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Abstract
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Abstract: Most degraded heating, ventilation, air-conditioning and refrigeration (HVAC&R) machines
are inherently caused by problems in routine operations, non-commissioning, improper design, and
installations; these issues result in excessive energy consumptions and a shorter equipment life
cycle. Energy savings potential on average ranges from 15 to 30 % and many filed retrofit
investigations demonstrated up to 50% of energy savings. To minimize faults and costly
maintenance in an integrated complex system, automated fault detection and diagnostic (AFDD) can
automate the process of continuous commissioning and endow the building energy systems with
intelligence. With the benefits brought by AFDD, several researches have been conducted for
HVAC&R systems during the past two decades. However, they still lack of potential tools to design
efficient AFDD approach for distinguishing simultaneous faults with cost-effectiveness on an
integrated energy system in supermarkets. This report proposes the novel FDD strategy for a
centralized compressor-rack refrigeration system consisting of: 1) fault detection analysis of faulty
interaction effect on refrigeration operations; 2) a data cleaning procedure to improve data quality of
HVACA&R operations; 3) a novel steady-state detector based on refrigerated display case operations;
and 4) decoupling-based features applied in the compressor-rack refrigeration system in terms of
possibility and limitations. The results show that the procedures can be used to mitigate faulty data
including in collected field data, and to diagnose the typical faults (evaporator and condenser fouling,
non-condensable and compressor valve leakage) without system operation intervention.

Keywords: Automated fault detection and diagnosis; Faulty interaction; Remote monitoring system;

HVAC&R; Steady-state detector
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Executive summary

Supermarkets are the most electricity-intensive types in commercial buildings in which the
operations of heating, ventilation and air-condition and refrigeration (HVAC&R) systems are coupled
in terms of energy interaction; However, the status quo of these system operations is, non-
personalizable with low energy efficiency, high operation and maintenance expenditure, and high
environmental impacts. Energy savings potential on average ranges from 15 to 30 % caused the
faults by or non-optimal operations. Automated fault detection and diagnostic (AFDD) can automate
the process of continuous commissioning and endow the building energy systems with intelligence
so that they can self-diagnose problems and even self-execute correcting actions for non-optimal
operations or provide recommendation reports for building operators or service contractors to fix the
problems promptly and optimally schedule preventative maintenances.

With growing realization of the benefits brought by AFDD, a lot of research on AFDD for
HVAC&R systems has been conducted during the past two decades. However, AFDD has not been
implemented on proven field performance of integrated whole-building energy systems for
supermarkets HVAC&R because potential tools and design information are not sufficient for
designing efficient AFDD approach with cost-effectiveness and non-intrusive system.

This report proposes novel systematical procedures of a FDD method for a compressor-rack
refrigeration system. At first, proposed metrics are developed to review and synthesize related
documents, simulation, control systems, previous AFDD projects. Procedures of developed FDD and
monitoring systems are then evaluated via the metrics before installations and implementations. The
finalized procedures consist of four components: 1) fault detection analysis of faulty interaction effect
on refrigeration operations; 2) a data cleaning procedure to improve data quality of HVAC&R
operations; 3) a novel steady-state detector based on rule-based typical refrigerated display case
operations; and 4) decoupling-based feature for FDD is investigated on a compressor-rack
refrigeration system in terms of reliable diagnostics, limitation, and performance uncertainties.

Fault detection analysis of faulty HVAC operations for problems in routine operations and
excessive energy of refrigeration systems. Four steps are developed as a novel interaction strategy
to firstly identify abnormal HVAC operations based on an identified energy signature point. Outdoor
and zone air temperature (OAT and ZAT) are concurrently utilized to specify typical area operations
of rooftop units (RTU). A fault detection approach is proposed with the outliers of RTUs by using
plots of OAT and ZAT versus refrigeration energy consumptions based on fixed 10% differences of
an indoor relative humidity range. The findings of the case study from five supermarkets show
potential detections to identify the outliers caused unsuitable dead-band temperature and zone set

points of RTU operations which lead to excessive energy consumptions of refrigeration units.



A data cleaning technique is developed to improve data reliability for effective HVAC&R
performance analysis. The technique is composed of the three stages. At first, the data are analyzed
based the control functions of HVAC&R systems and driving force condition ranges (zone
temperature, indoor relative humidity and outdoor temperature). Then, outlier identification based on
z-scores (standard scores) is used to determine outliers from a normal power consumption. Thirdly,
when an outlier is detected, the energy interaction ranges at the period of the identified abnormal
variation are rechecked, and fixed indoor relative humidity ranges are also used to reduce the effect
to refrigeration systems. The technique can be further used as one of the procedures to clean
abnormal data conditions for fault detection and diagnosis (FDD) process.

A steady-state detector is essential to isolate transient response or unsteady state performance
to obtain suitable steady state operations. Especially, the centralized refrigeration system used for
supplying refrigerant to multiple display cases is operated under several uncontrolled factor or
improper commissioning and set-point setting, beyond customer uses and product loading periods.
Typical thresholds based detailed system operations are designed to test real data obtained
from web-based user interface of the refrigeration system. The results show the novelty of
the steady-state detector can perform well, and be further used for satisfying the objective for FDD
design and obtaining steady-state data.

Based on the evaluated monitoring system design and aforementioned three procedures, FDD
can be efficiently for diagnosing refrigeration system operations without fault-free data. Decoupling-
based feature applied in rooftop units and chillers are improved to propose a novel FDD approach
called a novel strategy based decoupling feature for FDD on a commercial centralized refrigeration
system. The algorithm is adjusted from the system operation information of experienced contractors
in Thailand. With the design parameter interaction based on the approximated same load operations
of two fault levels and fault-free data of chiller vapor compression cycle in ASHRAE RP-1043, the
proposed novel technique can diagnose the typical faults (evaporator and condenser fouling, non-
condensable and compressor valve leakage) on the compressor-rack refrigeration system based on
non-invasive approach using the existing measurement of the commercial controller. The procedures
of this report can be further applied in testing of Thai supermarkets for quantifying robustness and
sensitivity before implementing as real-time and embedded systems on a commercial web-based

controller of each supermarket in the future.



1. Objectives

This research fund is mainly proposed to develop an applied research methodology for smart
preventative maintenances and the enhancement of machine productivity by diagnosing faults
inherently occurring in air-conditioning and refrigeration systems in Thailand commercial
supermarkets. The objectives of this current project are:

To collect and evaluate significant information that includes: 1) Studying typical faults occurring in
both HVAC (air-conditioning units) and refrigeration systems (centralized refrigeration system) and
system operation characteristics; these characteristics include: a) the typical equipment and systems
in a commercial supermarket, including the sequence of operations that describe how the
components and systems are controlled and interacted; 2 ) studying and measuring interaction
characteristics between HVAC and refrigeration systems because refrigeration systems are typically
operated based on the environment provided by HVAC systems; and 3) measuring and verifying
Static and dynamic operation data based on fault-free and faulty conditions of HVAC&R from two
Thailand supermarkets.

To evaluate, improve and enhance simplified transient model of supermarket system from
previous projects.

To develop real-time monitoring systems for measuring: 1) indoor interactions between air-
conditioning and refrigeration systems; 2) related system operations of the air-conditioning system;
and 3) more thermodynamic parameters beyond existing parameters of the on-board controller in
centralized refrigeration system.

To review and evaluate existing fault detection and diagnosis (FDD) approaches from other
HVAC&R applications.

To select potential FDD approaches such as decoupling based feature, simple linear regression
(SLR), multiple linear regression (MLR) and principal component analysis (PCA) for diagnosing faults
in the supermarket system (centralized refrigeration system and supply air-conditioning units with

indoor condition interaction), excluded lighting systems and self-contained refrigeration units.



2. Methods

2.1.1 AFDD tool design and essential document analysis
Successful cases of real-time FDD implementations in field tests are firstly studied as cases
studies. For chiller system, the achieved projects are ASHRAE RP1043, RP 1275, and RP1486
which they were conducted to achieve: 1) essential tools, fault-free data and faulty-lab data; 2)
evaluation of offine AFDD method with the data of ASHRAE RP1043; and 3) AFDD method
implementation called decoupling-based feature (DBF).
2.1.2 Commercial HVAC&R controllers
They are studied to identify significant parameters for evaluating system performance including:
on-off pressure control of a rooftop refrigeration condenser; multiple stage operations of the
compressor; thermal expansion valve used to control compressor-rack refrigerant; zone interaction
2.1.3 Monitoring systems based literature review
Typical faults considered from item 2.1.1 are synthesized for considering essential parameters to
design a well-monitored platform.
2.1.4 Existing system and data evaluation
> Establishing metrics or KPI to collect to quantify the benefits of AFDD.
> Testing the metrics against case studies, specifically projects that are Non-AFDD versus

AFDD in the same organization in order to minimize variables.

A\

Evaluating the resultant information from the case studies and simulations.

Y

Providing conclusions from the data.
> Validating the proposed framework model established to evaluate the advantages and

limitations of AFDD. The process is depicted in Fig. 1.

Establishing
metrics

Validation of
Framework

Provide
conclusions
from the data

Evaluate Case
Study data

Fig. 1 Framework of AFDD design [1]



2.2 Fault detection analysis of energy interaction effect for HVAC&R operations

Step 1: Information collection in analysis

General HVAC&R operations are composed of store schedules: data of driving force conditions,
mechanical systems, and control sequences and energy consumptions from sub-meters. In this step,
since the OAT and ZAT sensors are both embedded into each RTU controller linked to a BAS

server, they can be remotely downloaded from anywhere.

Step 1: Information
collection and BAS
data in analysis

tep 2.3: Performance
evaluation based on
Table 17

Lower R-value
performance

Step 3 : Poor control

A 4 ]
and outliers
Step 2: HVAC machine Accep‘fflble investigation ?
analysis operations
- Different set-
points or
v operations
A Selecting data
Step 2.1: Input range for analysis |,
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machine operation | Step 4: Faulty interaction
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\

Step 2.2 Stage operation: A 4
identify and compute r Faulty effect
values for data cleaning

Fig. 2 Improved energy interaction method with rule-based performance identifications

Step 2: HVAC machine analysis

For HVAC analysis to mainly identify machine controller performances the improved interactions
are depicted in Fig.2 and the procedures are as follows:

Step 2.1 is the procedure for a selected machine and driving force conditions of HVAC machines,
based on whole data.

Step 2.2 uses the set point or driving force of each machine to isolate the baseline energy from
the on-time control function areas. In this step, the OAT at the critical point (intersection between 2
lines) leads to increased RTU energy consumptions which are proportional to OAT increase.

Step 2.3 is to compare the computed value from Step 2.2 to the expected values in Table 1. This

stage operation identification can improve r value performance.



Table 1 Expected r values between HVAC&R energy consumptions and the parameters [2]

The r value of the interaction between Independent parameters in the interaction
power consumption and parameters OAT IARH ZAT
Rooftop unit (RTU) Medium Low Medium
Dehumidification unit (DHU) Medium Medium Low
RCU Medium Medium Medium
Anti-sweat heater (ASH) Low High Low

Step 3: Outlier identification

Oultliers are lower r values than the expected range in Table 1. Set points are useful to assure
that outliers or scattered data are caused by different set points in different periods (occupied and
unoccupied periods), not from faulty operations such as poor controllers. At this step, different
operational periods are used to further investigate faulty operations of HVAC systems.
Step 4: Faulty operation effects on RCU

To enhance the analysis, several IARH ranges are fixed within 10 % RH such as 30-40% and
40-50% . Then, the two OAT areas (OAT > EST and OAT < EST ) are used as an independent
variable of RCU energy consumptions to plot SLR, in which each SLR line is based on the fixed
10% RH range.

2.3 Data cleaning technique for improving data quality of zone interaction

From data sorting of the obtained CSV files in last section, six steps depicted in Fig. 3 are
designed as follows: Step 1 is to compute an average value (X ) and standard deviation (sd) of
equipment kWh; the control equipment is staged on when OAT is more than 60 °F in each store for

further quantifying abnormal kWh in terms of outliers.

X — X
Step 2 is further used to compute z-score in Eq. (1). z2=- (1)

sd

, where X, =KWh of each machine at an identified sampling time

Step 3 is to identify outliers when computed z is more than the selected value, z > 2 or z < -2
(95% confidence); if not, the process goes back to step 1 for rechecking the statistical values and re-
selecting a new threshold.

Step 4 is utilized to reduce data errors by deleting outliers from the original data since most of
excessive power consumptions in terms of the outliers are caused by faulty operations.

Step 5 is the verification process by examining that the identified periods of outliers are not

influenced by severe OAT changes because high OAT may result in high power consumptions. The



interaction between OAT and kWh is conducted for the verification by using consistent IARH
difference range (e.g. 30-40%)

Step 6 is to improve data quality; three fixed IARH ranges are used to isolate IARH effect from
refrigeration power consumption. With the specific data range, OAT versus kWh is assumed to be

linear relation to examine equipment operations based on the control functions.

From CSV file, Raw data sorting

|

Stepl: Calculating mean value and standard
deviation (SD) of KkWh when OAT > 60°F

|

Step2: Calculating Z score of KkWh

Step 3: Z score> 3or <-3

Step4 : Deleting outliers from stored data

v

StepS: Computing interactions of the
trended data based on control functions and
OAT by with consistent IARH ranges (10%
difference)

A 4
Step6: Obtaining a improved data set

Fig. 3 Outlier Identification Procedure
2.4 Steady-state design based typical display case operations

This section provides a simple data fusion technique to improve the data quality for obtaining
reliable data operations. For the analysis example, TXV position curve is used to calibrate the
normal operations because valve section oversizing is a problematic to suitable refrigerant control
based superheat temperature (Tsh) operations for well-conditioned display cases. Baseline
equipment and control sequences and routine operations of commercial supermarket systems were
surveyed and studied. Especially, thermostatic expansion valve (TXV) is directly used to control
amount of refrigerant flow for suitable temperatures in display cases; faulty or inappropriate sizing of
this equipment leads to typical faults such as compressor valve leakage and refrigerant overcharge.
The wrong valve sizing selection also causes excessive power consumptions in compressor rack
operations. Unsuitable operations can be used to enhance the steady-state detector design. To this
end for the analysis, TXV position curve in Fig. 4 is used to calibrate the normal operations because
valve section oversizing is a problematic to suitable refrigerant control based Tsh operations for well-
conditioned display cases. However, based on the survey of Thai contractors, most of them lack of

experience in setting Tsh for proper refrigerant control leading to majority problem in compressor



brake down inherently. Without calibrating the unsuitable operations, FDD approaches cannot be
designed effectively in case of the obtained data integrated with faulty commissioning of the TXV

valve operations.
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Fig. 4 TXV position curve between Tsh vs. h (valve position)
2.5 FDD design based on applied DBF method for a compressor-rack refrigeration system

With the field implementations and manufacturers’ data survey [3], typical faults (F) cause
refrigeration performance degradation called “degradation faults”. They are categorized as follows:

F1: Evaporator fouling is a reduction in airflow rate that would be occurred due to ice buildup
deposits on the evaporator coil. Computed airflow rate can be used to decouple this fault.

F2. Similar to F1, fouling can be developed when the condensing coil air-side becomes dirty
reducing the airflow over the coil and decreasing the coefficient of performance (COP).

F3: Refrigerant undercharge is one of service faults leading to lower heat transfer efficiency. The
simple trouble shooting can be simply noticed if the differences between sub-cooling temperature
(Tsc) and Tsh are less than zero (Tsc — Tsh < 0) when the compressor load increases

F4: Refrigerant overcharge is caused by service resulting in high pressure and higher
compressor work. The diagnostic condition is opposite to F3 when the same difference
temperatures are more than zero (Tsc — Tsh > 0) when the compressor load increases. However,
the fault severity level cannot be specified.

F5: Liquid-line restriction tends to accumulate during operations because a vapor-compression
system can experience clogging of the filter dryer, which restricts the flow and increases pressure
drop leading to a reduced mass flow rate. Temperature drop across the filter dryer is used to identify
F5. However, the filter dryer was practically uninstalled after three-month commissioning of the

system. Thus, F5 is not considered.



F6: Compressor valve leakage allows high-pressure refrigerant to flow back to the low side
pressure causing lower the mass flow rate. Discharge Temperature (Tdis) can be used to diagnose
F6. However, Tdis is not available in the controller because suction pressure (Psuc) is practically
used to control the compressor-rack sequence control while the condenser pressure used for the on-
off control of the condenser fan. Rule-based related parameters are used to notice this fault.

Beyond the Ref [3], non-condensable gas (F7) is typically occurred in the refrigerant circuit when
Tsc is not properly selected causing non-condensed gas to liquid condition in the condenser. This
happening results in higher pressure in the condenser and power consumptions of the compressor.
Based on the decoupling based feature [4], condenser saturation temperature (Tcond) is used as the

fault feature for diagnosing the fault.

2.6 Zone interaction modeling for refrigeration systems

Due to high energy consumptions of commercial supermarket operations, mathematical models
have been increasingly developing to virtually study energy performance for quantifying feasible
energy savings after achieving commissioning or system retrofitting. Sophisticated supermarkets
have been developed for aforementioned objectives. However, based on scalable, flexible and
effective software, only three significant research models were developed for supermarkets in which
air conditioning and refrigeration system were modeled in terms of zone interaction. In addition, the
models can be adjustable for different objectives in case of model calibration for energy savings
evaluation, fault-free model and so on.

For complete retail store simulation in Fig. 5, this model simulation was conducted based on the
three main modules: RTU module which was applied as Excel spreadsheet to generate indoor data
conditions (air flow rate, supply temperature and humidity) supplied the zone module.

The zone module was designed based on simplified heat balance equations based on the well-
mixed zone assumption; mixed humidity and temperature were sent based iteratively to the RTU

module and the refrigeration display case module located in the zone.

: =1 HH:HI 1|
] _‘ITEE_ i I::Illl ERER
Time slap : € ===
i _-_——— L
- Tran Aifl Toss A
L] (BN
L] I
Al [ e
L [V AL
' y
|
_ 1 - = = € - - =
Time step —_—— - I
i+ L
[
i i
L] . I
I me e o] CoSIm i) e e e e

Fig. 5 Retail store simulation [5]



Using the input generated from the zone module as zone interaction conditions, heat transfer
from the air curtain in display cases as infiltration load can be computed iteratively from energy
balance equations within each display case. In each time step for air-side calculation, refrigerant-side
conditions related to the air-side model were concurrently estimated in compressor module based

standard polynomial equations and condenser using simplified dry-coil heat exchanger equation.
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Fig. 6 Simplified Moisture balance interaction modeling [6]

The third research in Fig. 6 assumed constant supply temperature and humidity to generate
indoor humidity level. Using moisture balance equation, polynomial-based display cases can be
simply used to compute the heat balance of air curtain through the zone humidity condition. With
the others associated heat components being assumed, the computed indoor humidity was quite
close to the measured values. This research is well-suitable to study faulty interactions which

typically incur in routine operations of supermarket HVAC&R systems.

3. Results

3.1.1 AFDD literature review

There are several prior studies relating to the current research; however, there is no study to
systematically develop and collect suitable and potential tools to further evaluate FDD approaches in
supermarkets. In terms of methodologies, even though decouple based feature has been done to
isolate simultaneous faults, there is no FDD method applied to whole-integrated supermarket system.
The significant researches associated with FDD for supermarket or vapor compression cycles are

shown as follows:



Table 2 summarizes the prior studies of FDD associated with HVAC&R equipment used in
supermarkets. In USA, RTUs are typically used to provide both cooling and heating for maintaining
thermal comfort in supermarket conditioned spaces. Even through RTUs are not practically applied
in Thailand or ASEAN counties, the baseline refrigerant circuit is based on vapor compression cycle
that is also similar to chiller system and split-type air-conditioning units in grocery stores. However,
for hyper market or supermarket like Tesco Lotus, AHUs are practically used to retain optimal indoor
conditions of a supermarket. The FDD review on AHUs can be studied more in [7], so FDD on AHU
is also included to consider in the current proposal.

First of all, Breuker and Braun [8 - 10] feasibly studied FDD base on advanced statistical
approach and concluded typical faults in RTU operations. However, the approaches cannot diagnose
simultaneous faults. As a result, Li and Braun [11 - 15] proposed decoupling-based feature to
potentially isolate simulations faults based on six typical faults including: condenser fouling,
evaporator fouling, compressor valve leakage, liquid-line restriction, refrigerant undercharge and
refrigerant overcharge. Also, this method enhances productivity and reduces maintenance costs by
70% of yearly preventative maintenance.

For FDD for Refrigeration systems, Taylor et al. [16], Talor and Corne [17], Ren et al. [18] and
Fisera and Stluka [19] conducted several techniques for FDD on refrigeration systems; however, no
study concludes optimal approach for distinguishing simultaneous faults and whole-integrated
multiplexed refrigeration system. Unlike the aforementioned studies, Wichamn and Braun [3]
successfully conducted FDD for the lab evaluation of a cooler and freezer (self-contained unit) to
isolate simultaneous faults by utilizing decoupling based feature; however, this research is under well
controlled room, so energy interaction is not considered.

To detect and diagnose refrigerant circuit, a successful approach to real-time refrigerant piping
operations of a distributed commercial refrigeration system was installed in a Colorado supermarket.
The approach, called refrigerant leakage detection and diagnosis (RLDD), was developed and
implemented by Assawamartbunlue and Brandemuehl [20]. However, this approach is not tested for
simultaneous faults effect. Meanwhile, Li and Braun [4] and Wichman and Braun [3] conducted FDD
on refrigerant overcharge and undercharge; however, the method was only tested on the short
refrigerant circuit of packaged air-conditioning units and self-contained units, respectively.

To analyze the performance of display cases, Yang et al. [21, 22] applied Kalman filter and
unknown input based observer approaches to conduct FDD on display cases without integrating with
condenser and compressor rack. To fully implement FDD, the whole refrigeration system and
supermarket energy interaction should be integrated because these integrated systems possibly

cause simultaneous multiple-complex faults during field evaluation of the display cases.



With the aforementioned conclusion, no study applied FDD approaches for whole-integrated
supermarket systems. There is no conclusion to optimally select FDD approaches to decouple
simultaneous for multiplexed refrigeration systems and AHUs in supermarkets. The decoupling
based feature has been only tested for RTUs and self-contained units (cooler and freezer). Also,
FDD for supermarkets lacks of rich data and potential documents for designing and analyzing FDD
approaches, and lacks of dynamic model of a whole-integrated supermarket model to generate fault-

free and fault simulation data.

Table 2: Previous FDD approaches for HVYAC&R for supermarket analysis

Supermarket equipment Previous fault detection and diagnosis (FDD)
Rooftop unit (RTU) Breuker and Braun [8 - 10], Li and Braun [11 - 15]
Air-handing unit (AHU) Norford et al.[25], Schein et al.[12] and Li [26]

Taylor et al. [16],Taylor and Corne [17], Ren et al.
Refrigeration systems and commercial coolers
[18], Fisera and Stluka [19], and Wichman and
and freezers

Braun [3]
Leakage or undercharge piping systems and Li and Braun [4], Wichman and Braun [3], and
refrigerant overcharge Assawamartbunlue and Brandemuehl [20]
Display case Yang et al. [21, 22]

3.1.2 Commercial HVAC&R controllers

In Fig.7, it illustrates the measurement innovation for Thai service companies how useful the
web-based interface controllers are beyond remote monitoring advantage for checking user operating
performance. The most benefit of this modern controller is to remotely access available sensors from
display cases and compressor racks (Fig. 7b) in terms of a noninvasive solution (without system
intervention) via web-based user interface provided by a manufacturer (Fig. 7a). All online interfaced
Subsystem controllers are shown on the website (Fig. 7c). This website can be utilized to download
stored data, but not real-time data storage. However, it is suitable for FDD algorithm development in
terms of offline predicted preventive maintenance. In addition, rich data of these controller
installations can be used to further develop efficient big data for model calibration for evaluating the
overall performance of future re-commissioning and system retrofitting. For sub-systems, a rooftop
condenser is controlled by on-off control based on cut-in and cut-off pressure set points.

Compressor-rack is functioned based on sequential stage on-off control. Meanwhile, each display



case is controlled the temperature using electrical expansion valve, which is more accurate than a
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Fig. 7 Commercial web-interface monitoring

3.1.3 Monitoring system design based on existing data

The research methodology of MRG-5980208 can be mainly categorized into three main works
including: zone interaction, a HVAC system (air-handling units, AHUs) and compressor rack
refrigeration system. The monitoring systems of each sub-system are analyzed and modified to
obtain more significant and sufficient variables for FDD approach. With the feasible investigations of

existing available data obtained, the existing parameters are insufficient for FDD analysis.

e i -
Monitoring at AHU | _I

Fig.8 Thai supermarket layout




Monitoring system improvement in Zone Interaction

From Fig. 8, additional monitoring systems are installed to measure the interaction between
AHUs and refrigeration systems including HVAC&R machine power consumptions. The zone
interaction measurement includes the zone air temperature (ZAT) and indoor air relative humidity
(IARH) sensors of AHUs (point 4 and 5) and two conditioned spaces at point 1 (medium-temperature
display cases) and 2 (low-temperature display cases). Meanwhile, outdoor relative humidity (RH)
and outdoor temperature (OAT) are also measured as the outdoor condition used for the interaction
analysis.
Monitoring system improvement in refrigeration systems

According to Fig. 9, the simplified centralized refrigeration system is composed of the identified
measurement; this compressor rack system located in a control room is used to provide refrigerant
to display cases in the zone interaction. The centralized refrigerant system includes: the existing
monitoring system in the control panel; multi-compressor racks; outdoor condenser unit; liquid
receiver; suction manifold; and refrigerant piping system. The indoor temperature of each display
case will be controlled via the thermal expansion valve (TXV) which controls the refrigerant flow rate

of a refrigerant circuit supplied from the control room.
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Fig. 9 simplified compressor rack refrigeration system used in a hypermarket for the research
For modified measurement system via non-invasive solution, the existing commercial monitoring
system based web service interface was installed by contractor which can be downloaded via web-
based user interface (WUI); however, some parameters such as P and T sensors of the refrigerant-
side at the identified positions in Fig. 9 are not provided on the WUI. Fortunately, they are availably
embedded on the control unit for efficiently manipulate the system performance. To this end, the

web service can be used to write out these parameters without additional sensors in the refrigerant



cycle. Except the outside unit, the condenser refrigerant or water temperature of an inlet and outlet
are additionally installed depending on for efficient FDD development and analysis.

Monitoring system improvement in Air-conditioning System
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Fig. 10 A typical variable air volume AHU system

In Fig. 10, the typical VAV AHU composes of: 1) supply (SF) and return fan (RF) with constant
air-flow rate; 2) fixed exhaust air (EA), outdoor air (OA) and return air damper (RA); 3) solenoid
cooling vale (CV) to control zone temperature; and 4) additional monitoring system unit for
measuring pressure (P), RH and T at OA, RA, mixing air (MA) area and supply air. These mentioned

values are sufficient to effectively develop FDD on AHUs [7].

3.1.4 Existing data evaluation via zone interaction modeling

Fig.11 Hardware installation
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Fig. 12 Real-time interaction monitoring

In Fig.11, beyond the availability of refrigeration data performance, the physical sensors of zone
interaction monitoring system between air-conditioning and refrigeration systems (Fig. 11c and 11d)
is design and installed on the medium- and low-temperature display case (Fig. 11b). The sensors
are sent data back to the main router installed on main control panel of the system (Fig. 11a). All
indoor and outdoor humidity and temperature values are online collected via web-based graphical
user interface (GUI) in Fig. 12b which is designed to identify the data periods in 7 days, 24 hours
and hour period (Fig. 12a, 12c and 12d, respectively).

The simulations of mathematical models have been increasingly developing to virtually study
energy performance for quantifying feasible energy savings after achieving commissioning or system
retrofitting in heating, ventilation, air-conditioning and refrigeration systems. However, for mainly
achieving energy savings and analysis based on scalable, flexible and effective software in
supermarkets, most of the previous models were not mainly developed for studying faulty operations
to leverage FDD on refrigeration system operations. This report firstly improves the existing model
used for studying the potential of energy savings for humidity impact in the U.S. The model is
improved by using the integration of TRNSYS and Matlab function. A simplified equation is applied
in the supermarket environment for balancing latent load interaction between HVAC and refrigeration.

With the agreement between the obtained data and the simulated results, the model is further used



to generate the possibly fault-free zone interaction in Thai supermarkets using the embedded
outdoor data of Thailand in TRNSYS, and can be further utilized to generate fault-free data based on

an improvement of the display case models.
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Fig. 13 m-file for solving heat balance for display cases in Matlab

According to the measured data obtained from the monitoring system in the first supermarket,
they are very helpful to compare to the simulated data in the simulation. This simulation will further
used to extend the evaluation of the proposed method in the first journal. For this project, the
simulation method is improved based on the method and results in Ref [6] embedded into TRNSYS.
With the simulation improvement, the m-file function (Fig. 13) is adjusted for using with TRNSYS

which can be potentially used to construct fault-free conditions for interactions in typical

supermarkets.
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In Fig. 13, the system simulation is developed on TRNSYS for water-side chiller systems
including: One cooling tower and three chiller operations. Two of them are used together to run at
peak load condition while another one is used to switch the sequence of the chiller operations at
peak load. The system is used to provide in hypermarket. The obtained results will be validated and
calibrated via EEC Academy because the chiller system is operated via Lotus engineers who did not
provide the system data of the building automation system (BAS) to the research. To reduce this
limitation, another BAS data is used to confirm the verified simulation; the model can be used to
generate chiller data and then will be calibrated via available of zone interaction and refrigeration

system operations [23].
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Fig. 16 Simulated interaction system data using Thailand weather in TRNSYS
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Fig. 17 Simulated heat balance using Thailand weather in TRNSYS
To firstly conduct zone interaction simulation, the AC constant in Fig. 15 is assumed based on
Ref [6] using the latent load balance equation in Fig. 6. This simulation can generate the results
which are nearly close to the measurement data in Ref [6]. As a result, the model is utilized to
generate the zone conditions and latent load for Thai supermarkets by using Thailand weather in
TRNSYS. The results are shown in Fig. 16 and 17 for zone relative humidity and each latent load
components, respectively. The model is further calibrated via actual measurement from the first

supermarket for verify the supermarket systems.
3.2 Fault detection analysis of energy interaction effect results

Step 1: Information collection

The stores are operated 24 hours a day and 7 days a week. Two main periods are categorized
into occupied and unoccupied periods. The equipment of each supermarket functions similarly
because all locations are the same retailer. The different features are: HVAC&R capacities and set

points of routine operations are categorized in Table 3.

Table 3 Functions of HYAC&R machines

Equipment Supermarkets controller functions

Evaporator coil temperature of Low-temperature case, -31.7 to -26.1 °C for frozen foods

low-temperature type




Evaporator coil temperature of

medium-temperature type

Medium-temperature case, -12.2 to 1.7 °C depending on applications

Evaporator coil temperature of

dual-temperature glass doors

Dual-temperature glass door, combination of 0.6 to 3.3 °C and -23.3°C for

left and right sides, respectively.

Evaporator coil temperature of

dual-temperature open cases

Dual-temperature open case, combination of 5 °C for reserving beverages,

and another part for dry goods.

Display case control Electrical thermal expansion valve based on a superheat temperature set

point

Condenser fan control on the On-off function based on measured condenser pressure

roof

Compressor rack control Sequential on-off compressors, based on suction pressure set points at

each stage operation

HVAC Equipment Controller functions

RTU control Typical thermostat based on ZAT set point

DHU control Typical IARH set point

Table 3 is tabulated for all HAVC&R equipment in each location. Refrigeration equipment has a
vapor compression cycle, which includes a dry condenser and compressor-rack to supply refrigerant,
404A, in both medium and low temperature circuits of refrigerated display cases. The compressors
are housed inside a store in a back room, whereas the condenser is on the roof. The centralized
condenser unit is controlled based on the pressure set point of each fan stage. Five categories of
display cases and two types of walk-in units are used in the supermarkets. The total power
consumption of compressors from all freezers and coolers are monitored by the main power meters.

With a web-based user interface with the existing BAS in each store, OAT, IARH, and ZAT as
driving force can be recorded versus metered power consumptions. To potentially validate and
evaluate the performances, the same data set of five HVAC&R operations in Ref [2] are
utilized

to evaluate the proposed methodology of the present article. The data of the 5

supermarket buildings are summarized in Table 4.

Table 4 Measured data obtained from BAS [2]

Supermarket DOE Climate IARH (%) OAT, °F (°C) ZAT, °F (°C)
A 6A 20 - 63 50 (10) — 90 (32.2) 61 (16.1) -72 (22.2)
B 7A 25-70 42 (5.6) — 99 (37.2) | 67 (19.4) — 75 (23.9)
C 3A 45 - 54 69 (20.6) — 105 (40.6) | 69 (20.6) -74 (23.3)
D 5A 27 - 50 51 (10.6) — 88 (31.1) | 72 (22.2) -75 (23.9)




E 3B 23 - 62 42 (5.8) — 87 (30.6) | 66 (18.9) — 75 (23.9)

Power consumptions of RTU, DHU, RCU, and ASH were recorded every 15
Meter recording

minutes at 5 locations

Step 2: HVAC machine analysis

This step identifies the EST based on machine control operations. Two examples are given for
normal and poor RTU functions.

Step 2.1 selects RTU energy consumptions and the OAT for the analysis in Store A to
approximate the balance temperature as the EST point.

Step 2.2 demonstrates an example for RTU analysis in Store A. A preliminary plot between RTU
energy consumptions and OAT is shown in Fig. 3. It shows the typical two energy lines of RTU
operations, consisting of baseline energy and increased energy lines. The first line is the fan
energy consumptions since minimum ventilation airflow rate is required for store occupants. In
this line operation, the RTU compressor is still in an off-stage because the ZAT does not reach the
set-point temperature. Whenever OAT is more than approximately 15.6 °C, the RTU compressor is
initially staged on. As a consequence, the energy consumptions are proportionally increased
to higher OAT values. With the apparent energy areas between off-time and on-time
periods of the RTU control, the active controller area is computed for r values.With a confidence
of 0.05 (p value < 0.05), the improved r value of RTU energy consumptions and OAT are given in

Table 5 (see Appendix)
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Fig. 18 EST point between OAT and RTU energy consumptions in Store A

Step 2.3 compares the computed value from Step 2.2, to compare with the results obtained from

the simple interaction method. The improvement is shown in Table 5.



Table 5 r values between the three independent variables and RTU energy consumptions

RTU in Store A OAT IARH ZAT
Improved method 0.755 (N — active control ) 0.135 (N) 0.597 (N)
Ref [8] 0.742 (N) 0.434 (N) 0.692 (N)

RTU r value versus OAT of the proposed method is improved

N because baseline energy is excluded from the calculation. Only the
Significant r value

. - active control area is used for the calculation. Meanwhile, a lower r
Difference findings by the

improved method value versus ZAT is caused by two-stage energy consumptions, in

Fig. 9. In addition, r value of IARH is lower than the original value,

referring to the RTU control which is independent to IARH. This

In Fig.19, although the active control area (OAT > 15.6 °C) is used to compute the new r value
the outliers affect the r value versus ZAT. The r value is reduced from 0.692 to 0.597 because there
are two linear lines. In Area 1 of Fig. 9, RTU energy consumptions more than 150 kWh which are
outliers in Fig. 19a; however, they are second stage operations in Fig. 19b. At this significant point,
outliers deviated from the main power line by considering periods of operations. As mentioned in the
background, different store time operations may have different set points causing multiple power
consumptions. Otherwise the outliers could be poor control performance or improper routine

operations.
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Step 3: Outlier identification

When the computed r values are less than the expected range in Table 1, set points are useful
to assure that outliers are caused by different set points in different periods ( occupied and
unoccupied periods), not from faulty operations such as poor controllers. For controllers which are
set inappropriately, the machine energy consumptions will deviate from the expected values of the
normal system operations. Also, for different operational periods, set points may be adjusted or be
wrongly set causing scattered energy consumption values. With these two different situations, three
issues are required to be analyzed including: 1) normal trend of the active set-point control; 2)
scatter plot of energy consumption caused by poor controller performance; and 3) different set points
in different periods based on monthly and weekly analysis.

After the first two steps based on the whole data and EST point, Store A has acceptable
operations because of the same routine operations. Baseline and increased power are analyzed
concurrently. However, there are still some overlapping points between two power areas which do
not dominate overall performance. Thus, Store A can be used as a baseline operation for other
stores. To further identify applicable rule-based diagnosis approach for investigation enhancement,

monthly data of the RTUs are further analyzed based on store-hour operations, as shown in Fig. 20.

Monthly data in Store A from 31/5 to 29/6 in 2010
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Monthly data in Store A from 31/5 to 29/6 in 2010
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Fig. 21 Monthly data of RTUs and store operations versus ZAT for Store A

In Fig. 20, the blue points refer to store operation periods in which the OAT is more than the
break point of EST (OAT > 15.6°C), whereas the red points are the rest of the operations when the
OAT is less than the same point. In the figure, the RTU energy consumptions versus OAT can be
isolated into three areas: 1) Area 1 - baseline energy in which the OAT is less than 15.6°C and store
operations from 0:00 to 12:00; 2) Area 2 - baseline energy in which the OAT is less than 15.6°C and
store operations from 12:01 to 23:00; and Area 3 - increased energy line in which the OAT is more
than 15.6°C. However, there are some overlapping points between Area 2 and Area 3, caused by
inaccurate identification of the EST point.

To further solve this issue, ZAT and RTU energy consumptions are plotted to identify the
overlapping areas and other outliers. Based on the plot between ZAT and RTU energy
consumptions, the four area characteristics can be defined as illustrated in Fig. 21; the first three
areas are similar to Fig. 20. In the figure, Area 1 shows most of the ZAT points of the first 12 hours
in which ZAT is varied between 18.5 and 21°C, whereas Area 2 shows the store operations from
12:00to 23:00 while the OAT is less than 15.6°C in both areas. Area 3 has the ZAT from 19 to 21°C
when the OAT is more than 15.6°C. With the same OAT range, Area 4 has the ZAT from 20.5 to
22.5 °C. Area 3 and Area 4 illustrate the two different set points of the store which are very useful to
confirm the outliers in Areas 5 and 6. Although Area 5 is directly influenced by the high OAT (27 —
30 °C), it can be removed if the ZAT is set higher than the existing values (20.5 to 21°C). With

energy consumptions in Area 6, the OAT and ZAT of Area 6 are close to Area 5. Also, the two



overlapping areas in Fig. 20 are shown by Fig. 21 to be the dead-band zones of Area 3 and 4,

respectively.

Step 4: Faulty operation effects on RCU

This step further shows how abnormal or diagnosed operations of HVAC system can affect RCU
energy consumptions and operations. With the same data in Store A, RCU operations are separated
into two OAT areas. After that, the OAT of more than 15.6 °C area is firstly selected to plot RCU
operations. In Fig. 22, RCU energy consumptions and store operations are plotted versus IARH
using the same monthly data as Store A. It is apparent that the simple energy interaction method
cannot be used to demonstrate significant outcomes because of the several set points of ZAT and
IARH operations. To isolate the strong IARH effect to the plot between OAT or ZAT and RCU
energy consumptions, the three IARH ranges (30-40%, 40-50%, and 50-60%) are fixed, to plot SLR

as the following figures:

Monthly data for Store A from 31/5 to 29/6 in 2010
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Fig. 22 Monthly data of RCU energy consumptions and store operations versus IARH for Store A

In Fig. 23 for OAT higher than 15.6°C, the three IARH ranges are plotted versus OAT, to locate
the identified points of abnormal RTU operations. In the middle of Fig. 23, the three outliers can be

located, leading to RCU energy consumptions of almost 38 kWh, with IARH between 40 and 50 %.
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IARH signature in Store A with 30% < IARH < 40% and OAT < 15.6 °C
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Fig. 26 Fixed IARH ranges of RCU energy consumptions versus ZAT in Store A (OAT < 15.6 °C)

The three points in Fig. 23 are further located in Fig. 24, which is a plot between ZAT and RCU
energy consumptions with the same three IRAH ranges. It can be noticed that the outliers of RTU
operations have a ZAT between 20.5 and 21 °C and an IARH between 40 and 50%. These indoor
conditions with almost the highest OAT of the monthly data set have almost the highest energy
consumptions of about 38 kWh. Compared with the other high values in the same range, energy

consumptions of about 39 kWh can be used as a threshold for the driving force conditions. With the



first three steps, the RTU operations in Store A work normally; however, when FDD for faulty
interaction is applied to evaluate the corresponding effect on RCU operations in Step 4, the results
show excessive energy use for RCU operations due to unsuitable indoor conditions provided by
RTUs.

To further analyze the faulty interaction effect for OAT < 15.6 °C, ZAT and IARH should be lower
than the first case and RCU energy consumptions should be lower than 38 kWh, except for the
IARH range which is not well-controlled. The overlapping areas of RTU operations on the ZAT plot
(some blue points in Area 1 and black points in Area 2 of Fig. 21) affects RCU operations because a
low OAT should cause a low ZAT,; these two driving force conditions result in low energy
consumptions of RCU. However, several outliers in overlapping areas due to higher IARH values
than normal operations.

In Fig. 25, the faulty operations caused by Area 2 of RTUs versus ZAT are located in the black
rectangle area. Although the OAT is less than EST with an IARH between 40 and 50%, they are
outliers because the ZAT range is in the dead-band zone (19.2 — 19.9°C in Area 2 on the middle of
Fig. 26). This finding of Area 2 can be used as the energy consumption threshold of about 35 kWh
as in Areas 1 and 3 in Fig. 26. If the ZAT is less than 20 °C and the IARH is less than 55 %RH, the
OAT is less than the EST. It does not influence the energy consumptions of the RCUs more than the
ZAT. To sum up, RTU operations work acceptably in Store A; however, with the FDD procedures,
the operations cause outliers as excessive energy consumptions of RCU operations. The method

can be applied for data cleaning of HVAC&R operations in supermarkets in near future research.

3.3 Data cleaning technique implementation

According to Fig. 18, the RTU compressors are staged on when the OAT is more than 15.6 °C
in Store A which is similar to Store B in the bottom of Fig. 4. However, there are malfunctions in the
RTU operations of Store B, thus some skew data are deviated from the increased power
consumption trend. First of all, OAT being more than 15.6 °C is used to consider the RTU operations

and to reduce some outliers from the raw data in the two stores.
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Fig. 27 Outlier removing of RTU kWh in Step 4 of Fig. 3

3.3.1 Z-score Implementati

on

Before computing Z score, an average and SD value of each data set are computed then are

used to convert the data in Z score. Keeping z between -2 and 2, a new data set is determined and

stored for analyzing energy interactions. Till now, step 1 to step 4 can be illustrated in Fig. 27.
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Fig. 28 Outlier removing of refrigeration kWh in Step 4

In Store A, it is clear that the linear line can be fitted from this data set relating to RTU

operations versus OAT. Comparing the performance of Store, A to store B, there are still faulty



operations because several data points are lower than 20 kWh. There are at least two possible
causes: 1) faulty sensors lead to the trend deviation and 2) RTUs are over designed severely; they
lead to uncoordinated control of compressor operations and frequent compressor cycling at part load
conditions. Therefore, refrigeration power consumptions are helpful to further decrease these fault

effect based on IARH considerations.

3.3.2 Data Improvement via Consistent IARH Range

In Fig. 28, after removing outlier in Stores A and B, the relations of OAT and refrigeration power
consumptions are almost linear function as one of the driving force conditions; however, with
different IARH conditions, the data are still coupled with the IARH effect. Therefore, in step 5 of Fig.
3, the consistent IARH ranges - 30 — 40%, 41 — 50% and 51 — 60% are selected to significantly
decouple IARH impact from OAT based on humidity control function s. These fixed IARH values can
be utilized to identify some malfunctions as shown in Fig. 29. The two IARH ranges (30 - 40% and
41 — 50% IARH) of RTU2 are compared to an unconstrained IARH range of the RTU2. It can be

seen that the different range operations significantly result in different data qualities.
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Fig. 29 Data Isolation via fixed IARH range in Store B
With the fixed IARH ranges and abnormal operations of the RTU 2 in Fig. 27, these two
constraints can be used for improving the data fusion of RTU 2 as demonstrated in Fig. 30.
Between 50 and 60% IARH, there are two-stage operations of RTUs leading to two linear lines,
whereas the baseline power consumptions of the multiple fan operations are around 20 kWh.
However, RTU operations still maintain suitable zone conditions in store B resulting in well-

conditioned relation between refrigeration compressor energy consumptions and IARH2 at the same



fixed range. This multi-step data fusion is very helpful to potentially analyze abnormal operations of

HVAC&R equipment.
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3.4 Steady-state data implementation

Inefficient steady-state detector can be degraded if criteria are not robust enough. Especially,
oversizing issue incurs in vapor compression cycle. This situation leads to longer start-up time and
cycle loss. As a result, this happening reduces robustness of detector. Also, AFDD implementation
is not efficient enough, thus efficient detector is so significant to be developed. TO be more specific
in the large system, refrigeration system based compressor rack supplies refrigerant to multiple
display cases. Improper valve selection also affects transient response of display cases. Tsh is as
well as the set-point because it is used to control the valve operating. These preliminary results are
improved by increasing of the operational information in Thailand or developing for adjusting TXV

valve for reducing overcharge and compressor valve leakage.
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Fig. 31 Area categories of the TVX operations for a week in a Thai supermarket

From the two examples from display cases of the low-temperature compressor rack in Fig. 31
and 32, this consideration is very helpful to reduce poor or inexperienced commissioning in
developing countries which still lack professional commissioning contractors. Although return
temperature and superheat temperature are both the controlled variables for the efficient operations,
steady-state detector cannot be designed effectively without the valve operation analysis because
unsuitable operations cause fluctuated return temperature (Tr) and Tsh for the steady-state analysis.
The Tsh versus valve opening percentage evidently shows at least five different areas in the Fig. 31
as follows:

1) Area 1 is identified for valve 85%, Tsh < 5 °C and Tr > -20 °C. This full valve is operated
too long. When valve is at maximum opening, supply temperature (Ts) still cannot satisfy
the design temperature. Then Tsh is automatically changed to protect freezer which may be
caused by fluctuation load of the open display case.

2) Area 2 is identified for valve 85%, Tsh > 5 °C and Tr > -20 °C. This valve area is operated
normally and linearly to satisfy the design temperature in the display case.

3) Area 3 is identified for valve 0%, Tsh < 5 °C and Tr < -20°C in which the valve is stopped
normally because Tsh is less than the set-point while the display case temperature or Tr
being lower than the set-point temperature of the Tr.

4) Area 4 is identified for valve > 10%, Tsh < 5 °C and Tr > -20 °C in which the valve starts

open normally.



5) Area 5 is identified for non-commissioning process leading to valve opening is high than
85%.

6) Beyond the four cases, Area 6 is further defined for valve 0 %, Tsh < 3 °C and Tr > -20 °C.
This area is reverse control action from Area 1; it may be caused by system fluctuation or

unsteady-state operations
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Fig. 32 Area categories of another TVX valve for a week in the same Thai supermarket
Similar to Fig. 31, Fig 32 shows the valve characteristic operations in a different display case. Six
areas can be defined with the different Tsh (2 °C) setting and maximum valve operation (75%). With
the set-point information on the controller, we found that 6 °C with minus 2 degrees Celsius (4 °C)
should be the proper control point to protect compressor valve leakage and overcharge caused by

non-vaporized refrigerant or liquid status moving to the compressor rack.



valve characteristics 1 after calibration
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Fig. 33 Improved data for one-month raw data of the same supermarket in Fig. 32

To further test the performance of the analysis with the defined areas as the rule-based
development, the data of one month are used; the results are depicted in Fig. 33 with two y-axis
comparisons between Tr and valve operations. With the potential performance, the technique can
be further used to improve the steady-state design in the literature review [7] which summarized
that Tsh and Tr are both effective to consider the steady-state performance of the centralized
refrigeration system.

3.5 FDD design results

Refer to Wichman and Braun [3], the parameters of the report are improved from the existing
monitoring system in the cases study. Meanwhile, FDD in refrigeration systems includes
simultaneous diagnostics based on fault-free data; however, it is handicap to follow the method.
Fault-free data are not available in centralized refrigeration system. To reduce the problem, the
interactions between load operations and related parameters in vapor compression cycle in RP
1043 are developed as preliminary tool to compare abnormal operations in refrigeration system.
The load comparisons are used to compare each operation for detecting and diagnosing typical
faults. As a result, FDD based load comparison condition, according to the typical faults summary
in Table 6, is an alternative approach for diagnosing typical faults in the refrigeration system. In
this report, three diagnosed faults are demonstrated as the examples including evaporator fouling

and non-condensable.



Table 6 Typical faults on a refrigeration system

Typical  faults  refrigeration

system

Simple criteria for load comparison consideration

F1: Condenser fouling

Condenser airflow rate (Ma) calculation

F2: Evaporator fouling

Evaporator airflow rate calculation

F3: Refrigerant undercharge

Tsc — Tsh is more than zero when load capacity is compared.

F4: Refrigerant overcharge

Tsc — Tsh is less than zero when load capacity is compared.

F5: Compressor valve leakage

Tdis of measurements — Tdis of normal operations are more

than zero.

F6: Liquid-line restriction

Check temperature drop across dry filter (not considered)

F7: Non-condensable gas

Tcond is higher when load capacity is decreased.

F2 for evaporator fouling from the decouple based feature in both RTU and self-contained

cooler, air mass flow rate of the normal operations or manufacturing data are used to compare to the

computed value based on the available measurement using a simple heat balance equation.

However, in Thailand, these data are seldom available to obtain from manufacturer. To this end, Ma

is calculated from the same heat balance equation and then will be compared with each load

capacity operation. For typical normal operations, in case of the existing F2, higher load operations

lead to lower Ma because fouling results in higher different air temperature (Tr-Ts). As a result, three

figures are conducted as shown in Fig. 34, 35 and 36 for computed Ma in the first and second

display cases, for interaction in terms of linear relation (slope is Ma) between load and Ma in the first

and second display cases and for possible diagnosed F2 using the notification of Ma variations

versus load and Tr, respectively.
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Fig. 34 computed Ma in the first and second display cases
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Fig. 35 interaction between load and Ma in the first and second display cases
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Fig. 36 diagnosed F2 using the notification of Ma variations versus load and Tr

In Fig. 34, there are some outliers occurred by stopped compressor; however, load operations
are predicted by the polynomial equation recommended by the refrigeration manufacturer. As a
result, the outliers should be mitigated before using load comparisons versus computed Ma from
the heat balance equation. To further study the linear trend between load and temperature
difference (Tr - Ts) in the display cases, Fig. 35 shows simple linear relation; we found that
estimated Ma is quite fluctuated due to load fluctuation and outliers. To reduce this effect, Fig. 36
diagnosed F2 using the notification of Ma variations versus load and Tr. In the figure, F2 occurs

because Tr normally decreases causing higher temperature difference and higher load operations



to keep Ma constantly. However, the load is reversely reduced because fouling or ice-making
obstructs air flow rate.

F7 for non-condensable gas from the decoupling based feature in a RTU using Tcond as
the fault signature identification, it implies that load increase is proportional to higher Tcond in case
of normal operations.

Non-condensable gas interaction
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Fig. 38 time data of load and Tcond to identify F7
However, in Fig. 37, the findings are that the linear trend is negative due to some data are

reversely incurred because Tcond is too high when load is low. To be more specific, Fig. 38



evidently shows that Tcond is higher when load capacity decreases in Area 1 and 2. This happening

is non-condensable gas effect.
5. Conclusion and Discussion

Although FDD has been used in supermarket equipment for sustainable energy savings and
suitable preventive maintenance caused by sudden and degradation faults, no previous study
investigates the effect of faulty HVAC operations on refrigeration system operations. In addition, full
procedures have been seldom developed for integrated HVAC&R energy systems. As a result,
robustness and reliability of existing approaches could not be achieved in commercial supermarkets.
To enhance FDD robustness and performance for refrigeration systems, this project proposes the
four procedures composing of: 1) fault detection analysis of faulty interaction effect on refrigeration
operations; 2) a data cleaning procedure to improve data quality of HVAC&R operations; 3) a novel
steady-state detector based on refrigerated display case operations; and 4) decoupling-based
features applied in the compressor-rack refrigeration system. The first three steps are mainly used to
improve data quality obtained from the field data. Using the full data cleaning process, the
decoupling-based method is applied to possibly investigate fault diagnostics. The results show that
the proposed method can improve data quality which potentially leverage the FDD approach without
using fault-free data. From the investigations, the four typical faults (evaporator and condenser
fouling, non-condensable and compressor valve leakage) can be diagnosed without additional
sensors installed on the compressor-rack system. However, the robustness and reliability of the
proposed techniques can be improved via more field test data and manufacturing data for further
developing as an effectively real-time diagnostic system embedded into a current remote monitoring
system.

6. Output of this report
Researches published on the proceeding of the International conference

D. Woradechjumroen. Investigations of faulty interaction effect to refrigeration system operations,
in: Proceedings of the 8th TSME International Conference on Mechanical Engineering (TSME
- ICOME), Thailand, 2017.

D. Woradechjumroen, T. Tongshoob. Data Fusion Technique for Leveraging Reliability of
Supermarket Field Data, in: Proceedings of the 7th TSME International Conference on
Mechanical Engineering (TSME - ICOME), Thailand 2016.

D. Woradechjumroen. Smart Building Energy Solutions Technologies — Possible Implementations
in Thailand Supermarkets, in: Proceedings of the 7th TSME International Conference on
Mechanical Engineering (TSME - ICOME), Thailand 2016

Researches published on ISI International Journal (under review)



Fault detection analysis of energy interaction effect for HVAC&R operations in commercial
supermarkets (under review on Energy and Buildings — Journal Ref: ENB_2018_1429)
Research Utilization in Commercialization

The method in the report is being proposed and verified as FDD standard analysis for
sustainable energy savings and predictive maintenance in Thai commercial supermarkets by Air

Conditioning Engineering Association of Thailand (ACAT) and Thai Refrigeration Association (TRA).
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8. NOMENCLATURE

= air-conditioning unit

ASH = anti-sweat heater

AHU = air-handling units



BAS = building automation system

COP = coefficient of performance (COP).

DHU= dehumidification Unit

EST = energy signature temperature (°C)

F = faulty operations

FDD = fault detection and diagnosis

HVAC = heating, ventilation and air-conditioning

HVAC&R = heating, ventilation, air-conditioning and refrigeration

IARH = indoor relative air humidity, %

MBCx = monitoring-based commissioning

N = normal operations

OAT = outdoor air temperature, °C

P = pressure sensor

Psuc = suction pressure

RCU = refrigeration compressor rack unit

r value = Pearson’s correlation

RTU = rooftop unit

SLR = simple linear regression

T = temperature sensor

Tcond = condenser saturation temperature

Tdis = discharge Temperature

Tr = return temperature (Tr)

Ts = supply temperature

Tsc = sub-cooling temperature



Tsh = superheat temperature

TXV = thermostatic expansion valve

WUI = web-based user interface

ZAT = zone air temperature, °C

A = level of significance



