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SYSTEMS AND METHODS FOR
ESTIMATING A RETURN TIME

Matter enclosed in heavy brackets [ ] appears in the -
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding. 10

CROSS-REFERENCE 10O RELATED
APPLICATION

This application is an application for reissue of U.S. Pat. 1°
No. 9,739 496, filed Dec. 16, 2013, the entire disclosure of

which is incovporated by rveference herein.

FIELD

20

The present disclosure relates generally to the field of
heating, ventilation, and air conditioning (HVAC) systems.
The present disclosure relates more particularly to systems
and methods for estimating a time required for a HVAC
system to cool down or warm up a building or building zone
from an unoccupied setback condition.

25

BACKGROUND

30
HVAC control systems are used to monitor and control

temperature, humidity, air flow, air quality, and other con-
ditions within a building or building system. Some HVAC
control systems use an unoccupied setback strategy to
reduce energy consumption. Unoccupied setback generally 35
involves increasing a cooling setpoint or decreasing a heat-
ing setpoint applied to a building zone for time periods
during which the building zone 1s unoccupied (e.g., at night,
over a weekend, etc.). However, to ensure occupant comiort,
the zone temperature should be within a temperature range 40
defined by occupied cooling and heating setpoints at the
time of occupancy.

The time required for a HVAC system to cool down or
warm up a zone from an unoccupied setback condition 1s
referred to as the return time. An estimate of the return time
allows a HVAC control system to determine when to begin
heating or cooling such that the building zone temperature 1s
within the occupied setpoint range by the time of occupancy.
It 1s diflicult and challenging to accurately estimate the
return time.

45

50

SUMMARY

One implementation of the present disclosure 1s a method
for estimating a time to cool down or warm up a building
zone Irom a temperature setback condition. The method
includes determining, by a controller for the building zone,
at least one of a cooling demand for the building zone and
a heating demand for the building zone for a time period 60
corresponding to the temperature setback condition. The
method further includes estimating a return time using at
least one of the cooling demand and the heating demand,
wherein the return time 1s the time to cool down or warm up
the building zone from the temperature setback condition. 65

In some embodiments, the method further includes 1den-
tifying a current temperature of the building zone and

2

estimating the return time using the current temperature of
the building zone and at least one of the cooling demand and
the heating demand.

In some embodiments, the method further includes com-
paring the estimated return time with a difference between a
current time and a time of next scheduled occupancy for the
building zone. The method may further include transitionming
from an unoccupied state into at least one of a cool down
state and a warm up state in response to the estimated return
time being greater than or equal to the difference between
the current time and the time of next scheduled occupancy.

In some embodiments, determining at least one of the
cooling demand and the heating demand 1ncludes 1dentify-
ing an output signal from a controller for the building zone
for at least a portion of the time period corresponding to the
temperature setback condition and filtering the controller
output signal using a signal filter to determine at least one of
the cooling demand and the heating demand. At least one of
the cooling demand and the heating demand may be a
function of the controller output signal.

In some embodiments, the signal filter 1s at least one of an
analog filter, a digital filter, a low pass filter, a band pass
filter, a smoothing filter, a time window filter, a normalizing
filter, and an averaging filter. In some embodiments, the
function of the controller output signal 1s at least one of: a
last value of the controller output signal, an average of the
controller output signal, a normalized value of the controller
output signal, an itegral of the controller output signal, and
a transformation of the controller output signal.

In some embodiments, at least one of the cooling demand
and the heating demand 1s an exponentially weighted mov-
ing average based on the controller output signal for at least
a portion of the time period corresponding to the tempera-
ture setback condition.

In some embodiments, determining at least one of the
cooling demand and the heating demand 1ncludes 1dentify-
ing an output signal from a controller for the building zone
for at least a portion of the time period corresponding to the
temperature setback condition, calculating a normalized
controller output by comparing the output signal from the
controller with a controller output that provides maximum
cooling or maximum heating for the building zone, and
determining an exponentially weighted moving average of
the normalized controller output using the calculated nor-
malized controller output and an exponentially weighted
moving average ol the normalized controller output for a
previous sampling time.

In some embodiments, the return time 1s estimated using
an empirical model having one or more model parameters
learned from previous data. The estimated return time may
be a function of the one or more learned model parameters.
In some embodiments, the empirical model 1s at least one of
a statistical model, a parametric model, a regression model,
a neural network model, a state space model, and a fuzzy
logic model. In some embodiments, the method further
includes initializing values for the one or more model
parameters to provide default parameters for the empirical
model. At least one of the model parameters may be 1nitial-
1zed to a non-zero value.

In some embodiments, the method further includes deter-
mining a return time prediction error. The return time
prediction error may be a diflerence between the estimated
return time and an actual return time. The method may
further include estimating a deviation of the return time
prediction error using a plurality of return time prediction
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errors and correcting the estimated return time by adding a
function of the estimated deviation to the estimated return
time.

In some embodiments, the method further includes deter-
mimng a multiplier for the estimated deviation of the return
time prediction error. The multiplier may be based on a
probability of achieving an occupied setpoint temperature at
a time of occupancy. The method may further include
calculating the function of the estimated deviation of the
return time prediction error by multiplying the estimated
deviation of the return time prediction error by the deter-
mined multiplier.

In some embodiments, the method further includes
receiving a user selection between a level of energy savings
and a level of comifort for the building zone. The user
selection may correspond to a probability of achieving an
occupied setpoint temperature at a time of occupancy. The
method may further include calculating a correction factor
based on the user selection and adjusting the estimated

return time by applying the correction factor to the estimated
return time.

In some embodiments, the method further includes com-
paring a measured temperature of the building zone with an
oflset temperature setpoint. The offset temperature setpoint
may be at least one of a heating setpoint minus a temperature
oflset and a cooling setpoint plus the temperature ofiset. The
method may further include updating learned model param-
eters of an empirical model for estimating the return time 1n
response to at least one of the measured temperature of the
building zone being less than the heating setpoint minus the
temperature oflset, or the measured temperature of the
building zone being greater than the cooling setpoint plus
the temperature oflset.

In some embodiments, updating the learned model param-
cters of the empirical model includes calculating updated
model parameters using at least one of partial least squares
regression, ridge regression, principal component regres-
sion, weighted least squares regression, ordinary least
squares regression, least mean linear regression, and expo-
nentially weighted regularized least squares regression.

In some embodiments, the method further includes deter-
mimng whether an updated model parameter has a value that
violates a constraint condition and setting the updated model
parameter to a value that satisfies the constraint condition in
response to a positive determination. The constraint condi-
tion may be based on physical realities of the empirical
model.

Another implementations of the present disclosure 1s a
method for adjusting an estimated time to cool down or
warm up a building zone from a temperature setback con-
dition. The method includes receiving a user selection
between a level of energy savings and a level of comifort for
the building zone, calculating a correction factor based on
the user selection, and adjusting an estimated return time by
applying the correction factor to the estimated return time.
The return time 1s the time to cool down or warm up the
building zone from the temperature setback condition.

In some embodiments, adjusting the estimated return time
includes at least one of increasing the estimated return time
in response to a user selection of a level of comiort for the
building zone and decreasing the estimated return time in
response to a user selection of a level of energy savings for
the building zone.

In some embodiments, calculating a correction factor
based on the user selection includes 1dentifying a probability
ol achieving an occupied setpoint temperature at a time of
occupancy, the probability corresponding to the user selec-
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tion, and using the identified probability of achieving the
occupied setpoint temperature at the time of occupancy to

determine the correction factor.

Another implementation of the present disclosure 1s a
system for estimating a time to cool down or warm up a
building zone from a temperature setback condition. The
system 1ncludes a controller configured to determine at least
one of a cooling demand for the building zone and a heating
demand for the building zone for a time period correspond-
ing to the temperature setback condition. The controller 1s
configured to estimate a return time using at least one of the
cooling demand and the heating demand. In some embodi-
ments, the controller also uses the temperature of the build-
ing zone to estimate the return time. The return time 1s the
time to cool down or warm up the building zone from the
temperature setback condition.

Those skilled 1n the art will appreciate that the summary
1s 1llustrative only and 1s not intended to be in any way
limiting. Other aspects, iventive features, and advantages
of the devices and/or processes described herein, as defined
solely by the claims, will become apparent 1n the detailed
description set forth herein and taken 1n conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF TH.

(Ll

DRAWINGS

FIG. 1 1s a perspective view of a building having multiple
building zones and a HVAC system servicing the multiple
building zones, according to an exemplary embodiment.

FIG. 2 1s a schematic diagram of the HVAC system of
FIG. 1, showing a controller receiving a temperature signal
from temperature sensor of a building zone and providing a
control signal to one or more control devices of the building
zone, according to an exemplary embodiment.

FIG. 3 1s a block diagram illustrating the controller of
FIG. 2 1n greater detail. The controller 1s shown to include
a state transition module, an unoccupied state module, a cool
down state module, a warm up state module, a normal state
module, and a parameter module, according to an exemplary
embodiment.

FIG. 4 15 a state transition diagram illustrating a normal
operating state, an unoccupied operating state, a cool down
operating state, and a warm up operating state as well as the
conditions for transitioning between the various operating
states, according to an exemplary embodiment.

FIGS. 5-6 are temperature v. time graphs illustrating
transitions from the cool down operating state to the normal
operating state, according to an exemplary embodiment.

FIGS. 7-8 are temperature v. time graphs illustrating
transitions from the warm up operating state to the normal
operating state, according to an exemplary embodiment.

FIG. 9 1s a temperature v. time graphs illustrating a
transitions from the warm up operating state to the unoccu-
pied operating state, according to an exemplary embodi-
ment.

FIG. 10 1s a block diagram illustrating the unoccupied
state module of FIG. 3 in greater detail, according to an
exemplary embodiment.

FIG. 11 1s a block diagram 1llustrating the cool down state
module of FIG. 3 1n greater detail, according to an exem-
plary embodiment.

FIG. 12 1s a block diagram 1llustrating the warm up state
module of FIG. 3 1n greater detail, according to an exem-
plary embodiment.

FIG. 13 1s a block diagram illustrating the parameter
module state module of FIG. 3 1n greater detail, according to
an exemplary embodiment.
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FIG. 14 1s a flowchart of a process for estimating a time
to cool down or warm up a building zone from a temperature

setback condition, according to an exemplary embodiment.

FIG. 15 1s a flowchart of a process for operating the
controller of FIG. 3 in the unoccupied operating state,
according to an exemplary embodiment.

FIG. 16 1s a flowchart of a process for operating the
controller of FIG. 3 1in the cool down operating state,
according to an exemplary embodiment.

FIG. 17 1s a flowchart of a process for operating the
controller of FIG. 3 in the warm up operating state, accord-
ing to an exemplary embodiment.

DETAILED DESCRIPTION

Before turning to the figures, which 1llustrate the exem-
plary embodiments 1n detail, 1t should be understood that the
disclosure 1s not limited to the details or methodology set
torth 1n the description or illustrated in the figures. It should
also be understood that the terminology 1s for the purpose of
description only and should not be regarded as limiting.

Referring generally to the FIGURES, systems and meth-
ods for estimating a return time are shown, according to
various exemplary embodiments. The systems and methods
described herein may be used to estimate the time required
for a HVAC system to warm up or cool down a building or
building zone from an unoccupied setback condition (i.e.,
the “return time”). Unoccupied setback generally involves
increasing a cooling setpoint or decreasing a heating setpoint
applied to a building zone for time periods during which the
building zone 1s unoccupied (e.g., at night, over a weekend,
ctc.). However, to ensure occupant comiort, the zone tem-
perature should be within a temperature range defined by
occupied cooling and heating setpoints at the time of occu-
pancy. The systems and methods described herein may be
used to estimate the return time and to determine when to
begin heating or cooling the building so that the temperature
1s within an occupied setpoint range at the time of occu-
pancy.

Previous techniques for estimating the return time sufler
from a variety of disadvantages. For example, many previ-
ous techniques rely on a measurement of the outside air
temperature. Obtaining a measurement of the outside air
temperature typically requires additional temperature sen-
sors or data inputs to the HVAC control system and can be
difficult to achieve 1n some implementations. Additionally,
many previous techniques are computationally expensive
(e.g., using non-linear optimization and/or a large number of
variable parameters) or use fixed parameter values. Using
fixed parameter values reduces adaptability and places a
large burden on an installer/programmer to select appropri-
ate parameter values.

Advantageously, the systems and methods of the present
disclosure use a measured zone temperature and an expo-
nentially weighted moving average (EWMA) of the zone
heating or cooling demand to estimate the return time. The
zone heating or cooling demand may be determined by
monitoring an output from a controller for the building zone
(e.g., a control signal provided to HVAC equipment). Both
the zone temperature and the heating/cooling demand can be
obtained from an existing thermostat or local controller for
the building zone without relying on a measurement of the
outside air temperature.

In some embodiments, the estimated return time 1s cor-
rected (e.g., modified, adjusted, etc.) using a correction term
based on the standard deviation of a return time prediction
error. The return time prediction error may be calculated
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using an EWMA and/or an arithmetic mean of a history of
differences between estimated return times and actual return
times. The correction term may result 1n a more accurate
estimate of the return time, thereby helping to ensure that the
occupied heating or cooling setpoint 1s achieved at occu-
pancy. In some embodiments, the correction term can be
adjusted to provide various levels of assurance (e.g., 80%
probability, 99% probability, etc.) that the setpoint tempera-
ture will be achieved at occupancy.

The systems and methods described herein may use one
or more models for predicting the return time (e.g., a heating
return time model, a cooling return time model, etc.). The
models may have two parameters that depend on the
dynamic characteristics of an individual building. Initial
parameter values may be provided and a learning method
may be used to adaptively adjust the initial parameters over
time (e.g., 1 response to changes in the building, etc.).
Adaptively adjusting the model parameters may allow the
described systems and methods to be deployed and used 1n
a wide variety of implementations without any additional
configuration effort by an installer or field technician (e.g.,
without requiring the mstaller to determine or select appro-
priate parameter values).

Referring now to FIG. 1, a perspective view of a building,
10 1s shown, according to an exemplary embodiment. Build-
ing 10 may be a commercial building (e.g., an oflice
building, a retail store, a shipping facility, etc.), a residential
building (e.g., an apartment building, a single-family resi-
dence, etc.), an industrial building (e.g., a manufacturing
facility, a warchouse, etc.), or any other type of building
(e.g., a hospitality facility, a data center, a school, a gov-
ernment building, etc.).

Building 10 1s shown to mnclude a HVAC system 12.
HVAC system 12 may include a cooling system, a heating
system, a ventilation system, an air circulation system, or
any combination thereof. HVAC system 12 may include one
or more measurement devices (e.g., temperature sensors,
pressure sensors, flow sensors, etc.), control devices (e.g.,
actuators, chillers, boilers, air handling units, variable air
volume units, etc.), control units (e.g., a main control unait,
an auxiliary control unit, a process controller, a supervisory
controller, etc.), or other HVAC equipment/devices for
monitoring and controlling any variable state or condition of
bulding 10.

In some embodiments, HVAC system 12 1s part of a
comprehensive building management system (BMS). The
BMS may include, for example, HVAC system 12, a security
system, a lighting system, a fire alerting system, an elevator
system, a water management system, a food storage system,
a telephone system, or any combination thereof. In some
embodiments, the BMS 1s a METASYS® brand building
management system as sold by Johnson Controls, Inc. In
other embodiments, HVAC system 12 1s a standalone HVAC
system configured to operate independently.

Still referring to FIG. 1, building 10 1s shown to include
a plurality of zones 14-18 corresponding to various areas
within building 10. For example, zone 14 may include the
top floor of building 10, zone 16 may include the middle
floor of building 10, and zone 18 may include the bottom
floor of building 10. In some embodiments, zones 14-18 are
monitored and controlled independently. For example, zone
14 may be controlled by controller 20, zone 16 may be
controlled by controller 22, and zone 18 may be controlled
by controller 24. Controllers 20-24 may receive input from
one or more temperature sensors located within zones 14-18.
In some embodiments, zones 14-18 are controlled by a
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single supervisory controller (e.g., a BMS controller)
located within building 10 or at a remote location.

Referring now to FIG. 2, a schematic diagram of HVAC
system 12 1s shown, according to an exemplary embodi-
ment. HVAC system 12 1s shown to include a controller 30.
Controller 30 may be configured to monitor and control any
number of conditions, states, or variables within a building
or building zone. For example, controller 30 may be a
HVAC controller configured to control the temperature of a
building zone 40. Building zone 40 may include one or more
of building zones 14-18, or the entirety of building 10. In
some embodiments, controller 30 1s a local controller (e.g.,
a field controller, a zone controller, a device controller, etc.).
In other embodiments, controller 30 1s a supervisory con-
troller for an entire building or building system (e.g., a BMS
controller). Controller 30 may by located within building
zone 40 or remote from building zone 40.

Controller 30 may receive input signals from various
measurement devices 42 (e.g., temperature sensors, pressure
sensors, humidity sensors, etc.) and provide control signals
to various HVAC control devices 44 (e.g., a chiller, a boiler,
an air handling unit, an actuator, a damper, etc.). For
example, i FIG. 2, controller 30 1s shown receiving a
temperature measurement 1T__  from measurement devices
42. T__ _ may represent the temperature of building zone 40
and may be obtained by a temperature sensor within build-
ing zone 40.

In some embodiments, controller 30 receives a tempera-
ture setpoint T__, from user devices 46, remote applications
48, and/or a supervisory controller 50. The temperature
setpoint may be a cooling temperature setpoint T_ ., (1.e., a
maximum temperature threshold above which cooling 1s
required), a heating temperature setpoint 1), __, (1.e., a mini-
mum temperature threshold below which heating 1s
required), or both a cooling temperature setpoint and a
heating temperature setpoint. Controller 30 may operate to
maintain T, between the heating setpoint and the cooling,
setpoint (2. Ty, eiSTo0,o<T 00

Controller 30 may utilize any type of control methodol-
ogy (e.g., feedback control, model predictive control, pattern
recognition adaptive control, PID control, feed-forward con-
trol, open loop control, etc.) to translate one or more mputs
into a control signal for one or more HVAC devices. For
example, controller 30 may translate the zone temperature
T __ . and the temperature setpoint T__, mto a control signal
u, for control devices 44.

In some embodiments, controller 30 1s part of a thermostat
or other integrated temperature measurement and control
system. For example, controller 30 may be implemented as
part of a local thermostat configured to measure the tem-
perature of the zone or room in which the thermostat 1s
located (e.g., combined with measurement devices 42 and
located within building zone 40). Controller 30 may provide
control signal u, to a heating system and/or a cooling system
to maintain the temperature of building zone 40 T__, _ at the
temperature setpoint T__. or within the temperature setpoint
range (€8, T, oS .0e<Te o).

Controller 30 may be configured to operate 1n multiple
states and to transition therebetween. For example, control-
ler 30 may be configured to operate in a normal state, an
unoccupied state, a cool down state, and a warm up state. In
the normal state, controller 30 may operate to maintain'T__,
between an occupied heating setpoimnt (1.e., T, ) and an
occupied cooling setpoint (1.e., T_ ). In the unoccupied
state, controller 30 may operate to maintain’l__,  between an

unoccupied heating setpomt 15, ., ... and an unoccupied
cooling setpomnt T
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T sermoce)- In some embodiments, the unoccupied heating
setpoint 1s lower than the occupied heating setpoint (i.e.,
T}, sersmoce<1s.ser) and the unoccupied cooling setpoint is
higher than the occupied cooling setpoint (1.e.,
T.serimmoeTeser): ,ﬁ

Controller 30 may be configured to estimate a time T
required to transition from the unoccupied state to the
occupied state (1.e., the estimated return time). In some
embodiments, controller 30 uses a model of building zone
40 (e.g., a parametric model) to determine the estimated
return time T (described 1n greater detail below). Controller
30 may use the estimated return time T to determine when to
begin heating building zone 40 (by transitioning into the
warm up state) or cooling building zone 40 (by transitioning
into the cool down state) so that T____ will be between the
occupied heating setpoint 1, ., and the occupied cooling
setpoint T ., when occupancy begins (e.g., at the beginning
of a work day, etc.).

Referring now to FIG. 3, a block diagram illustrating
controller 30 1n greater detail 1s shown, according to an
exemplary embodiment. Controller 30 1s shown to include a
communications interface 32 and a processing circuit 34.
Communications interface 32 may include wired or wireless
interfaces (e.g., jacks, antennas, transmitters, receivers,
transceivers, wire terminals, etc.) for conducting electronic
data communications with external systems, devices, or data
sources.

Communications interface 32 may be configured to com-
municate via a direct connection or an indirect/network
connection (e.g., an Internet connection, a LAN, WAN, or
WLAN connection, etc.). For example, communications
interface 32 can include an Ethernet card and port for
sending and receiving data via an Ethernet-based commu-
nications link or network. In some embodiments, commu-
nications interface 32 includes a Wik1 transceiver and/or a
cellular or mobile phone transceiver for communicating via
a wireless communications network.

Communications interface 32 may be used to receive
input signals from various measurement devices (e.g., tem-
perature sensors, pressure sensors, humidity sensors, etc.)
and to provide control signals to various HVAC control
devices (e.g., a chiller, a boiler, an air handling unit, an
actuator, a damper, etc.). For example, communications
interface 32 may be used to receive zone temperature T__, |
from measurement devices 42 and to provide control signal
u, to control devices 44. In some embodiments, communi-
cations interface 32 may use the Building Automation and
Control networks (BACnet) communications protocol to
send and receirve data between controller 30 and building
zone 40.

Still referring to FIG. 3, processing circuit 34 1s shown to
include a processor 36 and memory 38. Processor 36 can be
implemented as one or more microprocessors (e.g., CPUs,
GPUs, efc.), an application specific integrated circuit
(ASIC), one or more field programmable gate arrays (FP-
(GAs), a circuit containing one or more processing compo-
nents, a group ol distributed processing components (e.g.,
processing components 1n communication via a data net-
work or bus), circuitry for supporting a miCroprocessor, or
other hardware configured for processing data. Processor 36
may be configured to execute computer code stored in
memory 38 to complete and facilitate the activities described
herein.

Memory 38 may include one or more devices (e.g., RAM,
ROM, solid state memory, hard disk storage, etc.) for storing
data and/or computer code for completing or facilitating the

various processes, layers, and modules of the present dis-
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closure. Memory 38 may include volatile memory or non-
volatile memory. Memory 38 may include database compo-
nents, object code components, script components, or any
other type of information structure for supporting the vari-
ous activities and information structures of the present
disclosure. According to an exemplary embodiment,
memory 38 1s communicably connected to processor 36 via
processing circuit 34 and mncludes computer code for execut-
ing (e.g., by processing circuit 34 and/or processor 36) one
or more processes described herein. In brief overview,
memory 38 1s shown to include a state transition module 52,
an unoccupied state module 54, a cool down state module
56, a warm up state module 58, a normal state module 60,
and a parameter module 62.

Still referring to FIG. 3, memory 38 1s shown to include
a state transition module 52. State transition module 52 may
be configured to determine an appropriate operating state for
controller 30 and to transition between operating states. The
operating states may include an unoccupied state, a cool
down state, a warm up state, and a normal state. In some
embodiments, state transition module 52 determines the
appropriate operating state at each time step t. (e.g., once per
minute, once every five minutes, once per hour, etc.).

State transition module 52 may use one or more variable
inputs to determine the appropriate operating state. Variable
inputs may include, for example, the zone temperature T__, .
the occupied heating setpoint 1, ., the occupied cooling
setpoint 1_ ., a temperature offset & from an occupied
setpoint value, the unoccupied heating setpoint T, ., ,,,0ccs
the unoccupied cooling setpont T_ __, ..., @ current occu-
pancy status O (e.g., true or false, based on a stored
occupancy schedule), and/or a time to the next occupied
period T, . The vaniable inputs may be stored 1n memory
(e.g., 1n parameter module 62) and retrieved by state tran-
sition module 52 at the beginning of each time step t. The
variable inputs may be specified by a user (e.g., heating and
cooling setpoints), recerved from another system or process
(e.g., a supervisory controller, another module of controller
30, etc.), or automatically calculated by state transition
module 52 based on stored values. For example, state
transition module 52 may calculate the time to the next
occupied period T, . by subtracting the current time from
the time of the next scheduled occupancy (e.g., based on a
stored occupancy schedule).

State transition module 52 may use one or more persistent
variables to determine the appropriate operating state. Per-
sistent variables may include values that are stored or set by
various modules of controller 30. For example, unoccupied
state module 54 may determine a corrected estimate of the
time T, ., required to cool down or warm up building zone
40 and store the corrected estimate T, ,, 1n parameter mod-
ule 62. Other persistent variables include, for example, a
previous occupancy status O, (€.g., true or false, based on
an occupancy schedule) and one or more vanables indicat-
ing the current operating state (e.g., unoccupied state status
U, the cool down state status C, the warm up state status W,
and the normal state status N). Unoccupied state status U,
cool down state status C, warm up state status W, and normal
state status N may be Boolean variables (e.g., true or false)
set by state transition module 352 and/or other memory
modules 54-60.

State transition module may retrieve the variable inputs
and persistent variables from memory (e.g., from parameter
module 62) and use them to determine the appropnate
operating state. In some embodiments, the appropriate oper-
ating state 1s based on the current operating state and a
system of rules specifying one or more conditions to tran-
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sition from one operating state to another. State transition
module 52 may determine whether the conditions to transi-
tion from the current operating state to another operating
state are satisfied by applying the variable mputs and per-
sistent variables to the transition conditions. For example,
the state transition conditions may require state transition
module 52 to compare various mathematical combinations
of variable mputs and persistent variables to determine
whether the state transition conditions are satisfied.

In some embodiments, state transition module 52 deter-
mines the current operating state (e.g., using unoccupied
state status U, cool down state status C, warm up state status
W, and normal state status N). Once the current operating
state 1s known, state transition module 52 may check
whether the conditions to transition out of the current
operating state are satisfied. If all of the conditions to
transition from the current operating state to another oper-
ating state are satisfied, state transition module 52 may
transition the system into the other operating state. The
various conditions (e.g., rules and transition logic) used by
state transition module 52 to transition between operating
states are described in greater detail with reference to FIG.
4.

Upon determining the appropriate operating state (and
performing a state transition 1f necessary) state transition
module 52 may determine whether to use the unoccupied
setpomts (1.e., 1), ./ p0ce a0 T, (., ,000) OF the occupied
setpoints (1.e., T, ,and T __ ). In some embodiments, state
transition module 352 uses the unoccupied setpoints 1n the
unoccupied state and uses the occupied setpoints in the
normal state, the warm up state, and the cool down state.
State transition module 52 may output and/or store a vari-
able S_ . 1ndicating whether to use the unoccupied setpoints
or the occupied setpoints. In some embodiments, the vari-
able S__ 1s a Boolean variable (e.g., true=use occupied
setpoints, Talse=use unoccupied setpoints). Once the appro-
priate operating state 1s determined, control may pass to one
of unoccupied state module 54, cool down state module 56,
warm up state module 38, and normal state module 60, based
on the determination of the operating state.

Still referring to FIG. 3, memory 38 1s shown to include
an unoccupied state module 54. Unoccupied state module 54
may control system operation 1n the unoccupied operating
state. Unoccupied state module 54 may be used in response
to a determination (e.g., by state transition module 52) that
the unoccupied operating state 1s the appropriate operating
state. Unoccupied state module 54 may use the unoccupied
setpoints 1, ..; moce @A T_ (., 00 tO control the tempera-
ture of zone 40 T__ . For example, unoccupied state module

54 may determine a control signal u, to provide to control

devices 44 to maimntain T _ _ between T and
T

hset,unoce

c.sel,unroce’

In some embodiments, unoccupied state module 34 1s
configured to determine whether heating or cooling would
be required 1t the occupied setpoints T, ., and T_,,, were
used. For example, 11 the current zone temperature 1s less
than the occupied heating setpoint (1.e., 1,,,.<I}, ..,), unoc-
cupied state module 54 may determine that heating would be
necessary 11 the occupied setpoints were used. If the current
zone temperature 1s greater than the occupied cooling tem-
perature (1.e., T, >T_ .,), unoccupied state module 54 may
determine that cooling would be necessary if the occupied
setpoints were used. If the current zone temperature 1s
between the occupied heating setpoint and the occupied
cooling setpomnt (i.e., 1T, . <T  <T_..), unoccupied state

module 54 may determine that neither heating nor cooling
would be necessary 1f the occupied setpoints were used.
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If either heating or cooling would be needed based on the
occupied setpoints, unoccupied state module 54 may use an
empirical model of building zone 40 to estimate the return
time T required to raise or lower T. _ to be within the
occupied setpoint range (1.e., 1, . <T1_,,.<T_..,). In some
embodiments, unoccupied state module 54 corrects the
estimated return time T (e.g., using the standard deviation of
the return time prediction error) to generate a corrected
return time t_, .. Unoccupied state module 54 may store the
corrected return time T, ., 1n parameter module 62. If the
corrected return time 1s greater than or equal to the time
remaining until the next occupied period (1.e., T, 2T, ),
unoccupied state module 54 may determine that heating or
cooling should be started 1n order to raise or lower T____ to

ZQFE

be within the occupied setpoint range by the time of occu-
pancy.

In some embodiments, unoccupied state module 354
updates the current state parameter values 1n parameter
module 62 (e.g., by setting unoccupied state status U to false
and setting either cool down state status C or warm up state
status W to true, based on whether cooling or heating 1s
required). In other embodiments, state transition module 52
determines whether the corrected return time 1s greater than
or equal to the time remaining until the next occupied period
(1e., T =21 _ ) based onthevaluesoft, . and'T, . stored
in parameter module 62 and updates the current state param-
cter values at the beginning of the next time step.

If the conditions for transitioning to the cool down state
or the warm up state are satisfied, unoccupied state module
54 may store one or more variables used to update the
empirical model. Parameter module 62 may update the
model parameters using the variables stored by unoccupied
state module 54.

In some embodiments, i unoccupied state module 54
determines that neither heating nor cooling would be nec-
essary (1.e., 1t 1, . <T_ <T_ ), unoccupied state module
54 may check whether the scheduled occupancy period has
begun. I the scheduled occupancy period has begun, unoc-
cupied state module 54 may update the current state param-
cter values 1 parameter module 62 (e.g., by setting unoc-
cupied state status U to false and setting normal state status
N to true). In other embodiments, state transition module 52
determines whether the scheduled occupancy period has
begun and updates the current state parameter values at the
beginning of the next time step.

If neither heating nor cooling would be necessary and the
scheduled occupancy period has not begun, operation may
continue 1n the unoccupied state. Conditions may be
assessed again at the beginning of the next time step.
Unoccupied state module 34 1s described 1n greater detail
with reference to FIG. 10.

Still referring to FIG. 3, memory 38 1s shown to include
a cool down state module 56. Cool down state module 56
may control system operation 1n the cool down operating
state. Cool down state module 56 may be used 1n response
to a determination (e.g., by state transition module 352) that
the cool down operating state 1s the appropriate operating
state. Cool down state module 56 may use the occupied
setpoints T, ., and T_ ., to control the temperature T, of
zone 40. For example, cool down state module 56 may
determine a control signal u, to provide to control devices 44
to maintain T, between T,, ., and T _ . Cool down state
module 56 may operate HVAC system 12 to lower the zone
temperature 1, ,. to the occupied cooling setpomt T_ ..

In the cool down state, cool down state module 56 may
monitor the zone temperature T In some embodiments,

ZORe’

cool down state module 56 determines whether the zone
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temperature T__ _ 1s less than or equal to the occupied
cooling setpoint T_ ., plus the temperature ofiset & (1.e.,
T, esT o 4E). It so, cool down state module 56 may
update the current state parameter values i1n parameter
module 62 (e.g., by setting cool down state status C to false
and setting normal state status N to true). In other embodi-
ments, state transition module 52 determines whether the
zone temperature T 1s less than or equal to the occupied
cooling setpoint T, plus the temperature offset & and
updates the current state parameter values at the beginning,
of the next time step.

In some embodiments, cool down state module 56 deter-
mines whether the next scheduled occupancy period has
begun. If the scheduled occupancy period has begun, cool
down state module 56 may update the current state param-
cter values 1n parameter module 62 (e.g., by setting cool
down state status C to false and setting normal state status
N to true). In other embodiments, state transition module 52
determines whether the scheduled occupancy period has
begun and updates the current state parameter values at the
beginning of the next time step.

If either the zone temperature T__, _ 1s less than or equal to
the occupied cooling setpomt T_ ., plus the temperature
oflset € or the next occupancy period has begun, the system
may transition into the normal operating state. In some
embodiments, the cool down operating state terminates upon
the beginning of an occupancy period, regardless of the zone
temperature 1__ .

Cool down state module 56 may be configured to deter-
mine a duration of the time spent in the cool down operating
state. The amount of time spent in the cool down operating
state may define the actual cooling return time t_.. Cool down
state module 56 may be configured to calculate the cooling
prediction error based on the difference between the actual
cooling return time t_ and the estimated cooling return time
7. Cool down state module 56 may use the cooling predic-
tion error to determine an average cooling prediction error
A _(e.g., an exponentially weighted moving average, an arith-
metic mean, etc.) and an estimate of the standard deviation
of the cooling prediction error 65. Cool down state module
56 may store the standard deviation of the cooling prediction
Crror ETC in parameter module 62 for subsequent use by
unoccupied state module 54 1n determining a corrected
estimate of the return time t_, ... Cool down state module 56
1s described 1n greater detail with reference to FIG. 11.

Still referring to FIG. 3, memory 38 1s shown to include
a warm up state module 58. Warm up state module 58 may
control system operation in the warm up operating state.
Warm up state module 38 may be used 1n response to a
determination (e.g., by state transition module 52) that the
warm up operating state 1s the appropriate operating state.
Warm up state module 38 may use the occupied setpoints
T}, o, and T, to control the temperature T, of zone 40.
For example, warm up state module 58 may determine a
control signal u, to provide to control devices 44 to maintain
I,.,.betweenT,  andT__ . Warm up state module 58 may
operate HVAC system 12 to raise the zone temperature T__, |
to the occupied heating setpomt 1), ..

In the warm up state, warm up state module 58 may
monitor the zone temperature T __, . In some embodiments,
warm up state module 58 determines whether the zone
temperature T__, _ 1s greater than or equal to the occupied
heating setpoint T, , minus the temperature offset € (1.e.,
1,021}, ce~S). If sO, warm up state module 38 may update
the current state parameter values 1n parameter module 62
(e.g., by setting warm up state status W to false and setting

either normal state status N or unoccupied state status U to
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true). In other embodiments, state transition module 52
determines whether the zone temperature T __, _ 1s greater
than or equal to the occupied heating setpoint T, .., minus
the temperature oflset € and updates the current state
parameter values at the beginning of the next time step.

In some embodiments, warm up state module 58 deter-
mines whether the next scheduled occupancy period has
begun and/or ended. IT the scheduled occupancy period has
begun but not yet ended (1.e., the current time 1s within an
occupancy period), warm up state module 38 may update the
current state parameter values 1n parameter module 62 by
setting warm up state status W to false and setting normal
state status N to true in response to a determination that the
zone temperature T__ 15 greater than or equal to the
occupied heating setpoint T, ., minus the temperature otfset
. However, 11 the scheduled occupancy period has already
begun and ended, warm up state module 38 may set warm
up state status W to false and unoccupied state status U to
true. In other embodiments, state transition module 52
determines whether the scheduled occupancy period has
begun and/or ended and updates the current state parameter
values at the beginning of the next time step.

From the warm up operating state, the system may
transition into either the normal operating state or the
unoccupied operating state. If the zone temperature T __, _ 1s
greater than or equal to the occupied heating setpoint T, .,
minus the temperature offset € (1.e., T,,,,.2T, .., ~) and the
current time 1s prior to the beginning of the scheduled
occupancy period or during the scheduled occupancy period,
the system may transition into the normal operating state. IT
the scheduled occupancy period has already begun and
ended, the system may transition into the unoccupied oper-
ating state. Unlike the cool down operating state, the warm
up operating state may not terminate upon the beginning of
an occupancy period. The warm up operating state may
continue until either the zone temperature 1T__, _ 1s greater
than or equal to the occupied heating setpoint T, , minus
the temperature offset € (1.e,, 1,,,.21,..,~€) or until the
scheduled occupancy period has both begun and ended. The
various operating states and state transition conditions are
described 1n greater detail with reference to FIGS. 4-9.

Warm up state module 58 may be configured to determine
a duration of the time spent 1n the warm up operating state.
The amount of time spent 1n the warm up operating state
may define the actual heating return time t,. Warm up state
module 58 may be configured to calculate the heating
prediction error based on the difference between the actual
heating return time T, and the estimated heating return time
’Eh. Warm up state module 58 may use the heating prediction
error to determine an average heating prediction error
A,(e.g., an exponentially weighted moving average, an
arithmetic mean, etc.) and an estimate of the standard
deviation of the heating prediction error o,. Warm up state
module 58 may store the standard deviation of the heating
prediction error o, in parameter module 62 for subsequent
use by unoccupied state module 54 in determining a cor-
rected estimate of the return time T, _, ..

Still referring to FIG. 3, memory 38 1s shown to include
a normal state module 60. Normal state module 60 may
control system operation in the normal operating state.
Normal state module 60 may be used in response to a
determination (e.g., by state transition module 52, by cool
down state module 56, by warm up state module 58, etc.)
that the normal operating state 1s the appropriate operating,
state. Normal state module 60 may use the occupied set-
pomts T, ., and T to control the temperature T of

c.sel ZORe

zone 40. For example, normal state module 60 may operate

10

15

20

25

30

35

40

45

50

55

60

65

14

HVAC system 12 (e.g., by determining a control signal u,
and providing the control signal u, to control devices 44) to
maintain T,,,, between T, ., and T_ ..

In the normal operating state, normal state module 60 may
determine whether the current time 1s within an occupancy
period. If the current time 1s within an occupancy period,
normal state module 60 may continue to operate HVAC
system 12 to maintamn T, between 1, ., and T _ . How-
ever, 1f the current time 1s not within an occupancy period
(e.g., the occupancy period has ended), normal state module
may update the current state parameter values 1n parameter
module 62 (e.g., by setting normal state status N to false and
setting unoccupied state status U to true). In other embodi-
ments, state transition module 52 determines whether the
current time 1s within an occupancy period and updates the
current state parameter values at the beginning of the next
time step.

Still referring to FIG. 3, memory 38 1s shown to include
a parameter module 62. Parameter module 62 may be
configured to store the various parameters and parameter
values used by controller 30 to estimate the return time T and
the corrected estimate of the return time T, ... For example,
parameter module 62 may be configured to store values for
variable mputs such as the occupied temperature setpoints
1, . and T .., and the unoccupied temperature setpoints
1), sersmoce and T (., 0. Parameter module 62 may store
values of a current occupancy status O (e.g., true or false,
based on a stored occupancy schedule), and/or a time to the
next occupied period T, . The varniable inputs may be
specified by a user (e.g., heating and cooling setpoints),
received from another system or process (€.g., a supervisory
controller, another module of controller 30, etc.), or auto-
matically calculated and stored by wvarious modules of
controller 30 (e.g., by state transition module 52, unoccupied
state module 54, cool down state module 36, warm up state
module 58, etc.).

Parameter module 62 may store one or more persistent
variables that are calculated and/or set by various modules
of controller 30. For example, unoccupied state module 54
may determine a corrected estimate of the time<t_, . required
to cool down or warm up building zone 40 and store the
corrected estimate T__ . 1n parameter module 62. Other
persistent variables include, for example, a previous occu-
pancy status O, (€.g., true or false, based on an occupancy
schedule) and one or more varnables indicating the current
operating state (e.g., unoccupied state status U, the cool
down state status C, the warm up state status W, and the
normal state status N).

Parameter module 62 may be configured to update learned
model parameters 1 an empirical model for estimating the
return time T. The empirical model may be a statistical
model, a parametric model, a regression model, a neural
network model, a state space model, a tuzzy logic model, or
any other type of model from which the return time T can be
estimated. The estimated return time T may be a function of
one or more learned model parameters.

In some embodiments, parameter module 62 uses a
regression algorithm (e.g., a partial least squares regression,
ridge regression, principal component regression, weighted
least squares regression, ordinary least squares regression,
least mean linear regression, exponentially weighted regu-
larized least squares regression, etc.) to update the learned
model parameters based on previous data values. The data
values may be measured by various sensors of HVAC
system 12 and/or calculated from measured values. For
example, parameter module 62 may use the prediction error

(e.g., the cooling prediction error calculated by cool down
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module 56, the heating prediction error calculated by warm
up module 58, etc.) or a function of the prediction error to
update the model parameter values. In some embodiments,
parameter module 62 updates the model parameters in
response to zone temperature T __ _ being less than the
heating setpoint minus the temperature oflset (1.e., T, <
T, ;.,~C) at the beginning of warm up state or greater than
the cooling setpoint plus the temperature offset (.e.,
1., 1. . +C) at the beginning of the cool down state.

Parameter module 62 may be configured to imtialize
values for the one or more learned model parameters to
provide default parameters for the empirical model. In some
embodiments, parameter module 62 1nitializes at least one of
the model parameters to a non-zero value.

In some embodiments, parameter module 62 1s configured
to determine whether an updated parameter value has a
value that violates a constraint condition. The constraint
condition may be based on physical realities of the empirical
model. If an updated parameter value violates a constraint
condition, parameter module 62 may be configured to
replace the parameter value with a value that satisfies the
constraint condition. Parameter module 62 1s described 1n
greater detail with reference to FIG. 13.

Referring now to FIGS. 4-9, several state transition draw-
ings are shown, according to an exemplary embodiment.
FIG. 4 1s a state transition diagram showing the various
operating states (1.e., the unoccupied state, the cool down
state, the warm up state, and the normal state) and the
conditions for transitioning therebetween. FIGS. 5-9 are
temperature vs. time graphs illustrating various state tran-
sitions as a function of zone temperature 1T__, _ and zone
occupancy status O.

Referring specifically to FIG. 4, a state transition diagram
400 1s shown, according to an exemplary embodiment. State
transition diagram 400 1s shown to include an unoccupied
state 402, a cool down state 404, a warm up state 406, and
a normal state 408. In unoccupied state 402, the unoccupied
temperature setpoints 1, ., ,,.o..and T ., ... may be used
(e.g., by controller 30) to control zone temperature T__ . In
cool down state 404, warm up state 406, and normal state
408, the occupied (normal) temperature setpoints 1, ., and
I_ .., may be used to control zone temperature T, .

State transition diagram 400 1llustrates exemplary criteria
for transitioning between the various operating states. State
transition module 52 and/or other modules of controller 30
may use the criteria illustrated 1n FI1G. 4 for determining an
appropriate operating state and for transitioning HVAC
system 12 from one operating state to another.

Still referning to FIG. 4, state transition diagram 400 is
shown to include an unoccupied state 402. In unoccupied
state 402, controller 30 may be configured to momitor the
zone temperature 'T__ _ and to determine whether heating or
cooling would be required 1t the occupied temperature
setpomnts T, ., and T__, were used. Controller 30 may
determine that heating or cooling would be required if the
zone temperature 1s less than the occupied heating setpoint
(1e., T,,.<l, .. or greater than the occupied cooling
setpomt (1.e., 1,,,,.>T_ ). I heating or cooling would be
required, controller 30 may estimate the return time T and/or
the corrected estimate of the return time T, ... In unoccupied
state 402, controller 30 may calculate the time T, __. until the
beginning of the next scheduled occupancy period. Values
for T. . T, T, . 1}, s and/or T, may be stored in
parameter module 62 and retrieved to conduct the compari-
sons performed in unoccupied state 402.

From unoccupied state 402, controller 30 can transition
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state 406, and normal state 408. For example, state transition
diagram 400 1s shown to include a transition 410 from
unoccupied state 402 to cool down state 404, a transition 412
from unoccupied state 402 to warm up state 406, and a
transition 414 from unoccupied state 402 to normal state
408. Transition 410 may be performed when the zone
temperature 1s greater than the occupied cooling setpoint
a.e.,T,,,.~T, .. condition 416) and when the time until the
beginning of the next occupancy period 1s less than or equal
to the corrected estimate of the return time (1.e., T, =t .
condition 418). Transition 412 may be performed when the
zone temperature 1s less than the occupied heating setpoint
(.e.,T,,,.<1}, s condition 420) and when the time until the
beginning of the next occupancy period 1s less than or equal
to the corrected estimate of the return time (1.e., T, __=t_ .
condition 418). In some embodiments, transition 410 1is
performed only when both of conditions 416 and 418 are
satisfied and transition 412 1s performed only when both of
conditions 420 and 418 are satisfied. Transition 414 may be
performed when unoccupied state 402 1s active (1.e., U=true)
and the current time 1s during a scheduled occupancy period
(e.g., O=true).

Still referring to FIG. 4, state transition diagram 400 1s
shown to include a cool down state 404. In cool down state
404, controller 30 may monitor the zone temperature T __ |
and operate HVAC system 12 to lower the zone temperature
T __. _tothe occupied cooling setpoint T From cool down
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state 404, controller 30 can transition HVAC system 12 1nto
normal state 408. For example, state transition diagram 400
1s shown to include a transition 422 from cool down state
404 to normal state 408.

In some embodiments, transition 422 may be performed
when the zone temperature i1s less than or equal to the
occupied cooling setpoint plus a temperature oflset € (i.e.,
I,,,.=1_+C, condition 424). Offset € raises the tempera-
ture at which transition 422 is performed by a small amount
(e.g., one degree, two degrees, hall a degree, etc.). Oflset &
may be important for systems in which the temperature
asymptotically approaches the setpoint (e.g., 1n an over-
damped system). Without offset €, transition 422 may not
occur until significantly later than 1t would otherwise occur
i offset € were used, thereby extending the duration of cool
down state 404. For example, without ofiset &, the actual
return time T may include a substantial period of time during
which the zone temperature T__ _ 1s nearly equal to the
occupied cooling setpoint T ., but approaching T _, very
slowly. The extended duration of cool down state 404 may
cause subsequent estimations of return time T to be longer
than necessary with a minimal 1mpact on zone temperature
at the time of occupancy. Advantageously, offset & may
slightly increase the temperature at which controller 30
determines that cool down 1s complete, thereby reducing or
climinating the effects of a slow asymptotic change 1n zone
temperature T__, near the occupied cooling setpomt T_ ..

In some embodiments, transition 422 may be performed
when a scheduled occupancy period begins (condition 426).
For example, controller 30 may be configured to monitor the
occupancy period status O during cool down state 404 and
transition into normal state 408 when the occupancy period
begins (e.g., when O=true). The beginning of an occupancy
period may trigger the end of cool down state 404. In some
embodiments, transition 422 may be performed when either
(or both) of conditions 424 and 426 are satisfied (1.e., only
condition 424, only condition 426, both conditions 424 and
426). In other words, controller 30 may be configured to
transition HVAC system 12 from cool down state 404 to

normal state 408 when the zone temperature 1s less than or
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equal to the occupied cooling setpoint plus a temperature
offset € (1e., 1_,,.=1_, +&) and/or when the occupancy
period begins (e.g., O=true). Transition 422 1s described in
greater detail with reference to FIGS. 5-6.

Still referring to FIG. 4, state transition diagram 400 1s
shown to include a warm up state 406. In warm up state 406,
controller 30 may monitor the zone temperature T__  and
operate HVAC system 12 to raise the zone temperature T__ |
to the occupied heating setpoint 1), .. From warm up state
406, controller 30 can transition HVAC system 12 into either
normal state 408 or unoccupied state 402. For example, state
transition diagram 400 1s shown to include a transition 428
from warm up state 406 to normal state 408 and a transition
432 from warm up state 406 to unoccupied state 402. Unlike
cool down state 404, warm up state 406 can transition nto
cither normal state 408 or unoccupied state 402.

Controller 30 may be configured to transition HVAC
system 12 from warm up state 406 to normal state 408
(transition 428) when the zone temperature 1s greater than or
equal to the occupied heating setpoint minus a temperature

oftset € (1e., 1,21, ,~E, condition 430). Offset &
lowers the temperature at which transition 428 is performed
by a small amount (e.g., one degree, two degrees, half a
degree, etc.). Advantageously, oflset & may slightly
decrease the temperature at which controller 30 determines
that warm up 1s complete, thereby reducing or eliminating
the effects of a slow asymptotic change 1n zone temperature
I,,,. near the occupied heating setpoint T, .. Transition
428 may be performed when condition 430 1s satisfied prior
to the beginning of a scheduled occupancy period (..,
O=false and O, =false) or during a scheduled occupancy
period (1.e., O=true). Transition 428 1s described 1n greater
detail with reference to FIGS. 7-8.

In warm up state 406, controller 30 may be configured to
monitor the occupancy period status O. Controller 30 may
be configured to transition HVAC system 12 from warm up
state 406 to unoccupied state 402 (transition 432) when a
scheduled occupancy ends (e.g., when O=false and
O,,.,~true, condition 434). Transition 432 1s described in
greater detail with reference to FIG. 9.

In some embodiments, warm up state 406 1s treated
differently than cool down state 404. For example, warm up
state 406 may be allowed to continue beyond the beginning
of a scheduled occupancy period whereas cool down state
404 may end when an occupancy period begins. Warm up
state 406 may be allowed to continue until the end of the
occupancy period, at which time controller 30 transitions
HVAC system into unoccupied state 402 (transition 432).
The reason for treating cool down state 404 and warm up
state 406 diflerently stems from the realization that the loads
on building zone 40 will tend to help T__, _ increase to the
target temperature in warm up state 406 (1.e., toward T, -
<), but tend to cause T__, , to move away from the target
temperature 1n cool down state 404 (1.e., away from T___+
). In fact, for cooling, 11 the target temperature has not been
reached by the beginning of occupancy, 1t 1s possible that the
target temperature will not be reached at any time during the
occupancy period (e.g., due to the increased loads caused by
building occupancy). If cool down state 404 were allowed to
continue 1nto the scheduled occupancy period, the estimate
for return time T could be unrealistically long and could
skew the values for the empirical model parameters in way
that could result 1n significant over-predictions of return
time T. Advantageously, limiting the duration of cool down
state 404 prevents cool down state 404 from extending into
the scheduled occupancy period and improves the accuracy

of the estimated return time <.
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Referring now to FIGS. 5-6, temperature v. time graphs
500 and 600 are shown, according to an exemplary embodi-
ment. Graphs 500 and 600 1llustrate transition 422 from cool
down state 404 to normal state 408 as a function of zone
temperature T__, _ and occupancy period status O. Referring
specifically to FIG. 5, graph 500 1s shown to include a line
502 representing the zone temperature T__ . a line 504
representing the unoccupied cooling setpoint T ., 000> @
line 506 representing the occupied cooling setpoint T _ .,
and a line 508 representing the occupied cooling setpoint
plus the temperature offset (1.e., T_, +€). In graph 500,
transition 422 1s caused by the zone temperature decreasing
to a temperature less than or equal to the occupied cooling
setpoint plus the temperature offset (1e., 1, <T_  +C)
prior to the beginning of the scheduled occupancy period
510. For example, 1n graph 500, line 502 1s shown crossing
line 508 belfore occupancy period 510 begins. Graph 500
illustrates a circumstance 1 which transition 422 1s caused
by the satisfaction of condition 424.

Referring specifically to FIG. 6, in graph 600, transition
422 1s caused by the start of scheduled occupancy period
510. In some circumstances, zone temperature T__ _ (line
502) may not reach the occupied cooling setpoint plus the
temperature oflset (line 508) prior to the beginning of
occupancy period 510. Graph 600 illustrates a circumstance
in which transition 422 1s caused by the satisfaction of
condition 426. For example, transition 422 may be caused
by the beginning of a scheduled occupancy period, regard-
less of the zone temperature T__, . In graph 600, cool down
period 404 ends at the same time that scheduled occupancy
period 510 begins.

Referring now to FIGS. 7-8, temperature v. time graphs
700 and 800 are shown, according to an exemplary embodi-
ment. Graphs 700 and 800 illustrate transition 428 from
warm up state 406 to normal state 408 as a function of zone
temperature T__,  and occupancy period status O. Referring
specifically to FIG. 7, graph 700 1s shown to include a line
702 representing the zone temperature 1__, ., a line 704
representing the unoccupied heating setpoint 1), ;00> @
line 706 representing the occupied heating setpomnt 1), ..
and a line 708 representing the occupied heating setpoint
minus the temperature ofiset (i.e., T, ~€). In graph 700,
transition 428 1s caused by the zone temperature increasing
to a temperature greater than or equal to the occupied
heating setpoint minus the temperature oflset (1.e., T _ =
T, ..—<) prior to the beginning of the scheduled occupancy
period 510. For example, in graph 700, line 702 1s shown
crossing line 708 before occupancy period 510 begins.

Referring specifically to FIG. 8, graph 800 illustrates a
transition from warm up state 406 to normal state 408 after
occupancy period 510 begins. In some circumstances, zone
temperature T__ _ (line 702) may not reach the occupied
heating setpoint minus the temperature oflset (line 708) prior
to the beginning of occupancy period 510. However,
because warm up state 406 may be allowed to continue into
occupancy period 510, transition 428 may occur before or
after the beginning of occupancy period 510. In graph 800,
the zone temperature T__ _ reaches the occupied heating
setpoint minus the temperature oflset at a time during
scheduled occupancy period 510. In some embodiments, 11
an occupancy period 1s active (1.e., O=true) and the zone
temperature 1s greater than or equal to the occupied heating
setpoint minus the temperature oftset (1e., T, , 21,  —€),
controller 30 may cause HVAC system 12 to transition from
warm up state 406 to normal state 408.

Referring now to FIG. 9, temperature v. time graph 900 1s

shown, according to an exemplary embodiment. Graph 900
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illustrates transition 432 from warm up state 406 to unoc-
cupied state 402. In some circumstances, zone temperature
T (line 702) may not reach the occupied heating setpoint
minus the temperature ofiset (line 708) at any time before or
during occupancy period 510. If occupancy period 510 ends
(e.g., O=false and O, =true) with HVAC system 12 still in
warm up state 406, controller 30 may cause transition 432 to
occur. The transition from warm up state 406 to unoccupied
state 402 may occur without an intermediate transition nto
normal state 408.

Referring now to FIG. 10, a block diagram illustrating
unoccupied state module 54 in greater detail 1s shown,
according to an exemplary embodiment. Unoccupied state
module 54 may control system operation 1n unoccupied state
402. Unoccupied state module 54 may be activated (e.g.,
triggered, called, run, etc.) 1n response to a transition into
unoccupied state 402 as described with reference to FIG. 4.
Unoccupied state module 54 1s shown to mclude an unoc-
cupied temperature module 64, an unoccupied demand
module 66, a return time estimator module 68, a return time
corrector module 70, a return time comparison module 72,
and a variable update module 74.

Unoccupied temperature module 64 may be configured to
monitor the temperature T__ _ of building zone 40 in unoc-
cupied state 402. Unoccupied temperature module 64 may
use the unoccupied temperature setpoints 1, .., .0 and
T ser.moce 10 control the temperature 1,,,,, of building zone
40. For example, unoccupied temperature module 64 may
determine a control signal u, to provide to control devices 44
to maimntain 1T, between T, __, . ...and T_ . . _ .

In some embodiments, unoccupied temperature module
64 1s configured to determine whether heating or cooling
would be required for building zone 40 1f the occupied
setpoints T, ., and T_,,, were used. For example, 1t the
current zone temperature 1s less than the occupied heating
setpomt (1.e., T, <I, ..,), unoccupied temperature module
64 may determine that heating would be necessary if the
occupied setpoints were used. If the current zone tempera-
ture 1s greater than the occupied cooling temperature (1.e.,
1,71 .., unoccupied temperature module 64 may deter-
mine that cooling would be necessary 1f the occupied
setpoints were used. If the current zone temperature 1s
between the occupied heating setpoint and the occupied
cooling setpomnt (1.e., 1T, .. <T_,,.<T_..,), unoccupied tem-
perature module 64 may determine that neither heating nor
cooling would be necessary if the occupied setpoints were
used.

If unoccupied temperature module 64 determines that
either heating or cooling would be necessary 11 the occupied
temperature setpoints were used, unoccupied temperature
module 64 may trigger one or more of modules 66-74 to
estimate return time t and/or calculate corrected return time
T, 11 unoccupied temperature module 64 determines that
neither heating nor cooling would be necessary, the esti-
mated return time T and/or corrected return time T_, ., may
not be determined. Unoccupied temperature module 64 may
assess temperature conditions again at the beginning of the
next time step.

Still referring to FIG. 10, unoccupied state module 54 1s
shown to include an unoccupied demand module 66. Unoc-
cupied demand module 66 may be configured to determine
a heating or cooling demand for building zone 40 during
unoccupied state 402. In some embodiments, unoccupied
demand module 66 uses the output signal u, from controller
30 to determine the heating demand or the cooling demand
for building zone 40. Advantageously, the output signal u,

may be highly correlated to the actual return time T and can
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be used to significantly improve the estimated return time T
relative to traditional return time estimation techniques. The
output signal u, provides an indication of the recent history
ol the cooling load or the heating load on building zone 40
and can account for mtermittent heating or cooling that 1s
required to maintain T___ between the unoccupied tempera-

ZORE
ture setpoints 1, .., occ @A T /000 The output signal u,

may provide a significantly better estimate of the actual
heating or cooling load than the predictor varniables used by
traditional return time estimation techniques (e.g., outside
air temperature, a difference between T__ and outside air

ZOFRE

temperature, etc.). Additionally, because output signal u, 1s
directly available from controller output data, no additional
temperature sensors to measure the outside air temperature

are required.

In some embodiments, unoccupied demand module 66
may 1dentily and use a portion of output signal u, produced
by controller 30 during unoccupied state 402 to determine
the heating or cooling demand for building zone 40. Unoc-
cupied demand module 66 may filter the controller output
signal u, (e.g., using a signal filter) to determine at least one
of the cooling demand and the heating demand. For
example, the heating or cooling demand may be a function
of output signal u,. In various embodiments, the signal filter
may be at least one of an analog filter, a digital filter, a low
pass filter, a band pass filter, a smoothing filter, a time
window filter, a normalizing filter, and an averaging filter.
The function of output signal u, may be at least one of a last
value of u,, an average of u, a normalized value of u, an
integral of u, and a transformation of u,. Unoccupied
demand module 66 may determine the heating or cooling
demand from control signal u, using any type and/or com-
bination of filters, functions, transformations, or operations
in addition to or in place of the exemplary filters and
functions listed above.

In one embodiment, unoccupied demand module 66
determines the unoccupied heating or cooling demand by
calculating an exponentially weighted moving average
(EWMA) of the controller output signal u. Unoccupied
demand module 66 may calculate the EWMA for at least a
portion of control signal u, output by controller 30 during
unoccupied state 402. In some embodiments, unoccupied
demand module 66 may normalize the control signal u.. For
example, unoccupied demand module 66 may calculate a
normalized control signal by dividing control signal u, by a
controller output u___ that provides maximum cooling or
maximum heating for building zone 40. The EWMA of the
normalized controller output can be calculated using the
following equation:

where u, 1s the controller output at time t, u ___ 1s the
controller output that provides maximum heating or cooling,
u, , is the value of the EWMA at the previous sampling time,
and a 1s a smoothing constant. The value of o can be
selected by a user, retrieved from memory, or automatically
determined by another process or module. In some embodi-
ments, ¢ 1s set to a value of approximately 0.05. The value
for a can be adjusted to give greater or lesser significance to
previous EWMA values.

In some embodiments, the initial value for u, may be reset
to zero each time controller 30 transitions nto unoccupied
state 402. Resetting u, upon each transition into unoccupied
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state 402 may help ensure that the heating or cooling
demand calculated by unoccupied demand module 66 1s an
accurate representation of the actual demand during unoc-
cupied state 402. In some embodiments, u, may not be
updated and may remain at zero for a predetermined time
period (e.g., ten minutes, one hour, two hours, etc.) after
unoccupied state 402 begins. By not updating u, during the
predetermined time period, unoccupied demand module 66
can prevent the calculated heating or cooling demand from
being dependent on the heating or cooling loads during an
occupied time period prior to the beginning of unoccupied
state 402.

In some embodiments, unoccupied demand module 66
uses an arithmetic mean of the controller output signal u, to
determine the heating or cooling demand. The arithmetic
mean may be used for the first 1/a samples after the
predetermined time period, at which time the EWMA may
be used for the remaining samples. The arithmetic mean
gives greater significance to the imitial sample values than
the EWMA. For example, 1n the extreme case where the first
sampled value of the normalized cooling demand equals one
and a=0.05, the anthmetic mean aiter the first sample 1s
equal to one whereas the EWMA 1s 0.03. If the normalized
cooling demand remains equal to one for twenty samples,
the EWMA will equal 0.64, and after sixty samples the
EWMA will equal 0.95. Twenty samples with the normal-
1zed cooling demand equal to one and a sampling time of
s1xty seconds 1s an indication the room has a significant
cooling load. Such a conclusion cannot be supported by a
single sample with the normalized cooling demand equal to
one.

In the example above where the first sample 1s equal to
one, using an arithmetic mean for the mnitial value of the
controller output (i.e., u=1), results in a larger estimated
cooling demand than would occur 1f a cooling load resulted
in the maximum normalized cooling demand for sixty
consecutive samples and u, was calculated using an EWMA
(i.e., u=0.95). Using on-off control during the unoccupied
period could create such a scenario. Advantageously, calcu-
lating the heating or cooling demand using the EWMA
exclusively may produce more accurate results than using
the arithmetic mean to 1nitialize the EWMA calculation.

Still referring to FIG. 10, unoccupied state module 54 1s
shown to include a return time estimator module 68. Return
time estimator module 68 may be conﬁgured to estimate the
return time return time T required to raise or lower T__ _ to
be within the occupied setpoint range (1.e., 1, <1, =<

T_.,). In some embodiments, return time estlmator module
68 uses an empirical model to estimate the return time t. The
empirical model may be any type of model (e.g., a para-
metric model, a regression model, a neural network model,
a state space model, a fuzzy logic model, etc.) and may
include one or more empirical model parameters. The
empirical model parameters may be learned from previous
data (e.g., previous measurements of the actual return time
T, etc.) and the estimated return time T may be a function of
the one or more learned model parameters.

In some embodiments, return time estimator module 68
uses the same empirical model to estimate both the heating
return time 7T, (i.e., the time required to raise to the occupied
heating setpoint T, ) and the cooling return time T (i.e.,
the time required to lower T to the occupied cooling

ZOQRE

setpomt T . ,). In other embodiments, return time estimator
module 68 uses different empirical models to estimate T, and
T
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Return time estimator module 68 may estimate the cool-
ing return time T_. using the equation

L

T _WC l( _Tc,ser) +Wc,,2ﬁc

ZOHe

where v is an indication of the cooling demand for building
zone 40 based on the controller output signal u, during
unoccupied state 402 (e.g., an EWMA of the controller
output signal) and where w_ , and w_ , are empirical param-
cters learned from previous data. The indication of the
cooling demand u_ for building zone 40 may be calculated
by occupied demand module 66 and stored in parameter
module 62. The empirical model parameters w_, and w_,
may be determined by parameter module 62, described in
ogreater detaill with reference to FIG. 13. The estimated
cooling return time T may be a function of the empirical
model parameters w_, and w_,, the difference between the
current temperature of the building zone and the occupied
cooling setpomt (i.e., 1,,,.-T. .., and the cooling demand

Z0ORE

u_. for building zone 40 during unoccupied state 402. Return

time estimator module 68 may store the estimated cooling
return time T in parameter module 62.

Return time estimator module 68 may estimate the heat-
ing return time T, using the equation

M, . 3 —
Tp=Wg 1 (Th,ser_ T, one) +W;, 2Uy

where u, is an indication of the heating demand for building
zone 40 based on the controller output signal u, during
unoccupied state 402 (e.g., an EWMA of the controller
output signal) and where w,, ; and w,, , are empirical param-
cters learned from previous data. The indication of the
heating demand u,, for building zone 40 may be calculated
by occupied demand module 66 and stored in parameter
module 62. The empirical model parameters w,, ; and w;, ,
may be determined by parameter module 62, described in
greater detaill with reference to FIG. 13. The estimated
heating return time T, may be a function of the empirical
model parameters w, , and w,, ,, the cube of the difference
between the occupied heating setpoint and the current tem-
perature of the building zone (i.e., (Thgsef—sze)E;), and the
heating demand u, for building zone 40 during unoccupied
state 402. In some embodiments, the estimated heating
return time T, is a function of the cube of the difference
between the occupied heating setpoint and the current tem-
perature of the building zone (Th,ser_Tzﬂﬂe)S whereas the
estimated cooling return time 7. is a function of the non-
cubed difference between the current temperature of the
building zone and the occupied cooling setpoint (T -
T ;... Return time estimator module 68 may store the
estimated heating return time ’Eh in parameter module 62.
Still referring to FIG. 10, unoccupied state module 54 1s
shown to 1nclude a return time corrector module 70. Return
time corrector module 70 may correct the estimated return
time T to generate a corrected return time T_, ... Return time
corrector module 70 may determine the corrected return
time T, using the estimated return time T and an estimated
deviation o of the return time prediction error €. Prediction
error e may be the absolute value of the difference between
actual return time T and estimated return time T (ie.,
e=It—Tl). For example, return time corrector module 70 may

use the equation

stari PHIIO

T

to calculate the corrected return time T, ,,. The estimated
return time T may be the estimated heating return time < , Of
the estimated cooling return time <. determined by return
time estimator module 68. Return time corrector module 70
may retrieve T, and/or T from parameter module 62 for use
in calculating t

StaFrr



US RE48,574 E

23

Return time corrector module 70 may estimate the devia-
tion o of the return time prediction error e using the

difference between a previously-estimated return time T,
(e.g., an estimated return time for a previous day) and an
actual return time T, (e.g., the actual return time for the
previous day). In unoccupied state 402, the estimated return
time T _may be based on the temperature difference between
the current temperature and the applicable setpoint tempera-
ture. In some embodiments, the deviation o of the return
time prediction error ¢ 1s a standard deviation of an average
prediction error A . For example, 0 may be calculated using
the equation

/2
=7, | Z =125,
iy

where A ,1s an average (e.g., an arithmetic mean, an EWMA,
etc.) of one or more prediction errors €. In other embodi-
ments, 0 may be any other deviation metric of the average
prediction error A, (e.g., a variance, covariance, or other
function or transformation of A, other than the standard
deviation). Average prediction error A may be calculated by
cool down state module 56 and/or warm up state module 58,
described 1n greater detail with reference to FIGS. 11-12.
Return time corrector module 70 may calculate the cor-
rected return time T, by adding a multiple n of the
estimated deviation o to the estimated return time T (i.e.,
T._=t+n0). Advantageously, the value of the multiplier n
can be adjusted (e.g., automatically, by a user, etc.) to
increase or decrease the probability that the zone tempera-
ture will be within the occupied temperature setpoints at the
time of occupancy. Higher values for n increase the prob-
ability of achieving the occupied setpoint temperature, but
may result in a greater energy cost. For example, assuming,
that return time prediction errors are normally distributed, it
1s 50% likely that the occupied setpoint temperature will be
achieved at the time of occupancy with a value of n=0.
However, the likelihood that the occupied setpoint tempera-
ture will be achieved increases to 80% at n=0.842. The
following table shows the probability of achieving the
setpoint temperature at the time of occupancy for various

values of n.

Probability I

50%
80%
95%
99%
99.9%

0.000
0.842
1.645
2.326
3.090

In some embodiments, return time corrector module 70 1s
configured to receirve a user selection between a level of
comiort and a level of energy savings for building zone 40.
The user selection may be received via a user interface (e.g.,
a switch, a dial, a button, a slider, a touch sensitive panel,
etc.) 1 communication with controller 30 and/or received
clectronically via communications interface 32. For
example, the user mterface may include a slider or switch
movable between a “comiort” position and an “‘energy
savings~ position. A user may move the shider or switch
between the two positions to adjust the probability of
achieving the occupied setpoint temperature at the time of
occupancy. The “comifort” position may correspond to
higher values of n and a greater probability of achieving the
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setpoint temperature at the time of occupancy. The “energy
savings’ position may correspond to lower values of n and
a lower probability of achieving the setpoint temperature at
the time of occupancy. In other embodiments, a user may
specily the desired probability (e.g., using a keyboard or
other data entry device) and/or specity the value of n.

Return time corrector module 70 may be configured to
calculate a correction factor based on the user selection. For
example, return time corrector module 70 may determine a
value for n based on the user input (e.g., based on a position
ol a user-operable switch or slider). Return time corrector
module 70 may adjust the estimated return time T by
applying the correction factor to the estimated return time .
For example, return time corrector module 70 may add the
correction factor to the estimated return time as shown
above (e.g., T._=T+no), multiply the estimated return time
by the correction factor, or otherwise adjust the estimated
return time using the correction factor. Return time corrector
module 70 may store the corrected return time T 1n
parameter module 62.

Still referring to FIG. 10, unoccupied state module 54 1s
shown to include a return time comparison module 72.
Return time comparison module 72 may compare the cor-
rected return time T, _,, with the time remaining until the
beginning of the next occupied period T, .. If the corrected
return time 1s greater than or equal to the time remaining
until the next occupied period (1.e., T, =T, ), return time
comparison module 72 may determine that heating or cool-
ing should be started 1in order to raise or lower T__ _ to be
within the occupied setpoint range by the time of occupancy.
If the corrected return time 1s less than the time remaining
until the next occupied period (1.e., T, <1, _..), return time
comparison module 72 may determine that heating or cool-
ing should not be started until a later time.

Still referring to FIG. 10, unoccupied state module 54 1s
shown to include a variable update module 74. Vanable
update module 74 may be configured to update the current
state parameter values in parameter module 62. For
example, variable update module 74 may set unoccupied
state status U to false 1in response to a determination (e.g., by
return time comparison module 72) that heating or cooling
should be started. Vanable update module 74 may set either
cool down state status C or warm up state status W to true,
based on whether cooling or heating 1s required. In other
embodiments, state transition module 52 determines
whether the corrected return time 1s greater than or equal to
the time remaimming until the next occupied period (.e.,
T.,...=21, . ..) based on the values of T and T, . stored in
parameter module 62 and updates the current state parameter
values at the beginning of the next time step.

In some embodiments, variable update module 74 may
store one or more variables used to update the empirical
model parameters w,, |, W, ,, w_, and w_,. Variable update
module 74 may store the one or more varnables used to
update the model parameters if the conditions for transition-
ing to cool down state 404 or warm up state 406 are satisfied.
For example, if return time comparison module 72 deter-
mines thatt_, =T, _ . variable update module 74 may store
the current zone temperature T____ (1.€., the zone temperature
at the beginning of erther cool down state 404 or warm up
state 406), an indication of the heating demand u, during
unoccupied state 402, and/or an indication of the cooling
demand u_ during unoccupied state 402. In some embodi-
ments, variable update module 74 updates the variables used
to update w,, ; and w,, , upon a transition into warm up state
406 and updates the variables used to update w_, and w_,

upon a transition mto cool down state 404. Variable update
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module 74 may store the varniables used to update the
empirical model parameters 1n parameter module 62.

Referring now to FIG. 11, a block diagram illustrating
cool down state module 56 in greater detail 1s shown,
according to an exemplary embodiment. Cool down state
module 56 may control system operation 1n cool down state
404. Cool down state module 56 may be activated (e.g.,
triggered, called, run, etc.) 1n response to a transition 1nto
cool down state 404 as described with reference to FIG. 4.
Cool down state module 56 may operate HVAC system 12
to lower the zone temperature T___ to the occupied cooling,
setpomt T_ .. Cool down state module 36 1s shown to
include a cooling threshold module 76, an occupancy period
comparison module 78, a cooling prediction error calculator
80, a cooling prediction error averager 82, and a variable
update module 84.

Cooling threshold module 76 may monitor the zone
temperature T__ . during cool down state 404. In some
embodiments, cooling threshold module 76 determines
whether the zone temperature T__ _ 1s less than or equal to

ZOFRE

the occupied cooling setpomt T, , plus the temperature
offset € (1.e., T,,,.<T_ . +E). Cooling threshold module 76

may output and/or store an indication that transition condi-
tion 424 1s satisfied 1n response to a determination that the
zone temperature T___ _ 1s less than or equal to the occupied
cooling setpoint T ., plus the temperature ofiset €.

While operating 1n cool down state 404, occupancy period
comparison module 78 may determine whether the next
scheduled occupancy period has begun. Occupancy period
comparison module 78 may output and/or store an indication
that transition condition 426 1s satisfied 1n response to a
determination that the scheduled occupancy period has
begun. As described with reference to FIG. 4, satisiying
cither of transition conditions 424 or 426 may cause a
transition from cool down state 404 to normal state 408.

Still referring to FIG. 11, cool down state module 56 is
shown to include a cooling prediction error calculator 80.
Cooling prediction error calculator 80 may be configured to
determine an amount of time spent 1 cool down state 404.
The amount of time spent 1n cool down state 404 may be
determined prior to transitioning into normal state 408. In
some embodiments, the amount of time spent 1n cool down
state 404 may be defined by a cool down state start time and
a cool down state end time. The cool down state start time
may correspond to the time at which cool down state module
56 begins cooling building zone 40 1n an attempt to lower
the zone temperature T__ _ to the occupied cooling setpoint
T ;e The cool down state end time may correspond to the
time at which either of transition conditions 424 or 426 are
satisiied. In some embodiments, the amount of time spent 1n
cool down state 404 defines the actual cooling return time <.

Cooling prediction error calculator 80 may determine the
cooling prediction error e_. by calculating the difference
between the model estimated cooling return time t_ and the
actual cooling return time T_ (e.g., e =T —7_l). The model
estimated cooling return time T. may be determined by
unoccupied state module 54 as previously described with
reference to FIG. 10. In some embodiments, the model
estimated cooling return time used by cooling prediction
error calculator 80 1s calculated differently than the esti-
mated return time determined by unoccupied state module
54. For example, 1n unoccupied state 402, the estimated
return time may be based on the temperature difference
between the current temperature and the applicable setpoint
temperature. The estimated cooling return time used by
cooling prediction error calculator 80 may be based on the

temperature diflerence between the zone temperature at the
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beginning of cool down state 404 and the zone temperature
at the end of cool down state 404.

Still referring to FIG. 11, cool down state module 56 1s
shown to include a cooling prediction error averager 82.
Cooling prediction error averager 82 may calculate an
average cooling prediction error A_, using a history of
cooling return time prediction errors (e.g., for previous days
d). In some embodiments, cooling prediction error averager
82 determines the average cooling prediction error A_ ; by
calculating the EWMA of one or more cooling prediction
errors €_.. For example, cooling prediction error averager 82
may calculate the average prediction error A_, using the
equation

Ac,cf:&c,d'—l -H:I( |Tc,d_Tc,d'| _ﬂc,d— 1)

where A_,, is the previous value of the EWMA from a
previous day or time step, %C!d 1s an estimate of the return
time for a day d (without correction), T_ ;1s the actual return
time for the day d, and o 1s the exponential smoothing
constant (e.g., 0=0.05, 0=0.2, etc.). The estimated return
time ’Ec,d may be based on the actual temperatures at the
beginning and end of cool down state 404.

In some embodiments, cooling prediction error averager
82 does not calculate the average cooling prediction error
A_ ; for the first several return time predictions within an
implementation threshold. For example, cooling prediction
error averager 82 may not calculate A_ , for the first five, ten,
or other threshold number of days and/or return time pre-
dictions upon first implementation (e.g., the first five days of
cooling, etc.). Not calculating A_ , for the threshold number
of days/predictions 1n the cooling mode may prevent the
EWMA calculation from being biased with large return time
prediction errors caused by inaccurate model parameters.
After the threshold number of days/predictions has passed,
the learned model parameters may be significantly more
accurate and A_, can be calculated without biasing the
average.

In some embodiments, cooling prediction error averager
82 determines the average prediction error A_, using an
arithmetic mean of return time prediction errors €. The
arithmetic mean may be calculated using the equation

ﬂﬂ,d — ﬂt:,-::!—l + E(l?ﬂ,d - Tﬂ,dl _ﬂc,d—l)

where k 1s the total number of days/predictions for which
A_, has been calculated. In some embodiments, cooling
prediction error averager 82 calculates A_ ; using the arith-
metic mean for only the first

l/a

days and/or predictions after the threshold number of days/
predictions for which A_ ; is not calculated. For example, at
the beginning of a cooling season (e.g., a one-time event or
whenever the memory of cooling prediction averager 82 1s
cleared), cooling prediction error averager 82 may not
calculate A_ , for the first five days. Then, after the five day
non-calculation period has passed, cooling prediction error
averager 82 may calculate A_, using the arithmetic mean
method for the next twenty days (e.g., if a=0.03). Then, after
the twenty day arithmetic mean period has passed, cooling
prediction error averager 82 may calculate A_, using the
EWMA method. As described above, return time corrector
module 70 may use A_, to estimate the deviation o for the
next cooling return time estimation.
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Still referring to FIG. 11, cool down state module 56 1s
shown to include a variable update module 84. Variable
update module 84 may update the current state parameter
values 1n parameter module 62 (e.g., by setting cool down
state status C to false and setting normal state status N to
true) when the conditions for transitioning into normal state
408 are satisfied. In other embodiments, state transition
module 52 determines whether the transition conditions are
satisfied and updates the current state parameter values at the
beginning of the next time step.

Referring now to FIG. 12, a block diagram illustrating
warm up state module 58 1n greater detail 1s shown, accord-
ing to an exemplary embodiment. Warm up state module 58
may control system operation 1n warm up state 406. Warm
up state module 58 may be activated (e.g., triggered, called,
run, etc.) 1in response to a transition into warm up state 406
as described with reference to FIG. 4. Warm up state module
58 may operate HVAC system 12 to raise the zone tempera-
ture T,,,,, to the occupied heating setpoint 1), .,. Warm up
state module 38 1s shown to include a heating threshold
module 86, an occupancy period comparison module 88, a
heating prediction error calculator 90, a heating prediction
error averager 92, and a variable update module 94.

Heating threshold module 86 may monitor the zone
temperature T__ , during warm up state 406. In some
embodiments, heating threshold module 86 determines
whether the zone temperature T__ _ 1s greater than or equal
to the occupied heating setpoint 1, _, minus the temperature
offset € (1.e., T,,,.21, ;.,~&). Heating threshold module 86
may output and/or store an 1ndication that transition condi-
tion 430 1s satisfied 1n response to a determination that the
zone temperature T__ _ 1s greater than or equal to the
occupied heating setpoint T, ., minus the temperature offset
<. As described with reference to FIG. 4, satisfying transi-
tion condition 430 may cause a transition from warm up
state 406 to normal state 408.

While operating 1n warm up state 406, occupancy period
comparison module 88 may determine whether the next
scheduled occupancy period has begun and/or ended. Occu-
pancy period comparison module 88 may output and/or store
an indication that transition condition 434 1s satisfied 1n
response to a determination that the scheduled occupancy
pertod has both begun and ended. Satistying transition
condition 434 may cause a transition from warm up state 406
to unoccupied state 402.

Still referring to FIG. 12, warm up state module 38 1s
shown to include a heating prediction error calculator 90.
Heating prediction error calculator 90 may be configured to
determine an amount of time spent 1n warm up state 406.
The amount of time spent 1n warm up state 406 may be
determined prior to transitioning into normal state 408
and/or unoccupied state 402. In some embodiments, the
amount of time spent 1n warm up state 406 may be defined
by a warm up state start time and a warm up state end time.
The warm up state start time may correspond to the time at
which warm up state module 58 begins heating building
zone 40 1n an attempt to raise the zone temperature T__, _ to
the occupied heating setpoint 1), .. The warm up state end
time may correspond to the time at which either of transition
conditions 430 or 434 are satisfied. In some embodiments,
the amount of time spent 1n warm up state 406 defines the
actual heating return time <.

Heating prediction error calculator 90 may determine the
heating prediction error e, by calculating the difference
between the model estimated heating return time T, and the
actual heating return time T, (e.g., e,=IT,—T,|). The model
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10

15

20

25

30

35

40

45

50

55

60

65

28

unoccupied state module 54 as previously described with
reference to FIG. 10. In some embodiments, the model
estimated heating return time used by heating prediction
error calculator 90 1s calculated differently than the esti-
mated return time determined by unoccupied state module
54. For example, 1n unoccupied state 402, the estimated
return time may be based on the temperature difference
between the current temperature and the applicable setpoint
temperature. The estimated heating return time used by
heating prediction error calculator 90 may be based on the
temperature diflerence between the zone temperature at the
end of warm up state 406 and the zone temperature at the
beginning of warm up state 406.

Still referring to FIG. 12, warm up state module 58 1s
shown to include a heating prediction error averager 92.
Heating prediction error averager 92 may calculate an
average heating prediction error A, , using a history of
heating return time prediction errors (e.g., for previous days
d). In some embodiments, heating prediction error averager
92 determines the average heating prediction error A, ; by
calculating the EWMA of one or more heating prediction
errors €,. For example, heating prediction error averager 92
may calculate the average heating prediction error A, , using
the equation

A Ny a +a(lt, T Thal=Ay, ,cf—l)

where A, ,, 1s the previous value of the EWMA from a
previous day or time step, %h:d 1s an estimate of the return
time for a day d (without correction), T, , 1s the actual return
time for the day d, and o 1s the exponential smoothing
constant (e.g., a=0.05, a=0.2, etc.). The estimated return
time ’Eh: ~may be based on the actual temperatures at the end
and beginning of warm up state 406.

In some embodiments, heating prediction error averager
92 does not calculate the average heating prediction error
A,, ; for the first several return time predictions within an
implementation threshold. For example, heating prediction
error averager 92 may not calculate A, ; for the first five, ten,
or other threshold number of days and/or return time pre-
dictions upon first implementation (e.g., the first five days of
heating, etc.). In some embodiments, heating prediction
error averager 92 determines the average prediction error
A, ; using an arithmetic mean of return time prediction
errors €. The arithmetic mean may be calculated using the
equation

Apag =Dpg1 + E(H'h,d — Thd|l —Bpa—1)

where k 1s the total number of days/predictions for which
A, ; has been calculated. In some embodiments, heating
prediction error averager 92 calculates A;, ; using the arith-
metic mean for only the first

l/a

days and/or predictions after the threshold number of days/
predictions for which A, ; is not calculated. For example, at
the beginning of a heating season (e.g., a one-time event or
whenever the memory of heating prediction averager 92 1s
cleared), heating prediction error averager 92 may not
calculate A, , for the first five days. Then, after the five day
non-calculation period has passed, heating prediction error
averager 92 may calculate A, ; using the arithmetic mean
method for the next twenty days (e.g., if a=0.03). Then, after
the twenty day arithmetic mean period has passed, heating
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prediction error averager 92 may calculate A, ; using the
EWMA method. As described above, return time corrector
module 70 may use ﬁhﬂ  to estimate the deviation o for the
next heating return time estimation.

Still referring to FIG. 12, warm up state module 58 1s
shown to include a vanable update module 94. Variable
update module 94 may update the current state parameter
values 1n parameter module 62 by setting warm up state
status W to false and setting normal state status N to true

when the condition for transitioming 1nto normal state 408 1s
satisfied (1.e., condition 430). Variable update module 94
may set warm up state status W to false and set unoccupied
state status U to true when the condition for transitioning
into unoccupied state 402 1s satisfied (i.e., condition 434). In
other embodiments, state transition module 52 determines
whether the transition conditions are satisfied and updates
the current state parameter values at the beginning of the
next time step.

Referring now to FIG. 13, a block diagram illustrating,
parameter module 62 1n greater detail 1s shown, according to
an exemplary embodiment. Parameter module 62 1s shown
to include a parameter storage module 95, a model param-
cter 1mtialization module 96, a model parameter update
module 97, and a model parameter constraints module 98.

Parameter storage module 95 may be configured to store
the various parameters and parameter values used by con-
troller 30 to estimate the return time T and the corrected
estimate of the return time T, . For example, parameter
storage module 95 may be configured to store values for
variable mputs such as the occupied temperature setpoints
T, . and T and the unoccupied temperature setpoints
T sersmocc@and T . . Parameter storage module 95 may
store values for a current occupancy status O (e.g., true or
false, based on a stored occupancy schedule), and/or a time
to the next occupied period T, __.. The variable inputs may be
specified by a user (e.g., heating and cooling setpoints),
received from another system or process (€.g., a supervisory
controller, another module of controller 30, etc.), or auto-
matically calculated and stored by various modules of
controller 30 (e.g., by state transition module 52, unoccupied
state module 34, cool down state module 56, warm up state
module 58, etc.).

Parameter storage module 95 may store one or more
persistent variables that are calculated and/or set by various
modules of controller 30. Persistent variables may include,
for example, a previous occupancy status O, (e.g., true or
false, based on an occupancy schedule) and one or more
variables indicating the current operating state (e.g., unoc-
cupied state status U, the cool down state status C, the warm
up state status W, and the normal state status N). Unoccupied
state module 54 may determine a corrected estimate of the
time T, ., required to cool down or warm up building zone

STRFE

40. In various embodiments, the corrected estimate <T_, .
may be stored in parameter storage module 95 or used
without storing t_, .. along with the persistent variables.

Still referring to FIG. 13, parameter module 62 1s shown
to include a model parameter initialization module 96.
Model parameter initialization module 96 may be configured
to 1nitialize values for the one or more learned model
parameters w_,, W_,, W, , and w,, , (€.g., to provide default
parameters for the empirical model). In some embodiments,
model parameter initialization module 96 1nitializes at least
one of the model parameters to a non-zero value.

Model parameter imitialization module 96 may imtialize
w..; by assuming that the cooling return time T, 1S approxi-

mately sixty minutes when the zone temperature T 1S
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equal to the unoccupied cooling setpoint T ., .00 AsSum-
ing that w_,=0, the initial value of w_, can be calculated

using the equation

T, 60 min
_ Tc,ser

=
Y
[—

I

Il

T(I,SE'I,HHDC:C

Model parameter mitialization module 96 may 1mtialize

W., by assuming that the cooling return time T, 1S approxi-
mately six hours (1.e., 360 minutes) 1f the normalized
controller output signal u_ is equal to its maximum value of
one when cool down state 404 begins. Assuming that
w_ =0, the 1nitial value of w_, can be calculated using the
equation

Model parameter mitialization module 96 may 1mtialize
the parameters used to predict the heating return time T, 1n
the same manner as the parameters for cooling. For example,
model parameter initialization module 96 may nitialize w, ,
by assuming that the heating return time T, 1s approximately
four hours (1.e., 240 minutes) when the zone temperature
I,,,. 1s equal to the unoccupied heating setpoint T, __, ...

Assuming that w, ,=0, the initial value of w;,; can be
calculated using the equation

T} 240 min

(Th,.S‘EI — Tzﬂﬂf)3 (Th,.S‘EI‘ - Th,.SEI,HHDE:ﬂ)3

Wh

Model parameter mitialization module 96 may 1nitialize
W, » by assuming that the heating return time <, 1s approxi-
mately one day (1.e., 1440 minutes) if the normalized
controller output signal u, is equal to its maximum value of
one when warm up state 406 begins. Assuming that w,, =0,
the 1mitial value of w,, , can be calculated using the equation

Ty 1440 _
Wy = — = — = 1440 min
(8N l

Still referring to FIG. 13, parameter module 62 1s shown
to mclude a model parameter update module 97. Model
parameter update module 97 may be configured to update
the learned model parameters w_ ,, w_ ,, w;, ;, and w,, , based
on previous data.

Model parameter update module 97 may retrieve one or
more data values from parameter storage module 93 for use
in updating the learned model parameters. For example,
model parameter update module 97 may retrieve the previ-
ous values of the learned model parameters w_ , ,,, W_5 /1,
W, 141, and w;, 5 ., where the “d-1" subscript denotes a
model parameter value from a previous time step (e.g., the
previous day). Model parameter update module 97 may
retrieve one or more ol temperature values T and

zone,l .c

1,001, corresponding to the zone temperature at the begin-

ning of the most recent cool down state 404 and the most
recent warm up state 406, respectively. Model parameter
update module 97 may retrieve one or more of temperature
values T,,,.-.and T, ,;, corresponding to the zone tem-

perature at the end of the most recent cool down state 404

.10
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and the most recent warm up state 406, respectively. Model
parameter update module 97 may retrieve one or more of u_
and u, indicating the cooling demand and heating demand,
respectively, of building zone 40 during the most recent
unoccupied state 402. Model parameter update module 97
may retrieve the most recent measurement of the actual
return time T (e.g., stored by cool down module 56 and/or
warm up module 58). In some embodiments, model param-
cter update module 97 also retrieves a regressor matrix P,
described 1n greater detail below.

In some embodiments, model parameter update module
97 updates the model parameters in response to zone tem-
perature 'T__ _ being less than the heating setpoint minus the
temperature offset (1.e., T_,, <1, . —C) at the beginning of
warm up state 406 or greater than the cooling setpoint plus
the temperature oftset (1.e., T__, _>T _ __ +€) at the beginning
of cool down state 404.

In some embodiments, model parameter update module
97 uses a regression algorithm (e.g., a partial least squares
regression, ridge regression, principal component regres-
sion, weighted least squares regression, ordinary least
squares regression, least mean linear regression, exponen-
tially weighted regularized least squares regression, etc.) to
update the learned model parameters based on the data
values retrieved from parameter storage module 95. For
example, an exponentially weighted regularized Ileast
squares (EWRLS) regression process can be carried out
using the following equations:

c.sel

1
L I T R )

g=A""Pyqu’y
C =T —UW4_1

W =Wy-1 + 8,

A
B og
py=A1Py - 55
d y

where T 15 the most recent measurement of the actual return
time, A 1s a forgetting factor (e.g., A=1, A=0.98, etc.), ui1s a
vector of current inputs, w , , 1s a vector of previous param-
cter weights, and P, 1s a matrix that summarizes previous
regressor information. The values for w_, and P, are
determined during a previous iteration of the regression
process (e.g., the previous day). The vector u 1s given by

u=[u; u,]

the vector of previous parameter weights w__, 1s given by

and the matrix P, 1s given by

Pi1g-1 Piog-i }

Py = [
Po2 g1

Py 41

Using the equations above, the prediction error € can be
determined using the equation

5:'3—(111“"'1,&-1"‘112“"'2?&-1)
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and the expressions for determining the updated parameter
weights w , and the regressor matrix P, can be expanded to
yield

(P12.qu2 +Pr1g-1up)e

Wid =Wig-1+
Py g 103 +2P1a g jujuy + Py g quf +A

(Poog—1u2 + P1o g uy)e

3 >
Prg105 +2P1p g 1upup + Py gjuf +4

Wog =Wopgq | +

> >
(Prig-1Prg1 —Pipg 1 us + Py g A

Pi1q = 5 p
AP 105 +2P 2 g uyup + Py gojuy +A4)
p (Proy 1 —Piia-—1Paza1)uiuy +Pppg (A
12.d = 5 >
A(P22g-_105 +2P12g-1ujus + Prpg-1uf +A)
Pr1a =Pirg
p p _P? 24P A
(Pri,a-1Pnd1—Plog vy +Pag
Py =

2 2
A(P22g_105 +2P12g-1ujun + Prpg-1uf +A)

At startup, matrix P can be mitialized (e.g., by model
parameter mnitialization module 96) as

(1x10° 0
0 1x10°

The equations presented above are general and applicable
for updating the parameter weights for both cooling and
heating. However, vector u may vary based on whether the
regression procedure 1s used to calculate cooling model
parameters w_,, w_, or heating model parameters w,, |,
w,, ». For the cooling model, the input vector u 1s given by

u =0 u ]

L L

where 0_ 1s the zone temperature at the beginning of cool
down state 404 minus the zone temperature at the end of
cool down state 404 (ie., 0=T1_,,. .~ T.0..0.) and u,
indicates the cooling demand of building zone 40 during the
most recent unoccupied state 402.

For the heating model, the mnput vector u 1s given by
1w, =[0;, ]

where 0, 1s the zone temperature at the end of warm up state

406 minus the zone temperature at the beginning of warm up
state 406 (i.e., 0,=1,,,..»,-T,.,..1,) and u, indicates the
heating demand of building zone 40 during the most recent
unoccupied state 402. Model parameter update module 97
may store and/or output updated values for the learned
model parameters w_ ,, w_,, W;, ;, and w,, , for use (e.g., by
return time estimator module 68) in estimating the return
time T.

Still referring to FIG. 13, parameter module 62 1s shown
to include a model parameter constraints module 98. Model
parameter constraints module 98 may be configured to
determine whether an updated parameter value has a value
that violates a constraint condition. The constraint condition
may be based on physical realities of the empirical model.
For example, in the model %CZW,:, 1(Tooe=T o se)¥W, U,
both terms are expected to be greater than zero. For the first
term w_,(1,,,.-1...), a greater temperature ditterential
(1, ne—T1 . se) 18 €Xpected to result in a greater return time T.
Thus, the value of model parameter w_ ; 1s expected to be
non-negative. For the second term w_ ,u,_, a greater value for
the zone cooling demand u,. is expected to result in a greater

return time T_. Thus, the value of model parameter w_, 1s
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also expected to be non-negative. The same arguments can
be made to explain why the parameters w,, , and w,, , are
expected to be greater than or equal to zero 1n the example
described above.

In some embodiments, parameter constraints module 98
imposes maximum value constraints on one or more of the
learned model parameters. For example, parameter con-
straints module 98 may impose a maximum value of
approximately twelve hours (1.e., 720 minutes) for the
parameter w_, and a maximum value of two days (1.e., 2830
minutes) for the parameter wy, ,.

If an updated parameter value violates a constraint con-
dition, model parameter constraints module 98 may be
configured to replace the parameter value with a value that
satisfies the constraint condition. For example, i any of
model parameters w_ , w_,, W, , and w,, , have a negative
value, model parameter constraints module 98 may replace
the value with a zero value or a positive value. Model
parameter constraints module 98 may constrain the model
parameters to within expected and/or permissible values
alter each update of the parameters by model parameter
update module 97.

In various embodiments, controller 30 provides several
advantages over existing setback controllers. First, control-
ler 30 may predict the return time using only the zone
temperature T__ _ (e.g., measured by a temperature sensor
within the zone) and an mdication of the cooling or heating,
demand (e.g., an EWMA of the controller output signal u,).
Controller 30 does not rely on a measurement of the outside
air temperature and an outside air temperature sensor 1s not
needed to predict the return time. The EWMA of the cooling
or heating demand provides an indication of the recent
history of the cooling or heating load on the zone and can
account for intermittent heating or cooling that 1s required to
keep the room temperature within the bounds of the unoc-
cupied setpoints.

Second, controller 30 i1s configured to apply a correction
term based on an estimate of the deviation of the prediction
error. The correction term can include a multiplier for the
deviation of the prediction error, with larger values of the
multiplier yielding higher probabilities that comifort 1s sat-
1sfied at occupancy. The multiplier can be adjusted (e.g., by
a user) to switch between energy etliciency (at relatively
lower multiplier values) and comfort (at relatively higher
multiplier values).

Another distinguishing feature of controller 30 is the
difference between cool down state 404 and warm up state
406. Cool down state 404 may end at the beginning of an
occupied period because the loads during the occupied
period would tend to lengthen the return time and potentially
result 1n unrealistically large parameter weights. The large
parameter weights could potentially lead to an over-predic-
tion of the return time and subsequent energy waste. How-
ever, warm up state 406 may extend 1nto an occupied period
because the loads during the occupied period will tend to
reduce the return time. Such a reduction 1n the return time
could contribute to under-predicting the return times for
heating. However, the correction term can help mitigate this
ellect.

In both the cool down state 404 and the warm up state
406, an oflset from the occupied temperature setpoints may
be used to raise the temperature at which cool down state
404 ends by a small amount and to lower the temperature at
which warm up state ends by a small amount. The oflset may
improve the performance of zones with sluggish control
(e.g., an overdamped system). Without the offset, the recov-
ery time may include a period of time (perhaps significant 1in
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length) during which the zone temperature 1s nearly equal to
the setpoint, but 1s approaching the setpoint very slowly.
Advantageously, the oflset may slightly increase the tem-
perature at which controller 30 determines that cool down 1s
complete and slightly decrease the temperature at which
controller 30 determines that warm up 1s complete, thereby
reducing or eliminating the eflects of a slow asymptotic
change 1n zone temperature near the occupied setpoints.

Referring now to FIG. 14, a tlow chart of a process 1400
for estimating a time to cool down or warm up a building
zone from a temperature setback condition 1s shown, accord-
ing to an exemplary embodiment. Process 1400 may be
performed by controller 30 and the various modules thereof,
as described with reference to FIGS. 3-13.

Process 1400 1s shown to include determining at least one
of a cooling demand and a heating demand for a building
zone for a time period corresponding to a temperature
setback condition (step 1402). In some embodiments, step
1402 i1s performed by unoccupied demand module 66 of
controller 30. Step 1402 may include using an output signal
u, from a controller for the building zone (e.g., controller 30)
to determine the heating demand or the cooling demand for
the building zone. The output signal u, may be highly
correlated to the actual return time T and can be used to
significantly improve the estimated return time T relative to
traditional return time estimation techniques. The output
signal u, may provide an indication of the recent history of
the cooling load or the heating load on the building zone and
can account for intermittent heating or cooling that 1is
required to maintain the zone temperature T__  between the
unoccupied temperature setpomnts T, ., ,..occ and T, (/000
Advantageously, the output signal u, may provide a signifi-
cantly better estimate of the actual heating or cooling load on
the building zone than the predictor variables used by
traditional return time estimation techniques (e.g., outside
air temperature, a diflerence between T __ _ and outside air
temperature, etc.). Additionally, because output signal u, 1s
directly available from controller output data, no additional
temperature sensors to measure the outside air temperature
are required.

In some embodiments, step 1402 includes 1identifying and
using a portion of output signal u, produced by the zone
controller during an unoccupied state (e.g., unoccupied state
402) to determine the heating or cooling demand for the
building zone. Step 1402 may include filtering the controller
output signal u, (e.g., using a signal filter) to determine at
least one of the cooling demand and the heating demand. For
example, the heating or cooling demand may be a function
of output signal u,. In various embodiments, the signal filter
may be at least one of an analog filter, a digital filter, a low
pass lilter, a band pass filter, a smoothing filter, a time
window f{ilter, a normalizing filter, and an averaging filter.
The function of output signal u, may be at least one of a last
value of u, an average of u, a normalized value of u, an
integral of u, and a transformation u,. Step 1402 may
include determining the heating or cooling demand from
control signal u, using any type and/or combination of filters,
functions, transformations, or operations 1n addition to or 1n
place of the exemplary filters and functions listed above.

In one embodiment, step 1402 includes determining the
unoccupied heating or cooling demand by calculating an
exponentially weighted moving average (EWMA) of the
controller output signal u.. Step 1402 may include calculat-
ing the EWMA for at least a portion of control signal u,
during the unoccupied state. In some embodiments, step
1402 1includes normalizing the control signal u,. For

example, step 1402 may include calculating a normalized
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control signal by dividing control signal u, by a controller
output u___ that provides maximum cooling or maximum
heating for the building zone. The EWMA of the normalized
controller output can be calculated using the following
equation:

8}
Uy = Uy +ﬂ?’(u r _ﬁr—l)
where u, i1s the controller output at time t, u_,_. 1s the

controller output that provides maximum heating or cooling,
u,_, is the value of the EWMA at the previous sampling time,
and o 1s a smoothing constant. The value of o can be
selected by a user, retrieved from memory, or automatically
determined by another process or module. In some embodi-
ments, o 1s set to a value of approximately 0.05. The value
for o. can be adjusted to give greater or lesser significance to
previous EWMA values.

In some embodiments, the initial value for u, may be reset
to zero each time the controller transitions into the unoccu-
pied state. Resetting u, upon each transition into the unoc-
cupied state may help ensure that the heating or cooling
demand calculated 1n step 1402 1s an accurate representation
of the actual demand during the unoccupied state. In some
embodiments, step 1402 includes waiting to update u, for a
predetermined time period (e.g., ten minutes, one hour, two
hours, etc.) after the unoccupied state begins. The average
demand may not be updated and may remain at zero during
the predetermined time period. By not updating u, during the
predetermined time period in step 1402, the controller can
prevent the calculated heating or cooling demand from being
dependent on the heating or cooling loads during an occu-
pied time period prior to the beginming of the unoccupied
state.

Still referring to FIG. 14, process 1400 1s shown to
include estimating a return time using at least one of the
cooling demand and the heating demand (step 1404). The
estimated return time may be the time to cool down or warm
up the building zone from the temperature setback condi-
tion. In some embodiments, step 1404 1s performed by
return time estimator module 68 of controller 30.

In some embodiments, step 1402 includes using an
empirical model to estimate the return time . The empirical
model may be any type of model (e.g., a parametric model,
a regression model, a neural network model, a state space
model, a fuzzy logic model, etc.) and may include one or
more empirical model parameters. The empirical model
parameters may be learned from previous data (e.g., previ-
ous measurements of the actual return time T, etc.) and the
estimated return time T may be a function of the one or more
learned model parameters.

In some embodiments, step 1404 1includes using the same
empirical model to estimate both the heating return time 7,
(1.e., the time required to raise T__ _ to the occupied heating
setpomnt 1, ..,) and the cooling return time T (i.e., the time
required to lower T__,  to the occupied cooling setpoint
T ;... In other embodiments, different empirical models
may be used to estimate T, and T..

In some embodiments, step 1404 includes estimating the

cooling return time t_ using the equation

TC:WC,I(T

Zone

- Tr:,s E‘f) TW .:':,,211

L

where u_ is an indication of the cooling demand for the
building zone based on the controller output signal u, during,
the unoccupied state (e.g., an EWMA of the controller
output signal) and where w_, and w_ , are empirical param-
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cters learned from previous data. The indication of the
cooling demand u_ for the building zone may be calculated
in step 1402. The empirical model parameters w_, and w_ ,
may be determined by parameter module 62, as described
with reference to FIG. 13. The estimated cooling return time
7. may be a function of the empirical model parameters W,
and w_ ,, the difference between the current temperature of
the building zone and the occupied cooling setpoint (1.e.,
T, .,..—T.s.0)> and the cooling demand u, for the building
zone during the unoccupied state.

In some embodiments, step 1404 includes estimating the

heating return time T, using the equation
- . -
T~ Wi 1T ser Tone) "+ Wi 2l

where u, is an indication of the heating demand for the
building zone based on the controller output signal u, during
the unoccupied state (e.g., an EWMA of the controller
output signal) and where w,, ; and w,, , are empirical param-
cters learned from previous data. The indication of the
heating demand u, for the building zone may be calculated
in step 1402. The empirical model parameters w,, ; and w, ,
may be determined by parameter module 62, as described
with reference to FIG. 13. The estimated heating return time
T, may be a function of the empirical model parameters Wy, |
and w,, ,, the cube of the difference between the occupied
heating setpoint and the current temperature of the building
zone (1.e., (Tj,%_wj,l,ﬁ—TE.,,:M,,‘_!.E,)3 ), and the heating demand u, for the
building zone during the unoccupied state. In some embodi-
ments, the estimated heating return time T, is a function of
the cube of difference between the occupied heating setpoint
and the current temperature of the building zone (1, ;.-
T )* whereas the estimated cooling return time <. is a
function of the non-cubed difference between the current
temperature of the building zone and the occupied cooling
setpomt (1., .-T1_,.,). In some embodiments, step 1402
includes storing the estimated return time (e.g., in a data
storage device) and/or outputting the estimated return time
(e.g., via a data commumnications interface, to a user via a
user interface device such as an electronic display, etc.).

Retferring now to FIG. 15, a flowchart of a process 1500
for controlling a HVAC system 1n an unoccupied state is
shown, according to an exemplary embodiment. Process
1500 may be performed by controller 30 and the various
modules thereof, as described with reference to FIGS. 3-13.
In some embodiments, process 1500 1s performed by unoc-
cupied state module 54 to control HVAC system 12 1n
unoccupied state 402.

Process 1500 1s shown to include starting the unoccupied
state (step 1502). Step 1502 may correspond to a transition
into the unoccupied state and may be performed in response
to satisiying one or more conditions for transitioning into the
unoccupied state. For example, step 1502 may be performed
in response to a determination (e.g., by controller 30) that an
occupied period has ended based on a current occupancy
schedule.

Still referring to FIG. 15, process 1500 1s shown to
include determining whether a scheduled occupancy period
has begun (step 1504). Step 1504 may be performed 1n the
unoccupied state to determine whether to transition into the
normal state. IT a scheduled occupancy period has begun,
process 1500 may include setting the normal state to active
and setting the unoccupied state to mactive (step 1506). Step
1506 may include updating the unoccupied state status
variable U (e.g., setting U=false) and the normal state status
variable N (e.g., setting N=true) in parameter module 62.
Upon setting the normal state to active and setting the
unoccupied state to inactive, process 1500 may end (step
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1508). At the beginning of the next time step, state transition
module 52 may read the updated state status variables and
transition the system into the normal operating state.

Still referring to FIG. 15, process 1500 1s shown to
include determining whether the zone temperature T__, _ 1s
greater than the occupied cooling setpomt T_ ., (step 1510)
and determining whether the zone temperature T__  1s less
than the occupied heating setpoint T, . (step 1512). Steps
1510 and 1512 may be performed in response to a determi-
nation in step 1504 that the scheduled occupancy period has
not yet begun. In some embodiments, steps 1510 and 1512
are performed sequentially (e.g., step 1510 and then step
1512, step 1512 and then step 1510, etc.). In other embodi-
ments, steps 1510 and 1512 may be performed concurrently
and/or 1n any order relative to each other.

It the zone temperature T__ _ 1s nerther greater than the
occupied cooling setpoint T_ _, nor less than the occupied
heating setpoint T, ., process 1500 may imclude determin-
ing that the zone temperature 1s between the occupied
heating and cooling setpoimnts (1.e., 1, .. <T,,,.<T_ ) (step
1514). If the zone temperature i1s between the occupied
heating and cooling setpoints, 1t may be unnecessary to heat
or cool the building zone to raise or lower the zone tem-
perature T__, _ to be within the occupied setpoint temperature
range. Accordingly, 1f the zone temperature 1s between the

occupied heating and cooling setpoints (1.e., T, . <1, .=

ZORE™

T s..), process 1500 may end (step 1516). At the beginning
of the next time step, conditions may be reevaluated and
process 1500 may be repeated, starting with step 1502.

Still referring to FIG. 15, process 1500 1s shown to
include calculating the EWMA of the cooling control signal
(step 1518). Step 1518 may be performed 1n response to a
determination 1n step 1510 that the zone temperature is
greater than the occupied cooling setpoint (1.e., T,,,,.>T_ ...).
The EWMA of the cooling control signal may represent the
cooling demand of the building zone during the unoccupied
state. The EWMA of the cooling control signal may be
calculated by unoccupied demand module 66 as previously
described with reference to FIG. 10. In various embodi-
ments, step 1518 may include using other indications of the
zone cooling demand 1n place of the EWMA of the cooling
control signal (e.g., arithmetic mean, last value, low pass
filtered value, etc.). Advantageously, the cooling control
signal may be highly correlated with the cooling return time
and may provide an accurate indication of the time required
to lower T,,,,. to the occupied cooling setpomnt T_ ..

Still referring to FIG. 135, process 1500 1s shown to
include calculating the estimated cooling return time t.. (step
1520). Step 1520 may be performed by return time estimator
module 68 as previously described with reference to FIG.
10. In some embodiments, step 1520 includes using an
empirical model to estimate the cooling return time <. The
empirical model may be any type of model (e.g., a para-
metric model, a regression model, a neural network model,
a state space model, a fuzzy logic model, etc.) and may
include one or more empirical model parameters. The
empirical model parameters may be learned from previous
data such as previous measurements of the actual cooling
return time T._..

In some embodiments, step 1520 includes estimating the

cooling return time T _ using the equation

TC:WC,I(T

Zone

- Tr:,s E‘f) TW .:':,,211
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where u_ is an indication of the cooling demand for the
building zone based on the controller output signal u, during,
the unoccupied state (e.g., an EWMA of the controller
output signal) and where w_, and w_ , are empirical param-
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cters learned from previous data. The indication of the
cooling demand u, for the building zone may be calculated
in step 1518. The empirical model parameters w_ , and w_ ,
may be determined by parameter module 62, as described
with reference to FIG. 13. The estimated cooling return time
7. may be a function of the empirical model parameters W,
and w_. ,, the difference between the current temperature of
the building zone and the occupied cooling setpoint (1.e.,
T, o,e= T ses), and the cooling demand for the building zone

ZQFE

during the unoccupied state.

Still referring to FIG. 15, process 1500 1s shown to
include calculating a corrected estimate of the return time
(step 1522). In some embodiments, step 1522 1s performed
by return time corrector module 70, as described with
reference to FIG. 10. Step 1522 may include calculating a
corrected return time T, . using the estimated cooling return
time T and an estimated deviation o of the cooling return
time prediction error €. Prediction error €. may be the
absolute value of the diflerence between estimated cooling
return time <. and actual cooling return time <. (i.e., e =t —
T_l).

In some embodiments, step 1522 includes calculating the
corrected return time T . by adding a multiple n of the
estimated deviation o to the estimated cooling return time T,..

For example, the equation

start  VeTIIO

T

may be used 1n step 1522 to calculate the corrected return
time T, . Advantageously, the value of the multiplier n can
be adjusted (e.g., automatically, by a user, etc.) to increase
or decrease the probability that the zone temperature T __, |
will be less than or equal to the occupied cooling setpoint
T ;.. at the time of occupancy. Higher values for n increase
the probability of achieving the occupied setpoint tempera-
ture, but may result 1n a greater energy cost. Lower values
for n use less energy but decrease the probability of achiev-
ing the setpoint temperature at the time of occupancy.

Still referring to FIG. 15, process 1500 1s shown to
include determining whether the time until occupancy i1s less
than or equal to the corrected return time (step 1524). Step
1524 may be performed by return time comparison module
72 as previously described with reference to FIG. 10. Step
1524 includes comparing the value of T, . calculated 1n step
1522 with the time T, __, until the beginning of the next
scheduled occupancy period. T, ., may be calculated by
subtracting the current time from the time of the next
scheduled occupancy (e.g., based on a stored occupancy
schedule).

I1 the time until the next occupancy period is less than or
equal to the corrected return time (1.e. T, _=T_, ), process
1500 may 1nclude setting the cool down state to active and
setting the unoccupied state to inactive (step 1526). Step
1526 may include updating the unoccupied state status
variable U (e.g., setting U=talse) and the cool down state
status variable C (e.g., setting C=true) 1n parameter module
62. Upon setting the cool down state to active and setting the
unoccupied state to inactive, process 15300 may end (step
1528). At the beginning of the next time step, state transition
module 52 may read the updated state status variables and
transition the system into the cool down operating state.

I1 the time until the next occupancy period 1s greater than
the corrected return time (i.e., T, >t ), process 1500
may end (step 1528) without setting the cool down state to
active or setting the unoccupied state to inactive. Process
1500 may be repeated at the beginning of the next time step

so long as the unoccupied state remains active.
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Still referring to FIG. 15, process 1500 i1s shown to
include calculating the EWMA of the heating control signal
(step 1530). Step 30 may be performed in response to a
determination in step 1512 that the zone temperature 1s less
than the occupied heating setpoint (i.e., T,,,.<I, .. The
EWMA of the heating control signal may represent the
heating demand of the building zone during the unoccupied
state. The EWMA of the heating control signal may be
calculated by unoccupied demand module 66 as previously
described with reference to FIG. 10. In various embodi-
ments, step 1530 may include using other indications of the
zone heating demand 1n place of the EWMA of the heating
control signal (e.g., arithmetic mean, last value, low pass
filtered wvalue, etc.). Advantageously, the heating control
signal may be highly correlated with the heating return time
and may provide an accurate indication of the time required

to raise T, to the occupied heating setpoint T, ..

ZORE

Still referring to FIG. 15, process 1500 1s shown to
include calculating the estimated heating return time T, (step
1532). Step 1532 may be performed by return time estimator
module 68 as previously described with reference to FIG.
10. In some embodiments, step 1532 includes using an
empirical model to estimate the heating return time ’Eh. The
empirical model may be any type of model (e.g., a para-
metric model, a regression model, a neural network model,
a state space model, a fuzzy logic model, etc.) and may
include one or more empirical model parameters. The
empirical model parameters may be learned from previous
data such as previous measurements of the actual heating
return time T,

In some embodiments, step 1532 includes estimating the
heating return time 7T, using the equation

™, 3 —
Th_wh,l(Th,ser— rone) Wy, ol

where u, is an indication of the heating demand for the
building zone based on the controller output signal u, during,
the unoccupied state (e.g., an EWMA of the controller
output signal) and where w,, ; and w,, , are empirical param-
cters learned from previous data. The indication of the
heating demand u, for the building zone may be calculated
in step 15330. The empirical model parameters w,, , and w,, ,
may be determined by parameter module 62, as described
with reference to FIG. 13. The estimated heating return time
T, may be a function of the empirical model parameters Wy, |
and w,, ,, the cube of the difference between the occupied
heating setpoint and the current temperature of the building
zone (i.e., (T, ..,~T..,.)"), and the heating demand u,, for the
building zone during the unoccupied state.

Still referring to FIG. 13, process 1500 1s shown to
include calculating a corrected estimate of the return time
(step 1534). In some embodiments, step 1534 1s performed
by return time corrector module 70, as described with
retference to FIG. 10. Step 1534 may include calculating a
corrected return time t_,_ . using the estimated heating return
time T, and an estimated deviation o of the heating return
time prediction error e,. Prediction error e, may be the
absolute value of the difference between estimated heating
return time T, and actual heating return time 7, (i.e., e,=IT, -
T,0).

In some embodiments, step 1534 includes calculating the
corrected return time T .. by adding a multiple n of the
estimated deviation o to the estimated heating return time T, .

For example, the equation

T, ~Tp O

Sty

may be used 1n step 1534 to calculate the corrected return
time T Advantageously, the value of the multiplier n can
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be adjusted (e.g., automatically, by a user, etc.) to increase
or decrease the probability that the zone temperature T__, |
will be greater than or equal to the occupied heating setpoint
T, ... at the time of occupancy. Higher values for n increase
the probability of achieving the occupied setpoint tempera-
ture, but may result 1n a greater energy cost. Lower values
for n use less energy but decrease the probability of achiev-
ing the setpoint temperature at the time of occupancy.

Still referring to FIG. 15, process 1500 1s shown to
include determiming whether the time until occupancy 1s less
than or equal to the corrected return time (step 1536). Step
1536 may be performed by return time comparison module
72 as previously described with reference to FIG. 10. Step
1536 includes comparing the value of t_, . calculated 1n step
1534 with the time T, __, until the beginning of the next
scheduled occupancy period. T, _, may be calculated by
subtracting the current time from the time of the next
scheduled occupancy (e.g., based on a stored occupancy
schedule).

If the time until the next occupancy period is less than or
equal to the corrected return time (1.e., T, _<t_ ), process
1500 may include setting the warm up state to active and
setting the unoccupied state to inactive (step 1538). Step
1538 may include updating the unoccupied state status
variable U (e.g., setting U=false) and the warm up state
status variable W (e.g., setting W=true) in parameter module
62. Upon setting the warm up state to active and setting the
unoccupied state to inactive, process 15300 may end (step
1540). At the beginning of the next time step, state transition
module 52 may read the updated state status variables and
transition the system into the warm up operating state.

I1 the time until the next occupancy period 1s greater than
the corrected return time (1.e., T, . >T_ ), process 1500
may end (step 1540) without setting the warm up state to
active or setting the unoccupied state to inactive. Process
1500 may be repeated at the beginning of the next time step
so long as the unoccupied state remains active.

Referring now to FIG. 16, a tlowchart of a process 1600
for controlling a HVAC system 1n a cool down state is
shown, according to an exemplary embodiment. Process
1600 may be performed by controller 30 and the various
modules thereof, as described with reference to FIGS. 3-13.
In some embodiments, process 1600 1s performed by cool
down state module 56 to control HVAC system 12 1n cool
down state 404.

Process 1600 1s shown to include starting the cool down
state (step 1602). Step 1602 may correspond to a transition
into the cool down state and may be performed 1n response
to satisiying one or more conditions for transitioning into the
cool down state. For example, step 1602 may be performed
in response to a determination (e.g., by controller 30) that
the current zone temperature 1s greater than an occupied
cooling setpoint (1.e., T,,,.~1. ..,) and that the time until the
next occupancy period 1s less than or equal to the estimated
cooling return time (1.e., T, _=<t_ ).

Still referring to FIG. 16, process 1600 1s shown to
include determining whether the zone temperature 1s less
than or equal to the occupied cooling setpoint plus a tem-
perature offset (step 1604) and determining whether a sched-
uled occupancy period has begun (step 1606). In some
embodiments, step 1604 1s performed by cooling threshold
module 76 and step 1606 1s performed by occupancy period
comparison module 78, as described with reference to FIG.
11. Step 1604 may include monitoring the zone temperature
T ___ 1o determine whether the zone temperature T____ 1s less

than or equal to the occupied cooling setpoint T . __, plus the
temperature oflset € (1.e., T, =T _ _ +E).
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Still referring to FIG. 16, process 1600 i1s shown to
include setting the normal state to active and setting the cool
down state to inactive (step 1608). Step 1608 may be
performed in response to a determination that the zone
temperature 1s less than or equal to the occupied cooling
setpoint plus a temperature offset (e.g., 1n step 1604) and/or
that the scheduled occupancy period has begun (e.g., 1n step
1606). Step 1608 may include updating the cool down state
status variable C (e.g., setting C=false) and the normal state
status variable N (e.g., setting N=true) 1n parameter module
62.

If the zone temperature 1s greater than the occupied
cooling setpoint plus the temperature offset and the sched-
uled occupancy period has not yet begun, process 1600 may
end (step 1622) without updating the state status variables.
Process 1600 may be repeated at the beginning of the next
time step so long as the cool down state remains active.

Still referring to FIG. 16, process 1600 1s shown to
include calculating an actual cooling return time T_. (step
1610). The actual cooling return time t. may be defined by
the amount of time spent in the cool down state. In some
embodiments, the amount of time spent 1 the cool down
state may be determined by subtracting a cool down state
start time from a cool down state end time. The cool down
state start time may correspond to the time at which con-
troller 30 begins cooling the building zone 1n an attempt to
lower the zone temperature T _  to the occupied cooling
setpoint 1 _ ... The cool down state end time may correspond
to the time at which either of the determinations 1n step 1604
and step 1606 yield a positive result (i.e., the zone tempera-
ture 1s less than or equal to the occupied cooling setpoint
plus a temperature offset and/or the scheduled occupancy
period has begun).

Still referring to FIG. 16, process 1600 1s shown to
include calculating a cooling prediction error e (step 1612).
The cooling prediction error €. may be determined by
calculating the diflerence between the model estimated
cooling return time T and the actual cooling return time <.
(e.g., e =IT_—~t_|). The model estimated cooling return time
T_. may be determined by unoccupied state module 54 as
previously described with reference to FIG. 10. In some
embodiments, the model estimated cooling return time used
by 1n step 1612 1s calculated differently than the estimated
return time determined by unoccupied state module 54. For
example, 1n unoccupied state 402, the estimated return time
may be based on the temperature difference between the
current temperature and the applicable setpoint temperature.
In step 1612, the estimated return time may be based on the
temperature diflerence between the zone temperature at the
beginning of cool down state 404 and the zone temperature
at the end of cool down state 404.

Process 1600 1s shown to further include determiming
whether the zone temperature at startup 1s greater than the
occupied cooling setpoint plus the temperature oflset (step
1614). The zone temperature at startup may be the tempera-
ture T__  measured at the beginning of the cool down state
(e.g., upon a transition from the unoccupied state to the cool
down state).

Still referring to FIG. 16, process 1600 1s shown to
include calculating an average cooling prediction error (step
1616) and calculating updates for the model parameters
(step 1618). Steps 1616 and 1618 may be performed 1n
response to a determination 1 step 1614 that the zone
temperature at startup i1s greater than the occupied cooling
setpoint plus the temperature offset (1.e., T,,,.>1 . +E). In

some embodiments, steps 1616 and 1618 are performed only
it T =T . +€ at the beginning of the cool down state. In
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other embodiments, steps 1616 and 1618 may be performed
even it T, =<T__ +€ at the beginning of the cool down
state.

In some embodiments, step 1616 includes calculating an
average cooling prediction error A_, using a history of
cooling return time prediction errors (e.g., for previous days
d). In some embodiments, step 1616 includes determining
the average cooling prediction error A by calculating the
EWMA of one or more cooling prediction errors e_. For
example, step 1616 may include calculating the average
prediction error A_ ; using the equation

&c,d:&c,d'—l-l-ﬂ‘( rc,d_rc,d"_&c,d—l)

where A_ ., is the previous value of the EWMA from a
previous day or time step, %C!d 1s an estimate ol the return
time for a day d (without correction), T.. ;1s the actual return
time for the day d, and o 1s the exponential smoothing
constant (e.g., =0.03, a=0.2, etc.).

In some embodiments, step 1616 includes waiting to
calculate the average cooling prediction error A_, for the
first several return time predictions within an 1implementa-
tion threshold. For example, A_ ; may not be calculated for
the first five, ten, or other threshold number of days and/or
return time predictions upon {irst implementation (e.g., the
first five days of cooling, etc.). Not calculating A_ , for the
threshold number of days/predictions 1n the cooling mode
may prevent the EWMA calculation from being biased with
large return time prediction errors caused by 1naccurate
model parameters. After the threshold number of days/
predictions has passed, the learned model parameters may be
significantly more accurate and A_ ; can be calculated with-
out biasing the average.

In some embodiments, step 1616 includes determining the
average prediction error A_; using an arithmetic mean of
cooling return time prediction errors ¢ .. The arithmetic mean
may be calculated using the equation

Acg =Dcg 1 + E(ﬁc,d — Tedl —Beg-1)

where k 1s the total number of days/predictions for which
A_ ; has been calculated. In some embodiments, step 1616

includes calculating A_ ; using the arithmetic mean for only
the first

l/a

days and/or predictions after the threshold number of days/
predictions for which A_ , 1s not calculated. For example, at
the beginning of a cooling season (e.g., a one-time event or
any time the model parameters are reinitialized), A_ ; may
not be calculated for the first five days. Then, after the five
day non-calculation period has passed, A_, may be calcu-
lated using the arithmetic mean method for the next twenty
days (e.g., 1f a=0.05). Then, after the twenty day arithmetic
mean period has passed A_, may be calculated using the
EWMA method.

Step 1618 may include using a regression algorithm (e.g.,
a partial least squares regression, ridge regression, principal
component regression, weighted least squares regression,
ordinary least squares regression, least mean linear regres-
sion, exponentially weighted regularized least squares
regression, etc.) to update the learned model parameters. For
example, an exponentially weighted regularized least
squares (EWRLS) regression process can be carried out
using the following equations:
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where T 1s the most recent measurement of the actual return
time, A 1s a forgetting factor (e.g., A=1, A=0.98, etc.), u1s a
vector of current mnputs, w_,; 1s a vector ol previous param-
cter weights, and P, 1s a matrix that summarizes previous
regressor information. The values for w,, and P, are
determined during a previous iteration of the regression
process (e.g., the previous day).
For the cooling model, the input vector u 1s given by

u C: I:6 Cﬁ:?]

where 0 . 1s the zone temperature at the beginning ot cool
down state 404 minus the zone temperature at the end of
cool down state 404 (ie., 0.=T_ .., .~T.0..0.) and u,
indicates the cooling demand of building zone 40 during the
most recent unoccupied state 402.

Still referring to FIG. 16, process 1600 1s shown to
include resetting heating and cooling mput EWMA values
and counters to 1nitial values (step 1620) and ending process
1600 (step 1622). Step 1620 may include resetting the
history of controller output values used to determine the
cooling demand of building zone 40 during the most recent
unoccupied state 402. At the beginning of the next time step,
the system may transition 1nto the normal state (e.g., if the
normal state 1s set to active 1n step 1608) or continue 1n the
cool down state (e.g., 1f step 1608 1s not performed).

Referring now to FIG. 17, a flowchart of a process 1700
for controlling a HVAC system 1n a warm up state 1s shown,
according to an exemplary embodiment. Process 1700 may
be performed by controller 30 and the various modules
thereot, as described with reference to FIGS. 3-13. In some
embodiments, process 1700 1s performed by warm up state
module 58 to control HVAC system 12 in warm up state 406.

Process 1700 1s shown to include starting the warm up
state (step 1702). Step 1702 may correspond to a transition
into the warm up state and may be performed in response to
satistying one or more conditions for transitioning into the
warm up state. For example, step 1702 may be performed in
response to a determination (e.g., by controller 30) that the
current zone temperature 1s less than an occupied heating
setpomt (1.e., 1,,,,.<1}, .,) and that the time until the next
occupancy period 1s less than or equal to the estimated
heating return time (1.e., T, _=<t_ ).

Still referring to FIG. 17, process 1700 1s shown to
include determining whether the zone temperature 1s greater
than or equal to the occupied heating setpoint minus a
temperature oflset (step 1704) and determining whether a
scheduled occupancy period has begun and ended (step
1706). In some embodiments, step 1704 1s performed by
heating threshold module 86 and step 1706 1s performed by
occupancy period comparison module 88, as described with
reference to FI1G. 12. Step 1704 may include monitoring the
zone temperature T to determine whether the zone tem-

ZOFE
perature |

... 18 greater than or equal to the occupied heating
setpomnt 1, ., minus the temperature offset € (1.e., T, =
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Still referring to FIG. 17, process 1700 1s shown to
include setting the normal state to active and setting the
warm up state to inactive (step 1708). Step 1708 may be
performed 1n response to a determination 1n step 1704 that
the zone temperature 1s greater than or equal to the occupied
heating setpoint minus the temperature oflset. Step 1708
may include updating the warm up state status variable W
(e.g., setting W=talse) and the normal state status variable N
(e.g., setting N=true) in parameter module 62.

Process 1700 1s shown to further include setting the
unoccupied state to active and setting the warm up state to
mactive (step 1710). Step 1710 may be performed 1n
response to a determination in step 1706 that the scheduled
occupancy has begun and ended. Step 1710 may include
updating the warm up state status variable W (e.g., setting
W=false) and the unoccupied state status variable U (e.g.,
setting U=true) in parameter module 62. Step 1710 may be
performed to transition directly from the warm up state to
the unoccupied state without an intermediate transition
through the normal state.

If the zone temperature 1s less than the occupied heating
setpoint minus the temperature offset (1.¢., 1704=no) and the
scheduled occupancy period has not yet begun and ended
(1.e., 1706=n0), process 1700 may end (step 1724) without
updating the state status variables. Process 1700 may be
repeated at the beginning of the next time step so long as the
warm up state remains active.

Still referring to FIG. 17, process 1700 1s shown to
include calculating an actual heating return time T, (step
1712). The actual heating return time T, may be defined by
the amount of time spent in the warm up state. In some
embodiments, the amount of time spent in the warm up state
may be determined by subtracting a warm up state start time
from a warm up state end time. The warm up state start time
may correspond to the time at which controller 30 begins
heating the building zone in an attempt to raise the zone
temperature T_,,_ to the occupied heating setpoint T, .. The
warm up state end time may correspond to the time at which
either of the determinations 1n step 1704 or step 1706 yield
a positive result (1.e., the zone temperature 1s greater than or

equal to the occupied heating setpoint minus a temperature
oflset and/or the scheduled occupancy period has begun and
ended).

Still referring to FIG. 17, process 1700 1s shown to
include calculating a heating prediction error e, (step 1714).
The heating prediction error ¢, may be determined by
calculating the difference between the actual heating return
time T, and the model estimated heating return time T, (e.g.,
e,=IT,—T,|). The model estimated heating return time T, may
be determined by unoccupied state module 54 as previously
described with reference to FIG. 10. In some embodiments,
the model estimated heating return time used 1n step 1714 1s
calculated differently than the estimated return time deter-
mined by unoccupied state module 34. For example, in
unoccupied state 402, the estimated return time may be
based on the temperature difference between the current
temperature and the applicable setpoint temperature. The
estimated heating return time used in step 1714 may be
based on the temperature difference between the zone tem-
perature at the end of warm up state 406 and the zone
temperature at the beginning of warm up state 406.

Process 1700 1s shown to further include determining
whether the zone temperature at startup i1s less than the
occupied heating setpoint minus the temperature oflset (step
1716). The zone temperature at startup may be the tempera-
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ture T__ _ measured at the beginning of the warm up state

(c.g., upon a transition from the unoccupied state to the
warm up state).

Still referring to FIG. 17, process 1700 1s shown to
include calculating an average heating prediction error (step
1718) and calculating updates for the model parameters
(step 1720). Steps 1718 and 1720 may be performed 1n
response to a determination 1 step 1716 that the zone
temperature at startup i1s less than the occupied heating
setpoint minus the temperature offset (1e., T, <1}, . —€).
In some embodiments, steps 1718 and 1720 are performed
only1tT, <1, ..~ at the beginning of the warm up state.
In other embodiments, steps 1718 and 1720 may be per-
formed even it T__, =T,  —€ at the beginning of the warm
up state.

In some embodiments, step 1718 includes calculating an
average heating prediction error A, ; using a history of
heating return time prediction errors (e.g., for previous days
d). In some embodiments, step 1718 includes determining
the average heating prediction error A, , by calculating the
EWMA of one or more heating prediction errors e,. For
example, step 1718 may include calculating the average

prediction error A, , using the equation

hset

Ap 7Ny a1 +0L( Ty Thal =, ,.:f—l)

where A, ,, 1s the previous value of the EWMA from a
previous day or time step, ’Eh! - 18 an estimate of the return
time for a day d (without correction), T,, , 1s the actual return
time for the day d, and o 1s the exponential smoothing
constant (e.g., a=0.05, ¢=0.2, etc.).

In some embodiments, step 1718 includes waiting to
calculate the average heating prediction error A, , for the
first several return time predictions within an 1implementa-
tion threshold. For example, A, , may not be calculated for
the first five, ten, or other threshold number of days and/or
return time predictions upon first implementation (e.g., the
first five days of heating, etc.). Not calculating A, , for the
threshold number of days/predictions in the heating mode
may prevent the EWMA calculation from being biased with
large return time prediction errors caused by inaccurate
model parameters. After the threshold number of days/
predictions has passed, the learned model parameters may be
significantly more accurate and A, ; can be calculated with-
out biasing the average.

In some embodiments, step 1718 includes determining the
average prediction error A, , using an arithmetic mean of
return time prediction errors €. The arithmetic mean may be
calculated using the equation

Apg=Dpg + E(ﬁh,d — Thal —Bpa-1)

where k 1s the total number of days/predictions for which
A, ; has been calculated. In some embodiments, step 1718

includes calculating A, ; using the arithmetic mean for only
the first

l/a

days and/or predictions after the threshold number of days/
predictions for which A, ;is not calculated. For example, at
the beginning of a heating season (e.g., a one-time event or
any time the model parameters are reinitialized), A, ;, may
not be calculated for the first five days. Then, after the five
day non-calculation period has passed, A, ; may be calcu-
lated using the arithmetic mean method for the next twenty
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days (e.g., 1f a=0.05). Then, after the twenty day arithmetic
mean period has passed A, ;, may be calculated using the
EWMA method.

Step 1720 may include using a regression algorithm (e.g.,
a partial least squares regression, ridge regression, principal
component regression, weighted least squares regression,
ordinary least squares regression, least mean linear regres-
sion, exponentially weighted regularized least squares
regression, etc.) to update the learned model parameters. For
example, an exponentially weighted regularized least
squares (EWRLS) regression process can be carried out
using the following equations:

1
Cl+ AP, T

Y

g=A"P,u'y
C=T—UW4_

Wqg = Wg_1 + &,

T

» gg
by =A1P, - 5
d y

where T 1s the most recent measurement of the actual return
time, A 1s a forgetting factor (e.g., A=1, A=0.98, etc.), u 1s a
vector of current mputs, w ., 1s a vector ol previous param-
cter weights, and P, , 1s a matrix that summarizes previous
regressor information. The values for w_, and P, are
determined during a previous iteration of the regression
process (e.g., the previous day).
For the heating model, the mput vector u 1s given by

Uz= [6;;35;;]

where 9, 1s the zone temperature at the end of warm up state
406 minus the zone temperature at the beginning of warm up
state 406 (i.e., 8,=1.,,.55,=T.00.1) and u, indicates the
heating demand of building zone 40 during the most recent
unoccupied state 402.

Still referring to FIG. 17, process 1700 1s shown to
include resetting heating and cooling input EWMA values
and counters to mitial values (step 1722) and ending process
1700 (step 1724). Step 1722 may 1include resetting the
history of controller output values used to determine the
heating demand of building zone 40 during the most recent
unoccupied state 402. At the beginning of the next time step,
the system may transition into the normal state (e.g., if the
normal state 1s set to active in step 1708), the unoccupied
state (e.g., 11 the unoccupied state i1s set to active in step
1710), or continue 1n the warm up state (e.g., 1f steps 1708
and 1710 are not performed).

Embodiments of the subject matter and the operations
described in this specification can be implemented 1n digital
clectronic circuitry, or 1n computer software embodied on a
tangible medium, firmware, or hardware, including the
structures disclosed 1n this specification and their structural
equivalents, or in combinations of one or more of them.
Embodiments of the subject matter described 1n this speci-
fication can be implemented as one or more computer
programs, 1.€., one or more modules of computer program
istructions, encoded on one or more computer storage
medium for execution by, or to control the operation of, data
processing apparatus. Alternatively or 1n addition, the pro-
gram 1nstructions can be encoded on an artificially-gener-
ated propagated signal, ¢.g., a machine-generated electrical,
optical, or electromagnetic signal, that 1s generated to
encode information for transmission to suitable receiver
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apparatus for execution by a data processing apparatus. A
computer storage medium can be, or be included 1n, a
computer-readable storage device, a computer-readable stor-
age substrate, a random or serial access memory array or
device, or a combination of one or more of them. Moreover,
while a computer storage medium 1s not a propagated signal,
a computer storage medium can be a source or destination of
computer program instructions encoded i1n an artificially-
generated propagated signal. The computer storage medium
can also be, or be included in, one or more separate
components or media (e.g., multiple CDs, disks, or other
storage devices). Accordingly, the computer storage medium
may be tangible and non-transitory.

The operations described 1n this specification can be
implemented as operations performed by a data processing
apparatus on data stored on one or more computer-readable
storage devices or received from other sources.

The term “client or “server” include all kinds of appara-
tus, devices, and machines for processing data, including by
way ol example a programmable processor, a computer, a
system on a chip, or multiple ones, or combinations, of the
foregoing. The apparatus can include special purpose logic
circuitry, e.g., an FPGA (field programmable gate array) or
an ASIC (application-specific integrated circuit). The appa-
ratus can also include, in addition to hardware, code that
creates an execution environment for the computer program
in question, e.g., code that constitutes processor firmware, a
protocol stack, a database management system, an operating,
system, a cross-platform runtime environment, a virtual
machine, or a combination of one or more of them. The
apparatus and execution environment can realize various
different computing model infrastructures, such as web
services, distributed computing and grid computing inira-
structures.

A computer program (also known as a program, software,
soltware application, script, or code) can be written 1n any
form of programming language, including compiled or
interpreted languages, declarative or procedural languages,
and 1t can be deployed 1n any form, including as a standalone
program or as a module, component, subroutine, object, or
other unit suitable for use 1 a computing environment. A
computer program may, but need not, correspond to a file 1n
a file system. A program can be stored 1n a portion of a file
that holds other programs or data (e.g., one or more scripts
stored 1n a markup language document), 1n a single file
dedicated to the program in question, or in multiple coor-
dinated files (e.g., files that store one or more modules,
sub-programs, or portions of code). A computer program can
be deployed to be executed on one computer or on multiple
computers that are located at one site or distributed across
multiple sites and interconnected by a communication net-
work.

The processes and logic flows described in this specifi-
cation can be performed by one or more programmable
processors executing one or more computer programs to
perform actions by operating on input data and generating
output. The processes and logic flows can also be performed
by, and apparatus can also be implemented as, special
purpose logic circuitry, e.g., an FPGA (field programmable
gate array) or an ASIC (application specific integrated
circuit).

Processors suitable for the execution of a computer pro-
gram include, by way of example, both general and special
purpose microprocessors, and any one or more processors of
any kind of digital computer. Generally, a processor will
receive istructions and data from a read-only memory or a
random access memory or both. The essential elements of a
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computer are a processor for performing actions 1 accor-
dance with instructions and one or more memory devices for
storing instructions and data. Generally, a computer will also
include, or be operatively coupled to receive data from or
transier data to, or both, one or more mass storage devices
for storing data, e.g., magnetic, magneto-optical disks, or
optical disks. However, a computer need not have such
devices. Moreover, a computer can be embedded in another
device, e.g., a mobile telephone, a personal digital assistant
(PDA), a mobile audio or video player, a game console, a
Global Positioning System (GPS) receiver, or a portable
storage device (e.g., a umversal serial bus (USB) flash
drive), to name just a few. Devices suitable for storing
computer program instructions and data include all forms of
non-volatile memory, media and memory devices, including
by way of example semiconductor memory devices, e.g.,
EPROM, EEPROM, and flash memory devices; magnetic
disks, e.g., internal hard disks or removable disks; magneto-
optical disks; and CD-ROM and DVD-ROM disks. The
processor and the memory can be supplemented by, or
incorporated 1n, special purpose logic circuitry.

To provide for interaction with a user, embodiments of the
subject matter described 1n this specification can be imple-
mented on a computer having a display device, e.g., a CRT
(cathode ray tube), LCD (liqmd crystal display), OLED
(organic light emitting diode), TFT (thin-film transistor),
plasma, other flexible configuration, or any other monitor for
displaying information to the user and a keyboard, a pointing
device, e.g., a mouse, trackball, etc., or a touch screen, touch
pad, etc., by which the user can provide mput to the
computer. Other kinds of devices can be used to provide for
interaction with a user as well; for example, feedback
provided to the user can be any form of sensory feedback,
¢.g., visual feedback, auditory feedback, or tactile feedback;
and put from the user can be received in any form,
including acoustic, speech, or tactile input. In addition, a
computer can interact with a user by sending documents to
and receiving documents from a device that 1s used by the
user; for example, by sending web pages to a web browser
on a user’s client device in response to requests received
from the web browser.

Embodiments of the subject matter described in this
specification can be implemented in a computing system that
includes a back-end component, e.g., as a data server, or that
includes a middleware component, e.g., an application
server, or that includes a front-end component, e.g., a client
computer having a graphical user interface or a Web browser
through which a user can interact with an embodiment of the
subject matter described 1n this specification, or any com-
bination of one or more such back-end, middleware, or
front-end components. The components of the system can be
interconnected by any form or medium of digital data
communication, €.g., a communication network. Examples
of communication networks include a local area network
(“LAN") and a wide area network (“WAN”), an internet-
work (e.g., the Internet), and peer-to-peer networks (e.g., ad
hoc peer-to-peer networks).

While this specification contains many specific embodi-
ment details, these should not be construed as limitations on
the scope of any inventions or of what may be claimed, but
rather as descriptions ol features specific to particular
embodiments of particular inventions. Certain features that
are described 1n this specification in the context of separate
embodiments can also be implemented 1n combination 1n a
single embodiment. Conversely, various features that are
described in the context of a single embodiment can also be
implemented in multiple embodiments separately or 1n any
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suitable subcombination. Moreover, although features may
be described above as acting 1n certain combinations and
even 1mmtially claimed as such, one or more features from a
claimed combination can 1n some cases be excised from the
combination, and the claimed combination may be directed
to a subcombination or variation of a subcombination.

Similarly, while operations are depicted in the drawings 1n
a particular order, this should not be understood as requiring
that such operations be performed in the particular order
shown or 1n sequential order, or that all 1llustrated operations
be performed, to achieve desirable results. In certain cir-
cumstances, multitasking and parallel processing may be
advantageous. Moreover, the separation of various system
components 1n the embodiments described above should not
be understood as requiring such separation 1n all embodi-
ments, and i1t should be understood that the described
program components and systems can generally be inte-
grated together 1n a single software product embodied on a
tangible medium or packaged into multiple such software
products.

Thus, particular embodiments of the subject matter have
been described. Other embodiments are within the scope of
the following claims. In some cases, the actions recited in
the claims can be performed 1n a different order and still
achieve desirable results. In addition, the processes depicted
in the accompanying figures do not necessarily require the
particular order shown, or sequential order, to achieve

desirable results. In certain embodiments, multitasking and
parallel processing may be advantageous.

What 1s claimed 1s:
1. A method for estimating a time to cool down or warm
up a building zone from a temperature setback condition, the
method comprising:
monitoring an output signal from a controller for the
building zone during a time period corresponding to the
temperature setback condition, wherein the output sig-
nal 1s provided from the controller to HVAC equipment
that Joperate] operates to cool down or warm up the
building zone;
using the output signal from the controller to determine,
by the controller for the building zone, at least one of
a cooling demand for the building zone and a heating
demand for the bwlding zone for the time period
corresponding to the temperature setback condition;

estimating a return time using at least one of the cooling
demand and the heating demand, wherein the return
time 1s the time to cool down or warm up the building
zone Irom the temperature setback condition;

calculating an estimated deviation of a return time pre-
diction error using a diflerence between the estimated
return time and an actual return time;
calculating a correction factor based on a user selection
and the estimated deviation of the return time predic-
tion error, wherein the user selection defines a multi-
plier for the estimated dewviation of the return time
prediction error;
using the estimated return time to transition into a cool
down state or a warm up state prior to a time ol next
scheduled occupancy for the building zone; and

operating the HVAC equipment to cool down the building
zone 1n the cool down state or warm up the building
zone 1n the warm up state.

2. The method of claim 1, turther comprising;:

identifying a current temperature of the building zone;

and
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estimating the return time using the current temperature of
the building zone and at least one of the cooling
demand and the heating demand.

3. The method of claim 1, further comprising;:

comparing the estimated return time with a difference

between a current time and a time of next scheduled
occupancy for the building zone; and
transitioning from an unoccupied state into at least one of
the cool down state and the warm up state 1n response
to the estimated return time being greater than or equal
to the difference between the current time and the time
of next scheduled occupancy.
4. The method of claim 1, wherein determining at least
one of the cooling demand and the heating demand com-
Prises:
filtering the output signal from the controller using a
signal filter to determine at least one of the cooling
demand and the heating demand, wherein at least one
of the cooling demand and the heating demand i1s a
function of the output signal.
5. The method of claim 4, wherein the signal filter 1s at
least one of: an analog filter, a digital filter, a low pass filter,
a band pass filter, a smoothing filter, a time window filter, a
normalizing filter, and an averaging filter; and
wherein the function of the output signal from the con-
troller 1s at least one of: a last value of the controller
output signal, an average of the controller output signal,
a normalized value of the controller output signal, an
integral of the controller output signal, and a transfor-
mation of the output signal from the controller.
6. The method of claim 4, wherein at least one of the
cooling demand and the heating demand 1s an exponentially
weighted moving average based on the output signal from
the controller for at least a portion of the time period
corresponding to the temperature setback condition.
7. The method of claim 1, wherein determining at least
one of the cooling demand and the heating demand com-
Prises:
identitying the output signal from the controller for the
building zone for at least a portion of the time period
corresponding to the temperature setback condition;

calculating a normalized controller output by comparing,
the output signal from the controller with a controller
output that provides maximum cooling or maximum
heating for the building zone; and

determining an exponentially weighted moving average

of the normalized controller output using the calculated
normalized controller output and a normalized control-
ler output for a previous sampling time.

8. The method of claim 1, wherein the return time 1s
estimated using an empirical model having one or more
model parameters learned from previous data, wherein the
estimated return time 1s a function of the one or more learned
model parameters.

9. The method of claim 8, further comprising:

imtializing values for the one or more model parameters

to provide default parameters for the empirical model,
wherein at least one of the model parameters 1s 1nitial-
1zed to a non-zero value.

10. The method of claim 8, wherein the empirical model
1s at least one of: a statistical model, a parametric model, a
regression model, a neural network model, a state space
model, and a fuzzy logic model.

11. The method of claim 1, further comprising:

determining the return time prediction error, wherein the

return time prediction error 1s a difference between the
estimated return time and the actual return time;
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estimating the deviation of the return time prediction error
using a plurality of return time prediction errors; and
correcting the estimated return time by adding a function
of the estimated deviation to the estimated return time.
12. The method of claim 11, further comprising:
determining the multiplier for the estimated deviation of
the return time prediction error, wherein the multiplier
1s based on a probability of achieving an occupied
setpoint temperature at a time of occupancy; and

calculating the function of the estimated deviation of the
return time prediction error by multiplying the esti-
mated deviation of the return time prediction error by
the determined multiplier.

13. The method of claim 1, further comprising:

receiving the user selection between a level of energy

savings and a level of comiort for the building zone,
wherein the user selection corresponds to a probability
of achieving an occupied setpoint temperature at a time
ol occupancy;

calculating the correction factor based on the user selec-

tion; and

adjusting the estimated return time by applying the cor-

rection factor to the estimated return time.

14. The method of claim 1, further comprising;:

comparing a measured temperature of the building zone

with an offset temperature setpoint, wherein the oflset
temperature setpoint 1s at least one of a heating setpoint
minus a temperature offset and a cooling setpoint plus
the temperature oilset;

updating learned model parameters of an empirical model

for estimating the return time 1n response to at least one
of: the measured temperature of the building zone
being less than the heating setpoint minus the tempera-
ture oflset, and the measured temperature of the build-
ing zone being greater than the cooling setpoint plus the
temperature oflset.

15. The method of claim 14, wherein the measured
temperature of the building zone that 1s compared with the
oflset temperature setpoint 1s at least one of: a temperature
of the building zone measured at a beginning of a warm up
period, and a temperature of the building zone measured at
a beginning of a cool down period.

16. The method of claim 14, wherein updating the learned
model parameters of the empirical model comprises:

calculating updated model parameters using at least one

of: partial least squares regression, ridge regression,
principal component regression, weighted least squares
regression, ordinary least squares regression, least
mean linear regression, and exponentially weighted
regularized least squares regression.

17. The method of claim 14, further comprising:

determining whether an updated model parameter has a

value that violates a constraint condition, wherein the
constraint condition is based on [physical realities]
expected values of parameters of the empirical model;
and

setting the updated model parameter to a value that

satisfies the constraint condition in response to a posi-
tive determination.
18. A method for adjusting an estimated time to cool down
or warm up a building zone from a temperature setback
condition, the method comprising:
receiving a user selection between a level of energy
savings and a level of comiort for the building zone;

calculating an estimated deviation of a return time pre-
diction error using a difference between an estimated
return time and an actual return time;
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calculating a correction factor based on the user selection
and the estimated deviation of the return time predic-
tion error, wherein the user selection defines a multi-
plier for the estimated deviation of the return time
prediction error; and
adjusting the estimated return time by applying the cor-
rection factor to the estimated return time, wherein the
return time 1s the time to cool down or warm up the
building zone from the temperature setback condition;

using the adjusted estimated return time to transition into
a cool down state or a warm up state prior to a time of
next scheduled occupancy for the building zone; and

operating HVAC equipment to cool down the building
zone 1n the cool down state or warm up the building
zone 1n the warm up state.

19. The method of claim 18, wherein adjusting the esti-
mated return time comprises:

increasing the estimated return time 1n response to a user

selection of a level of comifort for the building zone;
and

decreasing the estimated return time 1n response to a user

selection of a level of energy savings for the building
Zone.

20. The method of claim 18, wherein calculating a cor-
rection factor based on the user selection comprises:

identifying a probability of achieving an occupied set-

point temperature at a time of occupancy, the probabil-
ity corresponding to the user selection; and

using the 1dentified probability of achieving the occupied

setpoint temperature at the time of occupancy to deter-
mine the correction factor.

21. A system for estimating a time to cool down or warm
up a building zone from a temperature setback condition, the
system comprising:

HVAC equipment that Joperate] operates to cool down or

warm up the building zone; and

a controller configured to:

monitor an output signal provided from the controller
to the HVAC equipment during a time period corre-
sponding to the temperature setback condition;

use the output signal from the controller to determine at
least one of a cooling demand for the building zone
and a heating demand for the building zone for the
time period corresponding to the temperature set-
back condition;

estimate a return time using at least one of the cooling
demand and the heating demand, wherein the return
time 1s the time to cool down or warm up the
building zone from the temperature setback condi-
tion;

calculate an estimated deviation of a return time pre-
diction error using a diflerence between the esti-
mated return time and an actual return time:

calculate a correction factor based on a user selection
and the estimated deviation of the return time pre-
diction error, wherein the user selection defines a
multiplier for the estimated deviation of the return
time prediction error;

use the estimated return time to transition into a cool
down state or a warm up state prior to a time of next
scheduled occupancy for the bulding zone; and

operate the HVAC equipment to cool down the building
zone 1n the cool down state or warm up the building
zone 1n the warm up state.

22. A controller for HVAC equipment that operates to cool
down or warm up a building zone, the controller compris-

Ing:




US RE48,574 E

53

one or more processors; and
memory storving instructions that, when executed by the
one or more processors, cause the one or more pro-
cessors to perform operations comprising:
monitoring a control signal provided from the control-
ler to the HVAC equipment during a time period
corresponding to a temperature setback condition;
estimating a veturn time as a function of one or more
values of the control signal provided to the HVAC
equipment, wherein the veturn time is an amount of
time rvequired to cool down ov warm up the building
zone from the temperature setback condition; and
adjusting the control signal to cause the HVAC equip-
ment to begin cooling down or warming up the
building zone at a start time based on the veturn time,
the start time priov to a time of next scheduled
occupancy for the building zone.
23. The controller of claim 22, wherein estimating the
return time comprises.
determining at least one of a cooling demand for the
building zone or a heating demand for the building
zone as a function of the one or more values of the
control signal provided to the HVAC equipment; and

estimating the veturn time based on the cooling demand or
the heating demand.

24. The controller of claim 23, wherein determining the
cooling demand or the heating demand comprises.

generating one ov more normalized values of the control

signal by comparing the one or more values of the
control signal to a value of the control signal that
provides maximum cooling or maximum heating for the
building zone; and

calculating an average of the one or more normalized

values of the control signal.

25. The controller of claim 22, wherein the return time is
estimated without requiving a measurement of an outside air
lemperalure.

26. The controller of claim 22, wherein the return time is
an estimated amount of time required to drive a temperature
of the building zone to a temperature setpoint from the
temperature setback condition;

the operations further comprising determining the start

time at which to begin cooling down the building zone
or warming up the building zone by subtracting the
return time from a time at which the temperature
setpoint is to be achieved.

27. The controller of claim 22, the operations further
COmprising:

receiving a user selection between a level of comfort and

a level of energy savings for the building zone; and
adjusting the rveturn time based on the user selection.

28. A controller for HVAC equipment that operates to cool
down or warm up a building zone, the controller compris-
Ing:

one or more processors; and

memory storving instructions that, when executed by the

Oone or more processors, caise the one or more pro-
cessors to perform operations comprising:
monitoring an output signal provided from the control-
ler to the HVAC equipment during a time period
corresponding to a temperature setback condition;
using the output signal to determine at least one of a
cooling demand for the building zone or a heating
demand for the building zone for the time period
corresponding to the temperature setback condition;
determining a start time at which to begin cooling
down the building zone or warming up the building
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zone using an estimated return time based on the
cooling demand ov the heating demand; and

operating the HVAC equipment to begin cooling down
the building zone or warming up the building zone at
the start time priov to a time of next scheduled
occupancy for the building zone.

29. The controller of claim 28, wherein determining the
start time comprises.:

estimating the return time based on the cooling demand or

the heating demand, wherein the veturn time is an
amount of time rvequived drive a temperature of the
building zone to a temperature setpoint from the tem-
perature setback condition; and

calculating the start time by subtracting the return time

from a time at which the temperature setpoint is to be
achieved.
30. The controller of claim 28, wherein the cooling
demand or the heating demand is estimated without vequir-
ing a measurement of an outside air temperature.
31. The controller of claim 28, wherein the cooling
demand ov the heating demand for the building zone is
determined as a function of one or movre values of a control
signal provided to the HVAC eguipment.
32. The controller of claim 28, wherein determining the
cooling demand or the heating demand comprises.
obtaining one or movre values a control signal provided to
the HVAC egquipment during the time period corre-
sponding to the temperature setback condition; and

calculating the cooling demand or the heating demand as
a function of the one or more values of the control
signal.

33. The controller of claim 28, the operations further
COmprising:

receiving a user selection between a level of comfort and

a level of energy savings for the building zone; and
adjusting the start time based on the user selection.

34. A controller for HVAC equipment that operates to cool
down or warm up a building zone, the controller compris-
Ing:

one or more processors; and

memory storing instructions that, when executed by the

one or more processors, cause the one or more pro-

cessors to perform operations comprising:

receiving a user selection between a level of comfort
and a level of energy savings for the building zone;

adjusting an estimated veturn time based on the user
selection by increasing the estimated return time in
response to a user selection of the level of comfort or
decreasing the estimated veturn time in response to a
user selection of the level of energy savings, wherein
the estimated rveturn time is an estimated amount of
time required to drive a temperature of the building
zone to a temperature setpoint from a temperature
setback condition; and

operating the HVAC equipment to begin cooling down
the building zone or warming up the building zone at
a start time based on the estimated return time.

35. The controller of claim 34, wherein the user selection
corresponds to a probability that the temperature of the
building zone will rveach the temperaturve setpoint at or
before a time of occupancy of the building zone.

36. The controller of claim 34, the operations further
comprising estimating the veturn time based on at least one
of a cooling demand for the building zone or a heating
demand for the building zone for a time period correspond-
ing to the temperature setback condition.
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37. The controller of claim 34, the operations further
comprising estimating the return time as a function of one or
more values of a control signal provided to the HVAC
equipment during a time period corresponding to the tem-
perature setback condition.

38. The controller of claim 34, wherein the return time is
estimated without requiving a measurement of an outside air
lemperalure.

39. The controller of claim 34, the operations further
comprising calculating the start time by subtracting the
estimated rveturn time from a time at which the temperature
setpoint is to be achieved.

40. The controller of claim 34, wherein:

the time period corresponding to the temperature setback

condition is a time period during which the building
zone is unoccupied; and

the time at which the temperature setpoint is to be

achieved is a beginning of a time period during which
the building zone is occupied.
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