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Abstract: This paper presents a critical review of the automated on-going commissioning (AOGC)
methods for air-handling units (AHU) and variable air volume terminal (VAV) units in commercial
buildings. The common faults studied in the literature were identified. The diagnostic approaches taken
and the characteristics of the fault-symptom datasets utilized were categorized. It was found that the
diagnostics methods were vastly fragmented, and most of them employed pure-statistical approaches.
Only a few studies attempted to assimilate the automation data within the underlying physical
processes. In addition, a large fraction of the reviewed literature has been devoted to physical faults in
AHUs. Only a few studies were conducted to diagnose faults-related with controls programming and
faults at the zone level. Upon the literature survey findings, an inverse greybox modelling-based AOGC
approach was put forward. Its strengths and weaknesses were demonstrated through a case study
conducted using the archived building automation system (BAS) data of an office building in Ottawa,
Canada. The results of this case study indicate that inverse greybox modelling-based AOGC is a
promising method to diagnose both physical and controls programming related faults at AHUs and
VAVs.

Keywords: Automated on-going commissioning; Fault detection and diagnostics; Inverse modelling;
Greybox modelling; Commercial buildings

1. Introduction

A survey in 2004 identified that more than 50% of the buildings in the United States with building
automation systems (BAS) do not operate per their design intent [1]. Improper operating conditions in
building equipment and components are estimated to waste 30 to 50% of the energy use in commercial
buildings [2-7]. Given that indoor climate control in commercial buildings in North America accounts for
more than 15% of the secondary energy use, over 10% of the CO, emissions and a major driver for new
energy infrastructure, early diagnoses of these improper operating conditions represent great potential
to reduce commercial buildings’ environmental and economic impact and to provide comfortable,
healthy, and productive indoor environments [8, 9].

During the service life of a building, some of the sensors and actuators inevitably fail; and parts of the
building envelope lose its ability to resist heat, air, and moisture transfer. At least as important as these
physical system and component failures, inappropriate operating setpoints and equipment schedules
can result in energy waste and/or chronic discomfort conditions. Traditionally, these improper operating



conditions (i.e., faults) remain invisible to the facility managers until the occupants begin to complain or
a labour-intensive retro-commissioning is undertaken.

Automated on-going or continuous commissioning (AOGC) is a process to characterize the operation of a
building through a network of sensors [10], and resolve operating problems, improve comfort, and
optimize energy use [11]. The operational data from connected sensors and actuators in modern
automation and control networks in commercial buildings represent great potential to employ AOGC
methods. Particularly, the research conducted during IEA EBC Annexes [12-14] and ASHRAE RPs [15, 16]
advanced the state-of-the-art AOGC in buildings. Despite this research potential, AOGC has been seldom
employed in commercial buildings [17]. As recently highlighted at the Experts Research Forum on
Intelligent Buildings [18], we need scalable AOGC methods that can be used in different types of
buildings without manual tuning and any extra configurations.

This paper first presents a critical review of the state-of-the-art AOGC methods in commercial buildings.
The scope of the review entails studies on fault detection and diagnostics, prognostics, virtual sensing,
remote auditing, and continuous health monitoring efforts on air handling units (AHU) and variable air
volume (VAV) terminal units in the last 20 years. The common faults studied in the literature were
identified. The diagnostic approaches taken and the characteristics of the fault-symptom datasets
utilized were categorized. By looking at the distribution of the studies across these categories, research
needs were identified. Subsequently, upon the literature survey findings, an inverse greybox modelling-
based AOGC approach was put forward. Its advantages and limitations were demonstrated through a
case study conducted using the archived BAS data of an office building in Ottawa, Canada.

Our focus in this paper is on the research conducted to diagnose and triage faults in air-handling units
(AHU) and variable air volume (VAV) terminal units. This is due to their common usage in the North
American commercial building stock, and due to the fact that the controls infrastructure deployment
and programming for these pieces of equipment are custom and manual — and thus prone to human-
error. Despite the large number of papers from the literature, fault diagnoses research for the mass-
manufactured plant level equipment is outside the scope of this study.

2. Literature review

Identifying improper operating conditions from existing sensor networks in BASs has been vastly
studied. In general, the process is executed in three consecutive stages: (1) detect, (2) isolate, and (3)
triage the improper operating conditions. The first-stage deals with detecting whether or not there is an
anomaly in a building’s operation. The second-stage deals with isolating the sensor, actuator, equipment
or controls programming issues causing the detected anomaly in operation. The faults can be grouped
as hard-faults — issues in sensors, actuators, equipment — or soft-faults — issues in controls programming
[19]. Hard-faults often require component replacement and manual-labour, whereas most soft-faults
can be automatically corrected without human intervention (e.g., [20, 21]). The process of detecting and
isolating faults in tandem is defined as fault diagnosis. The third-stage deals with proposing an
importance ranking of the diagnosed faults in terms of their urgency for health, productivity, comfort,
and energy use [22].



Table 1: The AHU and VAV faults studied in the literature.

Component

Faults

References

AHU cooling and heating
coils

Valve stuck open

[7, 25-37]

Valve stuck closed

[7, 25-31, 33, 34, 36, 38]

Valve stuck partially open

[7, 25-29, 31, 33, 36, 38-44]

Leaky valve

[7, 19, 25-27, 29, 31-34, 36, 39, 43,
45, 46]

Unstable valve control

[28, 29, 31, 36, 47]

Undersized coil

[26, 36]

Coil fouling

[26, 29, 33, 36, 40, 43, 46]

AHU dampers

Outdoor air intake damper stuck

[2, 7, 25-29, 31-33, 35, 36, 38-40, 42,
46, 48-55]

Return air damper stuck

[7, 19, 25, 29, 33, 49, 51, 56]

Exhaust air damper stuck

[7,27-29, 31, 36, 49]

AHU sensors

Supply air temperature bias

[7, 19, 25-27, 30, 32, 37, 40, 44, 51,
57-70]

Return air temperature bias

[7, 25, 26, 37, 40, 48, 51, 65-67]

Mixed air temperature bias

[25, 26, 30, 37, 48, 51, 66]

Supply air pressure sensor

[27, 35, 36, 49, 51, 52, 57, 60, 64, 65,
67-73]

Other sensors that may be available (CO,, RH)

[52, 61, 68]

AHU fans

Efficiency degradation

[29, 41, 43, 48]

Supply or return fan stuck at constant rate

[27, 28, 40, 44, 49]

Return fan complete failure

[3, 26, 27, 29, 31, 60, 68, 69, 71]

Supply fan complete failure

[3, 26, 29, 34, 60, 64, 69, 71]

AHU ductwork and filters

Duct fouling

[48]

Duct leakage

[27-29, 49, 74]

Fouling or broken filter

[26, 31, 49, 75, 76]

AHU control Min. outdoor airflow setpoint inappropriate [22,36,52,77,78]
Max. airflow setpoint inappropriate [30, 79-81]
Max. outdoor airflow setpoint inappropriate [42,52, 77, 82]
Supply air temperature setpoint too low [47]
Supply air temperature setpoint too high [47]
Inappropriate scheduling of fans and coils [22, 45, 83-85]
Perimeter heater or VAV Valve stuck partially or fully open [40, 47]
reheat valves Valve stuck closed [47, 73]
Fouled reheat coil [40]
Leaky valve [47]

VAV dampers

Damper stuck

[32, 40, 43, 44, 73, 79, 86]

VAV zone sensors

Indoor air temperature bias or drift

[32, 40, 47, 86]

VAV discharge air pressure sensor bias

[47,79, 87, 88]

Other sensors that may be available (CO,, RH,
occupancy, photosensors)

(87]

Zone control

Min. airflow setpoint inappropriate

[79, 86, 88, 89]

Max. airflow setpoint inappropriate

[79, 80, 86, 88, 89]

Inappropriate zone temperature setpoint

[20, 47, 79, 86, 88-90]

Inappropriate temperature setback scheduling

[47,79, 90-92]

Table 1 lists the AHU and VAV faults studied in the literature in the past 20 years. The vast majority of
the previous research efforts have been dedicated to diagnosing physical faults in the AHUs. Only a

small fraction of the studies focus on faults in the VAV terminal units and soft-faults in the VAV-AHU




systems. In reality, an AHU serves many VAV thermal zones; and thus, in modern buildings, more than
90% of the sensors and actuators are distributed to individual zones [20, 23, 24]. This situation
represents great potential for us to optimize energy use and comfort by providing indoor climates
tailored for each zone’s occupancy and comfort preferences [20]. However, distributed sensing also
represents a major challenge; as more sensors and actuators mean a larger number of components and
equipment that can fail, and need to be diagnosed and maintained. A fault-free AHU with near-optimal
control sequences will keep wasting energy and/or cause discomfort, if the sensors and actuators are
faulty and/or setpoints and schedules are inappropriate in the thermal zones.

Faults listed in Table 1 affect comfort and energy performance differently [22]. For example, if an AHU
cooling coil valve stuck open, aside from its detrimental impact on the energy performance, it will likely
cause discomfort in many thermal zones served by that AHU. On the other hand, if an AHU supply fan is
scheduled to operate beyond the operating hours of a building, it will waste energy but will not affect
comfort. Faults that affect comfort are inherently more visible to the operators and facility managers.
And, faults that affect the comfort of many occupants are more visible than those that affect only a few
occupants. In case of a malfunctioning AHU cooling coil, many complaint calls can be expected — leading
into work-order requests. In case of a broken VAV terminal unit damper, the complaint calls will be
fewer, and operators will likely try to mitigate this issue by a permanent override [93]. Similarly,
inappropriate zone temperature and airflow setpoint choices may waste energy without causing
discomfort — at least not severely enough to lead into complaint calls [94]. An example of such an
inappropriate setpoint choice can be the excessive airflow from a VAV unit, while there is a perimeter
heater providing an alternative means of maintaining the temperature setpoints. In addition, arguably,
providing on-going commissioning services to occupied spaces (VAVs) is a bigger challenge than
mechanical rooms (where AHUs are located) due to tenants’ privacy concerns and interruptions to their
activities. These factors underline why AOGC efforts should primarily focus on zone level
systems/components and AHU components that do not affect comfort, but affect energy performance.
Table 2 categorizes faults in terms of their impact on energy use, comfort, spatial impact scale, type
(hard or soft faults), and their visibility to the facility managers and operators.

Fault detection methods used in the reviewed literature mostly employ residual-based approaches. The
residuals are the differences between the real and the expected operating conditions. For example, for
cases in which the objective is not to isolate an energy intensive fault but to merely detect it, the
difference between the expected and the real energy performance of a building can be adequate [95-
97]. However, it is worth noting that our focus is on studies to detect and isolate faults in tandem. The
residuals can be determined through expert-rules, physical models, or data-driven models trained with
the normal (i.e., non-faulty) operation data. Salsbury and Diamond [98] was one of the early studies to
introduce this categorization. A fundamental challenge is to classify residuals pertaining to faulty
operation correctly — which leads to too many false positives or false negatives (i.e., undetected faults)
in fault detection [42]. After all, how much discrepancy between expected (calculated from expert-
based rules, data or physics-based models) and real performance is an indication of a fault?

Once a fault in a system (e.g., AHU, VAV) is detected, various methods can be utilized to isolate its root-
cause (e.g., broken actuator, inappropriate setpoint). The diagnosis methods reviewed in the literature
are vastly fragmented. Table 3 lists 32 methods from about 80 papers. Some of the methods were



Table 2: Categorization of the faults in terms of their impact on energy use, comfort, and peak loads. The faults
that affect the comfort of a more than one thermal zone are defined to have high visibility, those that affect the
comfort of a single thermal zone are defined to have medium visibility, and those that do not affect comfort are

defined to have low visibility.

Fault Comfort|Energy use|Peak load|Scale Visibility Type
AHU coil valve stuck open NG ™ ™ Floor/Building|High Hard
AHU coil valve stuck closed NG J Floor/Building|High Hard
AHU coil valve stuck partially open NG ™ - Floor/Building|High Hard
AHU coil leaky valve - ™ ™ Floor/Building|Low Hard
AHU unstable coil valve control - - ™ Floor/Building|Low Hard
AHU coil undersized coil NA N N Floor/Building|High Hard
AHU coil fouling J N% % Floor/Building|High Hard
AHU outdoor air intake damper stuck open - ™ ™ Floor/Building|Low Hard
AHU outdoor air intake damper stuck closed NA N N Floor/Building|High Hard
AHU return air damper stuck open N N N Floor/Building|High Hard
AHU return air damper stuck closed - ™ ™ Floor/Building|Low Hard
AHU exhaust air damper stuck open - ™ ™ Floor/Building|Low Hard
AHU exhaust air damper stuck closed N N N Floor/Building|High Hard
AHU supply air temperature bias - MNord |Morl |Floor/Building|Low Hard
AHU return air temperature bias - Mord ™ or{ [|Floor/Building|Low Hard
AHU mixed air temperature bias - Mor ™ or | [|Floor/Building|Low Hard
AHU supply air pressure sensor bias bor- |dor J or I |Floor/Building|High or Low [Hard
AHU other sensors (CO,, RH) bor- |[Lor J or P |Floor/Building|High or Low [Hard
AHU fan efficiency degradation - ™ ™ Floor/Building|Low Hard
AHU fans stuck at constant rate NG Jort™ |JLor |Floor/Building|High or Low |Hard
AHU return fan complete failure - ™ - Floor/Building|Low Hard
AHU supply fan complete failure NE NE NE Floor/Building|High Hard
AHU duct fouling - ™ ™ Floor/Building|Low Hard
AHU duct leakage - ™ ™ Floor/Building|Low Hard
AHU fouling or broken filter - Mord M ord |Floor/Building|Low Hard
AHU min. outdoor airflow setpoint inappropriate |—ord [T or M orl |Floor/Building|Low or High |Soft
AHU max. airflow setpoint inappropriate —ord [Mord M orl |Floor/Building|Low or High |Soft
AHU max. outdoor airflow setpoint inappropriate |— ™ ™ Floor/Building|Low Soft
AHU supply air temperature setpoint too low —ord [Mord M orl |Floor/Building|Low or High |Soft
AHU supply air temperature setpoint too high —ord [Mord M ord |Floor/Building|Low or High |Soft
AHU inappropriate scheduling of fans and coils —ord [TMord M or{ |Floor/Building|Low or High |Soft
Zone VAV reheat or heater valve stuck open N2 ™ T Zone Medium Hard
Zone VAV reheat or heater valve stuck closed N2 J N2 Zone Medium Hard
Zone VAV reheat fouled reheat coil NA N NA Zone Medium Hard
Zone VAV leaky valve - ™ ™ Zone Low Hard
VAV damper stuck NE Mor Mord |Zone Medium Hard
VAV zone indoor temperature sensor bias NE Mor Mord |Zone Medium Hard
VAV discharge air pressure sensor bias —ord [Mord Mord |Zone Low or Med.|Hard
Other sensors (CO,, RH, occupancy, photosensors)|—or |, |1 or { Mord |Zone Low or Med.|Hard
Min. airflow setpoint inappropriate —ord |4 NE Zone Medium Soft
Max. airflow setpoint inappropriate —ord [Mord Mord |Zone Medium Soft
Inappropriate zone temperature setpoint NE Mord Mord |Zone Medium Soft
Inappropriate temperature setback scheduling —ord [Mord Mord |Zone Low or Med.|Soft




designed to have low computational requirements to ensure that they can be deployed inside
commercial building controllers (e.g., cumulative sum method [6, 79]), whereas some others were
designed to be used inside building energy management systems or BAS data archivers (e.g., [99]).
According to Katimapula et al. [54], developing methods that rely on existing control infrastructures,
despite their computational, analytical, sensing-related limitations, is crucial for their use outside of
research. Most of the fault diagnosis methods in the literature rely on pure statistical approaches such
as artificial neural networks, support vector machines, principle component analysis and wavelet
transform, cumulative sums analysis, auto-regressive models with exogenous inputs. Only a few studies
[38, 42, 50, 53, 60, 70, 87, 100] attempted to characterize the BAS data by using the underlying physical
processes through greybox modelling. Predominantly, the diagnoses of faults in the reviewed literature

Table 3: Methods used to diagnose faults in the reviewed literature.

Fault diagnosis methods References

Ordinary least squares [48]

Quantile regression [48]

k-nearest neighbour [43, 48]

Naive Bayes [48]

Classification and regression tree [27, 48]

Random forest [48]

Diagnostic decision trees [41, 43, 54]

Support vector machines [48, 49, 62]

Bayesian belief/diagnostic networks [25, 33, 56,57, 77, 95, 104]
Exponentially weighted moving average [26]

Principal component analysis and clustering [57, 72, 88, 89]

Fuzzy logic rule based [11, 64]

Artificial neural networks [11, 43, 52, 64, 65, 67, 68, 71, 95]
Expert rules [7, 22,42, 46, 47, 51, 66, 90]
Auto-regressive models with exogenous inputs [49, 55]

Active functional testing [58]

Building information or calibrated models [39, 40, 46, 76, 77, 105]
Principle component analysis and wavelet transform [39, 65, 67]

Combined neural networks and subtractive clustering analysis | [59]

Various forms of Kalman filter [20, 60, 87]

Isolation enhanced principle component analysis [61, 86]

Cumulative sums analysis [34, 73, 79]

Fractal correlation dimension analysis [63]

Dempster-Shafer belief theory [31]

Fisher discriminant analysis [35]

Finite state machine sequencing logic [19]

Object-oriented statistical process control [88]

Data-driven component models and residual analysis [38, 42, 50, 53, 100]
Model-based functional testing [36, 37, 106]

Dynamic fuzzy neural networks [3]

Adaptive forgetting through multiple models [55]

Genetic algorithm [70]

were undertaken via a passive approach in which control signals were not generated for commissioning
purposes. Alternative to awaiting a building’s natural operation to provide adequate information, an
active (e.g., curiosity-based) commissioning approach can be adopted for hard-faults [101-103]. As such,



infrequently, AOGC routines can open/close valves and dampers automatically to inspect and to
accelerate the fault diagnoses process.

Fault diagnoses method development inevitably requires a dataset to test the accuracy and
appropriateness of the proposed approach. Table 4 categorizes the datasets used in the reviewed
studies in three groups: (1) datasets with naturally occurring faults; (2) datasets with artificially induced
faults; and (3) datasets created using a simulation tool (e.g., EnergyPlus, TRNSYS). About 70% of the
reviewed papers rely on datasets with artificially induced faults (Group 2 or 3). Several studies share the
same public datasets with artificially induced faults such as the ASHRAE RP 1312 [16]. The handicap of
using artificially induced faults generated by using simulation tools is that errors associated with the
simulation tools’ ability to mimic actual building systems propagate into the datasets in a nebulous way.
The limitations of the artificially-induced datasets created through field or lab experimentation are as
follows:

1) Most of the common building faults are not binary (faulty and normal). For example, a valve or a
damper can be stuck from 0 to 100%; a faulty coil can leak varying amounts of chilled/hot water;
and a sensor’s bias can be very small or very large relative to its full range. The researchers
inevitably make major assumptions by inducing artificial faults at some arbitrary levels during
experimentation.

2) Artificially induced faults do not provide any information about a fault’s occurrence frequency. This
information is important because many diagnostics approaches (e.g., Bayesian belief and decision
networks) rely on a priori probability of observing a fault [25]. In addition, occurrence frequency
information of faults is essential for prognostics applications [4, 5].

The shortcomings of relying on a naturally occurring dataset can be listed as follows:

1) Collecting a dataset with statistically meaningful amount of fault observations is a time-consuming
process. Most of the studies that rely on naturally occurring fault datasets are small case studies
with a few illustrative faults.

2) There is no guarantee that all naturally occurring faults can be captured in the dataset. As a result, it
is hard to distinguish faulty operation data from normal operation data.

Table 4: Type of symptom dataset.

Symptom dataset References

Naturally occurring from field data [25, 31, 34, 37, 38, 44-46, 53, 61, 72,77, 79, 86, 88, 89, 100, 105]

Artificially induced from [26, 28, 30, 31, 35-39, 42, 44, 47, 49, 50, 55-57, 60, 64, 66, 67,

experimental data 71,73, 87, 104]

Artificially induced from simulation [7, 11,19, 32, 40, 41, 43, 46, 52, 54, 57-59, 61-63, 68, 69, 87,
107]




3. Case study

The review of the literature pointed out following research needs: (1) Fault detection has been typically
relying on residual-based approaches which suffers from distinguishing random modelling errors from
systemic deviation due to faults; (2) Fault isolation has been commonly relying on pure-statistical
methods neglecting the potential of assimilating data within the underlying physical processes; (3) Fault
diagnostics methods have been predominantly focussing on physical faults in the AHUs; and faults at the
VAV thermal zones and soft faults in AHUs were addressed only in a few case studies. In this study, we
put forward an inverse greybox modelling-based automated commissioning approach which attempts to
address these research needs by looking at the estimated parameters of a greybox model (in lieu of
residuals) to detect and diagnose operational issues and employing algorithms to train these models so
that they can be used to characterize both soft and hard faults in AHUs and VAVs. Subsection 3.1
presents an overview of the building and the dataset used in this case study. Subsection 3.2 and 3.3
present the inverse modelling results for the AHU and the VAV zones, respectively. In Subsection 3.4, we
discussed the weaknesses of the inverse modelling-based AOGC approach and developed future work
recommendations.

3.1.Building and the dataset

The case study is conducted by using a six months’ worth of BAS dataset archived from a large office
building in Ottawa, Canada. The building’s floor area is 45,123 m”. It was originally built in 1952. The
HVAC equipment and control infrastructures were retrofitted at multiple stages between 2008 and 2012.
The heating and cooling to the building are provided from a central heating and cooling plant serving
steam and chilled water. The building has 14 AHUs that serve either VAV terminal units or perimeter
induction heating units. One of the 14 AHUs was randomly selected in this case study. The selected AHU
serves 32 VAV thermal zones. Of them, 13 are perimeter and 19 are core zones. Figure 1 presents the
distribution of these thermal zones and the floor layout. The floor area is 816 m” — on average one zone
per 25 m”. Exterior window area represents 30% of the total facade area. Sensor and actuator data from
the AHU and VAVs were permanently stored in a commercial data archiver at 30 min timesteps —
accessible through a Web API. Figure 2 presents sensor and actuator data types monitored in this study.
The AHU does not have a heating coil. The heating is provided only to the perimeter zones through
perimeter induction units. The existing control infrastructure was not upgraded — i.e., new sensors were
not added or the existing ones were not calibrated for this study.

3.2.Inverse greybox modelling of the AHU
A schematic of the AHU of the case study is shown in Figure 3. As previously mentioned, it does not have
a heating coil. Its primary purpose is to cool and provide outdoor air to the 32 zones. The sensors
available for inverse modelling are the return, supply, and outdoor air temperatures, and the supply air
pressure. The dampers and the cooling coil valve are actuated to maintain the supply air temperature
setpoints — which varies between 16 and 20°C depending on the return air temperature. Supply air
pressure was measured after the supply fan (variable speed) and it was always under 200 Pa. The supply
fan and the cooling coil valve were scheduled to be available between 6 am and 5 pm on weekdays only.
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Figure 1: The floor layout and the distribution of the thermal zones.
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The objective of the inverse greybox modelling is to derive a mathematical representation of the heat-
mass balance, parameters estimates of which will provide meaningful insights about the way AHU
operates. In this case study, we would like our inverse model to help us understand the outdoor air
fraction and the amount of sensible cooling provided by the cooling coil. A static heat-mass balance for
the AHU can be formulated as follows:

moacairTou + rhrcairTr + Qcc = (moa + mr )CairTs (1)
where m (kg/s) is the air mass flow rate, c,; (J/kg-°C) is the specific heat of air, and T (°C) is the air
temperature. The subscripts oa, r, and s represent outdoor air, return air, and supply air, respectively.

Note that the outdoor air fraction r,, equals M, /(m,,+m,), and thus, eqn. (1) becomes

Q.

Mpq + m, )Cair

foa (Toa —T,)+( =T, —T,. The heat added by the fan to supply air is neglected, because the

temperature rise across a low-pressure fan ATy, is expected to be small relative to the precision of a

. . . AP .
typical commercial-grade temperature sensor (i.e., ATy, =——————=0.3°C for AP <200 Pa [108], Ny, is
CairPairM fan
the fan efficiency).
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Figure 3: A schematic of the AHU.

We are interested in two sets of r., values, one for scheduled operating hours (i.e., between 6 am and 5
pm on weekdays) and one for after-hours. In addition, the supply air mass flow rate (rm +m,)cg; is
assumed proportional to the square-root of the supply air pressure (\/;) (e.g., based on Bernoulli
equation and assuming constant air density [108]). As described in [70], the heat input from the coil Q.
is assumed to have a power-law relationship with the cooling coil valve position S, (0 for closed and
100 for open). The data-driven model became as follows:

(),

Xl(Toa_Tr)"—XZBoptSch(Toa_Tr)+x3—p= s Ir (2)

where Bgusch is @ binary operating hours indicator that takes the value one between 6 am and 5 pm on
weekdays and otherwise zero, and x; to x, are the unknown parameters of the model. The unknown



parameters of the model were solved by using the least-squares method. The model parameters were
solved by partitioning the batch data for different outdoor temperature ranges: below 10°C, between
10°C and 20°C, and above 20°C. In all cases, the estimated parameters did not exhibit a noticeable
variation. Table 5 lists these parameter estimates. Figure 4 illustrates this simple model and its
predictive accuracy. Its predictive accuracy was tested upon a one-week worth of data retained for
validation purposes (not used for model training) and found adequate (R* 0.87).

Table 5: Parameter estimates for the AHU model.

Parameters | Estimate | Standard Error
X1 0.01 0.00
X3 0.04 0.01
X3 -3.67 0.12
Xa 0.68 0.02
(a) (b)
T, -T ~ 35
( o r) X 8 Measured
g o — Predicted |
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Figure 4: An illustration of (a) the static non-linear model for the AHU and (b) its predictive accuracy over a
representative one-week period (R2 is 0.87 on the data retained for the testing purposes).

Note that the estimates for x;+x, represent the mean outdoor air fraction during operating hours and
the estimates for x; represent the mean after-hours outdoor air fraction. During the operating hours, the
outdoor air fraction r,, was estimated about 5%, and during after-hours it was about 1%. Given that
these values remained same for all outdoor temperature levels, it is likely that an economizer was not
programmed or the outdoor air damper stuck at a nearly-closed position. Later during a site-visit, we
confirmed that an economizer was not programmed (i.e., year-around minimum outdoor air supply).
Figure 5 presents an example that illustrates the cooling coil valve remained open, despite the fact that

X,
(Sec)* in Figure

N
4.a with the estimated parameters x; and x, represents the temperature drop across the cooling coil.
When the coil valve is fully open and the fan pressure is 200 Pa, the temperature drop is estimated to be
6°C. With measured maximum airflow rate of 10 m?/s (as received at each thermal zone) and assuming a
constant heat capacity (1000 J/kg-°C) and density (1.2 kg/m?>), the sensible cooling capacity of the coil is
estimated to be 72 kW. By looking at the airflow rate and the pressure measurements, the load duration
curve shown in Figure 6 was developed. The results indicate that the peak cooling loads (i.e., coil valve
100% open) occur only a small fraction of the time. Figure 5 presents an example that illustrates the
stability issues in the supply air temperature control. The coil valve opens to 100% with the start of the
operating schedules at 6 am, and for the rest of the day, the valve only remains at 20 to 40% position.

outdoor air temperature was less than the supply air temperature setpoint. The term x;




Figure 7 presents a dendrogram that clusters the 32 thermal zones’ temperature response in four
groups based on their linear correlation with each other. The mean weekday temperature results for
each zone group shown in Figure 7 show the effect of the control stability issue in the AHU cooling coil
valve on the thermal zones — particularly on the six zones in Group 3. Further analysis with the
estimated model indicates that the peak cooling load can be reduced about 40% with a stable control
loop. In addition, with the use of the estimated model, it is predicted that the presence of an
economizer program can eliminate up to 25% of the cooling loads. Note that both the economizer and
the cooling coil valve control loop upgrades can be undertaken at no capital cost. By knowing the airflow
to each VAV zone, the breakdown of the total cooling load provided in individual zones can be estimated
(see Figure 8). Simply put, the estimated AHU model acts as an approximate source of information for
decision-making about immeasurable/unmeasured quantities by using the data from the existing control
infrastructure — i.e., virtual metering [109]. For example, the results shown in Figure 8 (estimated by
using the AHU inverse model) can help operators benchmark the cooling energy performance of thermal
zones and identify the outliers (e.g., Zones 9, 20, and 18) [110].
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Figure 5: An example that illustrates periods during which the outdoor temperature was lower than the supply air
setpoint and the cooling coil valve was open. The example also illustrates the stability issues with the supply air
temperature control at 6 am in the morning.
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Figure 6: Cooling coil’s load duration curve developed from the estimates of the model.
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Figure 8: Distribution of the cooling energy amongst the thermal zones.

3.3.Inverse greybox modelling of the VAV zones

Figure 9 illustrates the thermal loads affecting the perimeter and core zones of this case study. Cooling
and ventilation to these zones are supplied by the AHU studied in Section 3.2. As previously mentioned,
the heating is supplied through perimeter heating units. The perimeter zones gain heat through
transmitted short-wave radiation from the windows, and exchange heat with outdoors due to air-
infiltration and conduction through the exterior walls. In addition, an unknown amount of heat is
generated due to plug-in equipment use and occupant activities. Unlike the AHU, thermal zones can
have substantial thermal inertia, and thus, they need to be modelled as dynamic models. Following the
inverse greybox model structure developed in [111] for perimeter spaces, a first-order dynamic model is
formulated as follows:

T=T+(Tyq—T)x; +Qux, +B

occX3 (Ts _T)qvavx4 +5radsx5 + (Tcore,m _T)X6 +dw

(3)

T,=T+v

where T (°C) is the indoor temperature, Q. (W/m?) is the horizontal solar irradiance (taken from a local
weather station), B, is a binary occupancy indicator (one on weekdays between 9 and 5 pm, otherwise
Zero), Quay (m?/s) is the VAV discharge airflow rate, S,.qs (zero for closed or one for open) is the state of
the perimeter heater valve state, and Tyem (°C) is the mean temperature of the core zones. In eqgn. (3),
process noise (w) is a standard Wiener process and v is the measurement error. T, (°C) is the measured
indoor temperature. The x; to xs are the unknown parameters of the model. The unknown parameters
X6 and the state T are solved by using an Extended Kalman Filter. In a state-space representation, it is



customary to choose a reasonable measurement error to avoid the process model overfit the
observations — i.e., to slow down the parameter learning rate in recognition of the limited power of
updating parameters with a single measurement. Thus, the measurements were assumed to be
corrupted by an additive Gaussian white noise (v) with standard deviation 0.1°C. This 0.1 value was
selected upon conducting a sensitivity analysis between 0 and 0.5°C.
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Figure 9: An illustration of the thermal loads affecting (a) perimeter and (b) core zones.

When the parameters of these perimeter zone models are estimated, the physical significance of model
can be interpreted as follows: The rate of change in the indoor temperature (1) due to the heat
exchange between indoors and outdoors equals (T,, —T)X; , (2) due to solar gains equals Qy,X; , (3) due
to casual gains equalsB,.X;, (4) due to conditioned airflow from the VAV terminal unit equals
(T; =T)GavX4 , (5) due to the heat added by the perimeter heaters equals S,4sXs, and (6) due to the heat
exchange between the zone and the core zones equals (Tw,e‘m—T)x6. For core zones, the eqn. (3) is
reduced to the following form:

T =T +BogeXs +(Ts = T) Ay Xa + (Tprmtr m =T ) X6 +dw

T,=T+v

(4)

where Tome,m (°C) is the mean temperature of the perimeter zones.
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Figure 10: An illustration of the dynamic model for the (a) perimeter and (b) core thermal zones.

An Extended Kalman Filter was employed recursively to update the unknown parameters. After training
the model with one-month worth of data, the parameter learning process was interrupted at random
instances at every week and the parameters learned up to that point were used to make three-day
ahead offline predictions with the model. For example, the parameters learned until 22™ day were used
to make predictions between 22" and 25™ days. The purpose of this exercise was to assess the
predictive accuracy of the model and the parameter estimation approach. Figure 11 presents an
example of the predictive accuracy of the models in one of the perimeter zones. For each of the 32
zones, the root-mean-squared-error (RMSE) of the model over the three-day offline prediction horizons
ranged between 0.3°C to 0.7°C. This was considered acceptable.
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Figure 11: Illustration of the predictive accuracy of the 1* order dynamic models trained with the Extended Kalman
Filter in a representative thermal zone.

Figure 12 and Figure 13 present the estimated parameter values of the inverse greybox perimeter and
core zone models, respectively. By looking at the parameter x; (the link between indoor and outdoor
temperature difference on indoor temperature), three thermal zones (20, 21, 23) appeared to be a good
candidate for an envelope retrofit (e.g., sealing drafty exterior windows and doors). In two thermal
zones (20, 21), by looking at the parameter x,, the solar gains appeared to play a substantial role in their
temperature response. Relatively high x; values in Zones 3, 8, 15, 20 and 22 can be interpreted as these
zones are exposed to high plug-in equipment loads; whereas relatively low x; value for Zone 26 can be
interpreted as an indication of an unoccupied space. For the estimates of x, (the link between heat
added from VAV units and the indoor temperature) and xs (the link between radiant panel state and the
indoor temperature), only positive values are physically meaningful. The negative x, value detected in
Zone 23 appeared to be an indication of a faulty VAV damper or a pressure sensor. Figure 14 presents a
three-day period during which the detected fault is visible. Note that the pressure sensor of the VAV
unit 23 read non-zero values prior to the start of the supply fan at 6 am. With the start of the supply fan,
the pressure sensor reading increased, albeit by about 30% only. On two of the three days, with the
shutdown of the supply fan at 5 pm, the pressure reading fell to zero for about 30 min. Then, it



increased despite the fact that the damper position did not change and the supply fan was turned off.
Later during a site visit, the problems related with this VAV unit were realized to be intermittent such
that the symptoms shown in Figure 14 were visible only a fraction of the time — and as a result they
were not detected by the operator. Very small x, values shown in Zones 28, 31, and 32 appeared to be
an indication of a VAV unit’s inability to change indoor temperature as the damper stuck at a nearly
closed position. However, we were not able to confirm these VAV issues, because the permissions of the
tenants using these spaces were not granted. In a similar fashion, the negative xs; values (the link
between radiant panel state and the indoor temperature) can be interpreted as an indication of a faulty
perimeter heater valve. During the site visit, we were able to verify only one of the perimeter heater
issues —again due to limited access to the monitored spaces.
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Figure 12: Parameter estimates for the models in perimeter zones. The hatched bars (in red) represent parameters
indicating a fault or an envelope issues.
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3.4.Unresolved issues
The case study is merely intended to introduce and demonstrate the capabilities of inverse greybox
modelling-based AOGC approaches. Although the results were promising, because the case study was



not carried out with a comprehensive and verified fault-symptom dataset, the readers should be
precautious while extrapolating the results to other use cases. We listed some of these unresolved

issues as future work recommendations:

1)

Table 6 lists the sub-systems in a typical VAV-AHU configuration, and it illustrates the relationships
between the parameters of the inverse greybox AHU and VAV models and these subsystems. Based
on these relationships, we were able to identify several issues in the AHU and VAVs; and some of
them were verified during a site visit. However, comprehensive fault-symptom datasets are needed
to establish cause-effect relationships between model parameters and common building faults.
Even then, it is unsure whether or not the method can diagnose multiple faults affecting the model
parameters simultaneously.

The method cannot identify issues in AHU on/off and VAV zone temperature setback schedules and
zone temperature setpoints. These require inputs from occupancy schedules and occupants’
temperature preferences. We need zone and AHU level occupancy sensing to improve scheduling
decisions; and we may use thermostat keypress data as a proxy for the users’ temperature
preferences [20].

The AHU and VAV inverse models used in this case study are merely two examples. Different inverse
models that can better assimilate BAS data within the physics of the heat and mass transfer problem
in building components should be examined. The sensor data types needed to train these models,
and the right level of model complexity should be studied. New inverse greybox models should be
tailored such that their parameters become easy to communicate with domain experts.

While training the AHU model, as it was a static model, we employed the least-squares method to
estimate the parameters. For the VAV zone models, as they were dynamic models, we employed the
Extended Kalman Filter for parameter estimation. Although these decisions were based on the
literature [111, 112], there are numerous alternatives such as the Unscented and Ensemble Kalman
Filters and the Particle Filters [113]. We should explore to find out the parameter estimation
methods best suited for inverse models used in AOGC.

Fault prioritization was not studied in this case study. Future work should consider how detected
faults can be prioritized (e.g., in terms of their impact on comfort, energy use, peak loads, operating
costs).

Table 6: Sub-systems in a typical VAV-AHU configuration, and the relationship between the inverse greybox model
parameters of the AHU (Section 3.2) and the VAV zones (Section 3.3) and the performance of these sub-systems.

Systems Examples from the case study AHU Model VAV Model
X1 | X2 [X3 |Xa |X1 [X2 |X3 |Xa | X5 |Xe
AHU coil Improper valve tuning Vars
AHU dampers Improper max. outdoor airflow rate| v | vV
AHU fan, filters, ductwork — V|V
AHU sensors — ararars
VAV zone perimeter heaters|Valves stuck closed v
VAV terminal unit Faulty pressure sensor v
VAV zone temp. sensor — VAR AV AT AYArA




4. Conclusions and future work

Automated on-going commissioning represents great potential to reduce operating costs, and enhance
energy efficiency and comfort in buildings with connected and distributed sensor networks. In the past
20 years, a substantial research effort has been devoted into creating methodologies to diagnose
operational issues from existing sensor networks. In this paper, we conducted a critical review of the
literature on automated on-going commissioning approaches for air-handling units and variable air
volume terminal units.

The fault detection methods have been typically built upon comparing the discrepancy between the
expected and real performance of a system (i.e., residuals). The expected performance indicators are
determined through expert rules or physics or data-driven models. The challenge of relying on residual-
based fault detection methods is distinguishing random errors from systemic performance deviations
due to faults.

The literature on fault isolation was vastly fragmented. About 80 studies reviewed in this paper
employed more than 30 different fault isolation approaches. These approaches have been commonly
developed as pure-statistical methods neglecting the potential of assimilating the data within the
underlying physical processes.

About one-third of the reviewed studies rely on datasets generated from simulation tools such as
EnergyPlus and TRNSYS to test the validity of their approaches. The handicap of using artificially induced
faults using simulation tools is that errors associated with the simulation tools’ ability to mimic actual
building systems propagate into the datasets in a nebulous way. More than one-third of the reviewed
studies rely on artificially-induced fault datasets through field or lab experimentation, and the rest used
datasets with naturally occurring faults. For standardized testing of the on-going commissioning tools,
artificially-induced fault datasets through field or lab experimentation can be favourable (e.g., ASHRAE
RP 1312 datasets for AHUs). However, such datasets, particularly for VAV terminal units, are scarce in
the reviewed literature.

Fault diagnostics methods in the reviewed literature have been predominantly focussing on physical
faults in the AHUs; and faults at the VAV thermal zones and soft faults in AHUs were addressed only in a
few case studies. Here, we argue that the faults associated with VAV thermal zones are less visible than
AHU faults. This is because they tend to affect fewer occupants, and providing traditional on-going
commissioning services to occupied VAV zones can be more invasive and challenging than AHUs which
are typically located in mechanical rooms. In addition, considering the sheer volume of sensors and
actuators in thermal zones, it is expected to be much costlier and more labour-intensive to conduct
traditional on-going commissioning at the zone level than at the system level. Therefore, automated on-
going commissioning research efforts should be directed towards diagnosing both soft and hard faults at
the zone level.

In an effort to address some of the gaps identified in the literature, we put forward an inverse greybox
modelling-based automated commissioning approach. This approach looks at the estimated parameters
of the greybox models of an AHU and VAV thermal zones (in lieu of residuals) to detect and diagnose



both hard and soft faults. By using a dataset from an AHU and 32 VAV thermal zones in a large office
building, we demonstrated the strengths and weaknesses of this approach. Several hard and soft faults
were identified, and through a later site visit, the presence of some of these faults was verified. Future
work recommendations were developed.
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