ways. While the
disclosure includes some particular examples, other
modifications will become apparent upon a study of the
drawings, the text of this specification, and the following

claims. In the written description and the claims, one or
morestepswithinanygivenmethodmaybeexecuted ina
different order - or steps may be executed concurrently -
without altering the principles of this disclosure. Similarly,
instructionsstored inanon-transitory computer-readable
medium may be executed in a different order - or con-
currently - without altering the principles of this disclo-
sure. Unless otherwise indicated, the numbering or other
labeling of instructions or method steps is done for con-
venient reference and does not necessarily indicate a
fixed sequencing or ordering.
[0071] Unless the context of their usage unambigu-
ously indicates otherwise, the articles "a," "an," and "the"
should not be interpreted to mean "only one." Rather,
thesearticles shouldbe interpreted tomean "at least one"
or "one ormore." Likewise, when the terms "the" or "said"
are used to refer to a noun previously introduced by the
indefinite article "a" or "an," the terms "the" or "said"
should similarly be interpreted to mean "at least one"
or "one or more" unless the context of their usage un-
ambiguously indicates otherwise.
[0072] Spatial and functional relationships between
elements - such as modules - are described using terms
such as (but not limited to) "connected," "engaged,"
"interfaced," and/or "coupled." Unless explicitly de-
scribed as being "direct," relationships between ele-
ments may be direct or include intervening elements.
The phrase "at least one of A, B, and C" should be
construed to indicate a logical relationship (A OR B OR
C), where OR is a non-exclusive logical OR, and should
not be construed tomean "at least oneofA, at least oneof
B, and at least one of C." The term "set" does not
necessarily exclude the empty set. For example, the term
"set" may have zero elements. The term "subset" does
not necessarily require a proper subset. For example, a
"subset" of set A may be coextensive with set A, or
includeelements of setA. Furthermore, the term "subset"
does not necessarily exclude the empty set.
[0073] In the figures, the directions of arrows generally
demonstrate the flow of information - such as data or
instructions. However, the direction of an arrow does not
imply that information is not being transmitted in the
reverse direction. For example, when information is sent
from a first element to a second element, the arrow may
point from the first element to the second element. How-
ever, the second element may send requests for data to
the first element, and/or acknowledgements of receipt of
information to the first element. Furthermore, while the
figures illustrate a number of components and/or steps,
any one or more of the components and/or steps may be
omitted or duplicated, as suitable for the application and
setting.
[0074] Throughout this application, the term "module"
or the term "controller" may be replaced with the term
"circuit." A "module" may refer to, be part of, or include
processor hardware that executes code and memory
hardware that stores code executed by the processor
hardware. The term "module" may include one or more
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interference circuits. In various implementations, the in-
terference circuitsmay implementwired orwireless inter-
faces that connect to or are part of communications
systems.Modulesmay communicatewith othermodules
using the interference circuits. In various implementa-
tions, the functionality of modules may be distributed
among multiple modules that are connected via commu-
nications systems. For example, functionality may be
distributed across multiple modules by a load balancing
system. In various implementations, the functionality of
modules may be split between multiple computing plat-
forms connected by communications systems.
[0075] The term "code" may include software, firm-
ware, and/or microcode, and may refer to programs,
routines, functions, classes, data structures, and/or data
objects. The term "memoryhardware"maybeasubset of
the term "computer-readable medium." The term com-
puter-readable medium does not encompass transitory
electrical or electromagnetic signals or electromagnetic
signals propagating through a medium - such as on an
electromagnetic carrier wave. The term "computer-read-
able medium" is considered tangible and non-transitory.
Modules, methods, and apparatuses described in this
application may be partially or fully implemented by a
special-purpose computer that is created by configuring
a general-purpose computer to execute one or more
particular functions described in computer programs.
The functional blocks, flowchart elements, and message
sequence charts described above serve as software
specifications that can be translated into computer pro-
grams by the routine work of a skilled technician or
programmer.
[0076] It should also be understood that although cer-
tain drawings illustrate hardware and software as being
locatedwithin particular devices, these depictions are for
illustrative purposes only. In some embodiments, the
illustrated components may be combined or divided into
separate software, firmware, and/or hardware. For ex-
ample, insteadofbeing locatedwithinandperformedbya
single electronic processor, logic and processingmay be
distributed among multiple electronic processors. Re-
gardless of how they are combined or divided, hardware
and software components may be located on the same
computing device, or they may be distributed among
different computing devices - such as computing devices
interconnected by one or more networks or other com-
munications systems.
[0077] In the claims, if an apparatus or system is
claimed as including an electronic processor or other
element configured in a certain manner, the claim or
claimed element should be interpreted as meaning one
or more electronic processors (or other element as ap-
propriate). If theelectronicprocessor (orotherelement) is
described as being configured to make one or more
determinations or one or execute one or more steps,
the claim should be interpreted to mean that any combi-
nation of the one or more electronic processors (or any
combination of the one or more other elements) may be

configured toexecuteanycombinationof theoneormore
determinations (or one or more steps).

Claims

1. A water heating system comprising:

a storage tankhavinga recirculation supply port,
a return port arranged above the recirculation
supply port in a vertical direction, and a tank
temperature sensor arranged between the re-
circulation supply port and the return port in the
vertical direction;
at least one heating unit having awater inlet port
and awater outlet port, the water inlet port being
fluidly coupled to the recirculation supply port
and the water outlet port being fluidly coupled to
the return port; and
a control system communicatively coupled to
the tank temperature sensor and the at least
one heating unit, the control system configured
to:

receive a signal from the tank temperature
sensor indicative of a temperature of water
in the storage tank at a location of the tank
temperature sensor,
determine, based on the signal received
from the tank temperature sensor, a need
for heating,
activate, in response to determining the
need for heating, the at least one heating
unit to draw water from the storage tank by
way of the recirculation supply port, heat
said water, and return said heated water to
the storage tank by way of the return port,
and
reduce a rate at which said water is heated
in response to determining that a first criter-
ion and a second criterion have been met.

2. The water heating system of claim 1, wherein redu-
cing the rate at which saidwater is heated comprises
stopping operation of the at least one heating unit.

3. The water heating system of claim 1, wherein:

(i) the at least one heating unit is a heat pump
heating unit; and/or
(ii) the control system is configured to determine
that the need for heating is caused by one of a
draw demand and a standby loss.

4. The water heating system of claim 1, wherein the at
least one heating unit includes an inlet water tem-
perature sensor arranged tomeasure a temperature
of water entering the water inlet port and an outlet
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water temperature sensor arranged to measure a
temperature ofwater exiting thewater outlet port, the
inlet water temperature sensor and the outlet water
temperature sensor being communicatively coupled
to thecontrol system,andwherein thecontrol system
is configured to determine that the first criterion and
the second criterion have beenmet based on signals
received from the inletwater temperaturesensorand
the outlet water temperature sensor;
optionally wherein:

the control system is configured to determine
that one of the first and second criterion have
been met by comparing the temperature of
water exiting the water outlet port to a predeter-
mined temperature limit;
further optionally wherein:
the control system is configured to determine
that the other of the first andsecond criterionhas
been met by comparing the temperature of
water entering the water inlet port to a prede-
termined temperature limit.

5. The water heating system of claim 1, wherein the at
least one heating unit is one of a plurality of such
heating units connected fluidly in parallel with one
another to the recirculation supply port and thewater
outlet port, and wherein the control system is con-
figured to determine which one of the plurality of
heating units to activate in response to determining
the need for heating.

6. The water heating system of claim 5, wherein, after
activating one of the plurality of heating units in
response to determining the need for heating, the
control system is further configured to:

receive temperature signals from the tank tem-
perature sensor over a period of time;
determine, based on said temperature signals,
that an increased rate of heating is desired; and
increase the rate of heating by the plurality of
heating units in response to determining that the
increased rate of heating is desired;
optionally wherein:

the control system is configured to increase
the rate of heating by activating another one
of the plurality of heating units to drawwater
from the storage tank by way of the recircu-
lation supply port, heat said water, and re-
turn saidheatedwater to thestorage tankby
way of the return port; and/or
the control system is configured to deter-
mine that an increased rate of heating is
desired at least in part by determining that a
temperature change of water at the location
of the tank temperature sensor over the

period of time is below a threshold.

7. A method for controlling a water heating system
comprising:

receiving a signal from a tank temperature sen-
sor indicative of a temperature of a fluid in a
storage tank at a location of the tank tempera-
ture sensor;
determining, based on the signal received from
the tank temperature sensor, a need for heating;
activating, in response to determining the need
for heating, at least one heating unit to draw fluid
from the storage tank; and
reducing a rate at which the water is heated in
response to determining that a first criterion and
a second criterion have been met.

8. The method of claim 7, wherein:

(i) reducing the rate at which the water is heated
includes stopping operation of the at least one
heating unit; and/or
(ii) the method further comprises determining
that the need for heating is caused by one of a
draw demand and a standby loss.

9. The method of claim 7, further comprising:

determining that the first criterion and the sec-
ond criterion have been met based on signals
received froman inlet water temperature sensor
of the at least one heating unit and an outlet
water temperature sensor of the at least one
heating unit;
optionally wherein:

determining that one of the first and second
criterion has been met includes comparing
a temperature of water exiting awater outlet
port of the at least one heating unit to a
predetermined temperature limit;
further optionally wherein:
determining that the other of the first and
second criterion has been met includes
comparing a temperature of water entering
a water inlet port of the at least one heating
unit to a predetermined temperature limit.

10. The method of claim 7, wherein:

the at least one heating unit includes a plurality
of heating units fluidly connected in parallel; and
activating the at least one heating unit to draw
water from the storage tank includes determin-
ing which one of the plurality of heating units to
activate;
optionally wherein the method further com-
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prises:
after activating one of the plurality of heating
units:

receiving temperature signals from the tank
temperature sensor over a period of time,
determining, based on the received tem-
perature signals, that an increased rate of
heating is desired, and
increasing the rate of heatingby theplurality
of heating units in response to determining
that the increased rate of heating is desired;
further optionally wherein the method
further comprises:

increasing the rate of heating by acti-
vating another one of the plurality of
heating units to draw water from the
storage tank and return heated water
to the storage tank; and
determining that an increased rate of
heating is desired at least in part by
determining that a temperature change
of fluid at the location of the tank tem-
perature over the period of time is be-
low a threshold.

11. An apparatus for controlling a water heating system
comprising:
an electronic controller operatively coupled to a tank
temperature sensor, the electronic controller config-
ured to:

receive a signal from the tank temperature sen-
sor, the tank temperature sensor positioned at a
vertical location in a tank,
determine, based on the signal, whether a fluid
temperature at the vertical location transitions
from a first temperature region to a second
temperature region, wherein a temperature of
the first region is greater than a temperature of
the second temperature region, the first tem-
perature region is separated from the second
temperature region by a thermocline, and the
electronic controller is configured to determine
that the fluid temperature at the vertical location
transitioned from the first temperature region to
the second temperature region by detecting the
thermocline passing over the tank temperature
sensor; and
in response to determining that the fluid tem-
peratureat the vertical location transitioned from
the first temperature region to the second tem-
perature region, command one or more heater
units to begin a draw demand response.

12. The apparatus of claim 11, wherein:

(i) the vertical location is located between a
recirculation supply port of the tank and a return
port of the tank; and/or
(ii) the electronic controller is configured to com-
mand the one or more heater units to begin the
draw demand response by:

activating a first heater unit;
determining whether a heating rate of the
first heater unit is sufficient to meet a draw
demand; and
in response to determining that the heating
rate of the first heater unit is not sufficient to
meet the draw demand, activating a second
heater unit.

13. The apparatus of claim 11, wherein the electronic
controller is configured to:

receive a second signal from an inlet tempera-
ture sensor arranged to measure a temperature
of fluid entering an inlet of one of the one ormore
heater units;
receive a third signal from an outlet temperature
sensor arranged to measure a temperature of
fluid exiting an outlet of the one or more heater
units; and
deactivate the one or more heater units based
on the first signal and the second signalmeeting
one or more conditions;
optionally wherein the electronic controller is
configured to deactivate the one or more heater
units based on the first signal and the second
signal meeting one or more conditions by com-
paring:

the temperature of fluid entering the inlet of
the one or more heater units to a first tem-
perature threshold; and/or
the temperature of fluid exiting the outlet of
the one or more heater units to a second
temperature threshold.

14. The apparatus of claim 11, wherein:

the one or more heater units includes a plurality
of heater units; and
the electronic controller is configured to:

monitor each heater unit of the plurality of
heater units for a fault condition,
in response to detecting a fault condition at
a first heater unit of the plurality of heater
units, deactivate the first heater unit and
activate a second heater unit of the plurality
of heater units.

15. The apparatus of claim 11, wherein the electronic
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controller is configured to:

receive a fourth signal from a supply tempera-
ture sensor arranged to measure a temperature
of fluid exiting the tank through a hot water
supply port; and
compare the temperature of fluid exiting the tank
to a temperature limit; optionally wherein the
electronic controller is configured to:
in response to determining that the temperature
of fluid exiting the tank is below the temperature
limit, increase a heating rate of the one or more
heater units; optionally wherein the electronic
controller is configured to increase the heating
rate of the one ormore heater units by activating
an additional heater unit.

16. A method for controlling a water heating system
comprising:

receiving a signal from a tank temperature sen-
sor, the tank temperature sensor positioned at a
vertical location in a tank;
determining, basedon the signal,whethera fluid
temperature at the vertical location transitions
from a first temperature region to a second
temperature region, wherein a temperature of
the first region is greater than a temperature of
the second temperature region, the first tem-
perature region is separated from the second
temperature region by a thermocline, and deter-
mining that the fluid temperature at the vertical
location transitioned from the first temperature
region to the second temperature region in-
cludes detecting the thermocline passing over
the tank temperature sensor; and
in response to determining that the fluid tem-
peratureat the vertical location transitioned from
the first temperature region to the second tem-
perature region, commanding one or more hea-
ter units to begin a draw demand response.

17. The method of claim 16, wherein:

(i) the vertical location is located between a
recirculation supply port of the tank and a return
port of the tank; and/or
(ii) commanding the one or more heater units to
begin the draw demand response includes:

activating a first heater unit;
determining whether a heating rate of the
first heater unit is sufficient to meet a draw
demand; and

in response todetermining that theheating rateof the
first heater unit is not sufficient to meet the draw
demand, activating a second heater unit.

18. The method of claim 16, further comprising:

receiving a second signal from an inlet tempera-
ture senor arranged to measure a temperature
of water entering an inlet of one of the one or
more heater units;
receiving a third signal from an outlet tempera-
ture sensor arranged to measure a temperature
of water exiting an outlet of the one or more
heater units; and
deactivating the one or more heater units based
on the first signal and the second signalmeeting
one or more conditions;
optionally wherein deactivating the one or more
heater units based on the first signal and the
second signal meeting one or more conditions
includes:

comparing the temperature of water enter-
ing the inlet of the one or more heater units
to a first temperature threshold; and/or
comparing the temperature of water exiting
theoutlet of theoneormoreheater units to a
second temperature threshold.

19. The method of claim 16, wherein:

the one or more heater units includes a plurality
of heater units; and
the method includes:

monitoring each heater unit of the plurality
of heater units for a fault condition; and
in response to detecting the fault condition
at a first heater unit of the plurality of heater
units, deactivating the first heater unit and
activating a second heater unit of the plur-
ality of heater units.

20. The method of claim 16, further comprising:

receiving a fourth signal from a supply tempera-
ture sensor arranged to measure a temperature
of water exiting the tank through a hot water
supply port; and
comparing the temperature of water exiting the
tank to a temperature limit;
optionally the method further comprising:
in response to determining that the temperature
of water exiting the tank is below the tempera-
ture limit, increasing a heating rate of the one or
more heater units; optionally wherein increasing
the heating rate of the one or more heaters
includes activating an additional heater unit.
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