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HVYACSYSTEM WITH AUTOMATED DEVICE PAIRING

CROSS-REFERENCE TO RELATED PATENT APPLICATION

(6001} This application claims the benefit of and prionity to U.S. Patent Application No.
15/400,926 filed January 6, 2017, the entire disclosure of which is incorporated by reference

herein.

BACKGROUND

[80602] The present disclosure relates generally to heating, ventilation, or air conditioning
(HVAC) systeras for a building. The present disclosure relates more particularly to systems
and methods for automatically establishing relationships between sensors and actuation

devices in a building HVAC system.

6003} Building HVAC systems typically include many different sensors and actuation
devices. The sensors measure various environmental variables {e.g., temperature, humidity,
air flow, etc.) and provide sensor readings to a controller. In a feedback control system, a
controller uses the sensor readings to generate appropriate control signals for the actuation
devices (e.g., chillers, botlers, valves, actuators, eic.) which operate to affect the
environmental variables measured by the sensors. Some buildings have hundreds of sensors
and actuation devices. It can be cumbersome, error prone, and time consuming to manually
identify the associations between sensors and their corresponding actuation devices.
Additionally, buildings evolve over time which can change existing relationships between
sensors and actuation devices. For example, remodeling a building can break existing
relationships between patred sensors and actuation devices or create new relationships that

did not previously exist.

[0004] Some building HVAC systems record timeseries data (e.g., trend data, historical
data, etc.) for various measured or calculated variables. Timeseries data can be used for
many purpeses including, for example, fault detection, benchmarking, executing queries,
and other data analvsis applications. Some data analysis applications compare two or more
timeseries as part of the analysis. However, it can be difficult to compare timeseries to each
other due to dimensional mismatches resulting from different sampling rates, ditferent units
of measurement, and other factors. Without the ability to accurately compare timeseries

data, performing actions such as finding similar trends, executing queries on a broad data
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set, running diagnostic algorithms, conducting benchmarking, reporting on compliance

across portfolio of systems or buildings, and other actions can be challenging.
SUMMARY

(0085} One implementation of the present disclosure is a heating, ventilation, or air
conditioning (HVAC) system for a building. The HVAC system includes a number of
actuation devices operable to affect one or more variables in the building, a number of
sensors configured to measure the variables affected by the actuation devices, and a
controller. The controller is configured to operate the actuation devices to atfect one or
more of the measured variables by providing an actuation signal to the actuation devices
and to receive sensor response signals from the sensors. The sensor response signals
indicate an effect of the actuation signal on the measured variables. For each of the sensor
response signals, the controlier is configured to calculate a similarity metric indicating a
similarity between the sensor response signal and the actuation signal. The controller is
configured to automatically establish a device pairing including one of the actuation devices

and one of the sensors based on the similarity metrics.

[8006] In some embodiments, the device pairing defines a control relationship between
the actuation device in the device pairing and the sensor in the device pairing. The control
relationship can indicate that the actuation device in the device pairing is operable to control

a variable measured by the sensor in the device pairing.

(8087} In some embodiments, the controller is configured to automatically create a
feedback control loop including the actuation device in the device pairing and the sensor in
the device pairing. The controller can use the feedback control loop to generate and provide
control signals to the actuation device in the device pairing based on measurements received

from the sensor in the device pairing.

[8008] In some embodiments, the controller is configured to calculate the similanity
metrics based on differences between samples of the actuation signal and corresponding
samples of each of the sensor response signals.

[8609] In some embodiments, the controller is configured to determine, for each of the
sensor response signals, a delay time of the sensor response signal relative to the actuation

signal. The controller can identify a sensor corresponding to the sensor response signal
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having a minimum of the delay times and can establish the device pairing such that the

wdentitied sensor 1s included in the device pairing,

[9016] In some embodiments, the controller is configured to generate an actuation signal
timeseries including a plurality of samples of the actuation signal and generate a sensor
response timeseries for each of the sensor response signals. Each sensor response
timeseries may include a plurality of samples of one of the measured variables. In some
embodiments, the controller calculates the simtlanity metrics by comparing the actuation

signal timeseries to each of the sensor response timeseries.

(8011} In some embodiments, the controller is configured to detect a dimensional
mismatch between the actuation signal timeseries and one or more of the sensor response
timeseries and correct the dimensional mismatch by modifying at least one of the actuation

signal timeseries and ove or more of the sensor response timeseries.

(8012} In some embodiments, the controller is configured to apply a discrete cosine
transformation (BCT) to the actuation signal and each of the sensor response signals. Each
DCT may generate a plurality of DCT coefticients. The controller can calculate the
similarity metrics by comparing the DCT coefficients resulting from the DCT of the

actuation signal to DCT coefficients resulting from the DCT of each sensor response signal.

[8613] 1o some embodiments, the controller is configured to receive baseline sensor
signals from each of the plurality of sensors. The baseline sensor signals may indicate
values of the measured variables during a time period before the actuation signal is provided
to the actuation devices. For each of the baseline sensor signals, the controller can calculate
a simtlarity metric indicating a similarity between the baseline sensor signal and the

actuation signal.

[8014] In some embodiments, the controller is configured to determine, for each of the
plurality of sensors, whether the similarity metric calculated based on the sensor response
signal indicates a greater similarity than the similarity metric calculated based on the
baseline sensor signal. In some embodiments, the controller establishes the device pairing
in response to a determination that the similarity metric calculated based on the sensor
response signal indicates a greater similarity than the similarity metric calculated based on

the baseline sensor signal.

[8615] Anocther implementation of the present disclosure is a method for establishing

device pairings in a heating, ventilation, or air conditioning (HVAC) system for a building.
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The method includes operating one or more actuation devices to affect one or more
measured variables in the building by providing an actuation signal to the actuation devices
and receiving sensor response signals from a plurality of sensors configured to measure the
variables affected by the actuation devices. The sensor response signals indicate an effect
of the actuation signal on the measured variables. The method includes calculating a
similarity metric for each of the sensor response signals. Each similarity metric indicates a
similarity between the actuation signal and one of the sensor response signals. The method
includes antomatically establishing a device pairing including one of the actuation devices

and one of the sensors based on the similarity metrics.

[8016] In some embodiments, the device pairing defines a control relationship between
the actuation device in the device pairing and the sensor in the device pairing. The control
relationship may indicate that the actuation device in the device pairing is operable to

control a variable measured by the sensor in the device pairing.

(8017} In some embodiments, the method includes automatically creating a feedback
control loop including the actuation device in the device pairing and the sensor in the device
pairing. The method may include using the feedback control loop to generate and provide
control signals to the actuation device in the device pairing based on measurements received

from the sensor in the device pairing.

[8018] In some embodiments, the similarity metrics are calculated based on differences
between samples of the actuation signal and corresponding samples of each of the sensor

response signals.

(8619} In some embodiments, the method includes determining, for each of the sensor
response signals, a delay time of the sensor response signal relative to the actuation signal.
The method may include identifying a sensor corresponding to the sensor response signal
having a mintmum of the delay times and establishing the device pairing such that the

identified sensor is included in the device pairing.

[6620] In some embodiments, the method includes generating an actuation signal
timeseries including a plurality of samples of the actuation signal and generating a sensor
response timeseries for each of the sensor response signals. Each sensor response
timeseries may include a plurality of samples of one of the measured variables. The method
may include calculating the similarity metrics by comparing the actuation signal timeseries

to each of the sensor response timeserics.
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[6621] In some embodiments, the method includes detecting a dimensional mismatch
between the actuation signal timeseries and one or more of the sensor response fimeseries
and correcting the dimensional mismatch by modifying at least one of the actuation signal

timeseries and one or more of the sensor response timeseries.

80622} Insome embodiments, the method includes applying a discrete cosine
transformation (DCT) to the actuation signal and each of the sensor response signals. Each
DCT may generate a plurality of DCT coefficients. The method may include calculating
the similarity metrics by comparing the DCT coefficients resulting from the DCT of the

actuation signal to DCT coefficients resulting from the DCT of each sensor response signal.

[0023] Insome embodiments, the method includes receiving baseline sensor signals from
each of the plurality of sensors. The baseline sensor signals may indicate values of the
measured variables during a time period before the actuation signal is provided to the
actuation devices. The method may include, for each of the baseline sensor signals,
calculating a similarity metric indicating a similarity between the baseline sensor signal and

the actuation signal.

[6024] In some embodiments, the method includes determining, for each of the plurality
of sensors, whether the similarity metric calculated based on the sensor response signal
indicates a greater similarity than the similarity metric calculated based on the baseline
sensor signal. The method may include establishing the device pairing in response to a
determination that the similarity metric calculated based on the sensor response signal
indicates a greater similarity than the similanty metric calculated based on the baseline

sensor signal.

[0025] Those skilled in the art will appreciate that the summary is illustrative only and is
not intended to be in any way limiting. Other aspects, inventive features, and advantages of
the devices and/or processes described herein, as defined solely by the claims, will become
apparent in the detailed description set forth herein and faken in conjunction with the

accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

(8026} Some embodiments will become more fully understood from the following
detailed description, taken in conjunction with the accompanying drawings, wherein like

reference numerals refer to like elements, in which:

(]
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[6627} FIG. 1is a drawing of a building equipped with a heating, ventilation, or air

conditioning (HVAC) system, according to an exemplary embodiment;

[0028] FIG. 2is a drawing of a waterside system which can be used in combination with

the HYAC system of FIG. |, according to an exemplary embodiment;

[8029] FIG. 3 is a drawing of an airside system which can be used in combination with

the HVAC system of FIG. 1, according to an exemplary embodiment;

[8630] FIG. 4is a block diagram of a building management system which can be used to
monttor and control the building and HVAC system of FIG. 1, according to an exemplary
embodiment;

(8831} FIG. 5is a block diagram of ancther building management system which can be
used to monttor and control the building and HVAC system of FIG. 1, according to an
exemplary embodiment;

(60321 FIG. 6A is a block diagram of a HVAC system including sensors, actuation
devices, and a controller, which can be implemented in the building of FIG. 1, according to
an exemplary embodiment;

[8633] FIG. 6B is a block diagram illustrating a portion of the HVAC system of FIG. 6A
in greater detail including a smart actuator which can be configured to perform automated
device pairing, according to an exemplary embodiment;

[6034] FIG 6C 1s a block diagram illustrating a portion of the HVAC system of FIG. 6A
in greater detail including a smart chiller which can be configured to perform automated
device pairing, according to an exemplary embodiment;

60635} FIG. 6D is a block diagram illustrating a portion of the HVAC system of FIG. 6A
in greater detail including a smart thermostat which can be configured to perform automated
device patring, according to an exemplary embodiment;

8836} FIG. 7 is a graph illustrating different types of signals and timeseries evaluated by
the controller of FIG. 6A, according to an exemplary embodiment;

[8037] FIG. 8is a graph illustrating dimensional mismatch handling performed by the

controller of FIG. 6A, according to an exemplary embodiment;

G
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[6638] FIG. 9isa flowchart of a process for establishing device pairings between sensors
and actuation devices, which can be performed by the controller of FIG. 6A, according to an

exemplary embodiment; and

[803%9] FIG. 1015 a flowchart of a process for handling dimensional mismaiches between
actuation signal timeseries and sensor response timeseries, which can be performed by the

controller of FIG. 6A, according to an exemplary embodiment.
DETAILED DESCRIPTION

[8040] Referring generally to the FIGURES, a heating, ventilation, or air conditioning
(HVAC) system with automated device pairing and dimensional mismatch handling are
shown according to various exemplary embodiments. The HVAC system includes a
plurality of sensors and actuation devices {(e.g, chillers, boilers, fans, dampers, actuators,
valves, etc.). The sensors measure various environmental variables in the building (e.g.,
zone temperature, humidity, air flow, etc.}. The actuation devices operate 1o affect the
measured variables by providing heating, cooling, airflow, etc. to the building. A controiler
provides actuation signals to the actuation devices and receives sensor response signals
from the sensors. The controller uses the sensor response signals to determine an effect of

the actuation signals on the measured variables.

[8641] In some embodiments, the coniroller automatically establishes device pairings
between sensors and actuation devices based on the sensor response signals. For each
combination of an actuation signal and a sensor response signal, the controller can calculate
a stmilarity roetric. The sirtlarity metric indicates the similarity or closeness between the
sensor response signal and the actuation signal. The controller can use the similarity
metrics to identify which of the sensor response signals most closely matches each actuation
signal. The controller can then establish a device pairing between the actuation device and

the sensor corresponding to the matching actuation signal and sensor response signal.

[8642] In some embodiments, the controller stores timeseries data for the actuation signals
and sensor response signals. Different variables can be measured at different sampling
rates, which can lead do dimensional mismatches between two or more timeseries that span
the same range of times. For example, a timeseries sampled at a rate of ten samples per
second may include twice the number of samples as a different timeseries sampled at a rate

of five samples per second. The controller can automatically handle dimensional
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mismatches between two or more timeseries by performing a discrete cosine transformation

for each tirmeseries.

[0043] A discrete cosine transformation (DCT) expresses a finite sequence of data points
in terms of a sum of cosine functions oscillating at different frequencies. Performing the
DCT may result 1o a set of DCT coefficients for cach timeseries. The DCT coetficients
represent the magnitudes of the cosine functions in the summation. The controller can
apply a quantization process to the DCT coefficients in each set such that only &
predetermined number of the DCT coefficients in each set are retained. The remaining
DCT coefficients can be discarded or replaced with zeros, which has the effect of removing
some of the higher frequency cosine funciions from the summation. The controller can
compare two or more timeseries by comparing the DCT coefficients resulting from each
DCT. Advantageously, this allows for direct comparison between the transformed
timeseries without requiring decompression, interpolation, synchronization, or other
processing steps. Other features and advantages of the HVAC system and controlier are

described in greater detail below.
Building HYAC Systems and Buiiding Management Systems

[8044] Referring now to FIGS. 1-5, several building management systems (BMS) and
HVAC systems in which the systems and methods of the present disciosure can be
implemented are shown, according to some embodiments. In brief overview, FIG. 1 shows
a building 10 equipped with a HVAC system 100, FIG. 2 is a block diagram of a waterside
system 200 which can be used to serve building 10. FIG. 3 1s a block diagram of an airside
system 300 which can be used to serve building 10, FIG. 4 is a block diagram of a BMS
which can be used to monitor and control building 10. FIG. 5 is a block diagram of another

BMS which can be used to monitor and control building 10

Building and HVAC Svystem

[0045] Referring particularly to FIG. 1, a perspective view of a building 10 is shown.
Building 10 1s served by a BMS. A BMS is, in general, a system of devices configured to
control, monitor, and manage equipment in or around a building or building area. A BMS
can include, for example, a HVAC system, a security system, a lighting system, a fire
alerting system, any other system that is capable of managing building functions or devices,

or any combination thereof.



WO 2018/128652 PCT/US2017/052702

[8646] The BMS that serves building 10 includes a HVAC system 100. HVAC system
100 can include a plurality of HVAC devices {e.g., heaters, chillers, air handiing units,
pumps, fans, thermal energy storage, etc.) configured to provide heating, cooling,
ventilation, or other services for building 10. For example, HYAC system 100 is shown to
include a waterside system 120 and an airside system 130, Waterside system 120 may
provide a heated or chilled fluid to an air handling unit of airside system 130. Airside
system 130 may use the heated or chilled fluid to heat or cool an airflow provided to
building 10, An exemplary waterside system and airside system which can be used in

HVAC system 100 are described in greater detail with reference to FIGS. 2-3.

[8047] HVALC system 100 is shown to include a chiller 102, a boiler 104, and a rooftop air
handling unit (AHU) 106, Waterside system 120 may use botler 104 and chiller 102 to heat
or cool a working fluid (e.g., water, glycol, ete.) and may circulate the working fluid to
AHU 106. In various embodiments, the HVAC devices of waterside system 120 can be
located 10 or around building 10 (as shown in FIG. 1) or at an offsite location such as a
central plant (e.g., a chiller plant, a steam plant, a heat plant, etc.}. The working fluid can be
heated in boiler 104 or cooled in chiller 102, depending on whether heating or cooling is
required in building 10. Boiler 104 may add heat to the circulated fluid, for example, by
burning a combustible material (e.g., natural gas) or using an electric heating element.
Chiller 102 may place the circulated fluid in a heat exchange relationship with another fluid
{e.g., arefrigerant) in a heat exchanger {e.g., an evaporator) to absorb heat from the
circulated fluid. The working fluid from chiller 102 and/or boiler 104 can be transported to

AHU 106 via piping 108,

[8048] AHU 106 may place the working tluid in a heat exchange relationship with an
airflow passing through AHU 106 (e.g., via one or more stages of cooling coils and/or
heating coils). The airflow can be, for example, outside air, return air from within building
10, or a combination of both. AHU 106 may transfer heat between the airflow and the
working fluid to provide heating or cooling for the airflow. For example, AHU 106 can
include one or more fans or blowers configured to pass the airflow over or through a heat
exchanger containing the working fluid. The working tfluid may then return to chiller 102
or botler 104 via piping 110

(80491  Airside system 130 may deliver the airflow supplied by AHU 106 (i.e, the supply
airflow) to building 10 via air supply ducts 112 and may provide return air from building 10
to AHU 106 via air return ducts 114 In some embodiments, airside system 130 includes

9
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multiple variable air volume (VAV) units 116. For example, airside system 130 is shown to
include a separate VAV unit 116 on each floor or zone of building 10. VAV units 116 can
include dampers or other flow control elements that can be operated to control an amount of
the supply airflow provided to individual zones of building 10. In other embodiments,
airside system 130 delivers the supply airflow into one or more zones of building 10 (e .g.,
via supply ducts 112) without using intermediate VAV units 116 or other flow control
elements. AHU 106 can include various sensors (e g., temperature sensors, pressure
sensors, etc.} configured to measure atiributes of the supply airflow. AHU 106 may receive
input from sensors located within AHU 106 and/or within the building zone and may adjust
the flow rate, temperature, or other attributes of the supply airflow through AHU 106 to

achieve setpoint conditions for the building zone.

‘Waterside System

[8050] Referring now to FIG. 2, a block diagram of a waterside system 200 1s shown,
according to some embodiments. In various embodiments, waterside system 200 may
supplement or replace waterside system 120 in HVAC systern 100 or can be implemented
separate from HVAC system 100, When implemented in HVAC system 100, waterside
system 200 can include a subset of the HVAC devices in HVAC system 100 (e g, boiler
104, chiller 102, pumps, valves, etc.) and may operate to supply a heated or chilled fluid to
AHU 106, The HVAC devices of waterside system 200 can be located within butlding 10
(2., as components of waterside system 120} or at an offsite location such as a central

plant.

[8651] In FIG. 2, waterside system 200 is shown as a central plant having a plurality of
subplants 202-212. Subplants 202-212 are shown to include a heater subplant 202, a heat
recovery chiller subplant 204, a chiller subplant 2006, a cooling tower subplant 208, a hot
thermal energy storage {TES) subplant 210, and a cold thermal energy storage (TES)
subplant 212, Subplants 202-212 consume resources {(e.g., water, natural gas, electricity,
etc.} from utilities to serve thermal energy loads (e.g., hot water, cold water, heating,
cooling, etc.) of a building or campus. For example, heater subplant 202 can be configured
to heat water in a hot water loop 214 that circulates the hot water between heater subplant
202 and building 10. Chiller subplant 206 can be configured to chill water in a cold water
loop 216 that circulates the cold water between chiller subplant 206 building 10, Heat
recovery chiller subplant 204 can be configured to transfer heat from cold water loop 216 to

hot water loop 214 to provide additional heating for the hot water and additional cooling for

10
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the cold water. Condenser water foop 218 may absorb heat from the cold water in chiller
subplant 206 and reject the absorbed heat in cooling tower subplant 208 or transfer the
absorbed heat to hot water loop 214. Hot TES subplant 210 and cold TES subplant 212

may store hot and cold thermal energy, respectively, for subsequent use.

[8052] Hot water loop 214 and cold water loop 216 may deliver the heated and/or chilled
water to air handlers located on the rooftop of building 10 (e.g., AHU 106) or to individual
floors or zones of building 10 {e.g., VAV units 116). The air handlers push air past heat
exchangers {e.g., heating coils or cooling coils) through which the water flows to provide
heating or cooling for the air. The heated or cooled air can be delivered to individual zones
of building 10 to serve thermal energy loads of building 10, The water then returns to

subplants 202-212 to receive further heating or cooling.

90531 Although subplants 202-212 are shown and described as heating and cooling water
for circulation to a building, 1t is understood that any other type of working fluid (e.g.,
glycol, CO2, etc.) can be used in place of or in addition to water to serve thermal energy
loads. In other embodiments, subplants 202-212 may provide heating and/or cooling
directly to the building or campus without requiring an intermediate heat transfer fluid.
These and other variations to waterside system 200 are within the teachings of the present

disclosure.

[8054] Fach of subplants 202-212 can include a vanety of equipment configured to
facilitate the functions of the subplant. For example, heater subplant 202 is shown to
include a plurality of heating elements 220 (e g, boilers, electric heaters, etc )} configured to
add heat to the hot water in hot water loop 214, Heater subplant 202 is also shown to
include several pumps 222 and 224 configured to circulate the hot water in hot water loop
214 and to control the flow rate of the hot water through individual heating elements 220,
Chiller subplant 206 is shown to include a plurality of chillers 232 configured to remove
heat from the cold water in cold water loop 216. Chiller subplant 206 is also shown to
include several pumps 234 and 236 configured to circulate the cold water in cold water loop
216 and to control the flow rate of the cold water through individual chillers 232.

[8055] Heat recovery chiller subplant 204 is shown to include a plurality of heat recovery
heat exchangers 226 {e.g., refrigeration circuits) configured to transfer heat from cold water

loop 216 to hot water loop 214, Heat recovery chiller subplant 204 is also shown to include

several pumps 228 and 230 configured to circulate the hot water and/or cold water through

11
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heat recovery heat exchangers 226 and to control the flow rate of the water through
individuoal heat recovery heat exchangers 226. Cooling tower subplant 208 1s shown to
include a plurality of cooling towers 238 configured to remove heat from the condenser
water in condenser water loop 218. Cooling tower subplant 208 is also shown to include
several pumps 240 configured to circulate the condenser water in condenser water loop 218

and to control the flow rate of the condenser water through individual cooling towers 238.

(80561 Hot TES subplant 210 13 shown to 1nclude a hot TES tank 242 configured to store
the hot water for later use. Hot TES subplant 210 may also include one or more pumps or
valves configured to control the flow rate of the hot water into or out of hot TES tank 242.
Cold TES subplant 212 is shown to include cold TES tanks 244 configured to store the cold
water for later use. Cold TES subplant 212 may also include one or more pumps or valves

configured to countrol the flow rate of the cold water into or out of cold TES tanks 244,

[00571 In some embodiments, one or more of the pumps in waterside system 200 {e.g.,
pumps 222, 224, 228, 230, 234, 236, and/or 240) or pipelines in waterside system 200
include an isolation valve associated therewith. Isolation valves can be integrated with the
purps or positioned upstream or downstream of the pumps to control the tluid flows in
waterside system 200. In various embodiments, waterside system 200 can include more,
fewer, or different types of devices and/or subplants based on the particular configuration of

waterside system 200 and the types of loads served by waterside system 200.

Aldrside Svstem

[8058] Referring now to FIG. 3, a block diagram of an airside system 300 is shown,
according to some embodiments. In various embodiments, airside system 300 may
supplement or replace airside system 130 in HVAC system 100 or can be implemented
separate fromm HVAC system 100. When implemented in HVAC system 100, airside
system 300 can include a subset of the HVAC devices in HVAC system 100 (e.g., AHU
106, VAV units 116, ducts 112-114, fans, dampers, etc.) and can be located in or around
building 10. Airside systern 300 may operate to heat or cool an airflow provided to building

10 using a heated or chilled fluid provided by waterside system 200.

[8059] In FIG. 3, airside system 300 1s shown to include an economizer-type air handling
unit (AHU) 302, Economizer-type AHUs vary the amount of outside air and return air used
by the air handling unit for heating or cooling. For example, AHU 302 may receive return

ait 304 from building zone 306 via return air duct 308 and may deliver supply air 310 to
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building zone 306 via supply air duct 312. In some embodiments, AHU 302 is a rooftop
unit located on the roof of building 10 (e.g., AHU 106 as shown in FIG. 1) or otherwise
positioned to receive both return air 304 and outside air 314. AHU 302 can be configured
to operate exhaust air damper 316, mixing damper 318, and outside air damper 320 to
control an amount of outside air 314 and return air 304 that combine to form supply air 310,
Any return air 304 that does not pass through mixing damper 318 can be exhausted from

AHU 302 through exhaust damper 316 as exhaust air 322.

[8060] FEach of dampers 316-320 can be operated by an actuator. For example, exhaust
air damper 316 can be operated by actuator 324, mixing damper 318 can be operated by
actuator 326, and outside air damper 320 can be operated by actuator 328, Actuators 324-
328 may communicate with an AHU controller 330 via a communications link 332.
Actuators 324-328 may receive control signals from AHU controller 330 and may provide
feedback signals to AHU controlier 330. Feedback signals can include, for example, an
indication of a current actuator or damper position, an amount of torque or force exerted by
the actuator, diagnostic information (e.g., results of diagnostic tests performed by actuators
324-328), status information, commissioning information, configuration settings, calibration
data, and/or other types of information or data that can be collected, stored, or used by
actuators 324-328. AHU controlier 330 can be an economizer controller configured to use
one or more control algorithms (e.g., state-based algorithms, extremum seeking control
(ESC) algorithms, proportional-integral (PI) control algorithms, proportional-integral-
derivative (PID) control algorithms, model predictive control (MPC) algorithms, feedback

control algorithms, etc ) to control actuators 324-328.

(8061} Sull refernng to FIG. 3, AHU 302 1s shown to include a cooling cotl 334, a heating
coil 336, and a fan 338 positioned within supply air duct 312, Fan 338 can be configured to
force supply air 310 through cooling coil 334 and/or heating cotl 336 and provide supply air
310 to building zone 306. AHU controller 330 may communicate with fan 338 via
communications link 340 to control a flow rate of supply air 310. In some embodiments,
AHU controller 330 controls an armount of heating or cooling applhied to supply air 310 by

modulating a speed of fan 338,

(80621 Cooling coil 334 may recetve a chilled fluid from waterside system 200 (e.g., from
cold water loop 2106) via piping 342 and may return the chilled fluid to waterside system
200 via piping 344. Valve 346 can be positioned along piping 342 or piping 344 to control
a flow rate of the chilled tluid through cooling coil 334. In some embodiments, cooling coil

13
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334 includes multiple stages of cooling coils that can be independently activated and
deactivated {¢.g., by AHU countroller 330, by BMS countroller 366, etc.) to modulate an

amount of cooling applied to supply air 310.

[0063] Heating cotl 336 may receive a heated fluid from waterside system 200(e.g., from
hot water loop 214) via piping 348 and may return the heated fluid to waterside system 200
via piping 350. Valve 352 can be positioned along piping 348 or piping 350 to control a
tlow rate of the heated fluid through heating coll 336, Tn some embodirents, heating coil
336 includes multiple stages of heating coils that can be independently activated and
deactivated {e.g., by AHU controller 330, by BMS controller 366, etc.) to modulate an

amount of heating applied to supply air 310

[8664] Each of valves 346 and 352 can be controlled by an actuator. For example, valve
346 can be controlled by actuator 354 and valve 352 can be controlled by actuator 356.
Actuators 354-356 may communicate with AHU controller 330 via communications links
358-360. Actuators 354-356 may receive control signals from AHU controller 330 and may
provide feedback signals to controller 330. In some embodiments, AHU controller 330
receives a measurement of the supply air temperature from a temperature sensor 362
positioned in supply air duct 312 {e.g., downstream of cooling coil 334 and/or heating coil
336). AHU controller 330 may also receive a measurement of the temperature of building

zone 306 from a temperature sensor 364 located 1o building zone 306

[8065] In some embodiments, AHU controller 330 operates valves 346 and 352 via
actuators 354-356 to modulate an amount of heating or cooling provided to supply air 310
{¢.g., to achieve a setpoint temperature for supply air 310 or to maintain the temperature of
supply air 310 within a setpoint temperature range). The positions of valves 346 and 352
atfect the amount of heating or cooling provided to supply air 310 by cooling coil 334 or
heating cotl 336 and may correlate with the amount of energy consumed to achieve a
desired supply air temperature. AHU 330 may control the temperature of supply air 310
and/or building zone 306 by activating or deactivating coils 334-336, adjusting a speed of
fan 338, or a combination of both.

[8066] Still referring to FIG. 3, airside systern 300 is shown to include a building
management system {(BMS) controller 366 and a client device 368. BMS controller 366 can
include one or more computer sysiems (e.g., servers, supervisory controllers, subsystem

controllers, etc.) that serve as system level controllers, application or data servers, head

14
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nodes, or master controllers for airside system 300, waterside system 200, HVAC system
100, and/or other controllable systermns that serve building 10. BMS controller 366 may
communicate with multiple downstream building systems or subsystems (e g, HVAC
system 100, a security system, a lighting system, waterside system 200, etc.) via a
communications link 370 according o like or disparate protocols {(e.g., LON, BACnet, etc.).
In various embodiments, AHU controlier 330 and BMS controller 366 can be separate {(as
shown in FIG. 3) or integrated. In an integrated implementation, AHU controller 330 can

be a software module configured for execution by a processor of BMS controller 366.

[8067] In some embodiments, AHU controller 330 receives information from BMS
controlier 3606 (e.g., commands, setpoints, operating boundaries, etc.) and provides
information to BMS controller 366 (e g, temperature measurements, valve or actuator
positions, operating statuses, diagnostics, etc.). For example, AHU controller 330 may
provide BMS controller 366 with temperature measurements from temperature sensors 362-
364, equipment on/off states, equipment operating capacities, and/or any other information
that can be used by BMS controller 366 to monitor or control a variable state or condition

within building zone 306,

(8068} Client device 368 can include one or more human-machine interfaces or client
interfaces {e.g., graphical user interfaces, reporting interfaces, text-based computer
interfaces, client-facing web services, web servers that provide pages to web clients, etc.)
for controlling, viewing, or otherwise interacting with HVAC system 100, its subsystems,
and/or devices. Client device 368 can be a computer workstation, a client terminal, a
remote or local interface, or any other type of user interface device. Client device 368 can
be a stationary terminal or a mobile device. For example, client device 368 canbe a
desictop computer, a computer server with a user interface, a laptop computer, a tablet, a
smartphone, a PDA | or any other type of mobile or non-mobile device. Client device 368
may communicate with BMS controtler 366 and/or AHU controller 330 via

communications link 372.

Building Management Systems

[0069] Referring now to FIG. 4, a block diagram of a building management system
(BMS} 400 is shown, according to some embodiments. BMS 400 can be implemented in
building 10 to automatically monitor and control various building functions. BMS 400 is

shown to include BMS controller 366 and a plurality of building subsysterns 428, Building
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subsystems 428 are shown to include a building electrical subsystem 434, an information
communication technology (ICT) subsystem 436, a security subsystem 438, a HVAC
subsystem 440, a lighting subsystem 442, a lift/escalators subsystem 432, and a fire safety
subsystem 430. In various embodiments, building subsystems 428 can include fewer,
additional, or alternative subsystems. For example, building subsystems 428 may also or
alternatively include a refrigeration subsystem, an advertising or signage subsystem, a
cooking subsystem, a vending subsystem, a printer or copy service subsystem, or any other
type of building subsystem that uses controilable equipment and/or sensors to montitor or
control building 10. In some embodiments, building subsystems 428 include waterside

system 200 and/or airside system 300, as described with reference to FIGS. 2-3.

(80706} Each of building subsystems 428 can include any number of devices, controllers,
and connections for completing its individual functions and control activities. HVAC
subsystem 440 can inciude many of the same components as HVAC system 100, as
described with reference to FIGS. 1-3. For example, HVAC subsystem 440 can include a
chiller, a boiler, any number of air handling units, economizers, field controliers,
supervisory controliers, actuators, temperature sensors, and other devices for controlling the
temperature, hunidity, airflow, or other variable conditions within building 10. Lighting
subsystem 442 can include any number of light fixtures, ballasts, lighting sensors, dimmers,
or other devices configured to controllably adjust the amount of light provided to a building
space. Security subsystem 438 can include occupancy sensors, video surveillance cameras,
digital video recorders, video processing servers, intrusion detection devices, access control

devices and servers, or other security-related devices.

[8071] Sull referring to FIG. 4, BMS controller 366 is shown to include a
communications interface 407 and a BMS interface 409, Interface 407 may facilitate
communications between BMS controller 366 and external applications {(e.g., monitoring
and reporting applications 422, enterprise control applications 426, remote systems and
applications 444, applications residing on client devices 448, etc.) for allowing user control,
monitoring, and adjustment to BMS controller 366 and/or subsystems 428, Interface 407
may also facilitate communications between BMS controller 366 and client devices 448,
BMS interface 409 may facilitate communications between BMS controller 366 and
butlding subsystems 428 (e.g., HVAC, lighting security, lifts, power distribution, business,

etc.).
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[8672] Interfaces 407, 409 can be or include wired or wireless communications interfaces
{e.g., jacks, antennas, transmitters, receivers, transceivers, wire terminals, ete)) for
conducting data communications with building subsystems 428 or other external systems or
devices. In various embodiments, communications via interfaces 407, 409 can be direct
{e.g., local wired or wireless communications} or via a communications network 446 (e.g., a
WAN, the Internet, a cellular network, etc)). For example, interfaces 407, 409 can include
an BEthernet card and port for sending and receiving data via an Ethernet-based
communications link or network. In another example, interfaces 407, 409 can include a Wi-
Fi transceiver for communicating via a wireless communications network. In another
example, one or both of interfaces 407, 409 can include cellular or mobile phone
communications transceivers. In one embodiment, communications interface 407 1s a
power line communications interface and BMS interface 409 is an Ethernet interface. In
other embodiments, both communications interface 407 and BMS interface 409 are Ethernet

interfaces or are the same Fthernet interface.

[66731 Sull referring to FIG. 4, BMS controller 366 is shown to include a processing
circuit 404 including a processor 406 and memory 408, Processing circuit 404 can be
communicably connected to BMS interface 409 and/or communications interface 407 such
that processing circuit 404 and the various components thereof can send and receive data
via interfaces 407, 409, Processor 406 can be implemented as a general purpose processor,
an application specific integrated circuit (ASIC), one or more field programmable gate
arrays (FPGAs), a group of processing components, or other suitable electronic processing

components.

[00674] Memory 408 (e.g., memory, memory unit, storage device, etc.) can include one or
more devices (e.g., RAM, ROM, Flash memory, bard disk storage, eic.) for storing data
and/or computer code for completing or facilitating the various processes, layers and
modules described in the present application. Memory 408 can be or include volatile
memory or non-volatile memory. Memory 408 can include database components, object
code components, script components, or any other type of information structure for
supporting the various activities and information structures described in the present
application. According to some embodiments, memory 408 is communicably connected to
processor 406 via processing circuit 404 and includes computer code for executing (e.g., by

processing circuit 404 and/or processor 40¢) one or more processes described herein,
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[86675] In some embodiments, BMS controller 366 is implemented within a single
computer {e.g., one server, one housing, etc.). In various other embodiments BMS
controller 366 can be distributed across multiple servers or computers (e.g., that can exist in
distributed locations). Further, while FIG. 4 shows applications 422 and 426 as existing
outside of BMS controlier 366, in some embodiments, applications 422 and 426 can be

hosted within BMS controller 366 (e g., within memory 408).

(80761 Sull referring to FIG. 4, memory 408 15 shown to include an enterprise integration
layer 410, an automated measurement and validation (AM& V) layer 412, a demand
response (DR layer 414, a fault detection and diagnostics (FDD) layer 416, an integrated
control layer 418, and a building subsvstem integration later 420. Layers 410-420 can be
configured to receive inputs from building subsystems 428 and other data sources,
determine optimal control actions for building subsystems 428 based on the inputs, generate
control signals based on the optimal control actions, and provide the generated control
signals to building subsysterns 428, The following paragraphs describe some of the general

tunctions performed by each of layers 410-420 in BMS 400.

[0077} Enterprise integration layer 410 can be configured to serve clients or focal
applications with information and services to support a variety of enterprise-level
applications. For example, enterprise control applications 426 can be configured to provide
subsystem-spanning control to a graphical user interface (GUIT) or to any number of
enterprise-level business applications {e.g, accounting systems, user identification systems,
etc.). Enterprise control applications 426 may also or alternatively be configured to provide
configuration GUls for configuring BMS controller 366. In yet other embodiments,
enterprise control applications 426 can work with layers 410-420 to optimize building
performance (e.g., efficiency, energy use, comfort, or safety} based on inputs received at

interface 407 and/or BMS interface 409.

(0078} Building subsystem integration layer 420 can be configured to manage
communications between BMS controller 366 and building subsystems 428. For example,
butlding subsystem integration layer 420 may receive sensor data and input signals from
building subsystems 428 and provide output data and control signals to building subsystems
42%. Building subsystem integration layer 420 may also be configured to manage
communications between building subsystems 428 Building subsystem integration fayer
420 translate communications {(e.g., sensor data, input signals, output signals, etc.) across a
plurality of multi-vendor/multi-protocol systems.
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[86679] Demand response layer 414 can be configured to optimize resource usage {(e.g.,
electricity use, natural gas use, water use, ete.} and/or the monetary cost of such resource
usage in response to satisfy the demand of building 10. The optimization can be based on
time-of-use prices, curtailment signals, energy availability, or other data received from
utility providers, distributed energy generation systems 424, from energy storage 427 (e.g.,
hot TES 242, cold TES 244, etc.), or from other sources. Demand response layer 414 may
receive inputs from other layers of BMS controller 366 (e.g., building subsystem integration
layer 420, integrated control layer 418, etc.). The tnputs received from other layers can
include environmental or sensor inputs such as temperature, carbon dioxide levels, relative
humidity levels, air quality sensor cutputs, occupancy sensor outputs, room schedules, and
the like. The inputs may also tnclude inputs such as electrical use {e.g., expressed in kWh),
thermal load measurements, pricing information, projected pricing, smoothed pricing,

curtailment signals from utilities, and the like.

[0080] According to some embodiments, demand response layer 414 includes control
logic for responding to the data and signals it receives. These responses can include
communicating with the control algorithms in tutegrated control layer 418, changing control
strategies, changing setpoints, or activating/deactivating building equipment or subsystems
in a controlled manner. Demand response layer 414 may also include control logic
configured to determine when to utilize stored energy. For example, demand response layer
414 may determine to begin using energy from energy storage 427 just prior to the

beginning of a peak use hour.

[8081] In some embodiments, demand response layer 414 includes a control module
configured to actively initiate control actions (e.g., automatically changing setpoints) which
minimize energy costs based on one or more inputs representative of or based on demand
{e.g., price, a curtailment signal, a demand level, ete)). In some embodiments, demand
response layer 414 uses equipment models to determine an optimal set of control actions.
The equipment models can include, for example, thermodynamic models describing the
inputs, outputs, and/or functions performed by various sets of building equipment.
Equipment models may represent collections of building equipment {e.g., subplants, chilier

arrays, etc. ) or individual devices (e.g., individual chillers, heaters, pumps, etc.).

(00821 Demand response layer 414 may further include or draw upon one or more
demand response policy definitions (e.g., databases, XML files, etc.). The policy
definitions can be edited or adjusted by a user {e.g., via a graphical user interface) so that

19



WO 2018/128652 PCT/US2017/052702

the control actions initiated in response to demand inputs can be tailored for the user’s
application, desired comfort level, particular building equipment, or based on other
concerns. For example, the demand response policy definitions can specify which
equipment can be turned on or off in response to particular demand inputs, how long a
system or piece of equipment should be turned off, what setpoints can be changed, what the
allowable set point adjustment range is, how long to hold a high demand setpoint before
returning to a normally scheduled setpoint, how close to approach capacity limits, which
equipment modes to utilize, the energy transfer rates {e.g , the maximum rate, an alarm rate,
other rate boundary information, etc ) into and out of energy storage devices {(e.g., thermal
storage tanks, battery banks, etc.), and when to dispatch on-site generation of energy (e.g.,

via fuel cells, a motor generator set, ete.).

[0083] Integrated control layer 418 can be configured to use the data input or cutput of
huilding subsystem integration layer 420 and/or demand response later 414 to make control
decisions. Due to the subsystem integration provided by building subsystem integration
layer 420, integrated control layer 418 can integrate control activities of the subsystems 428
such that the subsysterns 428 behave as a single integrated supersystem. In some
embodiments, integrated control layer 418 includes control logic that uses inputs and
outputs from a plurality of building subsystems to provide greater comfort and energy
savings relative to the comfort and energy savings that separate subsystems could provide
alone. For example, integrated control layer 418 can be configured to use an input from a
first subsystem to make an energy-saving countrel decision for a second subsystem. Results

of these decisions can be communicated back to building subsystem integration layer 420.

[8084] Integrated control layer 418 is shown to be logically below demand response layer
414. Integrated control Jayer 418 can be configured to enhance the effectiveness of demand
response layer 414 by enabling building subsystems 428 and their respective control loops
to be controlled in coordination with demand response layer 414, This configuration may
advantageously reduce disruptive demand response behavior relative to conventional
systems. For example, integrated control layver 418 can be configured to assure that a
demand response-driven upward adjustment to the setpoint for chilled water temperature {or
another component that directly or indirectly atfects temperature} does not result in an
increase in tan energy {or other energy used to cool a space) that would result in greater

total building energy use than was saved at the chiller.
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[6085] Integrated control layer 418 can be configured to provide feedback to demand
response layer 414 so that dervand response layer 414 checks that constraints {(e.g.,
temperature, lighting levels, etc.) are properly maintained even while demanded load
shedding is in progress. The constraints may also include setpoint or sensed boundaries
relating to safety, equipment operating limits and performance, comfort, fire codes,
electrical codes, energy codes, and the like. Integrated control layer 418 is also logically
below fault detection and diagnosties layer 416 and automated measurement and validation
layer 412, Integrated control laver 418 can be configured to provide calculated inputs {e.g.,
aggregations) to these higher levels based on outputs from more than one building

subsystem.

[0086] Automated measurement and validation (AM&V) layer 412 can be configured to
verify that control strategies commanded by integrated control layer 418 or demand
response layer 414 are working properly (e.g., using data aggregated by AM&YV layer 412,
integrated control layer 418, building subsystem integration layer 420, FDD layer 416, or
otherwise). The calculations made by AM&YVY layer 412 can be based on building system
energy models and/or equipment models for individual BMS devices or subsystems. For
example, AM&V laver 412 may compare a model-predicted output with an actual output

from building subsystems 428 to determine an accuracy of the model.

[00687] Fault detection and diagnostics (FDD) layer 416 can be configured to provide on-
going fault detection for building subsystems 428, building subsystem devices {i.e, building
equipment}, and control algorithms used by demand response layer 414 and integrated
control layer 418, FDD layer 416 may receive data inputs from integrated control layer
418, directly from one or more building subsystems or devices, or from another data source.
FDD layer 416 may automatically diagnose and respond to detected faults. The responses
to detected or diagnosed faults can include providing an alert message 1o a user, a
maintenance scheduling system, or a control algorithm configured to attempt to repair the

fault or to work-around the fault,

[6088] FDD layer 416 can be configured to output a specific identification of the faulty
component or cause of the fault (e.g., loose damper linkage) using detailed subsystem inputs
available at building subsystem integration layer 420. In other exemplary embodiments,
FDD layer 416 1s configured to provide “fault” events to integrated control layer 418 which
executes control strategies and policies in response to the received fault events. According
to some ernbodiments, FDD layer 416 {or a policy executed by an integrated control engine
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or business rules engine} may shut-down systems or direct control activities around faulty
devices or systems to reduce energy waste, extend equipment life, or assure proper control

1esponse.

[0089] FDD layer 416 can be configured to store or access a variety of different system
data stores {or data points for live data). FDD layer 416 may use some content of the data
stores to identify faults at the equipment level (e.g., specific chiller, specific AHU, specific
terminal unit, etc.) and other content to identity faults at component or subsystem levels.
For example, building subsystems 428 may generate temporal {i.e., ime-series) data
indicating the performance of BMS 400 and the various components thereof. The data
generated by building subsystems 428 can include measured or calculated values that
exhibit statistical characteristics and provide information about how the corresponding
system or process {e.g., a temperature control process, a flow control process, etc.) is
performing in terms of error from its setpoint. These processes can be examined by FDD
layer 416 to expose when the system begins to degrade in performance and alert a user to

repair the fault before it becomes more severe.

[0096} Referring now to FIG. S, a block diagram of another building management system
{BMS} 500 is shown, according to some embodiments. BMS 500 can be used to monitor
and control the devices of HVAC system 100, waterside system 200, airside system 300,
building subsystems 428, as well as other types of BMS devices (e.g., lighting equipment,

security equipment, etc.} and/or HVAC equipment.

(60911 BMS 500 provides a system architecture that facilitates automatic equipment
discovery and equipment model distribution. Equipment discovery can occur on multiple
levels of BMS 500 across multiple different communications busses (e.g., a system bus 554,
zone buses 556-360 and 564, sensor/actuator bus 566, etc.) and across multiple different
communications protocols. In some embodiments, equipment discovery is accomplished
using active node tables, which provide status information for devices connected to each
communications bus. For example, each communications bus can be monitored for new
devices by monitoring the corresponding active node table for new nodes. When a new
device is detected, BMS 500 can begin interacting with the new device (e.g., sending

control signals, using data from the device} without user interaction.

[8692] Some devices in BMS 500 present themselves to the network using equipment

models. An equipment model defines equipment object atiributes, view definitions,

b
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schedules, trends, and the associated BACnet value objects {e.g., analog value, binary value,
multistate value, etc.) that are used for integration with other systems. Some devices in
BMS 500 store their own equipment models. Other devices in BMS 500 have equipment
models stored externally {e.g., within other devices). For example, a zone coordinator 508
can store the equipment model for a bypass damper 528, In some embodiments, zong
coordinator 508 automatically creates the equipment model for bypass damper 528 or other
devices on zoune bus 558, Other zone coordinators can also create equipment models for
devices connected to their zone busses. The equipment model for a device can be created
autornatically based on the types of data points exposed by the device on the zone bus,
device type, and/or other device attributes. Several examples of automatic equipment

discovery and equipruent model distribution are discussed in greater detail below.

(00937 Sull referring to FIG. 5, BMS 500 is shown to include a system manager 502;
several zone coordinators 506, SG8, 510 and S18; and several zone controllers 524, 530,
532, 536, 548, and 550, System manager 502 can monitor data points in BMS 500 and
report monitored variables to various monitoring and/or control applications. System
manager 502 can communicate with client devices 504 {e.g., user devices, desktop
computers, laptop computers, mobile devices, etc.} via a data communications link 574
(e.g., BACnet IP, Ethernet, wired or wireless communications, etc.). System manager 502
can provide a user interface to client devices 504 via data communications link 574, The

user interface may allow users to monitor and/or control BMS 500 via client devices 504,

[0094} In some embodiments, system manager 502 is connected with zone coordinators
506-510 and 518 via a system bus 554. System manager 502 can be configured to
communicate with zone coordinators 506-510 and 518 via system bus 554 using a master-
slave token passing (MSTP) protocol or any other communications protocol. System bus
554 can also connect system manager 302 with other devices such as a constant volume
{CV) rooftop unit (RTU} 512, an input/output module (I0M) 514, a thermostat controller
516 {e.g., a TECS5000 series thermostat controller), and a network automation engine (NAE)
or third~-party controller S20. RTU 512 can be configured to communicate directly with
system manager 502 and can be connected directly to system bus 554, Other RTUs can
communicate with systern manager 502 via an intermediate device. For example, a wired
input 562 can connect a third-party RTU 542 to thermostat controller 516, which connects

to system bus 554,



WO 2018/128652 PCT/US2017/052702

[8695] System manager 502 can provide a user interface for any device containing an
equipment model. Devices such as zone coordinators 306-510 and 518 and thermostat
controller 516 can provide their equipment models to system manager 502 via system bus
554. In some embodiments, system manager 502 automatically creates equipment models
for connected devices that do not contain an equipment model (e.g., IOM 514, third party
controller 520, etc ). For example, system manager 502 can create an equipment model for
any device that responds to a device tree request. The equipment models created by system
manager S02 can be stored within system manager 502, System manager 502 can then
provide a user interface for devices that do not contain their own equipment models using
the equipment models created by system manager 502, In some embodiments, system
manager 502 stores a view definition for each type of equipment connected via system bus

554 and uses the stored view definition to generate a user interface for the equipment.

[8096] Each zone coordinator 506-510 and 518 can be connected with one or more of
zone controllers 524, 530-532, 536, and 548-550 via zone buses 556, 558, 560, and 564.
Zone coordinators 506-510 and 518 can communicate with zone controllers 524, 530-532,
536, and 548-550 via zone busses 556-560 and 564 using a MSTP protocol or any other
communications protocol. Zone busses 556-560 and 564 can also connect zone
coordinators 506-510 and 518 with other types of devices such as variable air volume
(VAV) RTUs 522 and 540, changeover bypass ({COBP) RTUs 526 and 552, bypass dampers
528 and 546, and PEAK controllers 534 and 544.

(80971 Zone coordinators 506-510 and 518 can be configured to monitor and command
various zoning systems. In some embodiments, each zone coordinator 506-510 and 518
monitors and commands a separate zoning system and is connected to the zoning system via
a separate zone bus. For example, zone coordinator 506 can be connected to VAV RTU
522 and zone controller 524 via zone bus 556, Zone coordinator 508 can be connected to
COBP RTU 526, bypass damper 528, COBP zone controller 530, and VAV zone controller
532 via zone bus 558 Zone coordinator 510 can be connected to PEAK controller 534 and
VAV zone controller 336 via zone bus 560 Zone coordinator S18 can be connected to
PEAK controller 544, bypass damper 540, COBP zone controller 548, and VAV zone
controller 350 via zone bus 564.

{00981 A single model of zone coordinator 506-510 and 518 can be configured to handie
multiple different types of zoning systems {(e.g., a VAV zoning system, a COBP zoning
system, etc.). Fach zoning system can tuclude a RTU, one or more zone controllers, and/or
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a bypass damper. For example, zone coordinators 506 and 510 are shown as Verasys VAV
engines (VVEs) connected to VAV RTUs 522 and 540, respectively. Zone coordinator 506
is connected directly to VAV RTU 522 via zone bus 350, whereas zone coordinator 510 is
connected to a third-party VAV RTU 540 via a wired input 568 provided to PEAK
controller 534, Zone coordinators 508 and 518 are shown as Verasys COBP engines
(VCEs) connected to COBP RTUs 526 and 552, respectively. Zone coordinator 508 is
conunected directly to COBP RTU 526 via zone bus 558, whereas zone coordinator 518 is
connected to a third-party COBP RTU 552 via a wired input 370 provided to PEAK

controller 544.

(8099} Zone controliers 524, 530-332, 5306, and 548-550 can communicate with individual
BMS devices (e.g., sensors, actuators, etc ) via sensor/actuator {SA) busses. For example,
VAY zone controller 536 is shown connected to networked sensors 538 vig SA bus 566,
Zone controller 536 can communicate with networked sensors 538 using a MSTP protocol
or any other commuunications protocol, Although only one SA bus 566 1s shown in FIG. 5,
it should be understood that each zone controller 524, 530-532, 536, and 548-550 can be
connected to a different SA bus. Each SA bus can connect a zone controller with various
sensors (e.g., temperature sensors, humidity sensors, pressure sensors, light sensors,
occupancy sensors, etc.), actuators (e.g., damper actuators, valve actuators, etc.) and/or

other types of controllable equipment {(e.g., chillers, heaters, fans, pumps, etc.}.

[61006] Each zone controtler 524, 530-332, 5336, and 548-550 can be configured to monitor
and control a different building zone. Zoune condrollers 524, 530-532, 536, and 548-550 can
use the inputs and outputs provided via their SA busses to monitor and control various
building zones. For example, a zone controller 536 can use a temperature input received
from vetworked sensors 538 via SA bus 566 (e.g., a measured temperature of a building
zone} as feedback in a temperature control algorithm. Zone controllers 524, 530-532, 536,
and 548-550 can use various types of control algorithms (e g, state-based algorithms,
extremum seeking control (ESC) algorithms, proportional-integral (PI) control algorithms,
proportional-integral-derivative (P1D) control algorithms, model predictive control (MPC)
algorithms, feedback control algorithms, etc ) to control a variable state or condition {e g,

temperature, humidity, airflow, lighting, etc.) in or around building 10.
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HVAC System With Automated Device Pairing and Dimensional Mismatch Handling

[0161} Referring now to FIG. 6A, a block diagram of a HVAC system 600 is shown,
according to an exemplary embodiment. HVAC system 600 is shown to include a
controller 602, an input module 630, an output module 632, several sensors 640, and several
actuation devices 650, In brief overview, controller 602 receives sensor readings from
sensors 640 via input module 630 and uses the sensor readings to generate actuation signals
{e.g., control signals, setpoints, operating commands, etc.) for actuation devices 650,
Controller 602 provides the actuation signals to actuation devices 650 via output module
632. Actuation devices 650 operate to affect an environmental condition in a building (e.g.,
temperature, humidity, airflow, etc.}, which can be measured by sensors 640 and provided

as a feedback to controlier 602,

[91621 Controller 602 can be any type of controller itn a HVAC system or BMS. In some
embodiments, controller 602 is a zone controller configured to monitor and control a
building zone. For example, controller 602 can be a zone temperature controller, a zone
humidity controller, a zone lighting controller, a VAV zone controller {e.g., VAV zone
controllers 524, 532, 536, 550), a COBP zone controller (e.g., COPB controller 530, 548),
or any other type of controller for a building zone. In other embodiments, controller 602 is
a system controlier or subsystem controller. For example, controller 602 can be a BMS
controller {e.g., BMS controller 366), a central plant controller, a subplant controller, a
supervisory controlier for a HVAC system or any other type of building subsystem (e g., a
controller for any of building subsystems 428). In some embodiments, controller 602 is a
field controlier or device controller configured to monitor and control the performance of a
set of HVAC devices or other building equipment. For example, controller 602 can be an
AHU controller {e.g., AHU controller 330), a thermostat controller {(e.g., thermostat
controller 516), a rooftop unit controller, a chiller controlier, a damper controller, or any

other type of controller in a HVAC system or BMS.

[0103] Sensors 640 can include any of a variety of physical sensors configured to measure
a vartable state or condition in a building. For example, sensors 640 are shown to include
temperature sensors 641, humidity sensors 642, airflow sensors 643, lighting sensors 644,
pressure sensors 645, and voltage sensors 646, Sensors 640 can be distributed throughout a
building and configured to measure various environmental conditions at different locations
in the building. For example, one of temperature sensors 641 can be located in a first zone
of the building and configured to measure the temperature of the first zone, whereas another
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of temperature sensors 641 can be located in a second zone of the building and configured
to measure the temperature of the second zone. Similarly, sensors 640 can be distributed
throughout a HVAC system and configured to measure conditions at different locations in
the HVAC system. For example, one of temperature sensors 641 can be a supply air
temperature sensor contigured to measure the temperature of the airflow provided to a
building zone from an AHU, whereas another of temperature sensors 641 can be a retumn air
temperature sensor configured to measure the temperature of the airflow returning from the

building zone to the AHU.

[0104] Sensors 640 are shown providing sensor readings to controller 602 via input
module 630. The sensor readings can include analog inputs, digital inputs, measurements,
data samples, and/or other types of data generated by sensors 640. In some embodiments,
sensors 640 provide analog inputs to input module 630 and input module 630 converts the
analog inputs to digital data samples. Each data sample can include a data point and
associated metadata. The data point can include a measured value attribute indicating the
value of the measured variable and a time attribute indicating the time at which the
measured value was observed. The metadata can include a unit of measure {(e.g., degrees C,
degrees F, kPa, volts, Watts, m/s, etc.}, a sampling rate, a source description, a location, a
purpose, or other attributes describing the associated data point. Controller 602 can receive
the sensor readings from input module 630 and store the sensor readings as timeseries data
in a timeseries database 616 (described in greater detail below). Controller 602 can use the
sensor readings and/or timeseries data to generate appropriate actuation signals for actuation

devices 650,

[8105] Actuation devices 650 can include any of a variety of physical devices configured
10 affect a variable state or condition in a building. For example, actuation devices 650 are
shown to include chillers 651, heaters 652, valves 653, air handling units (AHUs) 654,
dampers 055, and actuators 656. Although only a few types of actuation devices 650 arg
shown, it should be understood that actuation devices 650 can include any type of
equiproent or device configured to affect building conditions. For example, actuation
devices 050 can power relays, switches, lights, pumps, fans, cooling towers, or other types
of building equipment or central plant equipraent. Actuation devices 650 can include some
or all of the equipment in building 10, HVAC system 100, waterside system 200, airside
system 300, BMS 400, and/or BMS 500, as described with reference to FIGS. 1-5.

Actuation devices 650 can operate to affect various building conditions including
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temperature, humidity, airflow, lighting, air quality, power consumption, or any other

variable state or condition in a building.

[0186] Actuation devices 650 are shown receiving actuation signals from countroller 602
via output module 632. In some embodiments, the actuation signals are control signals for
actuation devices 650 (e g, operating setpoints, on/off commands, etc.). For example, the
actuation signals can include commands to activate or deactivate individual chillers 651 or
heaters 652 and/or commands to operate chillers 651 or heaters 652 at a variable capacity
{(e.g., operate at 20% capacity, 40% capacity, eic.). The actuation signals can include
position setpoints for valves 653, dampers 655, or actuators 656. The position setpoints can
include commands to move to a fully closed position, a 50% open position, a fully open

position, or any intermediate position.

(8107} Io some embodiments, the actuation signals are provided directly to actuation
devices 650 from controller 602 and used to adjust a physical operation of actuation devices
650 (e.g., if controller 602 directly controls actuation devices 630). In other embodiments,
the actuation signals are provided to an intermediate controller for actuation devices 650,
For example, controller 602 can provide a setpoint to a local controller for one or more of
actuation devices 650. The local controller can then generate control signals for actuation

devices 650 to achieve the setpoint received from controller 602.

[8108] Controller 602 can use the sensor readings from sensors 640 as feedback to
determine appropriate actuation signals for actuation devices 650. Controller 602 can be
contigured to use one or more feedback control algorithms (e g, state-based algorithms,
extremum seeking control (ESC) algorithms, proportional-integral (P} contro} algorithms,
proportional-integral-derivative (PID) control algorithms, model predictive control (MPC)
algorithms, etc.) to countrol actuation devices 650 based oun the sensor readings. For
example, if the sensor reading from one of temperature sensors 641 indicates that the
temperature of a particular building zone is below a temperature setpoint for the building
zone, controtler 602 can provide an actuation signal to one of heaters 652, dampers 655, or

AHUS 654 to increase the amount of heating provided to the building zone.

[8109] In some embodiments, the feedback control actions performed by controller 602
require knowledge of the relationships between sensors 640 and actuation devices 650, For
example, in order to drive the temperature measured by a particular temperature measured

toward a setpoint, controlier 602 may need to identify which of actuation devices 650 is
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configured to affect the measured temperature. In other words, controlier 602 may need to
identity causal relationships between various sensors 640 and actuation devices 650, If
such relationships are not already known, controller 602 can perform an automated device
pairing process to establish associations between various sensors 640 and actuation devices
650,

[8110] Some buildings have hundreds of sensors 640 and actuation devices 650, It can be
cumbersome, error prone, and time consuming to manually identify the associations
between sensors 640 and their corresponding actuation devices 650, Additionally, building
evolve over time which can change existing relationships between sensors 640 and
actuation devices 650, For example, remodeling a building can break existing relationships
between paired sensors ¢40 and actuation devices 650 or create new relationships that did
not previously exist. Advantageously, the automated device pairing process performed by
controller 602 can automatically identify causal relationships between various sensors 640
and actuation devices 650 {e.g., heater A affects temperature sensor B, damper C affects
flow sensor D, etc.). Once the causal relationships have been identified, controller 602 can
store associations between related sensors 640 and actuation devices 650 and use the stored

associations to perform control actions.

(8111} Sl referring to FIG. 6A, controller 602 is shown to include a communications
interface 604 and a processing circuit 606, Communications interface 604 can include
wired or wireless communications interfaces {(e.g., jacks, antennas, transmitters, receivers,
transceivers, wire terminals, ete.) for conducting data comruunications with external
systems or devices {e.g., input module 630, cutput module 632, sensors 640, actuation
devices 650, etc.). Data communications via communications interface 604 can be direct
(e.g., local wired or wireless communications} or via a communications network (e.g., a
LAN, a WAN, the Internet, a cellular network, etc)). For example, communications
interface 604 can include an Ethernet card and porst for sending and receiving data via an
Ethernet-based communications link or network, a Wi-Fi transceiver for communicating via
a wireless communications network, and/or cellular or mobile phone communications

transceivers for communicating via a celiular communications network.

[0112] Processing circuit 606 is shown to include a processor 608 and memory 610,
Processing circuit 606 can be communicably connected to communications interface 604
such that processing circuit 606 and the various components thereof can send and receive
data via communications interface 604. Processor 608 can be implemented as a general
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purpose processor, an application specific integrated circuit (ASIC), one or more field
prograrnmable gate arrays (FPGAs), a group of processing components, or other suitable

electronic processing components.

0113} Memory 610 {(e.g., memory, memory unit, storage device, etc.) can include one or
more devices {e.g., RAM, ROM, Flash memory, hard disk storage, eic.) for storing data
and/or computer code for completing or facilitating the various processes, layers and
modules described tu the present application. Memory 610 can be or include volatile
memory or non-volatile memory. Memory 610 can include database components, object
code components, script components, or any other type of information structure for
supporting the various activities and information structures described in the present
application. In some embodiments, memory 610 is communicably connected to processor
608 via processing ctreuit 606 and includes computer code for executing (e.g., by

processing circuit 606 and/or processor 608) one or more processes described herein,

[0114] Still referring to FIG. 6A, controller 602 is shown to include virtual sensors 614
and virtual actuation devices 612. Virtual sensors 614 can include logical representations of
one or more physical sensors 640. For example, virtual sensors 614 can include data
objects {e.g., BACnet objects, JSON objects, etc ), each of which corresponds to a particular
physical sensor 640 and functions as a logical representation of the corresponding physical
sensor 640 within the memory 610 of controller 602, Virtual sensors 614 can include
various attributes which describe the corresponding physical sensors 640 and include the
sensor readings trom the corresponding physical sensors 640. An example of a virtual

sensor 614 shown below:

pr——

“unique identifier” : “ucts-2327-2127-sded-iesa”,
“signature” : “7h1cO18bf975cR88{beodi6292bI370b17,
“BACnet object” : {
“object identifier” : “analog tnput #11017,
“object name” : “S07 SP2RET AIR”,
“description” : “return air temp”,
“device type” : “thernistor”,
“object type” : “analog input”,
“units” 1 “DEG P,
“present value” | “68”
“update interval” 1 “15 min”,
“status flags” :
“in alarm”,
“fault”,
“overridden”,
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“out of service”

“event status” ;| “normal”,
“reliability” : “no fault detected”,
“out of service” : “false”,

§

[8115] Virtual sensors 614 can include a unigue identifier attribute and a signature
attribute. In some embodiments, the unique identifier attribute is a text string uniquely
identifying a particular virtual sensor 614 {e.g., ucis-2327-2127-sded-1esa). The signature
attribute can be generated by controller 602 as a function of the BACnet object atiribute
values. For example, controller 602 can generate the signature attribute using the following
function:

Signature = MDS{CONCAT ("analog input #1101”,“507_SP2.RET_AIR",

o8

“return air temp”, "thermistor”, “analog input”, "DEG_F”, “15 min”, “68”")

where the CONCAT () function is a string concatenation function of the attribute values
and the MD5 () function is a hashing function producing a hash value (¢.g., a 128 bit hash
value}. When any of the attribute values change, the signature attribute will also change.
Accordingly, the signature atinibute enables capturing of source data changes, including

changes in the present value of the sensor reading.

[8116] Virtual sensors 614 can include a BACnet object attribute with various sub-
attributes describing the corresponding physical sensors 640, For example, virtual sensors
614 can include an object identifier attribute which identifies the type of input (e g, analog
input, digital input, enumerated value toput, bivary input, etc.), an object name attribute
which names the corresponding physical sensor {e.g., 507 SP2 RET AIR), a description
attribute which provides a description of the measured value (e.g., return air temperature,
supply air temperature, relative humidity, etc.), and a device type attribute which indicates
the type of physical sensor 640 represented by the virtual sensor 614 (e.g., thermistor,
thermocouple, limit switch, piezoelectric, etc.).

[#117] Virtual sensors 614 can include a present value atiribute which indicates the
present value of the sensor reading (e g, 68), a units attribute which indicates the unit of
measure of the present value attribute (e.g., degrees F, degrees C, kPa, volts, etc.}, and an

update interval attribute which indicates how often the present value attribute 1s updated
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(e.g., 15 minutes, | minute, 1 second, etc.). In some embodiments, virtual sensors 614
nclude status attributes (e g, status flags, event status, reliability, ete.) which indicate the
cuirent status of the corresponding physical sensor 640. The attributes of virtual sensors
614 can be updated in real time {(e.g., continuously or periodically as defined by the update
interval) to reflect the current sensor readings and/or the status of the corresponding
physical sensors 640, In some embodiments, virtual sensors 614 include software agents
which monitor the sensor readings and other information {(e.g., metadata} received from

sensors 640 and update the corresponding attribute values accordingly.

[0118] Similarly, virtual actuation devices 612 can include logical representations of one
or more physical actuation devices 650, For example, virtual actuation devices 612 can
include data objects (e.g., BACnet objects, JISON objects, etc ), each of which corresponds
to a particular physical actuation device 650 and functions as a logical representation of the
corresponding physical actuation device 650 within the memory 610 of controller 602,
Virtual actuation devices ©12 can include various attributes which describe the
corresponding physical actuation devices 650. In some embodiments, virtual actuation
devices 612 include some or alt of the same attributes of virtual sensors 614, as previously
described. In some embodiments, virtual actuation devices 612 include a present value
attribute which includes the most recent value of the actuation signal provided to the virtual

actuation device.

(6119} Sull referring to FIG. 6A, controller 602 is shown to include a timeseries database
616. Virtual sensors 614 are shown providing sensor readings to timeseries database 616,
whereas virtual actuation devices 012 are shown providing actuation signals to timeserics
database 616, The sensor readings provided by virtual sensors 614 can include a series of
sensor readings collected by each of sensors 640 over time. Similarly, the actuation signals
provided by virtual actuation devices 612 can include a series of values of the actuation
signals provided to each of actuation devices 650 over time. Timeseries database 616 can
store the sensor readings and actuation signals as timeseries data for each of sensors 640
and actuation devices 650. Each timeseries corresponds to one of sensors 640 or actuation
devices 050 and includes a series of data values received from the corresponding sensor 640

or provided to the corresponding actuation device 630,

(81201 In some embodiments, each timeseries is a partially ordered tuple of a particular

data point and associated metadata, as shown in the following equation:

(s
b2



WO 2018/128652 PCT/US2017/052702

Timeseries = < Data Point, Metadata >

Each data point may include a series of data values (e g., sensor reading values or actuation
signal values) and corresponding times at which those values were measured or provided.

An example of a Data Point is shown in the following equation:
Data Point = < time, value >

where each of time and value can include a vector of timeseries values. Metadata can
include various attributes of the corresponding data point, as shown in the following
equation;

Metadata = < unit, sampling rate, source description, location, purpose, ... >

where each item of Metadata represents one of the attributes (and corresponding attribute
values) of the virtual sensor 614 or virmal actuation device 612 from which the timeseries
values of the associated data point were received. Timeseries database 616 can store cach

timeseries for use by other components of controller 602.

(6128} [In some embodiments, timeseries database 016 stores each timeseries of actuation

signal values as an actuation signal timeseries £(x} as shown in the following equation:

where each element t; of the actuation signal timeseries £(x) is the value of the actuation
signal at a particular time (i.¢., a sample of the actuation signal) and N 1s the total number of
elements in the actuation signal timeseries £(x). Similarly, timeseries database 616 can
store each timeseries of sensor reading values as a sensor response timeseries 7{x) as shown

in the following equation:

() = {1y, 7 Ty e, Thye 1 T}
where each element r; of the sensor response timeseries (%) 1s the value of the sensor
response signal at a particular time (1.¢., a sample of the sensor response signal) and M is

the total number of elements in the sensor response timeseries r(x}.

(81227 Coniroller 602 can automatically identify causal relationships between various
sensors 640 and actuation devices 050 based on the timeseries data associated therewith.
For example, for each actuation signal timeseries {{x), controlier 602 can identify one or
more of the sensor response timeseries r{x} which closely match the actuation signal

timeseries. In some embodiments, controller 602 uses a distance function to determine
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which of the sensor response timeseries r{x) most closely match the actuation signal
timeseries £(x}. As described in detail below, the distance function may compare
corresponding values t; and r; of each timeseries to calculate a similarity metric or
similarity score for pairs of actuation signal timeseries £{x) and sensor response timeseries

r{x}.

[6123] In some embodiments, the similarity metric calculation performed by controller
602 requires the actuation signal timeseries £{x} and sensor response timeseries r{x) to
have the same number of samples (i.e., N = M) and/or sampling rate to allow the
corresponding values t; and r; of each timeseries to be identified and compared. However,
some timeseries can have different numbers of samples (i.e., N # M), which can be
collected at different sampling rates. This is referred to as a dimensional mismatch between
timeseries. A dimensional mismatch between timeseries can complicate the similarity
metric calculation since it can be difficult to determine the corresponding values ¢; and r; of
cach timeseries. However, controller 602 can automatically identify and compensate for

dimensional mismatches between timesernies.

[0124] Stll referring to FIG. 6A, controlier 602 is shown to include a dimensional
mismatch identifier 618, Dimensional mismatch identifier 618 is configured to identify
dimensional mismatches between various actuation signal timeseries £{x) and seusor
response timeseries 1(x). As described above, a dimensional mismatch may occur when
two timeseries have a different number of samples and/or sampling rates. In some
embodiments, dimensional mismatch identifier 618 determines the size of each timeseries.
For example, dimensional mismatch identifier 618 can determine the number of samples N
in the actuation signal timeseries £(x) and the number of sarnples M in the sensor response
timeseries r{x}. Dimensional mismatch identifier 618 can detect a dimensional mismatch
in response to a determination that the number of samples N in the actuation signal
timeseries £(x) is different from the number of samples M in the sensor response timeseries

r{x) (e, N = M)

[8125] Insome embodiments, dimensional mismatch identifier 618 determines the
sampling rate of cach timeseries. In some embodiments, the sampling rate of a timeseries
may be stored as metadata associated with the imeseries in timeseries database 616.
Dimensional mismatch identifier 618 can determine the sampling rate of a timeseries by

reading the sampling rate from the metadata in timesenies database 616, In other
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embodiments, dimensional mismatch identitier 618 calculates the sampling rate for one or
more timeseries based on the size of the timeseries and the range of time spanned by the

timeseries.

[0826] Dimensional mismatch identitier 618 can identify a start time and an end fime for
the timeseries by reading the timestamps associated with the first and last data samples in
the timeseries. Dimensional mismatch identifier 618 can then calculate the sampling rate by
dividing the size of the timeseries by the difference between the end time and the start time,

as shown in the following equation:

size_of timeseries

sampling rate = —— -
ena_time — start_tune

where size_of timeseries is the number of samples M or NV in the timeseries, end_time is
the timestamp associated with the last sample in the timeseries, stari_time is the
timestamp associated with the first sample in the timeseries, and sampling_rate is the
sampling rate of the timeseries, expressed as the number of samples per unit time (e.g., 0.8
samples/hour). Dimensional mismatch identifier 618 can detect a dimensional mismatich in

response 1o a determination that two timeseries have different sampling rates.

181271 Dimensional mismatch identifier 618 can be configured to correct a dimensional
mismatch between two timeseries.  In some embodiments, dimensional mismatch identifier
618 corrects dimensional mismatch by increasing the number of samples of the timeseries
with the fewer number of samples (e.g., by interpolating between samples). In other
embodiments, dimensional mismatch identifier 618 corrects dimensional mismatch by
reducing the number of samples of the timeseries with the greater number of samples (e.g.,
by discarding extra samples). In other embodiments, dimensional mismatch identitier 618
merely identifies a dimensional mismatch to other components of controller 602 which are
configured to address the dimensional mismatch. For example, dimensional mismatch
identifier 618 is shown reporting a dimensional mismatch to discrete cosine transformer

620.

[8128] Still referring to FIG. 6A, controller 602 is shown to include a discrete cosine
transformer 620. Discrete cosine transformer 620 can be configured to perform a discrete
cosine transform (DCT) for each actuation signal timeseries £{(x) and sensor response
timeseries r{x). A DCT expresses a finite sequence of data points in terms of a sum of

cosing functions oscillating at different frequencies. In particular, a DCT is a Fourier-

(o
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related transform similar to the discrete Fourter transform (DFT), but using only real
nurnbers. There are eight standard DCT vanants, commouly referred to as BDCT-1, DCT-IL,
DCT-1, RCT-IV, DCT-V, DCT-VE, DCT-VI, and DCT-VIIL One of these variants (i.e.,
DCT-1) is discussed in detail below. However, it should be understood that discrete cosine

transformer 620 can use any standard or non-standard DCT variant in other embodiments.

6129} In some embodiments, discrete cosine transformer 620 performs a DCT for each
3

actuation signal timeseries t{x) using the following equation:

o vt IR ~ ,
T{k) = 25 t; cos [ﬁ (\a + é—) k} k=0 ..N-1
i=

where T(k) is the kth coefficient of the DCT of the actuation signal timeseries £(x), I; is
the ith sample of the actuation signal timeseries t(x), and N is the number of samples of the
actuation signal timeseries t{x). Discrete cosine transformer 620 can generate an array 7 of
the DCT coefficients (e.g., T = [T, T T2, ..., T(N = 2), T(N — 1}]) where the
length of the array T 1s the same as the number of samples N of the actuation signal

timeseries t{x).

[0136] Similarly, discrete cosine transformer 620 can perform a DCT for each sensor

response timeseries r{x) using the following equation:

R(k N ‘--H("l)k-} k=0, ,M-1
()—Zrims i \L.Z | =0,..,]
==

where R(k) is the kth coefficient of the DCT of the sensor response timeseries 7(x), r; is
the ith sample of the sensor response timeseries r(x), and M is the number of samples of
the sensor response timeseries r(x). Discrete cosine transformer 620 can generate an array
R of the DCT coefficients (e.g., R = [R(0),R(1),R(2}, ..., R(IM — 2}, R(M — 1}]) where
the length of the array R is the same as the number of samples M of the sensor response

timeseries r(x}.

(8131} The following example illustrates the result of applying DCT to an input timeseries
X(n). Theinput timeseries X{(n) can be an actuation signal timeseries t(x) or a sensor
response timeseries r{x) as previously described. The samples of the input timeseries X (n)

are shown in the following array:

X{n) = [1.00,1.70,2.00,2.00,4.30,4.50,3.00,3.00,2.30, 2.20, 2.20, 2.30]
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where the input timeseries X{(n) includes twelve timeseries values X(1), ..., X(12}.
Applying DCT to the input timeseries X (n} results in a set of DCT coefficients, shown in

the following array:
Y{k) = {880,057, ~2.65 -1.15,0.81,0.52, -0.20, -0.93, -0.63,0.32, 0.50, -0.06]

where the array of DCT coeffictents Y (k) includes twelve DCT

coefficients Y(1), ..., ¥ (12).

(81327 Stll referning to FIG. 6A, controlier 602 is shown to include a DT quantizer 622,
DCT quantizer 622 can be configured to apply a quantization process to the sets of DCT
coefficients generated by discrete cosine transformer 620, As described above, the DCT
process performed by discrete cosine transformer 620 converts an input data timeseries
X(n) into a sum of cosine functions which oscillate at different frequencies. The cosine
function with the lowest frequency ts typically first in the summation, followed by cosine
functions with successively higher frequencies. Accordingly, the DCT coefficient which
occurs first in the array of DCT coefficients Y (k) represents the magnitude of the lowest
frequency cosine function. Each of the following DCT coefficients represents the

magnitude of a cosine function with a successively higher oscillation frequency.

(01331 DCT quantizer 622 can apply a quantization process to the sets of DCT
coefticients by filling some of the higher frequency DCT coetficients with zeros. This has
the etfect of removing some of the higher frequency components (i.e., cosine functions)
from the surmmmation while retaining the lower frequency components. In some
embodiments, DCT quantizer 622 performs the quantization process using a predetermined
guantization level. The quantization level may define the number of the DCT coefficients
which are retained {(i.e., not filled with zeros). For example, a quantization level of six may
retain the DCT coefficients applied to the six lowest frequency cosine functions (e.g., the
first six DCT coefticients in the array) while the remaining DCT coefficients are filled with

ZET0os.

[8134] The following exarple tHustrates the result of a quantization process which can be
performed by DCT quantizer 622. DCT quantizer 622 can modify the array of DCT

coefficients Y (k) shown above to form the following quantized array QY (k):

Qv¥{k)y = [8.80,-0.57, -2.65, —1.15,0.81,0.52,0.00, 0.00,0.00, 0.00, 0.00, 0.00]

wd
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In this example, a quantization level of six is applied, meaning that only the first six DCT
coefficients are retained from the original array of DCT coefficients Y (k). The remaining
DCT coefficients are filled with zeros. True compression can be achieved by not storing the

zeros. For example, DCT quantizer 622 can store the following compressed array C(k):
C(k)y = (880,057, —2.65,—-1.15,0.81,0.52]

in which the coefficients filled with zeros are discarded to produce a compressed array with
a length egual to the quantization level applied. In this example, the compressed array C{k)
has a length of six resulting from the use of a quantization level of six. In various
embodiments, DCT quantizer 622 can use a quantization level of six or any other

quantization level to produce compressed arrays of various lengths.

[0135] In some embodiments, DCT quantizer 622 automatically determines the
quantization level to apply based on the number of samples in each of the original actuation
signal timeseries £(x) and sensor response timeseries r(x). As described above, the
number of DCT coefficients produced by discrete cosine transformer 620 for a given input
timeseries X (n) may be equal to the number of samples in the timeseries X(n) prior to
performing DCT. For example, an input timeseries X, (n) with twelve samples may result
in twelve DCT coefficients in the resultant DCT coefficient array Y, (k), whereas an input
timeseries X, (n) with ten samples may result in ten DCT coetficients in the resultant DCT
coefficient array Y2(k). In some embodiments, DCT quantizer 622 identifies the actuation
signal timeseries £(x) or sensor response timeseries r{x) with the fewest samples and

applies a quantization level equal to the nuraber of samples in the identified timeseries.

[8136] In some embodiments, DCT quantizer 622 applies the same quantization level to
the sets of DCT coefficients corresponding to each of the original actuation signal
timeseries £(x) and sensor response timeseries +{(x). Using the same quantization level for
each of the original timeseries may result in the same number of compressed DCT
coefficients being stored for each of the original actuation signal timeseries £{x) and sensor
response timeseries {x). In some embodiments, the number of stored DCT coefficients is
equal to the mumber of samples in the original timeseries with the fewest samples.
Advantageously, this aliows for direct coraparison of the BCT coefficients in the
compressed arrays C(k) generated for each of the original timeseries without requiring
decompression, interpolation, synchronization, or other processing steps after the

compressed arrays C (k) are generated.
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(0137} Insome embodiments, DCT quantizer 622 generates a compressed timeseries Ty,
based on each compressed array of DCT coefficients. DCT quantizer 622 can store the

compressed timeseries T, using the following data structure:
Ty =4, 8, p, 5, (), (v, Vg, 1))

where @ is the timeseries 1D of the source timeseries (e g., the actuation signal fimeseries
t(x) or sensor response timeseries r{x)), & is the dimension of the source timeseries (e g,
the number of samples in the source timeseries), p is the quantization level applied by DCT
quantizer 622 k is a pointer for metadata, (i} indicates the start time and end time of
samples in the source timeseries, and {vy, v, ... U,) is the array of compressed DCT
coefficients. An example of a compressed timeseries stored using this data structure is as

foliows:

Thos = (203,12,6, (2016: 10: 05: 12: 00: 00,2016: 10: 05: 13: 00: 00 ),
(8.80, ~0.57, ~2.65, ~1.15,0.81, 0.52))

where 203 is the timeseries I of the source timeseries, 12 13 size of the source timeseries
(e.g., 12 samples in the source timeseries), 6 is the quantization level applied by DCT
quantizer 622, 2016:10:05:12:00:00 15 the start time of the source timeseries (e.g., the
timestamp of the earliest sample in the source timeseries), 2016:10:05:13:00:00 is the end
time of the source timeseries (e.g., the timestamp of the latest sample in the source
timeseries), and the array (8.80, -0.57, -2.65, -1.15, 0.81, 0.52) includes the compressed

DCT coefficients generated by DCT quantizer 622.

[0138] Sull referring to FIG. 6A, controller 602 1s shown to include a similarity calculator
624. Similanty calculator 624 can be configured to determine whether two timeseries are
similar to each other based on the compressed DCT coetficients and/or compressed
timeseries generated by DCT quantizer 622, In some embodiments, simtlarity calculator
624 determines whether any of the sensor response timeseries r{(x) are similar to a given
actuation signal timeseries {{x). Similarity calculator 624 can repeat this process for each
actuation signal timeseries £{x) to determine whether any of the sensor response timeseries
r(x) are similar to each actuation signal timeseries {x).

[813%] Insome embodiments, similarity calculator 624 determines whether two timeseries
are similar to each other by calculating a similarity metric for the two timeseries. The

similarity metric can be based on the compressed DCT coefficients generated by DCT

(ol
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quantizer 622 for the two timeseries. For example, the compressed DCT coefficients
generated for a given actuation signal timeseries £{x) can be represented by an array 7,
whereas the compressed DCT coefficients generated for a given sensor response timeseries
r{x) can be represented by av array B. The arrays T and R can be particular instances of
the compressed array C(k) generated by DCT quantizer 622 for the actuation signal
timeseries £(x) and the sensor response timeseries 1(x), respectively. Each array 7 and R
can include a predetermined sumber N of DCT coefficients, defined by the quantization

level applied by DCT quantizer 622. Examples of arrays 7" and R are as follows:

T ={ty,ts, ., by

B =Ar,r ...Ty}
[6140] Similanty calculator 624 can calculate a similarity metric for the source timeseries
t{x} and r{x) based on the corresponding arrays T and K of compressed DCT coefficients.
In some embodiments, stmilarity calculator 624 calculates the similarity metric using the
following equation:

— A]
A

N WV (T AL
d{T,R) = 2 "\"/“""E"m
=1 t

where I; is the ith DCT coefficient in the array T based on the actuation signal timeseries
t(x), 1; 18 the ith DCT coefficient in the array R based on the sensor response timeseries
r(x), &; 1s the standard deviation of the ith DCT coetticients, and N is the number of DCT
coefficients in each array T and R, Low values of the similarity metric d(T, R} indicate a
greater similarity, whereas high values of the similarity metric (7, R) indicate a lesser
simifarity. Similarity calculator 624 can calculate a similarity metric for each pairing of an

actuation signal timeseries £(x) and a sensor response timeseries r(x).

[0141] Sull referring to FIG. 6A, controller 602 is shown to include a device pairing
generator 626. Device pairing generator 626 is shown receiving the similarity metrics from
similarity calculator 624, Device pairing generator 626 can be configured to generate
device patrings based on the similanty metrics. Each device pairing may include one of
sensors 640 and one of actuation devices 650. A device pairing may indicate that the
actuation device 650 in the device pairing is configured to affect the variable measured by
the sensor 640 in the device pairing. For each potential device pairing (i.e., for each

combination of a sensor 640 and an activation device 650), device pairing generator 626 can
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identify the corresponding arrays 7 and R of compressed DCT coefficients and the
calculated similarity metric d(7', R) based on the arrays T and B. Device pairing generator
626 can use the similarity metric (7T, R) to determine whether to generate a device pairing

between the given sensor 640 and the given actuation device 650.

[0142] In some embodiments, device pairing generator 626 generates device pairings by
comparing the similarity metric (7, R) to a threshold value. Device pairing generator 626
can be configured to generate a device pairing between a sensor 640 and an actuation device
650 if the similarity metric d(T, R) is less than the threshold value {e.g, d(T, R) <
threshold). The threshold value can be a predefined value or a calculated value {e.g., a

standard deviation of the DCT coefficients).

[8143] In some embodiments, the threshold value is a similanty metric between the
actuation signal timeseries £(x) and a baseline (e.g., average) sensor signal timeseries a(x)
over a predetermined time period. The baseline sensor signal timesertes a{x) can indicate
the average sensor response from a particular sensor 640 before the actuation signal is
applied to the actuation device 630 (e.g., baseline sensor readings), whereas the sensor
response timeseries 7{x) can indicate the sensor response from the same sensor 640 after
the actuation signal is applied to the actuation device 650, If the actuation device 650
affects the sensor 640, the actuation signal timeseries t{x) is expected to be more similar to
the sensor response timeseries 7(x) than the baseline sensor signal timeseries a{x).
Accordingly, the similarity metric d(7T, R) between the actuation signal timeseries £{x) and
the sensor response timeseries 7{x) is expected to be lower (i.e., more similar) than the
similarity metric d{T, 4} between the actuation signal timeseries £{x) and the baseline

sensor signal timeseries a{x).

[8144] In some embodiments, timeseries database 616 stores a baseline sensor signal
timeseries a(x) for each of sensors 640 based on sensor readings from sensors 640 before
the actuation signal is applied to actuation devices 650. Timeseries database 616 caun also
store a sensor response timeseries r{x) for each of sensors 640 based on sensor readings
from sensors 640 while the actuation signal is applied to actuation devices 650 or after the
actuation signal is applied to actuation devices 650, Discrete cosine transformer 620 and
DCT quantizer 622 can generate DCT coetficients and compressed DCT coefficients for
each baseline sensor signal timeseries a (X}, sensor response timeseries r(x), and actuation

signal timeseries t(x). Similarity calculator 624 can then calculate a similarity metric
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d(T, R) between each actuation signal timeseries t{(x) and sensor response timeseries r{x)
and a similarity metric d{T, A) between each actuation signal timeseries t(x) and baseline
sensor signal timeseries a(x). Device pairing generator 626 can generate a device pairing
between a sensor 640 and an actuation device 650 if the similarity metric d(7, R) fora
given combination of a sensor 640 and an actuation device 650 is less than the similarity

metric d(7T, 4) for the sensor 640 and the actuation device 650.

[6145] In some embodiments, device pairing generator 626 generates device pairings by
comparing the simitarity metrics d(T, R) for various combinations of sengors 640 and
actuation devices 650. For each actuation device 650, device pairing generator 626 can
identity the similarity metrics d(7, R) calculated for the actuation device 650 in
combination with each of sensors 640. Each similarity metric d(7T, R) indicates the
similarity (i.e., the closeness) between the actuation signal timeseries £ {x} associated with
the actuation device 650 and the sensor response timeseries r{x) associated with one of
sensors 640, For example, the similarity metric d(Ty, R;) may indicate the similarity
between a first actuation device 650 {corresponding to array 73 ) and a first sensor 640
(corresponding to array R, ), whereas the similarity metric d(7y, R,) may indicate the
similarity between the first actuation device 650 and a second sensor 640 {corresponding to
array R;). Device paring generator 626 can identify all of the similarity metrics associated
with a given actuation device 650 (e.g, d{(Ty. By), ... d(T4, Rp), where P is the total number
of sensors 640 and/or sensor response timeseries r{x)).

[8146] Device pairing generator 626 can determine which of the identified similarity
metrics is the lowest for a given actuation device 650, The lowest similanity metric
indicates the closest match between the actuation signal timeseries t{(x} associated with the
actuation device 650 and the sensor response timeseries r{x) associated with one of sensors
640. Device pairing generator 626 can generate a device pairing between the actuation
device 650 and the sensor 640 having the lowest similarity metric d(T, R) with the
actuation device 650. If'the actuation device 650 has the same similarity metric with
multiple sensors 640 {(e.g., d{T,, Ry) = d(T}, Ry)), device pairing generator 626 can
examing the time delay Aw between the actuation signal timeseries £{x) associated with the
actuation device 650 and sensor response timeseries r{x) associated with each of sensors
640, The time delay Aw may indicate the delay between the time wy at which the actuation

signal is applied to the actuation device 650 and the time w, at which the effects of the
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generator 626 can determine which of the sensors 640 has the lowest time delay Aw and can
generate a device pairing between the actuation device 650 and the sensor 640 with the

lowest time delay Aw.

[0147} Device pairing generator 626 can generate one or more device pairings for each of
actuation devices 650, Each device pairing can identify one of actuation devices 650 and
one of sensors 640. A device pairing between an actuation device 650 and a sensor 640
indicates that the actuation device 650 is capable of affecting the value measured by the
sensor. Device pairing generator 626 can provide the device pairings to device controller
628. Device controller 628 can use the device pairings to generate the actuation signals for
actuation devices 650. In some embodiments, device controller 628 uses the device
pairings to autoratically generate and store causal relationships between various sensors

640 and actuation devices 650,

[6148] In some embodiments, device controller 628 uses the device pairings to create kits
of causally related devices. Each kit may be a logical grouping or set of devices in HVALC
system 600 which includes one or more of sensors 640 and one or more of actuation devices
650, In some embodiments, each kit includes all of the sensors 640 and actuation devices
650 that are linked to cach other by the device pairings generated by device pairing
generator 626. Each device in a given kit may have a device pairing with at least one other
device in the kit. For example, a temperature sensor for a building zone may have a device
patring with a chiller which is operable to affect the temperature of the building zone. The
temperature sensor may also have device pairings with an air handling unit and an auflow
damper which operate to provide airflow to the building zone. The kit generated by device
controller 628 may include the temperature sensor and all of the actuation devices which
operate to affect the temperature of the building zone (e.g., the chiller, the air handling unit,

the airflow damper, etc.).

[0149] In some embodiments, device controller 628 uses the kits to detect and diagnose
faults or performance issues in the building. For example, a temperature fault for a building
zone {e.g , temperature out of range) can be detected by a teraperature sensor located in the
building zone. However, the temperature fault may originate from a fault in one or more of
the actuation devices 650 which affect the temperature measured by the temperature sensor.
Device controller 628 can use the kits of causally related devices to identify one or more
actuation devices 650 (e.g., a chiller, a heater, an air handling unit, a damper, etc.) which
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operate to affect the variable in fault (e.g., the temperature measured by the temperature
sensor). Device controller 628 can then test the actuation devices 650 10 the kit to
determine whether any of the actuation devices 630 are operating abnormally and diagnose

the cause of the fault.

[81506] Insome embodiments, device controller 628 uses the kits to generate
recommendations for resolving the fault. For example, device controller 628 may
recommend that all of the actuation devices 650 1o a kit be tested or investigated in order {0
determine which of the actuation devices 650 is contributing to a detected fault associated
with a sensor 640 in the kit. In some embodiments, the recommendation is based on a
duration of the fault. For example, it the fault bas been occurring for an amount of time
which 1s less than a duration threshold, device controller 628 may recommend that one or
more of the devices in the kit be investigated or tested. However, if the fault has been
occurring for an amount of time which exceeds the duration threshold, device controlier 628
may recommend that one or more of the devices in the kit be replaced, repaired, or changed

in order to resolve the fault.

[0151] In some embodiments, device controller 628 provides actuation devices 650 with
test signals as part of the device pairing process. The test signals may be predetermined
signals or sequences of control operations which differ from the control signals provided to
actuation devices 650 during normal operation. In some embodiments, the test signals are
the actuation signals £{x) used by other components of controlier 602 to generate the device
pairings. Device controller 628 can provide the test signals to actuation devices 650 via
communications interface 604 and to virtual actuation devices 612, Virtual actuation

devices 612 can update their status in real time based on the test signals.

(01521 In some embodiments, device controller 628 uses the device pairings to create
feedback control loops for HVAC system 600. Each feedback control loop can receive a
feedback signal from one or more of sensors 640 and can provide a control signal to one or
more of actuation devices 650. Device controller 628 can use the device pairings to define
the sensors 640 and actuation devices 650 in each control loop. For example, device
controller 628 can create a control loop which receives a feedback signal from the sensor
640 1n a device pairing and provides a control signal to the actuation device 650 in the
device pairing. Device controller 628 can map the sensor readings from the sensor 640 in

the device pairing to the feedback signal in the control loop. Similarly, device controller
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628 can map the actuation signals provided to the actuation device 650 in the device pairing

to the control signal in the control loop.

[8183] Device controller 628 can use the feedback control loops to generate the actuation
signals for actuation devices 650. Device controller 628 can use state-based algorithms,
extremum seeking control (ESC) algorithms, proportional-integral (PI) control algorithms,
proportional-integral-derivative (PID) control algorithms, model predictive control (MPC)
algorithms, or any other type of control methodology to generate the actuation signals for
actuation devices 0650 based on the sensor readings. For example, if the sensor reading from
one of temperature sensors 641 indicates that the temperature of a particular building zone
is below a temperature setpount for the building zone, device controller 628 can provide an
actuation signal to one of heaters 652, dampers 655, or AHUs 654 to increase the amount of
heating provided to the building zone. Advantageously, the relationships between actuation
devices 650 and sensors 640 can be identified automatically based on the device pairings to
allow device controller 628 to determine which of actuation devices 650 can be operated to

affect a given sensor reading.

[0154] Referring now to FIG. 6B, a block diagram illustrating a portion of HYAC system
600 in greater detail is shown, according to an exemplary embodiment. HVAC system 600
is shown to include a smart actuator 658, sensors 640, and a valve/damper 672. Smart
actuator 658 may be one of actuation devices 630 or a separate actuator in HVAC system
600. Valve/damper 672 may be an airflow damper, a fluid control valve, an expansion
valve, or any other type of flow control device in HVAC system 600. Smart actuator 658
can be configured to operate valve/damper 672 (e.g., by opening and closing valve/damper
672) based on sensor readings received from sensors 640, Advantageously, smart actuator
658 can automatically determine which of sensors 640 is affected by valve/damper 672 and
can operate valve/darmper 672 based on the sensor readings from the affected sensor or

sensors 640,

[0155] Smart actuator 658 is shown to include an actuation device 674 having a motor
676 and a drive device 678, Drive device 678 may be mechanically coupled to
valve/damper 672 and configured to open and close valve/damper 672 when operated by
motor 676. Motor 676 may be mechanically coupled to drive device 678 and configured to
operate drive device 678 based on actuation signals received from processing circuit 606,

Unlike conventional actuators, smart actuator 658 can independently and automatically
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determine appropriate actuation signals for actuation device 674 without requiring input

from an external controller.

[8186] Smart actuator 658 is shown to include a communications interface 680 and a
processing circuit 606, Communications interface 680 may be the same or similar to
communications interface 604, as described with reference to FIG. 6A. Communications
interface 680 can include wired or wireless communications interfaces (e.g., jacks,
antennas, transmitters, receivers, transceivers, wire terminals, ete.) for conducting data
communications with external systems or devices {(e.g., sensors 640, user devices,
supervisory controliers, etc.). Data communications via communications interface 680 can
be direct (e.z., local wired or wireless communications) or via a communications network
(e.g.,alAN, a WAN, the Internet, a cellular network, etc.). For example, communications
interface 680 can include an Ethernet card and port for sending and receiving data via an
Ethernet-based communications link or network, a Wi-Fi transceiver for communicating via
a wireless communications network, and/or cellular or mobile phone communications

transceivers for communicating via a cellular communications network.

[0187} Processing circuit 606 may include some or all of the components of processing
circuit 606 shown in FIG. 6A. For example, processing circuit 606 is shown to include a
processor 608 and memory 608. Processing circuit 606 can be communicably connected to
communications interface 680 such that processing circuit 606 and the various components
thereof can send and receive data via communications interface 680. Processor 608 can be
implemented as a general purpose processor, an application specific integrated circuit
{ASIC), one or more ficld programmable gate arrays (FPGAS), a group of processing

components, or other suitable electronic processing components.

[8188] Memory 610 (e.g., memory, memory umt, storage device, etc.) can include one or
more devices {e.g., RAM, ROM, Flash memory, hard disk storage, etc.) for storing data
and/or cormputer code for completing or facilitating the various processes, layers and
modules described in the present application. Memory 610 can be or include volatile
memory or non-volatile memory. Memory 610 can include database components, object
code components, script components, or any other type of information structure for
supporting the various activities and information structures described in the present
application. In some embodiments, memory 610 is communicably connected to processor
608 via processing circuit 606 and includes computer code for executing (e.g., by
processing circutt 606 and/or processor 608) one or more processes described herein.
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[0159] Memory 610 may include some or all of the components of memory 610 shown in
FIG. 6A. For example, memory 610 may include virtual actuation devices 612, virtual
sensors 614, timeseries database 610, dimensional mismatch identifier 618, discrete cosine
transformer 620, DCT quantizer 622, similarity calculator 624, device pairing generator
626, and device controller 628. When implemented in smart actuator 658, device pairing
generator 626 can generate pairings between actuation device 674 and one or more of
sensors 640 using the techniques described with reference to FIG. 6A. In other words,
device pairing generator 626 can determine which of sensors 640 is/are affected by
actuation device 674. Device controlier 628 can use the device pairings and the sensor
readings from the affected sensors 640 to generate actuation signals for actuation device

674.

[0168] Referring now to FIG. 6C, a block diagram illustrating ancther portion of HVAC
system 600 in greater detail is shown, according to an exemplary embodiment. HVAC
system 600 is shown to include a smart chiller 659, sensors 640, and a building zone 670.
Smart chiller 659 may be one of actuation devices 650 or a separate chiller in HVAC
system 600. Smart chiller 659 can be configured to provide cooling for building zone 670
based on sensor readings received trom sensors 640. For example, smart chiller 659 is
shown to include a refrigeration circuit 660 having a compressor 662, a condenser 664, an
expansion device 666, and an evaporator 668, Compressor 662 can be configured to
circulate a refrigerant between condenser 664 and evaporator 668 based on actuation signals
received from processing circuit 606, Evaporator 668 can provide cooling for an airflow
provided to building zone 670 either directly (e.g., by directly chilling the airflow) or via an
intermediate coolant (e.g., by chilling a coolant which 1s used to chill the airflow). Unlike
conventional chillers, smart chiller 659 can independently and automatically determine
appropriate actuation signals for refrigeration circuit 660 without requiring input from an

external controller.

[8161] Smart chiller 659 can automatically determine which of sensors 640 is/are atfected
by refrigeration circuit 660 and can operate refrigeration circuit 660 based on the sensor
readings from the affected sensor{(s} 640. For example, sensors 640 are shown to include a
zone A temperature sensor 641a, a zone B temperature sensor 641b, and a zone C
temperature sensor 641C. One or more of temperature sensors 641a-641¢ may be located in
building zone 670 and configured to measure the temperature of building zone 670,

However, the locations of temperature sensors 641a-641¢ may be unknown to smart chiller
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659 when smart chiller 659 is first installed. Smart chiller 659 can use the device pairing
techniques described with reference to FIG. A to determine which of temperature sensors

641a-641c is affected by refrigeration circuit 660.

[0162] Smart chiller 659 is shown to include a communications interface 680 and a
processing circuit 606, Comumnunications interface 680 may be the same or similar to
communications interface 604, as described with reference to FIG. 8A. Communications
nterface 680 can include wired or wireless communications interfaces {e.g., jacks,
antennas, transmitters, receivers, transceivers, wire terminals, etc.) for conducting data
communications with external systems or devices (e.g., sensors 640, user devices,
supervisory controliers, efc.). Data communications via communications inferface 680 can
be direct {e.g., local wired or wireless communications) or via a communications network
{e.g.,aLAN, a WAN, the Internet, a cellular network, etc.). For example, communications
interface 680 can include an Ethernet card and port for sending and receiving data via an
Fthernet-based communications link or network, a Wi-Fi transceiver for communicating via
a wireless communications network, and/or cellular or mobile phone communications

transceivers for communicating via a cellular commmunications network.

[8163] Processing circuit 606 may include some or all of the components of processing
circuit 600 shown in FIG. 6A. For example, processing circuit 606 is shown to include a
processor 608 and memory 608. Processing circutt 606 can be communicably connected to
communications interface 680 such that processing circuit 600 and the various components
thereof can send and receive data via communications interface 680. Processor 608 can be
implemented as a general purpose processor, an application specific integrated circuit
(ASIC), one or more field programmable gate arrays (FPGAs), a group of processing

components, or other suitable efectronic processing components,

[0164] Memory 610 (e.g., memory, memory unit, storage device, etc.) can include one or
more devices {e.g., RAM, ROM, Flash memory, hard disk storage, etc ) for storing data
and/or computer code for completing or facilitating the various processes, layers and
modules described in the present application. Memory ¢10 can be or include volatile
memory or non-volatile memory. Memory 610 can include database componeuts, object
code components, script components, or any other type of information structure for
supporting the various activities and information structures described in the present

application. In some embodiments, memory 610 is communicably connected to processor
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608 via processing circuit 606 and includes computer code for executing (e.g., by

processing circuit 606 and/or processor 608) one or more processes described herein.

[9165] Memory 610 may itnclude some or all of the components of memory 610 shown in
FIG. 6A. For example, memory 610 may include virtual actuation devices 612, virtual
sensors 014, timeseries database 616, dimensional mismatch identifier 618, discrete cosine
transformer 620, DCT quantizer 622, similarity calculator 624, device pairing generator
626, and device controller 628. When implemented in smart chiller 659, device pairing
generator 626 can generate pairings between smart chiller 659 and one or more of sensors
640. In other words, device pairing generator 626 can determine which of sensors 640
isfare affected by smart chiller 659. Device controller 628 can use the device pairings and
the sensor readings from the affected sensors 640 to generate actuation signals for

compressor 662 and/or other components of refrigeration circuit 660.

[8866] Referring now to FIG. 6D, a block diagram illustrating another portion of HYAC
system 600 in greater detail is shown, according to an exemplary embodiment. HVAC
system 600 is shown to include a smart thermostat 648, actuation devices 650, and a
building zone 670. Smart thermostat 648 is shown to include sensors 640. Sensors 640 can
include a temperature sensor 641, humidity sensor 642, or any other type of sensor 640, as
described with reference to FIG. 6A. Sensors 640 can be configured to measure various
environmental conditions or variables within building zone 670. For example, temperature
sensor 641 can measure the temperature of building zone 670, whereas humidity sensor 642
can measure the humidity of building zone 670, Smart thermostat 648 can independently
and automatically determine appropriate actuation signals for actuation devices 650 without

requiring input from an external controller.

[8167] Smart thermostat 648 can automatically detersmine which of actuation devices 650
affect the environmental conditions of building zone 670 and can operate actuation devices
650 to controf the environmental conditions measured by sensors 640. For example,
actuation devices 650 are shown to include several chillers 651, several heaters 652, and
several air handling units 654. One or more of actuation devices 650 may operate to affect
conditions within building zone 670. However, smart thermostat 648 may be unaware of
such causal relationships when smart thermostat 648 1s initially installed. Smart thermostat
648 can use the device pairing techniques described with reference to FIG. 6A to determine
which of actuation devices 650 can be operated to control conditions within building zone

670,
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[6168] Smart thermostat 648 is shown to include a communications interface 680 and a
processing cireuit 606, Communications interface 680 may be the same or similar to
communications interface 604, as described with reference to FIG. 6A. Communications
interface 680 can include wired or wireless communications interfaces (e.g., jacks,
antennas, transmitters, receivers, fransceivers, wire terminals, etc.) for conducting data
communications with external systems or devices (e .g., actuation devices 650, user devices,
supervisory conirollers, etc.). Data communications via communications interface 680 can
be direct (e.g., local wired or wireless communications) or via a communications network
(e.g, a LAN, a WAN the Internet, a cellular network, etc.). For example, communications
interface 680 can include an Ethernet card and port for sending and receiving data via an
Ethemet-based communications link or network, a Wi-Fi transceiver for communicating via
a wireless communications network, and/or cetlular or mobile phone communications

transceivers for communicating via a cellular communications network.

[0169] Processing circuit 606 may include some or all of the components of processing
circuit 606 shown in FIG. 6A. For example, processing circuit 606 is shown to include a
processor 608 and memory 608, Processing circuit 606 can be communicably connected to
communications interface 680 such that processing circuit 606 and the various components
thereof can send and receive data via communications interface 680. Processor 608 can be
implemented as a general purpose processor, an application specific integrated circuit
{ASIC), one or more field programmable gate arrays (FPGAs), a group of processing

components, or other suitable efectronic processing components,

[8170] Memory 610 {(e.g., memory, memory unit, storage device, etc.) can include one or
more devices {e.g., RAM, ROM, Flash memory, hard disk storage, etc.) for storing data
and/or computer code for completing or facilitating the various processes, layers and
modules described i1n the present application. Memory 610 can be or include volatile
memory or non-volatile memory. Memory 610 can include database components, object
code components, script components, or any other type of information structure for
supporting the various activities and information structures described in the present
application. In some embodiments, memory 610 is communicably connected to processor
608 via processing circuit 606 and includes computer code for executing (e.g., by

processing circuit 606 and/or processor 608} one or more processes described herein.

[0171] Memory 610 may include some or all of the components of memory 610 shown in
FIG. 6A. For example, memory 610 may include virtual actuation devices 612, virtual
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sensors 614, timeseries database 616, dimensional mismatch identifier 618, discrete cosine
transformer 620, DCT quantizer 622, simularity calculator 624, device pairing generator
626, and device controller 628. When implemented in smart thermostat 648, device pairing
generator 626 can generate pairings between sensors 640 and one or more of actuation
devices 650, In other words, device pairing generator 626 can determine which of actuation
devices 650 affect the variables or conditions measured by sensors 640. Device controller
628 can use the device pairings and the sensor readings from sensors 640 to generate

actuation signals for actuation devices 650
Example Graphs

[0172] Referring now to FIG. 7 a graph 700 illustrating the different types of signals
evaluated by controller 602 is shown, according to an exemplary embodiment. In graph
700, line 702 represents an actuation signal t{x}, line 700 represents a sensor response
signal r(x), and line 710 represents a baseline sensor signal a{x). The actuation signal
t{x) can be provided to one or more of actuation devices 650, as previously described. In
the example shown in FIG. 7, the actuation signal t(x) is a setpoint signal (e.g., a
temperature setpoint) which can be provided as an input to actuation devices 650 {e.g.,
controllable HVAC equipment) which operate to affect the temperature of a building zone.
In some embodiments, the actuation signal £(x) is a predetermined test signal which differs
from the normal actuation signals provided to actuation devices 650. For example, the
actuation signal £{x) 13 shown as 4 step increase from 68 °F to 72 °F, which is held for
predetermined time period, followed by a step decrease from 72 °F back to 68 °F. The
actuation signal £(x) causes actuation devices 650 to increase an amount of heating
provided to the building zone, which causes the temperature of the building zone to
increase.

[#173] The sensor response signal r{(x} can be received from one or more of sensors 640,
as previously described. In the example shown in FI(G. 7, the sensor response signal r(x) is
a measured temperature signal received from a temperature sensor located in the building
zone controlled by actuation devices 650, The temperature of the building zone begins to
increase shortly after the actuation signal t(x) is increased, which resulis in an increase in
the sensor response signal r{x). Stmilarly, the temperature of the building zone begins to

decrease shortly after the actuation signal t(x} is decreased, which results in a decrease in

51



WO 2018/128652 PCT/US2017/052702

the sensor response signal 7{x). The time delay between the actuation signal £(x) and the

sensor response signal r(x} is shown as delay time Aw.

[8174] The baseline sensor signal a{x) can be received from the same sensor 640 which
provides the sensor response signal 7{x). However, the baseline sensor signal a(x)
indicates the sensor readings from the sensor 640 from a time period before the actuation
signal £{x) is provided to actuation devices 650. The signals shown in graph 700 are
characteristic of a sensor 640 and an actuation device 650 which have a causal relationship
with each other. For example, the sensor response signal v(x) closely matches the actuation
signal t(x}, whereas the baseline sensor signal a{x) is significantly different from both the
actuation signal £{x) and the sensor response signal r(x). In other words, the sensor
response signal r(x} 1s correlated with the actuation signal £{x), which indicates a causal

relationship between the corresponding actuation device 650 and sensor 640.

[0178] Still referring to FIG. 7, graph 700 is shown to include a line 704 representing the
discrete cosine transform (DCT) of the actuation signal t(x), a line 708 representing the
DCT of the sensor response signal 7(x), and a line 712 representing the DCT of the
baseline sensor signal a{x). Discrete cosine transformer 620 can be configured to generate
DCTs of the various timeseries signals recetved or generated by controller 602, as
previously described. In graph 700, the DCTs represented by lines 704, 708, and 712 are
continuous functions (.., summations of cosine functions) which results in a smooth
curves for each of lines 704, 708, and 712, Advantageously, the DCT functions reduce any
noise present in the signals t(x), r(x), and a(x), and can be evaluated at any point. In
some embodiments, controller 602 compares the DCTs of the actuation signal £(x), sensor
response signal r(x), and baseline sensor signal a(x) rather than the original signals to
determine whether a causal relationship exists between a particular sensor 640 and a

particular actuation device 650.

[8176] Referring now to FIG. 8 a graph 800 illustrating the dimensional mismatch
handling performed by controller 602 is shown, according to an exemplary embodiment. In
graph 800, line 302 represents samples of actuation signal timeseries t{x) provided to one
or more of actuation devices 650, whereas line 804 represents samples of a sensor response
fimeseries r{x) received from one or more of sensors 640, The actuation signal timeseries
t(x) and the sensor response timeseries r{x} cover the same time period. However,

sampling rate used to generate the samples of the sensor response timeseries v(x) is twice
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the sampling rate used to generate the samples of the actuation timeseries t(x}, which
results in twice as many samples of the sensor response timesertes r(x) being collected
during the same time period. In other words, the sensor respouse timeseries r(x) includes
twice as many samples {(e.g., 24 samples) as the actuation signal timeseries £{x) {(e.g., 12

samples).

(6177} In order to compare the actuation signal timeseries t(x) and the sensor response
timeseries r{x), controller 602 can generate DCTs of each timeseries. As described with
reference to FIG. 6A, discrete cosine transformer 620 can generate DCT coefficients tor the

actuation signal timeseries t{x) using the following equation:

=

-1
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T(k) = ' t; COs {7\? (t + —2) k,i k=0,.. ,N-—1
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where T(k) 1s the kth coefficient of the DCT of the actuation signal timeseries £{x), t; is
the ith sample of the actuation signal timeserigs £{x), and N is the number of samples of the

actuation signal timeseries t{x). Discrete cosine transformer 620 can generate an array 7 of

length of the array T is the same as the number of samples N of the actuation signal

timeserigs £{x) {e.g., 12 samples).

[8178] Similarly, discrete cosine transformer 620 can generate DCT coefficients for the

sensor response timeseries r{x) using the following equation:

M-t 1
R{ky = Zari cos h;i(l*z/)k} k=0 ..  ,M-1
L=t

where R(k) is the kth coefficient of the DCT of the sensor response timeseries r(x), 17 18
the ith sample of the sensor response timeseries r(x), and M is the number of samples of
the sensor response timeseries 7{x). Discrete cosine transformer 620 can generate an array
R of the DCT coefficients {e.g., R = [R(0},R(1),R(2), ..., R(M — 2), R(M — 1)]) where
the length of the array R is the same as the number of samples M of the sensor response

fimeseries 7{x) (e.g., 24 samples).

[0179] To make the arrays 7' and & the same dimension, DCT quantizer 622 can perform

a quantization process. In some embodiments, BCT quantizer 622 performs the

quantization process using a predetermined quantization level. The quantization level may

define the number of the DCT coefficients in each array T and R which are retained (i.e.,
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not filled with zeros). For example, a quantization level of twelve may retain the first
twelve DCT coetficients in each array T and R while the remaining DCT coefficients are
filled with zeros. In the example shown in FIG. 8, DCT quantizer 622 applies a
quantization level of twelve to each array T and R of DCT coefficients. This quantization
level has no effect on the array 7' since the array T only contains 12 DCT coefficients.
However, applving a quantization level of twelve to the array R has the effect of filling the
final twelve DCT coefficients with zeros such that only the first twelve DCT coefficients in

array R are retained.

(01801 Sull referring to FIG. 8, graph 800 1s shown to include a line 806 representing the
inverse DCT of the actuation signal timeseries t(x) and a line 808 representing the inverse
DCT of the sensor response timeseries r(x). Lines 806-808 illustrate the similarity between
the quantized DCT functions based on the actuation signal timeseries £(x) and the sensor
respounse timeseries r{x). As discussed with reference to FIG. 6A, similarity calculator 624
can evaluate the similarity between two or more DCT functions without reconstructing the
inverse DCT (e.g., by calculating a distance between the DCT coefficients). However, the
inverse DCTs are shown in graph 800 to illustrate how controller 602 can reduce the
dimension of the sensor response timeseries (%) fo maich the dimension of the actuation
signal timeseries t{(x} (or vice versa} by performing a discrete cosine transform and

applving a quantization process.
Flow Diagrams

[6181] Referring now to FIG. 9, a flowchart of a process 900 for establishing device
pairings between sensors and actuation devices is shown, according to an exemplary
embodiment. In some embodiments, process 900 is performed by one or more components
of controller 602, as described with reference to FIG. 6A. Process 900 can be used in a
building and/or a building HVAC system to automatically establish device pairings between
various sensors and causally-related actuation devices. The device pairings can then be

used to automatically generate control 10ops for use in controlling the actuation devices.

[6182] Process 900 is shown to include collecting baseline sensor measurements from a
plurality of sensors (step 902). The sensors can include some or all of sensors 640, as
described with reference to FIG. 6A. For example, the sensors can include temperature
sensors, humidity sensors, airflow sensors, lighting sensors, pressure sensors, voltage

sensors, or any other type of sensor in a building and/or a building HVAC system. The
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sensors can be distributed throughout a building and configured to measure various
environmental conditions at different locations in the building. For example, one
temperature sensor can be located in a first zone of the building and configured to measure
the temperature of the first zone, whereas another temperature sensor can be located in a
second zone of the building and configured to measure the temperature of the second zone.
Similarly, the sensors can be distributed throughout a HVAC system and configured to
measure conditions at different locations in the HVAC systes. For example, one of
temperature sensor can be a supply air temperature sensor configured to measure the
temperature of the airflow provided to a building zone from an AHU, whereas another
temperature sensor can be a return air temperature sensor configured to measure the

temperature of the airflow returning from the building zone to the AHU.

[0183] The baseline sensor measurements may be received from the plurality of sensors
during a baseline time period before an actuation signal or test signal is provided to
actuation devices 650, In some embodiments, the baseline temperature measurements are
used to generate a baseline sensor signal timeseries a{x). The baseline sensor signal
fimeseries a(x) may indicate the average sensor readings from the plurality of sensors

before the actuation signal or test signal is provided to the actuation devices 650

[0184] In some embodiments, step 902 includes storing the baseline sensor signal
timeseries a(X) in a imeseries database (e.g., timeseries database 616). The timeseries
database can store the baseline sensor measurements from each of the plurality of sensors as

separate baseline sensor signal timeseries a{x) as shown in the following equation:

a(x) = {ay, a4, a3, =, @p_y, tp}
where each element g; of the baseline sensor signal timeseries a(x) is the value of a
baseline sensor signal at a particular time (i.e., a sample of the baseline sensor signal) and P

is the total number of elements in the baseline sensor signal timeseries a{x).

[0185] Sull referring to FIG. 9, process 900 1s shown to include providing an actuation
signal to an actuation device (step 904). The actuation device can include any of actuation
devices 650, as described with reference to FIG. 6A. For example, the actuation device can
include a chiller, heater, valve, air handling unit {AHU), damper, actuator, and/or any other
physical device configured to affect a variable state or condition in a building or building
HVAC system. The actuation device can include any of the equipment in building 10,

HVAC system 100, waterside system 200, airside system 300, BMS 400, and/or BMS 500,
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as described with reference to FIGS. 1-5. The actuation device can operate to affect various
building conditions including temperature, humidity, airflow, lighting, air guahity, power
consumption, or any other variable state or condition in a building. In some embodiments,
the actuation device receives the actuation signal from a controller (e.g., controller 602) via

an ocutput module.

[6186] In some embodiments, the actuation signal is a contro} signal for the actuation
devices (e.g., operating setpoinis, on/oft commands, etc.}. For example, the actuation signal
can include commands to activate or deactivate the actuation device and/or commands to
operate the actuation device a variable capacity {e.g., operate at 20% capacity, 40%
capacity, etc.). If the actuation device is a device with a variable position (e.g., a valve, a
damper, an actuator, etc.) the actuation signal can include position setpoints for the
actuation device. The position setpoints can include commands to move to a fully closed
position, a 50% open position, a fully open position, or any intermediate position. In some
embodiments, the actuation signal 18 a predetermined test signal which differs from the

normal actuation signals provided to the actuation device.

(0187} In some embodiments, the actuation signal is provided directly to the actuation
device from the controlier and used to adjust a physical operation of the actuation device
(e.g., if the controller directly controls the actuation device). In other embodiments, the
actuation signal is provided to an intermediate controller for the actuation devices. For
example, a supervisory controller can provide a setpoint to a local controlier for the
actuation device. The local controller can then generate control signals for the actuation

devices to achieve the setpoint received from the supervisory controller.,

[0188] In some embodiments, step 904 includes using the actuation signal to generate an
actuation signal timeseries {{x). The actuation signal timeseries £(x) can be stored in the
timeseries database. The timeseries database can store each timeseries of actuation signal
values as an actuation signal timeseries t(x) as shown in the following equation:

t(x) = {ty. b2, b3 o by, Eard
where each element ¢; of the actuation signal timeseries £(x) 13 the value of the actuation
signal at a particular time (i.e, a sample of the actuation signal) and N is the total number of
elements in the actuation signal timeseries £{x).
[0189] Sull referning to FIG. 9, process 900 is shown to include recording sensor response
signals from the plurality of sensors in response to the aciuation signal (step 906}, The
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sensor response signals indicate the effect of the actuation device on the variables measured
by the plurality of sensors. If a causal relationship exists between the actuation device and a
particular sensor {(i.e., the actuation device can affect the value measured by the sensor}, the
sensor response signal may change in response to providing the actuation signal to the
actuation device. However, if no causal relationship exists between the actuation device
and the sensor {(i.¢., the actuation device is not capable of affecting the value measured by
the sensor}, the sensor response signal may not change in response to providing the
actuation signal to the actuation device.

[8190] In some embodiments, step 906 includes generating timeseries of sensor resporse

values. Each timeseries of sensor response values can be stored in the timeseries database

as a sensor response timeseries 1{x) as shown in the following equation:

T(x) = {,T‘ir 72073 v Vg TM}
where each element r; of the sensor response timeseries (%) 1s the value of the sensor
response signal at a particular time (1.¢., a sample of the sensor response signal) and M is
the total number of elements in the sensor response timeseries 7(x).
[8191] Process 900 is shown to include determining a similarity between the actuation
signal and each sensor response signal (step 908}, In some embodiments, step 908 includes
calculating a similarity metric or similarity score tndicating a simtlarity {e.g., a distance)
between the actuation signal timeseries t(x) and each of the sensor response timeseries
r(x). The following equation can be used to calculate the similarity metric between the

actuation signal timeseries £(x) and a given sensor response timeserigs r{x):

B

-~

s

V (t —11)?
By

<&

d(t(x), r{x)) =

)
[0192] where t; is the ith sample in the actuation signal timeseries £{x), r; ts the ith
sample in the sensor response timeseries r{x), &; 1s the standard deviation of the ith
samples, and N is the number of samples in each timeseries. Low values of the similarity
metric d{t({x), r{x)) indicate a greater similarity (i.c., a lower distance between timeseries),
whereas high values of the similarity metric d{(t(x), r{x)) indicate a lesser similarity (i.e, 2
greater distance between timeseries). Step 908 can include calculating a similarity metric
for each pairing of the actuation signal timeseries £{x) with one of the sensor response

timeseries r{x}.



WO 2018/128652 PCT/US2017/052702

[0133] The previous equation for calculating the similarity metric can be used if both the
actuation signal timeseries £{x) and the sensor response timeseries r{x) have the same
nurmber of samples. However, if the actuation signal timeseries £{x) and the sensor
response timeseries r{x) have ditferent numbers of samples, additional processing may be
required. For example, step 908 may include performing a discrete cosine transformation
(I3CT) of the actuation signal timeseries t{x) and each sensor response timeseries r{x) to
generate sets of DCT coefficients for each timeserigs. The sets of BCT coefficients can
then be quantized, as described with reference to FIG. 6A, to produce arrays of compressed
DCT coefficients for each timeseries. The similarity metrics can then be calculated based

on the compressed DCT coefficients generated for each timeseries.

[0194] The compressed DCT coetficients generated for the actuation signal timeseries
t{x} can be represented by an array 7, and the compressed DCT coefficients generaied fora
given sensor response timeseries r{x) can be represented by an array K. The arrays T and
R can be particular instances of the compressed array C(k) generated by DCT quantizer 622
for the actuation signal timeseries t{x) and the sensor response timeseries r{x),
respectively. EHach array 7 and R can include a predetermined sumber N of DCT
coetficients, defined by the quantization level applied by DCT quantizer 622, Examples of

arrays T and R are as follows:
T = (tj, tz, ana p tN)
R = (rl,'!"-z, n..,TN>

Step 908 can include generating an array 7 of DCT coefticients for the actuation signal
timeseries £{x) and an array R of DCT coefficients for each of the sensor response

timeseries r(x).

[0195] In some embodiments, step 908 includes calculating a similarity metric for the
source timeseries {(x) and r(x) based on the corresponding arrays T and R of compressed
DCT coefficients. Step 908 can include calculating the similarity metric using the

following equation:
i=N /'-----------,-
t; — 1y 2
d(T,R) = E i n)
et Oy

where £; is the ith DCT coetficient in the array T based on the actuation signal timeseries

t(x}, r; is the ith DCT coefficient in the array R based on the sensor response timeseries
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r{x), §; ts the standard deviation of the ith DUT coefficients, and N is the number of DCT
coefficients in each array T and R. Low values of the similarity metric d(7, R) indicate a
greater similarity, whereas high values of the similarity metric (7, R) indicate a lesser
simifarity. Step 908 can include calculating a similarity metric for each pairing of the array
T based on the actuation signal timeseries £{x) with one of the arrays R based on one of the

sensor response timeseries 1{x).

[0196] Sull referring to FIG. 9, process 900 is shown to include identifving the sensor
response signal with the greatest similarity to the actuation signal and the corresponding
sensor (step 910). Step 910 can include comparing the similarity metrics d(7T, R) calculated
for the actuation device in combination with each of the plurality of sensors. Each
similtarity metric d{T, R} indicates the similarity (i.e., the closeness) between the actuation
signal timeseries £{x) associated with the actuation device and the sensor response
timeseries 1(x) associated with one of the sensors. For exampie, the similarity metric

d{Ty, By) may indicate the similarity between the actuation device and a first sensor of the
plurality of sensors (corresponding to array Ry), whereas the similarity metric d(Ty, R;)
may indicate the similarity between the actuation device and a second sensor of the plurality

of sensors {(corresponding to array R},

[0197] Step 910 can include identifying all of the similarity metrics associated with the
actuation device {e.g., d{(T1. Ry),..., d{Ty, Rp), where P is the total number of sensors
and/or sensor response timeseries r(x)). In some embodiments, step 910 includes
determining which of the identified sirnilarity metrics 1s the lowest. The lowest similarity
metric may indicate the closest match between the actuation signal timeseries £{x)
associated with the actuation device and the sensor response timeseries 7{x} associated with
one of the sensors. In other embodiments, step 910 can include determining which of the
identified similarity metrics is the highest. For example, other techniques for calculating
the similarity metric may produce larger similarity metrics when two timeseries match more
closely. Regardless of how the similarity metric is calculated, step 910 can include
identifying the similarity metric which indicates the closest match between the actuation

signal timeseries £(x) and the corresponding sensor response timeseries r{x).
[8198] If the actuation device has the same similarity metric with multiple sensors {e.g |
d{Ty, Ry) = d(Ty, R,)), step 910 can include examining the time delay Aw between the

actuation signal timeseries {{x) associated with the actuation device and sensor response
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timeseries 7{x) associated with each of the sensors. The time delay Aw may indicate the
delay between the time w; at which the actuation signal is applied to the actuation device
and the time w, at which the effects of the actuation signal are evident in each sensor
response (e.g., Aw = w, — wy). Step 910 can include identifying the sensor and/or sensor
response timeseries r{x) with the lowest time delay Aw relative to the actuation signal

fimeseries £{x}.

(6199} Sull referring to FIG. 9, process 900 is shown to include establishing a device
pairing between the actuation device and the identified sensor (step 912). The device
pairing can include the actuation device and the sensor identified in step 910. The device
pairing between the actuation device and the sensor indicates that the actuation device is
capable of affecting the value measured by the sensor. In some embodiments step 910
includes using the device pairing to automatically generate and store causal relationships

between the actuation device and the identified sensor.

[8200] Process 900 is shown to include using the device pairing to generate and provide
control signals to the actuation device (step 914). Step 914 can include using the device
pairing to create a feedback control loop for HVAC system 600. The feedback control loop
can receive a teedback signal from the identified sensor and can provide a control signal to
the actuation device. Step 914 can include using the device pairing to define the sensor and
actuation device in the control loop. For example, step 914 can include creating a control
foop which receives a feedback signal fror the seusor in the device pairing and provides a
control signal to the actuation device in the device pairing. Step 914 can include mapping
the sensor readings from the sensor in the device pairing to the feedback signal in the
control foop. Similarly, step 914 can include mapping the actuation signals provided {o the

actuation device in the device pairing to the control signal in the control loop.

[8201] Step 914 can tuclude using the feedback control loop to generate actuation signals
for the actuation device. Step 914 can include using state-based algorithms, extremum
seeking control (ESC) algorithms, proportional-integral (PI) control algorithms,
proportional-integral-dertvative (PID) control algorithms, model predictive control (MPC)
algorithms, or any other type of control methodology to generate the actuation signals for
the actuation device based on the sensor readings. For example, if the sensor reading from
the sensor indicates that the temperature of a particular building zone is below a temperature
setpoint for the building zone, step 914 can include providing an actuation signal to the
actuation device to increase the amount of heating provided to the building zone.
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Advantageously, process 900 can be performed to automatically establish relationships
between various actuation devices and sensors based on the device pairings to allow
controller 602 to determine which of the actuation devices can be operated to affect a given

sensor reading.

[0202] Referring now to FIG. 10, a flowchart of a process 1000 for handling dimensional
mismatches between actuation signal timeseries and sensor response timeseries is shown,
according to an exemplary embodiment. o some embodiments, process 1000 15 performed
by one or more components of controller 602, as described with reference to FIG. 6A.
Process 1000 can be used in a building and/or a building HVAC system to automatically
establish device pairings between various sensors and actuation devices when the timeseries
have different sampling rates and/or different numbers of samples. The device pairings can
then be used to automatically generate control loops for use in controlling the actuation

devices.

[8283] Process 1000 is shown to include performing a discrete cosine transformation
(DCT) of actuation signal timeseries £(x) and seusor response timeseties r{x) to generate
sets of DCT coefficients (step 1002). In some embodiments, step 1002 is performed by
discrete cosine transformer 620, as described with reference to FIG. 6A. Step 1002 can
wnclude performing a DCT for each actuation signal timeseries £{x) and sensor response
timeseries r{x). A DCT expresses a finite sequence of data points in terms of a sum of
cosine functions oscillating at different frequencies. In particular, a DCT is a Fourier-
related transform similar to the discrete Founer transform (DFT), but using only real
numbers. There are eight standard DCT variants, commonly referred to as DCT-1, DCT-1I,
DCT-IL, BCT-IV, DCT-V, BCT-VI, DCT-VI], and DCT-VIHIL One of these variants {i.e.,
DCT-11) 15 discussed in detail below. However, it should be understood that step 1002 can

use any standard or non-standard DCT variant in other embodiments.

[0204] In some embodiments, step 1002 includes performing a DCT for each actuation

signal timeseries t(x) using the following equation:

T{k)= Nﬂ‘” ’ ﬂ( ! k> k=20 N—-1
\rc)—ztiwsb;; ,l+§) } k=0 . N~
i=0

where T(Jk) is the kth coefficient of the DCT of the actuation signal timesenies £(x), ¢; is
the ith sample of the actuation signal timeseries £(x), and N is the number of samples of the
actuation signal timeseries £{x). Step 1002 can include generating an array T of the DCT
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coefficients (e.g., T = [T(0), T(1), T(2), ...,T(N — 2), T(N — 1}}) where the length of the

array T is the same as the number of samples N of the actuation signal timeseries £{x).

[8205] Similarly, step 1002 can include performing a DCT for each sensor response
timeseries 7{x) using the following equation:

M1

Rk‘u}::' {” "1)1} k=0, ,M—1
(kY = r; COS E(ETTZ" 4 =0, .., '

where R(%) 1s the kth coefficient of the DCT of the sensor response timeseries r{x}, r; 18
the ith sample of the sensor response timeseries r{x ), and M is the number of samples of
the sensor response timeseries v{x ). Step 1002 can include generating an array R of the
DCT coefficients (e.g., R = [R(0), R(1), R(2), ..., R(M — 2), R(M — 1)}) where the length
of the array R is the same as the number of samples M of the sensor response timeseries

r{x).

[0286] The following example illustrates the result of applying DCT to an input timeseries
X{(n). The input timeseries X(n) can be an actuation signal timeseries t(x) or a sensor
response timeseries 7(x) as previously described. The samples of the input timeseries X(n)

are shown in the following array:
X{ny = [1.00, 1.70, 2.00, 2.00, 4.30,4.50,3.00, 3.00, 2.30, 2.20, 2.20, 2.30]

where the input timeseries X{n) includes twelve timeseries values X(1), ... X{(12).
Applying DCT to the input timeseries X(n) results in a set of DCT coefficients, shown in

the following array:
¥{k) = [8.80,-0.57, -2.65,-1.15,0.81,0.52, -0.20, —0.93, -0.63,0.32, 0.50, —0.06]

where the array of DCT coeflicients ¥ (&) includes twelve DCT

coefficients Y1), ..., Y{(12).

[8207F Sl referring to FIG. 10, process 1000 is shown to include identifving a
dimensional mismatch between the actuation signal timeseries t{x) and the sensor response
timeseries r{x) (step 1004). In some embodiment, step 1004 is performed by dimensional
mismatch identifier 618, as described with reference to FIG. 6A. A dimensional mismatch
may occur when two timeseries have a different number of samples and/or sampling rates.
In some embodiments, step 1004 includes determining the size of each timeseries. For

example, step 1004 can include determining the number of samples N in the actuation
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signal timeseries t{x) and the number of samples M in the sensor response timeseries 7(x}.
The number of samples N and M can be determined by counting the number of samples in
the original timeseries t{x} and r(x} or the number of elements in each of the arrays of
DCT coetficients T and R. Step 1004 can include identitying a dimensional mismatch in
response to a determination that the number of samples ¥ in the actuation signal timeseries
t(x} or the array T is different from the number of samples M in the sensor response

timeseries 1{x) or the array R {(L.e, N = M),

[0208] [n some embodiments, step 1004 includes determining the sampling rate of each
timeseries. In some embodiments, the sampling rate of a timeseries may be stored as
metadata associated with the timeseries in timeseries database 616, Step 1004 can include
determining the sampling rate of a timeseries by reading the sampling rate from the
metadata in timeseries database 616. In other embodiments, step 1004 includes calculating
the sampling rate for one or more timeseries based on the size of the timeseries and the
range of time spanned by the timeseries.

[0209] Step 1004 can include identifying a start time and an end time for the timeseries by
reading the timestamps associated with the first and last data samples in the timeseries.

Step 1004 can include calculating the sampling rate by dividing the size of the timeseries by

the difference between the end time and the start time, as shown in the following equation:

size_of timeseries

sampling rate = - -
pang. end_time — start_time

where size_of _timeseries is the number of samples M or N in the timeseries, end_time is
the timestamp associated with the last sample in the timeseries, start _fime is the
timestamp associated with the first sample in the timeseries, and sampling rate is the
sampling rate of the timeseries, expressed as the number of samples per unittime (e.g., 0.8
samples/hour). Step 1004 can include 1dentifying a dimensional mismatch in response to a

determination that two timeseries have different sampling rates.

[0216} In some embodiments, step 1004 includes correcting a dimensional mismatch by
increasing the number of samples of the timeseries with the fewer mumber of samples (e g,
by interpolating between samples). In other embodiments, step 1004 includes correcting
dimensional mismatch by reducing the number of samples of the timeseries with the greater

number of samples (e g, by discarding extra samples). In other embodiments, step 1004
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merely identifies a dimensional mismatch which is corrected by subsequent steps of process

1000,

[9211] Still referring to FIG. 10, process 1000 is shown to include applying a quantization
to the sets of DCT coefficients generated in step 1002 to equalize the number of DCT
coefficients in each set (step 1006). Tn some ermbodiments, step 1006 is performed by DCT
quantizer 622, as described with reference to FIG. 6A. Step 1006 can be performed in
response to a determination in step 1004 that a dimensional mismatch exists between the

actuation signal timeseries t{x) and the sensor response timeseries 1{x).

{82121 As described above, the DCT process performed in step 1002 converts an input
data timeserigs X (n) into a sum of cosine functions which oscillate at different frequencies.
The cosine function with the lowest frequency is typically first in the summation, followed
by cosine functions with successively higher frequencies. Accordingly, the DCT coefficient
which occurs first in the array of DCT coefticients Y (k) represents the magnitude of the
lowest frequency cosine function. Each of the following DCT coefficients represents the

magnitude of a cosive function with a successively higher oscillation frequency.

(92131 Step 1006 can include applying a quantization process to the sets of DCT
coetficients by filling some of the higher frequency DCT coefficients with zeros. This has
the effect of removing some of the higher frequency components (i.¢., cosine functions)
from the summation while retaining the lower frequency components. In some
embodiments, step 1006 includes performing the quantization process using a
predetermined quantization level. The quantization level may define the number of the
DCT coefficients which are retained (i.e., not filled with zeros). For example, a
quantization level of six may retain the DCT coefficients applied to the six lowest frequency
cosine functions {e.g., the first six DCT coefticients in the array) while the remaining DCT
coefficients are filled with zercs.

(6214} The following example illustrates the result of a quantization process which can be
performed in step 1006, Step 1006 can include modifying the array of DCT coefficients

Y{k) shown above to form the following quantized artay QY (k):
gY{ky = [8.80,~0.57, ~2.65,~-1.15,0.81,0.52, 0.00, 0.00, .00, 0.00, 0.00, 0.00]

In this example, a quantization level of six 13 applied, meaning that only the first six DCT

coefficients are retained from the original array of DCT coefficients Y (k). The remaining
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DCT coefficients are filled with zercos. True compression can be achieved by not storing the

zeros. For example, step 1006 can include storing the following compressed array C(k):
Ck) = [8.80,—0.57, —2.65,—1.15,0.81, 0.52]

in which the coefficients filled with zeros are discarded to produce a compressed array with
a length equal to the quantization level applied. In this example, the compressed array C{k)
has a length of six resulting from the use of a quantization level of six. In various
embodiments, step 1006 can use a quantization level of six or any other quantization level

to produce compressed arrays of various lengths.

[0215] Insome embodiments, step 1006 includes automatically determining the
quantization level to apply based on the number of samples in each of the original actuation
signal imeseries £{x) and sensor response timeseries v{(x ). As described above, the
number of DCT coefficients produced in step 1002 for a given input timeseries X(n) may
be equal to the number of samples in the timeseries X (7} prior to performing DCT. For
example, an input imeseries X; (n) with twelve samples may result in twelve DCT
coefficients in the resultant DCT coefficient array ¥, (&), whereas an input timeseries X;(n)
with ten samples may result in ten DCT coefficients in the resultant DCT coefficient array
¥,(k). In some embodiments, step 1006 includes identifving the actuation signal timeseries
t{x) or sensor response timeseries r{x) with the fewest samples and applies a quantization

level equal to the number of samples in the identified imeseries.

[8216] In some embodiments, step 1006 includes applyving the same quantization level to
the sets of DCT coetficients corresponding to each of the original actuation signal
timeseries £ () and sensor response timeseries v{x}. Using the same quantization level for
each of the original timeseries may result in the same number of compressed DCT
coefficients being stored for each of the original actuation signal timeseries £{x) and sensor
response timeseries 1{x). In some embodiments, the number of stored DCT coefficients is
equal to the number of samples in the original timeseries with the fewest samples.
Advantageously, this allows for direct comparison of the DCT coefficients in the
compressed arrays C (k) generated for each of the original timeseries without requiring
decompression, interpolation, synchronization, or other processing steps after the

compressed arrays C(k) are generated.
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(8217} In some embodiments, step 1006 includes generating a compressed timeseries T,
based on each compressed array of DCT coefficients. Step 1006 can include storing the

compressed timeseries T, using the following data structure:
Ty =4, 8, p, 5, (), (v, Vg, 1))

where @ is the timeseries 1D of the source timeseries (e g., the actuation signal fimeseries
t(x) or sensor response timeseries r{x)), & is the dimension of the source timeseries (e.g.,
the number of samples in the source timeseries), p 1s the quantization level applied by in
step 1006, x is a pointer for metadata, {i//} indicates the start time and end time of samples
in the source timeseries, and {vy, V5, ... ¥, } is the array of compressed DCT coefficients. An

example of a compressed timeseries stored using this data structure is as follows:

(8.80, —0.57, —2.65, —1.15, 0.81, 0.52))

where 203 is the timeseries I of the source timeseries, 12 is size of the source timeseries
(e.g., 12 samples in the source timeseries), 6 is the quantization level applied by in step
1006, 2016:10:05:12:00:00 ts the start time of the source timesertes {e.g., the timestamp of
the carliest sample in the source timeseries), 2016:10:05:13:00:00 is the end time of the
source timeseries {e.g., the timestamp of the latest sample in the source timeseries), and the
array {(8.80, -0.57, -2.65, -1.15, 0.81, 0.52) includes the compressed DCT coefficients

generated in step 1006

[8218] Still referring to FIG. 10, process 1000 is shown to include determining a
similarity between the actuation signal timeseries £{x) and the sensor response timeseries
r{x) based on the quantized sets of DCT coefticients (step 1008). The quantized DCT
coefticients generated for the actuation signal timeseries £(x) can be represented by an
array T, and the compressed DCT coefficients generated for a given sensor response
fimeseries r{x) can be represented by an array 8. The arrays T and R can be particular
instances of the compressed array C (k) generated in step 1006 for the actuation signal
timeseries t{x) and the sensor response timeseries r(x), respectively, Each array 7" and R
can inchude a predetermined number N of DCT coefficients, defined by the quantization

level applied in step 1006. Examples of arrays T and R are as follows:

T = {ty bty o, ty)

R={(r.m, .,Ty)
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[0219] In some embodiments, step 1008 includes calculating a similarity metric for the
source timeseries £{x) and r{x) based on the corresponding arrays T and R of compressed
DCT coefficients. Step 1008 can include calculating the similarity metric using the

following equation:

i:N | tavininninsinisinsninninianivignir=l

: [t —1)?

(T, R) = E AL > )
=% i

where t; is the ith DCT coefficient in the array 7 based on the actuation signal timeseries
t{x}, 7y 18 the ith DCT coefficient in the array R based on the sensor response timeseries
r(x), &; is the standard deviation of the ith DCT coefficients, and N is the number of DCT
coefficients in each array T and R. Low values of the similarity metric (T, R} indicate a
greater similarity, whereas high values of the similarity metric (7', R) indicate a lesser

similarity.

[8220] Process 1000 is shown to include establishing a device pairing between an
actuation device and a sensor based on the simtlarity between the corresponding timeseries
(step 1010). The actuation device in step 1010 may be the specific actuation device to
which the actuation signal £{(x) is provided, whereas the sensor in step 1010 may be the
specific sensor from which the sensor response signal r{x} is received. In some
embodiments, step 1010 includes comparing the similarity metric d(T, R) calculated in step
1008 to a threshold value. Step 1010 can include generating a device pairing between the
sensor and the actuation device if the similarity metric d(7, R} is less than the threshold
value (e.g., d(T, R) < threshold) The threshold value can be a predefined value or a

calculated value {e.g., a standard deviation of the DCT coefficients).

[0221] In some embodiments, the threshold value is a similarity metric between the
actuation signal timeseries t(x) and a baseline {¢.g., average) sensor signal timeseries a(x)
over a predetermined time period. The baseline seusor signal timesernies a{x) can indicate
the average sensor response from the sensor before the actuation signal is applied to the
actuation device {e.g., baseline sensor readings), whereas the sensor response timeseries
r{x) can indicate the sensor response from the same sensor after the actuation signal is
applied to the actuation device. If the actuation device affects the sensor, the actuation
signal timeseries £{x) is expected to be more similar to the sensor response timeseries r{x)
than the baseline sensor signal timeseries a(x). Accordingly, the similarity metric d(T, R}

between the actuation signal timeseries £(x} and the sensor response timeseries r(x) is
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expected to be lower (i.e., more similar) than the similarity metric d(7', A) between the

actuation signal timeseries £{x) and the baseline sensor signal timeseries a{x).

8222} In some embodiments, step 1010 includes generating DCT coefficients and
compressed DCT coefficients for each baseline sensor signal timeseries a{(x}, sensor
response timeseries r{x), and actuation signal timeseries £{x). Step 1010 can include
calculating a similarity metric d(7, R) between the actuation signal timeseries £{x} and the
sensor response timeseries 1{x) associated with the temperature sensor. Step 1010 can also
include calculating a baseline similarity metric d(T, A} between the actuation signal
timeseries £ () and baseline sensor signal timeseries a{x) associated with the same
temperature sensor. Step 1010 can include generating a device pairing between the sensor
and the actuation device if the similarity metric d(7, R) for the combination of the sensor
and the actuation device indicates a greater similarity {e.g., a lower similarity metric) than

the baseline similarity metric d(7, 4) for the sensor and the actuation device.

[8223] In some embodiments, step 1010 includes comparing the similarity metrics

d(T, R) calculated for the actuation device in combination with each of a plurality of
sensors. Each similarity metric d(7, R) indicates the similarity {(i.e., the closeness) between
the actuation signal timeseries £{x) associated with the actuation device and the sensor
response timeseries r{(x) associated with one of the sengors. For example, the similarity
metric d{7y, R,) may indicate the similarity between the actuation device and a first sensor
of the plurality of sensors (corresponding to array Ry), whereas the similarity metric

d{T;, R;) may indicate the similarity between the actuation device and a second sensor of

the plurality of sensors (corresponding to array Ry).

[0224} Step 1010 can include identifying all of the similarity metrics associated with the
actuation device {e.g., d(Ty, R,),..., d{Ty, Rp), where P is the total number of sensors
and/or sensor response timeserigs r{x}). In some embodiments, step 1010 includes
determining which of the identified similarity metrics is the lowest. The lowest similarity
metric may indicate the closest match between the actuation signal timeseries {{x)
associated with the actuation device and the sensor response timeseries r{x) associated with
one of the sensors. In other embodiments, step 1010 can include determining which of the
identified similarity metrics is the highest. For example, other techniques for calculating
the similarity metric may produce larger sionlarity metrics when two timeseries match more

closely. Regardliess of how the similarity metric is calculated, step 1010 can include
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identifying the similarity metric which indicates the closest maich between the actuation

signal timeseries £{x) and the corresponding sensor response timeseries r{x).

[0225] 1If the actuation device has the same similarity metric with multiple sensors (e.g.,
d{Ty, Ry) = d(T,, Ry)), step 1010 can include examining the time delay Aw between the
actuation signal timeseries t{x) associated with the actuation device and sensor response
timeseries (x) associated with each of the sensors. The time delay Aw may indicate the
delay between the time wy at which the actuation signal is applied to the actuation device
and the time w, at which the effects of the actuation signal are evident in each sensor
response {e.g, Aw = w, — wy). Step 1010 can include identifying the sensor and/or sensor
response timeseries 1(x) with the lowest time delay Aw relative to the actuation sigoal

timeseries t{x).

(9226} Stll referring to FIG. 10, process 1000 is shown to include using the device
pairing to generate and provide control signals to the actuation device (step 1012). Step
1012 can include using the device pairing to create a feedback control loop for HVAC
system 600. The feedback control loop can receive a feedback signal from the identified
sensor and can provide a control signal to the actuation device. Step 1012 can include using
the device pairing to define the sensor and actuation device in the control ioop. For
example, step 1012 can include creating a control loop which receives a feedback signal
from the sensor in the device pairing and provides a control signal to the actuation device in
the device pairing. Step 1012 can include mapping the sensor readings from the sensor in
the device pairing to the feedback signal in the control loop. Similarly, step 1012 can
include mapping the actuation signals provided to the actuation device in the device pairing

to the control signal in the control loop.

8227} Step 1012 can include using the feedback control loop to generate actuation signals
for the actuation device. Step 1012 can include using state-based algorithms, extremum
seeking control {ESC) algorithms, proportional-integral (PI) control algorithms,
propertional-integral-derivative (PID) contrel algorithms, medel predictive control (MPC)
algorithms, or any other type of control methodology to generate the actuation signals for
the actuation device based on the sensor readings. For example, if the sensor reading from
the sensor indicates that the temperature of a particular building zone is below a temperature
setpoint for the building zone, step 1012 can include providing an actuation signal fo the
actuation device to increase the amount of heating provided to the building zone.
Advantageously, process 1000 can be performed to automatically establish relationships
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between various actuation devices and sensors based on the device pairings to allow
controller 602 to determine which of the actuation devices can be operated to affect a given

sensor reading.
Ceonfiguration of Exemplary Embediments

[0228] The construction and arrangement of the systems and methods as shown in the
various exemplary embodiments are ilustrative only. Although ouly a few embodiments
have been described in detail in this disclosure, many modifications are possible (e g,
variations in sizes, dimensions, structures, shapes and proportions of the various elements,
values of parameters, mounting arrangements, use of materials, colors, orientations, etc.).
For example, the position of elements can be reversed or otherwise varied and the nature or
number of discrete elements or positions can be altered or varied. Accordingly, all such
modifications are intended to be included within the scope of the present disclosure. The
order or sequence of any process or method steps can be varied or re-sequenced according
to alternative embodiments. Other substitutions, modifications, changes, and omissions can
be made in the design, operating conditions and arrangement of the exemplary

embodiments without departing from the scope of the present disclosure.

[8228] The present disclosure conternplates methods, systems and program products on
any machine-readable media for accomplishing various operations. The embodiments of
the present disclosure can be implemented using existing computer processors, or by a
special purpose computer processor for an appropriate system, incorporated for this or
another purpose, or by a hardwired system. Embodiments within the scope of the present
disclosure include program products comprising machine-readable media for carrying or
having machine-executable instructions or data structures stored thereon. Such machine-
readable rmuedia can be any available media that can be accessed by a general purpose or
special purpose computer or other machine with a processor. By way of example, such
machine-readable media can comprise RAM, ROM, EPROM, EEPROM, CD-ROM or
other optical disk storage, magnetic disk storage or other magnetic storage devices, or any
other medium which can be used to carry or store desired program code in the form of
machine-executable instructions or data structures and which can be accessed by a general
purpose or special purpose coraputer or other machine with a processor. Combinations of
the above are also included within the scope of machine-readable media. Machine-

executable instructions include, for example, instructions and data which cause a general
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purpose computer, special purpose computer, or special purpose processing machines to

perform a certain function or group of functions.

(9230} Although the figures show a specific order of method steps, the order of the steps
may differ from what is depicted. Also two or more steps can be performed concurrently or
with partial concurrence. Such vanation will depend on the software and hardware systems
chosen and on designer choice. All such variations are within the scope of the disclosure.
Likewise, software implementations could be accomplished with standard programming
techniques with rule based logic and other logic to accomplish the various connection steps,

NTOCessIng steps, comparison steps and decision steps.
i i > X
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WHAT 15 CLAIMED {5:

1. A bheating, ventilation, or air conditioning (HVAC) system for a building, the HVAC
system conprising:
a plurality of actuation devices operable to affect one or more variables in the
building;
a plurality of sensors configured to measure the variables affected by the actuation
devices; and
a controller configured to:
operate the actuation devices to affect one or more of the measured variables
by providing an actuation signal to the actuation devices;
receive sensor response signals from the sensors, the sensor response signals
indicating an effect of the actuation signal on the measured vanables;
for each of the sensor response signals, calculate a similarity metric
indicating a similarity between the sensor response signal and the actuation signal; and
automatically establish a device pairing comprising one of the actuation

devices and one of the sensors based on the similarity metrics.

2. The HVAC system of Claim 1, wherein the device pairing defines a control

relationship between the actuation device in the device pairing and the sensor in the device
pairing;
wherein the control relationship indicates that the actuation device in the device

pairing is operable to control a variable measured by the sensor in the device pairing.

3. The HVAC system of Claim 1, wherein the controller is configured to:
automatically create a feedback control loop comprising the actuation device in the
device pairing and the sensor in the device pairing; and
use the feedback control loop to generate and provide control signals to the actuation
device in the device pairing based on measurements received from the sensor in the device

pairing.

4. The HVAC system of Claim 1, wherein the controller 1s configured to calculate the
similarity metrics based on differences between samples of the actuation signal and

corresponding samples of each of the sensor response signals.
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5. The HVAC system of Claim 1, wherein the controller is configured to:

determine, for each of the sensor response signals, a delay time of the sensor
response signal relative to the actuation signal;

identify a sensor corresponding to the sensor response signal having a minimum of
the delay times; and

establish the device pairing such that the identified sensor is included in the device

pairing.

6. The HVAC system of Claim 1, wheretn the controller is configured to:

generate an actuation signal imeseries comprising a plurality of sampies of the
actuation signal;

generate a sensor response timeseries for each of the sensor response signals, each
sensor response timeseries comprising a plurality of samples of one of the measured
variables; and

calculate the similarity metrics by comparing the actuation signal timeseries to each

of the sensor response imeseries.

7. The HVAC system of Claim 6, wherein the controller 1s configured to:

detect a dimensional mismatch between the actuation signal timeseries and one or
more of the sensor response timeseries; and

correct the dimensional mismatch by modifying at least one of the actuation signal

timeseries and one or more of the sensor response timeseries.

8. The HVAC system of Claim 1, wherein the controller is configured to:
apply a discrete cosine transformation (DCT) to the actuation signal and each of the
sensor response signals, each DCT generating a plurality of DCT coefficients; and
calculate the similarity metrics by comparing the DCT coefficients resulting from
the DCT of the actuation sigoal to DCT coefficients resulting from the DCT of each sensor

response signal.
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9. The HVAC system of Claim 1, wherein the controller is configured to:

receive basehine sensor signals from cach of the plurahity of sensors, the baseline
sensor signals indicating values of the measured variables during a time period before the
actuation signal is provided to the actuation devices; and

for ¢ach of the baseline sensor signals, calculate a similarity metric indicating a

similarity between the baseline sensor signal and the actuation signal.

10, The HVAC system of Claim 9, wherein the controller is configured to:

determine, for each of the plurality of sensors, whether the similarity metric
calculated based on the sensor response signal indicates a greater similarity than the
similarity metric calculated based on the baseline sensor signal; and

establish the device pairing in response to a determination that the similarity metric
calculated based on the sensor response signal indicates a greater similarity than the

similarity metric calculated based on the baseline sensor signal.

i1, A method for establishing device pairings in a heating, ventilation, or air
conditioning (HVAC) system for a building, the method comprising:

operating one or more actuation devices to affect one or more measured variables in
the building by providing an actuation signal to the actuation devices;

receiving sensor response signals from a plurality of sensors configured to measure
the variables affected by the actuation devices, the sensor response signals indicating an
effect of the actuation signal on the measured variables;

calculating a similarity metric for each of the sensor response signals, each
similarity metric indicating a similarity between the actuation signal and one of the sensor
response signals; and

automatically establishing a device pairing comprising one of the actuation devices

and one of the sensors based on the similarity metrics.

12 The method of Claim 11, wherein the device pairing defines a control relationship
between the actuation device in the device pairing and the sensor in the device pairing;
wherein the control relationship indicates that the actuation device in the device

pairing is operable to control a variable measured by the sensor in the device pairing.
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13. The method of Claim 11, further comprising:

automatically creating a feedback control foop comprising the actuation device in
the device pairing and the sensor in the device pairing; and

using the feedback control loop to generate and provide control signals to the
actuation device in the device pairing based on measurements recgived from the sensor in

the device pairing.

14 The method of Claim 11, wherein the similarity metrics are calculated based on
differences between samples of the actuation signal and corresponding samples of each of

the sensor response signals.

15. The method of Claim 11, further comprising:

determining, for each of the sensor response signals, a delay time of the sensor
respounse signal relative to the actuation sigoal;

identifying a sensor corresponding to the sensor response signal having a minimum
of the delay times; and

establishing the device pairing such that the identified sensor is included in the

device pairing.

16. The method of Claim 11, further comprising:

generating an actuation signal timeseries comprising a plurality of samples of the
actuation signal;

generating a sensor response timeseries for each of the sensor response signals, each
sensor response timeseries comprising a plurality of samples of one of the measured
variables; and

calculating the similarity metrics by comparing the actuation signal timeseries to

each of the sensor response timeseries.

17.  The method of Claim 16, further comprising:

detecting a dimensional mismatch between the actuation signal timeseries and one
or more of the sensor response timeseries, and

correcting the dimensional mismatch by modifying at least one of the actuation

signal timeseries and one or more of the sensor response timeseries.
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18. The method of Claim 11, further comprising:
applying a discrete cosine transformation (BCT) to the actuation signal and each of
the sensor response signals, each DCT generating a plurality of DCT coefficients; and
calculating the similarity metrics by comparing the DCT coefficients resulting from
the DCT of the actuation signal to DCT coefficients resulting from the DCT of each sensor

response signal.

19. The method of Claim 11, further comprising:

recetving baseline sensor signals from each of the plurality of sensors, the baseline
sensor signals indicating values of the measured variables during a time period before the
actuation signal is provided to the actuation devices; and

for each of the baseline sensor signals, calculating a similarity metric indicating a

similarity between the baseline sensor signal and the actuation signal.

20. The method of Claim 19, further comprising:

determining, for each of the plurality of sensors, whether the similarity metric
calculated based on the sensor response signal indicates a greater similarity than the
simitarity metric calculated based on the baseline sensor signal; and

establishing the device pairing in response to a determination that the similanity
metric calculated based on the sensor response signal indicates a greater similarity than the

similarity metric calculated based on the baseline sensor signal.
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filing date considered novel or cannot be considered to involve an inventive
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