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ABSTRACT
Interest in automated building analytics, including fault detection and diagnostics has been increas-
ing; however, developers of these solutionshave lackedaccess toground-truth-validateddata across
a wide range of weather conditions for algorithm development and performance assessment. This
studypresents thedevelopment, andvalidationof faultedand fault-freemodels for air handlingunits
(AHUs) – a common HVAC system design. Detailed models for the single-duct AHU (Modelica) and
dual-duct AHU (HVACSIM+) were used to conduct annual simulations, for common sensor, mechan-
ical, and control sequence faults. We report lessons learned during the efforts, including challenges
and insights regarding how these simulation models, typically used for design applications, can be
purposed to accurately reflect real-world system operational behaviours. Finally, we highlight con-
siderations for researchers and FDD developers who may wish to leverage this dataset to assess the
performance of their algorithms, and evolving performance of FDD solutions over time.
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1. Introduction and background

As building data becomes more readily available, and as
the budding field of data science and analytics comes
to buildings, fault detection and diagnostics (FDD) is of
increasing relevance to the research and product devel-
opment communities. A primary method of improving
building controls and operational efficiency is through
algorithms developed to perform automated FDD, which
uses building data to identify the presence of faults
and potentially isolate root causes. Estimated energy use
reduction from these improvements has been estimated
at an average of 29%, which accounts for approximately
5% of overall national energy consumption (Fernandez
et al. 2017). Practically, building owners and operators
have already leveraged the benefits of AFDD technol-
ogy, using it to enable median whole-building portfolio
savings of 9% (Kramer et al. 2020).

Development of FDD for air distribution subsystems,
including hydronic air handling units (AHU) systems, for
example, are presented in a number of studies dating
back decades (Bushby and Park, 2001; House, Vaezi-
Nejad, and Whitcomb 2001; Schein and Bushby 2006).
Since then, a diversity of techniques have been devel-
oped for FDD in AHU systems, spanning analytical-based

CONTACT Armando Casillas acasillas@lbl.gov

physical or grey boxmodels, data-driven approaches, and
knowledge-based heuristic approaches (Liao et al. 2021;
Wu and Sun 2012; Yu, Woradechjumroen, and Yu 2014),
and developers continuously strive to develop improved
algorithms. Apersistent challenge, however, has been the
lack of commondatasets and testmethods to benchmark
the performance accuracy of FDD methods, and gauge
improvement of these tools over time. Lin et al. (2020)
most recently developed a test and benchmarking frame-
work for FDD algorithm performance, demonstrating a
growing need for HVAC fault datasets that can be used to
further determine the accuracy and effectiveness of FDD
algorithms.HVACperformancedatasets havebeendevel-
oped before in the formof ASHRAE’s RP1312 fault dataset
(Li and Wen, 2010; Li et al. 2010). ASHRAE Project RP-
1312 data is the resulting dataset from a series of exper-
iments that were performed on two multi-zone variable
air volume (VAV) AHUs (AHU-A and AHU-B) with the same
configuration running simultaneously. This experiment
yielded fault-free and faulty datasets with ground-truth
information for each fault case as well as an understand-
ing of the resulting behaviour for each fault. In addi-
tion, ASHRAE Project RP-1312 created a dynamic simula-
tion testbed developed by HVACSIM+ to evaluate AHU’s
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operational performance. Additionally, Wen et al. (2015)
further developed dynamicmodels for the secondary sys-
tems including fan coil units, fan power units, and dual-
duct systems, using HVACSIM+ (Wen et al. 2015). The
models were used to create fault operation data sets,
which contained data in a few days for three operational
seasons. This dataset has been leveraged by a number
of FDD studies (Montazeri and Kargar 2020; Yan et al
2016; Yun, Hong, and Seo 2021; Zhong et al 2019). Fur-
ther work was initiated to fill this gap with the intro-
duction of an open-sourced dataset for FDD evaluation
purposes (Granderson et al. 2020), which introduced a
first-of-its-kind public dataset with ground-truth data on
the presence and absence of faults formultiple HVAC sys-
tems, including a limited number of fault datasets from a
simulated single-duct AHU (SDAHU) system.

While simulation models have commonly been used
for design applications, their use in operational ana-
lytics and control applications has largely been lim-
ited to research as opposed to practice. For example,
Granderson et al (2017) employed a calibrated physics-
basedmodelica model for FDD applications by detecting
wide deviations between measured and modelled COP,
while Andriamamonjy et al (2018) developed a model-
based FDD toolchain for an AHU built through a build-
ing information model. Although system-level energy
and controls modelling such as that offered in Model-
ica, HVACSim+ and Spawn of Energy Plus hold promise
for expanded utilization for operational applications, it
remains challenging to configure them in away that accu-
rately reflects system operation across a variety of config-
urations, sequences of operation, loads, and seasons.

As established, there is a need for more fault datasets
with established ground-truth information, a gap that
high-fidelity models are starting to fill. However, there
are a limited number of studies that document the ability
of these models to emulate 24-hr behaviour in real sys-
tems, including studies by (Granderson et al. 2020), which
were limited to 18 fault cases, and Wen et al. (2015). This
researchmakes three primary contributions. (1) Develop-
ment of the largest public AHU fault data set including
annual 8760-hour datasets covering 75 fault cases, build-
ing upon initially limited datasets presented in Grander-
son et al. (2020), which was limited to 18 fault cases,
and Wen et al. (2015) which presented merely 1–2 days
worth of data per fault case. Specifically, we will be cover-
ing two configurations of this system in single-duct and
dual-duct AHU. The data set consists of high-resolution,
simulated time seriesHVACoperational data (e.g. temper-
atures, pressures, control signals, component status, etc.)
under a diversity of operating and weather conditions,
combinedwith information on the presence and absence
of faults and their associated intensity. (2) Application

of a structured quality assurance assessment protocol to
ensure valid operational data and ground truth (Casil-
las et al. 2020). (3) Identification of existing gaps and
best practices in employing high-fidelity modelling to
reflect real-world system behaviours. A clear articulation
of these gaps can enable HVAC system model develop-
ers and FDD algorithm developers to avoid mistakes and
inaccuracies in operations-focused uses of system-level
simulation models and can inform the modelling com-
munity as to useful contributions to extend the mod-
elling state of art and practice. In the remainder of this
article, section 2 describes the study methodology, pro-
viding model descriptions and the development of fault
scenarios. Section 3 presents the modelling results for
both single and dual-duct systems across multiple sea-
sons and section 4 addresses the challenges, gaps and
lessons learned from employing thesemodels to emulate
real-world existing HVAC systems. Concluding remarks
and potential avenues for future research are outlined in
section 5.

2. Methods

Two types of AHUs, i.e. the SDAHUand the dual-duct AHU
(DDAHU) were designed based on ASHRAE Handbook
schematics and descriptions (ASHRAE 2020) andsimu-
lated based on the various simulation software tools such
as Modelica, EnergyPlus and HVACSIM+ as described in
previous studies (Huang et al. 2018; Wen et al. 2015). For
each type of fault, the fault was injected into the system
and the simulationwasperformed tooutput one-year (i.e.
365 days) fault-inclusive data. Consequently, the fault-
inclusive data cover all operating conditions of the AHUs
under one-year time scope. In this section, we illustrate
the simulation method for each type of equipment as
well as the complete list of points included in our simula-
tion output in Table 1, with corresponding abbreviations
found in Figures 1 and 2.

2.1. Single-duct AHU (SD-AHU)

The SDAHU model was developed in the Modelica lan-
guage by developers at PNNL, based on model compo-
nents available in open-source Modelica libraries such
as the Modelica Buildings and IBPSA libraries. Modelica
is an equation-based, objective-oriented modelling lan-
guage for complex dynamic systems. In order to cap-
ture thebuilding’s thermal response a reference commer-
cial building model from EnergyPlus (Deru et al. 2011)
was integrated. The data exchange between the Ener-
gyPlus input data file (IDF) model and the Modelica sys-
tem model was handled by a co-simulation framework,
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Table 1. Abbreviations and definitions for points included in
SDAHU and DDAHUmodel.

Data point abbreviation Description

SYS_CTL System control mode
OA_CFM Outdoor air flow rate
OA_DMPR Outdoor air damper position signal
OA_DMPR_DM Outdoor air damper control signal (command)
OA_HUMD Outdoor air humidity
OA_TEMP Outdoor air temperature
MA_TEMP Mixed air temperature
SA_TEMP Supply air temperature
SA_TEMPSPT Supply air temperature set point
SF_SPD_DM Supply air fan status
SA_CFM Supply volumetric airflow
SF_CS Supply air fan speed control signal
SF_SPD Supply air fan speed position
SF_WAT Supply air fan power
SA_SP Supply air duct static pressure
SA_SPSPT Supply air duct static pressure set point
RA_CFM Return air flow rate (sum of all zones returns)
RA_DMPR Return air damper position signal
RA_DMPR_DM Return air damper control signal
RA_HUMD Return air humidity
RA_TEMP Return air temperature
RF_DP Return fan differential pressure
RF_SPD Return fan VFD speed
RF_WAT Return fan power
EA_DMPR Exhaust air damper position signal
EA_DMPR_DM Exhaust air damper control signal (command)
HSA_SPSPT Hot deck supply air duct static pressure setpoint
HSA_SP Hot deck supply air duct static pressure
HSA_HUMD Hot deck supply air humidity
HSA_CFM Hot deck supply air flow rate
HSA_TEMPSPT Hot deck supply air temperature setpoint
HSA_TEMP Hot deck supply air temperature
HSF_CS Hot deck supply fan status (on/off)∗∗
HSF_DP Hot deck supply fan differential pressure
HSF_SPD Hot deck supply fan VFD speed
HSF_WAT Hot deck supply fan power
CSA_SPSPT Cold deck supply air duct static pressure setpoint
CSA_SP Cold deck supply air duct static pressure
CSA_HUMD Cold deck supply air humidity
CSA_CFM Cold deck supply air flow rate
CSA_TEMPSPT Cold deck supply air temperature setpoint
CSA_TEMP Cold deck supply air temperature
CSF_CS Cold deck supply fan status (On/Off)
CSF_DP Cold deck supply fan differential pressure
CSF_SPD Cold deck supply fan VFD speed
CSF_WAT Cold deck supply fan power
HWC_DAT Heating water coil discharge air temperature
HWC_EWT Heating water coil entering water temperature
HWC_LWT Heating water coil leaving water temperature
HWC_MWT Heating water coil mixed water temperature
HWC_VLV Heating water coil valve position signal
HWC_VLV_DM Heating water coil valve control signal
HWP_GPMC Heating water pump water flow rate through coil
HWP_GPMT Heating water pump total water flow rate
CHWC_DAT Cooling coil discharge air temperature
RM_TEMP Room temperature
VAV_DAT Mixing box discharge air temperature
VAV_SP_C Mixing box cold deck dynamic pressure
VAV_SP_H Mixing box hot deck dynamic pressure
VAV_DMPR_C Mixing box cold deck control signal
VAV_DMPR_H Mixing box hot deck control signal
VAVCFM_C_DM Mixing box cold deck demanded air flow rate
VAVCFM_H_DM Mixing box hot deck demanded air flow rate
VAVCFM_C Mixing box cold deck air flow rate
VAVCFM_H Mixing box hot deck air flow rate
VAVCFM_T Mixing box total air flow rate
VAV_EAT_C Mixing box cold deck entering air temperature
VAV_EAT_H Mixing box hot deck entering air temperature

exporting the IDF file as a functional mockup unit, anal-
ogous to the methods in Huang et al. (2021). In addition
to calculating the thermal loads of the space, the IDF file
also stores pertinent weather information that is fed into
the modelica model, which allows for annual modelling
of a building based on a historical weather data set. For
this study’s purposes, the climate datamodelled was that
of Chicago, Il. Modelica simulations have a variable sim-
ulation time step, which becomes more granular as the
solver encounters instances of more computational com-
plexity. The reporting timestep was set to 60 s. The major
components of the modelled for the SDAHU, as shown
in Figure 1, are the supply air fan with a variable fre-
quency drive (VFD), return fan with a VFD, cooling coil,
cooling control valves, outdoor air (OA) and return air (RA)
dampers. This model does not include a heating coil or
heating coil valve components. The measurement points
made available for end users are related to the aforemen-
tioned components, including temperature, airflow and
static pressure readings, temperature and pressure set-
points, control signal and positions for actuated compo-
nents, and speed and power output for motorized com-
ponents. Further details of this model are described by
Huang et al. (2018). The AHU’s baseline control sequence
is applied from engineering standard best practices (e.g.
ASHRAE 90.1) and is detailed below in Table 2. These con-
trol parameters and sequences are programmed in the
modelica language with control and logic components.

The control loops are mostly concerned with three
different components and are based on the occupancy
state, as defined by the EnergyPlus IDF occupancy
schedule:

(1) Fan speed control determined by occupancy state
and static pressure setpoints

(2) Cooling coil valve determined by occupancy state
and supply air temperature (SAT) setpoint

(3) Damper positions determined by occupancy state,
outdoor air temperature and mixed air temperature
setpoint

2.2. Dual-duct AHU (DDAHU) system

The DDAHU system equips two separate supply air ducts
as a hot duct and a cold duct, and two supply air fans
in each duct to provide desired air circulation and ther-
mal comfort to different zones. In this system, both the
heating and cooling coils can operate at the same time.
The hot air and the cold air will bemixed with dampers in
VAV terminal units at each zone. In this study, the DDAHU
system was developed by the HVACSIM+ software tool,
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Figure 1. SDAHU diagram with all measurement points denoted.

Figure 2. DDAHU diagram with all measurement points denoted.
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Table 2. Controls overview for SDAHU and DDAHUmodels.

SDAHU DDAHU

Control/operations
specification

Typical building control
baseline Data source/ references

Typical building control
baseline Data source/ references

System operation mode Occupied mode Start HVAC system 2 h ahead of
occupancy schedule:

DOE commercial reference building
(Deru, et al., 2011)

The system operates following
schedule as: occupied hours
(Monday – Friday 6:00AM–6:00PM

NIST 10D243 Tools for Evaluating
Fault Detection and Diagnostic
Methods for HVAC Secondary
Systems of a Net Zero Building
(Wen et al., 2015)

• Occupancy schedule (week-
day 6:00–22:00)

• Cooling setpoint
(occupied): 26.7°C (75°F)

• Heating setpoint
(occupied): 21°C (70°F)

Unoccupied mode Maintain unoccupied heating and
cooling setpoint:

Unoccupied hours (Monday – Fri-
day 6:00PM–6:00AM, and Saturday
– Sunday 24-hour

• Cooling setpoint (unoccu-
pied): 24°C (80°F)

• Heating setpoint (unoccu-
pied):15.6°C (60°F)

Air handling unit Supply /return fan control Fixed static pressure (SP), SP set:
169.2 Pa (0.68 in. w.g.)

Based on testing, air balancing
analysis of the given system to
meet cooling design condition

Fixed SP, SP setpoint: 398.1 Pa
(1.6 in. w.g.)

Based on air balancing analysis of
the given system to meet ventila-
tion design and noise control

Fixed differential speed ratio (10%
less) between supply air and return
air fan.

Based on engineering practices The return air fan speed is the same
with the supply air fan speed

Based on engineering practices

Supply air temperature control Fixed SAT setpoint: 12.7°C (55°F) Based on engineering practices Fixed SAT setpoints Based on engineering practices
• Cold deck SAT setpoint:

12.8°C (55°F)• Hot deck SAT setpoint:
32.2°C (90°F)

Minimum outdoor air control Fixed minimum OA damper posi-
tion (10% open) during the occu-
pied hour. Closed during the unoc-
cupied hour.

Based on engineering practices Summer season: Based on engineering practices

• the economizermode is dis-
abled,• the OA damper position:
28% openness.

Winter and shoulder season:
• the economizer mode is

enabled• the OA damper position:
45% openness

Economizer Fixed dry bulb temp threshold,
OA damper engaged from 1°C to
15.6°C (33°F to 60°F), otherwise at
minimum position (10%). Damper
modulates to hold mixed air tem-
perature of 12.8°C (55°F).

ASHRAE Guideline
36-2021/ASHRAE 90.1-2016

When the OA tempera-
ture < 15.6°C (60 °F) and PI
controller output is lower than
100, cooling coil valve position
is fully closed; the OA damper is
adjusted between 0% to 100%
open position.

Based on engineering practices
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which was developed by the National Institute of Stan-
dards and Technology (Clark & May, 1985). The system
contains a dual-duct AHU and four associated VAV termi-
nal units, which serve four zones as shown in Figure 2.
In the HVACSIM+ simulation platform, various elements
such as parts, components and control sequences in an
HVAC system can be modelled to create various instance
blocks referred to as different ‘TYPE’ components. Vari-
ous components can be grouped into ‘superblocks’ for
simultaneous solutions. Consequently, each superblock
is a numerically independent subsystem of the overall
simulation. Each superblock can independently handle its
time evolution and internal solution during the simula-
tion process. In addition, the time step in a superblock is
a variable that is automatically and continuously adjusted
by a solver subroutine tomaintain numerical stability. For
this study, the time step was set at 5 s. Further details of
this model can be found in Wen et al. (2015).

Before imposing faults on the simulation platform,
various simulation settings were determined to ensure
the simulation accuracy. The simulation setting includes
three parts: (1) control sequence and parameter settings,
(2) zone load settings and (3) environment parameter set-
tings. The control sequence includes the operationmode
sequence, and individual component control sequences
for the fan, dampers, cooling coil valve and heating coil
valve, as summarized in Table 2 below. The hourly zone
internal load value was set according to Park et al. (1986).
The TMY3 weather data for Des Moines, IA, was used as

the weather inputs as the system model was developed
in Iowa Energy Centre.

2.3. Fault modeling

Three different components were targeted for fault mod-
elling in the SDAHU model: the outdoor air damper, the
cooling coil and the temperature sensors. The faults are
all implemented by modifying or overriding the base-
line control logic of the model. For example, the outdoor
air damper stuck fault is implemented by overriding the
position of the damper component. The fault imposition
methods are summarized in Table 3 below. As an exam-
ple, for each intensity of the OA damper stuck fault, the
fault is imposed by overriding the position of the mod-
elled damper to the predetermined value. The scaled
dataset creation is carried out with a parametric simula-
tion Modelica script. This allows for the intensity of each
fault to bemodelledbasedon a single value that is passed
as a parameter into the fault model component such as
‘TwoWayValveStuck’ for both the cooling coil valve and
OA damper.

In the DDAHU study, a total of 15 types of faults
which are commonly studied by academic publications
and reported by field engineers on the AHU side were
imposed to obtain fault-inclusive operation data (Chen
et al. 2021; Roth et al. 2004; Schein and Bushby, 2006;
Wang and Xiao 2004; Zhao, Wen, and Wang 2015; Zhao
et al. 2017). For hardware faults such as stuck heating and

Table 3. Overview of HVAC fault modelled and imposition method.

Fault Method of fault imposition Severities modelled System

Supply, outdoor air temperature, static
pressure sensor bias

Add or subtract constant value from initial sen-
sor reading

−4,−2, 2, 4°C SDAHU

−100,−50,50,100 Pa DDAHU
outdoor air, cooilng/heating damper,
cooling/heating coil valve stuck

Automated override of damper position to indi-
cate that damper is stuck. Automated override
of coil valveposition to indicate that cooling coil
valve is stuck.

Damper (0%,10%, 20, 25%, 75%, 100%) SDAHU

Valve (0%, 10%, 20%, 25%, 50%, 80%, 100%) DDAHU
Cooling coil valve leak Adjusted theminimumcoil valve position value

when control signal is zero
10%, 25%, 40%, 50% SDAHU and DDAHU

Cooling/heating coil fouling fault (air
side)

Modified fin and tube heat transfer coefficients
in the coil component

Minor: 10% airflow resistance increase DDAHU

Moderate: 50% airflow resistance increase, 5%
heat transfer reduction
Severe: 200% airflow resistance increase, 10%
heat transfer reduction

Cooling/heating coil fouling fault
(water-side)

Modified fin heat transfer coefficient, tube heat
transfer coefficient, and the coil fluid flow resis-
tance in the coil components

Minor: 10% water flow rate and heat transfer
heat rate reduction

DDAHU

Moderate: 30% water flow rate and heat trans-
fer heat rate reduction
Severe: 50% water flow rate and heat transfer
heat rate reduction

Cooling/heating control sequence
unstable

Changed the absolute value of the propor-
tional band of the cooling and heating control
sequences from a properly tuned value of 45.7
to an improper value of−4

Faulted: Increaseproportional banduntil unsta-
ble

DDAHU
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cooling damper and coil valves, the simulationswithmul-
tiple severity levels were performed for each type of fault.
For the software faults, such as unstable control, the sim-
ulations with a single severity level were performed for
each type of fault. Consequently, a total of 55 fault sim-
ulation cases were carried out in this study, of which the
type and severities are listed in Table 3. Each fault case
was simulated to generate one year of operation data,
which simulates the fault for the duration of the year so
that all system’s operational conditions can be covered to
fully evaluate the measurement sensitivity under various
operational conditions.

The symptoms of each fault are detailed below:
The outdoor air damper stuck fault is a mechanical

fault by nature and will directly affect the AHU’s abil-
ity to take advantage of outdoor air to maintain supply
temperatures while minimizing cooling energy as well its
ability to maintain effective supply temperature control.
During instances in which the OA damper is stuck above
the minimum position and supply air is cooler than the
desired setpoint, excess outdoor air may cause the cool-
ing energy to be minimized while dramatically reducing
the SAT of the AHU. In the case inwhichwarmer tempera-
tures are seen outdoors, the excess outdoor air will cause
more cooling energy to be used, driving the control sig-
nal of theOAdamper to aminimumwhilemaximizing the
cooling coil control signal. Higher than normal supply air
temperatures may occur.

A stuck cooling coil valve directly affects the AHU’s
ability to maintain effective supply temperature control.
During instances in which the supply air is warmer than
desired, the control signal will be driven to 100% due
to the inability of the system to maintain cool enough
air to the zone level. This will cause higher than nor-
mal supply and return air temperatures, and higher over-
all cooling energy consumed. During instances in which
the cooling coil is providing too much cooling, or a
supply temperature colder than the setpoint, the con-
trol signal will eventually be driven to zero due to the
inability of the system to maintain SAT set point. This
will ultimately lead to lower than desired supply and
return air temperatures andhigher overall cooling energy
consumed.

A leaking cooling coil valve affects the AHU’s abil-
ity to fully close the cooling coil valve. During instances
in which the control signal is driven to a level below the
leakage level or to 0, the ground-truth position of the
valve will bottom out at the leakage level. This will cause
lower than normal supply temperatures during these
instances, and higher overall cooling energy consumed.
During instances in which the leakage level is higher than
the control signal, the fault will behave more like a stuck
valve fault.

A temperature sensorbias fault in theoutdoor tem-
perature sensorwould cause an adverse effect on supply
temperature control, mainly the modulation of the out-
door air damper according to the economizer control
sequence. As the bias becomes more positive (4C), the
seemingly higher outdoor air temperature would result
in less activity in the economizer control signal, resulting
in higher overall cooling energy consumption.

A temperature sensor bias fault in the supply tem-
perature sensorwould cause an adverse effect on supply
temperature control, mainly the modulation of the cool-
ing coil valve to meet the setpoint. As the bias becomes
more positive (4C), the seemingly higher supply temper-
ature would result in a higher control signal for added
cooling, resulting in higher overall cooling energy con-
sumption, cooler rooms (lower return air temperatures)

Both the coil fouling air-side fault and water-side
fault would cause several typical symptoms such as
decreasedwater flow rate, increased coil valve position to
provide desired cooling/heating capacity and increased
or decreased SAT. For example, if the heating coil is
severely fouling, the heating water flow will be signifi-
cantly decreased. In the winter season, this may lead the
heating coil valve position to be higher than normal to
provide the desired heating. Under some extremely cold
weather conditions, the SAT may be lower than normal
due to the severe impacts on the heating supply capac-
ity. For the fouling fault types, three fault severity levels
(minor, moderate and severe) were imposed by decreas-
ing the fluid flow rate and the decreasing heat transfer
rate.

Both cooling and heating control sequence faults
occur in the valve controllers. The control sequence
fault causes the valve position to be unstable and conse-
quently causes SAT to be fluctuate. The faultwas imposed
by changing the absolute value of the proportional band
setting from45.7 to−4 in thePID controller until the valve
operation was unstable.

2.4. Model data validation process

The scale generation of these annual datasets was pre-
ceded by a methodical data validation and ground-truth
assessment protocol as laid out in Casillas et al (2020) and
in Figure 3. This process allowed for the iterative devel-
opment of these AHU models in order to ensure they
exhibited the expected behaviours under fault-free and
faulty conditions across all seasons and weather condi-
tions. The process begins with the development of the
physical model while also specifying and programming
the control sequence. After weekly simulations are com-
pleted for each season, the simulation data is validated
against the intended control sequence to determine all
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Figure 3. Workflow diagram for scaled fault-free and faulted dataset generation.

systems are behaving as expected. The application of the
validation protocol enabled the appropriate changes to
the model design and parameters to ensure high-quality
data. Most of the issues described in this study’s dis-
cussion were encountered during this validation step.
Changes to the models include modifications to com-
ponent sizing, control sequences, and methods of fault
imposition.

3. Results

The annual fault cases are modelled in their respective
tools, then validated to ensure the fault behaviours are
as expected based on our knowledge-based approach.
The ability to conduct annual fault simulation is one
of the most valuable contributions since this allows us
to observe the fault’s impact on system behaviour and
performance across the full range of weather condi-
tions. The difference in behaviour across seasons will
be covered in this section. First, there are details on
the observed behaviour of the SDAHU model and the
DDAHU under fault-free conditions for two different sea-
sons (Spring and Summer). In the subsequent section,
the behaviour under a sample fault case will then be
analysed in comparison to the previous baseline case.

The outdoor air damper and cooling coil control are the
focus of the analysis below. The fan speed will remain
mostly constant across the annual dataset so it is not
highlighted.

3.1. Baseline operation (SDAHU)

The first season analysed is Spring in which we expect to
seemilder outdoor air temperatures. This equates tomax-
imum activity for the economizer and minimum cooling
coil use. The OA damper control sequence can be seen in
Figure 4 as being activated in the range of 3°C to 12.7°C
(37.5°F to 55°F). The supply temperature setpoint is set
at 55F, so the damper modulating to 100% is expected.
Because the simulated range of this sample day never
reaches the minimum or maximum thresholds for econ-
omizer mode (33°F, 60°F), we never see the minimum
position of the damper of 10%. The cooling coil is modu-
lated based on the SAT setpoint andworks in conjunction
with the OA damper in milder conditions. In Figure 4, we
can see the OA damper is modulated to meet SAT set-
point until the OA temp reaches its maximum threshold
of 60°F. The OA damper then is commanded to a mini-
mumvalue of 10%while the cooling coil command signal
is ramped up tomeet the SAT setpoint at this instance. As
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Figure 4. Validation of Economizer control sequence.

seen by the SAT plot in Figure 5, the setpoint of 55°F is
alwaysmet. Analysing the SDAHUmodel’s behaviour dur-
ing the Summer period is relatively more straightforward
compared to the nuanced operation of the OA damper
during shoulder season, when economizing is frequent.
As seen in Figure 5, during summer operation, the OA
temperatures range at values greater than the 60°F maxi-
mum threshold for economizing, so the damper is always
set at 10%, while the cooling coil is modulated instead to
meet the SAT setpoint.

3.2. Baseline operation (DDAHU)

In the Spring season, the DDAHU is operated in the
economizer mode or the mechanic cooling mode. First,
we examined the weather conditions (i.e. OAT). This is
a prerequisite to validate the system’s operation mode
because the OAT was used in the control sequence to
drive the system’s operation. For example, when the OAT
is less than 15.6 °C (60 °F) and PI controller output is lower
than 100, the system is operated under the economizer

cooling mode. Under this mode, the cooling coil valve
position is fully closed, and the OA damper is adjusted
between 0% and 100% opening position. Secondly, we
validated the control signal and actuator’s responses to
determine if the control logic was successfully carried
out and if the actuator’s response was correct. For exam-
ple, under the fault-free operation, the coil valve posi-
tion should follow the valve control signal, indicating that
there is not a stuck valve fault. Thirdly, we inspect the
responses in various process variables (e.g. SAT, air flow,
and static pressure). For example, if the cooling coil valve
position is increased to provide more cooling, the SAT
should decrease. Lastly, we examined whether a holistic
control objective is achieved during the system’s opera-
tion. For instance, for thewell-controlled system, the AHU
SAT should meet the SAT setpoint and the zone temper-
ature should reach the zone temperature setpoint.

Figure 6 illustrates the OAT, cooling coil valve and
control signal on April 12. Figure 6 (left) illustrates the
OA temperature, the OA damper control signal and the
OA damper position. It can be seen that when the OA
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Figure 5. Comparison of Spring and Summer Operation of OA damper and cooling coil maintaining 55F supply temperature.

temperature is lower than 15.6 °C, the OA damper posi-
tion is controlled to provide necessary cooling. Figure 6
(right) illustrates the cooling coil valve control signal and
the valve position, as well as the cold deck SAT and set-
point. It can be seen that the cooling coil is fully closed
during the occupied hours because the OA temperature
is less than 15.6 °C. The cold deck SAT is well maintained
around the setpoint in most of the occupied hours.

The validation scenario in the Summer season is the
same as the process used in the Spring season. In the
Summer season, the DDAHU is primarily operated in the
mechanic cooling mode. In addition to the validation

points in the Spring season, in the summer season, extra
efforts were made to ensure the zone temperature was
maintained around the cooling setpoint. Here, we use the
operation on August 23 as an example. Figure 7 (Left)
illustrates the OA temperature, the OA damper control
signal and the OA damper position. It can be seen that
when the OA temperature is higher than 15.6 °C, the
OA damper position is controlled to the minimum posi-
tion (28% of full openness). Figure 7 (Right) illustrates
the cooling coil valve control signal and the valve posi-
tion, as well as the cold deck SAT and setpoint. It can be
seen that the cooling coil is adjusted to provide necessary

Figure 6. Left: OA temperature and OA damper; Right: cooling coil valve control signal, valve position, SAT and setpoint (date: April 12).

Figure 7. Left: OA temperature, and OA damper; Right:: cooling coil valve control signal, valve position, SAT and setpoint on the cold
deck (date: August 23).
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cooling during the occupied hours because the OA tem-
perature is higher than 15.6°C. The cooling coil valve is
well-controlled despite a short oscillation due to the con-
troller tuning in the beginning of the system. The cold
deck SAT is well maintained around the setpoint in the
rest of the occupied hours.

3.3. Faulty operation (SDAHU) –OA damper stuck at
minimum (10%)

For the faulty operation example, the outdoor air damper
stuck at minimum case is presented. As seen in Figure
8, the same day is plotted as in Figure 5, although now
we see the faulty operation of the damper during this
fault. The first thing to observe is that the control sig-
nal is at 100% throughout the entirety of the day. This is
caused primarily by the feedback loop of the controller,
which calculates the difference between the mixed air
temperature and the supply air setpoint of 55°F. As the
temperature difference increases due to the stuck com-
ponent, the control output is saturated at 100%. Mean-
while, the outdoor air damper ground-truth position is
plotted at a constant value of 10%, which allows us
to effectively validate the presence of our fault. This
fault results in higher cooling coil activity and higher
energy consumption due to the lost opportunity of econ-
omizing based on ideal weather conditions. This can be
seen in the subsequent plot in Figure 8, in which the
cooling coil signal is noticeably higher for the faulty
case.

The presence and symptoms of each fault will not
always be evident, based on the weather conditions

and/or the operational state of the HVAC system. This
is most evident in the Summer case for the OA Damper
Stuck at Minimum case, as shown in Figure 8, where the
OA temperatures reach their maximum range, up to 95°F.
This iswell beyond themaximumthreshold for economiz-
ing, and as a result, the damper is already at minimum
position. The lack of OA damper modulation means the
faulty, and baseline cases are virtually indistinguishable
from one another, as seen by the pair of Figures below,
where the OA damper control signal overlaps at 10%,
and the cooling coil control signal for both cases is also
equivalent.

3.4. Faulty operation (DDAHU) – cooling coil valve
stuck (80%)

When the cooling coil valve is stuck at a higher position,
it causes the SAT to be lower than the normal operation,
and excessive coolingwill be provided. Figure 9 illustrates
the faulty behaviour and the SAT. It can be seen that the
coil valve stocks at 80% (i.e. 0.8 of the full position in the
red line) compared to the normal position (i.e. 0 of the full
position in the blue line). Consequently, the SAT is main-
tained around 9 °C (indicated in the purple line) instead
of 13°C (indicated in the black dash line) as it should be in
the fault-free operation condition.

Figure 10 shows another case example to demonstrate
the fault symptoms under the cooling coil valve stuck
fault in the DDAHU. When the cooling coil valve is stuck
at 80% opening position, which is higher than the nor-
mal position, the coil valve position signal is frozen at 80%
and the valve control signal reaches 0 to try to offset the

Figure 8. Springoperation of a stuckOAdamper. Cooling coil ismore active in faulted cases in order tomaintain 55F supply temperature,
summer operation of a stuck OA damper, the ambient conditions during summer cause the damper to stay at minimum and, therefore,
the symptoms are not prevalent in this season.
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Figure 9. Spring operation: cooling coil valve control signal, valve position, SAT and setpoint on the cold deck (date: April 12).

Figure 10. DDAHU fault symptom validation (cooling coil valve stuck at an 80% position fault). Left: coil control signal and position;
Right: cold deck SAT.

effects of thehigher coil valveposition as shown in the left
of Figure 10. However, because the cooling coil valve is
out of control, this fault causes the SAT in the cold deck to
be lower than the normal value (i.e. around 10°C instead
of 13°C under the fault-free operation as given in the right
of Figure 10). In addition, this fault causes the cascad-
ing abnormal operation in the downstream VAV terminal
units.

4. Discussion

Creating the ground-truth verified operational data for
the systems presented in this article was a significant
effort that required amulti-year collaboration with multi-
ple HVAC andmodelling experts across a number of insti-
tutions. Several challengeswere encountered, and resolv-
ing them generated a valuable set of insights for those
seeking to leverage simulation models for system-level
operational analytics and control applications. The asso-
ciated lessons learned for each system type are presented

to inform future efforts by other researchers, also look-
ing to extend the applicationof building and system-level
simulation models.

Casillas et al. 2020 detailed the protocol for creat-
ing the datasets by first conducting small-scale simu-
lations and validation before proceeding to full-scale
simulation. Individual control sequences are best tested
in functional tests that can be executed in system
models (i.e. HVACSIM+ or Modelica) but may lead to
unintended behaviours as part of a full-scale model
(co-simulation with EnergyPlus) with varying weather
conditions and operational states. The protocol is par-
ticularly effective in validating documented control
sequences across different seasons. Dedicating time to
validating small-scale simulation results can avoidwasted
time and resources, given that scaled-up annual simu-
lations can take several days to complete and occupy
anywhere between 1 and 10 GB of memory. The lessons
learned are categorized and summarized in Table 4
below.
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Table 4. Overview of lessons learned from AHU fault modelling and validation efforts.

Problem encountered System affected Impact on output Lesson learned

Control sequence needs refine-
ment

Coil, OA damper Higher than expected cooling coil
load, out of range values for incom-
ing air temperatures

Add preheating, disable cooling
coil until OA damper has reached
100% during economizing.

Inappropriate fault imposition
method

Actuated components
(damper, coil valve)

Mechanical component (valve and
damper) control signals targeted
without ground-truth data on actu-
ator position

Add position variable to give the
control signal the ability to behave
according to its PID control loop
output

Inappropriate sizing of compo-
nents

Cooling and heating coils SAT setpoint is met, zone-level
comfort is negatively affected

Resize components based on
observed load given climatic con-
ditions and internal loads of the
space conditioned by the system

Abnormal temperature
behaviour during low flow
conditions

Leaving coil temperature sen-
sor measurements

Abnormal supply air temperatures Create virtual bypass values that
pass the incoming coil tempera-
tures through the coil without heat
transfer calculations applied.

Time mismatch during
Co-simulation

Occupied and occupied modes Mismatched operating schedules Disable daylight savings in IDF file

4.1. Control sequence refinement

Compared with the previously mentioned fault model
validationprotocol, inwhicha fewdayswere selectedand
only employed, it is necessary to add control sequences,
which enable a holistic representation of a properly con-
trolled building under all operational conditions. For
example, in the DDAHU control, freezing protection func-
tionality was added after encountering an issue during
winter operation. In the original DDAHU model, there
was no freezing protection control sequence during the
unoccupied hours when the system was completely shut
off. This caused the SAT to be extremely low (e.g. as low
as 10 F) when the OAT was low in the winter season. In
the real system, the freezing protection control sequence
may be adopted evenwhen the system is switched to the
unoccupied mode (i.e. the system does not provide the
desired cooling or heatingduring unoccupiedhours). The
freezing protection sequence often enables the preheat-
ingor triggers the freezingalarmso that theoperators can
fix the fault quickly. This issuemayonly occurwhenwhole
year simulation is performed to enable the systemcontrol
simulation to mimic this operating condition.

In addition to issues experienced in theDDAHUmodel,
there were some inconsistencies between the control
sequence programmed in the model and the best prac-
tices that we caught during our validation process. The
model has two PID control loops, one for the econo-
mizer control and one for the cooling coil valve con-
trol. The economizer control uses the mixed air tem-
perature as the control variable while the SAT controls
the second loop. The problem occurs when economiz-
ing is enabled during mild conditions. Both control loops
compete against each other to satisfy their setpoints,
which leads to cooling while the outdoor air damper
is modulating. Best practice prescribes the cooling coil
valve stay disabled until the economizer output is 100%.
Modulating the cooling coil valve before this condition

results in unnecessary energy consumption and does not
allow the economizer to take full advantage of ideal out-
door air conditions. These types of interconnected con-
trol loops need to be programmed in sequence so that
the cooling coil valve control is disabled in economizing
mode until the outdoor air damper reaches 100% open
position.

4.2. Component sizing

Improper component sizing in the component model
may significantly affect an accurate evaluation of the sys-
tem’s behaviours under fault-free and faulty conditions.
In addition, the improper sizing of a component may not
only be noticeable when evaluating an individual com-
ponent’s performance but becomes more critical when
assessing fault’s effects during system-level fault simu-
lations. For example, in the DDAHU simulation, the sys-
temmodel, whichwas developed inHVACSIM+ software,
consists of various component models (i.e. coils, valves
and dampers) in the system. If the heating coil is down-
sized in the model, this can cause a lower SAT even if the
coil valve is fully opened during Winter’s operation. This
further affects the assessment of the system’s behaviours
under faulty operations. For example, the stuck heating
coil valve fault (at a higher position), or the heating coil
fouling fault cases modelled for the DDAHU may not
cause significant fault symptoms (e.g. observable higher
SAT compared with the baseline) if the heating coil is
downsized. Therefore, properly setting model parame-
ters to avoid component sizing issues at the system-level
simulation should be paid more attention.

4.3. Fault impositionmethods

When imposing actuator-related faults (e.g. a damper
stuck fault), the changed value should be injected to
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freeze the actuator action, but not fix the control signal.
This is because, in the real practice, the s tuck actuator is
believed to be some mechanical/communication issues
(e.g. the linkage between the driver and actuator is bro-
ken, or the communication between the DDC and the
drive is lost). The DDC should output the proper con-
trol signal to compensate/tolerate the fault. Therefore,
the control signal should not be frozen but instead, the
actuator position toensure that the control signal is calcu-
lated by the existing PID loop in response to the growing
error caused by the stuck actuator. To address this issue,
some extra points (i.e. ground-truth valve position feed-
back) should be added to the original equipment model
to mimic the control behaviour and simulate the fault
effects.

4.4. Low flow conditions

A common occurrence for the Modelica-based model is
indeterminate conditions when fluid mass flows appro
ach zero, referred to here as ‘low flow conditions’. This
happens often during overnight scenarios, in which the
flow provided to a water coil or the airflow approaches
zero due to the lack of demand in the system in unoc-
cupied hours. This low flow causes abnormal conditions
which manifest in different ways during modelling. One
example is its effects on SAT during severe damper fault
cases. In reality, when the temperature of the air is too
low (less than the temperature of the inlet water), it is
possible that it ‘absorbs’ heat from the cooling coil. In
simulation, the process for calculating the water temper-
ature in a heat exchanger becomes unreliable when the
water flow is approaching 0. Low flow conditions can also
cause abnormal temperature deviations and flat profiles
given the limitations of the sensormodulesweuseduring
simulations. These flat temperatures may have effects on
their associated control loops, for instance, the SAT con-
trol loop sends a cooling coil valve control signal of 100%
due to the flat measurement of the SAT sensor when the
supply airflow is zero.

Similarly, when examining HVACSIM+, we found that
low flows can also introduce numerical challenges.
Besides singularity issues that may arise given near-zero
values, the intricacies of solving nonlinear equations in
such conditions can sometimes yield multiple potential
solutions. For instance, during the simulation of a mixing
box (TYPE 325) in HVACSIM+ under a low flow condi-
tion, both a slight positive and a slight negative outdoor
air mass flow rate could be deemed acceptable, largely
due to the minimal variation in outdoor air damper dif-
ferential pressure during the solution search. Without a
proper handle, such scenarios may cause the simulation
to oscillate between these possible solutions, leading to

non-convergence or crash of the simulation. However, it
is vital to recognize that the precision of results under
low flow is not the primary concern given their negligible
magnitude. What is crucial is ensuring numerical stabil-
ity throughout the simulation. Thus, implementing a low
flow protection mechanism (e.g. the absolute value of
the mass flow rate cannot be lower than 5e-4) can be
invaluable, as it directs the simulation solver to consis-
tently select a stable solution, guaranteeing simulation
robustness.

4.5. Co-simulation

Another consideration is related to co-simulation frame-
works such as the one presented here for the SDAHU
models. The change of data between the EnergyPlus idf
file FMUand theAHU systemmodels is not only limited to
building thermal loads but also used to determine when
thebuilding is inOccupiedor unoccupiedmode. Thedoc-
umented occupied times of 6pm to 10pm are scheduled
in theFMU, and theoccupiedoutput is fed to themodel as
a Boolean value. The problem observed during validation
is related to the daylight savings time option in the idf file
being set to true, which meant that the start of daylight
savings time resulted in a 1-hr shift in time reporting from
the FMU. Thismanifests in themodel as an occupied time
of 5am to 9pm, which is inconsistent with the provided
documentation.

The model validation under all operational conditions
was also applied to the equipment physical model val-
idation to ensure the equipment model accurately out-
puts values. For example, in the simulated cooling valve
model, the operating position limit should be set to 100
(i.e. fully opened) as the maximum value even though
the cooling supply may not be enough in extremely hot
weather. After encountering this issue, all the actuator
models were re-examined to add the actuator operating
position limit.

5. Conclusion

In this study, we detailed the methods and results from
generating a comprehensive fault dataset for 2 types
of AHU systems, which amount to 75 total fault cases
with 3.7 billion data points. The lessons learned from
applying simulation models in this way can assist other
researchers seeking to usemodels to reflect a wide range
of realistic system operations. The lessons learned cov-
ered in this study illustrate the state of high-fidelity mod-
els and their use for building operational applications
as opposed to model-based design. As HVAC models
become more detailed and representative of real sys-
tems, it is important to take into account the methods
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by which real applications, such as FDD, process HVAC
system data. Some of the pitfalls experienced in mod-
elling faults in these systems are addressable through the
methodsoffered in this studybut also throughnewdevel-
opments inmodelling software. For instance, the recently
releasedSpawnof EnergyPlusbrings anewco-simulation
framework that passes a limited list of parameter settings
through the functional mockup unit, and thus, removes
the need for accounting for daylight savings adjustments.

Moving forward, the same method of building fault
models and datasets can be applied to additional sys-
tems, such as packaged and split heat pump systems,
which are likely to see an increased prevalence in our
building stockgiven federal investments in electrification.
These systemswill benefit from robust FDD algorithms to
ensure they are performing at rated efficiencies anddeliv-
ering value to consumers. Future work can also explore
how fault models can be incorporated into virtual plat-
forms such as BOPTest (Blum et al. 2021), designed to
evaluate the performance of HVAC control algorithms.
Integration of these fault models opens the door to con-
trol design and assessment while considering the pres-
ence of common faults. Additionally, we plan to extend
this fault study to characterize fault behaviourunder addi-
tional common control strategies (i.e. ASHRAE Guideline
36). Furthermore, the FDD datasets will enable further
benchmarking of FDD algorithm performance and can
characterize the effectiveness of industry-recommended
fault rules such as those found in ASHRAE Guideline 36.
Through detailed fault modelling and simulation of the
system’s faulty operation, we efficiently assess a system’s
control robustness or fault tolerance. That is to say, when
we inject faults (with different severity levels) into the sys-
tem, we can evaluate whether the control objectives can
be met.
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