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DESCRIPTION

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This is an international patent application filed pursuant to the Patent Cooperation
Treaty claiming priority under 35 USC §119(e) to US Provisional Patent Application Serial No.
61/304,613 filed on February 15, 2010.

TECHNICAL FIELD OF THE DISCLSOURE

[0002] The present disclosure generally relates to systems and methods for controlling
temperature in an interior space and, more particularly, to systems and methods for estimating
parameters related to the heating and/or cooling of an interior space.

BACKGROUND OF THE DISCLSOURE

[0003] A variety of systems can be used to control temperature within a given space. HVAC
systems, for example, are used to control temperature and other environmental conditions
within structures such as residences, office buildings, and manufacturing plants. By way of
example, environmental conditions such as temperature, humidity, air purity, air flow, enthalpy
(combined value of temperature and humidity), and "fresh air" ventilation can be regulated to
ensure that the interior environment of a structure is as desired for particular occupants and
equipment housed in the structure, and for processes and procedures conducted within the
structure. Similarly, refrigeration systems are used to maintain an interior space, such as a cold
room for food storage, at a desired temperature to minimize bacteria growth or other
detrimental effects to the contents stored in the space.

[0004] Conventional systems used to control temperature of a space are typically limited as to
the type of parameters about which feedback is provided. Such systems may include various
sensors for detecting parameters, such as temperature, in real time. The number of
parameters about which data may be provided, therefore, is typically limited to those
parameters that are capable of being directly measured or inferred from such measurements.
The limited amount of feedback data, in turn, may limit or prevent the ability to perform certain
processes, such as system diagnostics, or materially reduce the precision and accuracy of
those processes.

[0005] In certain applications, the limited feedback provided by conventional systems may
lead to inefficient operation or monitoring of those systems. A supermarket refrigeration
system, for example, may have a cold room for storing goods at a controlled temperature.
Food quality is of primary importance to the supermarket operation, and therefore the
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refrigeration system may be continuously monitored to maintain a desired food temperature. In
some systems, an alarm may be triggered when the room temperature exceeds a threshold
value. An engineer may review alarm conditions to try to determine the root cause of the
alarm, such as detecting and diagnosing possible faults in the refrigeration system.
Conventional monitoring systems typically use a manual process to determine root causes for
alarm signals. For example, an engineer may call the store to determine whether warmer
goods were recently brought into the cold room, thereby raising the air temperature of the cold
room above the threshold value.

[0006] Additionally or alternatively, the engineer may wait for a predetermined period of time
to see if the air temperature returns to a safe level before determining whether the alarm is
true or false. Such delay, however, may adversely affect food quality for an unnecessary period
of time.

[0007] It would therefore be advantageous if an improved system for predicting cold room
temperatures in an interior space is developed. EP 2012069 A1 discloses a method of
regulating the delivery temperature of a service fluid output from a refrigerating machine.

SUMMARY OF THE DISCLOSURE

[0008] According to a first aspect, the present invention provides a method for estimating a
temperature in a cold room of a refrigeration system, comprising: determining a measured
state from the cold room, the measured state being at least one measured air temperature
within the zone; and generating a reduced order thermodynamic model of the cold room, the
thermodynamic model including at least one unknown parameter; and characterised by
identifying the at least one unknown parameter of the thermodynamic model using a system
identification method and sensor measurement data, the at least one unknown parameter
including a lumped parameter H* related to overall cold room surface heat transfer coefficient
and cold room surface area and Qd* related to energy input during defrosting; generating an
Extended Kalman Filter based on the thermodynamic model of the cold room; and processing
the measured state using the Extended Kalman Filter to obtain an estimated unknown state of
the cold room, the estimated unknown state of the cold room being a temperature of the goods
and to obtain an estimated unknown parameter of the cold room to generate a predicted cold
room temperature, the estimated unknown parameter of the cold room including an infiltration
load, an air side thermal resistance of an evaporator coil and ice growth and decay rate on the
evaporator coil.

[0009] These and other aspects and features of the disclosure will become more apparent
upon reading the following detailed description when taken in conjunction with the
accompanied drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0010]

FIG. 1 is a schematic block diagram of a model-based method of estimating load in a building;
FIG. 2 is a schematic illustration of a building;

FIG. 3 is a schematic illustration of a floor of the building of FIG. 2;

FIG. 4 is a schematic illustration of a building thermodynamic model that may be used in the
method illustrated in FIG. 1;

FIG. 5 is a schematic illustration of a time update and a measurement update that may be
performed by a Extended Kalman Filter based estimator;

FIG. 6 is a graphical representation of an internal load profile of a building obtained from the
method illustrated in FIG. 1;

FIG. 7 is a schematic illustration of a cold room of a supermarket refrigeration system; and

FIG. 8 is a schematic block diagram of a model-based method of predicting an air temperature
in a cold room of a supermarket refrigeration system.

[0011] While the present disclosure is susceptible of various modifications and alternative
constructions, certain illustrative embodiments thereof will be shown and described below in
detail. It should be understood, however, that there is no intention to be limited to the specific
embodiments disclosed, but on the contrary, the intention is to cover all modifications,
alternative constructions, and equivalents falling within the scope of the claims.

DETAILED DESCRIPTION OF THE DRAWINGS

[0012] Referring now to the drawings, embodiments of model-based estimation are provided
for improving operation, monitoring, and/or control of temperature controlled systems. In one
embodiment, a thermodynamic model of a zone in a building is used in conjunction with an
Extended Kalman Filter (EKF) to estimate a heating/cooling load (e.g., internal load) of the
zone. Multiple estimated loads over time may be used to generate an estimated load profile,
which in turn may be used in energy simulation programs or for diagnostics. In another
embodiment, a thermodynamic model of a cold room is used in conjunction with an EKF to
estimate a temperature of goods stored in the cold room. The EKF may also estimate some
unknown parameters that may be used in the thermodynamic model to generate a predicted
air temperature of the cold room. The predicted air temperature may be compared with an
actual measured temperature of the cold room to determine whether a triggered alarm
condition is true or false.
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[0013] FIG. 1 schematically illustrates a method 20 for estimating real time load in a zone of a
building. The zone to which the method is applied may be scaled. That is, the zone may be
defined as a single room within the building, a group of rooms, an entire floor, or the entire
interior space of the building. The method may further be simultaneously applied to multiple
different zones within the same building. For example, a building 10 is schematically illustrated
in FIG. 2, while a floor 12 of the building 10 is illustrated in FIG. 3. An interior zone Tzone IS

located on the floor 12 of the building 10. In the illustrated embodiment, the interior zone Tyone
is surrounded by four neighboring zones, a north neighboring zone T, an east neighboring
zone Tg, a south neighboring zone T, and a west neighboring zone Ty,. The method 20 may

be used to estimate real time load in the interior zone T, Of the building 10.

[0014] Returning to FIG. 1, at block 22, real time data is provided by various sensors, such as
temperature sensors and airflow sensors, provided in the zone. The sensors may be provided
as part of an HVAC system used to control temperature and other air qualities in the zone.
Accordingly, the real time data may be taken from a Building Management System (BMS) or
similar system provided to control the HVAC system. The real time data may include
temperature, airflow rate, or other qualities that may be directly measured. A plurality of the
same type of sensor may be used in the neighboring zones to measure a parameter at
different areas within the building. For example, multiple temperatures sensors may be
provided, such as at north, south, east and west neighboring zones within the building, to
provide temperature data at those multiple positions.

[0015] The real time data is input into a reduced order thermodynamic model of the building
zone at block 24. An exemplary low order state space thermodynamic model 25, which may be
employed within the block 24 and may be based on non-linear algebraic and differential
equations, is schematically shown in FIG. 4. The model 25 uses a number of parameters, such
as ambient temperature Tgyp, zone well-mixed air temperature Tyone, internal surface
convective heat transfer coefficient h;, external surface convective heat transfer coefficient hg,
and surface area A, that may be measurable or otherwise known. Other parameters and/or
states used in the model 25 may be unknown, such as outside surface temperature Tog, and

inside surface temperature Tig-

[0016] The thermodynamic model 25 may also be stated mathematically. The state space
formation from the thermodynamics model 25 is illustrated below for the interior zone T gne,

assuming adiabatic boundary conditions for the floor and ceiling:
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Where,

Tzone- Zone well mixed air temperature [°C];

Tw- West neighboring zone air temperature [°C];
Th: North neighboring zone air temperature [°C];
Te: East neighboring zone air temperature [°C];
Ts: South neighboring zone air temperature [°C];
Tow: West wall outside surface temperature [°C];
Tiw- West wall inside surface temperature [°C];
Ton: North wall outside surface temperature [°C];
Tin- North wall inside surface temperature [°C];
Toe: East wall outside surface temperature [°C];
Tie: East wall inside surface temperature [°C];

Tos: South wall outside surface temperature [°C];
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T;s: South wall inside surface temperature [°C];

Qinr: The lumped load including all equipment load, lighting load and people load (convective

part), infiltration load, and load due to interzone air mixing [W],

Aj: The surface area [m?], je(w,n,e,s) is the index for surrouding zones: west, north, east and

west;

h;: The internal surface convective heat transfer coefficient [W/m2.°C];

h, The external surface convective heat transfer coefficient [W/m2.°C];
mgi. The supply air mass flow rate [kg/s];
mgjr. The air mass for the given zone [kg];
Tsa: The supply air temperature [°C]; and

Cpa: The specific heat capacity of dry air [J/kg.°C].

[0017] Returning back to FIG. 1, the results from the thermodynamic model 25 are then input
into block 26 where an Extended Kalman Filter (EKF) 27 can be used to estimate unknown
states in the process, such as loads. The EKF 27 may also estimate one or more unknown
parameters and/or states used in the thermodynamic model, such as unmeasured surface
temperatures. The uncertainty of real time data may be considered during design of the EKF
27.

[0018] A schematic representation of the EKF 27 is illustrated in FIG. 5. In the illustrated
embodiment, the EKF 27 can include a time update 30 and a measurement update 32. In the
time update 30, initial estimates of the unknown state and an error covariance are provided
from the thermodynamic model 25 at time k-1. Based on the initial estimates, a predicted
unknown state and a predicted error covariance at time k are generated. In the measurement
update, a measured parameter is used to update the predicted unknown state and error
covariance. First, a Kalman gain is computed. The predicted unknown state is then updated
with the computed Kalman gain and the measured parameter. The predicted error covariance
is also updated using the computed Kalman gain. The updated predicted unknown state and
the updated predicted error covariance are then fed back to the time update 30, thereby to
refine the thermodynamic model.

[0019] In an exemplary embodiment, the measured parameter may be a measured air
temperature from the zone. The thermodynamic model 25 and EKF 27 may be used to
estimate unknown parameters, such as unmeasured room surface temperatures. Additionally,
the model 25 and EKF 27 may be used to estimate unknown states of the zone, such as loads.
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[0020] At block 28, an estimated load profile 29 may be generated based on multiple load
estimates taken over time. As shown in greater detail in FIG. 6, the estimated load profile 29
may chart a load, such as lumped load Q. over a period of time, such as a day. The

estimated load profile 29 may provide various types of information either directly or
inferentially. For example, the estimated load profile 29 may facilitate a better understanding of
building usage, such as occupancy, plug loads, lighting loads, and process loads, in a dynamic
environment.

[0021] The estimated load profile 29 may further enable refinements to existing processes,
such as building energy monitoring, diagnostic, or control tools. Building energy monitoring
tools include energy simulation programs, such as the EnergyPlus® program provided by the
U.S. Department of Energy, which may be used to simulate building energy use over time. The
estimated load profile 29 may be provided as an input load profile to such an energy simulation
program, thereby to provide a more accurate estimate of energy usage in a building. The
estimated load profile 29 may also be used in a building energy diagnostics tool or program to
determine faults or alarm conditions. The estimated load profile 29 may indicate load
anomalies, such as an unexpectedly large load during a period of the day when such a load
would not normally be encountered. The load anomaly may be used to generate an alarm to
check for localized faults, such as envelope leaks or light usage when the building is
unoccupied. The estimated load profile 29 may additionally or alternatively be used in building
energy control tools or software used to operate the temperature control equipment.

[0022] A controller, such as an HVAC controller 51 (See FIG. 7), may be provided for
performing one or more steps of the method 20. The HVAC controller 51 may include a
memory for storing the reduced order thermodynamic model 25, the Extended Kalman filter
27, and other data or algorithms. The HVAC controller 51 may further be operatively coupled to
sensors or other inputs to provide the measured parameter or other data. The HVAC controller
51 may further be programmed to process the measured parameter using the Extended
Kalman Filter 27 to estimate the at least one unknown state of the zone.

[0023] The model-based estimation may also be applied in other applications, such as in a
supermarket refrigeration system 50 schematically illustrated in FIG. 7. The refrigeration
system 50 may include a cold room 52 for storing goods, and a fan 54 and evaporator 56
operatively coupled to the cold room for maintaining the room at a desired temperature. The
temperature of the cold room 52 may be monitored to make sure it keeps the goods below a
threshold temperature. Notwithstanding the fact that the HAVC controller 51 is shown as being
part of the cold room 52, it will be understood that such an illustration is merely exemplary. In
other embodiments, the HVAC controller 51 may be employed in combination or conjunction
with the cold room 52 (or the building itself) in other configurations.

[0024] Fig. 8 schematically illustrates a method 60 for estimating states and predicting
temperatures in the cold room 52. At block 62, measured data (alternatively referred to herein
as "known parameters") are provided by one or more sensors, such as an air temperature
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sensor positioned in the cold room.

[0025] The measured data may be used in a reduced order thermodynamic model of the cold
room at block 64. The thermodynamic model may be based on non-linear algebraic and
differential equations, and may use a number of known parameters, such as the measured
cold room air temperature TR, and a number of unknown parameters, such as an infiltration
load Qj,. The state space formation from thermodynamics model of the cold room may be

stated mathematically as:

X=f(&,U) )
y=CX
Where,
(H*<Tmb—xl>+ - ‘(’) (g (1)~ )+ Qe (0 st (1) #8203 =)
, X +Xy Xy
X =x YA —uy () + x5x5u 4 (1)
UAg—a (X3 _xl)
__xg—
fx,0)= 0 )
0
0
0
0
0

U= LUf(t)“ ug(t) uin(t) ur(tH is input vector and y = Tr(f) is the history of_room temperature from

sensor measurements. The state vector is

Xy ( Ty
Xy R
X3 Tgoods
Xy R,
X=|x5|= Q; (6)
Xg a,
X7 b,
Xg M 4
Xy _M goods |
Where,

ug Fan status ON/OFF (1 or 0);

uqg. Defrosting status ON/OFF (1 or 0);

Ujn. Door status OPEN/CLOSE (1 or 0);

uTt: Evaporator coil surface temperature [°C];
Tr: Cold room air temperature [°C];

Tgoods: Goods temperature [°C];
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R: Ice thermal resistance [m2-°C/W], with ag - (1-R) > 0 being a growth rate when defrosting is

off and by -R<0 being a decay rate when defrosting is active;

R.: Air side thermal resistance [m2 °C/W];

Qjp: Infiltration load [W];

U: Overall heat transfer coefficient between goods and air [W/m?2-°C];

Mg;- Thermal mass of the air in the cold room [J/°C];

Mgoogs: Thermal mass of the goods in the cold room [J/°C].

[0026] At block 66, one or more of the unknown parameters may be identified using a system
identification method. External influences on the system behavior (which may be considered
inputs to the system) are identified from measurement data and the dynamic model at the
block 64. In this process, sensor measurement data, including cold room temperature, fan
status, defrosting status, and door status, are needed to identify unknown parameters such as
lumped parameter H* (related to overall cold room surface heat transfer coefficient and cold
room surface area), and Qd* (the energy input during defrosting).

[0027] At block 68, an Extended Kalman Filter (EKF) (such as the EKF 27) based on the
thermodynamic model is used to estimate unknown states and unknown parameters of the
cold room. The unknown states may include a temperature of the goods Tgeogs in the cold
room, while the unknown parameters may include R; (air side thermal resistance of the
evaporator coil 56), Qi (infiltration load), ag (a parameter indicating ice growth rate on the
evaporator coil 56), and by (a parameter indicating ice decay rate on the evaporator coil 56).
The uncertainty of real time data may be considered during design of the EKF. As with the
previous embodiment, the EKF may include time update and measurement update
components. With the estimated unknown parameters from the EKF, the thermodynamic
model may then be used to generate a predicted room temperature, as shown at block 70.

[0028] The estimated states, such as the estimated goods temperature Tgoogs, and the
predicted room temperature may be used for monitoring, diagnostics, or other purposes. By
providing an estimated goods temperature Tgoogs, the method allows monitoring personnel to
automatically diagnose the root cause of a temperature alarm, such as when warmer goods
are brought into the cold room, without requiring a call or other query to the store to ask for
that information. Additionally, the predicted temperature may be compared to measured real-
time data, such as the cold room temperature TR, to determine whether an alarm condition is
true or false. For example, when the predicted and actual room temperatures converge, the
alarm may be false, whereas when they diverge, the alarm may be true.
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[0029] A controller, such as a cold room controller (e.g., the HAVC controller 51), may be
provided for performing one or more steps of the method 60. The cold room controller may
include a memory for storing the reduced order thermodynamic model of the cold room, the
Extended Kalman Filter, and other data or algorithms. The cold room controller may further be
operatively coupled to sensors or other inputs to provide the measured parameters,
information regarding the unknown parameters, or other data. The cold room controller may
further be programmed to process the measured parameter using the Extended Kalman Filter
to obtain the estimated unknown state of the cold room and the estimated unknown parameter
of the cold room.

[0030] It will be apparent to those skilled in the art that various modifications and variations
can be made in the disclosed model-based estimating systems and methods without departing
from the scope of the disclosure. Embodiments other than those specifically disclosed herein
will be apparent to those skilled in the art from consideration of the specification and practice of
the systems and methods disclosed herein. It is intended that the specification and examples
be considered as exemplary only, with a true scope of the disclosure being indicated by the
following claims and their equivalents.
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Patentkrav

1. Fremgangsmade (60) til estimering af en temperatur i et kglesystems (50)

kglerum (52), der omfatter:

5 bestemmelse af en malt tilstand fra kglerummet, hvor den mélte tilstand er

mindst én malt lufttemperatur inde i et omréde (62); og

generering af en termodynamisk ordensreduktionsmodel (25) af
kglerummet (52), hvor den termodynamiske model (25) omfatter mindst ét
ukendt parameter (64); og kendetegnet ved

10 identificering af den termodynamiske models (25) mindst ene ukendte
parameter ved anvendelse af en systemidentifikationsfremgangsmade og
sensorméledata, hvor det mindst ene ukendte parameter indbefatter et
&kvivalent parameter H* relateret til varmeoverfgringskoefficienten for den
generelle kglerumsoverflade og kglerumsoverfladearealet og Qd* relateret

15 til energiinput under afrimning (66);

generering af et udvidet Kalman-filter (27) baseret pa den termodynamiske
model (25) af kglerummet (52) (68); og

behandling af den malte tilstand ved anvendelse af det udvidede Kalman-
filter (27) for at opnd en estimeret ukendt tilstand for kglerummet, hvor
20 den estimerede ukendte tilstand for kglerummet er en temperatur pa

varerne (52) i kglerummet,

og at opna et estimeret ukendt parameter for kglerummet for at generere
en forudset kglerumstemperatur, hvor det estimerede ukendte parameter
for kglerummet indbefatter en infiltrationsbelastning, en termisk modstand

25 for en fordamperspole pa luftsiden og isvaekst- og forsvindingshastighed pé
fordamperspolen (52) (70).

2. Fremgangsmade ifglge krav 1, der endvidere omfatter generering af den
forudsete kglerumstemperatur ved anvendelse af den termodynamiske model
30 (25) og kglerummets (52) estimerede ukendte parameter.
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2

3. Fremgangsmade ifglge krav 2, hvor den forudsete kglerumstemperatur
sammenlignes med en malt kglerumstemperatur for at bestemme, om der er en

alarmtilstand.

4. Fremgangsmade ifglge krav 1, der endvidere omfatter tilvejebringelse af en
kglerumstyreenhed (51) med en hukommelse til lagring af den reducerede
termodynamiske model (25) af kglerummet (52) og det udvidede Kalman-filter
(27), og hvor kglerumsstyreenheden (51) er programmeret til at behandle den
malte tilstand ved anvendelse af det udvidede Kalman-filter (27) for at opné den
estimerede ukendte tilstand for kglerummet (52) og kglerummets (52) estimerede
ukendte parameter.
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