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ABSTRACT

Residential heating, ventilation, and air conditioning (HVAC) equipment maintains the indoor
environment with appropriate temperature and humidity levels. Meanwhile, it accounts for 51.3%
of annual energy use and 40.1% of annual energy expenditures in the residential buildings in the
U.S. However, residential HVAC systems often suffer from installation faults and operational faults
leading to degradation in system capacity or even complete breakdowns, causing extra energy con-
sumption and occupant discomfort. Fault detection and diagnosis (FDD) methods assist in identi-
fying specific system faults, predicting gradual degradation and prompting necessary maintenance.
Though plenty of researches have been conducted to develop FDD methods for commercial HVAC
systems, relatively few researches focus on residential systems, mainly because FDD requires in-
stallation of additional sensors on each HVAC equipment, which is not cost-effective for the mass-
produced residential systems.

This research fills this gap by developing statistics-based FDD methods to identify faults and
monitor behavior changes simultaneously from a large number of residential HVAC systems us-
ing smart thermostat data. Two main approaches for fault detection and preliminary diagnosis are
proposed in this research, namely: comparing operational features between multiple systems and
monitoring the changes of operational features within each system. Following the idea of each ap-
proach, a few useful FDD algorithms are developed, including the setpoint tracking failure detector,
inadequate capacity detector, control problem detector, and degradation trend detector. Addition-
ally, the research provides general preprocessing procedures for the smart thermostat data, which
could be applied to all fault detectors. The preprocessing procedures ensure the data is clean and
critical features are extracted that representative of the operational conditions of each system.

The main body of this thesis presents each of the proposed detector. The setpoint tracking
failure detector identifies degraded systems that cannot effectively regulate the indoor temperature
around the desired setpoints. The inadequate capacity detector identifies systems with much lower

cooling/heating capacity compared to other systems in the similar climate region, and in majority
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of the time the degradation of system capacity is imperceptible for home occupants. The control
problem detector identifies systems with abnormally high cycle frequency and setpoint error in a
large population, which is usually caused by control faults. Lastly, the degradation trend detector
is able to detect slow system capacity degradation over time and quantify the magnitude of the
degradation.

Finally, the author proposes a few future research directions of FDD for residential HVAC
systems. Possible research directions include (1) improving the performance of fault detectors
through verified in situ faulty systems, (2) developing deep learning models such as the recurrent
neural network and the Siamese network, and (3) incorporating additional features from limited

numbers of low-cost sensors.
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1. INTRODUCTION

1.1 Background and Motivation

Residential Heating, Ventilation, and Air Conditioning (HVAC) systems have gradually be-
come indispensable to install for residents, because it maintains the indoor environment with
appropriate temperature and humidity levels. In 2009, 87% of households in the U.S. own air
conditioning systems, which is a 31% increase compared to the year of 1978, and 99% of house-
holds own space heating devices [8]. Meanwhile, HVAC systems account for a large share of the
residential households’ total energy consumption. According to the U.S. Energy Information Ad-
ministration (EIA) report in 2015 [1], the total household site end-use energy consumption in the
U.S.is 3,671 TWh (319.34 billion dollars) each year. Figure 1.1 shows the percentage breakdown
of the energy usage and expenditures. For a typical home, on average space heating consumes
43.3% of total energy and 27.7% of energy expenditures, and air conditioning consumes 8.0% of

total energy and 12.4% of energy expenditures.
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(a) Breakdown of energy usage (in TWh).  (b) Breakdown of expenditures (in $).

Figure 1.1: Percentage breakdowns of residential total annual energy usage [1].



Although a large portion of household energy consumption and expenditures are devoted to
space heating and air conditioning, often the energy is not used efficiently. Due to operational faults
that may occur, residential systems on average function at least 17% below their rated efficiencies
[9], causing unnecessary energy expenditures. [10] shows that, by fixing installation issues of
residential HVAC systems including indoor airflow rate and refrigerant charge, 20.7 TWh per year
(2.5 billion dollars) can be saved. Note that this situation is similar for commercial buildings. For
example, [11] states that faulty systems waste an estimated 15% to 30% of energy.

Predictive and preventative maintenance through fault detection and diagnosis (FDD) plays an
important role for systems to achieve the optimal operating efficiency and be fault-free. FDD en-
sures the systems are properly commissioned, and is able to identify specific operational problems,
predict gradual degradation, prompt necessary maintenance, and reduce the time required to diag-
nose and repair systems. In this way, residential homes have lower energy bills every month and
residents enjoy improved comfort.

Additionally, manufacturers, service companies, and the society benefit from FDD as well.
Manufacturers establish a brand image for reliability and efficiency. Service companies gain cus-
tomer loyalty by anticipating equipment problems and repairing them quickly and correctly. The

society has reduced energy consumption and the corresponding emissions.
1.1.1 Classification and Processes of FDD Methods for Building Energy Systems

General FDD methods for building energy systems are classified into three categories by [2]:
quantitative model-based, qualitative model-based, and process history-based (Figure 1.2). Similar
classifications can also be found in review articles [12, 13]. Although sometimes the boundaries
between these three categories can be blurred, generally quantitative and qualitative model-based
methods is based on a priori knowledge and the models are built on first principles. In contrast,
process history-based methods rely on historical data for training, testing, and analysis, and can be
further classified into black-box models and grey-box models. The black-box models are driven
completely empirically by process data, while the grey-box models require both first principles to

build the mathematical form of terms and the process data to determine parameters.
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Figure 1.2: Classification of FDD methods for building energy systems [2].
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Similar to the above review article, [14] classifies the FDD methods for building energy sys-
tems into data driven-based and knowledge driven-based. The data driven-based methods are the
techniques used in this project for smart thermostat data. They detect faults through finding pat-
terns of the extracted features automatically from historical data, similar to the definition of process
history-based methods. The authors of [14, 15] reviewed the artificial intelligence (AI) methods
from 1998 to 2018, which includes all data driven-based methods and a partial of knowledge
driven-based methods. The data driven-based methods are abundant, accounting for 79% of the

publications. The authors categorized the data driven-based methods into three groups:

* Classification-based methods such as support vector machine and artificial neural network,
which are used when both faulty and fault-free data with true labels are available. These
methods first train a model to classify operational data into a normal group and several fault
groups (there are also one-class classification-based methods that only identify data in one

group), and then apply the trained model to the monitored building energy system.

* Unsupervised learning-based methods such as principle component analysis (PCA), clus-
tering methods, and association rule-based methods, which are used when true labels are
not available. These methods recognize the patterns in both faulty and fault-free conditions

directly from the unlabeled data and may need domain expertise for further diagnosis.



* Regression-based methods such as linear regression, artificial neural network, and support
vector regression, which can be used when only fault-free data is available. These methods
first build benchmark models using fault-free data, and then in application they compare the
residuals between the monitored operational feature values and the values calculated from

the benchmark models to determine whether a fault exists.

The author of [3] reviewed 197 publications until 2016, and found that process history-based
methods are abundant as well. In total 62% of the FDD studies are process history-based methods
(data driven-based methods), and in particular the black-box models account for 72% among all
process history-based methods, which has become the most common technique. [3] also counted
the applications of FDD methods on building energy systems. Shown in Figure 1.3, most pub-
lished FDD methods for HVAC systems focus on large commercial systems. Approximately 42%
of FDD methods are developed for variable air volume air handling units (VAV-AHUs), 17% de-
veloped for chillers and cooling towers, and 12% developed for overall buildings. Only about 16%
of FDD studies are associated with air conditioners and heat pumps in small commercial and res-
idential buildings, but the majority still focuses on rooftop packaged units (RTU). Research effort

on residential HVAC systems is insufficient.

Chillers,
Cooling
Towers
17%
Air Conditioners,
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Others

13%

Figure 1.3: Applications of FDD methods on building energy systems [3].



[16] reviewed the FDD methods for residential air conditioning systems. In particular, the
author summarizes the general FDD processes using data-driven and knowledge-driven models for

air conditioning systems, which consists of the following five sequential steps:

1. Features are extracted from the measured data. A feature could be directly measured, or
derived from the difference between measurement and models. For example, the superheat
is a feature directly measured from temperature and pressure sensors, and the residual be-
tween measured superheat and modeled fault-free superheat is a feature derived from the

differences.

2. A steady state detector is applied and steady-state operational data is obtained. This is be-

cause most FDD models are developed for steady-state operating conditions.

3. Fault-free FDD models are established to estimate the data features when the system has
no fault. The model can be either data driven-based or knowledge driven-based, and the

fault-free feature values are often used to calculate the residual.

4. A fault detection classifier is applied to label faulty data. For example, a common classifier

could be a simple threshold on residuals.

5. A fault diagnosis classifier is applied to further classify the detected faults into several cat-
egories. Note that sometimes detection and diagnosis could be combined to a single step if

features are decoupled such that each of them corresponds to a specific fault.

Similarly, [12, 13] summarized the general FDD procedures for building energy systems as
data preprocessing (e.g. data cleansing), feature extraction, fault detection, and fault diagnosis.
The majority of publications focus on the fault detection and diagnosis methods, but often fail to

mention the preprocessing procedures that are also critical.
1.1.2 FDD Opportunities on Residential HVAC Systems Using Thermostat Data

Although FDD-related researches on building energy systems are increasing rapidly, relatively

few published research efforts have been focused on residential split systems, mainly because FDD
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generally requires installation of additional sensors on the equipment [17]. For mass-produced
residential units with small profit margins, adopting additional sensors may not be cost-effective.
Therefore, researchers have tried to perform FDD with limited sensor information to lower the
cost. For example, [18] developed an FDD method and obtain key operating parameters such as
airflow rate, cooling capacity, system efficiency, and refrigerant mass flow by only five temperature
sensors, one humidity sensor and one current sensor all installed on the indoor unit. [19] detected
the refrigerant leakage problem only using five temperature sensors installed on the air side and
the heat exchangers.

An alternative data source for analysis and diagnostics in residential HVAC systems is from
smart thermostats. In recent years, smart thermostats have been widely adopted by home owners,
because they offer remote control and monitoring options (e.g. via smart phones), include learn-
ing algorithms to improve occupant comfort, and provide feedback to users regarding energy use.
Meanwhile, the huge amount of data recorded by smart thermostats provides distinctive opportu-
nities for FDD approaches, or even promotes a potential paradigm shift.

Process history-based (or data driven-based) models are especially suitable for the large-scale
smart thermostat data analysis. Figure 1.4 illustrates the whole process of fault detection and
diagnosis using thermostat data [4]. Smart thermostats in every residential home continuously
record and upload real-time data to a server, forming an extensive database on the cloud. Then
on a remote platform, the FDD methods process the data by extracting useful features and using
statistical methods or artificial intelligence methods for comparative analysis. Next, systems with
detected faults are ordered based on the severity of faults. Dealers and customers can be notified of
faulty systems, and service technicians can be dispatched to repair systems based on priority and
with a preliminary diagnosis in hand. By this means, anomalous systems are identified quickly by
FDD algorithms and serviced to maintain occupant comfort and energy efficiency.

Generally, a smart thermostat database can store configuration parameters and operating data of
thousands of residential HVAC systems. In this project, one cloud-based smart thermostat database

is provided by the Trane Technologies Inc. Until April 2021, the database stores the data of approx-
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Figure 1.4: General process of fault detection and diagnosis with smart thermostat thermostat data

[4].

imately 560,000 systems, and it is ever-expanding because the Trane Technologies is continuously
adding more systems. The essential configuration parameters for each device include indoor and
outdoor unit types, unit stages, and device locations. The essential operating parameters for each
device include the indoor temperature, cooling/heating temperature setpoints, heating/cooling op-
erating stages, and the outdoor temperature obtained from a third party. Table 1.1 shows a full list
of useful configuration parameters and operating parameters.

System repair and maintenance ensures systems to operate normally. In the warranty claim
database from the Trane Technologies, in total 39,967 repair claims from 22,245 systems are re-
ported from 2015-01-01 to 2020-03-31. Note that the warranty claim data does not include re-
frigerant recharge records. Figure 1.5 classifies the reported faults into four main categories and

an unknown group (i.e. no fault description). The most common type of fault comes from the



Table 1.1: List of useful parameters in the smart thermostat database provided by the Trane Tech-
nologies.

Configuration | Device identity, Outdoor unit type*, Outdoor unit tonnage*, Outdoor unit

parameters | stages*, Indoor unit type**, Indoor unit stages**, Indoor blower type**,
Air-conditioned zone count, Customer state, Customer zip code, Dealer
name.

Operating Cooling/Heating setpoint, Humidity cooling/heating setpoint,
parameters | Indoor/Outdoor relative humidity, Indoor/Outdoor temperature, Fan onf,
Airflow percentage'™, Outdoor cooling stage, Outdoor heating stage’,
Delivered percent speed’t, Indoor heating stage', Delivered modulation
percentage”.

* The outdoor unit refers to the compressor, heat exchanger, and compressor fan that
located outside of the house.

** The indoor unit refers to the heat exchanger, expansion valve, indoor fan, and electri-
cal/gas furnace/hydronic heating equipment that located inside of the house.

T This parameter is for non-variable speed equipment.

1t This parameter is for variable speed equipment.

electrical failures, then from the mechanical failures and pipe leaks. Compared to the electrical
failures which cause sudden system breakdowns, researchers are more interested in the mechani-
cal faults and pipe leaks, because they are difficult to detect, usually remain intact for a long period
of time imperceptible to occupants, but often have signs that are detectable before complete system
breakdowns.

However, FDD using smart thermostat data is still a relatively new field of research, and ana-
lyzing data for thousands of systems simultaneously is also challenging. Aiming to fill this gap,
this study researches into possible solutions for using smart thermostat data in fault detection and
diagnosis of residential HVAC systems.

The next section reviews the FDD-related research using thermostat data. Because relatively
few studies in this area are published, the section will detail each method, and also include some

process history-based models for purposes other than fault detection.
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Figure 1.5: Type of faults reported for residential HVAC systems in the Trane warranty claim
database.

1.1.3 FDD-related Research Using Thermostat Data

Although a lot of FDD methods have been proposed in recent years, only a few studies using
thermostat data for FDD of residential HVAC systems are found in the literature. Most of them are
process history-based with statistics models applied. In practical applications, these methods have
the advantage of no need to install additional sensors.

AutoRegressive (AR) models and AutoRegressive Moving Average (ARMA) models are com-
mon process history-based approaches to fault detection using thermostat data. The models are
often used to predict the indoor temperature using its own previous observations as well as other
covariates such as the outdoor temperature and the status of HVAC systems. [20] developed an
AR model for refrigerant leakage detection of refrigeration units in retail outlets, and leakage was
flagged when the measured room temperature went beyond the estimated decision boundary ob-
tained by the AR model for consecutively 36 hours. The author also mentioned that the flagged
fault could help detect other issues in the refrigeration system beyond refrigerant leakage. In the

AR and ARMA models developed by [21], the coefficients obtained by the recursive least-squares



estimator are compared between fault conditions and normal operating conditions, and change in
coefficients is observed in fault conditions. Although this study investigates into both hard faults
(e.g., total system failure) and soft faults (e.g., control malfunction, ventilation fan blockage), the
developed models are only validated by simulated faults.

However, AR and ARMA models have drawbacks for FDD when generalizing to thousands of
HVAC systems. Thermostat data retrieved from a fraction of systems may not have a satisfying
fitting results due to several reasons. For example, the existence of occupant behavior is difficult
to predict and can strongly affect the accuracy of the fitted models. Also, all kinds of time-series
models need fault-free data of each particular residential home for training. However, fault-free
data is often hard to collect without in situ testings to validate.

Except fault detection, AR models are also found in occupant behavior analysis. [22] developed
an AR model aimed at calculating the percentage reduction in heating costs when the heating
temperature setpoint is decreased or timer settings are changed, in order to provide personalized
home heating advice to households.

Other process history-based thermostat data analysis includes [23, 24, 25], which focus on oc-
cupant behavior, and [26], which focuses on system runtimes. [23] used discrete-time and discrete-
event Markov logistic regression models to relate probability of a setpoint change to the indoor
temperature, outdoor temperature and relative humidity. The data is collected in two office build-
ings, and the regression model as well as other statistics provides suggestions on proper setpoint
adjustments in the buildings during all seasons. [24] performed a statistical analysis on thousands
of thermostats, investigating into 1) thermostat behavior changes based on seasonal variation, cli-
mate zones and utility pricing, and 2) discernible user types in thermostat operation. [25] studied
the energy consequences of setting programmatic smart thermostat schedules but with frequent
manual overrides. The author concluded that frequent manual overrides do not lead to poor energy
performance for most residential HVAC systems, and are not as detrimental as commonly believed.

[26] performed runtime estimations on over 7,000 systems and concluded that runtimes can vary
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considerably between homes resulting from covariates besides climate, such as system sizing and
user operation.

Although most analyses are process history-based, physics-based methods can be found as
well. As an example, [27] used simple physical relationships to estimate the characteristics of
a house, namely thermal resistance (RR), thermal capacity (C'), and thermal constants (RC'). By
comparing these features between homes, homeowners would be aware of the insulation level of
their houses and whether the insulation should be improved.

Among all these studies, [23, 24, 26, 27] conducted multiple comparisons between systems us-
ing features extracted from history data records. Still, they focused on either identifying inefficient
home construction or analyzing occupant behavior, rather than trying to detect mechanical faults
of HVAC systems. Only [20, 21] proposed fault detection methods using thermostat data, but still
the former one focused on refrigeration units and the latter one lacked field data validation.

One reason for the limited researches on thermostat data is that large thermostat datasets are
not easily accessible to many researchers. Notice that [24, 26] used the cloud-based large scale
‘Donate Your Data’ dataset provided by the thermostat manufacturer Ecobee Inc., while the rest of
them used relatively small scale datasets. As the ‘Donate Your Data’ dataset having been released
to various research partners including academic labs, non-government organizations and research
institutes, we believe plenty of other studies on FDD using thermostat data will be available in the

next few years.
1.2 Outline of the Dissertation

So far, this introduction first presented the motivations behind developing fault detection and
diagnosis (FDD) methods for building energy systems. Then, in Section 1.1.1 the categories and
processes of FDD methods used in relevant researches for building energy systems are discussed.
As to FDD methods developed for residential HVAC systems, Section 1.1.2 discussed the obstacles
for using data collected from installed additional sensors, and proposed to use smart thermostat
as an alternative data source. Based on this new idea, Section 1.1.2 then briefly introduced the

cloud-based smart thermostat database being analyzed in this project. After that, Section 1.1.3
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conducted a full literature view of the FDD-related research using thermostat data. Currently,
large-scale thermostat data analysis for fault detection and diagnosis of residential HVAC systems
is insufficient and deserves further studies. This dissertation will discuss the effective methods for
thermostat data analysis and detail the developed FDD algorithms in this project.

The second chapter summarizes all of the contributions. It first presents the fundamental ideas
in this study to perform fault detection and diagnosis. Then, the chapter discussed data selection,
preprocessing, and each statistics-based fault detector. In total five fault detectors have been de-
veloped in this whole project, and four of them are major research products for the author. These
four fault detectors will be presented from Chapter 3 to Chapter 7. Each of the five chapter is one
research article, and the synopsis of each article is presented at the first section of each chapter.
Finally, the last chapter will summarize the main contributions of this research and discuss possible

directions for future work.
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2. SUMMARY OF CONTRIBUTIONS

This chapter summarizes the contribution from the six papers (Papers A to E) included in this
dissertation. These papers propose a few practical fault detection and diagnosis (FDD) methods for
residential air conditioning systems. Paper A is published, Paper B, C and D are under review, and
Paper E will be submitted to appropriate journals soon after. This chapter is organized as follows.
First of all, two fundamental ideas in the field of thermostat data fault detection and diagnosis are
introduced, namely multi-system feature comparison and single-system change detection. Then, a
few recommendations for data selection considering climate zones, time period, quantity and type
of systems are discussed. Next, the general approaches to preprocess selected data are presented,
including data cleansing, mode labeling, and feature extraction, etc. After the preprocessing pro-
cedures, only clean and useful data is left, so in the following step FDD methods can be applied
effectively. In total four statistics-based FDD methods are developed in this study, and the remain-
der of this chapter discusses their algorithms and the detectable types of faults. Note that case
studies and validation of each method through real faulty systems are not included in this chapter,

but readers can refer to the respective papers for details.
2.1 Fundamental Ideas of Performing FDD with Smart Thermostat Data

As described in the first chapter, the attributes of smart thermostat data is different from data
collected from installed sensors on the equipment mainly in three aspects: (1) the smart thermostats
only record limited information such as indoor/outdoor temperature, temperature setpoint, and
heating/cooling operational mode, while the sensor data includes specific temperature, pressure,
and volume flow rate information in the vapor compression cycle that can be used to calculate more
important operational features (e.g., cooling capacity, coefficient of performance); (2) since smart
thermostats are connected to the online server and upload data continuously, the server can receive

huge amount of data from a large number of HVAC systems for analysis, while the sensor data are
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often collected from one single system; (3) true labels of thermostat data is often unavailable, while
the sensor data in faulty conditions can be obtained by manually imposing faults on the equipment.

Based on the above pros and cons of thermostat data compared with the sensor data, the pro-
cedures of traditional FDD methods discussed in Section 1.1 are difficult to apply to thermostat
data. Therefore, some new research ideas that are able to analyze big data meanwhile avoiding the
needs of true labels and detailed sensor data are required. This study proposes two basic principles
suitable for thermostat data, which are multi-system feature comparison and single-system change
detection. All of the fault detectors developed in this study follow one of the two approaches. The
most important characteristic of these two approaches is that, because true labels are unknown,
they try to detect faults through finding anomalous operational behaviors. Shown in Table 2.1,
the anomalous behaviors that closely related to faults are identified by domain expertise, and each
operational behavior is characterized by features extracted only from the thermostat data. In this
way, each type of faults can be quantified by corresponding features. Although real faulty systems
may not exhibit any abnormal behavior, systems exhibiting abnormal behaviors are likely to be
faulty. That is to say, these two approaches flag systems that have high possibility to be faulty, but

unfortunately not all faulty systems can be detected.

Table 2.1: Examples of abnormal behaviors associated with faults and examples of features char-
acterizing the behaviors.

Fault type Abnormal behaviors Possible features

High setpoint error Setpoint error
Control faults

High compressor cycle frequency Cycle frequency

Frequent setpoint tracking failures Severity of tracking failures

Inadequate Capacity

High duty cycle Duty cycle
. Continual degradation of Change of duty cycle
Refrigerant Leakage . .
heating/cooling performance Change of daily operating hours
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Multi-system feature comparison takes advantages of the accessibility of thermostat data from
a large number of residential systems. The FDD methods following this idea can be categorized
to unsupervised outlier analysis. In this approach, most systems are assumed to be operating
normally and are fault-free. Devices in the same group are compared with each other by using
features. Common behaviors occurring among the majority of systems are considered as normal
behaviors, but otherwise a few abnormal behaviors are associated with faulty behaviors. The sys-
tems exhibiting these abnormal behaviors in operation are labeled as faulty. Detectors following
the idea of multi-system feature comparison are represented in Subsection 2.4.1 and 2.4.2. It can

be summarized to five steps:

1. Researchers are supposed to select a large group of systems with the same unit type and
operating under similar climate conditions. This step is called data selection, and will be

detailed in Section 2.2.

2. From each system, crucial features that can characterize the system operational behavior are
extracted. Examples include the setpoint error, cycle frequency, duty cycle shown in Table
2.1. Each individual feature can be treated as a univariate, and their combinations can be

treated as multivariate.

3. The statistical distribution of each univariate and multivariate is generated using the feature
values from all systems. The distributions of these features represent their frequency of

occurrence in this large group of systems.

4. From the statistical distributions, the abnormal behaviors that related to faults are identified.
To place a definite boundary between the faulty and fault-free behaviors, a pre-specified
threshold should be provided. This study recommends to use a relatively low pre-specified
threshold (e.g., top 1% of the univariate values are most likely to be related to faults) to avoid

falsely labeling normal systems to be faulty.

5. Finally, systems identified with different faulty behaviors are classified as faulty. The faulty

behaviors can also provide a preliminary diagnosis of the specific type of faults.
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In contrast, single-system change detection takes advantages of the long historical records of
thermostat data. The current performance of a system is compared with its own performance be-
fore. If degradation of performance is detected, then the system will be flagged as faulty. Because
the system performance is characterized by features, generally statistical tests are required to study
the variations of feature values. Detectors that follow this idea are represented in Subsection 2.4.3

as well as literature [28]. The general processes are as follows:

1. Same as the multi-system feature comparison, the first step is data selection. But since
this approach only processes one system each time and does not consider the relationships

between systems, researchers can select systems in arbitrary numbers and types.

2. Features that can characterize the change of system performance are extracted. Examples

include the daily cooling effort and the steady-state cooling effort shown in Table 2.1.

3. Statistical tests are performed to detect whether the extracted features have changes or trends
considering all covariates that have correlation with the extracted features. The detected

changes or trends often indicate gradual capacity degradation caused by refrigerant leakage.

Figure 2.1 shows the whole FDD process of the above two approaches, including data selection,
data preprocessing, and applying statistics-based FDD methods. Data selection is discussed in
Section 2.2, and the retrieved data being used to exemplify the methodology of each detector can
be found in Paper A, B, D, and E respectively. Data preprocessing is summarized in Section
2.3. It mainly consists of three steps, including data cleansing, partitioning and classification,
and feature extraction. Section 4.3.2 in Paper B details a rule-based filter that is able to cleanse
anomalous data due to communication and sensor integrity issues. Previous work by Rogers et al.
[6] presents a mode labeling algorithm to partition and classify the raw thermostat data into five
behavioral modes, such that more useful features can be extracted. The specific features applied
in each detector are detailed in Paper A, B, D, and E respectively. Finally, statistics-based FDD
methods using the idea of multi-system feature comparison and single-system change detection

are presented in Section 2.4.
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Figure 2.1: Flowchart of the whole FDD process.

2.2 Recommendations for Data Selection

This section provides some recommendations to retrieve data from the database before per-
forming analysis. As mentioned in the above section, selecting appropriate data for analysis is
crucial in the multi-system feature comparison methods, but not important in the single-system
change detection. This is because in the multi-system feature comparison methods, features are
compared between a large group of systems instead of within systems, so systems in the group
must share enough similarity and be comparable. Generally, three aspects are considered to ensure
the comparability, namely: climate zones, time periods, and system configurations. Some details
can also be found in Section 3.2 of Paper A and Section 4.3.1 of Paper B.

First, systems should be selected within similar climate zones because the local climate and
house size determines the size of a system. Figure 2.2 shows the International Energy Conversion
Code climate regions and moisture regimes [5]. The climates in the U.S. are classified to seven

zones and three moisture regimes. Comparing the performance of systems between two much
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different climate zones will lead to wrong conclusions. For example, the air-conditioning systems
installed in Zone 2A generally have larger rated capacity compared to the systems installed in
Zone 7A for houses with similar sizes, because the summer season in Zone 7A is much cooler
and shorter than in Zone 2A. Thus, when systems between these two climate zones are compared
together, the systems with smaller capacity in Zone 7A tend to work much harder at the same
ambient conditions and therefore seem undersized. However, this conclusion is wrong because in

Zone 7A comfort can be adequately maintained with smaller capacity systems.

Dry (B) My Moist (A) >
Marine (C)
S i —
e Climate Zone
III { . = ]
m-=2
m=3
Warm-Humid 4
Below White Line =5
Wm=6
All of Alaska is in Zone 7 except for 2 =7
the following boroughs which are in

Zone 8: Bethel, Dellingham, Fairbanks
N. Star, Nome, North Slope, Northwest
Arctic, Southest Fairbanks, Wade
Hampton, Yukon-Koyukuk

Zone 1includes Hawaii,
Guam, Puerto Rico, and 1
the Virgin Islands

Figure 2.2: International Energy Conservation Code climate zones and moisture regimes [5]. Cli-
mate zones: 1-7 in different colors. Moisture regimes: marine, dry, and moist from west to east.

Second, the appropriate time scale needs to be determined. Using only one or two weeks of
data can be computationally inexpensive, but has significant drawbacks because it generally will
not accurately capture the full range of ambient conditions. Additionally, during short periods
the statistical analysis is liable to be affected by some irrelevant covariates. For example, if an

occupant left a window open, the air conditioner may seem not to be working properly. These
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types of occupant or behavioral faults are not the primary focus of this paper, and their effects
can be lessened using data from a relatively long time period. Shorter time periods may also
limit the amount of useful data for analysis (e.g. a two-week period where the system operates
infrequently). Conversely, time periods exceeding one year may also not be appropriate, as the
operating condition of a system may have changed significantly due to degradation or repairs. A
time window lasting for around one season (i.e. three months) is preferred in this research, since
the data is abundant for analysis, and meanwhile the weather usually does not change too much
within one season. If cooling units are analyzed, then the summer season will be the best choice;
if heating units are analyzed, then the winter season will be the best choice; if the home thermal
characteristics are analyzed, then the spring and fall seasons when the cooling/heating units are off
in the majority of time will be good choices.

Third, the database contains air conditioning systems with plenty of different configurations.
For example, the compressors of heat pumps can be single-stage, dual-stage and variable-speeds.
Also, the electrical and gas furnace heating units can have from one to three stages, or even mod-
ulating between zero and full capacity. Because the operational behaviors and many data features
depend on system type (e.g. on/off cycle frequency), each system configuration should be ana-
lyzed independently. This dissertation focuses on single-stage cooling systems, but the proposed

methods are also applicable to other system configurations.
2.3 General Data Preprocessing Approaches

This section discusses the general preprocessing procedures for raw thermostat data. The gen-
eral procedures are cleansing, partitioning and classification, and feature extraction. Relevant con-
tents can be found in Section 3.3 of Paper A, Section 4.3 of Paper B, Section 6.5 of Paper D,
and Section 7.3.1 of Paper E. Sometimes additional procedures are also necessary in a particular
analysis. For example, Paper B presents the data separation and feature transformation that are

indispensable for feature comparison between systems.
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2.3.1 Data Cleansing

After raw thermostat data is retrieved from the online database, it first goes through the data
cleansing process. This preprocessing step is necessary before applying all fault detection methods.

The raw smart thermostat data is event-based, which means that the database is updated only
when a new event occurs. For example, when the indoor/outdoor temperature changes more than a
quantized amount, the cooling/heating setpoint is changed, or the system starts/stops. Each event
update records the timestamp and the changing variable. Sometimes, however, in this event-based
database sensor integrity issues and network communication issues can occur (e.g. the sensor
is unplugged, the thermostat goes offline or otherwise fails to communicate data). These issues
could strongly affect the analytical process. For example, if a setpoint change event is missed,
then the thermostat may seem to control the indoor temperature to value different from the desired
setpoint; if a cooling off event is missed, then the system may appear to continue running for a
long time. Data cleansing is performed by a rule-based filter that is capable of removing data with

the following faults:

* The indoor/outdoor temperature climbs above 130°F or goes below 0°F (occasionally the
thermostat will list the temperature as 2'° = 32, 768°F when the thermostat goes offline).

The anomalous temperature data is removed.

* The indoor/outdoor temperature increases or decreases by more than 20°F between two con-
secutive updates. Or the indoor/outdoor temperature has a positive/negative spike of more
than 5°F in three consecutive timestamps. This is often caused by sensor integrity issues.

The anomalous temperature data is removed.

* The indoor temperature has not updated for more than four hours, or the outdoor temperature
has not updated for more than five hours. If the sensor fails to communicate for a period of
time and then suddenly resumes, then all data in these communication failure periods is

removed.
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* The system maintains a constant temperature with little variance (tightly), but the setpoint
error is large. In this case the reported setpoint is likely incorrect, and a setpoint correction

algorithm is applied to find the real setpoint values.

* The system runs for more than 24 hours. In most cases this is caused when the system “off”
signal is not received. Because the exact system runtime is unknown, all data in the on-cycle

1s discarded.

2.3.2 Data Partitioning and Classification

After erroneous data is removed, but before extracting specific data features for analysis, a crit-
ical process termed mode labeling is applied to partition raw thermostat data and classify the data
sections. The mode labeling algorithm for thermostat data is proposed in [6], and is used in all of
the proposed fault detectors except the daily analysis of degradation trend detector. This algorithm
transforms the operational modes of systems (i.e. cooling, heating, off) into the following three

behavioral modes:

* A system is said to be in a regulating mode when the system cycles on and off and maintains
a relatively constant temperature. The system may have both cooling and heating regulating

modes.

* A system is said to be in a tracking mode when the system operates continuously to reach
the desired setpoint. Again, both the cooling and heating functions have tracking modes.
Tracking modes are typically activated after a decrease in cooling setpoint or an increase in

heating setpoint.

* A systemis said to be in a free response mode when neither setpoint is active. A free response
mode may occur after a setpoint change (i.e. a rise in cooling setpoint or a drop in heating
setpoint) or when the cooling and heating loads are low such that the indoor temperature

remains between heating and cooling setpoints for an extended period.
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Figure 2.3 provides an example of the behavioral modes [6]. In Figure 2.3a, the system is
in cooling tracking modes when the indoor temperature drops significantly, and the system is
in cooling regulating modes when the indoor temperature is maintained relatively constant. In
Figure 2.3b, the system is in a free response mode when indoor temperature rises above the heating
setpoint and then re-enters a heating regulating mode when the indoor temperature drops to the

setpoint.
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(a) An example of cooling regulating
and cooling tracking modes.

(b) An example of heating regulating
and free response modes.

Figure 2.3: An example of the three behavioral modes [6].

After this transformation, more useful features can be extracted and analyzed in the fault de-
tectors, which will be discussed in the next subsection. Note that [6] only provides an algorithm to
label single-speed air conditioning systems with behavioral modes, and future work still needs to

focus on generalizing this method to multi-speed and variable-speed systems.
2.3.3 Feature Extraction

Table 2.2 shows the features that extracted from each behavioral modes, and Table 2.3 provides
the definition of each feature. Due to the distinct behavior in each mode, some features are useful
in every mode, while some others are only applicable for a specific mode. The last column in Table

2.2 shows the features that use data directly from all modes (no mode labeling is needed).
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Table 2.2: Features extracted from behavioral modes.

Behavioral modes

Symbol Feature name ) )
Tracking Free Response Regulating All
AT, Temperature difference X X X X
Awy,; Humidity difference X
ATy Indoor temperature rise X X
At Cycle duration X
D Duty factor X
L Load factor X X
E.,E,  Cooling/Heating effort X X
F Cycle frequency X
Tope Setpoint error X X
DH Degree hour X
Timaz  Max indoor temperature X

2.4 Proposed Statistics-Based FDD Methods

Through data preprocessing, raw thermostat data is partitioned and classified into three be-
havioral modes, and important features are extracted from each mode. After that, statistics-based
methods can be applied to identify faulty systems using the behavioral features. In this project,
five detectors have been developed by Dr. Rasmussen’s research group, namely: setpoint tracking
failure detector (Paper A), control problem detector (Paper B and C), inadequate capacity detec-
tor (Paper B and C, and improvement in Paper E), degradation trend detector (Paper D and E),
and abrupt change detector (proposed by Dr. Rogers in literature [28]). This section first intro-
duces the setpoint tracking failure detector, which studies the system transient behavior in the
cooling/heating tracking mode. Then, a multivariate fault detection method which performs the
inadequate capacity detector and the control problem detector altogether is discussed. This multi-
variate method studies the cooling/heating regulating mode. Finally, the degradation trend detector
is presented with three different approaches, including hourly analysis, daily analysis, and a metric

to monitor long-term changes. Both hourly analysis and the long-term monitoring analyzes fea-
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Table 2.3: Definition of Features.

Symbol Unit Definition
AT, [°F] Temperature difference between home (indoor) and ambient
(outdoor); defined as AT, =T, — T;.
Aw,; [kg H,O/ Humidity difference between home and ambient; defined as
kg dry air] Aw,; = w, — w;.
ATy [°F] Indoor temperature rise (or drop) in a given time period:
AT;; = Ti(ta) — T;(t1) in a time period from t; to t5.

At [hr] Cycle duration. The amount of time that a system remains on.

D [%] The portion of time that the system is running, and this is typically
defined for a given time period. For example, a duty factor of 40%
in a 1-hour period denotes that the system ran for 24 minutes in
that hour. However, a variable speed system may have a duty
factor close to 100%.

L [%] The portion of full capacity at which the system runs. When
defined over a given time period, this is the average portion of full
capacity that the system runs at when the system is on. A
single-stage system essentially always has a load factor of 100%.

E. E, [%] Defined by the product of D and L, which denotes the overall
portion of capacity for the given time period. Variable speed
systems will typically have a high duty cycle and a low load factor,
while single stage systems will have high load factor and low duty
factor.

F [cycle/hr]  The number of start/stop cycles per hour.

Tipe [°F] The error between indoor temperature and setpoint; defined as
Tspe = T; — Ty for cooling and Ty, = T,y — 1; for heating.
DH [°F-hr] The integral of setpoint error, during a time period from ¢; to to;
t
defined as: DH = [, * max (0, Tpe )dt.
T} maz [°F] T} maz 18 defined as the maximum indoor temperature during a

cooling tracking period, and correspondingly 7; ,, is defined as
the minimum indoor temperature during a heating tracking period.

tures in the regulating mode, but the daily analysis considers all of the behaviors. Note that this

dissertation only analyzes cooling systems, and researches on heating systems are conducted by

Arvind, another researcher in this group.
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2.4.1 Setpoint Tracking Failure Detector

The research project starts from analyzing the system transient behavior in the cooling tracking
mode, and the details can be found in Paper A. Figure 2.4 shows four types of behaviors that are
common in the cooling tracking mode. Recall that a cooling tracking period is just one single
cooling on-cycle. Figure 2.4(a) shows normal transient behavior (the most common one), where
the cooling system starts after a drop in setpoint and remains on until reaching the new setpoint.
Figure 2.4(b) shows poor transient behavior, where the indoor temperature increases over 10°F
before returning, despite the cooling system operating continuously for nearly 24 hours. Both
Figure 2.4(c) and 2.4(d) show interesting transient behavior where the indoor temperature first
increases precipitously after the cooling system turns on. The behavior in 2.4(c) may be caused
by lack of insulation on the return air duct in the attic, such that warm air is initially blown into
the house when the fan starts after a long downtime; the behavior in 2.4(d) may be caused by the
internal heat load of the thermostat itself on the sensor, such that indoor temperature seems to rise
as soon as the fan starts (after cooling starts) and the air circulation direction of the room changes.

The setpoint tracking failure detector focuses on the time periods that exhibit poor transient
behavior in Figure 2.4(b), also known as poor tracking periods or setpoint tracking failure periods.
In cooling, it is defined as a single cooling on-cycle that usually occurs during high cooling load,
and during which the indoor temperature can increase a few degrees above the cooling setpoint,
unable to be controlled although the system is operating continuously. Note that the term ‘high
cooling load’ is regarded as relative to the system capacity. If the capacity of a system is far
below its rated capacity, even normal loads may well be incapable for it to deal with and thus will
be considered as high loads. Therefore, this situation is unlikely to happen for a properly sized
fault-free system, and is often related to the capacity degradation fault.

Table 2.4 shows all features extracted from the cooling tracking mode used in this analysis.
Among all of the five features, 7; ;;c, Atipe, and Tch are calculated for each cooling tracking

period, and then applied to separate the poor transient behavior in Figure 2.4(b) from the other
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Figure 2.4: Four main types of transient behavior exhibited in the cooling tracking mode (red
color) [7].

three types of transient behaviors. After that, features DH and TZ-,mM are used to characterize the
problem severity.

The poor transient behavior is recognized from other transient behaviors in two steps. First,
from all cooling tracking periods, the normal tracking periods in Figure 2.4(a) are removed by a
simple range filter, 7 ;,. > 1°F, because normal periods should not have large indoor tempera-
ture increase when the cooling system is switched on. After that, the kernel density estimation
of the remaining tracking periods are shown in Figure 2.5(a). Second, the poor transient behav-
ior are differentiated from the undesirable transient behaviors shown in Figure 2.4(c) and 2.4(d).
This process leverages the main difference between these two behaviors: poor transient behavior
exhibits long At;,. and low Tch but on the contrary the undesirable transient behaviors exhibit
short At;,. and high T,mc Shown in Figure 2.5(b), the cluster on the left could only correspond

to the poor tracking periods, and the other one on the bottom could only correspond to undesir-
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Table 2.4: Supporting features used in the setpoint tracking failure detector [7].

Symbol Feature name Definition
T ine Indoor temperature The maximum indoor temperature increase*/** in a
increase [°F] cooling tracking period.
Atipe Increase time [hr] The time required to reach the maximum indoor

temperature increase.

Ti,mc Indoor temperature The rate at which indoor temperature increases;
increase rate [°F/hr] defined as T} j,c = T; jne/Atine.

DH Average degree The integral of the difference between the indoor
hour [°F-hr] temperature and the cooling setpoint, during a time
segment exhibiting poor transient behavior, averaged
over the whole cooling season; defined as:
DH = + S 024 I - max (0, Tspe )dt; where N is
the number of days in a cooling season; / equals 1 in
poor tracking periods, and 0O in other cases.

T} maz Average maximum The average of ten highest 7; ,,,4, in all poor tracking
indoor temperature [°F] periods** after removing five most extreme instances.

Notes:  * A searching algorithm is applied to find the maximum increase in a time series.

** If a poor cooling tracking period is longer than 24 hours, then it will be seg-
mented with one period a day. Generally, there is at most one poor tracking period
each day, and the maximum indoor temperature occurs in the afternoon when cool-
ing load is the highest.

able behaviors. Detailed in Section 3.3.4, finally the Ward’s agglomerative hierarchical clustering
method is chosen to separate the data and flag the poor tracking periods.

Once all poor tracking periods are identified, a rule-based method is applied to label systems
with severe tracking failure faults. The method uses DH and Timw (see Table 2.4), two com-
prehensive features averaged over all poor tracking periods for each system. These two features
quantify the severity of the tracking failure problem. Normal system should have DH close to
zero or T; ;q. lower than approximate 80°F, but systems with severe tracking failure faults may

have abnormally high values of DH and ﬂmax Thus, after calculating a threshold from all poor
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Figure 2.5: (a) Kernel density estimation of the remaining tracking periods after the normal ones
are removed. (b) The data forms two groups. The group in red corresponds to poor transient
behavior, and the group in blue corresponds to other transient behaviors [7]. The black circles
show the core region (50% of mass) of each group.

tracking periods for each of these two features, a system with feature values of DH and Ti,max
both higher than the calculated thresholds are possibly faulty and can be labeled.

As an example of this rule-based method, the kernel density estimation of DH and Ti,maz
for approximately 10,000 systems in Florida having poor tracking periods are shown in Figure 2.6.
The method takes 80% quantile of DH and Ti,mw as thresholds, respectively 12.4°F-hr and 80.0°F,

and 68 systems are flagged as faulty with both of these two features greater than the thresholds.

a4
_ [
0.08 0.125 5 821
©
0.06 4 0.100 - g 80
> > €
G G 0.075 - o '8
g 0.04 A 9} s 76
e © 0.050 o
2 74
0.02 0.025 4 %
272
0.00 1 . ; . 0.000 1 —_— 2704 : . :
0 10 20 30 40 65 70 75 80 85 90 < 0 5 10 15 20
Average Degree Hour (°F-hr) Ave Max Indoor Temperature (°F) Average Degree Hour (°F-hr)
(a) (b) (c)

Figure 2.6: An example of the kernel density estimation of (a) the average degree hour above
setpoint, (b) average maximum indoor temperature, and (c) both features together [7].
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2.4.2 Inadequate Capacity and Control Problem Detector Through Multivariate Analysis

The multivariate analysis extracts features from the cooling regulating mode and detects inade-
quate capacity and control problems. Figure 2.7 represents the outline of the whole fault detection
processes. The statistical analysis is composed of two parts: univariate fault detection and multi-
variate fault detection. The methodology is detailed in Paper B, and the case studies are detailed

in Paper C.
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Figure 2.7: An outline of the multivariate analysis [4].
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In the preprocessing procedures, data cleansing, mode labeling, and feature extraction has been
discussed in Section 2.3. Table 2.5 shows all features extracted from the cooling regulating mode
in this multivariate analysis. For these five features, F,. characterizes the cooling capacity of a
system relative to the load value, and thus could be used to detect inadequate capacity faults. F
and Ty,. characterize the control behavior of a system, and thus could be used to detect control
faults. AT,; and Aw,; define the operational conditions, which strongly affect the behavior of a
system, but do not indicate any anomalous behavior.

Data preprocessing also includes two additional procedures, data separation and feature trans-
formation. In data separation, E., I, and T,. are categorized into subsets of similar operational
conditions according to AT,; and Aw,,;. Only E,, F, and T}, are compared between systems. In
feature transformation, data features are transformed to individually normally distributed to fit the

statistical models in the multivariate tests.

Table 2.5: Supporting features used in the multivariate analysis [4].

Symbol Feature name Definition
AT, Temperature difference Temperature difference between home
[°F] (indoor) and ambient (outdoor)
ATOi = To - ﬂ
Aw,;  Humidity ratio difference Humidity ratio difference between home
[kg H,O/ kg dry air] (indoor) and ambient (outdoor)
Awei = wo — wj
E. Cooling effort The product of cooling duty factor (D)
[%] and cooling load factor (L)
F Cycle frequency The number of start/stop cycles per hour
[cycle/hr]
Tspe Cooling setpoint error The error between indoor temperature
[°F] and cooling setpoint
Tspe = ,-Tz - Tsp
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Univariate fault detection examines each feature separately and does not consider possible
correlations between features. In this analysis, abnormally high or low values of each feature are
considered outliers and may be associated with faults. To identify the outliers, the kernel density
estimation (KDE) is applied to estimate the distribution of each feature under similar operating
conditions. From the distribution, the percentage of systems that has higher feature values (i.e.
the upper percentage) for each system can be determined. As an example, the KDE of average
cooling effort (F,) for one of the operating condition is shown in Figure 2.8. One system has £,
value of 45%. Because the whole area under the KDE curve is one, the shaded area shows the
percentage of systems that has cooling effort higher than 45%. Generally abnormally high values
of a feature will have percentages close to zero, while abnormally low values of a feature will have
percentages close to unity. The process for labeling faulty systems from the calculated percentages

will be discussed later in the outlier separation and fault prioritization process.
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Figure 2.8: The KDE plot illustrates how univariate test of cooling effort is applied [4]. The system
has F, value of 45%, and the shaded area shows the percentage of systems that has cooling effort
higher than 45%.
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In comparison, the multivariate fault detection combines E., F', and T, as three bivariate
statistics and one trivariate statistic to identify systems with uncommon combination of feature
values. The method applies a metric termed the Mahalanobis distance (D?,) [29] that can capture
the pattern of the multivariate distribution. Shown in Figure 2.9, for two highly correlated features
X and Y, the Mahalanobis distance considers that point A is further away from the center than point
B. In essence, point A is much more of an outlier. The multivariate fault detection first calculates
the Mahalanobis distance of each feature value to the population distribution, and then applied
kernel density estimation to calculate the percentage of systems that has higher D3, (i.e. the upper
percentage) for each system. Similar to the univariate fault detection process, abnormally high

values of the percentage are considered outliers and may be associated with faults.
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Figure 2.9: Multivariate outlier analysis with Mahalanobis distance [4].

Having obtained the upper percentages of each univariate and multivariate for all systems,
finally the postprocessing procedures are required to separate true outliers and prioritize faulty

systems. The outlier separation process differentiates real malfunctioning systems from all the
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others. Table 2.6 shows the subgroups of outlier systems that are considered faulty or oversized.
In general, abnormally high cooling effort is associated with undercharge, condenser/evaporator
fouling, airflow restriction, etc.; abnormally low cooling effort is associated with the oversizing
issue; abnormally high cycle frequency or setpoint error is associated with malfunctioning control
systems or poor thermostat placement (e.g. close to supply air outlets); but low setpoint error is
never related to faults. Note that by separating systems into subgroups, the multivariate analysis
can detect both inadequate capacity and control problem.

With the criteria shown in Table 2.6, in the univariate tests only abnormally high values of
each feature are considered faulty, so the upper percentage for each system indicates the fraction of
systems in the population that exhibit worse performance. In the multivariate tests abnormally high
values of the D3, are considered faulty because they are far away from the distribution center, so
the upper percentage of D3, for each system also indicates the fraction of systems in the population

that exhibit worse performance.

Table 2.6: Outlier separation: subgroups of outlier systems that are considered as faulty or over-
sized [4].

Type of test Typical behaviors E. F T
Near-continuous operation 1
Univariate High cycling )
Poor control 1T
Near-continuous operation T |
High cycling T 1
Bivariate Poor control T T
Poor control T 7
Oversized N
Trivariate Mixed faulty behaviors A )
Mixed faulty behaviors R

T—abnormally high, |—abnormally low
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The above analysis obtains the upper percentages that indicate faulty behaviors for each sys-
tem. However, the upper percentage values are calculated within each operational condition, and
there are in total eight operational conditions specified in data separation. In order to quantify the
operational performance and prioritize faulty systems, a metric that aggregates over the full range
of operational conditions is proposed. This metric is denoted by & in Paper B, and for each system
in each univariate and multivariate test, it is the weighted average of all upper percentages in all
operational conditions. By using &, occupants and technicians know how a system performs com-
pared to similar systems. Finally, each test labels faulty systems separately by comparing & with
pre-determined thresholds. In this research, the threshold for the univariate tests is 1%, and for the
multivariate tests is 5%. Inadequate capacity fault is labeled to a system if the v is smaller than the
threshold in any one test using . as a feature, and control fault is labeled to a system if the & is
smaller than the threshold in any one test using /" or T, as a feature.

Paper C presents five case studies in detail to illustrate the effectiveness of this multivariate
analysis. Each of them represents a particular category of common behavior. The first case study
shows a normal device to serve as a basis for comparison with subsequent faulty systems. The
second case study shows a system with severe setpoint tracking failure caused by capacity degra-
dation. The third case study also shows a system with inadequate capacity, but in contrast to the
previous example, this fault is imperceptible to the occupants as comfort levels are maintained
despite the fault. The fourth case study illustrates control problems, showing that the multivari-
ate analysis can find faults for a broad range of behavioral faults. The final case study shows an

oversized system, which demonstrates the versatility of the multivariate analysis.
2.4.3 Degradation Trend Detector

The degradation trend detector belongs to the single-system change detection, which compares
the performance within each system through time to detect gradual capacity degradation. This
issue is typically caused by refrigerant undercharge due to an active leak or partially blocked air
flow (e.g. crushed air duct), and is often imperceptible to the occupants for months until eventually

causing total system failure.
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Equation 2.1 shows the energy balance of a residential home in a time period:

C-Ee=UA- ATy + Quor + Qine 2.1)

where (' is the total cooling capacity [W], E. is the cooling effort (%), U is the overall heat transfer
coefficient for the residential home [W/m?-°F], A is the overall heat transfer area [m?], AT}, is the
temperature difference [°F], Qsoz is the solar irradiance heat gains [W], and th is the internal
heat gains [W]. From the energy balance, under similar operating conditions (i.e. similar AT;,
Qsoz, and th), the continual increase of cooling effort (£.) through weeks and months can reflect
gradual degradation of cooling capacity (C') for a system.

In order to detect an increasing trend of the cooling effort while controlling the variations
of AT,;, Qsoz, and th, the degradation trend detector proposes an hourly analysis method, an
daily analysis method, and one long-term monitoring metric. The hourly analysis is effective in
detecting trends for systems with long regulating periods. The daily analysis accounts for the whole
operating conditions and is suitable for all systems, but may not be effective in shoulder seasons. In
practice, both methods are applied to an operating system. Finally, a long-term monitoring metric
denoted by AE, is proposed to actively evaluate the system performance through months and even
years. The AFE, indicates the extra percentage of time a system need to operate compared to its
expected performance, when the system is actively controlling the indoor temperature around the

desired setpoint values.
2.4.3.1 Hourly Analysis

The hourly analysis is proposed in Paper D. In this analysis, the smart thermostat data is resam-
pled into two-hour averages, and the cooling effort (£,) is extracted from the cooling regulating
mode as a critical feature. To differentiate with features in the daily analysis, the F. is termed
steady-state cooling effort. To account for seasonal weather effects, solar irradiance effects, and

daily schedules in internal heat gains, E. is divided into subsets based on AT,; and time of day.
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To detect if an increasing trend of F, exists, a popular trend detection method called the Mann-
Kendall test is applied. The Mann-Kendall test is a non-parametric statistical test commonly em-
ployed to detect monotonic trends [30, 31]. The null hypothesis, Hy, is that the data comes from
a population with independent and identically distributed realizations. The alternative hypothesis,

H 4, is that the data follows a monotonic trend. The Mann-Kendall test statistic is calculated as:

n—1 n
S=>"Y" sgn(X; — Xy) (2.2)
k=1 j=k+1

where X is the variable, n is the number of observations, and sgn(-) is the signum function that
determines the positive/negative nature of the function argument.
The S-statistic is approximately in normal distribution with the mean F/[S] and the variance o
calculated as:
E[S]=0 (2.3)

52— nin—1)2n+5) =Y " _ - L tmm(m —1)(2m + 5) 2.4)

where £, is the number of ties of length m.

Then, with the following transformation,

(

=1 if S >0
Z=10ifS=0 (2.5)

St S <0

[

\

the Z-statistic is approximately in standard normal distribution. In a one-side test for monotonic
increasing trend, H should be rejected if Z > 7, where « is the significance level for the test.
Additionally, the E. time-series is autocorrelated instead of independent. For example, the
current £, is positively correlated to the F,. several hours before due to the occupant behavior,
building thermal capacity, thermostat control strategy and the weather. This positive correlation

can cause the test more likely to show evidence of a trend while no trend actually exists [32].
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Therefore, a modification of the Mann-Kendall test termed the Mann-Kendall test with moving
block bootstrap (MK-MBBS) is selected to account for this issue through random resampling.

Procedures of the moving block bootstrap (MBBS) are summarized as follows:

1. The Z-statistic of the test data is calculated by the original Mann-Kendall test.

2. The test data is randomly resampled with replacement for N times. In order to keep the
autocorrelations between data points, the data is subdivided into n — L + 1 overlapping
blocks, where n is the length of the test data and L is the length of each block. Resampling

is performed on the block level. Figure 2.10 illustrates this step withn = 5 and L = 3.

3. The Z-statistics of all /V resampled dataset are calculated by the original Mann-Kendall test.

They form a distribution of the Z-statistic.
4. Percentile of the Z-statistic (P) of the test data in the distribution is calculated.

5. In a one-side test for monotonic increasing trend, if P > 1 — «, where « is the significance

level of the statistical test, then the null hypothesis should be rejected.

In Paper D, the performance of the MK-MBBS statistical test is proved using Monte Carlo

simulations.

Data: X1, X2, X3, X4, X5

MBBS samples: (1) x,, x3, x4,
() ,
3) ;

Figure 2.10: An illustration of MBBS procedures with n = 5 and L = 3. The data is split into
n — L + 1 = 3 blocks marked by different colors, and samples are randomly chosen from the
blocks with replacement. Presented in Chapter 6.

To perform the hourly analysis using the MK-MBBS test, the steady-state cooling effort (F,)

is processed in the following procedures:
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Table 2.7: Time-series division according to temperature difference (AT,;) and time of day. Pre-

sented in Chapter 6.
AT,; range [°F]
Subset number
4~ 0| 0~4| 4~ 8| 8~12]|12~161] 16~ 20
Time of | 8:00 ~ 20:00 No. 1 No. 2 No. 3 No. 4 No. 5 No. 6
day [hr] | 20:00 ~8:00 | No.7 | No.8 | No.9 | No.10 | No.11 | No. 12

1. The E,. values for each system are divided into subsets based on AT,; and time of day.

Twelve subsets are created and their ranges are shown in Table 2.7.

2. The MK-MBBS test is performed on each time-series independently. Percentiles of the Z-

statistics (P) calculated by the MK-MBBS test are recorded.

3. The final decision on whether a system has an increasing trend is based on the second max-
imum percentile and the median percentile as a supplementary condition among all time-
series of a system. The second maximum percentile should satisfy Piccond maz > 99.9%
(i.e. under 0.1% significance level) and at the same time the median percentile should satisfy

Predian > 95% (i.e. under 5% significance level).

2.4.3.2  Daily Analysis

The daily analysis is also proposed in Paper D. In this analysis, the smart thermostat data is
first resampled into daily averages without mode labeling, and then the daily cooling effort (E.)
is extracted and analyzed. To consider the variations of AT,;, the cooling degree day (CDD) is
selected as a covariate that being analyzed simultaneously with E.. Note that the cooling degree
day can be defined as the daily temperature difference between indoor and outdoor space, or the
daily temperature difference between cooling setpoint and outdoor space. This study adopts both
covariates so that the method is adaptable to a wider range of system operational behaviors. How-
ever, the variations of Qsol and th are not considered, because they are supposed not to have

significant impacts on daily changes of ..
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In order to detect the general trend of E. meanwhile considering the variations of cooling
degree days, the study applies the partial Mann-Kendall test [33]. Same as the Mann-Kendall
test, the null hypothesis, Hy, is that . comes from a population with independent and identically
distributed realizations. The alternative hypothesis, H 4, is that £, has a monotonic trend. The
calculation of the partial Mann-Kendall test is relatively complicated, and therefore this subsection

only shows the Z-statistic:
7 — Sl — dQSQ — ngg

\/011 — Q2012 — Q3013

(2.6)

where subscript “1” denotes F., subscript “2” denotes the covariate of indoor and outdoor daily
temperature difference, subscript “3” denotes the covariate of daily setpoint and outdoor tempera-
ture difference, S is the S-statistic (see Equation 2.2), 61, is the variance of the S-statistic for £,
012 and &13 are the conditional covariances showing the relationships between £, and covariates,
Qo and as are derived variables calculated from the above variances and covariances. The first term
in the numerator and denominator represents the contribution of E,., and the followed subtraction
terms represent the contribution of covariates. The detailed derivation of Equation 2.6 can be found
in Paper D.

The Z-statistic is proved to weakly converge to the standard normal distribution [33]. In a
one-side test for monotonic increasing trend, H, should be rejected if 7 > Z,, where « is the
significance level.

Similar to the problem in the hourly analysis, the E. and covariate time-series is autocorre-
lated. Thus, a modification of the partial Mann-Kendall test termed the partial Mann-Kendall test
with moving block bootstrap (PMK-MBBS) is used. The procedures for applying moving block
bootstrap is the same as the hourly analysis.

The performance of the PMK-MBBS statistical test is proved using Monte Carlo simulations

in Paper D. The procedures for degradation trend detection is shown as follows:

1. Systems without data for at least 30 days are excluded from analysis to ensure an unbiased

result.
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2. The cross-correlations between E,. and the cooling degree days are checked. If positive
correlations do not exist, then the corresponding cooling degree day will be removed. If
both features of the cooling degree days are removed, then the original Mann-Kendall test

with moving block bootstrap will be performed to £, without any covariates.

3. The PMK-MBBS test is performed to remaining systems and percentiles of the Z-statistics

(P) are recorded.

4. The significance level («) is set to 0.1%. An increasing trend of E. (i.e. capacity degradation)

is detected if P > 1 — a.

In practice, both hourly and daily trend detection methods are implemented using either histor-
ical data or real-time data. The historical trend detection performs testings after the peak operating
season (i.e. the summer season for a cooling system, or the winter season for a heating system) has
passed and identifies degradation of a system during this peak season. This approach is applied
by service companies to schedule off-season maintenance for degraded systems. In comparison,
the real-time trend detection identifies degradation within the peak operating season and performs
testings every day with a fixed-length moving window. In this approach, service companies can ac-
tively monitor the behavioral change of operating systems and allocate repair resources in advance
for faulty systems.

A couple of case studies of verified faulty systems with the active refrigerant leakage problem

are presented in Paper D to show the effectiveness of the hourly and daily methods.
2.4.3.3 Long-Term Monitoring Metric

The above hourly and daily methods provide statistical tests to detect whether capacity degra-
dation trend occurs for a system. The detection results are qualitative, and have only addressed
the statistical significance of the trend. However, engineers are more interested in addressing the
practical significance of the trend by quantifying the actual capacity loss.

Paper D proposes to use the Sen’s slope [34, 35] to estimate the change of steady-state cooling

effort and daily cooling effort. The Sen’s slope is a robust and unbiased estimate of the slope of
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the trend calculated by:

X, - X;
dp == forall 1 <i<j<n 2.7)
73— U

where X is the cooling effort value, ¢ is time, and d}’s are the slopes between each pair of cooling
effort.

Then, the Sen’s slope is calculated as the median of all the slopes (d):

Sen’s slope = median(d}) (2.8)

After the slope of change is estimated, the difference of cooling effort between two timestamps
can be measured by taking the product of the Sen’s slope and the time length of the cooling effort
data. Thereby the capacity degradation can be quantified.

However, the Sen’s slope cannot monitor the change of cooling capacity on each single day
or compare the changes with other systems under similar operational conditions to determine the
severity of degradation. Paper E fills this gap by first introducing a concept named as the weighted
average difference of cooling effort (AE,) to compare the relative capacity of each system to the
expected levels, and then proposing to use the change of AE, as a metric to monitor the system
operational performance in the long term. That is, the change of A E, incorporates the multi-system
feature comparison and the single-system change detection.

The AE, is extracted from the cooling regulating mode using the characteristic curve method,

which consists of the following four steps:

1. Kernel density estimation (KDE) is performed to estimate the probability density function
of the joint distribution between F,. and AT,;, using selected data which follows the rec-
ommendations in Section 2.2. The KDE treats each data point as a Gaussian kernel, and
sums up all kernels to obtain the full probability density function. An illustration is shown

in Figure 2.11a.

2. From the estimated density field, the midpoint of accumulated density at every given AT,

is calculated. In another word, the sum of density above the midpoint equals to the sum of
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density below the midpoint. By this means, the midpoints at all slices of AT,,; connect to a
curve termed the characteristic curve, which can be viewed as the average performance of
the selected group of systems, or the expected E. of these systems at every level of AT,,;.

An illustration is shown in Figure 2.11b.

3. From the characteristic curve, the difference of each cooling effort data (AFE,) to the curve

is calculated. Illustration of the data features from one system is shown in Figure 2.11c.

4. The weighted average of all differences of cooling effort (A E.) for each system is calculated,
using the probability density function of AT,; as weight. The probability density function
estimated by the KDE is shown in Figure 2.11d. The reason of weighting is that most data is
distributed in the high-density region of AT,;, such that estimate of the characteristic curve

in the high-density region is more accurate.

In order to monitor the long-term changes, the AE, is calculated by averaging AE, in a one-
month moving window shifting on each single day. The absolute value of A F, shows how a system
performs in comparison with other systems under similar operating conditions. For example, a
system with AE, equals to 30% indicates that typically it spends 30% more effort on cooling than
the average level under similar operating conditions. Further, the change of AE, values indicates
changes of system cooling capacity. For example, an increase of AE, by 20% over two months
can mean the system degraded significantly in the past two months, and a decrease of AE, by
20% after maintenance often means the fault was successfully repaired. This metric automates
the process of evaluating the system performance continuously, and can alarm the occupants and

service companies when significant increase of AE, is detected.
2.5 Future Work Plans

After presenting the developed statistical-based fault detectors, the author also discusses some
future work in Chapter 9. The future work includes field validation of detected faulty systems,
applying deep learning models, and extracting additional features. Especially, the author pro-

poses two deep learning methods, which are the recurrent neural network (RNN) and the Siamese
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Figure 2.11: Illustrations of the procedures to calculate the AE, for each system. Presented in
Chapter 7.

network. The RNN model performs multi-system feature comparison, and the Siamese network

model performs single-system change detection. These two methods are promising with more

labeled data and additional features.
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3. PAPER A: FAULT DETECTION AND DIAGNOSIS FOR RESIDENTIAL HVAC
SYSTEMS USING TRANSIENT CLOUD-BASED THERMOSTAT DATA!

3.1 Synopsis

Fault detection and diagnosis (FDD) using aggregated smart thermostat data is a relatively new
research field, but one with immediate practical application to residential indoor climate control.
This paper analyzes a cloud-based dataset which contains thermostat history records of nearly
370,000 distinct residential HVAC systems in the U.S. The large, diverse, and growing dataset en-
ables novel methods for detecting and diagnosing faults on systems with limited sensor data. This
paper proposes a statistics-based FDD method for non-variable speed heat pump and air condi-
tioning units, and demonstrates the effectiveness with several case studies. The proposed method
identifies systems within a similar climate region, and then segments and classifies the time series
data based on operational mode and behavior. Various data features are then extracted from the
time series segments to identify systems that exhibit poor transient behavior. Additional features
are used to refine and classify the problem severity. Statistical methods are then used to compare
system performance to the entire population and identify outlier behavior due to operational faults
that affect system efficiency and occupancy comfort. The resulting algorithm demonstrates the
potential of big data fault detection for air conditioning systems using limited cloud-based sensor

information.
3.2 Introduction

Space heating and air conditioning accounts for a large amount of residential households’ en-
ergy expenditures. From the Residential Energy Consumption Survey [1], the average annual
energy expenditure for a household is $1,856, among which $543 (29.3%) spent on space heating
and $265 (14.3%) spent on air conditioning. In order to reduce residential households’ energy

consumption on space heating and air conditioning, researchers have been working on improving

'F. Guo, and B.P. Rasmussen, “Fault Detection and Diagnosis for Residential HVAC Systems Using Transient
Cloud-based Thermostat Data,” in 6" International High Performance Buildings Conference at Purdue, 2020.
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system efficiency, employing better control strategies, and improving preventive maintenance us-
ing fault detection and diagnosis (FDD). By detecting operational faults caused by system aging
or improper commissioning early, failures can be prevented and system inefficiencies avoided.

HVAC system faults have a considerable impact on system efficiency and occupant comfort.
Studies report that the average performance of residential HVAC systems is at least 17% below
their design performance [9]). Correcting only refrigerant charge and air flow problems has an es-
timated 17% demand savings potential and 7% peak demand savings potential [36]. Incorporating
FDD into the preventive maintenance routines has the potential for increasing occupant comfort
and reducing energy expenditures. Additionally, manufacturers could improve brand loyalty by en-
suring high-performance and reliable systems; service companies would be able to provide better
maintenance to their customers. With regard to FDD performed on building systems, [3] pointed
out that only 16% studies are associated with small commercial and residential buildings, such as
rooftop packaged units and split systems, while the majority of research focus is on variable air
volume air handling units (VAV-AHUs), chillers, cooling towers, and overall building diagnosis.
Thus traditional FDD methods are usually designed for one large system and require installing
additional sensors [16]. But residential split systems are produced in large quantities, with limited
sensors, and with a variety of system types and custom installation. For many systems, the addition
of the sensors required for traditional FDD techniques is prohibitively expensive.

Cloud-based data from smart thermostats provides an opportunity for alternative FDD meth-
ods that do not require additional sensors, but utilize historical records of basic system operation.
The popularity of smart thermostats that upload data to a remote server is increasing, allowing for
computationally intensive fault detection on distributed platforms. Many manufacturers are estab-
lishing a cloud database, remotely monitoring thousands of installed residential systems. Typically,
this cloud-based thermostat data includes indoor temperature and relative humidity measured by
built-in sensors, system mode status, cooling and heating temperature setpoints, and outdoor tem-
perature acquired from a third party. The resulting big data creates an opportunity for novel FDD

approaches.
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FDD methods for residential HVAC systems with smart thermostat data is still a relatively new
research field, and few published studies are currently available. [27] proved the capability of
thermostat data to evaluate the thermal characteristics of a house, such as insulation levels, ther-
mal capacity, and thermal time constants. With these indicators, houses showing inferior thermal
response characteristics, known as construction-level faults, could be detected. [21] developed
a recursive least-squares model to detect faults on cooling, heating and ventilation equipment.
However, the method was only validated by simulated indoor and outdoor temperature data, and
focused mainly on total equipment failures. [20] trained a linear model to learn the normal behav-
ior, and then applied the model to monitor capacity degradation faults such as refrigerant leakage.
Although the model was originally developed for cold rooms in retail outlets, the author mentioned
that its application could be extended to residential buildings. Besides, combining smart thermo-
stat data with building assessor’s data and energy data, [37] showed the potential to predict the
electricity demand of residential HVAC systems, and then perform fault detection by comparing
the predicted demand with the actual demand. In short, these studies all focused on a small group
of systems, training models and performing fault detection for individual systems. In contrast, this
paper seeks to leverage large-scale cloud-based thermostat data of thousands of systems to deter-
mine hard and soft faults. Service companies are generally more interested in finding soft faults,
such as capacity degradation and control problems, rather than hard faults or total failures, since
soft faults are generally difficult to detect and may not be recognized by occupants for an extended
period of time [16].

We propose a statistics-based FDD method that finds anomalous operation behavior and pre-
liminarily categorizes fault types by comparing fault indicators (known as features) among mul-
tiple systems. In this way, systems having soft faults would be identified as outliers exhibiting
anomalous operational behavior. The general analytical process is described as follows. First, the
method identifies systems within a similar climate region by relating the system location infor-
mation to the U.S. climate zones, according to the International Energy Conversion Code climate

regions and moisture regimes shown in Figure 3.1 [5]. Second, from a particular climate region,
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thermostat time-series data of a group of systems is queried from the database and preprocessed.
From the resulting data, raw system cycling mode data (i.e., cooling on, heating on, system off)
are transformed to more specific categories of operating modes, namely regulating, tracking and
free response modes. The time-series data is segmented and classified with these new mode labels
[6]. Based on the type of abnormal behavior to be identified, multiple features will be selected
and extracted from the segmented data. Generally, the features characterize system performance,
indicate faults, and problem severity, or describe the overall condition of a house and its ambient
environment. Third, statistics methods are applied to compare the features among all systems in
the selected group to identify outliers. Finally, labeled systems with operational faults affecting
system efficiency and occupancy comfort are outputted.

Using this general approach, the performance of a system can be deeply inspected, including
both the pseudo steady-state and transient behavior in cooling and heating modes. This paper fo-
cuses on the time periods that exhibit poor transient behavior, known as poor tracking periods.
Both cooling mode and heating mode can exhibit this type of behavior, but this study only focuses
on the cooling mode. A poor tracking period is defined as a single cooling on-cycle that usually oc-
curs during high cooling load, and during which the indoor temperature can increase a few degrees
above the cooling setpoint, unable to be controlled although the system is operating continuously.
Note that the term ‘high cooling load’ is regarded as relative to the system capacity. If the capacity
of a system is far below its rated capacity, even normal loads may well be incapable for it to deal
with and thus will be considered as high loads. Therefore, this situation is unlikely to happen for a
properly sized fault-free system, and is often related to the capacity degradation fault.

In this paper, Section 3.3.1 and 3.3.2 discuss two necessary and innovative data preprocessing
steps: data cleansing and mode labeling, which are applied prior to every statistics-based FDD
algorithm we proposed. After this, the algorithm will analyze the poor tracking periods specifically.
Section 3.3.3 will introduce a list of features which help to find this poor transient behavior and are
able to indicate its severity. Section 3.3.4 will discuss an unsupervised machine learning method,

hierarchical clustering, to identify the poor tracking period using some of the extracted features.

47



Then, in Section 3.4, statistics tests on the features indicating problem severity will be performed
among systems. In order to provide further implications of the features and recommend thresholds
to label faulty systems, the statistical distribution of the features are estimated by the kernel density
estimation. Finally, Section 3.5 will show statistics of the fault detection results as well as a couple

of case studies, illustrating the effect of operational faults on system efficiency and occupancy

comfort.
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Figure 3.1: International Energy Conservation Code climate zones and moisture regimes [5]. Cli-
mate zones: 1-7 in different colors. Moisture regimes: marine, dry, and moist from west to east.

3.3 Innovative Data Preprocessing Procedures

Preprocessing procedures are indispensable in order to perform correct and accurate statistical
tests for fault detection. Once raw thermostat data is queried from the database, four preprocessing
procedures will be conducted sequentially, namely data cleansing, labeling modes of operation,
feature extraction, and identification of poor tracking periods. In brief, data cleansing removes

data points with sensor faults and time periods where the thermostat is offline. Then the mode
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labeling transforms raw data into a more useful dataset by defining three system operation modes.
Afterwards multiple useful data features are extracted from each operational mode. Finally, poor
tracking periods are identified from the cooling tracking mode, one of the three operation modes,

by using an unsupervised machine learning method.
3.3.1 Integrity Verification: Data Cleansing

The raw thermostat data is event-based, which means that the database is updated only when
a new event occurs. For example, when the indoor/outdoor temperature changes more than a
quantized amount, the cooling/heating setpoint is changed, or the system starts/stops. The event-
based dataset records the event and corresponding time, and takes up less digital storage space
than the uniformly sampled time series data. Sometimes, however, sensor integrity issues and
network communication issues can occur (e.g. the sensor is unplugged, the thermostat goes offline
or otherwise fails to communicate data). These issues could strongly affect the analytical process.
For example, if a setpoint change event is not recorded, then the thermostat may seem to control
the indoor temperature to value different from the supposed setpoint; or if a cooling off event is
missed, then the system may appear to continue running for a long time. Therefore, after the raw
data is queried, the first preprocessing step is to cleanse the data and remove these issues. This

algorithm uses a combination of filters and logical tests to identify and remove these data.
3.3.2 Data Partitioning and Classification: Labeling Modes of Operation

After the raw data is cleansed, the mode labeling algorithm is applied to transform the raw
operational data (cooling, heating, off) into a more useful dataset based on mode: regulating mode,
tracking mode, and free response mode [6]. Note that both heating and cooling have respective

regulating and tracking modes.

* In the regulating mode, a system cycles on and off to maintains a relatively constant indoor
temperature around the setpoint. The space being cooled or heated is assumed to be in a

pseudo steady-state condition.
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* In the tracking mode, a system remains powered on to reach the setpoint and exhibits tran-
sient behavior. Typically, the cooling tracking mode is activated after a drop in cooling
setpoint or during high cooling load; the heating tracking mode is activated after a rise in

heating setpoint or during high heating load.

* In the free response mode neither setpoint is active. A free response mode may occur after a
rise in cooling setpoint or a drop in heating setpoint, or when both cooling and heating loads

are low such that the indoor temperature remains between setpoints for an extended period.

Figure 3.2 provides an example of labeling modes of operation. In Figure 3.2a, the cyan color
shows the cooling regulating mode when the indoor temperature is fluctuating and maintained
relatively constant, and the red color shows the cooling tracking mode when the indoor temperature
drops significantly. In Figure 3.2b, the green color shows the free response mode when indoor
temperature rises above the heating setpoint and the orange color shows the heating regulating

mode when the indoor temperature drops to the heating setpoint.
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Figure 3.2: An example of labeled modes of operation. Subplot (a) shows the cooling regulating
and cooling tracking modes, and subplot (b) shows the heating regulating and free response modes.
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3.3.3 Feature Generation: Extracting Features from the Cooling Tracking Mode

Within the operating modes introduced above, this paper studies the poor transient behavior,
corresponding to the cooling tracking mode activated during high cooling load. Note that even
when the cooling tracking mode is activated by a drop in cooling setpoint, a system can sometimes
exhibit poor transient behavior if the cooling load is too large for the system. The features listed in
Table 3.1 are extracted from the cooling tracking periods. Among all of the features, the first three
are calculated within each cooling tracking period, and will be applied to identify the poor transient
behavior; the fourth and fifth features are comprehensive indicators averaged over all poor tracking

periods for each system, and will be used to characterize the problem severity.

Table 3.1: Supporting features for the cooling tracking mode.

Symbol Feature name Definition
T ine Indoor temperature The maximum indoor temperature increase*/** in a
increase [°F] cooling tracking period.
Atipe Increase time [hr] The time required to reach the maximum indoor

temperature increase.

T'ijmc Indoor temperature The rate at which indoor temperature increases;
increase rate [°F/hr] defined as T} j,c = T; ine/Atine.

DH Average degree The integral of the difference between the indoor
hour [°F-hr] temperature and the cooling setpoint, during a time
segment exhibiting poor transient behavior, averaged
over the whole cooling season; defined as:
DH = + S 024 I' - max (0, Tspe )dt; where N is
the number of days in a cooling season; / equals 1 in
poor tracking periods, and O in other cases.

T} maz Average maximum The average of ten highest 7; ,,,4, in all poor tracking
indoor temperature [°F] periods** after removing five most extreme instances.

Notes: * A searching algorithm is applied to find the maximum increase in a time series.

** If a poor cooling tracking period is longer than 24 hours, then it will be seg-
mented with one period a day. Generally, there is at most one poor tracking period
each day, and the maximum indoor temperature occurs in the afternoon when cool-
ing load is the highest.
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During normal cooling tracking periods activated by a decrease in cooling setpoint, the indoor
temperature should decrease (or increase a very small amount) after cooling starts, such that both
the value of the indoor temperature increase and the temperature increase time should be very
small. For the poor tracking periods, however, both of these two features could show very high

values.
3.3.4 Behavior Recognition: Identification of Poor Tracking Periods

In this step, the features extracted above will be analyzed to identify all poor transient behavior
of a system. In total four types of transient behavior are common in the cooling tracking mode.
Recall that a cooling tracking period is just one single cooling on-cycle. Figure 3.3a shows normal
transient behavior (the most common), where the cooling system starts after a drop in setpoint
and remains on until reaching the new setpoint. Figure 3.3b shows poor transient behavior, where
the indoor temperature increases over 10°F before returning, despite the cooling system operating
continuously for nearly 24 hours. Both Figure 3.3c and 3.3d show interesting transient behavior
where the indoor temperature first increases precipitously after the cooling system turns on. The
behavior in Figure 3.3c may be caused by lack of insulation on the return air duct in the attic,
such that warm air is initially blown into the house when the fan starts after a long downtime; the
behavior in Figure 3.3d may be caused by the internal heat load of the thermostat itself on the
sensor, such that indoor temperature seems to rise as soon as the fan starts (after cooling starts) and
the air circulation direction of the room changes.

Three features, namely indoor temperature increase (7] ;,.), increase time (At;,,.), and increase
rate (Tm-nc)), are used together to separate the different causes of poor transient behavior. As a first
step, normal transient behavior should exhibit 7; ;,. ~ 0, and hence these normal periods can be
eliminated by a simple range filter, e.g., 7; ;, > 1°F. Distinguishing between the types of unde-
sirable transient behavior, however, is more difficult. Poor transient behavior could exhibit long
At;y,. and low ﬂmc), or vice versa. Figure 3.4a shows the kernel density estimation of all tracking
periods after removing those identified to be normal, with darker regions having more data. The

data forms two groups, shown by Figure 3.4b. The cluster on the left could only correspond to
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Figure 3.3: Four main types of transient behavior exhibited in the cooling tracking mode (red
color).

the poor tracking periods due to its long increase time, and the other on the bottom could only
correspond to other types of behavior due to its fast increase rate. Only data between two groups
in the lower left region has some ambiguity. However, based on an assumption that if a system
has some confirmed poor tracking periods, then the ambiguous ones are more likely to be poor
tracking periods as well, such that the hierarchical clustering method can be applied to group the
two behavior for each system.

In this study, Ward’s agglomerative hierarchical clustering method [38] is applied to build a
hierarchy of clusters from the transient data of each system. This method starts with each data
point in its own cluster. Then as the algorithm moves up the hierarchy, it seeks to merge pairs of
clusters which can minimize the variance of the clusters. In order to exactly find the two clusters of
behavior, some generated data from the two black circles in Figure 3.4b is added into the real data.
Note that the black circles correspond to the core regions of each cluster, taking up 50% of the

mass, with known true labels. Also, features on both axes are normalized such that the Euclidean
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Figure 3.4: (a) Kernel density estimation of the remaining tracking periods after the normal ones
are removed. (b) The data forms two groups. The group in red corresponds to poor transient
behavior, and the group in blue corresponds to other transient behaviors. The black circles show
the core region (50% of mass) of each group.

distance is applicable. By this means, the algorithm iterates over each system to label the tracking
periods mixed with generated data. Since the two clusters are defined by expertise and experience,
this approach can be regarded as setting soft thresholds between the two behaviors. After checking
the results, the method is found to be stable and robust, and can correctly label the data of either
type of behavior. Therefore, all cooling tracking periods labeled with poor transient behavior can

be separated from the other behavior.
3.4 Statistics-Based Fault Detection Method

This section presents the proposed statistics-based fault detection method. In order to compare
system performance to the entire population and identify outlier behavior, the statistical distribu-
tion of two features, namely average degree-hour above setpoint and average maximum indoor
temperature, will be investigated among all systems by means of kernel density estimation. These
two features could strongly indicate the existence and the severity of operational faults, and thresh-

olds for identifying faulty systems will be recommended.
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3.4.1 Statistical Distributions of Features

Once all poor tracking periods are identified, a statistics-based fault detection algorithm can
be applied using two additional features, namely average degree hour above setpoint and average
maximum indoor temperature. The average degree hour above setpoint (D H, unit: [°F-hr]) aver-
ages the area between indoor temperature and cooling setpoint for only all poor tracking periods
(see Figure 3.3b as an example) each day in the whole summer cooling season, which represents
the system effectiveness and occupant comfort. For instance, a system with DH = 20°F-hr may
on average have indoor temperature 4°F above setpoint lasting for 5 hours every day in the sum-
mer, even though cooling runs in full power. The average maximum indoor temperature (75 ,,,4,)
is calculated by averaging ten highest indoor temperatures during poor tracking periods, after first
removing the five most extreme instances in the cooling season. Thus, this feature represents the
most severe instances of occupant discomfort. For instance, a system with Ti,max = 85°F will have
indoor temperature rising over 85°F on average for at least 15 days in the summer, even though
cooling runs in full power. These two metrics characterize the severity of the detected problem.

To exemplify the distributions of the two features, approximately 10,000 residential single-
stage cooling systems in 2A IECC climate zone (see Figure 3.1) in Florida are queried with data
from June 1st to September 30" in 2019. Among them, 904 systems have been identified with more
than 15 (a hard threshold) poor tracking periods. The kernel density estimation of the average
degree hour above setpoint and average maximum indoor temperature are shown in Figure 3.5.
From Figure 3.5a and 3.5b, most systems have average degree hour above setpoint less than 20°F-hr
and average maximum indoor temperature less than 85°F. From the 2-D distribution in Figure 3.5c,

one can find that generally DH > 15°F-hr along with Ti,max > 80°F is abnormal.
3.4.2 Thresholds Recommendation for Fault Detection

Although high DH and high T;,,,, are not equivalent to faults, they can strongly indicate
the existence or severity of faults. We hope to use the distributions of these two metrics to set

thresholds for fault and estimate fault severities. Practically the real numbers of faulty systems are
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Figure 3.5: Kernel density estimation of (a) the average degree hour above setpoint, (b) average
maximum indoor temperature, and (c) both features together, for all 904 systems identified with
more than 15 poor tracking periods.

unknown and the exact boundary between faulty and fault-free systems is indeterminate. Further-
more, all systems exhibiting poor transient behavior could have some level of operational faults.
Nevertheless, to be conservative, in this study the thresholds are adjusted such that about 5% sys-
tems with the poor transient behavior are classified as faulty. Note that approximately 9% systems
are identified with poor transient behavior, so this threshold will label about 0.5% among all sys-
tems to be faulty. The threshold is flexible and subject to change based on the service companies’
preferences. The study finally takes 80% quantile of the DH and Ti,max in the dataset as thresh-
olds, respectively 12.4°F-hr and 80.0°F, calculated from the estimated probability density function
in Figure 5a and 5b. Any systems with both features above thresholds are flagged. Two case study

examples are shown in the next section.
3.5 Results and Discussion

Using the approach outlined above, systems that exhibit faulty behavior are flagged. These
faults could be related to either capacity degradation faults or undersizing issues. In this section,
general fault detection results are summarized, and two typical cases are presented, with each
representing one type of common behavior. The results demonstrate the potential of large data

fault detection methods for residential HVAC systems using cloud-based thermostat data.
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3.5.1 Summarization of Fault Detection Results

Figure 3.6 briefly summarized the fault detection results. Figure 3.6a shows how faulty sys-
tems are flagged layer by layer. The Venn diagram in Figure 3.6b shows a total of 181 systems are
flagged by each feature using the proposed thresholds, and the 68 systems at the intersection of
the two groups are labeled as faulty. The next three scatterplots illustrate the behavior of these 68
labeled faulty systems in the 2019 summer cooling season. Figure 3.6¢ shows that in most of these
homes the indoor temperature often reaches to around 84°F although the cooling setpoint is usually
set to around 74°F, and there are some extreme systems having very high indoor temperature and
degree hour above setpoint. Figure 3.6d compares the previously defined degrees hours with the
degrees hours when the indoor temperature is 2°F above setpoint. The latter feature can be calcu-
lated by the equation in Table 3.1 assuming the setpoint increased by 2°F. The result shows strong
linear relationship, indicating higher degree hours means both higher temperature and longer time.
Occupants living in a high-degree-hour conditioned space have to endure high indoor temperature
well above the setpoint value they selected for several hours every day. Finally, Figure 3.6e shows
that most faulty systems spend between 400 and 2000 hours with poor tracking during the cooling
season. No particular relationship can be found between maximum indoor temperature and total

time on poor tracking due to the difference in setpoint values for each system.
3.5.2 Case Study I: Significant Time above Setpoint, High Maximum Indoor Temperature

Figure 3.7 displays a part of daily operation of a selected faulty system, recorded from June 10
to June 14™. Note that this is the most common behavior among all labeled faulty systems. The
first plot records the indoor temperature variation and cooling setpoint changes with modes labeled
in red, cyan and green color. The second plot records the cooling load factor (i.e. on/off status)
of this single-stage cooling unit. The third plot records the outdoor temperature variation. From
this figure, the system frequently shows long periods of poor transient behavior, and the indoor
temperature can spike from 75°F to above 85°F when the outdoor temperature approaches 90°F

in the afternoon. Typically, every day the system operates all the time from the sunrise to sunset,
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Figure 3.6: Illustration of the statistics-based fault detection results. (a): General statistics. (b):
A Venn diagram showing the numbers of flagged systems. (c) to (e): Statistics of the 68 faulty
systems in the summer cooling season.

until the outdoor temperature drops below 80°F. It works very little during the night, because the
cooling setpoint is above the outdoor temperature and the house is cooled passively by the ambient
environment.

Statistics shows the average degree hour above setpoint is 45.7°F-hr and average maximum
indoor temperature is 87.5°F. These numbers could be understood in the following way: the oc-
cupants in the house on average experience 5°F above setpoint every day for 9 hours, and the
maximum indoor temperature in a day approaches 87.5°F on average for at least 15 days in sum-

mer. Clearly the comfort level is very low, and the system capacity does not meet the cooling

load.

3.5.3 Case Study II: Significant Time above Setpoint, Low Maximum Indoor Temperature

Another example shown in Figure 3.8 also has many long periods of poor tracking and even
have one poor tracking period lasting for several days (e.g., the period from September 8" to

September 14"). The average degree hour above setpoint is 83.5°F-hr, much higher than the former
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Figure 3.7: Daily operating condition of system I with labeling modes of operation, from June 10
to June 14", Red: poor cooling tracking periods; cyan: cooling regulating periods; green: free
response periods; dotted line: cooling setpoint.

example. This case, however, is very different from the former one in that the occupant comfort
is not totally lost. The average maximum indoor temperature is 77.5°F, and the cooling setpoint
is adjusted 67.1°F on average when the system exhibits poor transient behavior. Because of the
low indoor temperature, this example is not labeled as faulty. Nonetheless, this behavior is very
common, characterized by an occupant driven issue in addition to possible capacity degradation
issues.

Figure 3.8 captures a segment of the occupant driven issue. On the evening of September 8",
the occupant deliberately lowered the cooling setpoint to 63°F in order to receive more cooling,
even though he or she understood that the indoor temperature might never reach the setpoint. From
the figure, the system precools the home at night to approximately 67°F, and during the daytime

the indoor temperature can be well-controlled below 77°F. In other words, the occupants were
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forced to decrease the setpoint because he or she had realized that the system capacity was not
large enough, and if the system did not operate during the nighttime, the indoor temperature would
probably rise above 80°F in every afternoon. Additionally, we speculate that nobody was at home
before and after the displayed poor tracking period, so the occupant could adjust the setpoint at
80°F to reduce cooling and the associated electric bill. However, this precooling method is not
always effective and is symptomatic of faulty equipment. A better solution for the home owner

will be to contact service companies and request maintenance.
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Figure 3.8: Daily operating condition of system II with labeling modes of operation, from Septem-
ber 8™ to September 14", Red: poor cooling tracking periods; cyan: cooling regulating periods;
dotted line: cooling setpoint.

3.6 Conclusions

By means of cloud-based smart thermostat data of thousands of residential HVAC systems,

the proposed fault detection method can successfully identify faulty systems from analysis of their
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transient behavior, and infer the problem severity using specific data features. The flagged faulty
systems exhibit low cooling capacity compared to the load, which is the result of system degrada-
tion, improper sizing, or improper commissioning, and the occupants either experience discomfort
or are forced to compensate by artificially adjusting the cooling setpoint.

This paper only introduces two features indicating severity of capacity degradation fault. Other
features extracted from the cooling tracking mode can potentially indicate additional faults ob-
served only from the transient behavior. For instance, indoor temperature increase (7; ;,.) and
increase time (At;,.) can be applied to diagnose problems such as lack of insulation in the house
attic, thermostat misplacement issues, and smart thermostat internal heat load issues. The potential

of large data fault detection methods requires both domain expertise and sound statistical analysis.

61



4. PAPER B: MULTIVARIATE FAULT DETECTION FOR RESIDENTIAL HVAC SYSTEMS
USING CLOUD-BASED THERMOSTAT DATA, PART I: METHODOLOGY'!

4.1 Synopsis

Fault detection and diagnosis (FDD) using smart thermostat data is a relatively new field of
research, but one with immediate practical application to residential indoor climate control. This
two-part paper proposes a statistics-based method for using aggregated data from many residen-
tial HVAC systems to identify outliers. These outlier systems can then be related to operational
problems, such as inadequate capacity, malfunctioning control strategies, or other soft faults. The
first part of this paper presents the analytical methodology. For this study historical and real-time
data from thousands of cloud-based thermostats is used to extract features during the cooling mode
of operation. First, the data is parsed to identify time segments that are characteristic periods of
pseudo-steady state operation. Then, a multistage fault detection method compares the features
among all systems to find statistical outliers. Each feature is analyzed independently using kernel
density estimation (KDE) methods. Additionally, multiple features are analyzed simultaneously
using multivariate statistics and the Mahalanobis distance (D)) to determine outliers. Anoma-
lous systems are sorted heuristically, and information from univariate and multivariate methods
are combined to more precisely classify systems exhibiting specific faulty behavior. The second
part of this paper provides some typical case studies, illustrating how this method can be used to

identify aberrant behavior across a large number of monitored systems.
4.2 Introduction

Heating, ventilating, and air conditioning (HVAC) equipment maintains the indoor environ-
ment with appropriate temperature and humidity levels. However, it accounts for a large share
of residential households’ total energy consumption. According to the Residential Energy Con-

sumption Survey (RECS) in 2015 [1], the annual average heating costs is $850 per household in

'E. Guo, A.P. Rogers, and B.P. Rasmussen, “Multivariate Fault Detection for Residential HVAC Systems Using
Cloud-based Thermostat Data, Part I: Methodology,” Science and Technology for the Built Environment, In Review.
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the Northeastern United States (37.5% of energy costs). Households in the southern United States
pay $392 annually for air conditioning (20.4% of energy costs). With a large portion of household
expenditures devoted to climate control, 31% of US households face challenges to pay household
energy costs or maintain comfortable indoor conditions [1].

Improving the operation and efficiency of a residential HVAC system can be achieved by 1)
properly sizing the unit to the customer needs, 2) improving component performance efficiencies,
3) improving and optimizing system control algorithms, and 4) implementing predictive and pre-
ventative maintenance strategies. Fault detection and diagnosis (FDD) methods can assist in each
of these areas by ensuring the system is properly commissioned, identifying specific operational
problems, predicting gradual degradation and prompting necessary maintenance, and reducing the
time required to diagnose and repair systems.

These types of diagnostic and predictive maintenance algorithms benefit residents by improv-
ing comfort and lowering energy costs, but also benefit manufacturers and service companies.
Manufacturers establish a brand image for reliability and efficiency. Service companies gain cus-
tomer loyalty by anticipating equipment problems and repairing them quickly and correctly. The
society also benefits by reducing energy use and the corresponding emissions.

Most published fault detection and diagnosis (FDD) methods for HVAC systems focus pri-
marily on large commercial systems, such as variable air volume air handling units (VAV-AHUys),
chillers and cooling towers. About 16% of FDD studies are associated with small commercial and
residential buildings, but the majority focused on rooftop packaged units (RTU) [3]. Relatively few
published research efforts have been focused on residential split systems, mainly because FDD
generally requires installation of additional sensors on the equipment [17]. For mass-produced
residential units with small profit margins, adopting additional sensors may not be cost-effective.

An alternative data source for analysis and diagnostics in residential HVAC systems is smart
thermostat data, which records important, but limited, information including indoor/outdoor tem-
perature, temperature setpoint, and heating/cooling operational mode. In recent years, smart ther-

mostats have been widely adopted by home owners, because they offer remote control and monitor-
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ing options (e.g. via smart phones), include learning algorithms to improve occupant comfort, and
provide feedbacks to users regarding energy use. Meanwhile, the huge amount of data recorded
by smart thermostats provides distinctive opportunities for FDD approaches, or even promotes a
potential paradigm shift. [27] presents two physics-based models and shows the thermostat data
can detect building construction faults such as poor thermal insulation. Similarly, [22] focuses on
optimizing occupant behavior and develops an algorithm to provide personalized home heating
advice to households. While the above studies use experimental data, simulated thermostat data
is also used for model validation. For example, [21] proposes a recursive least-squares model and
identifies airflow restrictions and total system failures.

The previous studies leverage data from multiple thermostats to generate models that can be
applied to a particular system to detect and diagnose faults. In contrast, the fault detection methods
presented here are based on a paradigm of large-scale data analysis of the operational behavior of
thousands of systems for comprehensive and simultaneous FDD of cloud-based residential HVAC
systems. Figure 4.1 illustrates the role of this multi-system FDD method in the iterative process
of predictive maintenance. Smart thermostats in every residential home continuously record and
upload real-time data to a server, forming an extensive database on the cloud. Then on a remote
platform, the FDD methods process the data by extracting useful features and using statistical
methods or artificial intelligence for comparative analysis. Due to the large number and diversity of
systems, comparing aggregate features is computationally and practically feasible. Next, systems
with detected faults are ordered based on the severity of faults. Dealers and customers can be
notified of faulty systems, and service technicians can be dispatched to repair systems based on
priority and with a preliminary diagnosis in hand. By this means, anomalous systems are identified
quickly by FDD algorithms and serviced to maintain occupant comfort and energy efficiency.

An overview of the proposed FDD algorithm is depicted in Figure 4.2. The remainder of this
paper will describe each element in the methodology, and illustrate these with simple statistical
examples or representative thermostat data. First, raw data is queried from the cloud and prepro-

cessed (Section 4.3). This procedure first removes sensor and communication errors, and then
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Figure 4.1: The process of predictive maintenance and the role of FDD methods.

parses the cleansed time-series data based on operating mode to extract key data features. The
algorithm then uses univariate and multivariate statistical methods to identify anomalous system
behavior (Section 4.4). Finally, postprocessing separates true faulty systems from among all out-
lier systems and performs preliminary prioritization based on severity (Section 4.5). While part
one of this paper focuses exclusively on the proposed methodology, part two will present detailed
case studies exemplifying the various capabilities of the proposed algorithm, using data from over

9,000 residential air conditioning systems.
4.3 Data Selection and Preprocessing

Data preprocessing is a crucial requirement before applying fault detection algorithms. The
baseline models used for fault detection will not be effective unless the input data is clean and

representative of the operating condition of the systems. In this section, suggestions regarding
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data selection will be briefly discussed. Then, five major preprocessing procedures are presented,
namely: data cleansing, mode labeling, feature extraction, data separation, and feature transfor-
mation. Data cleansing removes anomalous data related to sensor faults and offline thermostats;
mode labeling partitions raw data, followed by then extraction of useful features to be investigated;
data separation ensures comparability of features within each subgroup; and lastly transformation
of features enables unbiased parameter estimations in the statistical models. A graphical represen-

tation of the preprocessing procedures is shown in Figure 4.3.

66



Data Selection ------

h 4

\ 4

\ 4

\ 4

Data Cleansing =-----

Mode Labeling -----

Feature Extraction =---

Data Separation t----

Feature Transformation

76°F

Preprocessing of data from one system

75°F 1

74°F A

73°F~

Indoor Temperature

72

76°F

OG:Ob AM 12:0|0 PM 06:06 PM 12:00 AM

75 F -

74°F A

73°F

Indoor Temperature

72°F

76°F

06:00 AM 12:00 PM 06:00 PM 12:00 AM

74°F A

73°F -

Indoor Temperature

72°F

Cool Regulating

75°F —— Cool Tracking
—— Free Response : : H . 1 . )

ftwo :
rhours:

12:00 AM

l

06:00 AM 12:00 PM 06:00 PM 12:00 AM

l Lol

{ECIIFII"}l {chrFi/"}l {ECIIFII"}Z {EcilFiI"}Z

S/ AN S/

Subset #1 Subset #2

ELF. | B F.,

(E.,F,.}, (E.,F,.},

Figure 4.3: An illustration of the data preprocessing procedures. Thousands of systems are pro-

cessed in the same way.

4.3.1 Data Selection

This study utilizes raw smart thermostat data drawn from a database with historical records

of hundreds of thousands of systems, most with more than one year’s worth of data and located

throughout the United States. Since the proposed FDD method relies on comparisons of system
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operating in similar conditions, data selection should consider climate zones, time period, and
quantity and type of similar systems.

First, systems within similar climate zones ought to be grouped because the local climate and
house size determines system size. For example, air-conditioning systems in Texas are generally
larger in capacity compared to those in Minnesota. Thus, for the same indoor and outdoor temper-
ature, the smaller system in Minnesota tends to work much harder and therefore seems undersized.
However, because the summer season in Minnesota is much cooler and shorter than in Texas,
comfort can be adequately maintained with a smaller capacity system.

Second, the appropriate time scale needs to be determined. Using only one or two weeks of
data can be computationally inexpensive, but has significant drawbacks because it generally will
not accurately capture the full range of ambient conditions. Additionally, during short periods the
statistical analysis is liable to be affected by some irrelevant covariates. For example, if an occu-
pant left a window open, the air conditioner may seem not to be working properly. These types of
occupant or behavioral faults are not the primary focus of this paper, and their effects can be less-
ened using data from a relatively long time period. Shorter time periods may also limit the amount
of useful data for analysis (e.g. a two-week period where the system operates infrequently). Con-
versely, time periods exceeding one year may not be appropriate, as the operating condition of
a system may have changed significantly due to degradation or repairs. Therefore, in this study,
thermostat data spanning a 3-month period is chosen to carry out a relatively comprehensive in-
vestigation for each system.

Third, the database contains a variety of air conditioning system types, including systems with
single-stage, dual-stage and variable-speed compressors. Because the operational behavior and
many data features depend on system type (e.g. on/off cycle frequency), each system type should
be analyzed independently. The results presented in this paper are based on data collected between
June and August in 2018 from approximately 9,000 residential single-stage cooling units located

in Texas, Georgia, North Carolina, and Florida.
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4.3.2 Data Cleansing

The raw thermostat data in the database is event-based. In other words, new data is recorded
only when a change occurs: indoor temperature setpoint is updated, the system cycles on or off, or
a measured temperature changes more than a defined amount. However, cloud-based thermostats
rely on home internet connections, and may go offline and fail to communicate. Thus, when
the data is selected, the first preprocessing step is cleansing data to remove the communication
and sensor integrity issues, as these anomalous data strongly interfere with the effectiveness of
the statistics-based models. Data cleansing is performed by a rule-based filter that is capable of

removing data with the following faults:

The indoor or outdoor temperature climbs above 130°F or goes below 0°F (occasionally the

thermostat will list the temperature as 2'°=32,768°F when the thermostat goes offline).

* The temperature increases or decreases by more than 20°F between two consecutive updates.

This is often caused by sensor integrity issues.

* The indoor or outdoor temperature has not updated for more than four hours. If the sensor
fails to update for a period of time and then suddenly resumes, then removing these commu-

nication failure periods is necessary.

* The system maintains a constant temperature with little variance (tightly), but the setpoint

error is large. In this case the reported setpoint is likely incorrect.

* The system runs for more than 24 hours. In most cases this is caused when the system “off”

signal is not received.

Fortunately, the thermostat system is generally robust and requires applying only these simple
filters to ensure data validity. The remaining data is presumed to be an accurate record of system

behavior.
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4.3.3 Mode Labeling

After erroneous data are removed, but before extracting specific data features for analysis, a
critical process termed mode labeling is applied to partition raw thermostat data and classify the
data sections [6]. A typical cycling HVAC system has three operational modes: cooling, heating,
and off. However, these modes are less useful for analysis than differentiating between time periods
when the system is cycling about a fixed temperature setpoint, adjusting to meet a sudden increase
in cooling demand, or simply allowing the home temperature to respond passively to changes
in ambient temperatures. Within each of these behavioral modes, specific data features can be

subsequently extracted and analyzed.

* A system is said to be in a regulating mode when the system cycles on and off and maintains
a relatively constant temperature. The system may have both cooling and heating regulating

modes. Critical data features could include cycle frequency and duty factor.

* A system is said to be in a tracking mode when the system operates continuously to reach
the desired setpoint. Again, both the cooling and heating functions have tracking modes.
Tracking modes are typically activated after a decrease in the cooling setpoint or an increase
in the heating setpoint. Critical data features for this mode could include temperature decay

rate.

* A system is said to be in a free response mode when neither setpoint is active. A free
response mode may occur after a setpoint change (i.e. a rise in cooling setpoint or a drop
in heating setpoint) or when the cooling and heating loads are low such that the indoor
temperature remains between heating and cooling setpoints for an extended period. Critical

data features for this mode could include the thermal time constant of the house.

The mode labeling algorithm first determines whether the temperature during a given on/off
cycle is similar to the cycles before and after it. If the indoor temperature fluctuations of a cycle

are similar to the preceding and following cycles, it will be considered part of a regulating mode.
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Otherwise, if the temperature is not similar to either the preceding or the following cycles, then
the indoor temperature is assumed not to be maintaining a constant temperature, and the mode
may be labeled as tracking (if the system is on) or free response (if the system is off). After this
initial rule-based filter, several additional conditions are applied to improve the accuracy of the
labeling algorithm. For example, regulating modes must contain a minimum number of on/off
cycles to ensure that the temperature is being maintained for an extended period. Tracking modes
must contain a minimum change in temperature during the run cycle, and free response modes must
persist for a minimum duration. For more complete details regarding the mode-labeling procedure,
see [6].

Figure 4.4 provides an example of labeled modes of operation. In Figure 4.4a, the system
is in cooling tracking modes when the indoor temperature drops significantly, and the system is
in cooling regulating modes when the indoor temperature is maintained relatively constant. In
Figure 4.4b, the system is in a free response mode when indoor temperature rises above the heating
setpoint and then re-enters a heating regulating mode when the indoor temperature drops to the

setpoint.
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Figure 4.4: An example of labeled modes of operation using the proposed preprocessing methods.
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4.3.4 Feature Extraction from Mode Labeling

The mode labeling algorithm sections raw data into regulating, tracking and free response
modes, and after that various features can be extracted from each mode. The proposed fault de-
tection method specifically focuses on the cooling regulating mode, and the extracted features are

listed in Table 4.1.

Table 4.1: Supporting features for cooling regulating mode.

Symbol Feature name Definition

. Temperature difference between home (indoor)
Temperature difference

AT, °F] and ambient (outdoor)
AT‘oi =T1,-1T;
Humidity ratio difference Hum1§1ty ratio dlfferepce between home
Aw,; ) (indoor) and ambient (outdoor)
[kg H,O/kg dry air]
Woi = Wo — Wj
. The product of cooling duty factor (D)
E. Cooh[n ; ]effort and cooling load factor (L)
0 (see Equation 4.1)
Cycle frequency
F [eycle/hr] The number of start/stop cycles per hour
. . The error between indoor temperature
Cooling setpoint error . .
Tspe and cooling setpoint

[ F] Tspe - irz - Tspc

Among these features, temperature difference and humidity ratio difference are the most basic
descriptors of the conditions of a house and its ambient environment. Cooling effort describes how
hard a system is working by denoting the overall portion of capacity for the given time period. In

a period At, the time-averaged cooling effort is calculated by

(

=~ tt:OAt L(t)dt for variable-speed systems
Ec=4D.-L for multi-speed systems 4.1
D for single-speed systems

\
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where duty factor (D) is defined as the fraction of time that the system is running, and load factor
(L) is defined as the fraction of full capacity at which the system runs. A high cooling effort during
moderate climate conditions may indicate an undersized or faulty system, while an abnormally low
cooling effort during typical conditions may indicate an oversized system.

However, cooling effort alone does not fully capture the operational behavior because the same
duty factor can occur with short or long on/off periods. Cycle frequency successfully captures this
distinction and can be a strong indication of the system sizing relative to the load.

Cooling setpoint error shows the degree of deviation of indoor temperature from temperature
setpoint as a system cycles on and off in the regulating mode. A properly sized and well-maintained
system will generally have an average setpoint error close to zero in regulating conditions. (If the
system is operating in a dehumidification mode, the setpoint error may be below zero, as the
temperature is deliberately controlled lower than the occupant-defined setpoint).

For these five features cooling effort, cycle frequency, and setpoint error characterize the op-
erational behavior of a system, while temperature difference and humidity ratio difference define
the operational conditions. Temperature and humidity strongly affect the behavior of a system, but
do not indicate any anomalous behavior. Thus, in the following process they will serve to sepa-
rate data features into subsets of similar ambient conditions, rather than being indicators of faulty

systems.
4.3.5 Data Separation

The previous section presented the mode labeling algorithm and listed the features extracted
from the cooling regulating mode. This section proceeds to further split the extracted features
based on operational conditions. As shown in Table 4.2, the data is separated into eight subsets
according to temperature difference (AT,;) and humidity ratio difference (Aw,;). This allows the
comparison of data features with similar temperature and humidity conditions.

Additionally, extreme or outlier data subsets are excluded based on the following criteria:

* Operational data under extreme weather conditions (i.e. outside of the ranges given in Table

4.2).
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Table 4.2: Data separation according to temperature and humidity differences.

AT,; range [°F]
O~ 4| dn 8| 8~ 12|12~ 16
Aw,; range 0.002 ~ 0.007 | #1 # #3 #4
[kg HyO/kg dry air] | 0.007 ~ 0.012 | #5 46 #7 48

Subset number

» Data with cooling setpoint error lower than —0.5°F. This condition occurs when systems are

operating in a dehumidification mode.

* A subset of data for a single system is less than 25. This is to ensure an unbiased analysis.

After this step, for each system in each subset the average of cooling effort, cycle frequency
and temperature setpoint error is calculated. This data is a compact and accurate summary of the

operating behavior of each system at different weather conditions.
4.3.6 Transformation of Features

In the previous data separation process, the dataset is separated into eight subsets, and in each
subset the average value of each feature is calculated. Figure 4.5a shows the kernel density estima-
tion of cooling effort data (£.) for all systems in subset #1. Importantly, the distribution is skewed,
due to inherent characteristics in the operating behavior. Similarly, the distributions of cycle fre-
quency and setpoint error in each subset are also skewed. The statistics-based algorithms to be
introduced in Section 2.4 include both univariate and multivariate fault detection. While the uni-
variate method is unaffected by the skewed distribution, the proposed multivariate technique uses a
method called the minimum covariance determinant (MCD) estimator [39], which has a better esti-
mation of the feature mean and variance if each feature is individually normally distributed. Hence,
the multivariate method necessitates a data transformation procedure to normalize the distribution.

In this study, the Box-Cox transformation [40] is applied to yield datasets which are approx-
imately normally distributed. In the Box-Cox transformation, datasets must only have positive

values. Here, this rule is satisfied for cooling effort and cycle frequency, as these two features

74



only have positive values. Because the cooling setpoint error is greater than —0.5°F, the values are
shifted to positive by adding 0.5°F to each data point.
Suppose the data X7, Xs, ... X, is independent and identically distributed random variables

which has skewed probability density function. Then, Box-Cox transformation is defined by

X -1
- A iftA#0

X(\) = 4.2)
log(X) if A=0

By using maximum likelihood estimation to optimize the value of ), it can often transform
datasets into an approximate normal distribution. For any A, the transformation function is mono-
tonically increasing with respect to X, which guarantees the order of all data samples are un-
changed.

After the transformation (shown in Figure 4.5b), the KDE is converted to a minimally skewed
normal distribution, which is applicable for further analysis. To test the performance of the trans-
formation, a quantile-quantile plot is drawn for comparing the transformed quantiles against the
quantiles in the normal distribution. Figure 4.5¢ shows one plot for cooling effort (£.) in subset
#1. The fitted line has an R? value of 0.998, which indicates that the transformed data is very close
to the normal distribution. Applying this transformation technique to the remaining data features
and subsets yields similar results, with R? value always greater than 0.9. In contrast, for data which

has not undergone a transformation, R? value is typically 0.8.
4.4 Statistics-based Methods

After the preprocessing, the statistics-based multi-system outlier detection method is applied.
In this approach, most systems are assumed to be operating normally and are fault-free. De-
vices in the same categories are compared with each other by using features. Common behavior
among most systems is considered as normal. Otherwise, it is considered as abnormal behavior.
A device with no abnormal behavior is flagged as fault-free. A device with abnormal behavior

could be improperly sized, malfunctioning, installed at a non-residential location, or have above
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Figure 4.5: Subplot (a) shows the KDE of actual cooling effort in subset #1, subplot (b) shows
the KDE of transformed cooling effort in subset #1, and subplot (¢) is the quantile-quantile plot of
transformed cooling effort in subset #1.

average performance. In other words, malfunctioning systems are a subset of the outliers, and
need to be separated from all identified outliers during postprocessing (to be discussed in section
4.5.1) by analyzing a combination of data features. Once a malfunctioning device is identified,
expert technicians or artificial intelligence algorithms can evaluate the specific data features and
system behavior to provide a preliminary diagnosis of the fault. The purpose of the statistics-based
methods is to identify potentially faulty systems and provide quantifiable metrics for determining

relative severity, thus allowing prioritization in repair and maintenance.
4.4.1 Univariate Fault Detection

Univariate fault detection examines each feature separately and does not consider possible cor-
relations between features. After separating the data into eight subsets (note that applying a feature
transformation is not required), a non-parametric method called kernel density estimation (KDE)
is applied to estimate the probability density function of each feature in every subset, respectively.
Since outliers behave differently from normal systems, their features are located in the low density
regions in the distribution. Moreover, the distribution is generally unimodal, so features with either
abnormally high or abnormally low values are classified as outliers. However, as will be discussed
in the outlier separation process (Section 4.5.1), only abnormally high values of cooling effort,

cycle frequency, and setpoint error will be considered as faulty behavior.
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As an example, the KDE of average cooling effort (£,) for the operating conditions defined data
subset #1 is shown in Figure . One system has E, value of 45%. Because the whole area under
the KDE curve is one, the shaded area shows the percentage of systems that has cooling effort
higher than 45%. In other words, the area indicates the systems that exhibit worse performance in
this operating condition. The process for deciding whether this is sufficient evidence to indicate a
fault will be discussed later in the fault prioritization process (Section 4.5.2). Note that the study
calculates this percentage through KDE instead of just finding the upper ranks of . among the
sampled several thousand of systems, because the KDE can map the distribution of the selected

systems to the population distribution of all similar systems under similar conditions.
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Figure 4.6: The KDE plot illustrates how univariate test of cooling effort is applied. The system
has F. value of 45%, and the shaded area shows the percentage of systems that has cooling effort
higher than 45%.

4.4.2 Multivariate Fault Detection

As discussed above, univariate fault detection investigates one feature in isolation and does
not consider possible correlations between features into account. However, a system with mild

faults may not necessarily have extreme values in any one feature, but may have an uncommon
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combination of feature values. This section discusses a multivariate fault detection method, in
which cooling effort, cycle frequency, and setpoint error are combined into multivariate statistics
(i.e. three bivariate statistics and one trivariate statistic).

The same KDE method can be applied for multivariate statistics, but in a high dimensional
space with thousands of systems, the computational load is very high. Therefore, the KDE of
the squared Mahalanobis distance is applied as a metric to find outliers within each subset of
operational conditions. The Mahalanobis distance (D),,) is a measure of the distance between a
point P and its mean of the multi-dimensional distribution [29]. The distance is zero if P is exactly
at the mean of the distribution and grows as P moves away along each principal component axis.
Compared to the Euclidean distance, the Mahalanobis distance is scale-invariant and takes the

correlations of the data set into consideration as well. It is defined as follows:

Dy = /(T — )72 1T — i) (4.3)

where /i and Y are respectively the vector of means and the covariance matrix of the distribution.
If X is the identity matrix, the Mahalanobis distance will reduce to the Euclidean distance.

Figure 4.7 shows an example of the advantage of Mahalanobis distance. From a Euclidean
perspective, point A and point B are equidistant from the center of the distribution. However, since
features X and Y are highly correlated, point A is considered to be further away from the center,
as measured by Mahalanobis distance. In essence, point A is much more of an outlier. Using a
Euclidean metric would fail to capture the pattern of distribution.

But the Mahalanobis distance itself can be very sensitive to outliers ([41]. Several extreme
observations located far away from the data center can bias the arithmetic mean and sample co-
variance matrix, thereby affecting the measurement of Mahalanobis distance. One solution to this
issue is that the mean and covariance be estimated in a manner resistant to potential outliers. Cur-

rently, a few robust estimators have been proposed, such as the Fast-PCS [42], the Fast-MVE [43],
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Figure 4.7: Multivariate outlier analysis with Mahalanobis distance.

the Fast-MCD [44], and the SDE [45]. These estimators all try to select a subset of size h among
the whole sample by minimizing a single criterion [42].

This paper employed the minimum covariance determinant (MCD) estimator [39]. In this
method, the mean and covariance are computed by a subset of observations of size h, which can
minimize the determinant of the covariance matrix. The resulting breakdown value is approxi-
mately (n — h)/n, where n is the sample size. In another word, as long as the fraction of outliers is
below the breakdown value, this estimator will offer an unbiased estimation. The subset size h is
a tuning hyperparameter chosen based on the distribution of the sample. In this study, since most
systems are assumed to be normally behaved, A is set to 0.95n.

The MCD estimator is also widely used because of its computational efficiency. Rather than
using brute force to compute the covariance matrix of each subset of size h, [44] developed the

FAST-MCD algorithm. The procedures are summarized as follows [46]:

1. Choose a subset of size h randomly from the sample.

2. Compute the mean vector and the sample covariance matrix.
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3. Compute the Mahalanobis distance of all n observations using the mean and covariance

obtained in step 2.
4. Choose the h smallest Mahalanobis distances and create a new subset.

5. Repeat steps 2—4 until the difference of the determinants of the covariance matrices between
the two newly updated subsets is smaller than a specified threshold. The iteration is conver-

gent.
6. Repeat steps 1-5 and choose the subset with the smallest determinant of covariance matrix.

Other researchers have proved that the MCD estimator is reliable and sound. For instance, [46]
showed the superiority of the MCD over the Mahalanobis distance by comparing the detected out-
liers using various sizes and correlation of simulated multivariate data, and also compared several
breakdown points for MCD.

With the help of the MCD estimator, the squared Mahalanobis distance (D3,) can be calculated
for each system in each operational subset. Note that the transformed features are used in order
to better estimate the mean and covariance in Equation 3. The next step is to label outliers using
D?3,. If the combined features follow the multivariate normal distribution, then D3, follows the
x? distribution, and the statistics of the x? distribution can be used as detection metrics. But in
this case, due to the nonlinear relationship between features, the multivariate is not necessarily
jointly normally distributed even if each feature is individually normally distributed. Thus, after
calculating the D2, using the MCD estimator for the transformed features, KDE is performed to
estimate the distribution of D3, in each subset, and the percentage of systems that has a larger D3,
is calculated for each system in each subset as well. Similar to the univariate case, not all outliers

are faulty systems, so the outlier separation process is also required for the multivariate.
4.5 Data Postprocessing

This section continues to postprocess the preliminary fault detection results obtained from the

univariate and multivariate methods. Postprocessing is necessary to differentiate between faulty
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and non-faulty outlier behavior. Systems that are identified as outliers include systems that are:
malfunctioning, improperly sized, installed at a non-residential location, performing significantly
above average, or simply unrelated to faults. Thus, outlier separation is required to differentiate
real malfunctioning systems from the other four categories. Unfortunately, undersized systems
are not easily distinguishable without system rated capacity and building thermal characteristics,
and unusual system applications cannot be identified without installation records. These are both
handled using proprietary data only available from the owner or installer, and are beyond the
scope of this paper. However, systems with above average performance (usually oversized) or
just unrelated to faults can be separated from malfunctioning systems in postprocessing.

Finally, this section provides a metric to prioritize detected faulty systems after performing the
statistics-based FDD method. This prioritization metric reconciles the separate results (i.e. faulty
or fault-free) identified in different operating conditions for each system. Additionally, the metric
could assist technicians to quantify the severity of faults and determine the priority for system

repairs.
4.5.1 Outlier Separation

To separate systems that are oversized or otherwise not faulty, the univariate fault detection
methods eliminate outliers with abnormally low values of cooling effort, cycle frequency, or set-

point error for the following reasons:

* High cooling effort is a strong indication of faults in a system, while low cooling effort
is not. High cooling effort is often caused by inadequate capacity, owing to undercharge,
condenser/evaporator fouling, airflow restriction, etc. Low cooling effort is particularly the

behavior of oversized systems.

* High cycle frequency is problematic, while low cycle frequency alone is not informa-
tive. The cycle frequency is supposed to be a controllable parameter in operation, normally
with two to three start/stop cycles per hour. High cycle frequency itself could indicate mal-

functioning control systems, poor thermostat placement (e.g. close to supply air outlets),
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or poor home construction (e.g. low home thermal capacity). Low cycle frequency is only
conclusive when coupling with other features, which will be discussed next in the outlier

separation of multivariate fault detection method.

* Setpoint error is always expected to be low during a regulation period, if not operating
in a dehumidification mode. Since indoor temperature is controlled by the thermostats to
meet the temperature setpoint, high setpoint error is indicative of a control system failure,
poor thermostat placement, etc. In unusual circumstances, a system may be operating to
meet specific dehumidification requirements, even if the indoor temperature is below the

desired setpoint.

The separation of outliers in the multivariate fault detection method is performed by evaluating
the combined features. The squared Mahalanobis distance finds all outliers that behave much
differently from the average performance, but only the subgroups of outliers shown in Table 4.3
are considered as faulty or oversized. In general, abnormally high cooling effort is associated with
faults, abnormally low cooling effort is associated with the oversizing issue, but low setpoint error

is never related to faults.
4.5.2 Fault Prioritization

Finally, to prioritize faulty systems, this method proposes a metric which quantifies the per-
formance of a system in terms of its position in the feature spaces of population distributions. In
this way, occupants and technicians know how a system performs compared to similar systems
under similar conditions. For each system, the metric first calculates the fraction of systems in
the population that exhibit worse performance, denoted by «, within each subset of the univariate
and multivariate tests. This calculation uses the fault detection result obtained from kernel den-
sity estimations (see Section 4.4). Then, the weighted average of o, denoted by &, of a system
in one test is calculated by taking the average of « using the number of data in each subset as
weight. Finally, each test labels faulty systems separately by comparing the weighted fraction &

with pre-determined thresholds. In this research, the threshold for the univariate tests is 1%, and
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Table 4.3: Outlier separation: subgroups of outlier systems that are considered as faulty or over-
sized.

Type of test Typical behaviors E. F T
Near-continuous operation 1
Univariate High cycling )
Poor control 1T

Near-continuous operation 1 |

High cycling T 1
Bivariate Poor control T T
Poor control T 7
Oversized N
L Mixed faulty behaviors A
Trivariate
Mixed faulty behaviors R

T—abnormally high, |—abnormally low

for the multivariate tests is 5%. The larger threshold for multivariate tests is intended to identify
mild faults with uncommon combination of feature values. In practice, the thresholds should be se-
lected by the user based on the number of systems in the population, and the number of potentially
faulty systems to be identified.

As an example, the statistics of System #00COE364 are shown in Table 4.4, which was labeled
faulty by the proposed procedure. The & for univariate E. is 0.5%, which indicates that on average
only 0.5% of other systems have higher cooling efforts compared to this system (see Figure 4.6).
Also, the & for multivariate (., F') is 0.3%, which indicates that 0.3% of other systems locate
further away from the center in the joint distribution of cooling effort and cycle frequency (see
Figure 4.7). In general, lower values of & imply worse performance and are stronger signs of fault,
and thus the corresponding systems will have higher priority. In this example, the & for univariate
E. is lower than the univariate threshold (1%), and the & for multivariate (E., F') is lower than
the multivariate threshold (5%), and therefore both indicate a faulty system. A similar criterion

is used for the other five tests. Note that due to outlier separation (see Table 4.3), not all &’s in
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the multivariate tests lower than the threshold are classify the system as faulty. For example, even
the & for multivariate (F', Ty,.) is lower than 5%, a fault is not presumed because this system has
abnormally low cycle frequency and abnormally high setpoint error, which is not a subgroup of

outliers considered as faulty in Table 4.3.

Table 4.4: Statistics of a faulty system after fault prioritization.

System #00COE364 o) Threshold Faulty Description
o E. 0.5% 1% True Abnormally high E.
Univariate F 94% 1%  False Low F
Tspe 0.1% 1% True Abnormally high 7,
(B F) 0.3% 5% True  Near-continuous operation
Multivariate (Ee,Tspe) 0.7% 5% True Poor control
tests (FTspe) | 0.08% 5% False* -

(B, '\ Tgpe) | 0.2% 5% True Mixed faulty behaviors

E. — cooling effort, ' — cycle frequency, T,. — setpoint error
& — percentage of other systems that exhibits worse performance than the presented one

* Due to outlier separation, not all outliers are considered as faults. In this case, the
system has abnormally low cycle frequency but abnormally high setpoint error, which is
not a typical case of fault.

4.6 Conclusions

The statistics-based fault detection method presented in this paper analyzes cloud-based ther-
mostat data for thousands of residential HVAC systems based on knowledge of the underlying
physics. The principal benefit of this method is detecting faults by comparing features between
systems rather than within systems. This leverages the advantages of large data sets to overcome
the limited sensor information available from a single thermostat. Both preprocessing and post-
processing methods are non-trivial. For example, mode labeling transforms system operational
modes into behavioral modes, such that more useful features can be extracted; data separation pro-

cess enables the comparison of features free from the effects of temperature and humidity ratio;
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in postprocessing, outlier separation helps to find true faulty systems among all outliers. After
combining the results from both univariate and multivariate methods, experts can easily prioritize
systems for further evaluation and repair, significantly simplifying a large-scale diagnostic problem
of monitoring hundreds of thousands of systems.

Although the proposed statistics-based method requires relatively little computational power
even for large data sets, there are still several opportunities for improvement. First, additional
meta-data about the individual systems and homes (e.g. cooling/heating capacity, home size, etc.)
would enable more specific fault diagnosis. Second, a compiled data set of verified faulty in situ
systems would facilitate the selection of statistical thresholds and fault prioritization metrics, to
further automate the process.

The second part of this paper will demonstrate the effectiveness of the proposed methods with
several case studies drawn from a database of residential thermostat data for more than 9,000
systems. The case studies will illustrate the detected faulty systems with inadequate capacity and

control problems, along with oversizing issues in the practical application.
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5. PAPER C: MULTIVARIATE FAULT DETECTION FOR RESIDENTIAL HVAC SYSTEMS
USING CLOUD-BASED THERMOSTAT DATA, PART II: CASE STUDIES!

5.1 Synopsis

Fault detection and diagnosis (FDD) using smart thermostat data is a relatively new field of
research, but one with immediate practical application to residential indoor climate control. In
this two-part paper, a statistics-based FDD method is proposed to identify anomalous residential
air conditioning systems using aggregated thermostat data. The proposed method extracts features
that characterize system operational behaviors, and determines outliers by comparing the features
between thousands of systems. Those outliers are subsequently classified into several categories of
anomalous operational behaviors such as near-continuous operation, poor control, etc. which are
closely related to soft mechanical faults. While the first part of the paper details the methodology,
this second part provides five case studies to demonstrate the effectiveness of the proposed method.
Although these cases should not be considered a complete representation of all kinds of anoma-
lous behaviors, the examples illustrate typical problems including: performance degradation faults
with or without affecting occupant comfort, control problems with slight degradation, and over-
sized systems. Each case study exemplifies one type of behavior that is common among a group
of systems, rather than a single outlier that behaves much differently from all others. The case
studies illustrate how the proposed fault detection and diagnosis method is capable of identifying

malfunctioning systems from a population of residential air conditioning systems.
5.2 Introduction

As discussed in part one of this paper, fault detection and diagnosis (FDD) plays an impor-
tant role in the predictive maintenance for residential heating, ventilating, and air conditioning
(HVAC) systems [3, 14, 16]. Increasingly, smart thermostat data is becoming an effective resource

for developing advanced FDD algorithms because operational data from hundreds of thousands of

'F. Guo, A.P. Rogers, and B.P. Rasmussen, “Multivariate Fault Detection for Residential HVAC Systems Using
Cloud-based Thermostat Data, Part II: Case Studies,” Science and Technology for the Built Environment, In Review.
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residential systems can be easily collected and tracked with relatively low cost [22, 27, 21]. Figure
5.1 shows how the FDD method using cloud-based smart thermostat data proposed in part one of
this paper is used in the process of predictive maintenance. The FDD method first queries raw data
from a cloud server, which receives and stores the data uploaded from smart thermostats in resi-
dential homes. Then the main algorithm extracts features from the behavioral modes, and applies
statistical methods and artificial intelligence to label systems with anomalous feature values. This
process takes advantage of the large scale of data by estimating the population operational behav-
ior from thousands of systems and comparing the operating performance between them. Finally,
the FDD method classifies outliers into groups of faults, and assigns severity metrics to order the
labeled systems. With the list of faulty systems, maintenance companies can notify the relevant
customers and dispatch service technicians to repair the systems based on priority and the initial
diagnosis. In this way, predictive maintenance helps residential systems ensure occupant comfort
and maintain a high level of energy efficiency.

The proposed algorithm in part one of this paper relies on a preprocessing method known
as mode labeling, which sections and classifies raw thermostat data into behavioral modes so
that valuable features can be extracted [6]. The mode labeling algorithm defines three behav-
ioral modes: cooling/heating regulating mode, cooling/heating tracking mode, and free response
mode. In the regulating mode, a system cycles on and off and maintains a relatively constant indoor
temperature; in the tracking mode, a system operates continuously to reach the target setpoint; in
the free response mode, a system is off for a period of time and the indoor environment freely
responses to the ambient conditions. Illustrations of these modes can be found in the operation
plots of the five case studies to be shown in Sections 5.3.1 to 5.3.5. Table 5.1 shows the extracted
features from the cooling regulating and tracking modes. Only features in the regulating mode
are used for fault detection, but features from both regulating and tracking modes are used for
diagnosis and classification.

The FDD method consists of univariate tests and multivariate tests. In the univariate tests,

each feature in the cooling regulating mode (i.e., cooling effort, cycle frequency, and setpoint
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Figure 5.1: The process of predictive maintenance and the role of FDD methods.

error) is compared separately between systems. The tests estimate the percentage of systems that
exhibits worse performance than each individual system under similar operating conditions. These
indicators are aggregated over the full range of operational conditions using a weighted average,
denoted by @. Thus, the method identifies systems with consistently anomalous behavior, rather
than systems exhibiting a single abnormal event. In the multivariate tests, those three features are
combined (bivariate and trivariate) and analyzed simultaneously between systems. For each group
of features, the test measures the Mahalanobis distance [29] in the joint distribution, and estimates
the percentage of systems that locates further away from the distribution center for each system
under similar operating conditions, also denoted by a. Based on the detection results of the FDD
method, the authors selected normal and faulty systems for comprehensive case studies. Each
example system represents a common faulty or fault-free behavior, not simply a single anomalous

event. Because this research focus on detecting soft faults that are more challenging to detect, the
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displayed faulty systems are primarily related to inadequate capacity and malfunctioning control

strategies.
Table 5.1: Supporting features for cooling modes.
Mode Symbol Feature name Definition
Temperature difference Temperature difference between home
AT, p °F] (indoor) and ambient (outdoor)
ATjoi =T,-1T;
Humidity ratio difference HumlFllty ratio dlfferepce between home
Awy; . (indoor) and ambient (outdoor)
Cooling [kg H,O/kg dry air] Do = Wy — W,
regulating 5 Cooling effort The product of cooling duty factor (D)
mode ¢ [%] and cooling load factor (L)
Cycle frequency
F [eycle/hr] The number of start/stop cycles per hour
. . The error between indoor temperature
Cooling setpoint error . .
Tspe °F] and cooling setpoint
Tspe - E - Tspc
Temperature difference Temperature difference between home
AT, p o (indoor) and ambient (outdoor)
Cooling [°F] AT, =T, — T,
tracking Decrease of indoor temperature per hour
mode AT Indoor temperature (indoor) and ambient (outdoor)
" drop rate [°F/hr] ATy; = (Timitial _ linaly jp
where ¢ is the total tracking hours

5.3 Case Studies

For the selected case studies, smart thermostat data was collected from June to August 2018

for approximately 9,000 residential single-stage cooling systems located in Texas, Georgia, North

Carolina, and Florida, representing systems from climate zones 2A and 3A [5]. After preprocess-

ing, 8,309 systems are selected for the univariate and multivariate tests. As shown in Table 5.2, in

total 257 systems (3.1%) are flagged as faulty, with 164 flagged by at least one of the univariate

tests and 172 flagged by at least one of the multivariate tests. The faults are related to inadequate

capacity and control problems, as well as oversizing. Note that the algorithm is able to find faulty
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systems exhibiting anomalous behavior, but cannot guarantee to find all existing faulty systems.
For instance, an oversized system with degradation may perform identical to a normal system and

not be detected based on its operational behavior.

Table 5.2: Typical behaviors that is considered faulty in all univariate and multivariate tests.

Type of test Typical behaviors E. F Tope N;yrstl:;rlsc)f

Near-continuous operation 1 56

Univariate High cycling 0 59
Poor control T 58

Near-continuous operation 1 | 63

High cycling T 1 7
Bivariate Poor control T T 104
Poor control T T 47

Oversized N 7

Trivariate Mixed faulty behaviors T 7 T 35
Mixed faulty behaviors Tl 0 36

E. — cooling effort, I’ — cycle frequency, T,. — setpoint error

T—abnormally high, |—abnormally low

In order to illustrate the effectiveness of the proposed fault detection algorithm, five systems are
analyzed in detail, with each of them representing a particular category of common behavior. First,
a normal device is presented to serve as a basis for comparison with subsequent faulty systems.
Second, a system with severe setpoint tracking failure is discussed, showing that the proposed fault
detection method is able to detect systems with inadequate capacity. The third example system is
also identified as having inadequate capacity, but in contrast to the previous example, this fault
is imperceptible to the occupants as comfort levels are maintained despite the fault. Fourth, one

system exhibiting control problems is discussed, illustrating that the fault detection method can
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find faults for a broad range of behavioral faults. Lastly, an oversized system is shown. Although

this system is not considered as faulty, it demonstrates the versatility of the proposed method.
5.3.1 System I: Normal Operation

The case studies begin with an example of normal system, that is not identified as an outlier
using the statistical methods proposed in part one of this two-part paper. As an example of the
typical behavior of this system, Figure 5.2 displays the operation of the compressor, indoor and
outdoor temperature variations, and cooling temperature setpoint changes, recorded by the smart
thermostat from September 10 8:00 PM to September 12" 4:00 PM in 2018. The behavioral
modes are labeled on the variation of the indoor temperature, where the system exhibits periods in
both the cooling regulating mode and the free response mode. For this particular subset of data, the
cooling tracking mode is not observed. The plot does not show any abnormal behavior. The indoor
temperature is maintained around the desired temperature setpoint, with fluctuation amplitude less
than 1°F, as occupants adjust the cooling setpoint, even as the outdoor temperature exceeds 90°F
every day. The cooling effort is neither excessively high or low, but appropriate for the cooling
load. The cycle frequency is also well-controlled with two or three cycles per hour.

The first step in applying the proposed statistical methods is to estimate the probability density
function of each data feature. Figure 5.3 shows the kernel density estimation (KDE) contours for
different pairs of data features for all 8,309 systems employed in this study. Then in Figure the
same contours are overlaid with the data from system I shown as a scatterplot. Note that each data
point for system I in blue is a two-hour average, and the quadratic curve in Figure b is the least
squares fitting considering that the cycle frequency is necessarily zero when cooling effort is 0%
and 100%. In all subplots of Figure , the data points for system I are located close to the center of
the red contours, indicating normal behavior under most operational conditions.

Next, the data features associated with the cooling tracking periods are presented. Similar to
the analysis above, Figure 5.5a displays the KDE between temperature difference and indoor tem-
perature drop rate for all systems. In Figure 5.5b, the corresponding data for system I is shown

as a scatterplot, with each data point representing a single cooling down period. The data demon-
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Figure 5.2: Daily operating condition of system I from September 10" 8:00 PM to September 12
4:00 PM with behavioral modes labeled. Cyan: cooling regulating mode; red: cooling tracking
mode (not captured in this plot); green: free response mode; black: unlabeled mode of operation;
dotted line: cooling temperature setpoint.

strates that the behavior of system I is consistent with other similar systems. This system is able to
cool the house and track the setpoint with proper indoor temperature drop rate, so it is considered
neither oversized nor undersized.

The figures above provide visual confirmation that the system behavior is normal. However,
when applying the proposed methods to large populations of systems, the fault detection method
relies on quantifiable metrics for identifying and labeling faulty systems. Table 5.3 gives the de-
tection statistics that identify system I as a normal system. In the table, the symbol & denotes the
fraction of systems that exhibits worse performance within each test, and is compared with a de-
termined threshold. A fault is labeled when & is lower than the threshold, which means the system
performs poorly compared to the population. In this research, the threshold for all univariate tests

is 1%, and for all multivariate tests is 5%. The multivariate tests have a larger threshold to identify
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Figure 5.3: Kernel density estimation (KDE) of the population distribution of similar systems.
The contours show the relationships between cooling effort, cycle frequency, temperature differ-

ence and setpoint error for all systems in cooling regulating periods in the queried sample (8,309
systems).

mild faults with uncommon combination of feature values. In practice, the thresholds should be
selected by the user based on the number of systems in the population and the number of poten-
tially faulty systems to be identified. For system I, no fault is detected and all & are much greater

than the threshold. Therefore, the system is labeled as normal.
5.3.2 System II: Degradation Fault Affecting Occupant Comfort

In contrast to the normal system discussed above, system II is a typical example of a faulty

system. From the representative period of operation shown in Figure 5.6, the indoor environment
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Figure 5.4: The scatterplots show the relationships between four pairs of data features for system I
in cooling regulating periods. The contours show the population distributions, same as Figure 5.3.
The curve in subplot (b) is the quadratic fitting of the individual system data points.

is not properly controlled. Both cooling regulating and cooling tracking modes are observed.

During hot summer days when the outdoor temperature approaches 90°F, the system operates

nearly continuously. But even at full capacity, the indoor temperature reaches almost 80°F in

the afternoon, 9°F above the cooling setpoint. Additionally, because the night of August 17 is

relatively warm, the system operates at full capacity through the night. As a result, the indoor

environment is primarily determined by the outdoor environment and the air conditioner has little

ability to maintain a comfortable environment.
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Figure 5.5: Subplot (a) is the KDE of the population distribution. The contour shows the relation-
ship between temperature difference and indoor temperature drop rate in cooling tracking periods
for all systems. Subplot (b) shows the relationship between the same pair of features for system I
in cooling tracking periods.

Although the inadequacies of the cooling system are visually evident from the data shown in
Figure 5.6, this faulty behavior can be detected automatically using the proposed fault detection
algorithm. Figure 5.7 shows the distribution of data features in the cooling regulating mode. The

following should be noted:

* In Figure 5.7a, cooling effort is very high during the regulating period. When the tem-
perature difference is positive (outdoor conditions are warmer than indoor conditions), the
system operates more than 50% of the time. Almost all data points fall in the lightest re-
gion of the density contour, which indicates the system is an obvious statistical outlier, when

compared to similar systems under similar conditions.

* In Figure 5.7b, the cycling frequency is normal. Usually the system starts two or three

times per hour, which is considered appropriate.

* In Figure 5.7c¢ and 5.7d, the setpoint error is very high. If the indoor environment is well
controlled, the setpoint error should be approximately zero and insensitive to the change of

outdoor temperature and cooling effort. But in this case, the majority of data points locate far
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Table 5.3: Fault detection output of system I.

System I a Threshold Faulty Description
o E, 35.7% 1% False Average F,
Ung:tr;ate F 60.0% 1% False Average F'
Tope 40.7% 1% False Average T,
(E.,F) 80.4% 5% False -
Multivariate | (Ec.Tspe) | 93.6% 5% False -
tests (F\Tge) | 94.6% 5% False -
(B, F\Tspe) | 88.4% 5% False -

E. — cooling effort, /' — cycle frequency, T,. — setpoint error

« — percentage of other systems that exhibits worse performance than the presented one
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Figure 5.6: Daily operating condition of system II from August 15" to August 29" with behavioral
modes labeled. Cyan: cooling regulating mode; red: cooling tracking mode; black: unlabeled
mode of operation; dotted line: cooling temperature setpoint.
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above from the center of the contour, and the average setpoint error over a two-hour period

can even approach 1.5°F. The high setpoint error means the system struggles to maintain the

indoor conditions at the desired temperature.
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Figure 5.7: The scatterplots show the relationships between four pairs of data features for system
IT in cooling regulating periods. The contours show the population distributions. The curve in
subplot (b) is the quadratic fitting of the individual system data points.

Figure 5.8 shows data features for all cooling tracking periods of this system. In total there are
59 data points, and each of them is an on-cycle. The majority of the data indicates an indoor tem-

perature drop rate of zero, which means the system runs for a long time, but is unable to lower the
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indoor temperature. The cooling tracking periods shown in Figure 5.6 are good examples. Those
periods occur when the system exceeds its capacity and fails to maintain the indoor temperature

around setpoint.

Indoor Temperature
Drop Rate (°F/hr)

0 10 20
Temperature Difference (°F)

Figure 5.8: The scatterplot shows the relationship between temperature difference and indoor tem-
perature drop rate for system II in cooling tracking periods, and the contour is the population
distribution.

Finally, Table 5.4 shows how system II is identified as a faulty system by the detection algo-
rithm. Faults are detected in cooling effort and setpoint error using univariate tests, as well as a

bivariate test using these two features. Based on these data, the following conclusions are drawn:

* Cooling effort is higher than most of the systems. The reader should note that the &
value of the cooling effort is extremely low: approximately only 0.08% of systems operate
in a larger proportion of time on average when regulating around the cooling setpoint. The

cooling load is much larger than the actual cooling capacity.

* Compressor cycling frequency is just above average. The & value is close to 33%, which

is not considered an outlier when compared to other systems.

* Temperature setpoint error is very high. The & value is 0.29%, which means the indoor

environment is not well-regulated.
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Table 5.4: Fault detection output of system II.

System II Qa Threshold Faulty Description
o E. 0.08 % 1% True Abnormally high £,
Ung:‘trslate F 60.0% 333%  False Average F
Tspe 0.16% 1% True Abnormally high T,
(E.F) - 5% False -
Multivariate (Ee,Tpe) | 0.29% 5% True Poor control
tests (F\Tpe) - 5% False -
(B, FTspe) - 5% False -

E. — cooling effort, /' — cycle frequency, T,. — setpoint error

« — percentage of other systems that exhibits worse performance than the presented one

* The squared Mahalanobis distance of bivariate (Z.,T),.) is much higher than most of
the systems. Note that a smaller & value means higher squared Mahalanobis distance and
greater possibility of an outlier. For this system, the & value of (E,,T5,.) is 0.29%, indicating

this bivariate is significantly far from the center of the distribution.

Based on the high cooling effort and high setpoint error, the statistics show strong evidence of

capacity degradation that significantly affects occupant comfort.
5.3.3 System III: Degradation Fault without Affecting Occupant Comfort

The former example is a system exhibiting difficulty controlling the indoor environment. This
abnormal behavior is very likely to be noticed by the occupants. The following example, however,
shows that the proposed method can also detect abnormal behaviors not easily to be noticed by the
occupants.

An example of the typical operational behavior of system III is displayed in Figure 5.9. The
plots show clear evidence that this system operates abnormally. Every morning as the outdoor tem-
perature rises, the cooling unit struggles to maintain the setpoint. The compressor operates almost
all the time in the regulating mode until evening comes and the outdoor temperature drops below

the setpoint. Occasionally the system changes from the regulating mode to the tracking mode in
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operation because the indoor temperature nearly could not be controlled. Compared with system II,
however, the indoor temperature does not have significant increase above cooling setpoint, which

would cause occupant discomfort.
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Figure 5.9: Daily operating condition of system III from August 6™ to August 12 with behavioral
modes labeled. Cyan: cooling regulating mode; red: cooling tracking mode; green: free response
mode; black: unlabeled mode of operation; dotted line: cooling temperature setpoint.

Figure 5.10 presents four pairs of features in the cooling regulating mode for system III. As is
clear from the plots, the distribution of operating data from system III is distinctly different from
the population distribution of similar systems, indicating that this system operates quite differently

from most others. In particular, please note:

* In Figure 5.10a, cooling effort surges as the temperature difference increases during
the regulating period. Cooling effort nearly approaches 100% even though the outdoor

temperature is only about 5°F above indoor temperature. Compared with the background
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contour, cooling effort greater than 70% is uncommon at a temperature difference between

5°F and 10°F.

 In Figure 5.10b, the cycle frequency is lower than normal. The quadratic curve shifts to
the left of the background contour, and a few periods have relatively low cycle frequency at

moderate cooling effort.

* In Figure 5.10c and 5.10d, the setpoint error is high when temperature difference and
cooling effort are high. From both plots, as the temperature difference (or cooling effort)
increases, the setpoint error gradually increases. However, the deviation is always within

+0.5°F, a difference hard to be noticed by occupants.

Figure 5.11 shows the operational behavior during the cooling tracking periods. The system is
able to lower the indoor temperature and track the setpoint at relatively low temperature difference,
but the indoor temperature drop rate is lower than average. As the temperature difference increases,
the capability for the system to decrease indoor temperature is further weakened and nearly exceeds
cooling capacity.

Finally, Table 5.5 shows how system III is identified as a faulty system by the detection algo-

rithm.

* Cooling effort is significantly higher than most systems. The & value of the cooling effort
means approximately only 0.34% of other systems operating in a larger proportion of time

on average when regulates around the cooling setpoint.

* Compressor cycling frequency is below the average. The & value is 92.6%, which means
that most systems have greater cycling frequency values. This is due to the high cooling

effort that leads to nearly continuous operation.

* Temperature setpoint error is higher than the average. The & value is 9.2%, a little bit
high among all systems. But because setpoint tracking failures do not happen, the occupants

may still feel comfortable and consider the air conditioner operates just well.
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Figure 5.10: The scatterplots show the relationships between four pairs of data features for system
III in cooling regulating periods. The contours show the population distributions. The curve in
subplot (b) is the quadratic fitting of the individual system data points.

* The squared Mahalanobis distances of (£ ,F) and (E.,F,T,.) are much higher than

most systems, which provides further evidence of the abnormality.

In conclusion, this example shows this algorithm can identify capacity degradation problems
that may not be noticeable by occupants. Compared to hard faults such as equipment failures, these

types of soft faults are generally much more difficult to be detected.

5.3.4 System IV: Control Problem

System II and III are two case studies identified with degradation faults. This section shows

the proposed method can detect other types of system faults, such as control problems. Figure 5.12
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Figure 5.11: The scatterplot shows the relationship between temperature difference and indoor
temperature drop rate for system III in cooling tracking periods, and the contour is the population
distribution.

displays a period of typical operational behavior. During a period of fourteen hours, the system
continuously regulates around the setpoint, but the behavior seems abnormal. The compressor
switches on and off quickly, and the cycle frequency is very high. Also, when the temperature
difference is high, the indoor temperature always stays above the temperature setpoint up to 4°F,
not well-controlled by the thermostat. Moreover, the indoor temperature rises and drops extremely
fast as the system cycles on and off.

In Figure 5.13, four pairs of data features for system IV in the cooling regulating mode are

shown. Please note:

* In Figure 5.13a, cooling effort is somewhat higher than the population distribution. But
because the pattern is still within a normal range, there is no significant evidence for severe

system degradation.

* In Figure 5.13b, the cycle frequency is extremely high. The quadratic curve represent-
ing the individual system data does not match the population distribution contour. When
cooling effort is around 50%, cycle frequency reaches an average of 5 cycles per hour, and
sometimes can be up to 7.5 cycles per hour (i.e. 8 minutes for an on and off cycle). This

problem is known as “short cycling”. Not only does this increase energy consumption due
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Table 5.5: Fault detection output of system III.

System III o) Threshold Faulty Description
o E. 0.34% 1% True Abnormally high E.
Hnivartate F 92.6% 1%  False Low F
Tpe 9.2% 1% False High T},
(B F) 0.39% 5% True Near-continuous operation

Multivariate (EesTspe) - 5% False -

tests (F,Tupe) - 5% False -

(B, '\ Tspe) | 0.96% 5% True Mixed faulty behaviors

E, — cooling effort, ' — cycle frequency, T,. — setpoint error

& — percentage of other systems that exhibits worse performance than the presented one
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Figure 5.12: Daily operating condition of system IV on September 28" with behavioral modes
labeled. Cyan: cooling regulating mode (the only mode shown in this figure); dotted line: cooling
temperature setpoint.
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to transient efficiency losses during start-up, but also negatively impacts the system in terms

of component wear.

* In Figure 5.13c and 5.13d, the setpoint error is also very high, and has a strong lin-

ear relationship with cooling effort. For a normal system, setpoint error should fluctuate

around zero and have a weak correlation with either temperature difference or cooling effort,

as the trend shown by the population distribution. Here, the abnormally high setpoint error

and strong correlation could be caused by the control problems.
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Figure 5.13: The scatterplots show the relationships between four pairs of data features for system
IV in cooling regulating periods. The contours show the population distributions. The curve in
subplot (b) is the quadratic fitting of the individual system data points.
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Figure 5.14 shows the system behavior in cooling tracking periods. Consistent with the visual
indications in Figure 5.12, indoor temperature drops very fast every time the system turns on. Since
cooling effort in the regulating mode is not very low, this system cannot be considered oversized,

but is more likely a control problem.

Indoor Temperature
Drop Rate (°F/hr)

Temperature Difference (°F)

Figure 5.14: The scatterplot shows the relationship between temperature difference and indoor
temperature drop rate for system IV in cooling tracking periods, and the contour is the population
distribution.

Finally, Table 5.6 shows how system IV is identified as a faulty system by the detection algo-

rithm:

* Cooling effort is higher than average. Approximately 16.7% of other systems operate in a

larger proportion of time on average when regulates around the cooling setpoint.

* Compressor cycling frequency is significantly higher than the average. In the univariate
test this system is flagged as faulty, because only 0.04% of other systems operate with a

higher compressor cycling frequency on average.

* Temperature setpoint error is significantly higher than the average. The & value is only

0.18%, showing that the setpoint error is abnormally high.
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Table 5.6: Fault detection output of system IV.

System IV o) Threshold Faulty Description
o E, 16.7% 1% False Above average E,
Ung:‘trslate F 004% 1%  True  Abnormally high F
Tspe 0.18% 1% True Abnormally high T,
(E.,F) 0.10% 5% True High cycling
Multivariate (Ee,Tspe) 0.30% 5% True Poor control
tests (F\Tspe) 0.15% 5% True Poor control
(B, F\Tspe) | 0.06% 5% True  Mixed faulty behaviors

E. — cooling effort, /' — cycle frequency, T,. — setpoint error

« — percentage of other systems that exhibits worse performance than the presented one

* The squared Mahalanobis distances of all four multivariate tests are extremely high.

This gives further evidence that this system is an outlier.

In conclusion, this system is a typical example that has relatively high cooling effort, abnor-
mally high cycle frequency, and abnormally high setpoint error. Perhaps the system has control
problems caused by software error, control interrupt, or thermostat misplacement. Even though no
mechanical part is malfunctioning, this behavior is identified in a group of systems and deserves

further investigation and repair.
5.3.5 System V: Oversize Problem

Lastly, this paper discusses the behavior of a system with oversized cooling capacity. Figure
5.15 displays its operational behavior in May. When the system regulates around 74°F, it always
cools the house quickly and then shuts off. The duty cycle is very low even when the indoor and
outdoor temperature difference exceeds 10°F. When the setpoint drops to 71°F, the system starts
and stops quite frequently. Also, the reader should note that the setpoint error is high. This is
because the control algorithm ensures at least five minutes of off-cycle between two on-cycles to

protect the equipment, but the indoor temperature increases quickly during the off-cycle .
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Figure 5.15: Daily operating condition of system V from May 19 to May 22" with behavioral
modes labeled. Cyan: cooling regulating mode; green: free response mode; dotted line: cooling
temperature setpoint.

In Figure 5.16, four pairs of data features for system V in the cooling regulating mode are

shown. Please note:

* In Figure 5.16a, cooling effort is only 40% even when the outdoor temperature rises

20°F above the indoor temperature. Note that all data in the cooling regulating mode from
January to October in 2018 is included in this figure. The low percentage of cooling effort

indicates this system is oversized.

* In Figure 5.16b, the cycle frequency is extremely high and up to 7 cycles per hour.

Similar to system IV, this system has the problem of “short cycling”, but the reason for this

problem in this case is the large system size.
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* In Figure 5.16¢ and 5.16d, the setpoint error is usually positive and increases with tem-
perature difference and cooling effort. This situation occurs because the thermostat con-

trol algorithm balances the delay time of off-cycles and the dead-band width of the setpoint.
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Figure 5.16: The scatterplots show the relationships between four pairs of data features for system
V in cooling regulating periods. The contours show the population distributions. The curve in
subplot (b) is the quadratic fitting of the individual system data points.

Figure 5.17 shows data features for all cooling tracking periods of this system. Since the
system usually operates in the regulating mode, tracking periods are quite few. Nevertheless, the

data features show the indoor temperature drop rate is usually greater than 10°F/hr, much higher
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than most systems. Therefore, the system capacity is much greater than the total cooling load of

the house.
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Figure 5.17: The scatterplot shows the relationship between temperature difference and indoor
temperature drop rate for system V in cooling tracking periods, and the contour is the population
distribution.

Finally, Table 5.7 shows how system V is identified as an oversized system by the detection

algorithm:

* Cooling effort is much lower than average. Only 6.2% of other systems operates in a lower
proportion of time on average when regulates around the cooling setpoint. This statistic is a

strong indication of an oversizing issue.

* Compressor cycling frequency is much higher than the average. Though not flagged as
faulty, only 8.2% of other systems operate with a higher compressor cycling frequency on

average.

* Temperature setpoint error is also much higher than the average. Approximately only

7.2% of other systems have higher setpoint error.
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Table 5.7: Fault detection output of system V.

System V a Threshold Faulty Description
o E, 93.8% 1% False Low E,
Ungztr;ate F 8.2% 1%  False High F
Tspe 7.2% 1% False High T5,.
(E.F) 2.7 % 5% True Oversized

Multivariate (Ee,Tspe) - 5% False -
tests (F\Tpe) - 5% False -
(B, FTspe) - 5% False -

E. — cooling effort, /' — cycle frequency, T,. — setpoint error

« — percentage of other systems that exhibits worse performance than the presented one

* The squared Mahalanobis distance of cooling effort and cycling frequency (F.,F)) is
significantly higher than most systems. This metric successfully captured the abnormal

behavior of this system.

In conclusion, this is a typical example of a system with low cooling effort, high cycle fre-
quency, and high setpoint error, and this behavior is associated with the oversizing issue. Contin-
ued operation with this type of behavior has several drawbacks: the compressor and motors use
more power due to unnecessarily high numbers of start; there is increased wear on the equipment
due to frequent cycling; and the system does not operate for long enough periods to effectively

remove moisture in the house.

5.4 Conclusions

The second part of this paper selects five representative normal and faulty systems, and presents
a detailed case study of their operational behavior, and the application of the proposed fault detec-
tion method. First, a typical period of the operational data is shown to help the reader intuitively
understand the general behavior. Then, extracted data features for each system in the cooling reg-
ulating mode and the cooling tracking mode are visually compared to the population distributions.

Finally, the output statistics from the proposed fault detection method are analyzed to show the
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reasons why these systems are automatically identified as normal or faulty, and the potential type
of faults based on the statistics are discussed.

The case studies demonstrate that the proposed fault detection method is effective in identi-
fying systems with abnormal behaviors by using only smart thermostat data. The detected faulty
systems are generally related to soft faults that are usually difficult to detect without extensive sen-
sors or time-intensive review by an experienced technician. Moreover, many of these faults will
go unnoticed by the occupant, as comfort conditions are maintained, albeit with degraded system
efficiency. These include inappropriate capacity (e.g., undersized/oversized), capacity degradation,
and control problems. Although the proposed method is not intended to explicitly diagnose exact
faults, the detection results can provide a preliminary diagnosis for technicians. Moreover, the ser-
vice companies no longer need to dispatch technicians to check every residential system manually,
but instead focus on a smaller group of systems that are very likely to be faulty as identified by
the proposed method. Future research is anticipated to include field studies to confirm the fault

diagnosis and verify that repairs effectively corrected the identified problems.
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6. PAPER D: DETECTION OF GRADUAL CAPACITY DEGRADATION FOR
RESIDENTIAL HVAC SYSTEMS USING SMART THERMOSTAT DATA'

6.1 Synopsis

Smart thermostats have enabled powerful methods for detecting faults in residential HVAC
systems with limited sensor information. In particular, the detection of gradual or soft faults, such
as the degradation of heating or cooling capacity, with no additional sensors would allow tech-
nicians to identify and prioritize systems for repair prior to catastrophic failure. Degradation of
capacity is often caused by refrigerant leakage, which goes largely unnoticed by occupants. Tra-
ditional methods rely on installing additional sensors and monitoring changes of key operational
temperatures. In contrast, smart thermostats are widely adopted by residential home owners, with
data streamed to the cloud for potential analysis. This paper presents two methods for extracting
key data features from smart thermostat data, and then applying modified Mann-Kendall statistical
tests to identify significant trends in cooling capacity. The first method analyzes hourly averaged
data and has higher possibility to detect trends for systems spending the majority of time in effec-
tive regulating, while the second method analyzes daily averaged data and is suitable for all kinds
of system operational behaviors with a couple of limitations. These two methods are applied to
data collected from approximately 10,000 residential air conditioning systems for historical trend
detection and real-time condition monitoring, with case studies selected from a few verified faulty

systems to validate the approach.
6.2 Overview

A critical task in fault detection and diagnosis (FDD) for residential air conditioning systems is
the capability to detect gradual system capacity degradation problems, typically caused by refriger-
ant undercharge due to an active leak or partially blocked air flow (e.g. crushed air duct). Because

air conditioning systems are designed to be inherently robust, this capacity degradation may be

'F. Guo and B.P. Rasmussen, “Detection of Gradual Capacity Degradation for Residential HVAC Systems Using
Smart Thermostat Data”, Applied Thermal Engineering, In Review.
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imperceptible to the occupants for months, but could eventually cause total system failure. Since
an underperforming system wastes energy and eventually cause occupant discomfort, the ability to

detect such faults early would benefit home owners, manufacturers, and service technicians.
6.2.1 Introduction to Capacity Degradation

As an example, Figure 6.1 shows a single-speed cooling system that suffered from capacity
degradation from August to September. During these two months, the outdoor temperature did not
increase, but the system runtime steadily increased. Eventually this problem began to affect indoor
temperature, and the system was unable to regulate the room temperature to the desired cooling
setpoint. The occupant did not notice this problem until late September, when s/he reduced the

setpoint in an effort to compensate for the loss of comfort.

85.0 T : .
o ---- Cooling Setpoint ETemperature regulation EOccupant noticed problem
2 8259 —— Indoor Temperature +began to fail =and reduced setpoint
© - "
9]
%F 80.0
(Ol .
|: 77.5 . -
8 A ATV A AT E A g A A f g A's HALAAR ! ; Th T ‘ ' i nnn ”E
R HHH AR B R AL A RS BN B b S T ;

Steady increase
17.5 A in system runtime

15.0 T T T T T T T

Daily Cooling Hours (hr)
N
o
o

1001 Outdoor temperature range relatively constant

(“F)
8

@
o
L

Outdoor Temperature

40/\ AN 2 2 ’Q'\ AN SAS 20
POQ P‘\)Q P,\)Q POQ c)eQ (oe,Q > 6@9 & c_,eQ &

Figure 6.1: A single-speed cooling system that suffered from capacity degradation from August
to September, and finally lost all of its cooling capacity. The occupant did not notice this problem
until late September.
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A conventional approach to diagnosing this issue would be to install pressure and temperature
sensors to measure heat exchanger performance and determine if the system is undercharged, or
install flow meters to estimate the air flow in the duct system. [47] summarized the experimental
studies that focus on detecting degradation faults of residential split systems, including under-
charge, reduced airflow, and liquid line restriction. To detect abnormality, usually these methods
need to extract multiple features calculated from sensor records at the heat exchanger coils/ducts,
compressor, liquid line and suction line, and compare them to the fault-free values. These inspec-
tion methods are accurate, but because residential HVAC systems are produced in large quantities,
installing multiple sensors to every system is generally cost-prohibitive. Since this issue only ex-
ists in a small fraction of the systems and usually occurs long after initial system installation, this
solution has not been widely adopted by manufacturers.

An alternative method is to use smart thermostat data. Currently, data collected from smart ther-
mostats has shown broad potential for fault detection and diagnosis (FDD) of residential HVAC
systems. This is a fundamentally different paradigm for FDD; instead of installing multiple sensors
on a single system and comparing performance to general baseline, this approach uses relatively
few sensors and uses historical data stored in the cloud. This results in several distinct advantages.
First, thermostat data adds no initial cost. The indoor temperature, relative humidity, system cy-
cling status, and setpoint all come from the thermostat built-in sensors, and the outdoor temperature
may come from a third party or online sources. Second, smart thermostats record system operation
conditions continuously and upload them to a remote database instantly. Engineers are able to
access all the data from when the smart thermostat was installed and perform a full analysis for a
specific system. Third, as smart thermostats have been widely adopted residential homes, practical
FDD methods using thermostat data could be used by manufacturers or dealers to simplify and
automate FDD efforts.

The principal challenge resulting from using thermostat data is correlating a large amount of
transient data from multiple inputs to detect degradation trends. For example, one intuitive fault

indicator that is correlated with capacity degradation of a cooling system, is cooling effort. Con-
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sider a home where the internal heat loads remain unchanged, outdoor temperature is constant,
and the indoor temperature is well-controlled at the desired cooling setpoint. In these conditions,
if the residential cooling system’s operating time increases, the system likely suffers from gradual
loss in cooling capacity. Thus, cooling effort could be a useful fault indicator for air conditioning
systems (and heating effort would be a useful indicator for heat pumps). However, in reality, the
outdoor temperature does not remain constant, internal heat loads vary, and temperature setpoints
are often changed by occupants or pre-programmed schedules. Under these conditions detecting
gradual capacity degradation visually from the data is not trivial, and these dynamic variables must
be considered in any FDD analysis.

This paper focuses on analyzing the steady-state cooling effort and the daily cooling effort as
two primary indicators of capacity degradation. In order to mathematically define the steady-state
cooling effort, another concept termed the cooling regulating period needs to be introduced first
[6]. As shown in Figure 6.2a, a cooling regulating period is defined as a time period when a system
cycles on-and-off to maintain a relatively constant indoor temperature around a constant cooling
setpoint. The home being cooled is assumed to be in pseudo steady-state conditions. In a regulating
period, cooling effort is defined as the product of the duty factor and the load factor for multi-speed
systems, where duty factor is the percentage of time that a system operates, and load factor is the
fraction of full capacity being used. For single-speed cooling systems with on-off control, cooling
effort is equivalent to duty factor. Figure 6.2b exemplifies the calculation of cooling effort in a
one-hour time window. During this hour, the duty factor is 40% and the load factor is unity when
the system is on, so the cooling effort is 40%.

The daily cooling effort is defined as the percentage of operating time in a single day for a
single-speed cooling unit with on/off control. For a multiple-speed or variable-speed cooling unit,
this definition is extended to the percentage of equivalent full capacity operating time.

To account for the effects of conditional variables such as internal heat load and outdoor condi-
tions, the proposed methods apply the following techniques and procedures. A complete descrip-

tion is given in Section 6.5.
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(a) An example of cooling regulating periods. (b) An example of cooling effort calculation.

Figure 6.2: An illustration of the cooling regulating periods and the calculation of cooling effort.

* The variation of internal heat load is modeled as a normally distributed random variable.

* For hourly analysis, the steady-state cooling effort for a system is divided into several sepa-
rate time series data, according to the indoor and outdoor temperature difference and time of
day. The trend detection is performed for each time series, and then reconciled to determine
if capacity degradation is statistically likely. Using data subsets with similar operating con-

ditions, changes in steady-state cooling effort are more likely caused by system degradation.

* For daily analysis, the daily cooling effort is treated as a response variable, and other vari-
ables such as the daily average outdoor and indoor temperature, daily average cooling set-
point, are treated as covariates that can have a large impact on the response variable. Changes
in daily cooling effort are more likely caused by system degradation when covariate effects

are eliminated.

6.2.2 Proposed Degradation Trend Detection

Once the thermostat data or other available sensor data is collected, capacity degradation can be
monitored by identifying sudden changes or detecting trends in these fault indicators. For example,
[28] proposed a change point detection method using a moving data window and the statistical T-
test, and successfully applied this method to identify sudden persistent changes in the airflow rate

and steady-state cooling effort from smart thermostats.
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While there are several other available change point detection methods intended for identifying
sudden persistent changes, this study specifically proposes a method for detecting various gradual
changes. Real operational data for residential heating and cooling systems is anticipated to exhibit
a mixture of gradual changes and small abrupt changes. A key element in the overall detection
scheme is the Mann-Kendall test, a nonparametric trend detection method. The Mann-Kendall test
is commonly used in other disciplines, such as hydrology, climate change, rainfalls and streamflow,
etc. [48] One advantage of its application to thermostat data is the nonparametric nature, such
that the fault indicators are not necessarily assumed to follow a particular statistical distribution.
(In fact, they probably do not follow a common statistical distribution, considering the different
behavior of thousands of systems operating in a variety of conditions.)

When covariates exist, there are two types of techniques for analyzing trends of the response
variable [33]. The first is a stagewise procedure: a regression model is created between the re-
sponse variable and covariates, and the regression residuals are tested for trends using any accept-
able trend detection method. The second is a multivariate approach, where trend detection and
correction for covariates are performed simultaneously. [49, 50, 51] argue that the multivariate
approach is better at analyzing trends, in that the stagewise procedure can yield misleading results
especially if the covariates also have trends. This paper chooses to apply the partial Mann-Kendall
test, a multivariate approach accounting for covariates, to test the increasing trends of the daily
cooling effort.

The Mann-Kendall test is originally designed for independent time-series data, however au-
tocorrelated (or serially correlated) time-series data is very common in practice. For example,
the cooling effort of a system at the current moment in time is positively correlated to the cooling
effort several hours prior, due to the occupant behavior, building thermal capacity, thermostat con-
trol strategy, and the weather. This positive correlation can cause the Mann-Kendall test to show
evidence of a trend while no trend actually exists [32]. According to this study, the lag-one auto-

correlation coefficient (i.e. the correlation in a time series between two sequential values) of the
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cooling effort typically ranges from a value of O (i.e. no correlation) to 0.6 (i.e. highly correlated),
which shows the necessity of considering the autocorrelation effect for this application.

There are four main approaches to modifying the Mann-Kendall tests to account for the auto-
correlation, namely pre-whitening [32], trend-free pre-whitening [52], variance correction [53, 54],
and block bootstrapping [55]. For this particular application, the authors determined that the block
bootstrapping method is more effective and is also applicable to the partial Mann-Kendall test. For
a detailed comparison of the performance of each method, see Appendix A.1. Bootstrapping is a
method of random sampling with replacement used in statistical tests. Through shuffling a given
dataset many times and performing the test for each generated sample, a distribution of the test
statistic can be obtained. The testing result of the given dataset is based on the percentile of the test
statistic in its distribution. For correlated data, at the beginning the given dataset is subdivided into
several blocks to keep the autocorrelation, and shuffling is performed on the block level. Therefore,
the method is called block bootstrapping (BBS).

The following section introduces the theoretical background of the original Mann-Kendall test,
the partial Mann-Kendall test, and their bootstrapping modifications that can be applied to the smart
thermostat data. Section 6.4 uses a Monte Carlo simulation to quantify the relative performance of
these tests, and demonstrate that the Mann-Kendall tests with moving block bootstraps have a low
false positive/negative detection rate. Finally, Section 6.5 applies this process to the cooling effort
data from residential HVAC systems validates the approach using actual case studies of known

faulty systems suffering from refrigerant leakage.
6.3 Theoretical Background

In this section, the theoretical background of the Mann-Kendall statistical trend test is intro-
duced. The original Mann-Kendall test (MK) is shown first, which is able to detect monotonic
trends for independent time series data. Then, the partial Mann-Kendall test (PMK) which incor-
porates the effect of covariates on trend is introduced. When autocorrelation effect exists, however,

the Mann-Kendall test result will be biased [32]. Therefore, modified Mann-Kendall tests using a
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moving block bootstrap (MBBS) approach are used. Finally, a robust and unbiased estimate of the

slope of trend, known as the Sen’s slope, is introduced.
6.3.1 The Original Mann-Kendall Trend Test (MK)

The Mann-Kendall test is a non-parametric statistical test commonly employed to detect mono-
tonic trends [30, 31]. The null hypothesis, Hy, is that the data comes from a population with in-
dependent and identically distributed realizations. The alternative hypothesis, H 4, is that the data

follows a monotonic trend. The Mann-Kendall test statistic is calculated as:

n—1 n
S = Z Z sgn(X; — Xy) (6.1)

k=1 j=k+1

where X is the variable, n is the number of observations, and sgn(-) is the signum function that
determines the positive/negative nature of the function argument.
The S-statistic is approximately in normal distribution with the mean E£(S) and the variance

02(9) calculated as:

E(S)=0 (6.2)
where ¢, is the number of ties of length m.
Then, with the following transformation,
(
S=Lif S >0
Z=490ifS=0 (6.4)
LS <0

\

the Z-statistic is approximately in standard normal distribution. In a one-side test for monotonic

increasing trend, H, should be rejected if Z > 7, where « is the significance level for the test.
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6.3.2 The Partial Mann-Kendall Trend Test (PMK)

The partial Mann-Kendall test (PMK) is proposed by [56] and examined by [33]. As an im-
provement of the original test, the PMK test also considers the effect of covariates on the test-
ing variable. The PMK test analyzes a multivariate time series X with a total of p variables
(g = 1,2,...,p) and each variable has n observations. X can be written as an n X p matrix

where g = 1 is the response variable (i.e. testing variable) and from g > 2 are the covariates.

Xll le
x=| o 65)

n—1 n
Spg=>_ > sgn(Xjy — Xiy) (6.6)
k=1 j=k+1

Same as the original test, the S-statistic of the partial test is approximately normally distributed.

The mean F/(S,) and the variance 02(S,) are calculated as:

E(S,) =0 6.7)
2(S,) = nin—1)2n+5) = > " _ tmm(m —1)(2m + 5) 6.8)

18

where ¢, is the number of ties of length m for variable g.
The conditional covariance o, between the S-statistic of two variables S, and .S}, for a dataset

is estimated as [57]:

. 1 -
O = 5o +4)_ RigRon —nin+1)%) (6.9)
j=1
where
Kgo= ) sgn((Xjy — Xig) (Xjn — Xin)) (6.10)
1<i<j<n
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1 n
Rjy = 5(n+1+  sgn(X;, — Xiy)) 6.11)

i=1
Note that the estimated conditional variance 6, is equal to the variance of the S-statistic (S,
in Equation (6.8).

Then, defining

a9 0929 ... a'gp 5'12
= : - : (6.12)
ap Op2 - Opp Oip
[33] prove that the following Z-statistic
S —SP 4.9,
g ST 20 (6.13)

A p A A
\/011 — D 0 ;01

weakly converges to a standard normal distribution as n approaches infinity, if the following matrix

1 pi2 oo pp
P21 1 <o P2

Y (6.14)
_ppl pp? e 1 |

is full rank. In Equation (6.14), pgy, is the unconditional correlation between S, and S,

cov(Sy, Sh)
_ 6.15
Pk = TS, o2 () 1

In a one-side test for monotonic increasing trend,  should be rejected if Z > Z, in Equation

(6.13), where « is the significance level of the test.
6.3.3 The Mann-Kendall Test Using Moving Block Bootstrap (MBBS)

When autocorrelation exists in the time series, the Z-statistic will deviate from the standard

normal distribution. Bootstrapping provides an alternative approach to obtain the distribution of the
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Z-statistic by random sampling. This paper applies the moving block bootstrapping method [58]
to both original Mann-Kendall test and partial Mann-Kendall test. The procedures are summarized

as follows:

1. The Z-statistic of the test data is calculated by the Mann-Kendall test.

2. The test data is randomly resampled with replacement for N times. In order to keep the
autocorrelations between data points, the data is subdivided into n — L 4 1 overlapping
blocks, where n is the number of observations and L is the length of each block. Resampling

is performed on the block level. Figure 6.3 illustrates this step with n = 5 and L = 3.

3. The Z-statistics of all N resampled dataset are calculated by the Mann-Kendall test. They

form a distribution of the Z-statistic.

4. Percentile of the Z-statistic (P) of the test data in the distribution is calculated.

5. In a one-side test for monotonic increasing trend, if P > 1 — «, where « is the significance

level of the statistical test, then the null hypothesis should be rejected.

Data: X1, X2, X3, X4, Xg

MBBS samples: (1) x;, x3, x4,
() )
3) ;

Figure 6.3: An illustration of MBBS procedures with n = 5 and L = 3. The data is split into
n — L+ 1 = 3 blocks marked by different colors, and three samples are randomly chosen from the
blocks with replacement.

The number of bootstrap samples (/V) to be generated depends on the significance level («),
and the selection of the block length (L) depends on the autocorrelation coefficient (p) and number

of observations (n) in the time series.
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6.3.4 Estimating the Slope and Magnitude of the Trend

The above trend test can only indicate whether there is statistical significance of a trend in
the dataset. After a trend is detected, however, engineers are more interested in the practical
significance of the trend, in other words, the actual magnitude of increase of the cooling effort.

[34, 35] proposed a robust and unbiased estimate of the slope of the trend known as Sen’s slope,

given by:
X, —X; . .
dk:t]—t forall1 <i<j<n (6.16)
7 U
and
Sen’s slope = median(dy,) (6.17)

In the equation, X is the variable, ¢ is time, and d;.’s are the slopes between each pair of variables.
Then, the Sen’s slope is calculated as the median of all the slopes di. The magnitude of the trend

therefore is the product of the Sen’s slope and the time length of the data series.
6.4 Monte Carlo Simulation of the Mann-Kendall Tests

A critical objective in fault detection and diagnosis (FDD) for residential HVAC systems is to
not generate false positives, where fault-free systems are incorrectly identified as faulty. There is a
low tolerance for false positives in practice, as it is a waste of time and resources for maintenance
technicians. Additionally, the occupants may feel misled, which jeopardizes customer loyalty.
Another possibility is that the FDD methods may generate false negatives, where faulty systems
fail to be detected. However, false negatives, to some extent, are preferable to false positives,
because faulty systems that degrade in performance or operation will eventually be detected.

In statistical theory, a false positive is defined as a Type I error, which means the rejection
of a true null hypothesis. A false negative is defined as a Type II error, which means failure to
reject a false null hypothesis. In this Mann-Kendall test the Type I error should be minimized,
such that virtually every system with the accepted alternative hypothesis is guaranteed to have a

capacity degradation trend. After achieving this primary objective, the prevalence of Type II errors
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can be investigated to determine the most effective FDD strategy. The purpose of this section is
to quantify the Type I and Type II error for the modified Mann-Kendall tests using Monte Carlo
simulation of anticipated fault scenarios.

Before evaluating the Type I and Type II error of the Mann-Kendall tests, two key factors should
be discussed: 1) the signal autocorrelation, and 2) the signal-to-noise ratio. Figure 6.4 compares
two datasets with zero mean and no trend. The first dataset is uncorrelated, and the second dataset
exhibits high positive autocorrelation. Compared to the random uncorrelated data in Figure 6.4a,
the data with high autocorrelation in Figure 6.4b shows strong similarity between adjacent data
points and thus seems to have a trend. The existence of positive autocorrelation adds difficulty in
detecting a trend and often results in higher probability of obtaining a Type I error.

Similarly, Figure 6.5 compares two uncorrelated datasets with the same trend slope, but with
high and low signal-to-noise ratios. The noise level in Figure 6.5b is five times greater than the

noise in Figure 6.5a, such that detecting a trend in Figure 6.5a is much easier.

Value
Value

0 5 10 15 20 0 5 10 15 20
Time-Series Data Time-Series Data

(a) An example of uncorrelated (b) An example of highly correlated
data without trend data (01=0.6) without trend

Figure 6.4: Two datasets with zero mean (dashed red line) and zero trend. Compared with the
uncorrelated data in plot (a), Type I error occurs more frequently and trend detection is more
difficult for the highly positively correlated data in plot (b).
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Figure 6.5: Two datasets with the same slope of trend (dashed red line) and without autocorrelation.
Trend detection of the dataset with high signal-to-noise ratio in plot (a) is much easier than the
dataset with low signal-to-noise ratio in plot (b).

6.4.1 Control of the Type I Error for the MK-MBBS Test

In the proposed degradation trend detection, the significance level «, also referred to as the
upper bound of the Type I error, is set to 0.1%. That is to say, at most one out of a thousand
fault-free systems will be mistakenly detected as faulty. At this significance level, the Type I error
of the Mann-Kendall test with moving block bootstrap (MK-MBBS) is compared with the original
test. To evaluate the impact of the autocorrelation coefficient and sample size on Type I errors, a
Monte Carlo approach to simulate fault-free scenarios is used. 50,000 autocorrelated time series
without a trend is generated in each level of lag-one autocorrelation coefficient (p;) ranging from
0 to 0.8 and sample size (n) ranging from 30 to 100. The autocorrelated time series is generated

by autoregressive model of order one (i.e. AR(1) model):

Xi=p1Xi1+ 6 (6.18)

where X; is data at time ¢, X;_ is data one time-lag before, and ¢; is the random noise term. For
each simulated time series, 50,000 bootstrap samples (/NV) are taken, and the block length (L) is 7

when the sample size is smaller or equal to 50, and is 10 otherwise. The algorithms proposed in
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Table 6.1: Type I error under 0.1% significance level for the original Mann-Kendall test and the
MK-MBBS test with different lag-one autocorrelation coefficient (p;) and sample sizes (n). Each
case is obtained by 50,000 Monte Carlo simulations.

Type I Error
Method (supposed to be lower than 0.1%)

p1 | n=30 n=>50 n = 100
0 | 0.08% 0.09% 0.09%
02| 033% 0.41% 0.49%

Original MK | 0.4 | 1.25% 1.61% 1.79%
0.6 | 3.76% 4.63% 5.17%
0.8 | 10.0% 12.0% 13.7%

0 | 0.02% 0.01% 0.01%
02| 0.03% 0.02% 0.03%
MK-MBBS | 0.4 | 0.04% 0.03% 0.05%
0.6 | 0.09% 0.06% 0.06%
0.8 021% 0.31% 0.25%

[59] are used to generate moving block bootstrap samples, and the a modified algorithm from [60]
is used to perform the Mann-Kendall tests.

From the results shown in Table 6.1, the original Mann-Kendall test has problems maintaining
the Type I error lower than 0.1% when autocorrelation exists (p; > 0). Especially, when p; > 0.4
(i.e. highly autocorrelated), the actual Type I error is above 1%. That is to say, at least one
out of a hundred fault-free systems will be mistakenly detected as faulty, which is unacceptable
considering the large quantity of residential HVAC systems. In contrast, the MK-MBBS test is
capable of keeping the Type I error below the 0.1% significance level and generates much fewer
false positives. When the data is slightly autocorrelated, the Type I error is even much lower
than 0.1%. When p; > 0.6, the Type I error slightly rises above the significance level, but this
study found that most cooling effort time-series has p; < 0.6. Therefore, the MK-MBBS test is
anticipated to be effective in identifying the degradation trend issues of residential HVAC systems

with low false positivity rate.
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6.4.2 Control of the Type I Error for the PMK-MBBS Test

Similar to Section 6.4.1, at 1% and 5% significance level, the Type I error of the partial Mann-

Kendall test with moving block bootstrap (PMK-MBBS) is compared with the partial test. Note

that a higher significance level is used in this simulation because of the high computational cost

to generate a large number of bootstrap samples, but the eventual application of the method to

residential cooling systems uses a 0.1% significance level.

The simulation constructs a bivariate time series (X') containing one response variable (X;)

and one covariate (X;) with length n:

X Xio
X = |:X1 X2} =

an Xn?

The autocorrelation of X; and X5 is modeled by the AR(1) model:

X1 = p1aXp-11 + €&

Xio = p12X@—1)2 + 0

(6.19)

(6.20)

where p; ; is the lag-one autocorrelation coefficient for X, and p; » is the lag-one autocorrelation

coefficient for X5.

To ensure the variance of X; and X5 are both unity, and the cross-correlation between X; and

X, is ¢, the covariance matrix of the Gaussian noise cov(e;, d;) is calculated as:

cov(€, 0y) =

(1= p11p12)¢ 1—pi,

1—pi, (1= prip12)9

(6.21)

To simulate fault-free scenarios 5,000 one-month-long and three-month-long bivariate time se-

ries without trends are generated for each level of cross-correlation and autoregressive coefficients.
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In the PMK-MBBS test, 5,000 bootstrap samples are taken from each simulated time series and
the block length is 7.

Shown in Table A.2 in the Appendix A.2, the PMK test maintains the Type I error at varying
levels of cross-correlation when no autocorrelation exists, but positive autocorrelation of the re-
sponse variable causes the Type I error to increase significantly, and can be as high as 28% at a 5%
significance level, which is intolerable. In contrast, the PMK-MBBS test performs much better at
controlling the Type I error, particularly at the 1% significance level. Although the Type I error
can still rise above the nominal level when the correlation is very high, it is acceptable considering

that there is no perfect way to correct the effect of autocorrelation.
6.4.3 Evaluation of the Type II Error for the MK-MBBS Test

After verified that the proposed tests can ensure the Type I error at the chosen significance
levels, the Type II error is evaluated. If the null hypothesis cannot be rejected even when the
time series data has trends typical of residential cooling systems, then the MK-MBBS test will be
ineffective. In this study, four types of possible degradation trends are tested for the MK-MBBS
test as shown in Figure 6.6: a single step change indicating a sudden but persistent behavioral
change, multiple step changes indicating stepwise capacity degradation, a linear trend indicating
capacity degradation at the same speed, and a quadratic trend indicating accelerated degradation.

All of the four trends are tested using autocorrelated data.

e o %o

P, < step 3
- o e, - step 1 step 2 ‘ o' * o
= . signal|! = ! L e e®®we e |
-5_.,.,‘,,, e ___ = > 0o ® [ i H signa
e o ® i ‘4771\‘ i ———
o i i i
time time
(a) Step change at the midpoint with n=20 (b) Step changes at four evenly spaced locations with n=20
o %7 *
o e __ /./
g * e * ° ] L S
= o —® signal| . s P signal
o ) ° o 90 o
o—* o ee® %0 o5
time time
(¢) Linear trend with n=20 (d) Quadratic trend with n=20

Figure 6.6: Four types of possible trends for HVAC systems studied by Monte Carlo simulations.
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Figure 6.7 shows the probability of detecting a change or trend when it actually exists (i.e.
the probability of avoiding a Type II error) for the MK-MBBS test. The sample size of each
dataset is 100. The noise (variance) of the dataset is set to be one so the signal-to-noise ratio is
equivalent to the magnitude of change. Note that to ensure the noise level of the simulated samples
is unity, the variance of the random noise (¢;) is calculated as 1 — p?. The results demonstrate
that the MK-MBBS test is capable of detecting multiple step changes, linear trends, and quadratic
trends with high detection probability, especially when the signal-to-noise ratio is higher than
three. However, the MK-MBBS test cannot effectively detect a single persistent step change. To
address this problem in practice, the authors recommend that the trend test be combined with a
change point detection method, such as [28]. Additionally, similar to the original Mann-Kendall

test, detecting a trend using the modified Mann-Kendall test becomes more difficult as p; increases.
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Figure 6.7: The probability of detecting four types of degradation trends when it actually exists.
The sample size is 100 with p; ranging from O to 0.8. Trend is detected if percentile of the Z-
statistic (P) satisfies P > 99.9%.
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6.4.4 Evaluation of the Type II Error for the PMK-MBBS Test

Similar to Section 6.4.3, the Type II error is evaluated for the PMK-MBBS test. Figure 6.8 and
6.9 show the probability of the PMK-MBBS test to detect a trend of the response variable at dif-
ferent levels of signal-to-noise ratio. In the simulations, the sample size is 30 and the significance
level is 1%. In Figure 6.8, a trend is added only to the response variable with signal-to-noise ratio
plotted on the horizontal axis, and the covariate exhibits no trend. In Figure 6.9, both response
variable and covariate have trends. The signal-to-noise ratio of the response variable is plotted on
the horizontal axis, and the signal-to-noise ratio of the covariate is represented as a ratio () of the
response variable. The cross-correlation (¢) before adding trends is fixed at 0.8.

Shown in Figure 6.8, the PMK-MBBS test is able to detect monotonic increasing trends of the
response variable and has better performance when the cross-correlation (¢) is high and the lag-one
autocorrelation coefficients (p; 1 and p; 2) are low. Figure 6.9 shows that the probability to detect a
trend of the response variable decreases as the trend of the covariate increases. This is reasonable
because when the covariate has a trend, the increase of response variable can be partially explained
by the increase of covariate, instead of being solely caused by the increasing trend of the response

variable itself.
6.4.5 Situations When a Faulty System Is Repaired

In addition to the cases discussed above, false positives can also occur when a faulty system
is recently repaired. Figure 6.10 shows a scenario where a linearly degraded system is fixed. A
moving window is initially defined to include the data prior to the moment of repair. At first an
increasing trend is likely to be detected, but as the window moves right, the probability of detecting
an increasing trend declines until finally a decreasing trend is anticipated to be detected. Note
that in practice this will be the primary reason why decreasing trends are detected, since systems
themselves are unlikely to gradually improve in performance. Finally, as the window moves away
from the data with the increasing trend, the detection algorithm is anticipated to identify no trend

in the data.
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Figure 6.8: The probability of detecting an increasing trend of the response variable. The hori-
zontal axis shows the signal-to-noise ratio of the response variable, and the covariate has no trend.
Trend is detected if percentile of the Z-statistic (P) satisfies P > 99%.

Figure 6.11 shows the simulation result of the MK-MBBS test for this scenario. For this simu-
lation a size of the moving window is defined as 100 data points, with a signal-to-noise ratio of 5.
In general, the MK-MBBS test will not report an increasing trend only after the moving window
includes more than 10% of the data after the moment of repair, which indicates it can effectively

avoid false positives.
6.5 Application to Smart Thermostat Data

The previous sections present the MK-MBBS and PMK-MBBS tests, and use simulated data
to demonstrate their effectiveness for detecting the types of trends typical of faulty and repaired
residential cooling systems. This section outlines two proposed methods, based on hourly analysis
and daily analysis, to apply the tests to data collected from smart thermostats to detect capacity

degradation problems.
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Figure 6.9: The probability of detecting an increasing trend of the response variable. Both re-

sponse variable and covariate have trends. The horizontal axis shows the signal-to-noise ratio of
the response variable, and the signal-to-noise ratio of the covariate is represented as a ratio (n) of
the response variable. Trend is detected if percentile of the Z-statistic (P) satisfies P > 99%.
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Figure 6.10: The situation when a linearly degraded system is repaired. The sample size is defined
as the data points in the moving window, which is 10 in this example.

As discussed in the beginning of this paper, several conditional variables should be considered
in the analysis residential cooling systems. For hourly analysis, the steady-state cooling effort is

selected as the primary fault indicator. Equation 6.22 gives the energy balance of a residential
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Figure 6.11: The probability of falsely detecting an increasing trend when actually a degraded sys-
tem is fixed. The sample size is 100 with p; ranging from O to 0.8. The signal-to-noise ratio is 5.
Degradation trend is detected if percentile of the Z-statistic (P) satisfies P > 99.9%.

home operating in a pseudo steady-state condition:

C- Ec =UA- AT‘oi + Qrad + Qint (622)

where C' is the capacity of a cooling unit [W], E. is the steady-state cooling effort in a time period
(%), U is the overall heat transfer coefficient [W/m?-°F], A is the area [m?] for heat transfer through
the building walls and roof, AT,; is the indoor and outdoor temperature difference [°F] (i.e. the
outdoor temperature minus indoor temperature), de is the solar irradiance heat transfer [W], and
th is the home internal heat generation [W]. The temperature difference (AT,;) has a significant
impact on the steady-state cooling effort (£.). Therefore, the E. data for a particular system should
be divided into subsets based on the value of AT,;. Moreover, to account for the daily variation
of de and th this paper further divides subsets using the time of day, knowing that during the
daytime Q,qq and Qy,; are generally higher than during the nighttime.

For daily analysis, the daily average cooling effort is selected as the fault indicator, and cooling
degree day (CDD) is selected as the covariate due to its major effect on the daily cooling effort. The
cooling degree day can be defined as the daily temperature difference between indoor and outdoor

space, or the daily temperature difference between cooling setpoint and outdoor space [61]. This
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study adopts both covariates so that the analysis is adaptable to a wider range of system operational
behaviors.

Both the hourly and daily trend detection methods can be implemented using either historical
or real-time data. Trend detection using historical data is primarily intended to evaluate system
performance at the conclusion of peak cooling season, so that owners can schedule off-season
maintenance. Real-Time trend detection is designed to actively monitor the system behavioral
changes to identify urgent or imminent cooling capacity failures. The following subsections detail
the applications of the proposed hourly and daily methods to residential cooling systems, using

historical data (Section 6.5.1) and real-time condition monitoring (Section 6.5.2).
6.5.1 Historical Trend Detection

Since this study focuses on cooling systems, which operate primarily in the summer, perform-
ing a historical trend detection test after the summer season has passed is useful in identifying any
changes in system performance during this peak season. Presumably, the historical trend detec-
tion would applied only once using the smart thermostat data for the whole summer. If significant
system capacity degradation is identified after operating in the peak season, then service compa-
nies can schedule off-season maintenance afterwards to repair system faults and improve operating
efficiency.

The data processing procedure is shown in Figure 6.12. The smart thermostat data is analyzed
separately by the hourly and daily analysis methods. If both methods show practically significant
evidence of a degradation trend, then the cooling system will be labeled as faulty and prioritized
for maintenance. In some cases when only one method shows practically significant evidence of
a degradation trend, the other method usually shows the same evidence, but at a lower confidence
level (e.g. above 90% or 95%), and the system will still be labeled as faulty but categorized as a
secondary priority for maintenance.

For hourly analysis, the cooling regulating periods are first labeled by the mode labeling al-
gorithm [6], and the steady-state cooling effort is calculated for every consecutive two-hour time

window in all cooling regulating periods. Second, the cooling effort data is divided into subsets
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based on the indoor and outdoor temperature difference (AT,;) and time of day. Twelve subsets
are created and their ranges are shown in the Table 6.2. Subsets with less than 30 data points are
excluded from analysis, as having insufficient data for analysis. Third, the MK-MBBS test is per-
formed to each subset of the steady-state cooling effort time-series with N = 50,000 and L = 7,
and the magnitude of trend in each subset is estimated by the Sen’s slope. In general, a system
has approximately four operational subsets to be tested. The percentile of the Z-statistics () and
magnitude of trend (M) for each subset are recorded. Lastly, a statistically significant degradation
trend is identified based on the second maximum percentile and the median percentile among all
subsets (the total number of subsets must be greater than two). The second maximum percentile
should satisfy Piccond mae > 99.9% (i.e. under 0.1% significance level), and as a supplementary
condition the median percentile should satisfy P,,cqian > 95% (i.e. under 5% significance level).
Additionally, the trend is considered practically significant only if the second maximum magnitude
of trend satisfies Mecond mar > 0.125.

For the daily analysis, first the daily cooling effort, the cooling degree day between setpoint
and outdoor (covariate), and the cooling degree day between indoor and outdoor (covariate) are ex-
tracted from the smart thermostat data. Second, the algorithm checks whether the cross-correlation
between daily cooling effort and cooling degree day is positive. If not, then the corresponding cool-
ing degree day will be removed. A negative relationship can be caused by degradation, repair, or
other occupant related issues, which often results in erroneous statistical results. Third, the Mann-
Kendall test is performed to the daily cooling effort time-series if the time-series has data for at
least 30 days, and the Sen’s slope is applied to estimate the magnitude of trend of the daily cooling
effort. If all covariates are removed, the MK-MBBS test is applied with N = 50,000 and L = 7;
otherwise, the PMK-MBBS test is applied with N = 50,000 and L = 7. Finally, a practically
significant degradation trend is detected if the percentile of Z-statistics satisfies Py, > 99.9%
and the magnitude of trend satisfies Mg, > 0.125.

To illustrate the performance of the historical trend detection, smart thermostat data collected

from approximately 10,000 single-speed cooling systems located in Florida between June 1*' and
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Figure 6.12: The data processing procedures for the historical trend detection.

September 30" in 2019 is used for analysis. Figure 6.13 shows the distribution of percentiles of
the Z-statistics (Pyq1,) in the daily analysis for all systems. Most systems behave normally with
no particular trends. A system with Py, close to unity indicates an increasing trend of the daily
cooling effort, and thus degradation possibly exists. On the contrary, a system with P, close to

zero indicate decreasing trend of the daily cooling effort, which could be caused by mechanical
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Table 6.2: Time-series division according to temperature difference (A7T,;) and time of day.

AT,; range [°F]
4~ 0] 0~ 4| 4~ 8] 8~12[12~16 | 16 ~ 20
Time of | 8:00 ~ 20:00 | No. 1 No.2 | No.3 No. 4 No. 5 No. 6
day [hr] | 20:00 ~8:00 | No.7 | No.8 | No.9 | No.10 | No. 11 | No. 12

Subset number

faults being repaired or decrease of occupancy. The red bar shows the number of systems that has
Piaity > 99.9%. These 204 systems are very likely to have degradation issues.

Applying the hourly analysis method results in similar distributions of Psccond maz With 108
systems likely to have degradation issues. The next step in the process is to show how many of

these systems have degradation trends that are practically significant.

Abnormal systems  Degraded systems

with decreasing with increasing )
cooling effort cooling effort 250+ Very high
possibility of
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Figure 6.13: This histogram shows the distribution of percentiles of the Z-statistics (Fy,1,) in the
daily analysis for 10,000 systems calculated by the historical trend detection.

After applying the criteria for Pisecond mazs Pmedians ad Msecond maz metrics, a total of 69
systems are labeled with practically significant degradation faults (from among the initial 108
systems). Similarly, for the daily analysis, after applying the criteria for Fyq;;, and M4, metrics,
99 systems are labeled with practically significant degradation faults (from among the initial 204

systems). Figure 6.14 shows these faulty systems labeled by the hourly and daily analysis. A total
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of 110 systems labeled as faulty had sufficient cooling effort data to be analyzed by both hourly
and daily methods, with 30 systems in common. A few systems are only available for the hourly
analysis because the thermostats have intermittent connectivity problems almost every day, and
therefore daily averaged features cannot be extracted. But in this case, none of these systems were
labeled faulty by the hourly analysis. In a similar way, 28 of the labeled systems were analyzed
using the daily method because the systems spend little time operating in the cooling regulating

mode, and the extracted steady-state feature values are insufficient to perform a statistical test.

Number of systems identified with practically significant degradation trends
(from a population of 10,000 cooling systems)

30

39 41 28
Hourly . .
Hourly : Daily Daily
’ and daily . .
analysis 3 analysis analysis
analysis

Data available only for Sufficient data to perform both Data available only for daily
hourly analysis hourly and daily analysis analysis
(e.g. thermostats with (e.g. systems rarely operating
intermittent connectivity) in regulating mode)

Figure 6.14: The Venn diagram shows the faulty systems labeled by the hourly analysis and the
daily analysis.

Figure 6.15 clearly shows an increasing trend in cooling effort in all subsets of the 69 faulty
systems identified by the hourly analysis. Remember that the steady-state cooling effort data in
each subset is under similar operating conditions (i.e. seasonal weather effects has been removed).
The solid line represents the daily average of the plotted data, and the dashed lines represent one
standard deviation above and below the daily average. The lowest average cooling effort incre-

ment occurs in mid-June, which is around -5% (black dotted line), and after that it gradually in-
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creases. The highest average cooling effort increment is 14% (black dotted line), which is reached
in September. The increase of steady-state cooling effort data is significant, and therefore the la-
beled systems are possibly degraded after the summer peak season. The trend of daily cooling

effort is not shown here because the seasonal weather effect cannot be removed.
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Figure 6.15: The plot shows the increase of steady-state cooling effort since June 1* in all subsets
of the 69 faulty systems identified by the hourly analysis. In each subset the data is collected under
similar operating conditions (i.e. seasonal weather effects have been removed).

From the detection results shown in Figure 6.14, a total of 28 faulty systems are labeled only
by the daily method, because they do not have sufficient data in the regulating mode to use the
hourly analysis method. To better understand the limitations of using only one detection method,
the applicability of both methods to different system behaviors is investigated.

Figure 6.16 shows the percentage of time operating in the cooling regulating mode, respectively
for: (a) the systems labeled faulty by the hourly analysis, (b) the systems in labeled by the daily
analysis, and (c) all 10,000 systems. All systems labeled by the hourly analysis spend at least 65%
of time in cooling regulating, while the daily analysis is less affected by the operational time spent
in the cooling regulating mode and is comparable with the overall population. Additionally, as

the percentage of cooling regulating time increases, the hourly analysis is more likely to correctly
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identify systems with degradation trends. If a system spends the majority of time in cooling reg-
ulating, then the number of steady-state cooling effort data that can be extracted from the cooling
regulating mode is greater, which enables the hourly analysis to perform a powerful statistical test
to identify a trend. But if a system spends little time in the cooling regulating mode, the extracted
data may be insufficient for a statistical hourly analysis, and only the daily analysis is feasible.
Note that over 60% of systems spend more than 65 of time operating in cooling regulating, which

means the hourly analysis is applicable to the majority of residential systems.
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Figure 6.16: The histograms show the percentage of time operating in the cooling regulating mode,
respectively for (a) all labeled systems in the hourly analysis, (b) all labeled systems in the daily
analysis, and (c) all the approximately 10,000 systems.

Based on the above analysis and observations, the main advantages and disadvantages for each
analytical method are summarized in Table 6.3.

Finally, as a case study a system labeled as faulty by both methods is shown in Figure 6.17.
The first subplot shows the indoor temperature variation and the cooling regulating periods. The
system essentially operates exclusively in regulating mode, and thus the slow degradation is likely
imperceptible for occupants. The second subplot shows the change of steady-state cooling effort

data over time in four subsets (i.e. four different operational conditions). The cooling effort data
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Table 6.3: The advantages and disadvantages for the hourly and daily analysis methods.

Hourly analysis

Daily analysis

Advantages

* The method has a high possibil-

ity to correctly detect a degrada-
tion trend for a system with rel-
atively constant cooling setpoints,
due to frequent regulating periods
and sufficient steady-state cooling
data, which can be used to perform
a powerful Mann-Kendall trend test.

* The method is suitable to all op-

erating conditions, independent of
whether the system spends the ma-
jority of time in a regulating mode
or not.

Disadvantages

The method is not appropriate for
a system with frequent setpoint
changes or setpoint tracking fail-
ures, because the system will oper-
ate primarily in transient, with few
regulating periods that are needed
for the trend test.

The hourly averaged cooling ef-
fort data may have higher signal-to-
noise ratio compared to the daily av-
eraged data, which lowers the pos-
sibility for the Mann-Kendall test to
detect a trend.

The magnitude of trend of the daily
cooling effort may not precisely
characterize the severity of system
degradation, because the estimation
by the Sen’s slope does not consider
the covariate effects.

The method struggles to identify
trends during shoulder seasons (i.e.
spring and autumn) with quickly
changing outdoor temperatures, be-
cause in this case the covariates in
the partial Mann-Kendall test also
exhibit trends (see Figure 6.9 in
Section 6.4.4 as reference).

continuously increases in each subset over these four months, and overall exhibits large increase in

magnitude. Additionally, from the third and fourth subplots, the daily cooling effort also exhibits

an increasing trend while the cooling degree days (CDD) do not have a noticeable trend. According

to the test statistics of the hourly and daily analysis, Psccond maz = 1, Prmedian = 1, Paaity = 1,

Msecond_max = 0.39, and Mdaily = 0.43.

This particular system also exemplifies the value of the proposed detection methods. By the

end of the summer, both methods clearly indicated a degradation trend, indicating a significant
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system fault. However, a problem was not reported by the occupants for an additional four months
(January 28™), whereupon technicians reported a refrigerant leakage due to pinhole or puncture in

tubes, and the system was repaired.
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Figure 6.17: A system with refrigerant leakage identified by the historical trend detection method.

6.5.2 Real-Time Condition Monitoring

The above historical trend detection is applied to the data collected for an entire summer for
a single system, and the corresponding analysis happens affer the peak season has concluded.

However, during the peak season real-time trend detection methods are particularly useful for
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actively monitoring the behavioral change of a system and notifying technicians before complete
failure. Using real-time condition monitoring, maintenance could be scheduled and prioritized for
severely faulty systems. Service companies could allocate repair resources in advance and avoid
technician overtime. Additionally, occupant comfort issues caused by complete failure could be
prevented.

In general, the data processing procedures for real-time condition monitoring is similar to his-
torical trend detection. A few minor modifications in the procedures are required, as described

below:

Real-time trend detection is performed every day with a fixed-length moving window of

daily data.

* To reduce the high computational cost of daily analysis, the number of bootstrap samples (V)
is reduced to 5,000. Appendix A.3 and A.4 show that this modified case of 5,000 samples and
a 0.2% significance level results in a similar level of the Type II error and very little increase

in the Type I error, when compared to using 100,000 samples and a 0.1% significance level.

* The detecting thresholds are changed t0 Piccond mar > 99.8% for the hourly analysis and
Paairy > 99.8% for the daily analysis. Additionally, an alert will be reported when Piecond maz >

95% or Pdaily > 95%.

¢ The detecting thresholds of the Mc.ond_maz and Mgq, are also reduced due to the shortened

testing period.

Note that because the testing period in real-time trend detection is shorter, the magnitude of
change and signal-to-noise ratio will be lower for the same trend. Therefore, detecting a trend in
the real time is more difficult.

The following study performs real-time condition monitoring for the 110 labeled faulty systems
with available data for both hourly and daily methods in Figure 6.14. The data from May to

September 2019 is used, and the detection results are shown in Table 6.4. In general, the daily
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Table 6.4: Detection results of 110 faulty systems using real-time condition monitoring.

Number of faulty Number of faulty

Median of the Median of the
Confidence systems that Y systems that L
. . . earlier time | . . . earlier time
level identified earlier by (days] identified earlier by [days]
the hourly analysis y the daily analysis y
90% 27 12 67 7
95% 28 9 66 8
99% 28 10 45 9
99.8% 24 9 36 16

analysis identifies two thirds of systems earlier than the hourly analysis with a median of around
10 days. However, for the remaining one third systems the hourly analysis identifies a fault earlier
with a median of around 10 days as well. Thus, depending on the operational behavior of a system,
both methods are anticipated to be useful in practice, and can be implemented in parallel.

To illustrate the effectiveness of the real-time condition monitoring, three case studies are pre-
sented as below. All three cases are verified with active refrigerant leakage problems and are
repaired on a known date. The hourly analysis detects a degradation trend of the first case earlier,
while the daily analysis is more effective in the second and third cases. In these cases, real-time
trend detection is performed with a two-month moving window. This window size provides suffi-
cient data for analysis, while detecting degradation early when the fault occurs over a short period.
Also, this window size can effectively avoid false positive detection results when a faulty system is
recently repaired. Conversely, when the degradation develops gradually for months and the slope
of trend is low, a bigger window size (e.g. a three-month-long moving window) may be preferable.

The first case study shows a typical faulty system that suffered from refrigerant leakage. The
hourly analysis detects the degradation trend a few days earlier than the daily analysis because the
system operates almost exclusively effective regulating the indoor temperature. Figure 6.18 shows
the system operation and the detection results of the hourly analysis. Complete failure occurred on

September 5%, but was not fixed until September 10", From the first subplot, the system regulated
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the indoor temperature to the desired cooling setpoint with minimal setpoint error up to the failure
point. Occupants were unlikely to notice the anomalous system operation. The second subplot
shows the steady-state cooling effort data through time. Although there is some noise in the data,
the continual increase of the steady-state cooling effort in every subset of operational conditions
is visible. The increase is clearly seen in the real-time testing results of the hourly analysis shown
in the third subplot, where each point shows the confidence level (i.e. Psccond maz) Of detecting
capacity degradation issues using a two-month moving window starting from June 1. An early
alert is observed on August 18" when the confidence level has arisen to more than 95%. After 10
days on August 28", the real-time testing Shows Ps.cond maz > 99.8% and P,cgian > 95% (Predian
is not shown in the plot), which means there is over 99.8% confidence that degradation exists. The
fourth subplot shows the magnitude of increase in steady-state cooling effort (Msecond maz) OVEr a
two-month period. The increase is greater than 0.1 after the early alarm and rises to 0.4 at the time
of system failure. Before the failure on September 5, real-time condition monitoring could have
notified service companies of the system faults with an alert two weeks earlier and a confirmed fault
one week earlier, potentially avoiding the system failure and the 5 days without air conditioning.
When a system has frequent setpoint changes every day, the daily analysis is more effective
than the hourly analysis. As a second case study, Figure 6.19 shows a residential system with
continuous refrigerant leakage identified by the daily analysis. Repairing technicians have already
diagnosed the leakage problem as early as in April, but because the leakage point was difficult to
located, this system was only recharged. Then, due to active leakage, this system was recharged
again on August 17" and finally repaired by re-brazing the duct joint a few days later. In Figure
6.19, the first subplot shows the variation of the indoor temperature and setpoint changes. The
smart thermostat has setpoint schedules and the indoor temperature is effectively controlled around
the desired setpoints. Thus, similar to the former case study, occupants themselves are unlikely to
notice the degradation issue in the absence of repairing technicians. The second subplot shows
the changes of daily cooling effort, with two covariates plotted in the third subplot. Before a fault

is fixed, the daily cooling effort has an increasing trend in general, but because the covariates
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Figure 6.18: Case one: real-time trend detection results of a system with refrigerant leakage by the
hourly analysis.

are also increasing, visual identification of the fault would be prone to errors. The confidence
levels (i.e. Pjyq,) calculated from the real-time monitoring of the daily analysis are shown in the
fourth subplot. With a two-month moving window starting in May, the method shows an over
90% confidence of degradation all the time. An early alarm is triggered on June 13" when the
confidence level rises above 95%, and fault is detected on July 12" when the confidence level rises

above 99.8%. The fifth subplot shows the magnitude of increase in daily cooling effort (M gqi,)
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over a two-month period. Before the system fault is fixed, M., varies between 0.15 and 0.4,
which can be considered significant increases.

After the system is recharged again on August 17" and subsequently repaired, the daily cooling
effort declines significantly while the cooling degree days are relatively constant, which indicates
the system performance is improved. Additionally, Py, and M., drop down quickly, so false

alarms are avoided.
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Figure 6.19: Case two: real-time trend detection results of a system with refrigerant leakage by the
daily analysis.
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Another scenario when the daily analysis is more effective is when a system has severe setpoint
tracking failure problems and is not able to effectively regulate indoor temperature. Figure 6.20
shows a third case study with a refrigerant leakage problem reported on July 22", From the first
subplot, the system is in effectively regulates temperature in May, but starting from June there are
long periods where the system fails to track the desired setpoint. From the second and third subplot,
the daily cooling effort increases gradually from 20% to nearly 100% before a fault is reported and
repaired on July 22", while the covariates increase slightly. The fourth subplot shows that the
daily analysis with a two-month moving window can detect the fault as early as June 26", almost
one month before a fault is actually reported. Finally, the fifth subplot shows the magnitude of
increase in daily cooling effort (M41,) over a two-month period. Mg, approaches 0.5 when the
fault is detected by the daily method, which is extremely high.

After repairs, the daily cooling effort decreases to about 50%, and the system can effectively
regulate the indoor temperature around the desired cooling setpoints. P, almost approaches
zero, which indicates a decreasing trend of the daily cooling effort is detected. Additionally, M.,
plunges to -0.5, which means the cooling capacity of the system after repair is nearly the same as

before the fault occurs.
6.6 Conclusions

This paper proposes hourly and daily analysis methods to detect degradation trends of a large
number of residential HVAC systems using only smart thermostat data. The two methods both
extract an essential fault indicator, termed the cooling effort, and identify degradation issues by
detecting if the cooling effort has an increasing trend. A critical element in the trend detection is the
original and partial Mann-Kendall statistical tests with moving block bootstraps. The performance
of the two statistical tests are evaluated by Monte Carlo simulations, and results show the statistical
tests have low false positive/negative rate.

In practice, two applications using the hourly and daily analysis on smart thermostat data are
discussed: 1) historical trend detection, and 2) real-time condition monitoring. The historical

trend detection evaluates the performance of a system at the end of peak cooling season, and if
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Figure 6.20: Case three: real-time trend detection results of a system with refrigerant leakage by
the daily analysis.

degradation is identified, the home owner can schedule off-season maintenance. The real-time
condition monitoring is applied to actively monitor system behavioral changes, and if urgent or
imminent cooling capacity failures are identified, maintenance can be scheduled immediately to
avoid system failure. Finally, several distinct case studies are presented to verify the effectiveness
of the proposed hourly and daily analysis. The residential systems featured in these cases studies

are actual, occupied homes with verified refrigerant leaks.
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Additionally, the advantages and disadvantages for the hourly analysis and the daily analysis
are demonstrated using the case studies. The hourly analysis is more effective to detect a trend for
a system spending the majority of time in the cooling regulating mode, but is not applicable for the
opposite situation. The daily analysis is suitable for almost all systems, but it is hard to quantify

the magnitude of trend, and may not be as effective when used in shoulder seasons.
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7. PAPER E: CHARACTERIZING THE PERFORMANCE OF RESIDENTIAL HVAC
SYSTEMS USING SMART THERMOSTAT DATA!

7.1 Synopsis

Faulty residential Heating, Ventilation, and Air Conditioning (HVAC) systems waste billions
of dollars of energy usage in the U.S. each year, meanwhile heavily affecting occupant comfort and
causing complete operational failures. Fault detection and diagnosis (FDD) methods assist tech-
nicians in discovering and locating the faults as early as possible, thereby optimizing the system
efficiency through predictive maintenance and benefiting the home owners as well. However, due
to uneconomical initial cost of additional sensor installation, traditional FDD methods using sensor
data are hard to apply in the residential sector. To solve this issue, this paper proposes an FDD
method that only uses smart thermostats as the data source to detect inadequate system capacity is-
sues from a large number of residential HVAC systems. The proposed method analyzes the pseudo
steady-state behavior and compares a critical feature termed the weighted average difference of
cooling effort (ALE,) both between systems and within each system. Three applications of the
proposed method are detailed, namely: identification of system inadequate capacity, quantification
of active system capacity degradation, and verification of system repair after maintenance. Within

each application, real faulty systems are illustrated to demonstrate the usefulness of this method.
7.2 Introduction

Residential Heating, Ventilation, and Air Conditioning (HVAC) equipment has gradually be-
come a requisite for people to install in their home. In 2009, 87% of households in the U.S. own
air conditioning systems, which is a 31% increase compared to the year of 1978, and 99% of
households own space heating devices [8]. With the increasing need of comfort indoor conditions,
residential HVAC systems consume 214 TWh (27.28 billion dollars) of energy on air conditioning

and 1156 TWh (60.74 billion dollars) on space heating each year [1]. However, due to operational

'F. Guo and B.P. Rasmussen, “Characterizing the Performance of Residential HVAC Systems Using Smart Ther-
mostat Data”, ASHRAE Transactions, In Preparation.
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faults that may occur, residential systems on average function at least 17% below their rated ef-
ficiencies [9], causing extra and unnecessary energy expenditures. For example, [10] shows that
20.7 TWh per year (2.5 billion dollars) can be saved by fixing installation issues including indoor
airflow rate and refrigerant charge.

Residents benefit from fault-free HVAC systems with reduced energy bills, improved thermal
comfort, and avoidable complete failures. Fault detection and diagnosis (FDD) plays an important
role for systems to achieve the optimal operating efficiency (free of fault), in that FDD ensures
proper commissioning, optimized system control, effective predictive and preventive maintenance.
[16] reviewed state-of-the-art FDD methods for split and rooftop HVAC systems, and described
the general processes: feature selection, steady-state detection, fault-free modeling, fault detection,
and fault diagnosis. Soft mechanical faults on the air-side and refrigerant-side are greater interests
for researchers than total failures, because they do not cause immediate system breakdowns and can
be unnoticed for an extended time. Though relatively few researches are focused on residential split
systems, the FDD methods developed for small commercial rooftop systems are still applicable and
heuristic to residential systems. [3] reviewed FDD methods published after 2004 in the commercial
building sector. The authors classified FDD methods according to whether a priori knowledge is
used in the detection algorithms, and found the process history-based methods that do not rely on
a priori are the most popular. [14] reviewed the artificial intelligence methods used for building
energy systems including split and rooftop air conditioners, and also found that process history-
based methods are abundant. The authors categorized process history-based methods into three
groups: classification-based, unsupervised learning-based, and regression-based.

The process history-based FDD methods usually needs large amounts of data collected from
multiple sensors to train a model. However, since the marginal profit of repairing a residential sys-
tem is comparatively small, the uneconomic initial cost of installing additional sensors in the vapor
compression cycle becomes a major obstacle to apply these developed FDD methods widely to res-
idential systems. Thus, researchers have tried to perform FDD with limited sensor information to

lower the cost. For example, [18] developed an FDD method and obtained key operating parame-
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ters such as airflow rate, cooling capacity, system efficiency, and refrigerant mass flow by only five
temperature sensors, one humidity sensor and one current sensor all installed on the indoor unit.
[19] detected the refrigerant leakage problem only using five temperature sensors installed on the
air side and the heat exchangers.

An alternative source of data for FDD of the residential systems is smart thermostat data. As
the development of internet of things and smart homes, smart thermostats are gradually adopted
by home owners for the convenience of remote control, comfort monitoring, and schedules learn-
ing. Meanwhile, the smart thermostats can provide huge amount of important system operational
data used for FDD methods without paying extra cost for installing more sensors. Also, under the
permission of customers, smart thermostats can continuously upload real-time data to a database
through Wi-Fi connection, allowing FDD methods to be performed on a remote platform. What’s
more, when numerous smart thermostats are connected to a remote database and the operational
data is collected continuously since system installation, FDD is practically feasible either through
comparing the operational features between large numbers of systems (multi-system feature com-
parison), or through identifying the change of operational features for each system in a long period
of time (single-system change detection).

However, developing FDD methods using smart thermostat data has several challenges as well.
First of all, only a few types of operational information are available, which mainly includes in-
door/outdoor temperature, temperature setpoint, and cooling/heating operational modes. Thus, the
operational features that can be extracted for analysis are limited. Also, true labels of operational
data (i.e. fault-free or faulty in specific types) are often unknown or sometimes inaccurate, be-
cause usually the true labels come from warranty claim reports created by repairing technicians.
These reports can only record the claim date and possible failure reasons for a system, but the
exact faulty and fault-free periods are unknown, and the recorded failure reason may not be the
real ones causing the system to fail. Additionally, warranty claims are usually filed when complete
failure occurs, but the operational data of incipient mechanical faults is more useful to develop

FDD methods because they are difficult to detect.
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Considering the above characteristics of the smart thermostat data, this paper proposes a statistics-
based FDD approach termed the characteristic curve method, which uses a metric termed the
weighted average of cooling effort (AE,) to quantify the system performance and monitor the
behavioral change. The remainder of this article will first detail the preprocessing and main pro-
cedures for the characteristic curve method, and then introduce the applications of this method
which include detecting inadequate system capacity problems and monitoring the system behav-
ioral change over time. Case studies of real faulty systems are shown for each application to verify

the effectiveness of the proposed characteristic curve method.
7.3 The Characteristic Curve Method

Figure 7.1 shows the processing procedures of the characteristic curve method and its appli-
cations. First of all, the raw thermostat data from a large number of residential HVAC systems
is preprocessed and the cooling effort (£.) for a system to remove cooling load is extracted as a
critical feature. Then, using the data features from all systems, the expected cooling effort at each
ambient condition for an operating system is calculated, termed the characteristic curve. From the
characteristic curve, the extra amount of time that a system needs to operate to meet the cooling
load at the given ambient condition is calculated. This extra time is termed the weighted average
of cooling effort (AE,), and has three applications: 1) systems spending anomalous large amount
of time in operation can be identified by sorting AE, among large quantities of systems; 2) with
the help of single-system change detection, systems having capacity degradation faults (e.g. active
refrigerant leakage) can be identified with significant increase of AF, over time; 3) faulty systems

being fully repaired can be verified by significant decrease of AE, after maintenance.
7.3.1 Preprocessing and Feature Extraction

The operation of residential air conditioning systems can be categorized into three behavioral
modes, which are constantly regulating around a setpoint, actively tracking towards a new setpoint,

and freely responding to the change of ambient conditions [6]. This paper investigates the regu-

lating mode, during which a cycling system has already reached the setpoint and cycles on and
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Figure 7.1: The flowchart shows the processing procedures and applications of the proposed char-
acteristic curve method.

off to maintain the setpoint. It is often referred to as pseudo steady-state conditions because the
air-conditioned home has relatively constant indoor temperature. A system often has both cool-
ing regulating mode and heating regulating mode based on cooling/heating is operating, and this
paper only focuses on the cooling regulating mode. Compared to the tracking mode, the behav-
ior in regulating mode is much similar among a large group of systems, making it easier for the
multi-system comparison.

From the cooling regulating mode, a useful feature termed cooling effort is extracted. For multi-

speed cooling systems, the cooling effort is defined as the product of duty factor and load factor in
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a specific period, where duty factor is the fraction of time that a system runs and load factor is the
fraction of load when the system runs. For single-speed cooling systems, the load factor equals one
during operation and hence the cooling effort equals duty factor. The cooling effort describes how
hard a system works at given ambient conditions, and systems suffered from inadequate capacity
usually has abnormally high cooling effort comparing to other systems. Equation 7.1 shows the

energy balance equation in a cooling regulating period:

C- Ec =UA- AT’oi + Qsol + Qint (71)

where (' is the total cooling capacity [W], E. is the cooling effort (%), U is the overall heat transfer
coefficient for the residential home [W/m?2-°F], A is the overall heat transfer area of building walls
and roof [m?], AT, is the temperature difference [°F] defined as outdoor temperature minus indoor
temperature, Qsol is the solar irradiance heat gains [W], and th is the internal heat gains [W].
From Equation 7.1, the temperature difference must be chosen as another important feature when
the cooling effort is compared among a large group of systems since they are highly correlated.
Also, temperature difference affects the coefficient of performance (COP) of a system, thereby
affecting the cooling capacity. Apart from that, high cooling effort seems also possibly resulting
from low C', high U A, or high Qsol and th However, the proposed algorithm focuses on behavior
with abnormally high cooling effort, and these factors could hardly be the cause for the following
reasons: (1) the system capacity (C') is selected based on the home thermal property, and usually
dealers are unlikely to install a much undersized system for customers; (2) U A is determined by
the home thermal resistance level of the construction materials and the area of building walls and
roof, but most residential homes are built with similar materials and a larger home is also fitted with
a larger system; (3) most residential homes have normal heat gains mainly from solar irradiance,
cooking, shortly opening windows and doors, and additionally, a few time periods having much

higher heat gains (e.g. holding parties, leaving windows open for a whole day) does not affect the
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analysis too much because the proposed FDD method evaluates system operating behavior on the
scale of months.

Based on the above analysis, in the main algorithm of the characteristic curve method, the
expected cooling effort at every temperature difference value is estimated. The line connecting all
expected cooling effort values is termed the characteristic curve. The cooling effort data of each
system is compared with the characteristic curve to evaluate its relative value above or below the

curve at each temperature difference.
7.3.2 Fault Detection Algorithm

The characteristic curve method obtains the expected cooling effort at every temperature dif-
ference by estimating the joint distribution of cooling effort and temperature difference. In order to
clarify all the calculating steps and exemplify the fault detection results, data from approximately
10,000 residential single-speed split cooling systems in Florida between May and September in
2019 is processed. The characteristic curve method consists of four procedures as follows:

First, kernel density estimation (KDE) is performed to estimate the probability density function
of the joint distribution of cooling effort and temperature difference using data from a large number
of systems. The KDE treats each data point as a Gaussian kernel, and sums up all kernels to
obtain the full probability density function. In this case, since KDE is calculated by data from
thousands of systems, which is very computationally expensive, one better idea is to randomly
resample a few data points from every system and calculate KDE with this smaller dataset. Also,
to minimize biased calculation results that may occur, KDE is calculated multiple times using
different resampled datasets, and the final density field is the average of all calculated density
fields. Figure 7.2 shows the probability density field of the joint distribution of cooling effort and
temperature difference generated by 10,000 systems in Florida, where darker red color indicates
more popular behavior of the air conditioners. Generally, temperature difference ranges from -10°F
to 20°F in Florida’s residential homes, and cooling effort ranges from 0% to 80%.

Second, from the estimated density field, the midpoint of accumulated density at every given

temperature difference is calculated. In another word, the sum of density above the midpoint
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Figure 7.2: An example of Kernel density estimation (KDE) between cooling effort and temper-
ature difference using approximately 10,000 systems in Florida. Darker red color indicates more
popular behavior.

equals to the sum of density below the midpoint. The midpoints at all slices of temperature dif-
ference connect to a curve termed the characteristic curve, which can be viewed as the average
performance of a single-speed residential cooling system in Florida, or the expected cooling ef-
fort of these systems at every given temperature difference. Figure 7.3 shows the characteristic
curve in black. When the temperature difference is greater than -4°F, the curve is monotonically
increasing (shown by the solid line), in consistent with the fact that a cooling system works harder
in an ambient environment with higher temperature difference. In contrast, when the temperature
difference is lower than -4°F the curve is flat (shown by the dashed line), because in this region
a residential home is passively cooled by the outside and the internal heat gain usually dominates
the cooling load. Therefore, only data with temperature difference between -4°F and 20°F is con-
sidered as representative of system performance in an ordinary residential home and will be used
in the following steps.

Third, from the characteristic curve, the difference of each cooling effort data (AFE.) to the
curve is calculated. Figure 7.4 illustrates the difference of every cooling effort data (in blue) to
the characteristic curve (in black) for one system, where positive differences (i.e. data above the

curve) are marked by red and negative differences (i.e. data below the curve) are marked by green.
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A positive difference means that during the period the cooling system performs worse than the

average level, and a negative difference means that during the period the cooling system performs

better than the average level.
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Figure 7.3: The calculated characteristic curve from the KDE. The curve above -4°F temperature
difference is monotonically increasing, while below -4°F temperature difference is flat.

60%

50% -

40% A

30% 4

Cooling Effort

= Characteristic Curve
® Operational Data

T T T T T

-5 0 5 10 15 20
Temperature Difference (°F)

Figure 7.4: Illustration of differences of cooling effort data to the characteristic curve for a system.
The data is shown in blue dots. Positive differences (i.e. data above the curve) are marked by red
and negative differences (i.e. data below the curve) are marked by green.
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Fourth, to obtain a single metric for comparison between systems, this method calculates the
weighted average of all differences of cooling effort for each system, termed A F., using the proba-
bility density function of temperature difference as weight. Because the difference of cooling effort
(AFE,) for a system still slightly depends on the temperature difference, by always giving higher
weights to the majority of AF, values in the region of moderate temperature difference, AFE, is
considered not strongly affected by the seasonal temperature difference changes. Estimated by
one-dimensional KDE, Figure 7.5 shows the probability density function of temperature differ-
ence for the Florida systems. Similar to the two-dimensional KDE shown in Figure 7.2, multiple

times of resampling is also used to generate this one-dimensional KDE.
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Figure 7.5: An example of kernel density estimation (KDE) of temperature difference for all ap-
proximately 10,000 systems in Florida.

The weighted average difference of cooling effort (AE,) can be considered as the extra time
that a system needs to operate in the cooling regulating mode compared to an imaginary system
with average performance, which is also understandable for customers. For example, a system
with AF, equals 0.1 means on average it spends additional 0.1 hour operating in full capacity in

every hour of the cooling regulating mode.
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Note that the characteristic curve method is computationally efficient after the initial analysis.
This is because the probability density function of variables and the characteristic curve generated
in the initial analysis are applicable to other single-speed split systems in the same climate region.
For example, when smart thermostat data of another group of systems in Florida is extracted from
the database, researchers can directly use the available characteristic curve to calculate AFE,, and
then use the available probability density function of temperature difference to calculate AE,.
The characteristic curve and distributions require to be updated only when systems from another
climate region are analyzed or a lot of new systems with higher efficiency are installed in the region

as time passes.
7.4 Applications

In the characteristic curve method, after the weighted average difference of cooling effort
(AE,) is calculated for each system within a period, the values are compared between systems
(i.e. multi-system feature comparison) and within each system (i.e. single-system change detec-
tion). This section shows three applications of the characteristic curve method for fault detection,
preliminary diagnosis, and fault prioritization. The applications include detection of system in-
adequate capacity, quantification of system degradation trends, and verification of system repair
after maintenance. Within each application, case studies of a few real faulty systems are provided
to validate the effectiveness of the characteristic curve method. Note that the case studies are all
related to active refrigerant leakage, because this type of fault will finally cause system breakdown
and thus is easily noticed by home occupants. Some causes of the inadequate capacity issue such

as commissioning faults and airflow restriction are hard to verify without field testing.
7.4.1 Detection of Inadequate Capacity

The first application of the characteristic curve method is to detect inadequate system capacity
issues. Figure 7.6 shows a histogram of the AE, calculated by the characteristic curve method for
all the selected approximately 10,000 systems in Florida. Typically, AE, ranges from -0.4 to 0.4,

and the median is around zero. In Figure 7.7, the number axis shows the indications of different
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ranges of AE,. From the definition, AE, can only range from -1 to 1, and in reality +1 can never

be reached.

+ AE,.’s much lower than zero indicate oversized systems, because they spend less effort than

most of other systems to meet the cooling load.

« AE,’s close to zero indicate either fault-free and properly sized systems, or oversized but
degraded systems. The majority of systems have average performance and belong to the
former category, though in some states like Texas, plenty of residential systems tend to be
slightly oversized in model selection. The latter category of faulty systems is difficult to
detect by using smart thermostat data, because they do not show any abnormal operational

behavior.

« AE,.’s much higher than zero indicate faulty systems with inadequate capacity, which is
often caused by degradation, undersized equipment, commissioning faults, or even unusual
applications (e.g. large commercial buildings having considerable cooling load, server rooms
generating enormous heat). Systems in this category have significantly higher cooling effort
than other systems, and in practice are identified by AE, above a pre-defined detection

threshold.

From the distribution of AFE, in Figure 7.6, systems with abnormally high AFE, are labeled as
faulty. Because there is not an exact boundary between faulty and fault-free systems, the detection
threshold is often determined by a percentage of systems. For example, this study set the detection
threshold to be 1%, which means systems with AFE, in the top 1% among all systems are consid-
ered as faulty. The faulty systems can be automatically prioritized by the AE, metric, such that
systems with higher values of AE, are examined and repaired first.

In comparison with a previously proposed univariate analysis, which also uses cooling effort
as a feature and performs comparison between a large group of systems to identify faulty systems,
the characteristic curve method has an improvement in matching the detection threshold with the

actual percentage of systems labeled as faulty. The Venn diagrams in Figure 7.8 show the number
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Figure 7.6: The histogram shows the distribution of the weighted average difference of cooling
effort (A E.) for the selected approximately 10,000 systems in Florida.

Weighted Average Difference of Cooling Lffort (AE,)

-1 0 {detection 1
L | threshold |
(N v A v )Ek v J
Oversized Average Inadequate
System Performance Capacity

e Fault-free and properly sized e Degradation
e Oversized but degraded e Undersized
(unable to detect) e Commissioning faults
e  Unusual applications

Figure 7.7: The number axis shows the indication of weighted average difference of cooling effort
(AE,) for a system.

of systems that labeled as faulty by the univariate analysis and the characteristic curve method
when the detection threshold is set to different percentages. Approximately 10,000 Florida systems
with data from June to August in 2019 are tested. Under 1% detection threshold, theoretically
approximately 100 systems are supposed to be labeled as faulty. Although the two methods do
identify a lot of common systems, the univariate analysis labels fewer systems. The following case

study shows the performance of one labeled faulty system.
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Figure 7.8: The Venn diagrams showing number of systems labeled by the univariate analysis
and the characteristic curve method when the detection threshold is set to different percentages.
Three-month data from June to August for all approximately 10,000 systems in Florida is used.

7.4.1.1 Case Study One: A System with Inadequate Capacity

As an example, the operational behavior of a labeled faulty system is illustrated in Figure 7.9.
The cooling capacity of the system is lower than the cooling demand on most occasions, and thus
abnormally high cooling effort in the whole range of temperature difference is detected. In the
figure, the solid black line shows the characteristic curve, which is the expected performance of
a system in the climate region. The blue points are cooling effort data of the faulty system in the
cooling regulating mode from June to August in 2019. The weighted average difference of cooling
effort (AE,) equals 0.291, higher than the top 1% detection threshold which is 0.268, and thus
the system is labeled as faulty by the characteristic curve method. The dashed line in the figure
sketches the actual performance of this system, which is shifted upward from the characteristic

curve by 29.1%. When the temperature difference is around 0°F, the system spends over 50% of

165



time regulating the indoor temperature to remove the internal heat load and the solar load. As
the temperature difference surpasses 5°F, the system starts working hard with very short stopping
time. Sometimes the cooling effort approaches 100%, which means the system is unable to remove
all the cooling load anymore and the cooling setpoint temperature cannot be maintained. All the
above evidence indicates that the system has inadequate capacity.

Four months later in December 2019, refrigerant leakage is detected for this system, and the
low refrigerant charge level also causes the evaporator to freeze due to the low temperature and
pressure inside the coil. This event proves the usefulness of the characteristic curve method, which
enables the maintenance to be performed a few months earlier, avoiding the operational failure
and increasing the indoor thermal comfort. After maintenance, AE. drops to less than 0.2 in the

summer of 2020, much lower than the detection threshold.

29.1%

Cooling Effort

= Characteristic Curve
== System Performance

e System Operational Data
0% T T T

-4 0 5 10 15 20
Temperature Difference (°F)

Figure 7.9: Case one: a system without enough cooling capacity. The solid black line shows the
characteristic curve, the blue points show the operational data of the faulty system, and the dashed
black line sketches the performance of the faulty system.
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7.4.2 Quantification of Degradation Trends

The above analysis belongs to fault detection, since the only conclusion from the identified
faulty systems is inadequate cooling capacity. However, inadequate capacity could be caused either
by degradation faults occurred after installation such as refrigerant leakage or equipment aging, or
by commissioning faults occurred during installation such as undercharge or non-condensable gas.
To differentiate between these two issues, degradation trend analysis is required to trace back and
analyze the historical data of these labeled systems. With the help of degradation trend analysis,
the characteristic curve method can take a step further into preliminary fault diagnosis to identify
degradation faults. Additionally, the weighted average difference of cooling effort (AE,) can
be calculated in a fixed-length moving window, and change of AE, through time can assist in
quantifying the decline of system performance once a degradation trend is detected.

The degradation trend analysis detects the behavioral change of systems from when they are
installed. Because the details are not a main scope of this paper, this paragraph only provides
a brief description. The detection algorithm extracts the cooling effort from historical data, and
then evaluates if an increasing trend of the cooling effort exists considering the change of ambient
conditions. When an increasing trend is detected with high confidence level, the corresponding
system is considered as suffering from gradual capacity loss in daily operation with great chance.

The following cases studies (the second and third cases) show two systems both with capacity
degradation detected, and the change of AFE, is applied to quantify the decline of system perfor-
mance. The second case is already in the late stage of fault in May and continues to deteriorate
in the summer season. The third case is in the early stage of fault in May and gradually loses its

cooling capacity during the summer.
7.4.2.1 Case Study Two: Poorly-Performed System with Degradation

The faulty system in case one is analyzed only by the characteristic curve method. In compar-
ison, this second case study shown in Figure 7.10 is diagnosed by the characteristic curve method

incorporated with degradation trend analysis. This single-speed split system is labeled with inad-
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equate capacity in every month from May to September, and degradation tend is detected as well
in these five months. In the first subplot of Figure 7.10, upon the variations of indoor temperature,
the cyan color shows the effective cooling regulating periods from which cooling effort data is ex-
tracted, and the red color shows periods when setpoint tracking failure happens. Usually tracking
failure is caused by the cooling load of the house greater than the cooling capacity of the system,
such that the system is unable to maintain the indoor temperature around cooling setpoint. As this
system degrades, tracking failure occurs more and more often, and indoor temperature becomes
increasingly harder to control. In May, tracking failure happens in less than 24% of system-on
time, but in September, tracking failure happens over 70% of system-on time.

The second subplot of Figure 7.10 shows the change of daily cooling effort (i.e. percentage
of time that the system is on during a day) in black solid line. The degradation trend analysis
indicates this system has significant degradation. From May to September, the daily cooling effort
increases from about 50% to nearly 100%, while the degree day (i.e. daily averaged indoor and
outdoor temperature difference) shown in the third subplot is relatively constant.

The second subplot also displays the weighted average difference of cooling effort (AF,) cal-
culated by the characteristic curve method. The orange dotted line shows the change of AFE, in a
one-month moving window, and on top of that the red dashed step line shows the values of AE,
in each month. The top 1% detection threshold of AFE, is obtained by data of all 10,000 systems
in Florida from May to September in 2019. In May, the system is labeled as faulty because AFE,
equals 0.28, already above the threshold. However, due to not being repaired, the system continues
to deteriorate and finally reaches a AE, of 0.43, extremely high among all systems. Figure 7.11
shows the change of AE, from May (point a) to September (point b). In May, fewer than 1% of
other systems have A E, higher than this system. As degradation continues, A E, has increased by
0.15 and this system gradually becomes one of the worst-performed systems.

In November 2019, large decrease of AFE, from 0.45 to 0.14 is detected, which indicates that
the system had a maintenance (to be discussed in the third application of the characteristic method).

However, this system is still identified with inadequate capacity in the summer of 2020, and finally
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a complete breakdown and repair is noticed in August 2020. This study speculates that this system
suffers from active refrigerant leakage caused by pinhole or punctures in tubes, but in November
2019 the repairing technicians only recharges the system with more refrigerant (note that refrig-
erant recharge will not show up in the warranty claim records). However, because the pinhole or
punctures is not brazed and sealed, active refrigerant leakage still exists and finally causes system

breakdown again in August 2020.
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Figure 7.10: Case two: a system labeled with both inadequate capacity and degradation trend.
Especially, inadequate capacity is labeled in all five months from May to September.
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Figure 7.11: Case two: change of weighted average difference of cooling effort (AE,) from May
(point a) to September (point b). The histogram shows a section of the AF, distribution for all
10,000 systems.

7.4.2.2 Case Study Three: Normal System Gradually Losing Capacity Caused by Degradation

Similar to the second case study, the single-speed system shown in Figure 7.12 is also labeled
with degradation trend. However, compared to the former one, this system is labeled with inade-
quate capacity only in September. As shown in the first subplot, during most of the time in May the
system can effectively regulate around the cooling setpoint and tracking failure hardly ever occurs
(less than 4% of operating time). But in September, setpoint tracking failure takes up more than
34% of operating time, which is a considerable increase compared with May.

In the second subplot, the daily cooling effort is detected as having significant increasing trend
considering the variation of degree days. Initially the A . value is much lower than the threshold,
but eventually rises above the threshold in September due to its fast increase starting from July.
Note that AE, decreases a little bit at the end of July, most possibly because occupants are not at
home during that period and thus the internal heat gain is relatively low (this speculation is based
on the increase of cooling setpoint). Figure 7.13 shows the change of AE, from May (point c)
to September (point d). In May, AE, equals 0.17, which means the system is in the early stage

of fault, not detectable by the characteristic curve method. But in September, AE, has increased
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to 0.29, which means significant degradation occurs within the past months. In fact, the detection
algorithm does not even need to wait until A F, rising above the threshold to label it as faulty. AE,
increases sharply by over 0.1 between July and August, and meanwhile, degradation trend is also
detected. Hence, in this case the change of AL, can provide convincing evidence that enables
faults to be reported even earlier and before the system starts exhibiting anomalous behavior.

A complete failure of this system is noticed in June 2020, almost ten months after fault is
detected. After maintenance, AFE, decreases significantly from 0.27 to 0.05. Application of the
proposed fault detection and diagnosis method allows an earlier repair such that home owners

would not use a severely degraded system for months.
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Figure 7.12: Case three: a system labeled with both inadequate capacity and degradation trend.

Inadequate capacity is only labeled in September.
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Figure 7.13: Case three: change of weighted average difference of cooling effort (AE,) from May
(point ¢) to September (point d). The histogram shows a section of the AF, distribution for all
10,000 systems.

7.4.3 Verification of System Repair After Maintenance

As discussed in the third case study, the increase of AFE, is useful in quantifying the degrada-
tion of capacity. Conversely, the decrease of AE, can be used to verify improvement of system
performance after maintenance. This is useful because sometimes repairing technicians are not
able correctly locate the faults and successfully repair the system. As a result, a faulty system
could still have the same fault after repair. Also, sometimes when repairing technicians find a sys-
tem is undercharge, they just recharge the system with more refrigerant. However, the undercharge
problem may be caused by leakage in pipes. In this case, AE, will decrease suddenly after main-
tenance, but slowly increase again. Additionally, verification of system repair is not only useful
for service companies, but for researchers as well. Once improvement of system performance is
verified, the operational data after maintenance is considered fault-free and can be used to train
other process history-based FDD methods. As an example, the fourth case study compares the
performance of a system before and after repair, and shows the characteristic curve method can

assist in checking whether faults are really fixed.
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7.4.3.1 Case Study Four: Improvement of System Performance after Maintenance

In Figure 7.14, on July 9 refrigerant leakage due to pinhole or puncture in tube is reported
and the problem is fixed soon after by technicians. From the first subplot, effective temperature
regulating is heavily affected before the repair. In May, setpoint tracking failure occurs more than
19% of operating time, and as the weather grows warmer in June, setpoint tracking failure periods
increase to over half of the operating time. After the leakage problem is fixed, however, essentially
the system can effectively regulate the indoor temperature around cooling setpoint and tracking
failure scarcely occurs.

From the second subplot, the daily cooling effort in June often approaches 90%, which means
that the system is switched on for over 21 hours in those days. But after maintenance daily cooling
effort decreases to approximately 60%, much lower compared to June at the same level of degree
day. The degradation trend detector shows that, before the fault claim date capacity degradation
exists with 98% confidence level, but when combining the data before and after the fault claim
date, capacity improvement exists with 99.9% confidence level.

Most importantly, as shown in Figure 7.15, the monthly A .. decreases significantly from 0.42
in June (point e) to 0.24 in August (point f) after maintenance. Note that point f is already lower
than the top 1% detection threshold. Based on the observation that AE, does not increase from

July after maintenance, the leakage problem is considered being successfully fixed.
7.5 Conclusions

This paper analyzes the pseudo steady-state operational behavior of residential split HVAC
systems using only smart thermostat data, and proposes the characteristic curve method to label
faulty systems without enough cooling capacity through both multi-system comparison and single-
system change detection. The characteristic curve method extracts a feature termed the cooling ef-
fort from the pseudo steady-state operational behavior of each system, and derives a metric termed

the weighted average difference of cooling effort (AE,) to characterize the capability of a system
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Figure 7.14: Case four: a system labeled with inadequate capacity before July. The problem is
detected in July and then repaired.

to remove the cooling load in the house. Usually the detected faulty systems suffer from inadequate
capacity issues, especially degradation due to active refrigerant leakage.

The characteristic curve method has at least three applications, including prioritizing faulty
system with inadequate cooling capacity, monitoring the change of system cooling capacity over
a long period of time, and verifying that a faulty system is fixed after repairing by technicians.
For these applications, this paper also provides four case studies of real faulty systems installed in
residential homes to demonstrate the usefulness of the characteristic curve method. With this FDD
method applied, the service companies could identify refrigerant leakage problems a few months

before complete failure happens, and then schedule maintenance to avoid future breakdowns in
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systems.

system operation. After maintenance, service companies could also know whether a system fault
is successfully repaired. In this way, the service companies benefit from customer loyalty and the

home owners benefit from lower energy expenditures and increased indoor comfort levels.
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8. SUMMARY AND CONCLUSIONS

This study proposes several fault detection and diagnosis methods for residential HVAC sys-
tems. The contributions are summarized in Chapter 2 and detailed from Chapter 3 to Chapter 8.
The methods only use the smart thermostat data and detect faults from hundreds of thousands of
systems by using large data analytics. The abnormal behavior of the labeled faulty systems are
illustrated and the soft faults are validated by the warranty records from Trane Technologies. Fi-
nally, this chapter summarizes the current progress in this field of research and proposes some

future work.
8.1 Development of FDD Methods Using Smart Thermostat Data

The fault detection methods (fault detectors) developed in this study are mainly statistics-based,
with some procedures involving machine learning techniques. The setpoint tracking detector, the
inadequate capacity detector, and the control problem detector follow the idea of multi-system
feature comparison, while the degradation trend detector follows the idea of single-system change
detection.

Both setpoint tracking detector and inadequate capacity detector identify systems that do not
have enough cooling/heating capacity among a large number of systems operating under similar
conditions. The setpoint tracking detector examines the tracking periods and searches for systems
that could not control the indoor temperature around setpoint regularly. On the other side, the
inadequate capacity detector examines the regulating periods and evaluates systems with excessive
cooling/heating effort under specific operating conditions.

The control problem detector examines the regulating periods as well, and thus can be com-
bined with the inadequate capacity detector through multivariate analysis. It identifies systems with
non-working control strategies due to software error, control interrupt, or thermostat misplacement,

using the data features of compressor cycling frequency and setpoint error.
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The degradation trend detector monitors the behavioral change of a system and can identify
whether the system suffers from gradual capacity loss. Three approaches are proposed. The hourly
analysis examines the operating behavior in the regulating periods, the daily analysis examines
the operating behavior using daily averaged data features, and the proposed monitoring metric
(i.e. change of AE,) can determine long-term capacity changes. Another functionality of the
degradation trend detector is to check whether a mechanical fault is fixed after maintenance or
repair. When a fault is actually fixed, the system capacity should increase (i.e. the opposite of a

degradation trend) and not have a degradation trend thereafter.
8.2 Future Work

Fault detection and diagnosis for residential HVAC systems is a relatively new field of research.

The research ideas are open and several new directions could be tried in the future.
8.2.1 Fault Validation

To validate and improve the performance of fault detectors, a compiled dataset of verified
faulty in situ systems would be helpful. Currently the Trane Technologies provides a dataset with
warranty claims information, which mainly includes the reported types of fault and the claim date
for each system that went through the warranty. However, the provided information is still not
complete and can be expanded. First of all, if a faulty system is only recharged with refrigerant or
the real fault is not detected, then it will not show up in the warranty dataset. That is to say, a lot of
faulty data series is not recorded. Moreover, the approximate time period when a system is faulty
or fault-free is unknown. Thus, in this research half-month data before a claim date is considered
faulty while one-month data one week after a claim date is considered fault-free. Exact periods of

validated faulty and fault-free data can facilitate the training process of machine learning methods.
8.2.2 Incorporating Deep Learning Models

The FDD methods proposed in this study are statistics-based, but in the future as the validated
data becomes abundant, deep learning methods are worth trying. Figure 8.1 shows the architecture

of a general artificial neural network model, which consists of an input layer, a few hidden layers,
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and an output layer. The parameters in each layer are optimized by the training data, and after that

the trained model can be applied to make predictions for new data.

Input Layer

Feature 1

Output 1

—>
Feature 2

Output n
Featurem —

Figure 8.1: The architecture of an artificial neural network model.

This research task can be treated as supervised multi-class classification problems, where the
data features are extracted from raw thermostat time-series and the true labels are either normal or
faulty (or specific types of fault). Here the author proposes two possible solutions: recurrent neural
network and Siamese network. As the development of deep learning models, there are definitely

more solutions for this problem.
8.2.2.1 Recurrent Neural Network

The operational data features for each system in a period can be viewed as a multivariate time
series. Thus, the recurrent neural network (RNN) model is an appropriate option. Figure 8.2 shows
the architecture of an RNN model that consists of an input layer, one long short-term memory
(LSTM) layer [62], a few dense layers, and an output layer. By using the LSTM layer, the model

can learn both short and very long range connections in a time series. This functionality is very
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useful because the thermostat data often has cyclical patterns due to outdoor temperature variations
and occupant behaviors. In this study, the input features may include the time (starting from 0),
time of day, day of week, temperature difference, setpoint error, and cooling/heating status. In the
training process, the fault-free data is labeled ‘0’, and the faulty data is labeled ‘1°. In the testing
process, the detection output of each multivariate time series is the possibility of detecting a fault, a
number between 0 and 1. This approach belongs to the multi-system feature comparison, because

data features from all systems are compared and analyzed simultaneously.

Input Layer

. Detection
Multivariate Result
time-series

Figure 8.2: The architecture of the long short-term memory (LSTM) neural network model.

Preliminary results show that the model does not perform very well. In the future more features

should be added for training, and the possible ones will be briefly discussed in Section 8.2.3.
8.2.2.2 Siamese Network

Besides multi-system feature comparison, another approach proposed in this project is single-
system change detection. The Siamese network [63] is a method to compare the similarity between
multiple time series, and therefore can be used to measure the change of the operational behavior

for each system through time in a fixed-length moving window.
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In the training process, each system should have three datasets: anchor, positive, and negative.
Both anchor and positive datasets are fault-free data, and the negative dataset is faulty data. An
LSTM neural network shown in Figure 8.3 is built to encode the input dataset into a vector. Then,
the LSTM neural network is trained which can minimize the distance between the anchor vector
and the positive vector for each system, and maximize the distance between the anchor vector and
the negative vector for each system. The training process is achieved by minimizing the triplet loss

function L:

L= max(|lf(A:) = F(R)I* = IF(A) = F(ND)[* + o, 0) 8.1)

where M is the total number of systems for training, A; is the anchor dataset for system i, P; is
the positive dataset for system i, V; is the negative dataset for system ¢, f() is the LSTM neural
network which encodes a dataset to a vector, and « is a margin.

Then, in the testing process, each system should have an anchor (fault-free) dataset, which
could be the operational data records when the systems are installed or repaired. The distance be-
tween the anchor vector and the testing data vector for the same system is calculated. If the distance
is greater than a threshold, then change of operational behavior is detected for the corresponding
system.

Preliminary results show that this approach is promising. In the future more data is needed to

train an accurate model.
8.2.3 Fault Detection with Additional Data Features

Additional data features are very helpful for fault detection and diagnosis as well. Currently
only data recorded by smart thermostats and the outdoor temperature data from a third party are
available for analysis. In the future, we hope the solar irradiance data, home thermal characteristics,
and sensor records can be obtained, because they provide valuable information. Note that although
installing a dozen of sensors are impractical due to the high initial cost, limited number of low-cost

sensors should be considered where important features are extracted.
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Figure 8.3: The architecture of the long short-term memory (LSTM) neural network used in the
Siamese network.

Furthermore, advanced technologies to be applied in the next a few years can also change
this field of research significantly. For example, the utility meters can record the home energy
consumption, which helps quantify the internal heat load of a home; the occupancy sensors can
detect the number of home occupants, and thereby the comfort level when occupants are at home

can be accurately evaluated.
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APPENDIX A

PERFORMANCE COMPARISON OF MODIFIED MANN-KENDALL STATISTICAL TESTS

A.1 Comparison of the Modified Mann-Kendall Tests

Paper D applied modified Mann-Kendall tests to identify faulty residential HVAC systems with
degradation trends. This is because the system operational data is autocorrelated, but the origi-
nal Mann-Kendall test is designed for independent data. There are four popular modified Mann-
Kendall tests to account for the autocorrelation, namely trend-free pre-whitening [52], variance
correction proposed by Hamed and Rao [54], variance correction proposed by Yue and Wang [53],
and block bootstrapping [55]. Finally the author chose the moving block bootstrap method due
to its higher effectiveness. For validation purpose, this section introduces the other three modified
Mann-Kendall tests, and then compares their performance with the moving block bootstrap method

by evaluating the Type I error.
A.1.1 The Trend-Free Pre-Whitening Mann-Kendall Test

[52] proposed a four-step approach to remove the lag-one autocorrelation component as fol-

lows:

1. The slope b of the time series X; is estimated by the Sen’s slope, and the time series is
detrended by
X, =X, — bt (A.1)

2. The lag-one autocorrelation coefficient p; is estimated from X and removed by

Y/ =X — p X, (A2)
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3. The trend of the original time series is added back by

Y, =Y/ +bt (A3)

4. The original Mann-Kendall test is performed on the new series Y;.

A.1.2 The Variance Correction Mann-Kendall Test Proposed by Hamed and Rao

[54] proposed to modify the variance of the S-statistic in order to account for the serial auto-

correlation. The new variance is calculated by:

s nn—102n+5) n

o7 = 13 s (A4
where
n 2 - . .
n_§:1+n(n—1)(n—2). m—=1(n—i—1)(n—1i—2)p; (A.5)

=1

In the equation, n is the sample size, n} is termed the effective sample size, and p; is the
lag-: autocorrelation coefficient of the ranks of the detrended data. Note that using the ranks of
data ensures the estimated autocorrelation is robust, and detrending the data by the Sen’s slope
guarantees the serial autocorrelation not being contaminated by the existence of trend [53]. Also,
the author mentioned only significant p; in the dataset should be used. The asymptotic normality

of the Z-statistic does not change with the modification.
A.1.3 The Variance Correction Mann-Kendall Test Proposed by Yue and Wang

Similar to the the variance correction method proposed by Hamed and Rao, [53] proposed

another formula to calculate the effective sample size n}, where
n — i
— =142 1—=)p; A6
it ;( )P (A6)

In this equation, p; is the lag-i autocorrelation coefficient of the detrended data.
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A.1.4 TypeIError Comparison of the Modified Mann-Kendall Tests

The Type I error of the four modified Mann-Kendall tests is evaluated at 0.1% significance
level, which means at most one out of a thousand fault-free systems will be mistakenly detected
as faulty. Table A.1 shows the Monte Carlo simulation of 50,000 randomly generated time series
without trend. The lag-one autocorrelation coefficient (p;) ranges from 0 to 0.8, and sample size
(n) ranges from 30 to 100. The autocorrelated time series is generated by autoregressive model of
order one (i.e. AR(1) model):

Xi=p X1+ (A7)

where X, is data at time ¢, X;_; is data at time ¢ — 1, and ¢; is the random noise term. For the
variation correction methods, the first ten lags are considered; for the moving block bootstrap
method, 50,000 bootstrap samples (V) are taken for each time series, and the block length (L) is 7
when the sample size is smaller or equal to 50, and is 10 otherwise.

From the results, trend-free pre-whitening and variation correction methods all have problems
maintaining the Type I error lower than 0.1%. The trend-free pre-whitening method has unac-
ceptably high Type I error when high autocorrelation exists. This is because the trend-free pre-
whitening method only considers the first lag component, but in a time series with high autocor-
relation the followed lags can also have significant impacts on the test results. The two variance
correction methods have the similar performance, but still have high Type I error when p; > 0.4.
In comparison, the moving block bootstrap method is capable of keeping the Type I error below
the 0.1% significance level when p; < 0.6 and generates much fewer false positives. Because false
positives are almost intolerable in fault detection and diagnosis of residential HVAC systems, the

moving block bootstrap method is selected to perform the trend test using smart thermostat data.

A.2 Comparison between the Partial Mann-Kendall Test (PMK) and the the Partial Mann-
Kendall Test with Moving Block Bootstrap (PMK-MBBS)

Table A.2 shows the Monte Carlo simulation results of Type I error between the PMK test and

the PMK-MBBS test.
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Table A.1: Type I error under 0.1% significance level for four modified Mann-Kendall tests with
different lag-one autocorrelation coefficient (p;) and sample sizes (n). Each case is obtained by
50,000 Monte Carlo simulations.

Type I Error
Method
p1 |n=30 n=50 n=100
0 | 0.09% 0.12% 0.12%
021 044% 049%  0.55%
Trend-free

04| 1.78% 2.13%  2.63%
06| 6.18% 7.77%  9.00%
0.8 | 169% 207%  23.8%
0| 010% 0.12% 0.11%
Variance | 02| 035% 047%  0.52%
E;)r}rf;ﬂzg 04| 130% 149%  1.12%
mdRao | 06| 371%  3.02%  1.09%
08 | 7.72% 411%  1.96%
0 | 007% 0.11% 0.10%
Variance | 02| 034% 048%  0.52%
Cgi‘;ﬁf“ 0.4 | 1.23% 1.60% 0.92%
and Wang | 0.6 | 3.55% 285% 0.98%
0.8 | 7.22% 3.75%  1.68%
0 | 002% 001% 0.01%
Moving | 02| 0.03% 0.02%  0.03%
Block | 04 | 0.04% 003% 0.05%
Bootstrap | h6 | 0.09% 0.06% 0.06%

08| 021% 031% 0.25%

Pre-whitening

A.3 Performance of a Simplified Mann-Kendall Test with Moving Block Bootstrap (MK-
MBBS)

In Paper D, when the Mann-Kendall test with moving block bootstrap (MK-MBBS) is applied
to monitor the system operating conditions in real time, the author proposes to use only 5,000

bootstrap samples to reduce the computational cost. Meanwhile, the confidence level is lowered

192



Table A.2: Type I error of bivariate time series at multiple levels of cross-correlation (¢) and
lag-one autocorrelation coefficients (p; ; and p;2). The results from PMK-MBBS and PMK are
compared at 5% and 1% significance level. Note that some combinations of the coefficients are
removed because Equation (6.21) should always be positive-semidefinite.

Sample Cross- Autoregressive Type I error
size | correlation | coefficients Nominal level 5% Nominal level 1%

n [0) P11 P12 PMK-MBBS PMK | PMK-MBBS PMK
0 0 0 5.4% 5.3% 0.7% 0.8%

0 0 0.4 5.7% 4.3% 0.8% 0.7%

0 0 0.8 5.7% 3.6% 0.9% 0.7%

0 0.4 0 8.1% 13.2% 1.7% 4.7%

0 0.4 0.4 7.9% 12.4% 1.7% 4.7%

0 0.4 0.8 7.8% 10.4% 1.7% 3.4%

0 0.8 0 12.4% 26.1% 4.0% 17.0%

30 0 0.8 0.4 12.7% 24.9% 4.2% 16.6%
(days) 0 0.8 0.8 11.9% 22.6% 3.8% 14.1%
0.8 0 0 5.5% 5.0% 0.7% 0.9%

0.8 0 0.4 5.4% 4.2% 0.7% 0.6%

0.8 0.4 0 7.7% 11.9% 1.4% 4.5%

0.8 0.4 0.4 8.3% 11.5% 1.7% 3.7%

0.8 0.4 0.8 6.1% 10.8% 0.9% 2.7%

0.8 0.8 0.4 11.8% 25.8% 3.8% 17.4%

0.8 0.8 0.8 12.0% 23.4% 3.3% 14.1%

0 0 0 5.2% 4.5% 0.8% 1.1%

0 0 0.4 5.2% 4.9% 1.1% 0.9%

0 0 0.8 5.4% 4.4% 0.6% 0.8%

0 0.4 0 6.3% 13.7% 1.2% 6.2%

0 0.4 0.4 6.9% 13.6% 1.3% 6.1%

0 0.4 0.8 6.3% 12.3% 1.2% 5.4%

0 0.8 0 11.2% 27.7% 4.3% 20.0%

90 0 0.8 0.4 12.5% 27.6% 4.3% 19.8%
(days) 0 0.8 0.8 11.4% 27.0% 3.9% 19.7%
0.8 0 0 5.1% 4.9% 0.7% 0.7%

0.8 0 0.4 5.0% 4.9% 0.6% 0.9%

0.8 0.4 0 7.3% 12.8% 1.8% 5.3%

0.8 0.4 0.4 7.0% 12.7% 1.2% 5.1%

0.8 0.4 0.8 5.0% 12.5% 0.8% 4.5%
0.8 0.8 0.4 11.7% 28.2% 3.8% 20.4%
0.8 0.8 0.8 11.5% 26.8% 4.1% 18.6%
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from 99.9% to0 99.8%. In this section, the performance of this simplified version of the MK-MBBS
test is discussed.

Using 500 cooling effort time-series from residential systems, Figure A.la shows the confi-
dence level calculated by the simplified version of the MK-MBBS test for the time-series having a
trend with above 99.9% confidence level. Most of these time-series has a confidence level of above
99.8%, and there are only a few false negative cases (shown in light blue). The result shows that
99.8% confidence level of the simplified version of the MK-MBBS test almost achieves a similar
level of the Type II error.

On the other side, for the time-series labeled by the simplified version of the test as having an
increasing trend with above 99.8% confidence level, Figure A.1b shows their real confidence level
of having a trend. Most of these time-series has a real confidence level of above 99.4%, a little bit
lower compared with 99.9%. However, the trivial loss of Type I error is worthy compared to the

significant decline of computational cost.

0 - T T 0-
99.5 99.6 99.7 99.8 99.9 100.0 99.0 99.2 99.4 99.6 99.8 100.0

Calculated confidence level (%) Actual confidence level (%)
by the simplified test when the simplified test
at 99.9% actual confidence level claims it to be greater than 99.8%
(a) (b)

Figure A.1: Performance of the simplified version of the MK-MBBS test.
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A.4 Performance of a Simplified Partial Mann-Kendall Test with Moving Block Bootstrap
(PMK-MBBS)

Similar to the above Section, when the partial Mann-Kendall test with moving block bootstrap
(PMK-MBBS) is applied to monitor the system operating conditions in real time, the author also
proposes to use only 5,000 bootstrap samples to reduce the computational cost. Meanwhile, the
confidence level is lowered from 99.9% to 99.8%. In this section, the performance of this simplified
version of the PMK-MBBS test is discussed as well.

Using real thermostat data from 200 residential systems, Figure A.2a shows the confidence
level calculated by the simplified version of the PMK-MBBS test for the time-series having a
trend with above 99.9% confidence level. Most of these time-series has a confidence level of
above 99.8%. Therefore, 99.8% confidence level of the simplified version of the PMK-MBBS test
almost achieves a similar level of the Type II error.

On the other side, for the time-series labeled by the simplified version of the test as having an
increasing trend with above 99.8% confidence level, Figure A.2b shows their real confidence level

of having a trend. Most of these time-series has a real confidence level of above 99.6%.

0 T T T O T T T
99.5 99.6 99.7 99.8 99.9 100.0 99.0 99.2 99.4 99.6 99.8 100.0

Calculated confidence level (%) Actual confidence level (%)
by the simplified test when the simplified test
at 99.9% actual confidence level claims it to be greater than 99.8%
(a) (b)

Figure A.2: Performance of the simplified version of the PMK-MBBS test.
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APPENDIX B

PYTHON CODE

This appendix includes Python code used to analyze data throughout the dissertation.
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