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1 Executive Summary

This interim report on Task 2.3 — Testing AHU rule-based diagnostic tool & VAV diagnostic
tool using the VCBT — describes the progress on the development of embedded fault detection
and diagnostics tools for air-handling units (AHUS) and variable air volume (VAV) boxes.

At present there are few commercia fault detection and diagnostic (FDD) tools, though much
development research has been carried out. One of the most significant barriers to the
commercia adaptation of FDD for AHUs and VAV boxes has been the inability to obtain on-
line data and process it in a way that is ssimple and effective. The aim of the work presented in
this report is to develop and test a rule-based FDD method for AHUs and a statistical quality
control FDD method for VAVs that can be embedded in the controllers for on-line FDD. At
present this can only be carried out off-line in batch mode.

The first FDD method presented in this report, Air-handling unit Performance Assessment Rules
(APAR), was developed for application to single duct variable-volume or constant-volume air
handlers. Given typically available information on occupancy status, setpoint values, sensor
measurements, and control signals, APAR determines the mode of operation for the AHU. For
each mode of operation, a subset of pertinent rulesis evaluated. When the program finds arule
that has been violated, it generates an alarm along with a list of probable fault causes. This
method is well developed and a user interface, created in cooperation with CSTB, has been
modified for usein field trials.

The second FDD method, VAV box Performance Assessment Control Charts (VPACC ), usesa
statistical quality control approach to find faults or control errorsin VAV boxes. VPACC can be
applied to most pressure independent VAV box control strategies. Fault thresholds are
determined by statistical analysis of a database of “normal operation” data.

Preliminary results are limited and are primarily being used to for final parameter selection for
both FDD tools.

2 Purpose

Control of building systems isincreasingly more intelligent and complex. This both necessitates
the use of automated diagnostics to ensure fault-free operation and enables diagnostic
capabilities for the various building systems by providing access to sensor measurements and
other performance data. Most of today’ s emerging fault detection and diagnostic (FDD) tools are
stand-alone software products that do not reside in a building control system. Thus, trend data
files must be processed off-line, or an interface to the building control system must be devel oped
to enable on-line analysis. The purpose of this research effort is to develop, test, and
demonstrate FDD tools that can detect common mechanical faults and control errors in air-
handling units (AHUs) and variable-air-volume (VAV) boxes. The tools are intended to be
sufficiently simple that they can be embedded in commercial building control systems. The
prototype tools are currently being tested and evaluated using simulation data, rea-time
emulation, and data collected from real building systems. Discussions are underway with
manufacturers to embed the FDD algorithms in commercia building controllers.



The FDD tools for AHUs and VAV boxes are being developed with distinct approaches because

of the nature of the systems. VAV boxes are ssmple devices with a limited number of operation
modes and possible faults. They also are very price sensitive and as a result typically have little
instrumentation and controllers with limited capability. However, VAV boxes are very numerous
in atypical HVAC system, resulting in a large amount of data to be monitored for faults. AHUS
are more complex and thus susceptible to more kinds of faults. They also tend to have more
instrumentation and more capable controllers. The FDD tools for both systems are designed to be
robust so that they can adapt to the variety of applicationstypical of their use. The AHU method
isarule-based method, while the VAV method is based on statistical quality control.

Commercial success requires that FDD tools provide information to the building operations staff
through a simple and easy to use interface. This project includes the development of an interface
that can be used with the field trials and also as an example to control companies who may
decide to commercialize the technology.

3 Overview of Testing Environment

The testing environment consists of elements for simulation, emulation, and real building testing.
At this stage, testing is focused on simulation and emulation. The simulations are being
conducted using HVACSIM™*(Park et al.,2001). Simulation provides a way to generate building
system data for a wide variety of faults and operating conditions in a short amount of time. The
simulation component provides away to assure that the tools are evaluated under a wide range of
faults and conditions.

Emulation provides a way to link real building controllers to ssmulated mechanical equipment
and weather conditions. The NIST Virtual Cybernetic Building Testbed (VCBT) provides the
emulation environment for this research. Details of the VCBT design and operation are
documented in NISTIR 6818, Using the Virtual Cybernetic Building Testbed and FDD Test
Shell for FDD Tool Development (Bushby et al., 2001). Emulation provides a test environment
that is closer to a real building because it uses real building controllers but, like simulation, it
also provides carefully controlled and reproducible conditions. Because emulation is done in real
time it takes much longer than simulation, making it more difficult to test a broad range of faults
and conditions.

Emulation complements the simulations by providing a partial check on the validity of the
simulation results. The emulation can be used to verify that the simulated control strategies are
consistent with the control strategies implemented in the commercial BACnet controllers and
thus increase confidence in conclusions drawn from processing the simulation data.

The emulation aso provides a controlled testbed for verifying the operation of the tools that will
be used to interface with control systemsin real buildings. It will aso be used in the future as a
platform for testing the tools when they are embedded in commercial controllers.

4 FDD for Air Handling Units

The fault detection tool described in this section was developed for application to single duct
variable-volume or constant-volume air handlers with hydronic heating and cooling coils and



economizer capabilities and logic. The rules focus on temperature control in an AHU. Hence,
the system description will be restricted to components and control strategies directly related to
this purpose. Figure 1 is a schematic diagram of atypical single duct variable-air-volume (VAV)
air handling unit (AHU).

4.1 System Description

AHUs are typically controlled to maintain a setpoint temperature at alocation in the supply duct
downstream of the supply fan. Outdoor air enters the AHU and is mixed with air returned from
the building. The mixed air passes over the heating and cooling coils, where if necessary, it is
conditioned prior to being supplied to the building. The typica operating sequence for AHUs
consists of four primary modes of operation during occupied periods for maintaining the supply
air temperature at the set point. The relationship of the four modes to the control of the heating
coil valve, the cooling cail valve and the mixing box dampers is shown in Figure 2. Sequencing
logic determines the mode of operation as dictated by various thermal relationships including the
internal and external loads on the zones served by the AHU.
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Figure 1: Schematic diagram of a single duct air-handling unit.

In the heating mode (Mode 1 in Figure 2), the heating coil valve is controlled to maintain the
supply air temperature at the set point and the cooling coil valve is closed. The outdoor air
damper is positioned to allow the minimum outdoor air necessary to satisfy ventilation
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Figure2: Typical operating modes of an air-handling unit.

requirements. As cooling loads increase, the AHU transitions from heating to cooling with
outdoor air (Mode 2). In this mode, the heating and cooling coil valves are closed and the mixing
box dampers are modulated to maintain the supply air temperature set point. As the loads
continue to increase, the mixing dampers eventually saturate with the outdoor air damper fully
open and the AHU changes modes again to mechanical cooling. When the AHU is operating in
the mechanical cooling mode, the cooling coil valve modulates to maintain the supply air
temperature set point, the heating coil valve is closed, and the outdoor air damper is either fully
open or at its minimum position. Economizer control logic often uses a comparison of the
outdoor and return air temperatures or enthalpies to determine the proper position of the outdoor
air damper such that mechanical cooling requirements are minimized. Hence, the third primary
mode (Mode 3) of operation is mechanical cooling with 100 % outdoor air and the fourth
primary mode (Mode 4) of operation is mechanical cooling with minimum outdoor air.

4.2 AHU Performance Assessment Rules (APAR)

The basis for the fault detection methodology is a set of expert rules used for AHU performance
assessment. The tool developed from these rules is referred to as APAR (AHU Performance
Assessment Rules). APAR uses control signals and occupancy information to identify the mode
of operation of the AHU, thereby identifying a subset of the rules that specify temperature
relationships that are applicable for that mode. The two main mode classifications are occupied
and unoccupied. For occupied periods, the mode is further categorized as described in the
previous paragraph. For convenience, the operating modes are summarized below:

Mode 1: heating

Mode 2: cooling with outdoor air

Mode 3: mechanical cooling with 100% outdoor air, and
Mode 4: mechanical cooling with minimum outdoor air
Mode 5: unknown

Because the direct digital control (DDC) output to the actuators of the coil valves and the mixing
box dampers are known, the mode of operation can be ascertained. Although not depicted in
Figure 2, afifth mode of operation referred to “unknown” operation has been defined and listed
above. The unknown mode applies to the case in which the AHU is running in an occupied
mode, but none of the control output relationships defined for Modes 1-4 are satisfied. The



unknown mode could be associated with mode transitions and/or with faulty operation such as
simultaneous heating and cooling.

Once the mode of operation has been established, rules based on conservation of mass and
energy can be evaluated using sensor information typically available for AHUs. As an example
of the rule formulation, normal operation in the mechanical cooling mode with 100 % outdoor air
(Mode 3) dictates that the outdoor and mixed air temperatures must be approximately the same.
Defining Tya and Ty, as the outdoor air and mixed air temperatures, respectively, the rule

(defined as Rule 10) is written as
Rule10: |Toa- Tral > 8

where g is a threshold that depends on the uncertainty of the measurements. The rules are

written such that afault isindicated if aruleistrue. In the example above, the rule states that the
outdoor and mixed air temperatures are not the same (i.e., if true, afault has occurred).

APAR consists of the 28 rules. House et a. (2001) provide a description of the rules and the
reasoning behind them. For this reason, the rules are smply listed in Table 1 without detailed
explanation. Table 1 groups the rules according to mode of operation. Asindicated in the column
heading for the rule expression, a true expression is indicative of a fault. Nomenclature for the
rule set is provided as an appendix to this section. Table 2 presents the rules as related groups
and indicates the sensors and control signals used to evaluate each rule. The first group of rules
treats the relationship of temperatures in the coil subsystem of the AHU. For these four rules,
only the relational operator in the rules change from one mode to another. A typical rule from
this subgroup requires the supply air temperature to be lower than the sum of the mixed air
temperature and the temperature rise across the supply fan in the mechanical cooling modes.
There are also groups of rules treating the mixing box subsystem, the zone subsystem,
economizer operation, comfort requirements, and controller logic/tuning. Hence, although there
are 28 rules, in reality only a small number of temperature and control signal relationships are
used to define the rules.

4.2.1 Operational and Design Data Requirements

APAR uses the following occupancy information, setpoint values, sensor measurements, and
control signals:

Occupancy status, . Cooling coil valve control signd;
Supply air temperature set point; . Heating coil valve control signal;
Supply air temperature, . Mixing box damper control signal;
Return air temperature; . Return air relative humidity

Mixed air temperature; (for enthal py-based economizers only)
Outdoor air temperature; . Outdoor air relative humidity

(for enthal py-based economizers only).



Table1: APAR Rule Set

Mode Rule# | RuleExpression (trueimplies existence of afault)
1 Taa<Tmat Dlg- 4
2 For [Tra- Toal * Omin 1Qoa/Qsa - (Qoa/Qsdmin | > &
Heating 3 luhc—1 £ and Txus— T ® @
4 |Upc — 1| £ 6y¢
5 Toa> Tsas-Dlg + g
6 Ta>Tia-Dlis+ g
Cooling with T - DTa-To| >
Outdoor Air ! T~ Ot - Tl > 4
8 Toa<Tsa,s'Drsf'q
9 Toa>Teot &
10 Tas - Tra| >
M echanical IToa~ Trral > &
Cooling with 11 Ta> Tmat D¢t g
100% Outdoor | 12 Ta> Tia-OTs+ g
Air
I 13 [Uc—1 £6¢ and Tgu-Tys% 4
14 [Uec — 1| £ 6
15 Toa<Te- &
. 16 Ta> That Dligt+ g
M echanical
Cooling with 17 Ta>Tra- DOt 4
Minimum 18 For | Tya- Toal ° Olin':
Outdoor Air
N ! 19 [Uc—1 £6¢ and Tg-Tys% 4
20 [Uec — 1| £ 6
21 Uc> @c and Unc> ¢ and g < Ug<1-g
Unkno.wn 22 Unc> G ad Ugc> €¢
Occupied
Modes 23 Unhe > 6rc and Ug> &
24 g < Ug<l-g and Uy > €.
’ o 25 | Ta—Tsasl > &
All O i .
Modeicupl 26 Tra < MN(Tra, Toa) - 8
27 Trma> MaxX(Trg, Tog) + 8
28 Number of mode transitions per hour > MT i




Table 2: Summary of Rule Relationships.

Sensors and Control Signals . .
Rule Mode * Relationship Between Grouped Rules
Tsa Tra Tma Toa Tsa.s DTsf DTrf Tco Ucc | Unc Ug

1
7
11
16
2 Mixing Box Subsystem: Rules are related

18 through calculation of outdoor air fraction. If
26 1,2,3,4 Rule 26 or 27 is satisfied, the outdoor air

27 1,2 3,4 fraction will be negative or greater than unity.
25 1,234
3
13
19
4
14
20
5
8
6
12
17
9
15
10
21 - Controller Logic/Tuning: Rules are related and
22 - identify periods of operation associated with
23 - controller problems, such as simultaneous

24 B heating and cooling, and excessive mode

28 changes.

* The dash symbol indicates either an unknown mode or multiple modes of operation.

Coil Subsystem: The relational sign (<, >, etc.)
changes based on the mode of operation.

AR |OIN]|-

Comfort Requirements: The first four rules
indicate comfort is sacrificed (with Rules 3, 13,
and 19 indicating the system is out of control),
whereas the latter three rules indicate comfort
could soon be sacrificed (system is out of
control).

The relational sign (<, >, etc.) changes based
on the mode of operation.

Zone Subsystem: Rules are identical.

Economizer: The relational sign (<, >, etc.)
changes based on the mode of operation.
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With the possible exception of the mixed air temperature, this information is expected to
be available for most AHUs controlled with a DDC system. If one or more sensors are
not available, certain rules will no longer be applicable. For instance, in the absence of a
mixed air temperature sensor, nine rules listed in Table 2 (Rules 1, 2, 7, 10, 11, 16, 18,
26, and 27) will be eliminated from consideration in APAR. Conversdly, the presence of
additional sensors would expand the rule set and provide an opportunity to either detect
more faults, or to detect faults during modes of operation in which they would normally
be hidden. For instance, if a temperature sensor was installed between the heating and
cooling coils, leakage through the heating valve could be detected during the mechanical
cooling modes, whereas normally it would be masked in these modes.

In addition to the operational data listed above, certain design data are needed to
implement the rules. The required design data are:

Minimum and maximum values of control signals for the heating coil valve, cooling
coil valve and mixing box dampers for normalizing the control signals;

Percentage outdoor air necessary to satisfy ventilation requirements,

Changeover temperature from mechanical cooling with 100 % outdoor air to
mechanical cooling with minimum outdoor air (or equivalent condition for enthalpy-
based economizer);

Description of sequencing/economizer cycle strategy.



The description of the sequencing/economizer cycle strategy is used to verify that the
rules are suitable to a particular AHU installation.

4.2.2 Detecting and Diagnosing Faults

APAR can be used to detect faults; however, a specific set of faults that can be identified
has not been established. Rather, any fault that causes a rule to be satisfied would be
detected and additional effort would be necessary to isolate the source of the problem.
Faults that could potentially be identified by the rule set include the following:

Stuck or leaking mixing box dampers, heating coil valves, and cooling coil valves;
Temperature sensor faults;

Design faults such as undersized coils;

Sequencing logic errors;

Central plant faults affecting the hot or chilled water supply conditions at the AHU
coils;

Inappropriate operator intervention.

The operating point, severity of a fault, and threshold selection for the rules will
obviously influence when a particular rule is satisfied. Threshold selection is discussed
next.

4.2.3 Threshold Selection

There are several parameters that must be specified for APAR. For instance, estimates of
the temperature rise across the supply fan (and return fan, if one exists) must be provided,
with afixed value of 1.1 &C (2 &) being atypical value. A model-based value correlated
to the airflow rate or the control signal to the fan could be used as the basis for this
estimate; however, some amount of training data would likely be necessary to establish
the correlation. Rule thresholds such as g in Rule 10 must also be specified. A value of
1.7 & (3 &) istypically used for al rulesinvolving the comparison of temperatures. This
threshold (and several others used in APAR) is currently determined heuristically. A
more rigorous approach that is being considered would involve determining the
uncertainty associated with each temperature measurement and then combining the
uncertainty terms to produce the most conservative representation of each rule. Such an
approach would tend to produce rules that combine sensitivity to faults and robustness
against false darms. As an example, the threshold in Rule 10 would be determined from
the expression

&= e, e,

where er_ and er__ are the uncertainties associated with the measurement of the outdoor

and mixed air temperatures. Typical values of other parameters used in APAR are
provided below (seerule set in Table 1 and nomenclature in Attachment A):

10



G = @ = ¢ = 002 + (Qua/Qsa) min = 0.1
Dhg = DTy = L1E&C (28 . MTy= 6
DT in = 5.6 (10 &)

4.3 APAR User Interface

As stated previously, the user interface is instrumental to the successful application of an
FDD method. This section will present FDD_AHU1.1, which isafront end to the APAR
code which was developed by the Centre Scientifique et Technique du Batiment (CSTB,
2001). It enables batch processing of system data and in the future will be improved to
process on-line streaming data. To evaluate the user interfface and test the
implementation of APAR, archived AHU data from Montgomery College was processed
and the output compared to output produced by a separate implementation of APAR
(House et al., 2001).

The test case used to develop this interface uses data from two air-handling units. Data
are imported as a text file and processed to detect and diagnose faults. Figure 3 shows
the files available for import. The naming convention for the imported data files is
significant because the first two characters in the name represent the type of air-handling
unit being evaluated. In this example, it is air-handler 2, denoted by “a2”. The
corresponding rules differ slightly depending on the AHU number because some units
use an enthapy-based economizer while others use a temperature-based economizer.
The information regarding the type of air-handlers being evaluated is selected in the
initial software setup.

This software is designed to implement the APAR rules, which define temperature
relationships in the AHU that are dependent on the mode of operation. If a rule is
satisfied, a fault is indicated, but there is no diagnosis of the exact nature of the fault.
Within the program, users are capable of enabling or disabling rules. S specific faults can
be deselected so the corresponding rule is not evaluated and therefore does not trigger an
alarm. This feature, shown in Figure 4, is useful when service has aready been called
regarding a specific fault because it gives users the ability to acknowledge receipt of the
alarm status and remove it from evaluation as the rest of the system is checked.

11
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Once the datais imported and the evaluation criteria are selected, the analysis can be run
by clicking the “go” button. This processes the data for the week and generates a color
coded one-week calendar that summarizes the operation of a given AHU for that week
(see Figure 5). Three levels of granularity can be shown within this one-week calendar.
Days with no faults are white. Days with one to four faults are colored beige. Finaly,
days with more than five faults are colored red. It should be pointed out that the APAR
rules are evaluated hourly, so the presence of two faults indicates that there were two
hours of operation during that day that represented faulty operation. This user interface
has the capability to present information both temporally (a number of days of operation
is shown rather than a snapshot of current operation) and spatially (a number of AHUs
can be shown simultaneously to understand how their operation compares).

Figure 6 illustrates results for one day (Monday) selected from week 12 of year 2000.
Here a color coded key shows the periods of faulty, unknown, and fault free operation
along with the mode of operation associated with a particular hour within aday. Thefirst
row lists the time of day while the second row shows the dominant fault cause by
number. Fault causes are provided in alist at the bottom of the window. Also shownin
this window are the mode of operation and operating condition for each hour of the day.
Note that “multiple modes’ of operation indicates that the mode switched at least once in
that hour. If the mode switches too often (more than six times for all data considered
here), a fault is indicated. Otherwise, hours that have multiple modes of operation are
indicated to be normal. The three buttons to the right side of the window, “Details’,
“Graphic T” and “Graphic CMD” provide a greater depth of information for the user.
The details window, not shown here, is a text file listing the specific hours where faults
were detected and the associated causes. The “Graphics T” window (see Figure 7) shows
atemperature versus time plot for several key sensors while the “Graphic CMD” window

12



(see Figure 8) shows the relevant control signals. This is intended as a troubleshooting
tool for users and is aso useful in debugging the software to ensure that the logic is
applied correctly.

Figure 6: APAR resultsfor one-week data

Figure5: Summary of fault detection results and possible causes

13



Figure7: Temperature graph

Figure8: Control signal graph

14



4.4  Preliminary Results

A series of simulations were performed for normal and faulty conditions and three types
of weather conditions, namely summer, winter, and swing season (spring/fall).
Application of APAR to two-week data sets representing normal operation for summer,
winter, and swing-season conditions resulted in large numbers of faults. Clearly this was
not expected for ssimulations of normal operation and indicated that either the simulation
or APAR (or both) were producing erroneous results. Closer consideration of the data
revealed the simulated economizer control strategy to be the source of the error. In the
course of debugging the ssmulation code, additional questions concerning the behavior of
the simulation model arose and were addressed and/or corrected, ultimately resulting in a
more thoroughly validated model. When APAR was used to process subsequent data sets
representing normal operation, no faults were detected. This is a good example of how
APAR can help debug simulation software. Obviously the goal is to use APAR to find
similar software errors embedded in energy management and control systems, as well as
operational faults that arise due to equipment and sensor failures. A partia list of
maodifications to the simulation code is provided below:

Revised the enthal py economizer control routine;

Revised the mixing damper control routine;

Increased the reheat coil capacity of Zone 3;

Increased internal loads of all three zones;

Reduced the nominal volumetric flow rate of each VAV box;

Reduced the minimum opening of each VAV box;

Increased the proportional band of each VAV box temperature control;
Increased the proportional band of the AHU temperature control; and
Increased the number of reported variables for VAV operations.

The final simulation parameters have not been set, however, analysis of data from recent
runs indicates that the current parameter set appears satisfactory. Once further test runs
confirm the most favorable simulation under normal conditions, the parameters will be
finalized and incorporated into the models used for the VCBT.

5 FDD for VAV
5.1 VAV box Performance Assessment Control Charts - VPACC

The primary purposes of heating, ventilating, and air-conditioning (HVAC) equipment in
commercial buildings are to provide a comfortable and healthy environment for
occupants. Variable-air-volume (VAV) air handling systems are a common system for
conditioning air and delivering the air to occupied zones. VAV boxes are an integral part
of such systems and are the fina piece of equipment that air passes through prior to
reaching the occupants. As such, it is important to ensure that these devices operate
correctly.

15



The challenges presented in detecting and diagnosing faultsin VAV boxes are not unlike
those encountered with other pieces of HVAC equipment. Generaly there are very few
sensors, making it difficult to ascertain what is happening in the device. Limitations
associated with controller memory and communication capabilities further complicate the
task. The number of different types of VAV boxes and lack of standardized control
sequences add a final level of complexity to the challenge. This set of constraints is
counterbalanced by the fact that VAV boxes are much more numerous than other pieces
of HVAC equipment. For instance, buildings may have ten to fifteen times more VAV
boxes than air-handling units. Hence, maintenance staffs would clearly benefit from a
tool that assisted them in monitoring VAV box operation.

The needs and constraints described above have led to the development of VPACC
(VAV Box Performance Assessment Control Charts), a fault detection tool that uses a
small number of control charts to assess the performance of VAV boxes. The underlying
approach, while developed for a specific type of VAV box and control sequence, is
general in nature and can be adapted to other types of VAV boxes. This section describes
the basic concept of control charts and their use for determining when control processes
have gone “out of control”. The specific control charts developed and implemented in
VPACC are then presented for a single duct pressure-independent throttling VAV box
with reheat. Results obtained by applying VPACC to data obtained from real VAV boxes
a the lowa Energy Center Energy Resource Station are then described. Findly,
conclusions and future work pertaining to the testing of VPACC are presented.

5.1.1 Control Charts

Control charts are common tools for monitoring control processes wherein a measured
quantity is compared to upper and lower limits that define allowable (or fault free)
operation. If the measured quantity falls outside these limits, the processis said to be “out
of control”. The limits are typically defined using statistica parameters and, therefore,
control charts are often referred to as statistical quality control charts (Fasolo and Seborg,
1992).

There are many different types of control charts. VPACC implements an agorithm
known as a CUSUM (cumulative sum) chart. The basic concept behind CUSUM chartsis
to accumulate the error between a process output and the expected value of the output.
Large values of the accumulated error are indicative of an out of control process. With
the process output at sampling time i denoted x;, the estimate of the expected value
denoted X, and the estimate of the process standard deviation denoted by §, the
normalized process output is given by:

The normalized process output is used to compute two cumulative sums defined as
follows:
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Si=max[0,zj -k+54] (2
Ti=max[0,-zi-k+Ti_1] (3)

where k is a slack parameter that must be specified. Positive values of z greater than k
cause the sum S to increase and the sum T to decrease (or remain at zero). Negative
values of z whose absolute values are greater than k cause the sum T to increase and the
sum S to decrease (or remain at zero). A processis said to be out of control when either S
or T exceeds a threshold value defined by the parameter h. Figure 9 presents normalized
dataand the Sand T cumulative sums for k = 0.5 and h = 5. The first 20 data points come
from arandom normal distribution with a mean value of zero and a standard deviation of
unity. The mean value is then increased to 0.25, 0.5, 0.75 and 1.0 for subsequent sets of
20 data points. Note that S exceeds the threshold value of h after about 68 data points.
Because the mean value increases above 0O, the cumulative sum T remains below the
threshold.

3 20

2 2 15/

. @ ‘
Q 104

N 01 ) ;

© 5 Upper Chart Limit

1 g
]

-2 O 0 T

-3 : : : ‘ ‘ ‘ ‘ ‘

0 20 40 60 80 100 0 20 40 60 80 100
Sample Number Sample Number

Figure 9: Simple control chartsindicating an “out of control” process.

CUSUM charts are generally considered to be effective for detecting gradual shiftsin the
process mean. The most commonly used control charts are Shewhart and Shewhart-type
charts (Ryan, 2000). Shewhart charts are effective for detecting large, sudden changes in
the process mean. Generally Shewhart chart limits are set at values of X+3S . In terms
of the normalized parameter z, the chart limits arez =+ 3. Shewhart charts were not
investigated as part of this study; however, it is interesting to note that the basic CUSUM
and Shewhart charts are equivalent if the CUSUM parameters k and h are selected ask =
3andh=0.

5.1.2 System Description

Figure 10 is a schematic diagram of atypica single duct variable-air-volume (VAV) box
with hydronic reheat. The diagram depicts a damper that is used to modulate airflow to
the zone and a control valve that modulates hot water flow to the reheat coil. Several
sensors are also shown in Figure 2. The zone thermostat measures the air temperature in
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the zone. The differential pressure transducer is used to measure the flow rate of air into
the zone. Finally, the discharge air temperature sensor measures the temperature of the
airstream entering the zone. This sensor is used to provide diagnostic information rather
than for control purposes. The VAV box controller reads the sensor information,
computes control outputs for the damper and reheat valve, and transmits these signals to
the appropriate actuators.

A

------ » VAV Box Controller

@4_;

Hot Water Supply

Hot Water
Return

[7]

> > //Damper ) ”W IH
Supply Air c - N‘
Hydronic
Reheat Coil

E| ~~~~~~~~~~~ Room
Thermostat

Figure 10: Schematic diagram of a single duct pressure-independent VAV box with hydronic reheat.

Control systems for pressure-independent VAV boxes commonly use a cascade control
strategy to maintain the zone temperature at the set point value. A typica control
sequence is shown graphically in Figure 11. A heating set point and a cooling set point
are specified. As the zone temperature increases above the cooling set point, the airflow
rate to the zone increases proportionaly. This is accomplished by resetting the setpoint
value of the airflow rate and modulating the damper to achieve this flow rate. As the zone
temperature decreases below the cooling set point, the damper gradually decreases until it
is providing the minimum flow rate necessary for ventilation. If the room temperature
continues to decrease and reaches the heating set point, the reheat valve will begin to
open. The airflow rate can also be varied in the heating mode, with the airflow increasing
as the temperature decreases. Alternatively, a higher fixed airflow rate may be specified
for heating operation to improve the distribution of the warm air. In Figure 11, it is
assumed that a fixed airflow rate associated with the ventilation requirement of the room
is provided in the heating mode.
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Figure 11: Damper and valve control sequence as a function of room temperature for a single duct
pressure-independent VAV box with hydronic reheat.

5.1.3 CUSUM Applied to VAV Box Diagnostics

The previous section described one particular VAV box control strategy. However, a
wide variety of control strategies are employed by controller manufacturers, most of
which use a cascaded control loop to maintain the zone temperature and zone airflow rate
at setpoint values. In order to make VPACC independent of the control strategy used in a
particular controller/VAV box application, three generic errors were identified: the
airflow rate error, the temperature error, and the reheat coil differential temperature error.
Aslong asthe VAV box controller has an airflow setpoint, as well as heating and cooling
temperature setpoints, VPACC will function independently of the control strategy used.
Each fault considered in this study will result in a deviation of one or more of these errors
from its value during normal operation, which can be detected by a CUSUM chart.

The airflow rate error, CFM gy, is defined as

Cl:Merror = CFI\/l.a\ctuaI - CFMsetpoint

CFMacwa 1S the actua airflow rate and CFMsgpoine 1S the airflow rate setpoint. The
CUSUM of this error will detect stuck damper faults, differential pressure sensor faults,
and unstable airflow faults.

The temperature error, TemMperor, 1S defined as

Tempeor = T€MProom — CSP
Tempenor =0
Tempeor = HSP - TemMpyoom -

If Tempyoom > CSP
If HSP < Temp,oom < CSP
If Tempyoom < HSP

Temproom 1S the room temperature, CSP is the cooling setpoint, and HSP is the heating
setpoint. The CUSUM of the temperature error will detect damper faults, valve faults,
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and temperature sensor faults. The specific definition of temperature error used in this
report is based on the control sequence described above. Various other commonly used
control sequences may require changes to the definitions of heating setpoint, cooling
setpoint, and temperature error.

The reheat coil differential temperature error, DT g, IS defined as

DTenor = DAT — EAT . If Upe =0
DTeror =0 . fu,e O

DAT isthe discharge air temperature (the temperature of the air leaving the reheat coil),
EAT is the entering air temperature (the temperature of the air entering the reheat coil),
and uyc is the control signal to the reheat coil vave. The CUSUM of the reheat coil
differential temperature error will detect aleaking valve fault. Although this error is only
used to detect one fault, this is a fault that highlights the advantages of automated FDD.
Without VPACC, the local controller masks this fault from the occupants by increasing
the airflow rate into the space. There will be no “too hot” or “too cold” complaints, so a
significant energy penalty may be accrued.

The errors and CUSUMs are only calculated during occupied periods. During
unoccupied periods, the errors are not computed, and the CUSUMSs are reset to zero. The
first hour of the occupied period is treated the same as the unoccupied period, to allow
steady state conditions to develop.

5.1.4 Point requirements

Most of the points required by VPACC are dready available in the loca VAV box
controller: room temperature, cooling setpoint, heating setpoint, airflow rate setpoint,
actual airflow rate, and occupancy status. Entering air temperature is typically not
available, so supply air temperature setpoint (broadcast over the control network from the
AHU controller) could be used. Many VAV boxes are equipped with a discharge air
temperature sensor, which VPACC needs in order to calculate the reheat coil differential
temperature error. |If a discharge air temperature sensor is not available, a smplified
version of VPACC could be used, implementing the airflow rate error and the
temperature error only. In this case, aleaking reheat coil valve would not be detected.

5.1.5 Threshold Selection

Two different sets of thresholds are used in the CUSUM method. Each of the three errors
has a slack parameter associated with it, which serves to filter out the variation of that
error during normal operation. In addition, the S (positive) and T (negative) cumulative
sums of each error have alarm limits, which identify when afault has occurred.

In order to determine threshold values, data must be collected for a variety of VAV box
types, sizes, and control strategies. Data taken during normal operation will be used to
determine slack parameters, and data for operation with various faults will be used to
determine alarm limits.
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5.1.6 Instrumentation Accuracy Requirements

VPACC uses existing points in the BAS to perform al calculations. The industrial grade
sensors that are aready installed for control purposes have sufficient accuracy.
Laboratory grade instruments are not required.

5.2  Preliminary Results from the lowa Energy Center

The lowa Energy Center Energy Resource Station has two test VAV air-handling
systems, referred to as AHU-A and AHU-B, each serving four zones. The HVAC
equipment is typical of that found in commercial buildings. The VAV boxes are single
duct throttling units having both hydronic and electric reheat capabilities. They were
operated with hydronic reheat to produce the current data sets. The VAV boxes are well
instrumented; many more points are monitored than would commonly be available in a
commercia building. The VAV boxes are controlled by Johnson Controls, Inc. DX9100
controllers. During testing the HV AC equipment was operated in an occupied mode from
8:00 am to 5:00 pm and unoccupied otherwise. For normal operation, the AHU supply air
temperature is 55 & and the static pressureis 1.2 in w.g. Datawere collected at 1 minute
intervals.

The data sets include normal operation data and data for three faults, namely, a failed
differential pressure sensor, a hydronic reheat coil vave stuck partialy open, and an
unstable control loop. The procedure for implementing the faults and their expected
impacts are described below.

5.2.1 Faults Implemented

5.2.1.1 Failed Differential Pressure Sensor

This fault was introduced during an unoccupied period by disconnecting both tubing
leads to the differential pressure sensor. The fault is expected to cause the VAV box
damper to go to the full open position because the flow sensor will indicate an airflow
rate of zero and the Pl loop will attempt to correct for this condition.

5.2.1.2 Hydronic Reheat Coil Valve Stuck Partially Open

This fault was implemented by applying a control voltage from an independent source to
the hydronic coil valve actuator. The severity of the fault was adjusted periodicaly to
produce flow rates through the coil varying from 0.1 GPM to 0.5 GPM. The fault causes
the discharge air temperature to be significantly higher than the entering air temperature
for control conditions that indicate the reheat valve is closed. The impact of the fault was
guantified by providing a fixed airflow rate to the VAV box and measuring the air
temperature rise across the reheat coil. This data are summarized below.
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Table 3: Hydronic Reheat Coil Valve Stuck Partially Open

Water Entering Leaving Airflow | Entering Air | Leaving Air
Leakage | Water Water Rate Temperature | Temperature
Rate Temperature | Temperature | (CFM) | (&) (&)

(GPM) | (&) (&) *

0.12 135.3 91.1 598 57.1 60.8

0.23 136.0 92.3 602 57.8 64.8

0.34 135.8 97.0 599 55.8 65.1

0.45 136.4 101.8 605 54.6 65.3

0.54 137.6 105.8 604 55.3 67.2

*A fixed supply airflow rate of approximately 600 CFM was established by setting the
minimum and the maximum airflow parameters for the VAV box to 600 CFM.

5.2.1.3 Unstable Control Loop

The fault was implemented by changing the integral coefficient of the controller used for
airflow control. The parameter referred to as the “reset action” by JCI was be adjusted
from the normal value of 0.5 to 15.0. The fault caused the VAV box damper to cycle
continuously with a cycling period of approximately 2 minutes and 15 seconds. The
impact should be similar to that of unstable static pressure control for the supply fan,
although the impact should be localized to asingle VAV box.

5.2.2 Normal Operation

Two sets of data were collected from the lowa Energy Center (IEC). The first set is
normal operation only. The second set is a combination of normal and faulty operation.

Normal operation data were collected from four VAV box controllers once per minute
during the occupied periods of eight different days. The airflow rate error, the
temperature error, and the reheat coil differential temperature error were calculated for
each one-minute sample. The mean and standard deviation were calculated for each
error.

Table 4: Error Stastics For Normal Operation.

Mean Sandard Deviation
Airflow Rate Error 0 CFM 5 CFM
Temperature Error 0.1& 0.1&
Reheat Coil Differential Temperature Error | 0.8 & 0.7 &

5.2.3 Control Charts

Data collected from the implemented faults were used to create CUSUM charts of the
airflow rate error, the temperature error, and the reheat coil differential temperature error.
The errors were normalized using Equation 1 and the mean and standard deviation values
from the “norma operation” data collected previously. The slack parameter k in
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Equations 2 and 3 was set equal to three. Plots showing various operating parameters are
followed by the CUSUM charts for each zone on each date data were collected (see
Attachment B).
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Figure 12: Interior A 8/31/01 Normal Operation.
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Figure 13: South A 8/28/01 Failed DP.
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Figure 12 shows the results for one day of normal operation (no faults) from a single
VAV box. When the occupied period begins, the internal and external cooling loads on
the room cause the room temperature to increase. The controller responds by increasing
CFMsapoint. The CFM grya Closely tracks the CFMggpoint. AS aresult, the CFMegqor 1S very
small and the CFMeror CUSUM is negligible as well. The control algorithm maintains
room temperature close to the cooling setpoint, so the TeMperer and TeMperor CUSUM
are aso negligible. There is a small difference between entering air temperature and
discharge air temperature due to measurement errors from the temperature sensors. The
use of the slack parameter results in zero values for the DT grror CUSUM.

Figure 13 shows results for one day of operation with afailed differential pressure sensor.
As expected, the measured value of CFM ya is zero. This VAV box has a minimum
CFMsapoine Of 200 cfm (to meet ventilation requirements). The PI agorithm used to
determine damper position quickly saturates at full open due to the CFMgror Of 200 cfm.
The CFMgror CUSUM steadily increases, ending up with a value of 20,000 by the end of
the occupied period. The fully open damper causes the room temperature to fall below
the heating setpoint. At this point, the controller opens the reheat valve, which brings the
room temperature back up to the heating setpoint. At first, the Temperor and TeMPeror
CUSUM register the effect of dropping room temperature. As the reheat valve regains
control of the room temperature, the TemMperror and Temperor CUSUM decrease to normal
levels. Asthe reheat valve modulates in response to room temperature, the discharge air
temperature increases and decreases accordingly. Since the control signal to the reheat
valveisnot “full close”, the DT grror @d DT error CUSUM are reset to zero.

The table below shows a range of values for alarm limits for each CUSUM indicated.
These values will detect all of the faultsin the data set without any false alarms.

Table5: Alarm Limits

Minimum Alarm Limit Maximum Alarm Limit
CFM positive (S 3 180
CFM negative (T) 3 100
Temperature positive (S) 120 950
Temperature negative (T) 0 Not used
DELTAT positive (S 0 400
DELTA T negative (T) 0 Not used

As long as the alarm limit for each S and T function is set between the minimum and
maximum limits, every fault will be detected with zero false alarms. “Not used”
indicates that the limit was not needed to detect any of the faults that were implemented.
These preliminary results do not constitute a rigorous statistical approach. Before
definitive alarm limits can be established, much additional data needs to be collected
across a range of VAV box types, cooling/heating/swing seasons, size ranges, and
controller manufacturers. It may be necessary to adjust the alarm limits based on one or
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more of these parameters. For example, there might be a set of alarm limits for small
VAV boxes, another for medium boxes, and another for large boxes.

Table 6 below shows the peak values of each CUSUM chart for each run. The bold

values show where each CUSUM identified exceeds the darm limits from Table 5,
detecting afault.

Table 6: CUSUM Chart Peak Values

Date Zone Fault Scem Term | Stempe | Treme | ST Tt
8/30/01 | East A Normal Operation | 1 -1 100 0 0 0
8/31/01 | East A Normal Operation | 3 -3 30 0 0 0
9/1/01 |EastA Normal Operation | 2 -2 0.6 0 0 0
8/28/01 | Interior A | Normal Operation | O 0 120 0 0 0
8/30/01 | Interior A | Normal Operation | 0.5 0 0 0 0 0
8/31/01 | Interior A | Normal Operation | 1 0 0 0 0 0
9/1/01 | Interior A | Normal Operation | O 0 0 0 0 0
8/28/01 | South A | Failed DP 20,000 | O 0 -120 |0 0
8/30/01 | South A | Failed DP 20,000 | O 0 -150 | 0 0
8/31/01 | South A | Unstable Airflow | 200 -25 200 |0 0 0
9/1/01 | SouthA | Unstable Airflow | 30 -100 | O 0 0 0
8/28/01 | West A Stuck HC Valve 180 0 90 |0 400 |0
8/30/01 | West A Stuck HC Valve 8 -1 9 0 2400 | O
8/31/01 | West A Stuck HC Valve 10 -5 9 0 4000 | O
9/1/01 | West A Normal Operation | 3 -1 0 0 0 0

6 Summary and Future Work

This report describes APAR, arule based FDD tool for AHUs and VPACC, a statistical
quality control based FDD tool for VAV boxes. APAR consists of a set of expert rules,
derived from mass and energy balances. Sensor data is used to determine the AHU’s
mode of operation, which identifies the subset of the rules to be evaluated. A graphica
interface, developed by CSTB, allows simplified processing of AHU trend data.

VPACC uses asmall set of process errors, valid for most pressure independent VAV box
control strategies, to measure VAV box performance. CUSUM charts, a statistical
quality control tool, are used to evaluate the process errors. Thresholds are determined
by statistical analysis of a database of “normal operation” data.

Both APAR and VPACC have been developed using stored trend data and processing the

data in batch mode. AHU trend data was collected from Montgomery College. VPACC
was developed using VAV box data collected from the lowa Energy Center. Further
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trend data from other buildings will be collected in order to refine both FDD tools and to
determine robust thresholds for VPACC.

In the next phase of the project smulation and VCBT batch data will be used to further
refine and evaluate the FDD tools under a variety of weather conditions. Then the tools
will be implemented online in the VCBT as well as in real buildings managed by GSA
Region IX using the FDD Test Shell (Bushby et a., 2001). Finadly, the tools will be
embedded in local AHU and VAV box controllers and evaluated in the VCBT and in the
GSA buildings.
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Attachment A: Nomenclature for Table 1

— 4~
8 = 38

C

e}

—

sa,S
Drg
Drrf
Drmin

Qoa/ Qsa
(Qoa/ Qa) min

Unc

Ucc

Ug

Ehc
&c

supply air temperature

mixed air temperature

return air temperature

outdoor air temperature

changeover air temperature for switching between Modes 3 and 4
supply air temperature set point

temperature rise across the supply fan

temperature rise across the return fan

threshold on the minimum temperature difference between the
return and outdoor air

outdoor air fraction = (Tyyg - Tra)/(Toa - Tra)

threshold on the minimum outdoor air fraction

normalized heating coil valve control signal [0,1] with up,. =0
indicating the valveis closed and u. = 1 indicating it is 100 %
open

normalized cooling coil valve control signal [0,1] with ug. =0
indicating the valveis closed and u. = 1 indicating it is 100 %
open

normalized mixing box damper control signal [0,1] withug =0
indicating the outdoor air damper is closed and ug = 1 indicating it
is 100 % open

threshold parameter accounting for errors in temperature
measurements

threshold parameter accounting for errors related to airflows

(function of uncertainties in temperature measurements)
threshold parameter for the heating coil valve control signal

threshold parameter for the cooling coil valve control signal
threshold parameter associated with the mixing box damper control
signa

maximum allowable number of mode transitions per hour
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Attachment B

Attachment B: Results of data collection from lowa Energy
Center
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East A 8/31/01 Normal Operation
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Attachment B

East A 9/1/01 Normal Operation
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Interior A 8/28/01 Normal Operation
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Interior A 8/30/01 Normal Operation
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Attachment B

Interior A 9/1/01 Normal Operation
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South A 8/30/01 Failed DP
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x104 CUSUM: Airflow
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South A 8/31/01 Unstable Airflow
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South A 9/1/01 Unstable Airflow
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West A 8/28/01 Stuck Heating Coil Valve Stage 1 (0.125 gpm)
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Attachment B

CUSUM: Airflow

— Pos (§)
—— Neg ()

200

400 600

CUSUM: Temperature

— Pos (S)
— Neg (T)

200

400 600

CUSUM: DELTA T

—

— Pos (S)
—— Neg (T)

200

400 600



West A 8/30/01 Stuck Heating Coil Valve Stage 2 (0.225 gpm)
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CUSUM: Airflow
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Attachment B

West A 8/31/01 Stuck Heating Coil Valve Stage 3 (0.37 gpm)
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West A 9/1/01 Normal Operation
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CUSUM: Airflow
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