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SIMULATION BASED FAULT DIAGROSIS USING EXTENDED
HEAT FLOW MODELS

RELATED APPLICATIONS
[0001] The present patent document claims the benefit of the filing date
under 35 U.5.C. §119{e} of Provisional U.5. Patent Application Serial No.

61/488,871, filed May 23, 2011, which is hereby incorporated by reference.

FIELD

{0002] The present embodiments relate to fault diagnosis.
BACKGROUND

{0003] Complex technical systems, such as heating, ventilation, and air

conditioning {HVAC) systems, in large buildings are subject to aging processes,
operating errors, and other influences that may lead to hardware or software
defects. When defects exceed certain limits, the defects may be referred to as
faults that cause failures. Failures in the HVAC system may result in degraded
energy efficiency, loss of user satisfaction, reduction of the lifetime of the
system, or complete systerm malfunctions.

[0004] Only some severe failures are displaved as alarms by the HVAC system,
while many malfunctions are not automatically noticed by occupants or system
operators. Fault detection and diagnosis {FDD) systems detect all possible
faitures and localize the faults. Localizing the faults may reduce the time 1o find
and repair faulty components and thus reduce maintenance cost and system
down times.

{0005] Because of the diversity of buildings and HVAC systems, FDD systems
may be specialized {e.g., HVAC system-specific}). For example, the relations
between the faults and the failures may be derived offline through exhaustive
examination of the possible failures caused by each fault from a fault list for a
given HVAC system. Single or multiple faults may be inserted into an off-line fault
simulation, where failure rules may be exercised, creating the relations between

the faults and the failures.
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{0008] Fault-failure relations, however, depend on external influences such as
outdoor temperature, manual set-points and space occupancy. With the
exhaustive approach, the HVAC system-specific and condition-specific FDD
systems may result in high computation time and cost.

SUMMARY

[0007] in order to reduce computation time and cost invoived with detecting
and diagnosing a fault in a system, simplified representations of components of
the system are used to estimate valid intervals for state variables at the
components. Generic failure rules are configured to compare the estimated valid
intervals to related intervals for the same state variables, from either
observations or propagations, for overlap. Failure output vectors are generated
based on the comparison, and the failure output vectors are compared to
diagnostic matrices to determine a source of the fault.

{0008] In a first aspect, a method for diagnosing a fault in a system is
provided. The system includes a plurality of components. The method includes
determining, by a processor, a first range of values for a variable representing a
state associated with at least a component of the plurality of components. The
method also includes comparing the determined first range of values for the
variable to a second range of values for the variable. The method includes
determining a failure value associated with the component based on the
comparison, and determining when the fault is associated with the component
based on the failure value.

[0008] In a second aspect, a non-transitory computer-readable storage
medium that stores instructions executable by one or more processors to identify
an origin of a fault in a system is provided. The system includes a plurality of
components. The instructions include determining, for each of at least two
components of the plurality of components, a valid first interval for a variable
representing a state associated with the component. The instructions also
include determining, for each of the at least two components of the plurality of
components, a second interval for the variable representing the state associated

2
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with the at least two components of the plurality of components. The
instructions include comparing, for each component of the at least two
components, the second interval to the valid first interval, and identifying the
grigin of the fault based on the comparison.

{0010} In a third aspect, a system for identifying an origin of a faultin a
thermodynamic system is provided. The thermodynamic system includes a
plurality of heating, ventilation, and air conditioning (HVAC) components. The
system includes an input operable to receive data for a variable representing a
state associated with an HVAC component of the plurality of HVAC components.
The system also includes a processor operatively connected to the input. The
processor is configured to determine a valid first range of values for the variable
and determine a second range of values for the variable based on the receivad
data. The processor is also configured to compare the determined valid first
range of values for the variable to the second range of values for the variable.
The processor is configured to determine a failure value associated with the
component based on the comparison. The failure value at least partially
represents a probability that the fault is at the HVAC component. The processor
is also configured to determine when the fault is associated with the HVAC
component based on the failure value.

{0011) In a fourth aspect, a system for diagnosing a fault in a heating,
ventilation, and air conditioning {HVAC) system is provided. The HVAC system
includes a plurality of components. The system includes means for determining a
first range of values for a variable representing a state associated with at least a
component of the plurality of compenents. The system also includes means for
comparing the determined first range of values for the variable to a second range
of values for the variable, means for determining a failure value associated with
the component based on the comparison. The system includes means for
determining when the fault is associated with the component based on the

fatture value.
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[0012] The present invention is defined by the following claims, and nothing
in this section should be taken as a limitation on the claims. Further aspects and
advantages of the invention are discussed below in conjunction with the
preferred embeoediments and may be later claimed independently or in
combination.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The components and the figures are not necessarily to scale, emphasis
instead being placed upon illustrating the principles of the invention. Moreover,
in the figures, like reference numerals designate corresponding parts throughout
the different views.

[0014] Figure 1 shows a layout of an example heating, ventilation, and air
conditioning {HVAC) system;

{0015] Figure 2 shows the layout of an example air handling unit {AHU) of the
HVAC system of Figure 1;

{0016) Figure 3 shows an exemplary simplified heat flow model (HFM) of the

AHU of figure 2;

{0017] Figure 4 shows an example of a two node HFM;

{on18] Figure 5 shows one embodiment of a controlied transformation node;
{on18] Figure 6 shows one embodiment of a sensor node;

{0020] Figure 7 shows one embodiment of a sensor node with set-point;
{0021] Figure 8 shows one embodiment of a complex node;

[0022] Figure 9 shows one embodiment of a computer systemn used for fault

detection and diagnosis {FDD}; and

10023] Figure 10 shows a flowchart of one embodiment of a method for
diagnosing a fault in a system.

DETAILED DESCRIPTION OF THE DRAWINGS

{0024] Based on a method of generating fault detection systems from
building information models, an extension of underlying heat flow models to
implement a diagnosis engine and thus create a complete software system is
provided. The diagnosis uses an associate network to map dynamically reported

4
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failure rule vectors to a small set of probable faults. The associative network is
automatically created at every time-step through fault simulation that takes
current conditions such as outdoor temperature, set-points, and occupancy into
account, while keeping engineering costs low.

[0025] In a fault detection method, a heat flow model represents compoenents
{e.g., coils and fans) and mass flow connections {.g., pipes and ducts) of a
heating, ventiiation, and air conditioning {(HVAC) system {e.g., an observed
system} as a directed graph of nodes and connections {e.g., arcs). Valid intervals
{e.g., a range of values) for local state variables {e.g., temperature and flow rate)
are estimated for each node based on data for properties of components of the
HYAC system, state variables of connected nodes {e.g., downstream and
upstream) and dynamic inputs from the HVAC system {e.g., sensor values, set-
points, and control values).

[0026] The estimated intervals may be propagated to both downstream and
upstream nodes through the directed arcs. Generic failure rules are configured
to compare related intervals from either observations or propagations for
averiap. Related intervals are, for example, a sensor value with applied sensor
tolerances and the estimated value interval from propagations. f the intervals
do not overlap, a failure value is reported. At every time step {e.g., every five
minutes), a failure output vector {e.g., including failure values derived from the
related intervals for the HVAC systemn) may be created for the observed system.
The failure output vectors over time are pattern-matched to fault signature
matrices {e.g., diagnostic matrices). The fault signature matrices are generated in
real-time using the heat flow model to identify a source of fault,

[0027] Use of the heat flow model for comparison with the matrices may
avoid review of all possible failure in a fault list. Since all the possible failures
caused by each fault from a fault list for a given HVAC system do not have to be
examined offline, the fault detection may decrease computation time and cost

for fault detection. The fault detection may also improve the reliability of the
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fault diagnosis, since the fault detection is based on current HVAC system mode
and weather conditions.

[0028] Figure 1 shows a layout of an example heating, ventilation, and air
conditioning {HVAC) system 100 that may be used in a building. The building
may, for example, be a one-floor small building with three zones {e.g., a first zone
bf, a second zone va, and a third zone br}. Hot or cold air is supplied by an air
handling unit {AHU} 102 to the first zone bf, the second zone va, and the third
zone br, Each of the first zone bf, the second zone va, and the third zone br
includes a hot water reheat variable air volume {VAV) box 104, A space in each of
the first zone bf, the second zone va, and the third zone br {e.g., a first space
bfSpace, a second space vaSpace, and a third space brSpace} is equipped with a
thermostat for the control of the room temperature. An air supply temperature
of the AHU 102 is set based on the cutdoor temperature. The AHU 102 includes
an economizer {e.g., a mixing box), and a controller of the ARU 102 has four
modes: mode 1 — minimum outdoor air and heating with a heating coil; mode 2 -
cooling with outdoor air only; mode 3 - cooling with maximum outdoor air and a
cocling coil; and mode 4 — cooling with minimum outdoor air and a cooling coil.
Other modes may be used. In other embodiments, the HVAC system 100 may
include additional, fewer, or different components, The HVAC system 100 may
be used in a larger or smaller building with more or fewer zones,

{0029) Figure 2 shows an exemplary layout of the AHU 102 of the HVAC
system 100 of Figure 1 or another HVAC system. The AHU 102 includes a return
fan 200 {e.g., Rfan) and a duct 202 {e.g., Rduct} with a return air temperature
sensor 204 {e.g., T}, The AHU 102 also includes a mixer {e.g., an economizer)
that includes three coupled dampers 206 and an outdoor air temperature sensor
208 {e.g., Toa). The AHU 102 includes a duct 210 {e.g., Mduct) having a mixed air
temperature sensor 212 {e.g., Tha), and a heating coil 214 {e.g., Heoil} and a
cooling coll 216 {e.g., Ccoil) with valves 218. The AHU 102 also includes a supply
fan 220 and a duct 222 {e.g., Sduct). The duct 222 receives the supply air
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temperature set point. The AHU 102 may include more, fewer, or different
components.

{0030] Fault detection and diagnosis {FDD} of the present embodiments
includes identifying {e.g., receiving or generating) a heat flow mode! {HFM) of the
HVAC system 100 of Figures 1 and 2 or ancther system. The HFM is a directed
graph that includes heat flow nodes and edges connecting the nodes. The nodes
may represent components {e.g., a duct, a heating coil, and a cooling coil} of the
HVAC systemn 100, and the edge connections may represent, for example, mass
flow between the components of the HVAC systerm 100. A user or a processor
may identify {e.g., generate} the HFM using a software program including a
graphical user interface {GUI} a1 a computing device. The user may be able to
seiect from a memory of the computing device and/or generate, within the
software program, modules that represent the components of the system and
arrange the modules within the GUI to represent the system. The user may also
be able to connect the modules within the GUY, such that data may be passed
between the different connected modules. The processor of the computing
device may make calculations at each of the modules of the GUl representing
changes {e.g., in temperature and pressure) across the components of the
system. The HFM may represent other systems including, for example, airplanes
and power plants. In alternative embodiments, the HFM is obtained from
memory or generated by a processor from planning or layout information.

[0031] Figure 3 shows a simplified HFM 300 of the AHU 102 of Figure 2 or
another AHU {e.g., as displayed within the GUI}. The HFM 300 includes a plurality
of nodes 302 and a plurality of connections 304 connecting the plurality of nodes
3C2. As discussed above with relation to the AHU 102, the HFM 300 may include
nodes 302 representing a return fan {e.g., Rfan}, a first duct {e.g., Rduct), a mixer
{e.g., Mixer), a second duct {e.g., Mduct), a heating coil, {e.g., Heoil}, a cooling coil
{e.g., Ccoil}, a supply fan {e.g., Sfan) and a third duct {e.g., Sduct}). The HFM 300

may include more or fewer nodes 302 representing more or fewer components
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of a HVAC system. In one embodiment, at least one node 302 of the plurality of
nodes 302 of the HFM 300 may represent a different component.

[0032] The plurality of connections 304 may represent forward and/or
reverse propagation of flow vectors {e.g., air, water, or electricity}. The flow
vectors include flow state variables representing, for example, temperature, flow
rate, pressure, current, voltage, and/or humidity. Other flow state variables may
be used.

{0033] The nodes of the HFM 300 may represent simple and/or complex
HVAC system components or other components. For example, a valve may be a
simple HVAC systern component, while the AHU 102 may be a complex HVAC
system component. A given node may represent the valve or the AHU 102,
Determining a complexity level, at which the nodes are selected, may be an
engineering decision for the user. The goal may be to keep the number of nodes
within the HFM small {e.g., less than 10 or less than 100 nodes), while making the
nodes as generic as possible. Making the nodes as generic as possible may make
the use of HVAC system-specific HFM unnecessary. Modeling at the component
level may be more generic than modeling at the system level or the subsystem
level. In one embodiment, the nodes may be at a complexity level, as shown in
Figure 3 {e.g., representing coils including valves, mixing boxes, and ducts with
sensors). in another embodiment, the nodes may be at a higher complexity {e.g.,
variable air volume {VAV) boxes or spaces as nodes). The nodes of a given model
represent similar levels of complexity. Alternatively, different nodes within a
same model are at different levels of complexity.

[0034] The flow nodes of the HFM of the HVAC system 100 have sink and
source ports for the bidirectional propagation of flow vectors. To illustrate the
flow of data within an HFM, Figure 4 shows an example of a two node HFM 400
representing at least part of an observed system {e.g., the HVAC systermn 100).
The HFM 400 includes a first node 402 and a second node 404, The first node
4032 is connected to the second node 404 via anti-parallel arcs 406 {e.g., anti-

parallel edges or connections). Forward arcs 406 {e.g., Fwd) follow a main mass
8



WO 2012/162360 PCT/US2012/039085

flow direction, and reverse arcs 406 {e.g., Rev) are against the main mass flow
direction. The anti-paraliel arcs 406 {e.g., Fwdin, FwdOut, Revin, and RevQOut)
represent the forward and reverse propagation of flow vectors {e.g., connections
304; air, water, or electricity). The flow vectors include flow state variables
representing, for example, temperature, flow rate, pressure, and/or humidity.
The flow vectors may represent different state variables. Additional arcs 408
represent data transmitted from the observed system (e.g., Dataln; temperature
measurements and control values), and failure rule values {e.g., RulesOut}
transmitted to a diagnostics systemn {e.g., a module within the GUl of the
software program}. For example, nodes may also receive sensor {e.g., Sens), set-
point {e.g., Setp), and control {e.g., Ctrl) values during run-time of the HFM of the
HVAC system 100, Set-point values may be input by the user, for example, at the
computing device or may be identified within a memaory of the computing device
by the processor. The processor, for example, may identify sensor
measurements stored in the memory or transmitted to an input of the computing
device. Some variables internal to the nodes {e.g., Int} may be calculated within
the nodes, but may not be visible outside of the nodes. Parameters for the nodes
of the HFM may be configured {e.g., by the user or the processor} during setup of
the HFM of the BVAC system 100. Data inputs {2.g., Dataln} and rule outputs
{e.g., the failure rule values; RulesOut) may be connected with a building energy
management and control system {BEMCS) of the observed HVACL systern 100.
{0035] The nodes of the HFM of the HVAC system 100 {e.g., including the first
node 402 and the second node 404} may perform at least two functions for fault
detection: flow state variable estimation and rule evaluation. Using the hot
water heating coil {2.g., the heating coil Heoll of Figure 2} as an example, full
simulation of a forward out air temperature may use a detailed physical model of
the hot water heating coil, an air input temperature and flow rate, and a hot
water supply temperature and flow rate. Water supply data {e.g., the hot water

supply temperature and flow rate} may not be available. Additionally, the full
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simulation may reguire more computation time and resources than the simplified
simulation.
[0038] Figure 5 shows the estimation of the flow state variables may be 3
simplified simulation {e.g., within the first node 402}, For reuse {e.g., modularity)
purposes, the nodes {e.g., the first node 402 and the second node 404) may be
represented by a small number of different types of nodes and may be
parameterized to create many instances and build up the HFM of the HVAC
system 100, for example. Figure 5 shows one embodiment of a controlled
transformation node. For example, a simplified simulation of a heating coll may
use known design data {e.g., nede parameters; maximum and minimum
temperature increases for a fully open hot water valve} to estimate the forward
air temperature. Different physical models for the air temperature
transformation may be applied, depending on the data available. Inone
embodiment, the air input temperature, a maximum coll heating power, and a
valve control value {e.g., Cirlin; TaCtrl control value) may be used to estimate the
forward out air temperature of the heating coil. |t may be assumed that for a
fully open valve, a maximum and a minimum temperature increase is known
from technical coil data and hot water supply system settings.
{0037] Estimations include tolerances. Therefore, a flow state variable X is
represented by an interval X {e.g., a range of values) shown below as equation
{1k

X = Wi Xmaz] {1)
The flow state variable X may be represented by the interval X, since tolerances
may not always follow normal distributions.
{0038] For the simplified simulation of the heating coil, for example, an air
temperature heating interval dTaH Cod may be assumed to be a constant
parameter. It may also be assumed that the air temperature increase is
proportional to the TaCtrl control value, and the air temperature increase is
independent of the air flow rate through the heating coil. The forward air

temperature may be estimated, as expressed below in equation (2}
10
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TaFwdOut l,;, = TaFwdin 4, + TaCtrl x dTaHColl {,;,
TaFwdOut b, = TaFwdin §,,., + TaCtri»dTaHCoil 1,,,,
TaRevOut l,,;, = TaRevin ,,,, — TaCtrl xdTaHColl L,

TaRevOut i,,,, = TaRevin ,,,, — TaCtrli « dTaHColl 1,,;, {2}
The dTaHCoul interval may be large due to uncertainties in the hot water
temperature and the flow rate. Inthe case of TaCtrl = 0 {e.g., true for all AHU
modes except the heating mode}, the output intervals are equal to the input
intervals, and failure rules are fully applicable, for example, to detect a leaking
valve. In one embodiment, the air temperature increase after the heating coil is
assumed proportional to the TaCtrl control value with some nonlinearity factors
between the extremes of the TaCtrl control value,
[0038] Ancther example of a controlled transformation node is the mixing
box of the AHU 102, for example. The mixing box includes three synchronized
dampers and an outdoor air temperature sensor ToaSens. The sensor values are
not propagated as flow vectors but are used internal to the node. A control value
DmCirl {e.g., Curlin} range may be assumed to be [0, 1]. The value § provides that
exhaust and fresh air dampers of the mixing box are fully closed, and a return air
damper of the mixing box is fully open. The value 1 provides that the exhaust
and the fresh air dampers of the mixing box are fully open, and the return air
damper of the mixing box is fully closed. A minimum value for exhaust and fresh
air dampers {e.g., 0.1} is used to provide enough air exchange. A nonlinearity
parameter modifies the control interval DmCirl width such that the control
interval DmCEr] width has a maximum for DmCtrl = 0.5 and is O for fully open or
closed.
10040] As showrn in Figure 5, the first node 402, for example, calculates a
Fwdin air temperature increase in a first estimator 500 and transmits the result
as FwdOut to the next node downstream {e.g., the second node 404}, in the
reverse path, the downstream node {e.g., the second node 404) transmits an air
temperature that is Revin for the heating coil {e.g., the first node 402}, and a

second estimator 502 calculates a corresponding RevOut temperature for 3 next
11
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upstream node {e.g., the second node 404 if the HFM includes two nodes;
another node if the HFM includes more than two nodes).
[0081] The estimates may be used for application of rules. A first generic
faiture rule 5304 and a second generic failure rule 506 {e.g., generic failure rules)
compare temperatures from propagations and estimations and generate failure
values. An assumption to define the generic failure rules is that two intervals
expressing the same state variable {e.g., temperature} should overlap with high
probability if no failures exist. if the two intervals do not overlap, a failure is
assumed with high probability. If the two intervals do not overlap, it may be
assumed that the probability of a failure increases with the distance between the
two intervals. The positive or negative distance between the two intervals is
defined by:

rufeX1X2 = v (X1, X3

fXZmin - leax i,f szin > leax
= szax - lein if szax < Xl-min {3)
0 else

in other words, if the intervals define valid state values {e.g., as at least partially
defined by maximum and minimum temperature increases for a fully open hot
water valve} and overlap, no fault is assumed, and the failure rule reports zero. If
the intervals do not define valid state values and do not overlap, the failure rule
reports nonzero values based on equation {3) above. The larger the failure value
{e.g., negative or positive}, the higher is the probability that faults exist. In order
to make failure values comparable, the failure values may be normalized with a
factor that is set to an expected state variable range. The results of alf failure rule
evaluations create, for example, a normalized rule vector R = {ry, ry,, 7, } 8t
every time step. In one embodiment, the failure values are not normalized. The
generic rules 504 and 506 may be evaluated locally in a node {e.g., the first node
402 or the second node 404), thus providing modularity. Other failure rules may

be used.

12
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[0042] Generic rule examples that may be used depending on the type of
node {e.g., the component the node represents and/or the information that is

available for the node) are given below:

rFwd = r{XFwdin, XRevOut )

rFwdSens = r{XSens, XFwdin) {4}

rRevSens = r{XSens, XRevin)
rSetp = r(XSetp, XSens)
rint = r(XInt, XSens)
Using Figure 5 as an example, rfwd may compare, at the second node 404, for
example, the interval for a state variable transmitted from the first node 402 to
the RevOut interval of the state variable calculated at an estimator of the second
node 404, X may be any number of flow state variables including, for example,
temperature.
[0043] As another exemplary type of node, a transformation node may
represent, for example, a return fan {e.g., the return fan 200; Returnfan) or a
supply fan {e.g., the supply fan 220; SupplyFan). Both fans increase the air
temperature by a constant amount dTaFan by assuming that the electric enargy
consumption of a fan Pfan is proportional to an air flow rate QaFwdin, as shown

below:

dTaFan = TaFwdOut

Pfan

gafwdln = ca
Pfon = QaFwdin = PO
diaFan = P8/ca, {5}

~TaFwdin =

where ca is the air heat capacitance, and PO is a constant. This results in the
temperature estimation, as defined by equation {6} below:
TaFwdOut L, = TaFwdin 1, +dTaFan 1,
TaFwdOut §,,,, = TaFwdin 1, +dTaFan 1,
TaRevOut 1., = TaRevin l,,;, —dTaFan 1.,

TaRevOut ., = TaRevin |,,,. — dTaFan 1,,;, {6}
13
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it may be assumed that the supply fan 220 is controlled internally to produce a
constant forward pressure interval paFwdOut. The return fan 200 may follow the
supply fan 220 such that the pressure balance in the whole air flow system is
properly maintained.

[0044] Other exemplary types of nodes are discussed below with reference to
Figure 6-8. Figure 6 shows an exemplary sensor node 600 {e.g., the first node 402
or the second sensor 404). Sensor nodes may, for example, be ducts or pipes
with one or more sensors for different state variable measurements. £ may be
assumed that sensor intervals are smaller than the intervals of flow input vector
values. Therefore, the propagated flow output vector values may be equal to the

sensor values, as expressad in eguation {7}

XFwdOut = XRevOut = XSens {7
{0045] Sensors used in the FDD of the present embodiments may have
tolerances. The tolerances are model parameters that may be extracted from
data specifications for the sensors {e.g., Tix for a temperature sensor; tol). Fora
temperature sensor, for example, this results in the interval:

T= [Tiens — Teotr Teens + Ttoll {8)
[0046] Figure 7 shows an exemplary sensor node 700 with a set-point. The
sensor node 700 has additional set-point inputs. The set-points also have
tolerances that determine how far the controlled variable {e.g., the sensor value)
may deviate before a failure is recorded. The sensor node 700 with the set-point
may represent, for example, the duct 222 {e.g., Sduct}.
{0047] Figure 8 shows an exemplary complex node 800, in complex nodes,
some estimated values may not be propagated to other nodes, but are used in
rule evaluations. The complex node 800 may, for example, represent the VAV
hox 104, the space in the first zone bf, the space in the second zone va, or the
space in the third zone br in the HVAC system 100, For the VAV box 104 {e.g.,
VAV node 800}, for example, a flow rate is estimated according to a damper
control value {e.g., XCirl}, The damper control value is compared to a flow rate

sensor value {e.g., XSens} using a sensor rule, The forward input air temperature
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interval {e.g., XFwdin} is transformed by a reheat coil and the result is compared
to an air temperature sensor {e.g., XSens) by a second sensor rule. Both sensor
intervals are propagated forward. The reverse flows {e.g., XRevin} are handled
simifarly. i the VAV node 800 has no set-point input for a discharge air
temperature, a set-point rule is not activated.

[0048) For one of the spaces {e.g., in the first zone bf, the second zone va, or
the third zone br} in the HVAC system 100, for example, the complex node 800 is
modeled as a function of the air input flow rate and temperature, external heat
flows, and internal fixed and occupancy dependent heat gains. To meet the
space air temperature set-point, the VAV air flow damper and a reheat hot water
valve may be controlled in closed loops. Thus, the set-point rule validates the
effectiveness of the control.

{0049] Faults cause failures {e.g., symptoms or manifestations). The relations
between faults and failures are an m-to-n relation. The failure rules described
above may result in continuous values that define a failure probability.
Associative networks express n-to-m relations. Applied to fault diagnosis, an
associative network defines an mxn-matrix D {e.g., a diagnostic matrix] between
afaultset F = {f, fo,, fintand a symptomset § = {5;,5,,,5,}. The
elements g; ; of matrix D are either zero {e.g., no relation)} or represent a positive
or negative failure value:

11 0 Gim
b o
Gn1 " am

Accordingly, the matrix D may not be a binary diagnostic matrix, as used by other
diagnostic methods. A column vector j of the diagnostic matrix D may be a
signature of fault |. With a single fault assumption, fault diagnosis is the task to
find, at each time step, the signature that best fits the rule vector.

{0050] Fitting rule vectors and fault signatures may be a pattern-matching
problem. Exhaustive tests may be possible. In one embodiment, a sum of

products may be used to calculate @ matching score ¢ for each signature at every
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time step. In another embodiment, the square root of the products may be used

to calculate the matching score ; for each signature at every time step:

ey = sign{r; x g ;)= J(abs(r]; x g;
{10}
G = XieCij
{11)
1 and g; ; are both greater or both less than zero, the rule i score ¢ ; is positive
and contributes positively to the total score (). i r; and g; ; have oppaosite signs,
the rule i score ¢; ; is negative and contributes negatively to the total score G If
one or both of v; and g; ; are zero, the contribution is zero. The highest matching
score may indicate that the corresponding fauit has the highest probability of
causing the reported failures. The top five scores, for example, may be reported
at every time step to a user at a display, for example, as an indication of the
faults that may be further analyzed. More or fewer scores may be reported. In
one embodiment, only the top score is reported. Different metrics may also be
used for pattern matching.
[0051] The guality of the FDD may depend on the entries in the diagnostic
matrix. In one embodiment, the HFM of the HVAC system 100 or another HFM
{e.g., a more detailed model) may be used to simulate the observed HVAC system
100 to generate rule vectors that may be entered as signatures into the matrix D,
During fault simulation, average values {e.g., temperature values) may be
calculated at the nodes {e.g., the first node 402) of the HFM of the HVAU system
100, for example. The average values may only be propagated in the mass flow
direction. The simulation is distributed to the nodes and creates sensor and
actuator values at each time step that replace the data inputs from the BEMCS
during the diagnosis phase.
{0052] A transformation node {see Figure 5) may be extended for fault
simulation within the HFM. The FDD of the present embodiments may be

controlled to execute in three phases: detection phase; simulation phase; and
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diagnostic phase. In the detection phase, at the beginning of each time step,
state variables are estimated, as discussed above, and propagated forward and
backward. The failure rule results are stored as local variables of the rule vector
R. if any nonzero failure values are detected during the detection phase, fault
simulation is triggered followed by a subsequent diagnostic phase.
{0053] A simulation component {e.g., fSim component) reads a Simin state
vector and a SimCtrl input, checks a Faultin fault id, and calculates a SimQOut
vector. A fault may only be applied if the node recognizes an assigned fault id.
Otherwise, a normal fault free simulation may take place. The simulation may
use iterations because the mass flows form loops, and control values are fed back
against the flow. The number of iterations may be determined experimentally to
provide stability.
[0054] In one embodiment, the transformation node may represent a heating
coil, and a simulation output temperature of the heating coil may be calculated
as:

Toimour = Lsimyn + fuhc X HT

{12}

The air flow rate may be assumed to change very little. Therefore, the
temperature increase across the heating coil represented by the node may be
assumed to be independent of the air flow rate. HT is the average of the upper
and lower limits of the coil temperature increase parameters that are used for
the estimation functions. fuhc is in the range of 0 to 1, where fuhcis a faulty
valve control signal calculated from equation {13}

fuhe = limit(SimCtri + £,0,1}

{13}

The fault value fis 0 for no fault, -1 for stuck closed, » 0 for leaking, and 1 for
stuck open. The limit function limits fuhce between the two parameters {e.g.,
between 0 and 1 in eguation {13}). For the exemplary node, the fault directly
influences SimQut but does not influence the detection part of the node. An

influence may be fed back through SimCtrl. SimCirl is generated by a simulated
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controller. It may be assumed that a supply sensor duct node Sduct receives a
supply air temperature set point from the BEMCS and generates control signals
for the heating coil represented by the node, and a cooling coil and an
economizer represented by other nodes. Control signals may be normalized to
therange of Oto 1.

{0055] During the diagnostic phase, the estimations and rule evaluations take
place. The components for the signature vector are produced. By applying
equations {10} and {11}, ScoresOut is created as a partial vector of rule scores
that has components ¢; for computing G for the fault j in g central diagnosis
component. The phases alternate between the simulation and the diagnostic
phase for all faults including no fault. The diagnostic matrix D is thus created
dynamically for the external conditions at the time step. The diagnostic matrix D
may or may not be stored in the memory of the computing device. The scores of
all faults may be sorted by values, and the top scores may be reported to the
BEMCS for further manual fault localization and repair.

[0058] Sensor faults may not have direct influence on the fault simulation, but
may have influence on the estimation and the rule evaluation. Sensor faults may
alsg influence control signal calculations. Simulation values may not be changed
from in to out in a node {e.g., the first node 402} representing a supply sensor
duct, for example.

[0057] in another embodiment, faults of an assumed fault list for the HVAC
system 100, for example, may be inserted {e.g., offline} into the observed HVAC
system 100, and the FDD may generate the rule vectors that may be entered as
signatures into the matrix D. Elements of the matrix D, however, are not
independent of the environment. Weather conditions, manually controlled set-
points, and occupancy, for example, influence failure rule manifestations
strongly. Multiple matrices may be generated for a set of external condition
combinations. The generation of the multiple matrices, however, increases

computation time and the resources used for FDD,
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[0058] FIG. 9 shows an illustrative embodiment of a general computer system
800. The computer system 900 may include a set of instructions that may be
executed to cause the computer system 900 to perform any one or more of the
methods or computer based functions disclosed herein. The computer system
800 may operate as a standalone device or may be connected to other computer
systems or peripheral devices. Any of the components discussed above {e.g., the
computing device) may be a computer system 900 or a component in the
computer system 900,

[0059] in a networked deployment, the computer system 900 may operate in
the capacity of a server or as a client user computer in a client-server user
network environment, or as a peer computer system in a peer-to-peer {or
distributed) network environment. The computer system 200 may also be
implemented as or incorporated into various devices, such as a personal
computer {PC), a tablet PC, a set-top box {STB), a personal digital assistant {PDA),
a mobile device, a palmtop computer, a laptop computer, a desktop computer, a
communications device, a wireless telephone, a control system, a personal
trusted device, a web appliance, or any other machine capable of executing a set
of instructions {sequential or otherwise)} that specify actions to be taken by that
machine. In one embodiment, the computer system 200 may be implemented
using electronic devices that provide voice, video or data communication.
Further, while a single computer systerm 900 is illustrated, the term “system”
shall also be taken to include any collection of systems or sub-systems that
individually or jointly execute a set, or multiple sets, of instructions to perform
one or more computer functions.

[0060] As illustrated in Figure 9, the computer system 900 may include a
processor 802 {e.g., a central processing unit {CPU)), a graphics processing unit
{GPU]}, or both. The processor 802 may be a component in a variety of systems.
For example, the processor 802 may be part of a standard personal computer or
a workstation. The processor 802 may be one or more general processors, digital

signal processors, application specific integrated circuits, field programmable
19



WO 2012/162360 PCT/US2012/039085

gate arrays, servers, networks, digital circuits, analog circuits, combinations
thereof, or other now known or later developed devices for analyzing and
processing data. The processor 902 may implement a software program, such as
code generated manually {i.e., programmed).

{0061] The computer system 800 may include a memory 204 that may
communicate via a bus 908. The memory 904 may be a main memory, a static
memory, or a dynamic memory. The memory 904 may include but is not limited
to computer readable storage media such as various types of volatile and non-
volatile storage media, including but not limited to random access memory, read-
only memory, programmable read-only memory, electrically programmable read-
only memory, electrically erasable read-only memory, flash memory, magnetic
tape or disk, optical media and the like. In one emboediment, the memory 804
includes a cache or random access memory for the processor 802, In alternative
embodiments, the memory 904 is separate from the processor 802, such as a
cache memory of a processor, the system memory, or other memory. The
memory 904 may be an external storage device or database for storing data.
Examples include a hard drive, compact disc {“CD”), digital video disc {"DVD"},
memory card, memaory stick, floppy disc, universal serial bus {"USB”} memory
device, or any other device operative to store data. The memory 804 is operable
to store instructions executable by the processor 802, The functions, acts or tasks
itustrated in the figures or described herein may be performed by the
programmed processor 802 executing the instructions stored in the memory 904,
The functions, acts or tasks are independent of the particular type of instructions
set, storage media, processor or processing strategy and may be performed by
software, hardware, integrated circuits, firm-ware, micro-code and the like,
operating alone or in combination. Likewise, processing strategies may include
multiprocessing, multitasking, paraliel processing and the like,

[0062] As shown, the computer system 900 may further include a display unit
914, such as a liguid crystal display {LCD), an organic light emitting diode {OLED),

a flat panel display, a solid state display, a cathode ray tube {CRT), a projector, a
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printer or other now known or later developed display device for outputting
determined information. The display 914 may act as an interface for the userto
see the functioning of the processor 802, or specifically as an interface with the
software stored in the memory 804 or in a disk or optical drive unit 806 {e.g., a
disk drive unit}.

{0063] Additionally, the computer system 800 may include an input device
916 configured to allow a user to interact with any of the components of system
500, The input device 916 may be a number pad, a keyboard, or a cursor control
device, such as a mouse, or a joystick, touch screen display, remote control or
any other device operative to interact with the system 800.

[0064] in one embodiment, as depicted in Figure 2, the computer system 300
may also include the disk or optical drive unit 806. The disk drive unit 906 may
include a computer-readable medium 910, in which one or more sats of
instructions 912 {e.g., software} may be embedded. Further, the instructions 812
may embody one or more of the methods or logic as described herein. Inone
embodiment, the instructions 912 may reside completely, or at least partially,
within the memaory 904 and/or within the processor 902 during execution by the
computer system 800, The memory 804 and the processor 802 also may include
computer-readable media as discussed above.

{0065] The present disclosure contemplates a computer-readable medium
that includes instructions 912 or receives and executes instructions §12
responsive to 3 propagated signal, so that a device connected to a network 820
may communicate voice, videg, audio, images or any other data over the
network 920, Further, the instructions 912 may be transmitied or received over
the network 920 via a communication port 918, The communication port 918
may be a part of the processor 802 or may be a separate component. The
communication port 918 may be created in software or may be a physical
connection in hardware. The communication port 918 is configured to connect
with the network 820 or another network, external media, the display 814, any

gther components in system 200, or combinations thereof. The connection with
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the network 920 may be a physical connection, such as a wired Ethernet
connection or may be established wirelessly as discussed below. Likewise, the
additional connections with other components of the system 900 may be physical
connections or may be established wirelessly.

[0068] The network 920 may include wired networks, wireless networks, or
combinations thereof. The wireless network may be a cellular telephone
network, an 802.11, 802.16, B02.20, or WiMax netwaork. Further, the network
5920 may be a public network, such as the Internet, a private network, such as an
intranet, or combinations thereof, and may utilize a variety of networking
protocols now available or later developed including, but not limited to TCP/IP
based networking protocois.

{0067] While the computer-readable medium is shown to be a single medium,
the term "computer-readable medium” includes a single medium or multiple
media {e.g., a centralized or distributed database and/or associated caches and
servers that store one or more sets of instructions). The term "computer-
readable medium™ shall also include any medium that is capable of storing,
encoding or carrying a set of instructions for execution by a processor or that
cause a computer system to perform any one or more of the methods or
operations disclosed herein,

{0068] In a particular non-limiting, exemplary embodiment, the computer-
readable medium may include a solid-state memory such as a memory card or
other package that houses one or more non-volatile read-only memories.
Further, the computer-readable medium may be a random access memory or
other volatile re-writable memory. Additionally, the computer-readable medium
may include a magneto-optical or optical medium, such as a disk or tapes or
other storage device to capture carrier wave signals such as a signal
comrmunicated over a transmission medium. A digital file attachment to an e-
mail or other seif-contained information archive or set of archives may be
considered a distribution medium that is a tangible storage medium.

Accordingly, the disclosure is considered to include any one or more of &
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computer-readable medium or a distribution medium and other eguivalents and
successor media, in which data or instructions may be stored.

{0063] in one embodiment, dedicated hardware implementations, such as
application specific integrated circuits, programmable logic arrays and other
hardware devices, may be constructed to implement one or more of the methods
described herein. Applications that may include the apparatus and systems of
various embodiments may broadly include a variety of electronic and computer
systems. One or more embodiments described herein may implement functions
using two or more specific interconnected hardware modules or devices with
related control and data signals that may be communicated between and
through the modules, or as portions of an application-specific integrated circuit.
Accordingly, the present system encompasses software, firmware, and hardware
implementations.

{0070] In accordance with various embodiments of the present disclosure, the
methods described herein may be implemented by software programs
executable by a computer system. Further, in an exemplary, non-limiting
embodiment, implementations may include distributed processing,
component/object distributed processing, and parallel processing. Alternatively,
virtual computer system processing may be constructed to implement one or
more of the methods or functionality as described herein.

[0071] Figure 10 shows a flowchart of one embodiment of a method for
diagnosing a fault in a system. The method may be performed using the system
800 shown in Figure 9 or another system. The method is implemented in the
order shown, but other orders may be used. Additional, different, or fewer acts
may be provided. Similar methods may be used for diagnosing a faultina
system,

[0072] The method includes identifying a model representing a system {act
1000}, The system may be a heating, ventilation, and air conditioning {HVAC)
system. The model may be a heat flow model {(HFM) that represents the HVAC

system. The HFM is a graph having a plurality of nodes that corresponds to a
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plurality of HVAC system components. The plurality of nodes may represent
simple and complex HVAC system components. The HVAC system components
may include, for example, valves, coils {e.g., heating coils and cooling coils), fans,
variable air volumes (VAVs), and air handling units {AHUs). The plurality of nodes
are connected to each other via arcs or edges {e.g., directed arcs) that
correspond to mass flow connections such as, for example, ducts, pipes, or
electrical energy flows in power lines. The arcs or edges may pass data to nodes
upstream and downstream of a node. In other embodiments, the system may be
an airplane, a power plant, or another system.

[0073] The model may be received at an input of a computing system, may be
retrieved from a memory of the computing system, or may be generated by a
processor of the computing system. In one embodiment, a building information
modeal {(BIM) may be identified by the processor of the computing system. The
BiM is a digital representation of physical and functional characteristics of &
facility {e.g., industry foundation classes {IFC) models}. IFC models of existing or
planned buildings may be used to automatically create a fault detection and
diagnosis {(FDD) system. Alternatively, a user at the computing device, for
example, may select modules {2.g., nodes) that represent the components of the
HVAC system, for example, from a library of modules stored in the memory or
another memory and arrange the modules within a graphical user interface {GUH
at the computing device to represent the HVAC system. The user may also be
able to connect the nodes within the GUI, such that data may be passed between
the different connected nodes.

{0074] The method also includes determining a first range of values for a
variable {act 1002). The variable may represent a state associated with at least a
component of the plurality of HVAC components. For example, the variable may
represent a temperature, a flow rate, a pressure, or a humidity upstream of, at,
or downstream of the component. The first range of values may be a valid
interval for the variable at a first node of the plurality of nodes, for example. In

agther words, the first range of values may indicate a range of values, at which no
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failures are present at the first node. Determining the first range of values for
the variable may include estimating the valid interval for the variable hased on
knowledge about properties of the HVAC component {e.g., estimating a change in
the variable across the component) the first node represents, state variables of
nodes connected to the first node {e.g., upstream and downstream) and dynamic
inputs from the HVAC system {e.g., sensor values, set-points, control values). The
estimated interval may be propagated to the upstream and downstream nodes
connected to the first node through the directed arcs connecting the first node to
the upstream and downstream nodes. A first range of values for the variable
may be determined for each node of the plurality of nodes. First ranges of values
may be determined for a plurality of variables {e.g., representing temperature
and flow rate)}.

[0075] The method also includes comparing the determined first range of
values for the variable to a second range of values for the variable {act 1004).

The second range of values for the variable may be a second interval that is
refated to the valid interval. In other words, the second range of values {e.g,, the
second interval) and the first range of values {e.g., the valid interval) may be
related. Related intervals are, for example, a sensor value {e.g., a temperature)
determinad by a sensor of the HVAC system and identified by the processor of
the computing system with applied sensor tolerances stored in the memory of
the computing system, and an estimated interval propagated from the node
downstream of the first node or the node upstream of the first node. Comparing
the determined first range of values for the variable to the second range of
values for the variable may include determining whether the first range of values
for the variable and the second range of values for the variable overlap. The
determined first range of values for the variable may be compared to a second
range of values for the variable for each node of the plurality of nodes. A first
range of values for the variable may be compared to a second range of values for
the variable for a plurality of variables {e.g., representing temperature and flow

rate).
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{0075] The method includes determining a failure value hased on the
comparison {act 1008). The failure value may represent a probability that a fault
exists at the first node, for example. If the first range of values for the variable
and the second range of values for the variable {e.g., the related intervals)
averiap, a failure value of zero may be determined. If the first range of values for
the variable and the second range of values for the variable do not overlap, a
fault may be assumed, and the failure value may be based on a relative distance
hetween the related intervals. For example, the determined failure value may be
based on a difference between a minimum of the first range of values and a
maximum of the second range of values or on a difference between a maximum
of the first range of values and a minimum of the second range of values. A
failure value may be determined for each node of the pluraiity of nodes to
populate a rule vector {e.g., a failure vector, a failure output vector). The rule
vector may be normalized by any number of factors including, for example, an
expected state variable range. The rule vector may be determined at a number
of time steps {e.g., every five minutes).

10077] The method also includes determining when the fault is associated
with the component based on the failure value {act 1008}, One or more fault
signature matrices may be generated. Generating the one or more fault
signature matrices may include simulating the HFM representing the HVAC
system to populate the one or more fault signature matrices. The HFM
representing the HVAC may be simulated by calculating average values for the
variable instead of intervals. During simulation, the average values may only be
propagated in the mass flow direction. The HFM representing the HVAC system
may simulate one or more faults in the system, and the one or more faults may
include the fault.

{0078] The normalized rule vector {e.g., including the failure value) may be
compared to the one or more fault signature matrices. The normalized rule
vector and the one or more fault signature matrices may be compared using, for

example, pattern matching. Different metrics such as, for example, the sum of
26



WO 2012/162360 PCT/US2012/039085

products and the square root of products may be used for the pattern matching.
Resulting scores {e.g., using the sum of products or the square root of products)
may be generated. The highest matching score may indicate that the fault has
the highest probability of causing the reported failures {e.g., as identified in the
rule vector). Scores in addition 1o the highest matching score may be presented
{e.g., displayed) to a user at the computing device, as an indication of which
faults should be further analyzed.

{0079] While the present invention has been described above by reference to
various embodiments, it should be understood that many changes and
modifications can be made to the described embodiments. It is therefore
intended that the foregoing description be regarded as illustrative rather than
fimiting, and that it be understood that ail equivalents and/or combinations of

embodiments are intended to be included in this description.
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CLAIMS

1. A method for diagnosing a fault in a system, the system comprising a
plurality of components, the methoed comprising:

determining {1002}, by a processor, a first range of values for a variable
representing a state associated with at least a component {104, 200, 202, 206,
210, 214, 216, 220, or 222) of the plurality of components {104, 200, 202, 206,
210, 214, 216, 220, and 222);

comparing {1004) the determined first range of values for the variable to a
second range of values for the variable;

determining {1006) a failure value associated with the component based
on the comparison {(1004); and

determining {1008} when the fault is associated with the component

based on the failure value {1006).

2. The method of claim 1, further comprising generating {1000} a model
representing the system, the model including a plurality of nodes {302}, the
plurality of nodes {302} representing the plurality of components {104, 200, 202,
206, 210, 214, 216, 220, and 222} of the system (100),

wherein the first range of values is determined {1002}, the first range of
values is compared {1004} to the second range of values, and the failure value is

determined {1006) for each node of the plurality of nodes.

3. The method of claim 2, wherein the generated {1000) model represents a

heating, ventilation, and air conditioning {HVAC) system {100}

4, The method of claim 3, wherein the component {104, 200, 202, 206, 210,
214, 216, 220, or 222) comprises a sensor, a valve, a fan, a heating coil, a cooling

coil, or a variable air volume {VAV).
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5. The method of claim 1, wherein the variable {1002, 1004} represents a
temperature, a flow rate, a pressure, or a humidity upstream of, at, or

downstream of the component.

6. The method of claim 1, wherein determining {1002} the first range of

values comprises estimating a change in the variable across the component.

7. The method of claim 1, further comprising measuring {1004) a value for
the variable using a sensor downstream of, at, or upstream of the component,
and

determining {1004) the second range of values based on the measured

value for the variable and a tolerance of the sensor.

8. The method of claim 7, wherein the determined {1006) failure value is
based on a difference hetween a minimum of the first range of values and a
maximum of the second range of values or between a maximum of the first range

of values and a minimum of the second range of values.

g9, The method of claim 1, wherein first ranges of values for the variable are
determined {1002} for at least two components {104, 200, 202, 206, 210, 214,
216, 220, 222} of the plurality of components {104, 200, 202, 206, 210, 214, 216,
220, and 222}, the at least two components comprising the component,

wherein the determined {1004} first ranges of values for the variable are
compared to corresponding second ranges of values for the variable,

wherein at {east two failure values associated with the at least two
components are determined {1006} based on the comparison,

wherein the method further comprises generating (1006) a failure vector
based on the at least two failure values, and

wherein the failure vector is mapped {1008) to the fault in the system.
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10.  The method of claim 9, wherein determining {1008) when the fault is
associated with the component {104, 200, 202, 206, 210, 214, 216, 220, 222}
based on the failure value comprises:

generating one or more fault signature matrices; and

comparing the one or moere fault signature matrices to the failure vector
{1006},

wherein generating the one or more fault signature matrices comprises
simulating a model representing the system {100} to populate the one or more
fault signature matrices, the model representing the system {100} simulating one

or more faults in the system, the one or more faults comprising the fault.

11. The method of claim 1, wherein the component {104, 200, 202, 206, 210,
214,216, 220, or 222} is a first component of the plurality of components {104,
200, 202, 206, 210, 214, 216, 220, and 222}, and

wherein determining {1002) the first range of values for the variable
comprises identifying a range of values for the variable associated with a second
component {104, 200, 202, 206, 210, 214, 216, 220, or 222) of the plurality of
compeonents {104, 200, 202, 206, 210, 214, 216, 220, and 222), the second
component being located upstream of the first component (104, 200, 202, 206,
210, 214, 216, 220, or 222}

12. In a non-transitory computer-readable storage medium {910) that stores
instructions executable by one or more processors (902} to identify an origin of a
fault in a system {100}, the system {100} comprising a plurality of components
{104, 200, 202, 206, 210, 214, 216, 220, and 222}, the instructions comprising:
determining {1002}, for each of at least two components {104, 200, 202,
206, 210, 214, 216, 220, 222} of the plurality of components {104, 200, 202, 2086,
210, 214, 216, 220, and 222}, a valid first interval for a variable representing a

state associated with the component;
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determining {1004}, for each of the at least two components {104, 200,
202, 206, 210, 214, 216, 220, 222) of the plurality of components {104, 200, 202,
206, 210, 214, 216, 220, and 222}, a second interval for the variable representing
the state associated with the at least two components of the plurality of
componeants;

comparing {1004}, for each component of the at least two components,
the second interval to the valid first interval; and

identifying {1008} the origin of the fault based on the comparison.

13.  The non-transitory computer-readable storage medium {810} of claim 12,
wherein the state {1002, 1004} associated with the component {104, 2060, 202,
206, 210, 214, 216, 220, or 222} comprises a temperature, a flow rate, a pressure,

or a humidity upstream of, at, or downstream of the component.

14.  The non-transitory computer-readable storage medium {910 of claim 12,
wherein determining {(1004) the second interval for the variable comprises:
measuring {1004} a value for the variable using a sensor downstream of,
at, or upstream of the component; and
adding a tolerance of the sensor to the measured value for the variable
{1004} and subtracting the tolerance of the sensor to the measured value for the

variable,

15.  The non-transitory computer-readable storage medium {810} of claim 12,
wherein comparing {1004} the second interval to the valid first interval
comprises:

determining {1004) whether the second interval and the valid first interval
{1002} overlap; and

calculating {1004}, when the second interval and the valid first interval do
not overlap, a difference between a minimum of the valid first interval and a
maximum of the second interval or a difference between a minimum of the

second interval and a maximum of the valid first interval.
3%
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16.  The non-transitory computer-readable storage medium {910) of claim 12,
wherein determining {1002) the valid first interval for the variable for a first
component {104, 200, 202, 206, 210, 214, 216, 220, or 222} of the at least two
components {104, 200, 202, 206, 210, 214, 216, 220, 222) comprises identifying a
range of values for the variable associated with a second component {104, 200,
202, 206, 210, 214, 216, 220, or 222) of the at least two components (104, 200,
202, 206, 210, 214, 216, 220, 222}, the second component being located

upstream of the first component.

17.  The non-transitory computer-readable storage medium {310} of claim 12,
wherein identifying {1008} the origin of the fault comprises:

generating {1006} a vector representing identified failures of the at least
two components (104, 200, 202, 206, 210, 214, 216, 220, 222) based on the
comparisons;

simulating {1000} a model representing the system {100} for a plurality of

potential faults, the plurality of potential faults comprising the fault; and

comparing a result of the simulation to the generated vector {1006).

18.  Asystem {900) for identifying an origin of a fault in a thermodynamic
system {100}, the thermodynamic system {100) comprising a plurality heating,
ventilation and air conditioning (HVAC) components {104, 200, 202, 206, 210,
214, 216, 220, and 222}, the system comprising:

an input {916, 918} aoperable to receive data for a variable representing a
state associated with an HVAC component (104, 200, 202, 206, 210, 214, 216,
220, and 222) of the plurality of HVAC components {104, 200, 202, 206, 210, 214,
216, 220, 222);

a processor {802) operatively connected to the input {816, 918}, the
processor {902} configured to:

determine {1002} a valid first range of values for the variable;
3z
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determine {1004} a second range of values for the variable based
on the received data;

compare {1004} the determined valid first range of values for the
variable to the second range of values for the variable;

determine {1006) a failure value associated with the component
hased on the comparison, the failure value at least partially representing a
probability that the fault is at the HVAC component {104, 200, 202, 206, 210, 214,
216, 220, or 222); and

determine {1008} when the fault is associated with the HVAC
component {104, 200, 202, 206, 210, 214, 216, 220, or 222} based on the failure

value.

18.  The system {800} of claim 18, wherein the input {916, 918) is operable to

receive the data from a sensor {204, 208, or 212).

20.  The system {900] of claim 18, wherein the sensor {204, 208, or 212} is a

sensor operable to measure 3 temperature, a flow rate, a pressure, or a humidity.
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