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THERMODYNAMIC MODELING FOR ENCLOSURES

[0001] This application is being filed on September 14,2011 as a PCT International
Patent application in the name of NEST LABS, INC., a US national corporation,
applicant for the designation of all countries except the US, and Anthony Michael
FADELL, a citizen of the US, Matthew Lee ROGERS, a citizen of US, and Kipp Avery
ROGERS, a citizen of the US, Abraham K. ISHIHARA, a citizen of US, Shahar BEN-
MENAHEM, a citizen of the US, and Rangoli SHARAN a citizen of IN, applicants for
the designation of the US only.

CROSS-REFERENCE TO RELATED APPLICATIONS

[0002] This application claims the benefit of U.S. Patent Application Ser. No.
12/881,463, filed on 14 September 2010. The subject matter of the instant specification
is related to the subject matter of the following commonly assigned patent applications:
U.S. Ser. No. 12/881.,430 filed September 14, 2010; U.S. Prov. Ser. No. 61/415,771 filed
November 19, 2010; U.S. Prov. Ser. No. 61/429,093 filed December 31, 2010; U.S. Ser.
No. 12/984,602 filed January 4,2011; U.S. Ser. No. 12/987,257 filed January 10, 2011;
U.S. Ser. No. 13/033,573 filed February 23,2011; U.S. Ser. No. 13/034,666, U.S. Ser.
No. 13/034,674 and U.S. Ser. No. 13/034,678 filed February 24, 2011; U.S. Ser. No.
13/038,206 and U.S. Ser. No. 13/038,191 filed March 1, 2011; and U.S. Ser. No.
13/199,108, filed August 17,2011. Each of the above-referenced patent applications is

incorporated by reference herein.

BACKGROUND AND SUMMARY

[0003] This invention generally relates to thermodynamic modeling for enclosures.
More particularly, embodiments of this invention relate to modeling of internal

environmental behavior of an enclosure for use by an HVAC control system.
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[0004] In conditioning a building such as dwelling other enclosure one or more
system for heating, ventilating and air conditioning (HVAC) are typically used. HVAC
control systems need to make decisions as to how to condition the enclosure
appropriately. Since the enclosure has an associated thermal mass that needs to be heated
or cooled, how and when the heating or cooling is carried out can greatly impact the
energy efficiency as well as the cost of the process

[0005] Conventionally, a structural model, that attempts to specify how the
enclosure will behave under the influence of an HVAC system, is created based on
various factors (size, windows, orientation, etc.). That model is then used to specify the
type and size of HVAC system to install and/or it is used by the HVAC control system
throughout the lifetime of the building. For example, U.S. Patent No. 7,072,727
discusses a method for determining heat loss of a building and for the proper sizing of
HVAC equipment for the building.

[0006] It is also known for model updates to occur after installation through simple
calculations such as adding heat and measuring time and temperature. For example, U.S.
Patent No. 5,555,927 discusses an adapted recovery method for a setback thermostat
using the intersection of the space temperature with a sloped recovery temperature line
which approximates the change in temperature as a function of time during recovery of
the temperature controlled space from the setback temperature, to determine the time at
which recovery to the occupancy temperature should begin. The recovery line slope is
re-calculated and updated.

[0007] U.S. Patent Application Publication No. 2005/0192915 discusses a system for
forecasting predicted thermal loads for a building including a neural-network-based
thermal load predictor. The neural network can be trained using building data,
occupancy data and actual weather conditions. A thermal condition forecaster uses a
simple regression model based on forecasted high and low temperatures for a specific
locale and measured local temperature and humidity observations made immediately

prior to the prediction.
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[0008] Systems and methods for modeling the behavior of an enclosure for use by a
control system of an HVAC system installed in the enclosure are described herein.
According to some embodiments method, weather forecast data predicting future weather
conditions for a region including the location of the enclosure are received. A model for
the enclosure that describes the behavior of the enclosure for use by the control system is
updated based on the weather forecast data. The HVAC system for the enclosure is then
controlled using the updated model for the enclosure.

[0009] According to some embodiments, the weather forecast data includes
predictions more than 24 hours in the future, and can include predictions such as
temperature, humidity and/or dew point, solar output, precipitation, wind and natural
disasters. According to some embodiments the model for the enclosure is updated based
also on historical weather data such as temperature, humidity, wind, solar output and
precipitation.

[0010] According to some embodiments, the model for the enclosure is updated
based in part on the occupancy data, such as predicted and/or detected occupancy data.
The model for the enclosure updating can also be based calendar data.

[0011] According to some embodiments, the model for the enclosure is updated
based also on the data from the one or more weather condition sensors that sense current
parameters such as temperature, humidity, wind, precipitation, and/or solar output.
According to some embodiments, the locations of the weather condition sensors can be
automatically detected.

[0012] According to some embodiments, the model for the enclosure is updated
based also on an enclosure model stored in a database, and/or on enclosure information
from a user.

[0013] According to some embodiments systems and methods are described for
modeling internal environmental behavior of an enclosure that includes actively inducing
a change in the internal environment of the enclosure, measuring a response of the

internal environment of the enclosure from the induced change, and updating a model for
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the enclosure that describes behavior of the enclosure for use by the control system based
at least in part on the measurement of the response from the induced change.

[0014] According to some embodiments the change is actively induced primarily for
purposes of updating the model for the enclosure, rather than for conditioning the internal
environment of the enclosure. The change can be actively induced in response to input
by a user, or it can be induced automatically by the processing system for example due to
the type of enclosure or a change in season. The change is preferably induced at a time
when the enclosure is likely to be unoccupied. The induced change, for example, can be
heating and/or cooling by the HVAC system.

[0015] As used herein the term "model" refers generally to a description or
representation of a system. The description or representation can use mathematical
language, such as in the case of mathematical models. Examples of types of models
and/or characteristics of models, without limitation, include: lookup tables, linear, non-
linear, deterministic, probabilistic, static, dynamic, and models having lumped parameters
and/or distributed parameters.

[0016] As used herein the terms "profile,” "structure profile,” "structure model,"”

"enclosure profile," "enclosure model," "building profile," "building model" and the like
refer to any numerical or mathematical description or models of at least some of
thermodynamic behavioral characteristics of a building, enclosure and/or structure, for
example for use in HVAC applications.

[0017] As used herein the term "sensor" refers generally to a device or system that
measures and/or registers a substance, physical phenomenon and/or physical quantity.
The sensor may convert a measurement into a signal, which can be interpreted by an
observer, instrument and/or system. A sensor can be implemented as a special purpose
device and/or can be implemented as software running on a general-purpose computer
system.

[0018] As used herein the term "structure" includes enclosures and both non-

buildings and buildings. As used herein the term "enclosure" means any structure having

one or more enclosed areas, and also includes any building. Examples of structures and
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enclosures include, but are not limited to: residential buildings, commercial buildings and
complexes, industrial buildings, sites and installations, and civil constructions.

[0019] As used herein the term "thermodynamic" includes all state variables that can
be used to characterize a physical system. Examples of thermodynamic variables
include, but are not limited to: pressure, temperature, airflow, humidity, and particulate
matter.

[0020] It will be appreciated that these systems and methods are novel, as are
applications thereof and many of the components, systems, and methods employed
therein. It should be appreciated that embodiments of the presently described inventive
body of work can be implemented in numerous ways, including as processes,
apparatuses, systems, devices, methods, computer readable media, and/or as a

combination thereof. Several illustrative embodiments are described below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] The inventive body of work will be readily understood by referring to the
following detailed description in conjunction with the accompanying drawings, in which:
[0022] Fig. 1 is a diagram of a enclosure for which behavior is predicted, according
to some embodiments;

[0023] Fig. 2 is a diagram of an HVAC system, according to some embodiments;
[0024] Fig. 3 is a flowchart illustrating steps in repeated enclosure modeling,
according to some embodiments;

[0025] Fig. 4 is a block diagram illustrating a system for enclosure behavior
prediction, according to some embodiments;

[0026] Fig. 5 is a block diagram illustrating further detail regarding input of weather
data for enclosure modeling, according to some embodiments;

[0027] Fig. 6 is a flow chart illustrating further detail regarding a system
identification module for enclosure modeling, according to some embodiments;

[0028] Fig. 7 is a block diagram illustrating methods sensor location discovery,

according to some embodiments;
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[0029] Fig. 8 is a schematic of a processing system used to generate and update
enclosure models, according to some embodiments;

[0030] Fig. 9 is a flow chart showing steps for actively inducing a change for testing
purposes, according to some embodiments;

[0031] Fig. 10 is a schematic diagram illustrating further detail for thermodynamic
modeling of an enclosure, according to some embodiments;

[0032] Fig. 11 is a block diagram illustrating an excitation monitor using in
thermodynamic modeling of an enclosure, according to some embodiments; and

[0033] Fig. 12 is a block diagram illustrating the operation of a testing manager and

determining when to perform active testing, according to some embodiments.

DETAILED DESCRIPTION

[0034] A detailed description of the inventive body of work is provided below.
While several embodiments are described, it should be understood that the inventive
body of work is not limited to any one embodiment, but instead encompasses numerous
alternatives, modifications, and equivalents. In addition, while numerous specific details
are set forth in the following description in order to provide a thorough understanding of
the inventive body of work, some embodiments can be practiced without some or all of
these details. Moreover, for the purpose of clarity, certain technical material that is
known in the related art has not been described in detail in order to avoid unnecessarily
obscuring the inventive body of work.

[0035] Fig. 1 is a diagram of an enclosure for which thermodynamic behavior is
predicted, according to some embodiments. Enclosure 100, in this example is a single-
family dwelling. According to other embodiments, the enclosure can be, for example, a
duplex, an apartment within an apartment building, a commercial structure such as an
office or retail store, or a structure or enclosure that is a combination of the above.
Enclosure thermodynamic behavior prediction device 110 is shown located within
enclosure 100 and includes all or some of the functionality described with respect to Fig.

4, including the enclosure thermodynamic behavior prediction engine 420. According to
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some embodiments, one or more separate sensors 112 and 114, such as weather condition
sensors for temperature, humidity, etc., are located inside and/or outside of the enclosure
100. According to some embodiments, the devices 110, 112 and 114 all have similar or
identical functionality and each contains one or more weather condition sensors, and each
can be used to predict enclosure thermodynamic behavior and/or generate and update
enclosure models. Communication between devices each such device and/or sensor can
be via hard wiring, or via wireless, e.g. radio frequency, communication technology.
According to some embodiments, output regarding occupancy from device 110 is
communicated to an HVAC system 120.

[0036] Fig. 2 is a diagram of an HVAC system, according to some embodiments.
HVAC system 120 provides heating, cooling, ventilation, and/or air handling for the
enclosure, such as a single-family home 100 depicted in Fig. 1. The system 120 depicts
a forced air type system, although according to other embodiments, other types of
systems could be used such as hydronic and/or in-floor radiant heating. In heating,
heating coils or elements 242 within air handler 240 provide a source of heat using
electricity or gas via line 236. Cool air is drawn from the enclosure via return air duct
246 through fan 238 and is heated heating coils or elements 242. The heated air flows
back into the enclosure at one or more locations via supply air duct system 252 and
supply air grills such as grill 250. In cooling an outside compressor 230 passes gas such
a freon through a set of heat exchanger coils to cool the gas. The gas then goes to the
cooling coils 234 in the air handlers 240 where it expands, cools and cools the air being
circulated through the enclosure via fan 238. Although not shown in Fig. 2, according to
some embodiments the HVAC system has other known functionality such as venting air
to and from the outside, and one or more dampers to control airflow within the duct
systems.

[0037] The system is controlled by algorithms implemented via control electronics
212 that communicate with a thermostat 210. According to some embodiments, the
thermostat 210 includes some or all of enclosure thermodynamic behavior prediction

functionality described with respect to Fig. 3.
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[0038] At certain times it is believed someone will be in the enclosure, for example
via occupancy predictions - see co-pending U.S. Patent Application Serial No.
12/881,430, entitled "Occupancy Prediction and Detection,” by Fadell et. al., filed on
September 14, 2010, which is incorporated herein by reference. Accordingly decisions
need to be made as to how to condition the enclosure appropriately. Since the enclosure,
such as enclosure 100, has a thermal mass that needs to be heated or cooled, how and
when the heating or cooling is carried out can greatly impact the energy efficiency as
well as the cost of the process. For example, if the enclosure requires cooling and the
outside air temperature is cooler then we may pull in cool air from the outside instead of
turning on the air conditioning. In another example, a prediction that the weather will be
quite warm, may lead to the enclosure being pre-cooled long before the sun rises because
it is much more efficient to cool the enclosure before the sun rises than at later times in
the day. An accurate an up-to-date enclosure model is greatly beneficial in making such
decisions.

[0039] Fig. 3 is a flowchart illustrating steps in repeated enclosure modeling,
according to some embodiments. Conventional thermostats may use models that are set
at the factory and static. According to some embodiments, in step 310 real time
temperature and humidity data is fed into a setpoint management model for a building. In
step 312, the HVAC performance is monitored. In step 314 the enclosure model
parameters are adjusted accordingly. Over time the aggregated knowledge of how the
HVAC performs in various weather conditions, also factoring in time of day and season,
enriches the enclosure model. Thus, according to embodiments, an enclosure's energy
performance is modeled or the model is updated one or more times after installation of
the HVAC system.

[0040] In step 316, an enclosure's energy performance is modeled one or more times
after installation (for example, once per year, or once per season) to gather data relating
to: seasonal changes in performance; weather-related changes in performance; changes in
performance over time. Examples of positive performance changes could be due to home
improvements. Examples of negative performance changes could be due to aging and

disrepair of the building.
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[0041] In step 318, an enclosure's thermodynamic response can be continually
modeled by an algorithm that uses input and output data including: hourly, daily, weekly
and monthly changes due to weather, temperature and solar output; changes due to
temporary drafts such as an open window; changes due to moisture content of the air;
changes due to occupancy of the dwelling.

[0042] Fig. 4 is a block diagram illustrating a system for enclosure thermodynamic
behavior prediction, according to some embodiments. Various types of data are collected
into the system identification module 430 which is used to test the response of one or
more thermodynamic parameters, according to some embodiments. Weather data 434
includes regional historical data on temperature, humidity, solar output, precipitation and
other relevant weather data, which are input in order to predict the current enclosure
model of the building. Weather data 434 can also include current weather condition
information such as can be measured with sensors in, on or around the enclosure.
According to some embodiments, weather condition data can be obtained from third
party sources such as government agencies, private source and/or nearby private weather
stations. Fig. 5 is a block diagram illustrating further detail regarding input of weather
data 434 for enclosure modeling, according to some embodiments.

[0043] Referring to Fig. 5, regional historical data on temperature 510, according to
some embodiments is included to allow the system to predict how much heating or
cooling is likely to be necessary in the enclosure. For example, on a summer day that has
historically had temperatures into the 90s, the system can anticipate the likelihood that
cooling is needed.

[0044] According to some embodiments, regional historical data on humidity 512 is
included to let the system anticipate whether heating or cooling is needed to achieve
perceived comfort in the enclosure. Temperatures with high humidity are often perceived
to be warmer than the same temperature with a low humidity; so it may be useful to use
cooling methods such as air conditioning to reduce humidity for days and regions with
historical high humidity. For example, for a 78 degree setpoint, the system will predict
that with high humidity 78 degrees will feel much warmer. Therefore it will cool the

enclosure more than usual to account for the extra perceived heat due to high humidity.
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[0045] According to some embodiments, regional historical data on solar output 514
is input to allow the system to anticipate the likelihood that solar heat will affect the
enclosure’s external temperature. For example, on a February day in Berkeley, CA that
has historically been very sunny, the system may need to heat much less than the same
day in Connecticut that has historically been very cloudy.

[0046] According to some embodiments, regional historical data on precipitation
516 1s input to allow the system to anticipate when more heat will be necessary to
maintain a comfortable temperature, as rainy days tend to be cooler than sunny days.
[0047] According to some embodiments, forecasts 518 for parameters such as
temperature, humidity, solar output and precipitation are input. The forecasts can be short
term, for example the next 24-48 hours, medium term, for examples 2-4 days, and/or long
term, for example 5-7 days. According to some embodiments, such long term forecasts
are not used as they are not sufficiently reliable. According to some embodiments, the
forecasts can come from one or more commercial forecasting services and/or
governmental forecasting services, depending on the geographic location of the
enclosure.

[0048] According to some embodiments, current weather condition information 520
is gathered. Weather condition information can be measured with sensors in, on or
around the enclosure, or as mentioned above, weather condition data can be obtained
from third party sources such as government agencies, private source and/or nearby
private weather stations.

[0049] Thus, according to some embodiments, weather data includes past, current
and future (forecast) data relating to characteristics such as: temperature, humidity, wind,
irradiance and precipitation. According to some embodiments, the past, current and
forecast data are, used to (1) build a thermodynamic response model in real time; and (2)
as inputs to a control algorithm. Additionally, the forecast data is used to determine
which model should be used in the control algorithm.

[0050] Referring again to Fig. 4, various sensing algorithms 432 such as heating
algorithms and cooling algorithms can be used to sense the status of parameters such as

indoor temperature, humidity, etc. in response to heating and cooling.
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[0051] Occupancy data 436, according to some embodiments, is provided to the
system identification algorithm, such as can be sensed and/or predicted. It has been
found that occupancy can be an important factor. Not only do occupants generate heat,
but many activities that the occupants carry out generate heat, such as watching
television, using computer equipment, cooking, etc. For further detail on predicting
and/or sensing occupancy within the enclosure, see co-pending U.S. Patent Application
Ser. No. 12/881,430, filed on September 14, 2011, which is incorporated herein by
reference.

[0052] According to some embodiments, HVAC output, and/or other behavior
information 440 such as settings, characteristics, power, etc. are input to the system
identification module 430.

[0053] According to some embodiments, calendar data 442 is input to the system
identification module 430. The calendar data can be obtained directly from a user, for
example and can include information such as the dates of holidays, weekdays, weekends,
other work schedule information, as well as information relating to seasons of the year.
[0054] According to some embodiments, enclosure data 444 is input to the system
identification module 430. Enclosure data may include information about the enclosure,
such as the number of bedrooms, bathrooms, etc. as well as the use of certain rooms, such
as some rooms being used a home office, exercise, etc. The enclosure data may also
come from other sources, such as building plans, which can be entered manually for
example at the time of installation or at other times. According to some embodiments,
enclosure data can come from online sources such as online real estate databases or other
databases or online services that collect publically available information.

[0055] Fig. 6 is a flow chart illustrating further detail regarding system identification
module 430 for enclosure modeling, according to some embodiments. In step 610, the
building's speed at exchanging heat with the outside (i.c., the time it takes for heat to
dissipate on cold days or cool air to dissipate on warm days) is measured, according to
some embodiments, is observed. According to some embodiments, the measurement of
step 610 also includes the building's speed at exchanging humidity with the outside

environment is also performed. This information will allow the system to predict when

11
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heating or cooling and or humidification/dehumidification should be turned on in order to
achieve or maintain a desired temperature, humidity and/or comfort level. For example, a
well insulated building exchanges heat with the outside slowly, and so would need less
heat over time to maintain a desired temperature than a drafty, poorly insulated building.
[0056] In step 612, how much added heat and/or humidity occupants in the building
create is measured, by factoring in the discrepancy in temperature and/or humidity when
the enclosure is occupied and unoccupied for a given temperature and/or humidity
setting. This data will then be used to change the desired temperature, humidity and/or
comfort level based on a prediction of the perceived temperature, humidity and/or
comfort level due to added occupant heat and/or humidity.

[0057] In step 614, the HVAC system's efficiency is measured, in order to predict
how long it will take the system to produce enough heating, cooling, humidification
and/or dehumidification to achieve a desired temperature, humidity and/or comfort level.
For example, if the system knows it takes thirty minutes to heat the enclosure to 72
degrees when it is starting at a temperature of 60 degrees, it will start the system thirty
minutes before 72 degrees is needed (if the kids get home from school in the afternoon at
3:00, the system will have started heating at 2:30).

[0058] In step 616, effects such as an open window on reducing HVAC efficiency
are measured. As the system knows the usual rate of heat and/or humidity exchange
between the enclosure and the outside, it will be able to detect a rapid change in this rate
of exchange, for example an open door or window. The system will then factor in this
change as a different HVAC efficiency rate. Additionally, according to some
embodiments, such information facilitates the detection of performance faults, such as an
open window.

[0059] Note that although the steps in Fig. 6 are shown in sequential order,
according to some embodiments, the steps are performed in other orders including some
or all of the steps being performed in parallel.

[0060] According to some embodiments, the system identification can be carried out
using a first principles model, grey box or black box models. The first principles model

can be based on thermodynamic and humidity equations describing the structure, which
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can be distributed or lumped, complete or approximated. For example, complete first
principle models can estimate conductive and convective heat flow within the structure,
conductive and convective heat loss or gain at the outer surface of the structure, radiative
heat exchange of the environment with the structure and heat and moisture balance
equations for each thermodynamic zone, and also include thermodynamic model of the
HVAC system itself. Example of an approximated first principles model is the CIBSE
admittance method. Grey box models combine both experimental data and physical
insight for modeling for example autoregressive models with exogenous

inputs (ARX) where the inputs may include the HVAC on/off status and the present
weather, while black box models use no prior information about the thermodynamic
equations, for example neural networks.

[0061] Any of the above models can be identified using online, batch or offline
learning algorithms in an analytical or numerical manner. Various learning methods and
algorithms used can include some or a combination of those mentioned for the enclosure
thermodynamic behavior prediction engine 420.

[0062] Fig. 7 is a block diagram illustrating methods sensor location discovery,
according to some embodiments. In step 710, sensor locations are discovered through
user inputs at installation, to learn if a sensor is in a living area, near an entrance or a
window, in a shaded or sunny area, in a badly insulated area, and/or on a different floor
from one of the other sensors.

[0063] In step 712, sensor locations are dynamically discovered using temperature,
to learn if a sensor is in a living area, near an entrance or a window, in a shaded or sunny
area, in a badly insulated area, and/or on a different floor from one of the other sensors.
[0064] In step 714, sensor locations are dynamically discovered using Zigbee or
other wireless protocol, and/or time-of-flight algorithms (using communicating sensors
aware of their locations to create a picture of the house’s temperature), to learn if a sensor
is in a living area, near an entrance or a window, in a shaded or sunny area, in a badly
insulated area, and/or on a different floor from one of the other sensors.

[0065] Referring again to Fig. 4, an enclosure models database 446 is generated by

observing how various types of enclosures (for example, single family homes,
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apartments, varied architectural styles of dwellings) perform in varied weather conditions
and climates. This data is input to and then accessible from a library in a central database
446. According to some embodiments, enclosure models from database 446, in
combination with other information, allow the system to predict how much heating and
cooling is necessary for a given enclosure type in a given climate.

[0066] The output from system identification module 430 is used in step 422 to
generate one or more enclosure models, for example by using the output of 430 to set
appropriate statistical coefficients in the mathematical models. According to some
embodiments, the existing enclosure models 412 are tuned-up or updated in step 422
using the information from 430 so as to become more accurate.

[0067] The resulting enclosure thermodynamic models 412, being based on the
system identification module 430 are specific to the enclosure (unlike the models in
database 446) for use by the enclosure thermodynamic behavior prediction engine 420.
[0068] Enclosure sensor data 410 for parameters such as temperature and humidity
are inputted into the enclosure thermodynamic behavior prediction engine 420.
According to some embodiments, one or more methods of discovering sensor locations
such as described with respect to Fig. 7, are used. By more accurately knowing the
locations of the sensors, greater accuracy is provide in detecting real-time building
temperature.

[0069] Enclosure prediction engine 420 predicts how the enclosure will react to
activity of various HVAC systems when the enclosure is under the influence of weather
and other factors.

[0070] According to other embodiments, one or more of the following could be used
in enclosure prediction engine 420 and/or by the system identification module 430 alone
or in combination: Neural Network, Bayesian Network, Graphical Model, Regression
Tree, other tree-based model, Additive Models, (Linear, Quadratic, Fisher, or another)
Discriminant Analysis, Support Vector Machines, another classification technique,
Principle Component Analysis, Factor Analysis, Kernel Methods, Ordinary Regression,
Logistic Regression, Penalized (or Regularized) Regression, another type of regression,

boosting methods, Splines, Wavelets, Least-squares function fitting, another type of
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function estimation, Expectation-Maximization Algorithm, Nearest Neighbor
Algorithms, Clustering Algorithms, another learning technique, another time series
forecasting technique. According to some embodiments, AR (auto regressive), MA
(moving average), or ARMA (autoregressive moving average) time series methods are
used. According to some embodiments an auto-regressive with exogenous terms (ARX)
is used.

[0071] According to some embodiments, enclosure prediction engine 420 allows for
predicting and addressing structural changes over time. For example, by monitoring
HVAC settings, the system can be used to remind the user of scheduled maintenance
needs like filter changes. In another example, the system can discover HVAC
performance faults, such as described in system identification module 430, and notify the
user. According to some embodiments, the system can further offer diagnostic guidance
with respect to performance faults where possible.

[0072] Fig. 8 is a schematic of a processing system used to generate and update
enclosure models, according to some embodiments. In particular, processing system 850
is used to perform much of the functionality described with respect to Fig. 4, including
system identification module 430, model generation 432, enclosure thermodynamic
models 412, and enclosure thermodynamic behavior prediction engine 420. Processing
system 850 includes one or more central processing units 844, storage system 842,
communications and input/output modules 840, a user display 846 and a user input
system 848.

[0073] According to some embodiments, in step 438, a change is actively induced
for the purposes of testing. Further detail is provided in Fig. 9, which is a flow chart
showing steps for actively inducing a change for the testing purposes, according to some
embodiments. In step 914 a user requests enclosure model testing, for example by
issuing a command or pressing a "test" button. The user, for example, might issue such a
request after a substantial change in the structure, such as following remodeling work,
replacing windows, adding insulation, etc. In response to the user's request for an active
test, in step 910 a change is induced by instructing the HVAC system to heat and/or cool

the enclosure, in step 916. By heating and/or cooling the enclosure, the system
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identification module 430 can carry out to generate a new thermodynamic model for the
enclosure which may replace the currently used model.

[0074] According to some embodiments, testing is performed autonomously,
without a request being issued by a user. In step 912, a decision is made to induce a
change for testing purposed based on a number of factors. Factors that can be used
include changing of seasons, after a fixed period of time (for example months or years),
depending on the size of the enclosure, the type of enclosure (e.g. single family home,
condominium/apartment, office, retail, etc.), and/or according to a predetermined
schedule. Since the test would involve a substantial heating and/or cooling of the
enclosure, the test is preferably carried out when the enclosure is unoccupied.

[0075] Fig. 10 is a schematic diagram illustrating further detail for thermodynamic
modeling of an enclosure, according to some embodiments. A control system and HVAC
system 1010 is used to condition an enclosure 1012, for example by heating, cooling
and/or ventilation. Environmental inputs 1014 such as outdoor ambient temperature,
sunshine, cloud cover, wind, etc. which also influences the enclosure 1012. A sensor
suite 1016 is used to measure one or more thermodynamic parameters of the enclosure
1012 such as indoor temperature, pressure, humidity, outdoor temperature, irradiance,
wind and/or particulate matter. A system identification module 1018 is used to generate
a thermodynamic model for the enclosure. Note that the system identification module
1018 also receives input from the HVAC control system 1010. The model updater 1020
is used to decide whether a new model generated by system identification module 1018
should replace the existing module. The process of model generation can be repeated
according to a schedule 1022 or on a user request 1024. The repeating can be, for
example by issuing a command to the control system 1010 to actively induce heating
and/or cooling in order to further refine the thermodynamic model. According to some
embodiments, other factors are used in determining when to induce the change such as
described in Fig. 9.

[0076] Fig. 11 is a block diagram illustrating an excitation monitor used in
thermodynamic modeling of an enclosure, according to some embodiments. External

signals 1110 represent uncontrolled inputs such as ambient temperature, irradiance, wind

16



WO 2012/037241 PCT/US2011/051579

and cloud cover. Internal signals 1112 represent controlled inputs such as heating,
cooling and ventilation. Response signals 1114 include outputs such as indoor
temperature and indoor humidity. Excitation monitor 1116 monitors the level of
persistence of excitation of the uncontrolled inputs 1110 and controlled inputs 1112, as
well as the outputs 1114. If sufficient excitation exists over a time interval, as measured
by a persistency of excitation metric, then the system identification 1118 is performed on
that data set. According to some embodiments the excitation monitor 1116 uses an
algorithm based on a threshold of the power content of the monitored signals. According
to some embodiments, the excitation monitor 1116 uses an algorithm based on both the
power content of the monitored signals and one or more parameters used in the system
identification modeling process. Profile/model updater 1120 decides whether to update
or replace the existing thermodynamic model for the enclosure with the newly generated
one. According to some embodiments, a response error metric is used to determine if the
existing models and/or parameters should be updated. As will be explained in further
detail with respect to Fig. 12, according to some embodiments a testing/probing manager
1122 also receives input from the excitation manager 1116.

[0077] Fig. 12 is a block diagram illustrating the operation of a testing manager and
determining when to perform active testing, according to some embodiments. Inputs to
the testing manager 1220 include an excitation monitor 1210, such as described with
respect to Fig. 11. Excitation monitor 1210 will indicate whether the current excitation
of the input and output signals, as described with respect to Fig. 11, warrants an
additional testing sequence. Another input to the testing manager 1220 is an occupancy
estimator / predictor 1212. As mentioned with respect to Fig. 9, it is desirable to conduct
test or probe when the enclosure is unoccupied. The occupancy estimator / predictor
1212 will indicated whether people are present in the enclosure, or will be in the
enclosure when the test is scheduled. According to some embodiments, if people are
present, then a comfort metric can predict the level of discomfort induced by the testing
sequence. Another input to the testing manager 1220 is if there is a structural change
1214. If there is a structural change, it is likely that the model will need to be updated via

testing. Examples of structural changes include adding or removing walls, doors,
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replacing windows, adding awnings and significant changes in insulation. A major
structural change can be, for example, conveyed by a user. Another input to the testing
manager 1220 is the response error metric 1216. The response error metric 1216
measures how "good' a given model is performing. If the metric falls below a threshold
(for example, due to a structural change, or other un-modeled dynamics) a testing
sequence should be initiated. According to some embodiments, the current
thermodynamic model predicts one or more parameters such as indoor temperature.
Sensors in the enclosure measure the same or corresponding parameters. The outputs are
compared to generate the response error metric. Another example of an input to the
testing manager 1220 is a change in seasons, 1218.

[0078] Based on the inputs, the testing manger 1220 determines whether or not to
initiate a testing / probing sequence. The test, for example, could be actively inducing
heating and/or cooling of the structure as is described in Fig. 9. According to some
embodiments, a cost function 1222 depends on the inputs 1210, 1212, 1214, 1216 and
1218, and the testing sequence from manager 1220. A testing sequence that minimizes
the cost function is selected and results in the testing/probing schedule 1224.

[0079] Although the foregoing has been described in some detail for purposes of
clarity, it will be apparent that certain changes and modifications may be made without
departing from the principles thereof. It should be noted that there are many alternative
ways of implementing both the processes and apparatuses described herein. Accordingly,
the present embodiments are to be considered as illustrative and not restrictive, and the
inventive body of work is not to be limited to the details given herein, which may be

modified within the scope and equivalents of the appended claims.
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CLAIMS

What 1s claimed is:

1. A method for modeling internal environmental behavior of an enclosure
for use by a control system of an HVAC system installed in the enclosure comprising:
actively inducing a change in the internal environment of the enclosure;
measuring a response of the internal environment of the enclosure at least
in part due to the induced change; and
updating with a processing system a model for the enclosure that describes
behavior of the enclosure for use by the control system, the updating being based

at least in part on the measurement of the response from the induced change.

2. A method according to claim 1 wherein the change is actively induced

primarily for purposes of updating the model for the enclosure.

3. A method according to claim 1 where the measured response of the
internal environment of the enclosure is further based in part on exterior environmental

conditions.
4. A method according to claim 1 wherein the induced change and the
response are monitored by an excitation monitor that determines if the change and/or

response is adequate to generate an updated model for the enclosure.

5. A method according to claim 1 wherein the change is actively induced in

response to input by a user.

6. A method according to claim 1 wherein the change is actively induced

automatically by the processing system.
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7. A method according to claim 6 wherein the change is actively induced at a

time when the enclosure is likely to be unoccupied.

8. A method according to claim 6 wherein the change is actively induced due

in part to a change of season.

9. A method according to claim 6 wherein the change is actively induced

based at least in part on the type of enclosure.
10. A method according to claim 6 wherein the change is actively induced
based at least in part on a difference between measurements made within the enclosure

and values predicted by the model.

11. A method according to claim 6 wherein the processing system determines

if the change will be actively induced based at least in part on a cost function.

12. A method according to claim 1 wherein the induced change is heating

within at least a portion of the enclosure using the HVAC system.

13. A method according to claim 1 wherein the induced change is cooling

within at least a portion of the enclosure using the HVAC system.

14. A method according to claim 1 wherein the induced change is changing

the humidity within at least a portion of the enclosure.

15. A method according to claim 1 wherein the enclosure is a dwelling.

16. A system for modeling internal environmental behavior of an enclosure

for use by a control system of an HVAC system installed in the enclosure comprising a
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processing system adapted and programmed to actively induce a change in the internal
environment of the enclosure primarily for purposes of updating a model for the
enclosure that describes behavior of the enclosure for use by the control system, to
measure a response of the internal environment of the enclosure at least in part due to the
induced change and to update the model for the enclosure based at least in part on the

measurement of the response from the induced change.

17. A system according to claim 16 where the measured response of the
internal environment of the enclosure is further based in part on exterior environmental

conditions.

18. A system according to claim 16 wherein the processing system includes an
excitation monitor that monitors the induced change and the response and is programmed
to determine if the change and/or response is adequate to generate an updated model for

the enclosure.

19. A system according to claim 16 wherein the change is actively induced in

response to input by a user.

20. A system according to claim 16 wherein the change is actively induced

automatically by the processing system.

21. A system according to claim 20 wherein the change is actively induced at

a time when the enclosure is likely to be unoccupied.

22. A system according to claim 20 wherein the change is actively induced

due in part to a change of season.

23. A system according to claim 20 wherein the change is actively induced

based at least in part on the type of enclosure.
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24. A system according to claim 20 wherein the change is actively induced
based at least in part on a difference between measurements made within the enclosure

and values predicted by the model.

25. A system according to claim 20 wherein the processing system determines

if the change will be actively induced based at least in part on a cost function.

26. A system according to claim 16 wherein the induced change is heating

within at least a portion of the enclosure.

27. A system according to claim 16 wherein the induced change is cooling

within at least a portion of the enclosure.

28. A system according to claim 16 wherein the enclosure is a dwelling.

29. A system according to claim 16 wherein the processing system forms part

of the control system of the HVAC system.

30. A method for modeling the internal environmental behavior of an
enclosure for use by a control system of an HVAC system installed in the enclosure, the
method comprising:

receiving weather forecast data predicting future weather conditions for a
region including the location of the enclosure;

updating a model for the enclosure that describes behavior of the
enclosure for use by the control system, the updating being based at least in part
on the weather forecast data; and

controlling the HVAC system with the control system using the updated

model for the enclosure.
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31. A method according to claim 30 wherein the model for the enclosure

describes thermodynamic behavior of the enclosure.

32. A method according to claim 30 wherein the weather forecast data

includes predictions more than 24 hours in the future.

33. A method according to claim 30 wherein the weather forecast data

includes predictions of humidity and/or dew point.

34, A method according to claim 30 wherein the weather forecast data

includes predictions relating to solar output.

35. A method according to claim 30 wherein the weather forecast data

includes predictions of precipitation.

36. A method according to claim 30 further comprising receiving historical
weather data, wherein the model for the enclosure is updated based in part on the

historical weather data.
37. A method according to claim 36 wherein the historical weather data
includes one or more types of data selected from a group consisting of: temperature,

humidity, wind, solar output and precipitation.

38. A method according to claim 30 further comprising receiving occupancy

data, wherein the model for the enclosure is updated based in part on the occupancy data.

39. A method according to claim 38 occupancy data includes predicted

occupancy for the future.
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40. A method according to claim 30 further comprising receiving calendar

data, wherein the model for the enclosure is updated based in part on the calendar data.

41. A method according to claim 30 further comprising receiving weather
condition data representing current weather conditions, wherein the model for the

enclosure is updated based in part on the weather condition data.

42. A method according to claim 41 wherein the weather condition data is
gathered at least in part from one or more weather condition sensors located on or near

the enclosure.

43. A method according to claim 42 wherein the one or more weather
condition sensors includes sensors of one or more types selected from a group consisting

of: temperature, humidity, wind, precipitation, and solar output.

44. A method according to claim 42 further comprising automatically

discovering the location one or more of the weather condition sensors.

45. A method according to claim 41 wherein the weather condition data is

includes data obtained from one or more third party sources.

46. A method according to claim 45 wherein the one or more third party

sources include government and/or privately operated weather stations.
47. A method according to claim 30 further comprising receiving a model

from a database of enclosure models, wherein the model for the enclosure is updated

based in part the model.
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48. A method according to claim 30 further comprising receiving structural
information relating to the physical structure of the enclosure,, wherein the model for the

enclosure is updated based in part on the structural information.

49. A method according to claim 48 wherein the structural information
includes one or more types of information selected from a group consisting of: number of
rooms, number of bedrooms, arca, use of rooms, construction materials, insulation, and

type of windows.

50. A method according to claim 48 wherein the structural information is

obtained at least in part from a third party database.

51. A method according to claim 48 wherein the structural information is

obtained at least in part from a user.

52. A method according to claim 30 wherein the enclosure is a dwelling.

53. A system for modeling internal environmental behavior of an enclosure
for use by a control system of an HVAC system installed in the enclosure, the system
comprising a processing system adapted and programmed to receive weather forecast
data predicting future weather conditions for a region including the location of the
enclosure, and to update a model for the enclosure that describes behavior of the
enclosure for use by the control system, the updating being based at least in part on the

weather forecast data.

54. A system according to claim 53 wherein the model for the enclosure

describes thermodynamic behavior of the enclosure.

55. A system according to claim 53 wherein the weather forecast data includes

predictions more than 24 hours in the future.
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56. A system according to claim 53 wherein the weather forecast data includes

predictions of humidity and/or dew point.

57. A system according to claim 53 wherein the weather forecast data includes

predictions relating to solar output.

58. A system according to claim 53 wherein the weather forecast data includes

predictions of precipitation.

59. A system according to claim 53 wherein processing system is further
adapted and programmed to receive historical weather data, and the model for the

enclosure is updated based in part on the historical weather data.

60. A system according to claim 58 wherein the historical weather data
includes one or more types of data selected from a group consisting of: temperature,

humidity, wind, solar output and precipitation.

61. A system according to claim 53 wherein processing system is further
adapted and programmed to receive occupancy data, and the model for the enclosure is

updated based in part on the occupancy data.

62. A system according to claim 60 occupancy data includes predicted

occupancy for the future.
63. A system according to claim 53 wherein processing system is further

adapted and programmed to receive calendar data, and the model for the enclosure is

updated based in part on the calendar data.
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64. A system according to claim 53 wherein the processing system is further
adapted and programmed to receive weather condition data representing current weather
conditions, wherein the model for the enclosure is updated based in part on the weather

condition data.

65. A system according to claim 64 wherein the weather condition data is
gathered at least in part from one or more weather condition sensors located on or near

the enclosure.

66. A system according to claim 65 wherein the one or more weather
condition sensors includes sensors of one or more types selected from a group consisting

of: temperature, humidity, wind, precipitation, and solar output.

67. A system according to claim 65 wherein processing system is further
adapted and programmed to automatically discover the location one or more of the

weather condition sensors.

68. A system according to claim 64 wherein the weather condition data is

includes data obtained from one or more third party sources.

69. A system according to claim 68 wherein the one or more third party

sources include government and/or privately operated weather stations.
70. A system according to claim 53 wherein processing system is further
adapted and programmed to receive a model from a database of enclosure models, and

the model for the enclosure is updated based in part the model.

71. A system according to claim 53 wherein processing system is further

adapted and programmed to receive structural information relating to the physical
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structure of the enclosure, and the model for the enclosure is updated based in part on the

structural information.

72. A system according to claim 71 wherein the structural information
includes one or more types of information selected from a group consisting of: number of
rooms, number of bedrooms, arca, use of rooms, construction materials, insulation, and

type of windows.

73. A system according to claim 71 wherein the structural information is

obtained at least in part from a third party database.

74. A system according to claim 71 wherein the structural information is

obtained at least in part from a user.

75. A system according to claim 53 wherein the enclosure is a dwelling.

76. A system for modeling internal environmental behavior of an enclosure
for use by a control system of an HVAC system installed in the enclosure comprising a
processing system adapted and programmed monitor environmental conditions exterior to
the enclosure, and environmental conditions of the interior of the enclosure, and to update
a model for the enclosure that describes thermodynamic behavior of the enclosure for use
by the control system, based at least in part on the monitored interior and exterior

conditions.
77. A system according to claim 76 wherein the processing system includes an

excitation monitor that is programmed to determine if changes in the interior and exterior

environmental conditions are adequate to generate an updated model for the enclosure.
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