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Glossary

feature in the context of FDD, a measurement that gives information
to perform the detection or the diagnosis.

hard faults faults that do not allow the system to cover the demand.

liquid line tube or pipe carrying the refrigerant liquid from the con-
denser or receiver of a heat pump or vapor compression system
to a pressure-reducing device.

non-condensable gas gas that cannot be liquefied at normal oper-
ating pressures and temperatures.

quasi steady-state a situation that is changing slowly enough that
it can be considered to be constant.

rooftop air conditioners packaged air conditioners mounted on a
roof, the conditioned air being discharged directly into the rooms
below or through a duct system.

sensible heat ratio ratio of the sensible heat to the sensible plus
latent heat to be removed from a conditioned space.

soft faults faults that allow the system to cover the demand but re-
duce its efficiency.

subcooling that a defined pressure, the difference between a given
liquid temperature and the bubble point temperature.

11
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Acronyms

MSR ratio between the refrigerant mass flow rate and compressor
speed (g/rev).

NMSR normalized value of MSR.

Qhear heat duty (kW).

Teona condensing temperature (°C).

T., compressor outlet temperature (°C).
T.vap evaporation temperature (°C).

Ty liquid line temperature (°C).

Ts. subcooling(°C).

T, superheating (°C).

Weomp compressor power consumption (kW).
f compressor frequency (Hz).

m,. refrigerant mass flow (g/s).

A coil heat transfer surface area.
AHU air handling units.

ANN artificial neural networks.

COP coefficient of performance.

CVL compressor or 4-way valve leakage.

v



UNIVERSITAT ROVIRA I VIRGILI
AUTOMATIC FAULT DETECTION IN DOMESTIC HEAT PUMPS
Ivan Bellanco Bellanco

DHW domestic hot water.

Dt detection time.
EEV electronic expansion valve.

FAR false alarm rate.

FDD Fault Detection and Diagnosis.
FI fault intensity.

FIR fault impact ratio.

FXO fixed oriffice.

GHG greenhouse gases.

HiLL Hardware-in-the-loop.

HVAC heating, ventilating and air conditioning.

IEA International Energy Agency.
IHXF indoor heat exchanger fouling fault.

IMC indoor unit mechanical component failure.

LL liquid line restriction.

LMTD log mean temperature difference.

MDR missed detection rate.

MR missdiagnosis rate.
NON non-condensable gas in the refrigerant.

OC refrigerant overcharge.
OHXF outdoor heat exchanger fouling fault.

OMC outdoor unit mechanical component failure.
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PCA principal component analysis.

RMSE root-mean-square error.

RTU roof top unit.

SEILAB Semi-Virtual Energy Integration Laboratory.
SGDR stochastic gradient descent regression.
SHR sensible heat ratio.

SSD steady-state detector.

TRL Technology Readiness Level.

TXYV thermostatic expansion valve.

U overall heat transfer coefficient.
UC refrigerant undercharge.

UN United Nations.

VSHP variable speed heat pumps.
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Summary

In the current context of climate emergency, governments around the
world are taking actions to reduce greenhouse gases (GHG) emissions,
which are the main agents of climate change. The European Union
has set the goal to cut emissions by 55% by 2030 and to become cli-
mate neutral by 2050. Among the sectors that more energy consumes,
buildings accounted for 32% of the total energy consumption world-
wide. In domestic buildings of the European Union, water heating and
space heating production represented more than 75% of the final use
of energy. For space and water heating, the main sources of energy
come from fossil fuels.

Heat pumps could provide water heating and space heating and
cooling with high efficiency and, coupled with renewable electric sources,
with low GHG emissions. Within this context, heat pumps have been
selected as the main providers of heating, cooling and ventilation for
buildings, to achieve Net Zero by 2050. Hence, the number of units
installed worldwide will increase from the current 180 million to 600
million by 2030.

Despite their high efficiency, different studies have tackled the health
status of heat pumps in field, founding that half of the units could be
working at 80% of their efficiency. These performance losses could
be caused by faults that increase the energy consumption while the
equipment could still cover the demand, and therefore they could pass
undetected for long periods of time. Fault Detection and Diagnosis
(FDD) monitors are focused on the detection of performance losses
and the diagnosis of faults. Despite there were several methodologies
for FDD solutions, they have been mainly focused on the industrial
sector and less oriented to the domestic market.
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The main objective of this doctoral thesis is the development of an
FDD monitor for domestic heat pumps which could work with variable
speed compressors and diagnose different faults. The first part of this
thesis is dedicated to the description of the causes and the effects of
the different faults found in vapour compression systems. An overview
of the faults incidence on in-field equipment is given, followed by an
analysis of the origin and the repercussions of the faults. Addition-
ally, a review of the methods for fault emulation is given, discerning
between emulation in laboratory and simulation with virtual models
and comparing the emulation techniques.

The next part of the thesis is focused on the development and
first validation of the FDD monitor. The monitor counts with sev-
eral modules dedicated to different processes of the FDD. The fault
detection is based on the comparison between the real measurements
and the results from models that replicate the fault-free behaviour of
the equipment. From the comparison of different FDD methodologies,
polynomial regressions were selected to generate the fault-free mod-
els. The diagnosis is based on expert knowledge, where knowing the
trends of the features, the fault could be determined. Furthermore,
the monitor also counts with a novel methodology for the detection
of steady-state points to filter the incoming data. The Input Space
module divides the operational space to classify the data into groups,
where each of these groups could have a fault-free model. To prevent
the detection of measurement outliers or measurement noise as false
alarms, an additional module ensures that the fault persists over time
before triggering a warning.

The monitor was firstly validated with simulated data of a variable-
speed heat pump from a TRNSYS model, where the effects of faults
were emulated with a fault parametrization method developed for that
purpose. The monitor detected a fault before a 5% COP degradation
was reached. A thorough literature research gave as a result a diagnosis
table, used for the diagnosis of faults. With this methodology, the
monitor could diagnose the faults indoor and outdoor heat exchanger
fouling, compressor valve leakage, liquid line restriction, undercharge
and overcharge.

The following section puts the spotlight on the methodology and
the results of testing different faults on a variable speed heat pump.
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The tests were performed under laboratory conditions on a 10 kW
water-to-water, variable-speed heat pump charged with propane. The
faults outdoor heat exchanger fouling, compressor valve leakage, liquid
line restriction and overcharge were emulated for heat duties of 10 kW
and 12 kW and with different fault intensities. The results showed
that compressor valve leakage was the fault that had the highest effect
on the heat pump, while outdoor heat exchanger fouling had the least.
Some differences were found between the results obtained from the tests
and the ones from the literature. However, the differences between the
equipment architectures could explain the dissimilarities.

Thus, the FDD monitor was validated with the data from the faults
tests. Real data has more noise than the simulated data from the
first validation. This increases the uncertainty of the fault-free models
prediction. Nevertheless, the monitor could detect faults before an 8%
of COP degradation, without triggering any false alarm. The diagnosis
table used for the fault diagnosis had to be changed to adapt to the
different effects of the faults for that specific heat pump. All the faults
were correctly diagnosed, except outdoor heat exchanger fouling, which
was detected as a fault but could not be discerned from the others.

This thesis provides a new solution to reduce energy losses for do-
mestic heat pumps. The experimental faults tests increases the know-
ledge about fault effects in variable speed heat pumps, which is scarce.
More work needs to be done to increase the flexibility of the diagnosis
to different heat pump typologies. However, the FDD monitor per-
formed well with simulated and real data and different conditions.
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Resumen

En el contexto actual de emergencia climética, los gobiernos alrededor
del mundo estdn tomando acciones para reducir las emisiones de gases
de efecto invernadero (GHG), que son los mayores agentes del cambio
climatico. La Unién Europea ha fijado el objetivo de disminuir las
emisiones un 55% para 2030 y convertirse en neutral climédticamente
para 2050. De entre los sectores que mas energia consume, la edific-
acién representa un 32% de la energia consumida mundialmente. En
las viviendas domesticas de la Unién Europea, la calefaccion y el agua
caliente sanitaria representan més de un 75% del uso final de la en-
ergia. Para el calentamiento de agua e interiores, la principal fuente
de energia proviene de combustibles fésiles.

Las bombas de calor pueden producir agua caliente, calefaccion y
refrigeracion con gran eficiencia y, usando fuentes renovables de energia
eléctrica, produciendo pocas emisiones de GHG. En este contexto, las
bombas de calor han sido seleccionadas como la principal opcién para
producir calor, frio y ventilacién a edificios para alcanzar emisiones
cero en 2050. Para ello, el nimero de unidades instaladas en todo
el mundo aumentara de los actuales 180 millones a 600 millones para
2030.

Pese a su gran eficiencia, diferentes estudios han abordado el es-
tado de salud de bombas de calor en campo, hallando que la mitad
de las unidades podrian estar trabajando al 80% de su eficiencia. Es-
tas pérdidas de eficiencia podrian estar causadas por fallos que in-
crementan el consumo de energia mientras que el equipo aun puede
cubrir la demanda y, por lo tanto, pueden pasar desapercibidas por
largos periodos de tiempo. Los monitores de deteccién y diagnodstico
de fallos (FDD) estan orientados a la deteccién de pérdidas de eficiencia
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y diagnostico de fallos. Pese a haber varias metodologias para solu-
ciones FDD, han estado principalmente enfocadas al sector industrial
y menos orientadas al sector doméstico.

El principal objetivo de esta tesis doctoral es el desarrollo de un
monitor FDD para bombas de calor domésticas que pueda trabajar
con compresores de velocidad variable y diagnosticar diferentes fallos.
La primera parte de esta tesis se ha dedicado a la descripcién de las
causas y los efectos de los diferentes fallos que se pueden encontrar
en sistemas de compresién de vapor. Se ha proporcionado una vision
general de la incidencia de fallos en equipamiento en campo, seguido
de un analisis del origen y las repercusiones de los fallos. Ademas,
se ha hecho una revision de los métodos para la emulacién de fallos,
diferenciando entre emulacién en laboratorio y simulacién con modelos
virtuales, y comparando las técnicas de emulacién.

La siguiente parte de la tesis esta enfocada en el desarrollo y primera
validacién del monitor FDD. El monitor cuenta con varios moédulos
dedicados a diferentes procesos de la FDD. La deteccién de fallos se
basa en la comparacion entre las mediciones reales y los resultados de
modelos que replican el comportamiento libre de fallos del equipami-
ento. A partir de una revisién de la literatura donde diferentes met-
odologias FDD fueron comparadas, la regresiéon polinémica fue selec-
cionada para generar los modelos libres de fallos. El diagnéstico estéd
basado en conocimiento experto donde, conociendo las tendencias de
diferentes medidas, el fallo puede ser determinado. Ademas, el monitor
también cuenta con una nueva metodologia para la deteccién de pun-
tos en estado estacionario para filtrar los datos entrantes. El mdédulo
Input Space divide el espacio operacional para clasificar los datos en
grupos, donde cada uno de estos grupos puede tener un modelo libre
de fallos. Para prevenir la deteccién de valores atipicos o ruido en la
medida como falsas alarmas, un médulo adicional se asegura de que el
fallo es persistente en el tiempo antes de dar alarma.

El monitor fue validado primero con datos de un modelo de una
bomba de calor con velocidad variable. Pese a que los fallos no pudi-
eron ser emulados directamente en el modelo, un nuevo método de
parametrizacién de fallos fue desarrollado basandose en datos de la
literatura y simulaciones. El monitor detecté fallos antes de alcanzar
un 5% de degradacién en el COP. También pudo diagnosticar los fal-
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los de intercambiador de calor externo e interno obstruidos, fuga en la
valvula del compresor, restriccion de la linea liquida, carga insuficiente
y sobrecarga.

La siguiente seccién pone el foco en la metodologia y los resultados
de testear diferentes fallos en una bomba de calor con velocidad vari-
able. Los experimentos se realizaron en condiciones de laboratorio con
una bomba de calor de velocidad variable de 10 kW, agua-agua cargada
con propano. Los fallos intercambiador externo obstruido, fuga en la
valvula del compresor, restriccion de linea liquida y sobrecarga fueron
emulados para demandas de calor de 10 kW y 12 kW, y con diferentes
intensidades de fallo. Los resultados muestran que el fallo de fuga en la
valvula del compresor tuvo el efecto mas grande en la bomba de calor,
mientras que intercambiador externo obstruido tubo el mas pequeno.
Algunas diferencias se encontraron entre los resultados obtenidos con
los experimentos y la literatura. Sin embargo, las diferentes arquitec-
turas de los equipos pueden explicar estas diferencias.

De este modo, el monitor FDD fue validado con los datos de los
experimentos con fallos. Los datos reales tienen mas ruido que los da-
tos de la simulacion de la primera validacién, hecho que incrementa
la incertidumbre de las predicciones de los modelos sin fallos. No ob-
stante, el monitor pudo detectar fallos antes de que se alcanzara un 8%
de degradacion en el COP, sin que se presentase ninguna falsa alarma.
La tabla de diagnéstico usada para el diagnéstico de fallos, tuvo que
ser cambiada para adaptarse a los efectos diferentes de los fallos para
esa bomba de calor en especifico. Todos los fallos fueron correctamente
diagnosticados, excepto intercambiador de calor externo obstruido, que
fue detectado como un fallo, pero no se pudo discernir de los otros.

Esta tesis proporciona una nueva solucién para reducir las pérdidas
de energia en bombas de calor domésticas. Los experimentos con fallos
incrementan el conocimiento sobre los efectos de los fallos en bombas
de calor con velocidad variable, que es escaso. Se necesita hacer mas
trabajo para incrementar la flexibilidad del diagnéstico con diferentes
tipologias de bomba de calor. Sin embargo, el monitor FDD tuvo
un buen desempeno con los datos simulados y reales con diferentes
condiciones.
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CHAPTER 1

Motivation and objectives
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1.1 Motivations

1.1.1 Climate emergency

Climate change refers to the long-term shifts in temperatures and
weather patterns. Human activities since the 1800s have been the
main driver of the acceleration of climate change [1]. The burning
of fossil fuels like gas, oil or coal has increased greenhouse gas emis-
sions, mainly carbon dioxide and methane. Those emissions increased
the global temperature, being about 1.1°C warmer than in the pre-
industrial era [2]. The consequences of climate change, among others,
include water scarcity, an increase in forest fires, floods, and in general,
more severe and more common natural disasters [1].

There are several international organisms that are committed to
find solutions to mitigate the effects of climate change. One of the most
known is the United Nations (UN) and its United Nations Framework
Convention on Climate Change, that from 1995, every year celebrates
the Conference of the Parties (COP), being COP 3 in Kyoto (1997)
and the COP 21 in Paris (2015) the most relevant ones.

COP 3 resulted in the Kyoto Protocol, which committed industri-
alized countries and economies in transition to limit and reduce green-
house gases (GHG) emissions in accordance with agreed targets [3]. In
COP 21, the Paris Agreement committed every country without differ-
entiating between industrialized countries or economies in transition,
and the targets were voluntary and each country sets its own goals [4].
The main compromises of the Paris Agreement were:

e Avoid the increase of 2°C in global temperature from the pre-
industrial era, while pursuing efforts to limit the increase even
further to 1.5 degrees.

e Review countries’ commitments every five years

e Provide financing to developing countries to mitigate climate
change, strengthen resilience and enhance abilities to adapt to
climate impacts
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The actions defined by the Paris Agreement are not decreasing fast
enough climate change, becoming an emergency situation. In that re-
gard, on 28th November 2019, the European Parliament declared a
climate emergency [5] which is defined as a situation in which imme-
diate action is needed to reduce or stop climate change and prevent
serious and permanent damage to the environment. The European
Union set the goals to cut emissions by 55% by 2030 and to become
climate neutral by 2050, which means emitting no more GHG than the
ecosystem could safely absorb.

1.1.2 Heat pumps to decarbonise buildings

Net zero emissions by 2050 in the European Union entails a huge social,
economic and governmental effort. The fossil fuels use is present in
almost every sector of society, from transport to energy production.
Between the different sectors, buildings accounted for 32% of worldwide
energy use and 19% of energy-related GHG emissions [6]. Figure 1.1
shows that space and water heating represent 56% of the residential
energy consumption worldwide.

For the European Union, space heating and water heating repres-
ents more than 75% of the final energy consumption in households [7].
Figure 1.2 shows that a high percentage of the energy needed for space
and water heating in the European Union comes from fossil fuels.

Heat pumps represent an efficient solution to provide water heating
and space heating and cooling. Since heat pumps need electrical energy
to work, if renewable electrical sources are used, they could shift the
current pathway. The International Energy Agency (IEA) reported
that heat pumps could easily supply more than 90% of global space
and water heating despite, in 2020, represented no more than 7% of
the supply [8].
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Figure 1.1: World building final energy consumption by end-use in 2010
for residential sector. Adapted from: O.Lucon et al. 2014: Buildings in Cli-
mate Change 2014: Mitigation of Climate Change. Contribution of Working
Group III to the Fifth Assessment Report of the Intergovernmental Panel
of Climate Change. Cambridge University Press, 2014.
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Figure 1.2: Part of the main energy products in the final energy consump-
tion in the residential sector for each type of end-use in the European Union
in 2020 [7].
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The Energy Performance of Buildings Directive of the European
Union entails a commitment to modernise the building sector and to
increase building renovations [9]. It stated that for 2021 all new build-
ings must be nearly zero-energy buildings (NZEB), reducing consider-
ably the energy consumption of the building sector. Heat pumps have
been selected one of the main technologies to provide heating, cooling
and ventilation for buildings to achieve Net Zero by 2050 [10]. This
entails an increase of units installed worldwide from the present 180
million to 600 million by 2030 to pave the way to Zero Emissions by
2050 [8].

1.1.3 The need of fault detection and diagnosis
monitors

The European heat pump market is growing every year [11] and ex-
pecting to grow even more to achieve the GHG goals. Heat pumps
count with a high efficiency, which is improving steadily every year [8].
However, like every other piece of equipment, if they are not correctly
maintained, faults could develop in the system. The faults could be
categorized into“hard faults”, that let the equipment out of service or
severely reduce their work capacity, and “soft faults” that increase the
energy consumption of the equipment but it still could cover the de-
mand [12]. Hard faults will usually be detected by the users when they
feel discomfort, while soft faults could be unnoticed for long periods
of time. If heat pumps are going to be the main provider of heating
for buildings, the reduction of the possible inefficiencies takes more
relevance.

Different studies have tackled the health status of compression sys-
tems installed in field, and despite they were made before 2005, they
could give an overview of the situation. A study of a database with
1468 registers of in-field unitary air conditionings revealed that, at least
two-thirds of those units needed servicing, which comprises from coil
cleaning to major repairs such as compressor replacement. They es-
timated that 50% had an 80% performance compared to factory condi-
tions, and 20% of the units had 70% performance or less [13]. Another
study showed that 65% of 13000 air conditioners required repairs [14].
Other studies showed that most of the faults were related to thermo-
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static expansion valve (TXV) defects or with the quantity of refrigerant
charged [15, 16].

Despite those types of faults increase the energy consumption, the
equipment could still cover the demand without affecting the user’s
comfort. This implies that the fault could pass undetected for long
periods of time [17]. Fault Detection and Diagnosis (FDD) methodo-
logies tackle the issue by monitoring the equipment and warning when
a fault is occurring and the origin of the fault.

An FDD monitor learns the behaviour of the equipment when no
faults are present. The comparison between what the monitor has
learned and the measurements from the device is used to detect a pos-
sible fault. There are several FDD methodologies and tools already
developed [17] based on FDD for the whole building sector and big
heating, ventilating and air conditioning (HVAC) equipment, however,
the household market has attracted less attention [18]. The main reas-
ons are that big HVAC equipment and whole building ventilation give
service to many users at the same time, therefore, the downtime of
the equipment could be translated into economic losses and is more
critical than for domestic installations. In the same line, FDD solu-
tions uses the equipment measurements to reach the diagnosis. These
measurements come from sensors installed in the equipment or addi-
tional sensors installed for the monitoring system. For big HVAC the
cost of installing additional sensors is smaller than the price of the
whole equipment, whereas for domestic heat pumps the cost impact
is bigger. Furthermore, variable speed compressors have became an
standard for heat pumps [19], nevertheless the FDD studies have been
mostly focused on the systems with fixed speed compressors [20].

In conclusion, to tackle the current climate emergency, heat pumps
will be used to substitute more pollutant solutions for domestic water
and space heating. Not enough attention has been given to the faults
that increase the energy consumption of domestic heat pumps. FDD
solutions are used to detect those faults but they have been oriented
to commercial buildings and big HVAC equipment. Therefore, the
development of FDD solutions for residential equipment takes more
relevance every year.
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1.2 Objectives of the thesis

The main objective of this doctoral thesis is the development of a fault
detection and diagnosis monitor to detect performance losses and to
diagnose faults in domestic heat pumps. The monitor will take into
account the current heat pumps technologies present in the residential
market, as variable speed compressors.

To achieve the main objective of the thesis, the following specific
objectives were set:

e To analyse the most common faults in domestic heat pumps so
the monitor could diagnose them.

e To investigate the different fault detection and diagnosis method-
ologies to select the most appropriated for developing the mon-
itor.

e To develop an FDD monitor with the aim of working with dif-
ferent models of variable speed heat pumps.

e To get the monitor to be able to detect in less than an hour the
presence of a fault that generates a degradation of 10% of the
COP.

e To validate the monitor in a real heat pump with a variable speed
COMpressor.

e To characterize the fault effects in a heat pump with variable
speed compressor and to provide the experimental data in an
open access format to the scientific community, aiming to in-
crease the scarce data available in this field.
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1.3 Framework and structure of the thesis

1.3.1 Framework

The thesis has been developed within the framework of the TRI-HP
project, a Horizon 2020 project from the European Union [21]. The
overall goal of the TRI-HP project is the development and demonstra-
tion of flexible energy-efficient and affordable trigeneration systems.
The systems will be based on electrically driven natural refrigerant
heat pumps coupled with renewable electricity generators (PV), us-
ing cold (ice slurry), heat and electricity storages to provide heating,
cooling and electricity to multi-family residential buildings with a self-
consumed renewable share of 80%.

TRI-HP systems include advanced controls, managing electricity,
heat and cold in a way that optimizes the performance of the system
and increases its reliability via failure self-detection. Three different
heat sources are being used: solar (with ice/water as storage medium),
ground and ambient air. The innovations proposed aim to reduce the
system cost by at least 10-15% compared to current heat pump tech-
nologies with equivalent energetic performances.

Two natural refrigerants with very low global warming potential,
propane and carbon dioxide, are used as working fluids for adapted
system architectures that specifically target the different heating and
cooling demands across Europe. The newly-developed systems will
find application in both new and refurbished multi-family buildings,
allowing to cover the major part of Europe’s building stock. The new
systems reduce GHG emissions by 75% compared to gas boilers and
air chillers.

The TRI-HP project provides the most appropriate knowledge and
technical solutions in order to cope with stakeholder’s needs, build-
ing demand characteristics, local regulations and social barriers. Two
system concepts were developed for two different combinations of heat
sources, i) dual ground/air source and ii) solar with ice-slurry as in-
termediate storage. These two concepts combined with the two heat
pump types developed (CO2 and propane) lead to three complete sys-
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tems (CO2-ice, propane-ice and propane-dual) that are being tested in
the laboratory.

Figure 1.3 shows the system test of the propane heat pump with
the solar source in heating mode. As can be seen, the slurry ice tank
is coupled with the Evaporator-Supercooler, which provides cooling to
the tank. The solar source is used to provide domestic hot water and
to melt the ice of the tank. The condenser is used to provide domestic
hot water and space heating. The system also includes an electric part
with PV-Modules, battery, appliances and the grid. The electric and
the thermal part will be controlled by the advanced control solutions.

SOLAR SOURCE HEATING DEMAND
Hot water
Space
‘_\_Dﬁ,_> heating
Condenser
slurry WATER TO WATER

PROPANE HEAT PUMP
Liquid water

vaporator-
Supercooler

Cooling

©Dema nd

FREE COOLING IF NECESSARY
(e.g. Supermarket food refrigeration) ELECTRICITY PRODUCTION/DEMAND

Figure 1.3: Concept of the propane heat pump with an ice slurry system
for the heating season.

In the framework of the TRI-HP project, the FDD monitor presen-
ted in this thesis has been developed to increase the reliability of the
systems with failure self-detection. Thus, both funding through the
project and a grant for the recruitment of new research staff (FI) of
the Generalitat de Catalunya, have provided the opportunity to de-
velop an FDD monitor and to test it in one of the developed heat pump
prototypes of the TRI-HP project.
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1.3.2 Structure of the thesis and methodology ap-
proach

Following this first introductory chapter, the remaining of the thesis is
structured as follows.

Chapter 2 describes the causes, the effects and the emulation of
faults on vapour compression systems. First, the incidence of faults
in-field is studied. Then, an analysis of the most common faults of
vapour compression systems is made, indicating the origin of the fault
and the effects on the equipment. Finally, the laboratory emulation
and virtual simulation of those faults are described.?

Chapter 3 focuses on the development of the FDD monitor. A re-
view of the existing literature is made to know the state of the art of
FDD. The monitor is composed of different modules that handle dif-
ferent functions of the solution. Each of these modules is described,
from their working fundaments to how they are applied. These devel-
opments are validated with simulation data. This data comes from a
TRNSYS model where the effects of faults are emulated with a fault
parametrization method developed for that purpose.

Chapter 4 reports the experimental testing of different faults in
a current variable speed heat pump. The methodology followed to
emulate the faults and the different levels tested are explained. The
effects of these faults on the equipment are analysed and compared
with the ones from the literature. 2

Chapter 5 relates the performance of the FDD monitor with the
experimental data from chapter 4. The performance of the different
modules is described and compared with results from the validation in
chapter 3.

IThe work of this chapter is embodied in the review: I.Bellanco, E.Fuentes,
M.Valles, J.Salom, ”A review of the fault behavior of heat pumps and meas-
urements, detection and diagnosis methods including virtual sensors”, Journal of
Building Engineering, vol.39, 2021. DOI: 10.1016/j.jobe.2021.102254

2These results are disseminated in the scientific article: I. Bellanco, F.Belio,
M.Valles, R.Gerber, J.Salom, ”Common fault effects on a natural refrigerant,
variable-speed heat pump”, International Journal of Refrigeration, vol.133, pp.259-
266,2022. DOI:10.1016/j.ijre-frig.2021.10.017
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Finally, Chapter 6 concludes the thesis with a summary of the
results and key points, giving an outlook to further developments.

Figure 1.4 shows the graphical representation of the methodology
followed throughout the thesis.
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CHAPTER 2

Faults on vapour compression
systems: causes, effects and
emulation
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2.1 Introduction

This chapter of the thesis tackles the study of the faults that affect
vapour compression systems. It starts with an analysis of the incid-
ence of faults on in-field equipment to know their occurrence. From
a literature research, the origin and the effects of common faults is
described, quantifying the effects on coefficient of performance (COP)
and capacity of several faults for different typologies of heat pumps.
The different techniques for reproducing the fault effects are evaluated,
considering laboratory emulation and virtual simulation approaches.
The acquired knowledge about different techniques used to reproduce
each fault is summarized, also giving the intensities of the faults used.
The information found in this chapter serves to define the faults that
the Fault Detection and Diagnosis (FDD) monitor should detect, and
the methodologies to reproduce them.

2.2 Fault incidence on in-field equipment

Despite the heat pump is a common equipment in European house-
holds, the data about fault incidence on in-field equipment is scarce.
The main source of this data are the private and manufacturers main-
tenance services. These services are usually requested when there is
a problem that compromises the comfort of the equipment owners.
These types of faults are known as “hard faults” [12] because the de-
mand cannot be covered nor the comfort conditions achieved. In some
cases, the fault found by those services could not be the actual root
of the problem. The origin of hard faults could be“soft faults” that
have not been repaired in time [22]. Soft faults decrease the efficiency
but allow the equipment to continue to cover the demand [12]. These
soft faults are not perceived by the user and are hard to detect for the
maintenance services.

The main source of knowledge about the incidence of faults in
field is the scientific literature. The maintenance services and the
manufacturers could count with statistic of faults on their equipment
but, these data are not usually available. Thus, the present review is
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based mainly on previous research published in scientific journal pa-
pers and conferences. From the literature, Breuker and Braun [12]
focused on the common faults of rooftop air conditioners. To this end,
they analysed a database from a service company with 6000 separ-
ate faults between 1989 and 1995. The faults that led to inadequate
building comfort, in decreasing order of occurrences, were: control er-
rors, electrical problems, refrigerant leaks, condenser-related faults, air
handling, evaporator-related faults, compressor problems, cooling wa-
ter loop problems, plugged filters, personnel error, expansion devices
and others that were not classified. However, motor failures were clas-
sified with associated equipment (e.g. faults in evaporator motor fans
are classified as evaporator related). Compressor faults were related to
electrical faults (short to ground and open windings), mechanical faults
(locked rotor and broken compressor internals) and compressor valve
leakage or other leakage paths. Another cause of early compressor fail-
ure was high compressor temperature, which may be caused by low
airflow in the condenser, liquid line restriction or a low refrigerant
charge. For the condenser, the faults were related to mechanical and
electrical problems in the fan and fouling of the condenser. The evap-
orator faults were fouling and coil rupture/damage. If the repair cost
is analysed, compressor, control and condenser faults were the most
expensive.

Brownell et al. [23] published a case study about a large refrigera-
tion system with control problems. They found different malfunctions
on the equipment that increase the energy consumption. Those mal-
functions were: plugged liquid line filter, low refrigerant charge and re-
frigeration system control not working properly. They concluded that,
besides the faults, changing the control system can significantly reduce
the operational cost of the device as the controller was not properly
tuned.

Ahn et al. [24] focused on the fouling of fin-and-tube indoor heat
exchangers of air conditioners. They collected operational data from
heat pumps installed in inns, offices and restaurants during their open-
ing hours. The cooling capacity and the indoor air quality were neg-
atively affected by the equipment ageing. The type and concentration
of pollutants and the structure of the heat exchanger influenced the
degree of fouling.
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Madani and Rocatello [25] examined the repair orders of Swedish
heat pump producers during the warranty period, focusing on four dif-
ferent types of heat pumps: Air-to-Air, Air-to-Water, Brine-to-Water
and Exhaust Air-to-Water. They concluded that control and electron-
ics, and temperature sensor faults were among the most common and
costly faults.

Those studies focused on the health status of in-field vapour com-
pression systems. However, they may not be representative of the
actual health status of the devices. Some of them [12][23] studied
equipment assembled before the year 2000. Since then, heat pump
production has changed dramatically, in particular, everything related
with electronics and controls, devices with thermostatic expansion
valve (TXV) or electronic expansion valve (EEV) and variable speed
compressors [26]. Madani and Rocatello’s study [25], despite being re-
latively recent, focuses only on repair orders during warranty periods.
So it can be assumed that the user had noticed a malfunction and
that most faults would be hard faults. Also, because it was limited
to the warranty period, faults due to the ageing of the components
were hardly represented. Therefore, it is necessary to have updated
information about the health status of compressions systems installed
in field.

2.3 Faults effects in vapour compression
systems

Besides in-field studies, the researchers have studied the causes and the
effects of the different faults emulating them under laboratory condi-
tions. Research into common faults and their detection is more prolific
for larger systems [18] such as air conditioning for buildings [27]. This
is because the cost impact of increasing the number of sensors in these
systems is considerably lower than for domestic units. Also, the cost
of repairing a fault and the economic impact of having the equipment
out of service on such systems are more significant [28]. Nevertheless,
although this section uses data of big heating or ventilation equipment,
some faults can be found in all vapour compression systems.
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Figure 2.1 shows an scheme of the refrigeration circuit of a water-
to-water heat pump working in heating mode.

Compressor

@ Tovapout @Pmion @Tm @ Pischarge

Evaporator :| '
M
‘ d Condenser
Space
Ground heating
source
- O Expansion

= Filter/dryer vave :|

Figure 2.1: Scheme of the different parts that compose a heat pump. In
that case, a water-to-water heat pump for space heating.

Heat pumps can provide heating, cooling and hot water with the
refrigeration cycle. In Figure 2.1, the evaporator is a heat exchanger
(outdoor heat exchanger) that transfers heating power with a ground
source. Water absorbs the heat from the ground and this heat is used to
boil the refrigerant. The compressor uses electrical energy to compress
the refrigerant to a high pressure, which leads to a rise in temperat-
ure. The condenser is another heat exchanger (indoor heat exchanger)
which releases the heat into the house heating system while the refri-
gerant condenses to liquid. The expansion valve lowers the pressure of
the refrigerant to enter into the evaporator. The filter/dryer located
in the liquid line (after the expansion valve) eliminates the debris and
moisture of the refrigerant, which can damage the heat pump. The
compressor could have fixed speed, working with an on-off behaviour,
or variable speed, adapting the frequency to the demand.

The main faults that could affect to a vapour compression system
are: outdoor heat exchanger fouling fault (OHXF'), outdoor unit mech-
anical component failure (OMC), indoor heat exchanger fouling fault
(IHXF), indoor unit mechanical component failure (IMC), compressor
or 4-way valve leakage (CVL), refrigerant overcharge (OC), refrigerant
undercharge (UC) and liquid line restriction (LL).

The key variables affected by those faults are:
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e the coefficient of performance (COP), which is the ratio between
the heating power provided and the electrical power consumption
of the compressor.

e the compressor power consumption (Wepmp)-

e the condensing temperature (7.,,4s) which depends on the dis-
charge line pressure (Pischarge)-

e the evaporation temperature (7,,,) which depends on the suc-
tion line pressure (Psyction)-

e the subcooling (T.) which is the difference between the temper-
ature at the condenser outlet (Tiond,out) and Teond.

e the superheating (7%,) which is the difference between the tem-
perature at the evaporator outlet (Tiyap.out) and Teyqp.

Table 2.1 lists the studies presented in the literature and shows
the comparison between the quantifiable effects on COP and thermal
capacity of these faults. All the studies emulated the faults under
laboratory conditions. The table only takes into account the references
that give a quantitative value of the effect, and for each fault, the value
showed is for a fault intensity level around 10%.

Sections from 2.3.1 to 2.3.9 describes the origin and the effect of
each fault. Because the effect of the faults depends on the type of heat
pump and whether the system is in cooling or heating mode, the de-
scription of the faults effects of this section has been done considering
an air-to-air heat pump working in cooling mode. With that hypo-
thesis, the outdoor part will be the condenser and the indoor will be
the evaporator.!

INote that the term outdoor and indoor here does not represent the actual
location of the heat exchanger. E.g. in a compact unit, there are no differences
in the the heat exchangers location; but there is a heat exchanger that exchanges
with the outdoor (air, borehole, etc.) and another that exchanges with the indoor
(household, office, etc.).
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Table 2.1: Summary of the quantifiable effects on thermal capacity and
COP of common faults for different types of heat pump. For changes be-
low 0.5% the parameter has been assumed to remain the same. Comp.:
compressor, FS: fixed speed, VS: variable speed.

Fault type Type of pump Comp. Mode Effect Ref.
OHXF Air-to-Air FS Cooling COP decreases 9%, Ca- [29]
pacity decreases 14%
Air-to-Water VS Heating COP decreases 0.77%  [30]
Air-to-Air FS Heating COP decreases 1.34%, [31]
Capacity remains
IMC Air-to-Air FS Cooling COP increases 33%, [29]
Capacity decreases
13%
IHXF Air-to-Water VS Heating COP remains [30]
Air-to-Air FS Heating COP and Capacity re- [31]
mains
CVL Air-to-Air FS Cooling COP decreases 15%, [29]
Capacity decreases
24%
Air-to-Air FS Heating COP decreases 4.4%, [31]
Capacity decreases
4.7%
oC Air-to-Air FS Cooling COP increases 22%, [29]
Capacity decreases
36%
Water-to-Water VS Cooling COP decreases 2%, Ca-  [32]
pacity remains
Water-to-Water VS Heating COP and Capacity re- [32]
mains
Air-to-Water VS Heating COP decreases 3.4% [30]
Air-to-Air FS Heating COP decreases 2.7%, [31]
Capacity increases
1.5%
ucC Air-to-Air FS Cooling COP increases 18%, [29]
Capacity decreases
29%
Water-to-Water VS Cooling COP decreases 4.6%, [32]
Capacity decreases
6.6%
Water-to-Water VS Heating COP decreases 10.6%, [32]
Capacity decreases
15.7%
Air-to-Water VS Heating COP increases 1.2% [30]
LL Air-to-Air FS Cooling COP increases 8%, Ca- [29]
pacity decreases 20%
Air-to-Air FS Heating COP and Capacity re- [31]

mains the same
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2.3.1 Outdoor heat exchanger fouling and outdoor
mechanical component failure: OHXF and

OMC

In real installations the outdoor unit is normally exposed to dirt, debris
and other components (fallen leaves) that can accumulate in the filters
or gaps in the heat exchanger. There are two types of fouling, one that
accumulates at the air inlet of the unit and the other that gets stuck in
the internal gaps of the heat exchanger. Both types of fouling reduce
the flow of the external stream (air or water). The first type can also
increase heat resistance.

Another fault that can affect the outdoor unit is the failure of mech-
anical components (OMC). The fan or pumps may not work correctly
due to a mechanical or a control problem. In this case, the main re-
percussion is the decrease in external stream.

In field studies, outdoor heat exchanger fouling fault (OHXF) does
not significantly affect indoor comfort levels [12]. Only 14% of outdoor
unit fouling faults have been found to reduce the comfort in the build-
ing [12]. This is supported by Mehrabi and Yuill [33], who show that
the fouling effect of field heat pumps had a nearly negligible effect on
performance (0.2% reduction) and capacity.

In the literature, to test the fouling fault, different authors repro-
duced this fault by blocking the air inlet [34, 31] or reducing the water
or air flow [30]. In the study on particulate fouling by Bell et al. [35],
the impact on coil heat transfer is small, and the main effect is an
increase in the air-side pressure drop . Therefore, the effects explained
below will consider only the reduction in air flow and not the increase
in heat resistance.

For the levels tested in the literature, the reduction in airflow in-
volves an increase in condensing temperature and pressure [36]. The
temperature of the discharge line in the compressor and condenser in-
let saturation temperature are higher [12, 37]. The COP of the unit
is lower, because the power consumption of the compressor increases
and the thermal capacity decreases [12, 36, 29, 38, 30].
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2.3.2 Indoor unit fouling and indoor mechanical
component failure: IHXF & IMC

Even though the indoor unit is not affected by the same type of dirt
and debris as the outdoor unit, it can be affected by fouling because
of particulates and fibres that create deposits that obstruct air circu-
lation or increase heat transfer resistance. These deposits can also act
as substrate for bacteria growth [24], which worsens the air quality.
As with the outdoor unit, the fans, pumps or controls of the indoor
unit can also have mechanical faults. For systems with fan-coils, the
functioning of the fan or the size of the duct can reduce the air flow
rate as well.

The fouling in air heat exchangers, could increase or reduce the heat
transfer of the device. Depending on the geometry of the exchanger,
the fouling could increase the air turbulence, which in turn increases
the heat transfer [39]. Therefore, as with the outdoor unit, from the
different repercussions of fouling, the reduction in external stream flow
rate is the one considered for the explanation below.

Low air flow in the evaporator decreases the saturation temperature
at the evaporator exit, while the air temperature drop in the evaporator
increases [12, 36, 37, 29]. This means that the sensible heat ratio (SHR)
decreases as well, which improves moisture removal [38]. This fault has
small effect on COP [31, 30].

2.3.3 Valve leakage: CVL

In the literature, the valve leakage fault refers to a leakage of refriger-
ant from the discharge line to the suction line. This leakage is normally
associated with the valves at the inlet (suction line) and outlet (dis-
charge line) of the compressor. These valve seals can break which, in
turn, leads to leakage. Leakage can be also found in the 4-way valve,
but because the consequences are the same, they are both classified in
the same group [40].

If the valve in the suction line is loose, when the compressor is in
the compression phase, high pressure refrigerant may enter the suction
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line. If the discharge valve is loose, when the compressor is in the
suction phase, high pressure refrigerant from the discharge line may
enter the compressor. For the 4-way valve, there is also a refrigerant
bypass between the suction and discharge line. Therefore, the high
pressure vapour enters the suction line, which decreases the mass flow
rate of refrigerant.

The refrigerant saturation temperature at the condenser inlet de-
creases while the saturation temperature at the evaporator exit in-
creases [29]. For heat pumps equipped with a thermostatic expansion
valve (TXV), the actuation of the valve decreases the mass flow rate in
response to the increase in the saturation temperature at the outlet of
the evaporator [36]. This fault increases the SHR and reduces capacity
and COP [12]. In some studies it has degraded COP up to 15% [31].

2.3.4 Non-condensable gas: NON

During the commissioning, before the refrigerant is charged, the circuit
must be purged to remove all the air and moisture inside. When the
vacuum pump does not work correctly, some air or moisture may re-
main in the system. The presence of non-condensable gases may raise
the system pressure, reducing the efficiency and even causing a TXV
malfunction.

Non-condensable gases settle in the condenser, so the condenser
pressure is increased by the partial pressure of the non-condensables
[37]. This decreases capacity and increases compressor power consump-
tion, and has been identified as the fault that has the largest impact
on system performance [22].

2.3.5 Refrigerant overcharge: OC

During the commissioning, the technical service may apply a higher
refrigerant charge than the specified by the manufacturer. This fault
increases the subcooling value [37] and degrades the COP [31, 30]. In
some cases, until a 20% of overcharge, it can increase the capacity of
the heat pump [38], but this may depend on the specific characteristics
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of each heat pump.

2.3.6 Refrigerant undercharge: UC

During the commissioning, the technical service may apply a lower
refrigerant charge than the specified by the manufacturer. Also, any
leakage of refrigerant may decrease refrigerant mass so the optimal
working point will be lost. In this case there will be a continuous loss
of refrigerant, so the fault intensity will increase over time whereas in
the first case, the fault intensity remains the same. Mehrabi and Yuill
[41] found that, for devices with TXV, when the level of undercharge
is below 20%, the effects are nearly negligible.

The features that are most sensitive to this fault are subcooling,
which decreases, and superheating that increases [32, 29]. For equip-
ment with variable speed compressor, the compressor frequency and
the refrigerant flow rate increases. As a consequence of the under-
charge, the equipment could not work with some outdoor conditions
that before the fault were part of the operating range of the equipment
(30].

Breuker and Braun [12] found that this fault has a greater effect
on thermal capacity than on COP for equipment with fixed oriffice
(FXO), but Du et al. [38] found that this was one of the faults that
most degraded COP in a heat pump with TXV.

2.3.7 Liquid line restriction: LL

Normally, a filter/dryer is installed in the liquid line to remove solid
particles and moisture from the refrigerant. These particles may enter
the circuit if the technical services do not follow good refrigerant char-
ging practices or if the material is rusty as a consequence of inefficient
tube joinery. This debris will clog the filter/dryer and increment the
refrigerant flow restriction.

As a consequence, there will be a reduction in refrigerant mass
flow rate, an increase in suction superheat and a reduction in cooling
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capacity [29, 31]. However, for devices with TXV, the fault effect is
negligible for fault levels below 10% [36, 37] and has a greater effect
on thermal capacity than COP [12].

2.3.8 Sensor error: SEN

All FDD methods use the measurement of different sensor of the equip-
ment as temperature or pressure to know the current state of the sys-
tem. These sensors are affected by ageing, which can lead to a loss
of accuracy [42]. For methods that use large quantities of sensor data
as data mining, the detection of a drift or bias in measurements is
especially important [43].

Sensor accuracy will affect not only FDD performance but also
the efficiency of the heat pump itself. If a faulty sensor is used for
the internal control of the device, the performance and the comfort of
the occupants can be affected [44]. Therefore, the sensors measuring
the heat pump or FDD operation must be checked to ensure they are
providing correct data.

2.3.9 Other errors

The errors explained above have been discussed frequently in the lit-
erature, but other errors are less frequent or do not occur in current
technology. Some of these faults are: compressor liquid ingestion [45],
expansion valve malfunction [46] and excess of oil in the refrigerant
circuit [47].

This has been a general description of the fault effects for an specific
typology of heat pump. However, as has been mentioned during the
section, the effects depends also on the architecture of the equipment.
For example, faults have much less effect on heat pumps equipped
with a TXV than pumps with fixed orifices as expansion devices [48].
The same occurs for systems with variable speed compressors [20].
Therefore, the faults presented could affect in a different way depending
on the compression system.
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2.4 Fault emulation on laboratory

Most of the knowledge about the fault effects mentioned before is ob-
tained through the emulation of faults in real equipment in a controlled
environment. In this section, more than fifteen research papers of the
different emulation techniques used in laboratory are analysed.

Table 2.2 shows a compilation of the different faults tested in real
equipment under laboratory conditions. For each fault, the methodo-
logy to emulate it is stated in the Emulation technique column. The
quantification column indicates how the fault level is determined.

Rossi et al. [49] wrote one of the first articles on reproducing faults
under laboratory conditions for an air-to-air conditioner. They emu-
lated condenser fouling, evaporator fouling, leaky compressor valves,
liquid line restriction and refrigerant leakage. These are the same faults
used by Breuker and Braun [12]. In both articles, condenser fouling
corresponds to the fault OHXF. This fault was reproduced by par-
tially blocking the finned area of the coils with paper. Evaporator
fouling (IHXF for that case) was reproduced by placing paper on the
air-side filter. Compressor or 4-way valve leakage (CVL) was emulated
by opening a hot gas bypass line controlled by a manual valve. Li-
quid line restriction (LL) was implemented by including a valve in the
liquid line to increase the pressure loss. Refrigerant leakage (UC for
that case) was reproduced by removing the charge from the refrigerant
circuit.

Chen and Braun [48] included non-condensable gas in the refri-
gerant circuit and refrigerant overcharge (OC). To emulate the non-
condensable gas in the refrigerant (NON) fault, a fixed quantity of dry
nitrogen was added to the refrigerant circuit. The OC was implemen-
ted by adding charge to the system.

Working with a water-to-water system, Comstock et al. [22] studied
reduced condenser water flow and reduced evaporator water flow, which
was reproduced by reducing the speed of the circulating pumps. Excess
oil and defective expansion valves were also emulated.
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Table 2.2: Summary of faults emulated under laboratory testing on real

equipment.
Fault Emulation Quantification Fault level Ref.
type  technique
OHXF Fan/pump speed % of air flow 10-50 [30, 50]
reduced reduced 30 [51]
Unspecified  [52]
Blocking the area % of area blocked — 14-39 [45]
of the heat 3-16 [53]
exchanger with 10-30 [31]
paper or 5-35 [40]
cardboard 10-40 [48]
OMC Attaching weights Unspecified Unspecified  [45]
to the fan to create
mechanical imbal-
ance
IHXF Fan/pump speed % of air flow 40 [51]
reduced reduced 10-30 [31]
6.82-27.28  [48]
10-50 [54]
Blocking the area % of area blocked ~ 10-100 [45]
of the heat ex- 5-31 [53]
changer with pa-
per or cardboard
IMC  Fan switched off [54]
IHXF Fan/pump speed 5-33 [40]
& reduced
IMC
CVL  Opening the hot % Reduction of 8-56 [53]
gas bypass valve a  refrigerant mass 4-19 [31]
specific amount flow rate 3-11 [40]
10-40 (48]
Unspecified — [45, 51,
52, 55]
NON  Adding dry % of the amount of  20-50 [40]
nitrogen to the nitrogen in the
refrigerant circuit  circuit at atmo-
spheric pressure
% of the total refri-  0.03-0.17 [48]

gerant mass

Continued on next page
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Table 2.2 — Continued from previous page

0C

ucC

LL

SEN

Others

Increasing the
refrigerant charge

Decreasing the
refrigerant charge

Partially closing
the needle valve on
the liquid line

Adding a bias to
the measurement
value of a sensor

Adding a drift to
the measurement
value of a sensor

Compressor
switched off
Expansion

malfunction

valve

Short cycling
Compressor liquid
ingestion

% of refrigerant
with respect to the
nominal amount

% of refrigerant
with respect to the
nominal amount

% of pressure drop
increased in liquid
line

0C added

°C/hour added

% of superheat
temperature  in-
creased

20

10-20

10

11-32

10-30

5-30
Unspecified
20

10-30

10-50

15

11-32

30-50

5-30
Unspecified
5-19

8-49

1-20
4.75-18.66
-4to4
-0.75 t0 0.75
1to8

0.5

-1.5to 1
Unspecified
-0.1 to 0.1

40-130
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Armstrong et al. [45] based their research of FDD on the variation
of the electrical current of a roof top unit (RTU). They tested some
of the above-mentioned faults and added mechanical imbalance of fans
and compressor liquid ingestion. Weights were placed on the tips of
the fan blades to create imbalance and the suction port of the semi-
hermetic compressor was injected with a mass of liquid to emulate
liquid ingestion.

Xiao [57] and Hou et al. [58] focused on sensor faults in HVAC
systems by applying bias in the measurement of critical sensors for
the operation of the equipment. Luo et al. [43] differentiated between
sensor bias, drift, precision degradation and complete failure.

Namdeo et al. [55] focused on valve leakages, but differentiated
between leakage at the suction or the discharge valve. In their study
with heat pumps, Kim et al. [40] implemented compressor valve leak-
age but also included as the same type of fault a leakage in the 4-way
valve. This is because the consequences of leakage at the compressor
valves or at the 4-way valves are the same (hot gas to the suction line).

Bonvini et al. [59] worked with a model of a real chiller plant and
considered a more general description of faults, such as higher energy
consumption than expected, a decrease in chiller efficiency or occluded
condenser water valves.

2.5 Simulation of faults with virtual mod-
els

The laboratory testing of real equipment is costly and time-consuming.
In some cases, the faults tested can permanently reduce the perform-
ance of the heat pump or even leave it inoperable. Models for heat
pumps and fault modelling represent a solution to those issues.

Fault modelling has increasingly being used to validate FDD tech-
niques under a variety of fault free and faulty conditions, including
concurrent fault occurrence [60]. Simulations can also provide greater
insight into the overall effect of faults on the operation of a system,
the interaction between concurrent faults, the energy consumption and
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thermal comfort of buildings [60].

Several studies have engaged in FDD by applying heat pump simu-
lations modelled with a grey-box and white-box approach [61, 62, 63].
A grey-box model mixes the use of experimental data and inverse mod-
elling to determine the values of parameters to generate the model [64].
A white-box model uses the knowledge of the physics of the system to
create the model based in its principles. The fault modelling methods
applied in the literature are summarized in Table 2.3.

For OHXF, IHXF, OMC and IMC faults, grey-box and white-
box models have been used to simulate the reduction of the air-flow.
Whereas grey-boxes are used to reduce the airflow only across the heat
exchanger [61, 62|, white-boxes consider the effect on the term UA,
which is the product of the overall heat transfer coefficient (U) and the
coil heat transfer surface area (A), when introducing a fouling factor
for IHXF and OHXF faults [63]. Additionally, white-box models simu-
late fouling by formulating the degradation of the UA factor [66] or by
modifying the log mean temperature difference (LMTD) term in the
heat transfer equation [67].

The CVL fault is commonly simulated by reducing the refrigerant
mass flow rate and the effect of mixing during suction on the refriger-
ant’s thermodynamic properties is also accounted for [61].

The LL fault is simulated with an additional pressure drop in the
liquid line [60, 61]. Even though some authors consider that for NON
fault, the non-condesables gases accumulates only within the condenser
[68], Cheung and Braun [61] assumed that it accumulates in the hot
gas line and the vapour section of the condenser. Therefore, the fault
is simulated by calculating the refrigerant and the non-condensable
partial pressure and then solving the rest of the heat pump model by
considering this influence [61].

Control sensor faults in HVAC systems are frequently modelled by
considering both positive and negative offset values, particularly on
readings of temperature sensors [67].
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Table 2.3: Summary of fault modelling techniques for heat pumps. Percent
values are defined with respect to fault free conditions. HX: heat exchanger.
Ry: fouling factor. UA: overall heat transfer coefficient times area.

Fault type Simulation technique Fault levels Ref.

OC & UC  Charge variation 70-130% (61, 62]

[HXF & Grey-box: Reduction of air flow 0-55%
OHXF air rate by increasing friction factor

side or reducing fan speed
White-boz:
1) Modelling of UA introducing - [63, 65]
Ry
2) Modeling UA degradation « € [0,1] [66]
with degradation coefficient «
3) Regressions on air-side effect- - [39]
ive heat transfer and air pres-
sure drop
4) Reduction of UA based on - [67]
changes in LMTD value

[HXF & White-box: [63]

OHXF same approaches 1) 2) and 4) of -
water-side air-side HX fouling

IMC & Reduction in fan speed - [66]
OMC Reduction in fan efficiency -
Change in fan performance -
curve
Change of pump performance - [60]
curve

LL Increase in pressure drop 0-3500% [61]
across liquid line

NON Change in partial and total 0-20% [61]
pressures

CVL Reduction of refrigerant mass 0-50% (61, 62]
flow
Effect of mixing on suction en-
thalpy

SEN Addition of offset + 05K [67]
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In most studies, the researchers used a deterministic approach with
fixed levels of faults, omitting the increasing degradation with time
that happens in real equipment. For example, for UC due to a leakage
of refrigerant, the fault level will increase with time, but the fault
is emulated at a fixed level or in increasing steps. Otto et al. [69]
proposed a stochastic method for studying the distribution of faults
by using a probability density function. However, there is a lack of
information on the evolution of those gradual faults and their incidence
on heat pump systems.

Another key fact is the occurrence of simultaneous faults. This
section has only considered isolated faults, however, other authors have
studied the option of simultaneous faults [53, 51, 70]. In some cases, the
effect of simultaneous faults could be additive [70]. Nevertheless, when
simultaneous faults happen in a heat pump, the effects could overlap,
hindering the diagnosis process. However, is difficult to stablish the
probability of which faults could happen simultaneously because of the
lack of in-field equipment data.

2.6 Conclusions

This chapter has put the focus on the description and occurrence of
faults. Despite there were studies about fault incidence of in-field
equipment, the literature was scarce and, in some cases, outdated.
However, an analysis of the incidence has been made to have informa-
tion about the general health status of in-field equipment.

Then, a thorough description of each common fault, how it occurs
and the repercussion was made. There could be different origins for
the same fault but the effect tends to be the same. However, the faults
effects could depend on the equipment typology and architecture.

There were several techniques for fault emulation, from the use of
real equipment to the simulation with virtual models. The use of real
equipment has been extensively used to study the faults effects. Des-
pite it requires of measurement and testing apparatus and the possib-
ility of breaking the tested equipment, the experimental emulation of
faults gave high valuable data about the repercussion of faults. Virtual
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simulation tackles some of the inconveniences of experimental testing
as the cost of an experimental campaign. However, the virtual mod-
els do not reflect completely the reality and could overlook the cross
influence of faults on other parts of the system.

The content of this chapter was an exhaustive state of the art review
that covered several aspects about which should be the faults targeted
by the FDD monitor and the expected effects. This review covered
the lack of updated revisions about the faults and their effects. In the
same way, this chapter was the base for elaborating the experimental
part of this thesis: the emulation of faults on a current heat pump.
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CHAPTER 3

Fault Detection and Diagnosis
monitor development
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3.1 Introduction

Fault Detection and Diagnosis (FDD) methodologies have been applied
to different systems to increase reliability, security or to improve the
maintenance actions. In the case of heating, ventilating and air condi-
tioning (HVAC) equipment, FDD has been extensively investigated in
the last three decades [71, 72], developing several FDD methodologies.

In this chapter, the state of the art of the FDD is reviewed in
order to choose the different methodologies that will compose the FDD
monitor. The development of the monitor is explained as well as the
different modules that form it. The monitor is then validated with
simulation data and the performance results are analysed.

3.2 State of the art of the fault detection
and diagnosis methodologies

In general, the objective of an FDD system is to detect anomalous
behaviour of the equipment, which can be associated with a fault, and
try to diagnose the cause.

FDD methodologies were first used for applications where safety
and money-saving are crucial as aeronautics or nuclear power plants
[20]. Then, they were spread to different types of systems. There
are several characteristics that are desirable for an FDD methodology.
Venkatasubramanian et al. [73] enumerated those characteristics as:

Speed: the fault should be detected and diagnosed quickly.

Isolability: the ability to distinguish between different faults.

Robustness: to be robust to the noise and uncertainties.

Novelty identifiability: when a novel unknown fault appears, it
is need to detect that a fault is happening and not misclassifying
it as a known malfunction.
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e Error estimate: the possibility of telling the user the classification
error or the confidence in the prediction.

e Adaptability: to be adaptable to new conditions or changes.

e Explanation facility: the algorithm should justify its results and
explain how it has reached the diagnosis so the operator could
act accordingly.

e Modelling requirements: the model complexity should be min-
imal for fast and easy deployment.

e Storage and computational requirements: they should be as low
as possible.

e Multiple fault identifiability: it is important to detect multiple
simultaneous faults but could be difficult because of the synergies
between the faults.

An FDD solution could be divided into different parts that Rogers et
al. [18] described as feature selection, steady-state detection, fault-free

modelling, fault detection and fault diagnosis. These parts could be
defined as:

e Feature selection is the decision of which measurements will be
used for detecting and diagnosing faults. The term feature is used
in FDD literature to express a measurement from the equipment
that can provide useful information for performing FDD. The
measurement can come directly from a sensor installed in the
system or indirectly as in the case of virtual sensors where an
indirect measurement is calculated or trained with the data from
a real sensor.

e The steady-state detection eliminates the noise and the outliers
of the data. This ensures that the incoming data does not cor-
respond to a transitory, which could confound the algorithm.

e Fault-free modelling is the generation of a reference model of the
equipment in a “healthy” state. The equipment is in healthy
state when there is no fault present.
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e Fault detection is the comparison between the measured data
and the one from the fault-free models. The mismatch between
them is a fault indicative.

e Fault diagnosis tells which is the occurring fault depending on
the features affected.

From these parts, the literature reviews have been focused on fault-
free modelling, fault detection and fault diagnosis, which are the most
distinctive part of the different FDD solutions. The steady-state detec-
tion is not always mandatory, as its goal is to increase the quality of the
incoming data, if the data has enough quality or low uncertainty, its
use could be unnecessary. The feature selection depends on the FDD
methodology or the sensors available and have not been considered
separately from the fault diagnosis or fault detection methodology in
FDD reviews. Therefore, the following state of the art is focused on
the fault-free modelling, detection and diagnosis.

The series of articles about the general process of FDD of Venkata-
subramanian et al. [73, 74, 75] gave an explanation of the different
FDD methods classified by the a priori knowledge about the system to
perform the FDD. This classification is adapted to building systems by
Katipamula and Brambley in two review articles [17, 76]. The first[17],
gave an accurate description of the use of FDD in systems such as refri-
gerators, air conditioners, heat pumps, chillers and air handling units
(AHU). Figure 3.1 shows the classification made by Katipmaula and
Brambley based on the type of knowledge used to perform the fault
diagnosis. This classification divides the FDD methodologies into three
main groups:

e Quantitative model-based methods, which use models obtained
from basic physical principles to perform the diagnosis.

e Qualitative model-based methods which rely less on the accuracy
of the data and uses ranges of values to extract qualitative values
(high, normal, low, etc.) from the features. This group consists
of methods based on a series of if-then-else rules (rule-based).

e Process history based methods which rely on the empirical rela-
tion between output and input data. This group is divided into
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two subgroups: black-box models , which do not need any know-
ledge about the process and perform the diagnosis through the
relationship between inputs and outputs of the system, and grey-
box models, which need some knowledge of the system studied.

Diagnostic
Methods

v v v
Quantitative Qualitative Process
Model-Based Model-Based History Based
Detailed Simplified Qualitative
Physical Physical Rule-Based Physics- Black-Box Gray-Box
Models Models Based
I I
v v v v v v
First- - Artificial Other Pattern
Expert - Limits and - .
Systems Principles Alarms Statistical Neural Recognitions
4 Based Networks Techniques

Figure 3.1: Classification of FDD based on the diagnosis methodology,
from Katipamula and Brambley. Adapted from“Review article: Methods
for fault detection, diagnostics, and prognostics for building systems—a
review, part [, S. Katipamula, M.R. Brambley, 2005, HVACE&R Research,
11. Copyright 2005 by the American Society of Heating, Refrigerating and
Air-Conditioning Engineers, Inc.

The second article [76] described the faults, measurement and FDD
methods used for each type of building system. The review by Ka-
tipamula and Brambley [17] is the basis for a later review by Kim and
Katipamula [77] of FDD for building systems, which focused on the
publication trends of each of the methods described in Katipamula’s
classification between 2005 and 2018. The main conclusion was that
process history-based methods were increasingly being used to perform
FDD. The main reasons for that increase were the higher process capa-
city of electronics and the fast deployment of black-box models because
they do not required specific knowledge about the process.

Zhao et al. [78] authored a review of artificial intelligence-based
FDD methods for buildings as an example of the increasing interest in
the area. Zhao et al. pointed out that there was a lack of articles about
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FDD methods that could detect both sensor and physical component
faults within the same solution.

For HVAC systems, the same increasing trend of using process
history-based methods was observed. Yu et al. [27] proposed in 2014
a new classification of methods that took into account new method-
ologies as shown in Figure 3.2. In this new classification, methods
as artificial neural networks (ANN) and principal component analysis
(PCA) are included under its own group.

Diagnostic
Methods

Knowledge-
Based
Methods

Data-Driven
Methods

Casual

Pattern
Analysis

Recognition

I —

‘ PCA ‘ ‘ QDA ‘

Signal Based
Approach

Pattern
classification

Expert
Systems

Fuzzy logic

‘ ANN

Shallow-
knowledge

Parity
Relations

Deep-

Machine
knowledge i

Observers
Learning

Figure 3.2: Classification of FDD based on the diagnosis methodology,
from Yu et al. Adapted from “A review of fault detection and diagnosis
methodologies on air-handling units”, Y. Yu, D. Woradechjumroen, D. Yu,
2014, Energy and Buildings, 82. Copyright 2014 by Elsevier B.V.

The methods classification of Yu et al. and Katipamula and Bramb-
ley are very similar. Both uses the diagnosis methodology to classify
the methods, but the one from Yu et al. is more specific and differen-
tiates better recent methodologies based on computation.

The same classification could be suitable for the description of the
methodology used for the generation of the fault-free models. In the
case of an FDD solution where the methodologies used for the fault-free
models and the fault diagnosis are different, they could be described
separately with Yu et al. classification.

There are different indicators used to characterize the performance
of the different FDD methods. Yuill and Braun [79] compare differ-
ent FDD methodologies using no response, the false alarm rate, the
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misdiagnosis rate and missed detection as indicators. Shi and O’Brien
[80] used a more statistical point of view, and identified the false posit-
ive rate (false alarm), false negative rate (missed detection), precision
(accuracy) and detection time as the parameters for validating FDD
performance. The issue is that there are few authors that use these
indicators to determine the performance of their FDD solutions. From
what was found in the literature research, the indicators Accuracy and
False Alarm Rate were the most used.

These indicators used the binary outcomes of the model. Taking
into account that a positive is a fault, and negative is no-fault, the
possible outcomes are:

e True positive: a point in the data that is positive (a fault) and
it was predicted as positive (fault detected).

e True negative: a data point that is negative (there is no fault)
and it was predicted as negative (no fault detected).

e False positive: a point in the data that is negative (there is no
fault) and it was predicted as positive (false alarm).

e False negative: a data point that is positive (a fault) and it was
predicted as negative (missed fault).

Taking into account that nomenclature, the accuracy represents the
fraction of correct fault warnings (True positive) with respect to the
total fault warnings given by the FDD system (True positive + False
Positive). This indicator is used when there is a fault present in the
system, because of this, True positive are used. The ideal value is
100%.

True positive

Accuracy = (3.1)

True positive + False Positive

False alarm rate (FAR) represents the fraction of erroneous fault
warnings (false alarms) with respect to the sum of non-faulty and er-
roneous detection by the FDD system. This indicator is used while
there is no fault present, because of this, the True Negatives (no fault
in the equipment) is used. The desired value is 0%.
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False Positive
FAR = 3.2
False Positive + True Negative (3:2)

From a literature research of the different FDD methodologies Table
3.1 summarizes and compares the different methods and their perform-
ance values. The category column indicates the main category of the
methodology, and the method column indicates the subcategory ac-
cording to Yu et al. classification ( Figure 3.2). For those cases, the
methodology for creating the no-fault models and the diagnosis is the
same. The device column specifies the equipment used. In the column
data, the source of data used (data from real equipment or from a
simulation) is stated. The number and type of sensors used to develop
the FDD method are specified. Then, the accuracy and FAR values
are given. This table quantifies the performance values of different
methodologies, indicating the system tested and the type of data used,
being helpful to select the most suitable FDD methodology for each
situation.
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Table 3.1: Performance comparison between different FDD methods. CH:
chiller, HP: heat pump, RTU: rooftop unit, MS: multi-split, Simu.:data from
simulation, No.Sens.: number of sensors, P: pressure sensor, T: temperature
sensor, m: air flow rate sensor, Accu.: Accuracy, FAR:false alarm rate and

“-”:Unspecified.
Category ~ Method Device Data No.Sens. Accu. FAR  Ref.
Knowledge- Machine HP Real  4T,3P 1.6%  [53]
based Learn- and 2m

ing
Analytical- Grey- HP Real  4-5T 5.3%  [54]
based box
Analytical- Black-  CH Real  7T,3P 93.0% [81]
based box
Knowledge- Machine RTU  Simu. - 35.0% [82]
based Learn-

ing
Knowledge- Machine RTU  Simu. - 55.0% [82]
based Learn-

ing
Knowledge- Machine RTU  Simu. - 15.0% [82]
based Learn-

ing
Knowledge- Machine MS Real 28T 94.0% [83]
based Learn-

ing
Knowledge- Machine MS Simu. 28T 80.6% [83]
based Learn-

ing

Despite some quantitative values were found, it is difficult to dir-
ectly compare the results of the different methods of Table 3.1 because
the faults emulated are not the same for each method. In some cases,
the authors have tested conditions quite different from those of the
training data, whereas others used data similar to the training phase,
so the performance values of the latter may be better. For these reas-
ons, there is a general lack of homogenization in the communication of
the results of FDD methods.
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3.3 Methodology selection

To select the most appropriated methodology to develop the FDD mon-
itor, it is needed to determine the key requirements of the solution to
develop. The main requirements of the current research were:

e Fast detection of coefficient of performance (COP) drift

Diagnose of different faults

Need of low computational resources

Flexible to work with different conditions

Small quantity of data required for training

One of the main limitations of the current development is the data
available for training. No data sets about faults in domestic heat
pumps were found, and despite a simulation model is used for the
first validation, the experimental tests with a real heat pump is lim-
ited in time. Therefore, the monitor have to achieve good results with
small quantity of data. This situation limits the number of possible
FDD methodologies. The methods that require high quantity of data
have been be discarded as the data-driven methods and pattern clas-
sification.

The use of first principle model was also discarded because it re-
quires a huge development effort and only works with the specific heat
pump for which was developed. To delimit the remaining options, the
literature trends [77] showed that Black-box, Grey-box and Expert
Systems are the most used.

Grey-box required some knowledge about the system thus, limiting
the flexibility to use the same solution for different heat pump types.
Black-box models are easy to develop and could be adapted to different
heat pumps. However, their results depend of the quantity of data
used for training. They could fail easily when new data that was not
take into account during training appears (for example, a novel fault).
Another limitation is that the process to find the solution in black-box
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is opaque, therefore, it is difficult to know how the solution has been
found and which parameter needs to be tune to optimize the solution.

Taking this into account, the solution for this thesis would count
with different methodologies for diagnosis and generation of fault-free
models. For generating the fault-free models, polynomial regressions
were selected as they required low computational resources and had
good results used for FDD [84]. As the fault data is the most limiting
factor, expert knowledge was selected for the fault diagnosis. Expert
knowledge uses a series of if-then-else conditions about the state of the
heat pump to determine the fault. It requires small quantity of data
for training and, in comparison with black-box models, the solution
process is transparent and can be followed and explained easily. It
relies on the knowledge of an expert about the equipment to diagnose
the fault. However, this characteristics makes that the results depend
on the knowledge about the system.

3.4 Monitor structure

3.4.1 General structure

To achieve the goals of the thesis, the FDD monitor was developed
with different parts as showed in Figure 3.3.

R I Regression
- Model
Training

—

CER
= Data from

sensors

0
° q Store data /-\ <

roup? A <

Steady-state Input ; Fault AFault )
detector nput space 1 detection Diagnosis
U and warning

Regression Fault
model monitoring
prediction

Figure 3.3: Scheme of the different parts that form the FDD monitor
developed.
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As explained in the last section, the use of an steady-state detector
(SSD) filters the data and increases the accuracy of the results. There-
fore, it was included to filter the data coming from the heat pump,
specially for the tests with real equipment. In the same section, poly-
nomial regressions were selected for the generation of fault-free models.
However, it is difficult to have a regression that represented all the op-
erational range of the equipment. Thus, based on the research of Heo
et al. [84], a module named Input Space was developed to increase
the efficiency of the solution and giving the capability of self-training
when new data appears.

When the regression models are trained, their results are compared
with the heat pump measurements to detect a possible fault. Finally,
based on which features and in which way are affected, the fault is
diagnosed based on expert knowledge. The following subsections de-
scribes the fundaments and the development of each of the parts of the
monitor.

3.4.2 Steady-state detector

During the operation of the equipment, there are moments of trans-
ition in which the no-fault model could have poor performance due to
non-linearities. These moments could be caused by changing condi-
tions such as the start or stop of the compressor, quick changes in the
compressor speed or outliers or noise in the measurements. The ob-
jective of the steady-state detector is to identify the stages in which the
heat pump is working at quasi steady-state conditions to use this data
for training and fault monitoring. The non-steady data is eliminated.

In FDD literature for HVAC, the SSD method most commonly used
is the one described by Kim et al. [85]. This process uses a moving
window to calculate the mean and the standard deviation. Figure 3.4
shows the process. The moving window takes a number of n values and
calculates the mean and the standard deviation of the window. Then,
takes in a new point while taking out the oldest one and calculates
those values. If the values of the windows are inside the range of
plus/minus three times the value of the standard deviations from the
mean, the point will be considered in steady-state.
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__________

Figure 3.4: Sliding window method. n is the size of the window and &
is the position of the data point. Adapted from “Design of a steady-state
detector for fault detection and diagnosis of a residential air conditioner”,
M. Kim, S. H. Yoon, P. A. Domanski, W.V. Payne, 2008, International
Journal of Refrigeration, 31. Copyright 2008 by the International Institute
of Refrigeration.

In the method proposed by Kim et al., the value of the standard
deviation is constant and is selected by analysing the data, searching
for a series of points in steady-state and using their standard deviation
as a reference. Therefore, to apply this methodology, a prior study
of the data is needed. To avoid the prior analysis and increase the
flexibility, a new approach was considered for the SSD in this thesis.

In statistics, a data series is considered in steady-state when the
slope of the mean and the variance are constant, and there is no sea-
sonality. A series has seasonality when the data experiences regular
and predictable changes that occur every time period. When real-time
data is used, sensor noise and variability due to variable speed opera-
tion leads to a non-constant value of the mean and variance. Because
of this, the quasi-stationarity is used, where a percentage of change is
allowed.

The key of the new SSD is to automatically search this allowed
change. Because of that, a structure of queued data windows are used.
First, the seasonality is discarded because of the short duration of each
window. Figure 3.5 shows a graphical representation of the process.
To know if the current point is in quasi-stationarity, the windows are
applied from this point and sliding to the previous ones. The first
window of n data points is defined. For this origin window called w,,
the mean (u) and the variance (o) are calculated. Equations 3.3 and
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3.4 shows the calculation of the mean and the variance for the first

window.
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Figure 3.5: Example of the SSD developed applied to a COP signal. a)
Series of data points (green). In yellow, the reference window (w,), in blue,
the queue of windows (w,—1, Wo—2 ...). b) Percentage values of y (blue)
normalized to the reference window mean (yellow). The green lines represent
the margin of allowed change. c) Percentage values of o (blue) normalized
to the reference window variance (yellow). The green lines represent the
margin of allowed change.

,u:a::% Z T; (3.3)
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o=y 3 @-z) (3.4)

n .
it=o0—n—+1

Then, the window slides to the previous data to calculate the mean
and variance of the preceding windows. This creates the queue of
windows, which length m depends on the incoming data frequency.
After a number of windows have been calculated, the values of the
variance and mean are divided by the ones of w, to know the percentage
change. If the values are inside a range of allowed change, the point
x, will be in steady state. Then, the following point is taken in, while
the oldest one is taken out, and the process starts again.

The allowed change was determined from experimental data of pre-
vious tests in IREC with variable and fixed speed heat pumps showed
in Table 3.2. The data comes from three different heat pumps: a water-
to-water fixed-speed heat pump working on heating mode (test 1) [86],
an air-to-water fixed-speed heat pump in cooling mode (test 2) and an
air-to-water variable speed heat pump working on cooling and heating
mode (test 3) [87]. A total of thirty-seven steady-state stages were
selected manually. For each of these conditions, the sliding window
method was applied, obtaining the mean and the variance difference
with respect to the original window, for the COP for each stage. In
Table 3.2 the averaged difference values of the stages are showed to
summarize the results. Different test of the SSD were made using
as allowed change the average mean difference from the tests, but it
was to restrictive detecting small quantities of steady-state point. Be-
cause of that, the maximum values of the mean difference was used.
The maximum difference values of the means obtained in each stage
was averaged and resulted in 0.24, which give good results for each of
the series. For the variance, using the maximum difference values of
the variance of the test was too big, detecting nearly all the points as
steady. Therefore, the variance difference of all the stages was averaged
resulting in 0.65, which give good results.
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Table 3.2: Averaged values of the mean (u) and variance (o) difference
with respect to original window of the COP of different experimental test
with heat pumps. w-w: water-to-water, a-w: air-to-water.

Test Stages Type Compressor Max pu o Max o

1 8 w-w  fix 0.08 0.64 0.14 2.40
2 8 a-w  fix 0.05 0.14 0.82 3.86
3 21 a-w  variable 0.06 0.12 0.71 3.07

Therefore, the allowed change from the original window (w,) was
0.24 and 0.65 for the mean and the variance respectively. Figure 3.6
shows the SSD applied to the signal of the variable speed heat pump of
the test number 3. The window size (n) was 12 and the queue length
(m) was 22.

SS detect
—COP

0 T T T T T T T T T

360 370 380 390 400 410 420 430 440 450 460
time (minutes)

Figure 3.6: SSD detector applied to the COP signal of the variable-speed
heat pump of test 3. When a steady-state is detected, the SS detect signal
have the same value as COP.
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3.4.3 Input Space

The majority of previous research on FDD systems for heat pumps
has been developed for fixed or limited conditions. Whereas in real
installations, the conditions are changing along the year and between
different locations. To be practical, the FDD solution should work at
different operation points.

In real installations, the data is changing during the year, therefore
the FDD solution must be prepared to adapt to those changes. A
proposal to adapt FDD to changing conditions is that of Heo et al. who
addressed the operation under dynamic conditions on their research
[84] about a self-training fault-free model. Their methodology follows
the next steps: first, they divide into groups the operational space
of the heat pump. This space is defined by the range of the driving
variables of the heat pump. For an air-to-air conditioner they selected
indoor and outdoor temperatures, and outdoor relative humidity as
the driving variables. These groups are shaped like cuboids. Then,
the data input is classified to a cuboid depending on the value of its
driving variables. Figure 3.7 represents the operational space defined
by the driving variables of Heo et al. Each star, represents the centre
of a cuboid.
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Figure 3.7: Three-dimensional representation of the Input Space of Heo
et al. The driving variables indoor and outdoor temperatures and outdoor
relative humidity, are the axis of the space. Each star represents a centre of
a cuboid. The Toutdoor is coloured to visualize the depth.

For each of those cuboids, a model of the heat pump was trained
using the cuboid data. If there were not enough data in a cuboid, it
could be trained when more data is available (self-train). Heo et al.
used the points near the centre of each cuboid, testing the training
with 100, 50, 25 10, 5 and 1 points for each centroid, having the best
results with 100 and 50 data points.

Based on that research, the input space of the FDD monitor was
developed. The driving variables defined for the Input Space are the

inputs of the regression models, that will be presented in the next
Section 3.4.4.

For the validation with a real water-to-water heat pump, the vari-
ables used were condenser inlet temperature (Tondin) and evaporator
inlet temperature (7yqpin) as showed in Figure 3.8. This figure rep-
resents the data of the fault-free tests at 10 kW and 12 kW loads.
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Figure 3.8: Representation of the two-dimension Input Space defined for
the validation with data from a real heat pump. The orange points represent
the steady-state data of the fault-free tests at 10 kW and 12 kW loads, and
the blue crosses represent the centroid of each of the regions of the space.

The Input Space generates an empty variable with the dimension
of the input space, which will be used to store the regression model of
each of the clusters.

3.4.4 Fault-free models

This part of the algorithm is dedicated to generate a model of the heat
pump on normal behaviour, when no fault is present. As explained
before, the selected methodology to develop the fault-free models was
polynomial regression.

A polynomial regression is included in the group of linear regres-
sions. Linear regressions make predictions by computing the weighted
sum of the input features plus a constant (intercept), as shown in
Equation 3.5.

g =00+ 61x1+ 020+ -+ 0,1, (3.5)

where ¢ is the predicted value, n is the number of features, x; is the
it feature value, 6; is the j model parameter and 6, is the intercept.
Linear regressions perform well when the relationship between the pre-
dicted value and the input features is linear, as shown in Figure 3.9a.
In the case of a non-linear series like the one shown in Figure 3.9b,
the linear regression could be adjusted to a polynomial regression. In
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that case, the equation to solve would be similar to Equation 3.6. For
polynomial regression, there are parameters that describe the relation-
ship between the different features (65 in the example). Note that the
coefficients are not squared, therefore, the statistical relation is still

linear.
N 2 2
U =0y + 0hz1 + Oszo + 0327 + 0425 + 052179 (3.6)
50 10
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40 o % ° 8 -
o® ° 7 A °
30 A . % 6 °
> PP d > 5 L)
20 A ° oge 4 ] " o
%
° 00 o 34 ° .. .:
w0 070 2 ® 'b.:'..io
.. 1 A
[ ]
0 0
0 5 10 15 20 -4 2 0 2 4
X
(a) (b)

Figure 3.9: Representation of linear regression for linear and non-linear
data. a)Linear regression (yellow) of a data series (blue) with a linear beha-
viour b) Linear regression (yellow) of a data series (blue) with a polynomial
behaviour.

The regression searches for the set of parameters (f) that min-
imizes the error, typically the root-mean-square error (RMSE). The
algorithm recursively searches for this minimum, optimizing the res-
ult. Stochastic gradient descent regression (SGDR) from the sklearn
library for Python was used as method to optimize the results. This
type of optimization picks random solutions to converge to the min-
imum error, reducing the calculation time and avoiding local minimum
solutions.

The predicted value (y) could be found with one or multiple fea-
tures (x1,z5...). These features, also called independent variables,
are selected from the driving variables of the equipment.

In the case of Heo et al. [84], the driving variables were indoor and
outdoor temperatures and outdoor relative humidity for an air-to-air
fixed capacity heat pump. Wang et al. [88] developed an FDD for a
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water-to-water chiller system, where they selected chiller water supply
and entering condenser water temperatures, and cooling load as the
driving variables for their regression method. Li and Braun [89] studied
the decoupling of features and the use of virtual sensors, where they
stated that the driving variables of a fixed speed compression system
are the condenser inlet air temperature, the evaporator air temperature
and relative humidity. Therefore the selection of the driving variables
depends on the heat pump type, but in general, they must represent
the environment and not the internal condition of the heat pump.

For the first validation with simulation data, the model of an air-
to-water heat pump was used as it is explained in Section 3.5.1. The
independent variables selected were outdoor temperature (7,,), the
condenser outlet temperature (7.ongout) and the compressor frequency
(f) to represent the behaviour of the variable speed compressor. The
polynomial equation selected was a third degree equation based on the
research of Heo et al. [84], showed in Equation 3.7.

Z) :‘90 + HlTamb + ‘92f + 03Tcond,out + 94szb + 95f2 + eﬁTzond,out—i_
97Tambf + 98Tamchond,0ut + 99chond,0ut + eloszb + 911f3+
012T§0nd,out + 913Tambfrcond,out + 814T§mbf + QIBszchond,out+

elﬁfQTamb + 917f2Tcond,out + 918Tgond7outTamb + 919T20nd,outf
(3.7)

For the experimental campaign with the real heat pump, the driving
variables were changed to condenser outlet inlet temperature (Ttond,in)
and evaporator inlet temperature (Tyepin) for being of a water-to-
water type. The compressor frequency was not used because the faults
altered the compressor speed, making impossible the fault detection
as explained with more detail in Section 5.3. The Equation 3.8 was
still used, changing the corresponding variables and making zero the
f term, resulting in Equation 3.8 .

Q :‘90 + elTevap,in + 92Tcond,in + 93Tgvap,in + 64Tgond7in+
‘95Tevap,inTcond,in + 96T3 + 97T§ond,in+ (38)

evap,in

2 2
08 Tevap,inTCOHdJn + echond,inTeVﬂP,in
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Those equations could be optimized by looking at the significance
of each term and eliminating the irrelevant ones. However, as the time
needed to solve the regression model is less than 5 seconds, there were
no specific necessity of eliminating terms.

Once the regression model is trained, feeding it the driving variables
will produce the expected feature at fault-free conditions. The fault-
free models are generated for the features: COP, compressor power
consumption (Wepmp), heat duty (Qpeqt), subcooling (T%.), superheat-
ing (Tsp), evaporation temperature (7.,q,), condensing temperature
(Trona), compressor outlet temperature (T,,), liquid line temperature
(T;;) and refrigerant mass flow (m,.). However, the main indicative of
a fault is the COP.

An error margin was applied to the result of the regression to ac-
count for the uncertainty of the prediction. The margin used was two
times the maximum RMSE obtained during the regression training.
When the residual between the measurement and the prediction is
outside the margin, it is indicative of a possible fault.

3.4.5 Fault detection

The deviation between the prediction and the real measurement could
be a fault indicative. However, this difference could be caused by
measurement noise or other outliers in the data. To avoid that, the
difference should be maintained in time to ensure the consistency.

The objective of the fault detection module is to look for a main-
tained fault indication to minimise the possibility of false alarms. The
module receives a boolean variable from the regressions analysis that
indicates when the residual of the COP is outside the prediction mar-
gin. The module starts counting and accumulating the number of
efficiency drift events for a predefined time. After this period, if the
number of measurements presenting a fault represents more than 80%
of the samples taken, a warning flag is triggered. This warning flag
indicates that there is a consistent efficiency loss in the heat pump.
When the fault ratio does not reach 80% during the predefined time,
the module resets the drift count to zero until the next COP drift is
detected.
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Figure 3.10 shows an example of the operation of the warning mod-
ule for a data series with 60 seconds sample time and 30 minutes of drift
count. The boolean COP flag is zero when the COP is within normal
levels and 1 when there is a drift beyond the allowed threshold. When
a drift is detected, drift events are added up and the variable Fault
number increases during the 30 minutes period. Only when the fault
ratio (number of drift counts with respect to total samples) is above
the specified minimum value (i.e. 80%), the warning flag is triggered.
Once a warning signal is raised, the algorithm requests the diagnosis
module to identify the fault.

—— COP flag Warning flag

—— Fault number Fault ratio
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Figure 3.10: Fault monitoring results for an example series with 1 minute
frequency and 30 minutes of monitoring. A warning is raised when the fault
ratio is above 80%.

For the validation with simulated data, the deviation had to be
present 80% in a 50 minutes window, while for experimental data it
was 10 minutes. This is because the frequency of data was 10 minutes
in the first case and 10 seconds for the last one.

3.4.6 Diagnosis

When there is a consistent efficiency drift, the fault diagnosis module
isolates the cause of the fault. The diagnosis methodology used was
expert knowledge. Using the knowledge about the fault effects on
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different features the fault could be diagnosed.

In Section 3.5.2, a research about the trends of different features
when a fault occurs is made. From that research, the diagnosis table
showed in Figure 3.11 was created to determine the fault taking into
account increasing or decreasing trends of different features. This table
was the summary of a literature research about the effects of the differ-
ent faults. Additionally, the results of a water-to-water, variable speed
heat pump virtual model made in the Dymola software, which will be
presented in Section 3.5.2, were included to made the diagnosis table.

Ezﬁrtu e cop Wcomp Qheat Tsc Tsh Tevap Tcond Tco TII me Fault code
_ 4 (a-w)
ue L RN I 2 I e I A | -155-1151
- o N R X I N B 4 | 155155-1
= (w-w)
(LSS 20 T R = | [V [ 0155151
IHXF N R 1 5551155
OHXF | & | T | = N N 55-15155
LL v =T N -1155515

Figure 3.11: Fault diagnosis chart. The arrows facing up or down means
increasing or decreasing trend, respectively, and the equals means that the
feature does not change. For T¢yqp, the trend depends if its an air-to-water
(a-w) or water-to-water (w-w) heat pump. Each of the faults has a code
based on the tendency of the features starting in T, and ending in m,. (-1:
decreasing, 1: increasing, 0: equals and 5:not relevant).

The features selected to determine the faults were the COP, W oy,
Qheats Tse, Tshy Tevapy Teond, Teo, Ty and m,.. For each of these features
a fault-free model was trained.

After a warning fault is triggered with the COP signal, the dia-
gnosis module gives a value to the trend of the features. The values
assigned are -1 if the feature value is decreasing in comparison to no-
fault behaviour, +1 if is increasing and 0 if it is within no-fault limits.
If the feature is not relevant for the fault, it will be scored with a value
of 5, so the algorithm does not look at that trend. This is translated
into a code of numbers that describe the trend of each feature. When
this code matches any of the fault codes, the diagnosis is completed.

61



UNIVERSITAT ROVIRA I VIRGILI
AUTOMATIC FAULT DETECTION IN DOMESTIC HEAT PUMPS
Ivan Bellanco Bellanco

However, it is possible that temporarily the FDD monitor detects an
efficiency drift but cannot provide a diagnosis (all the features are not
completely affected yet) or there is a novel fault not known before (no
match with any fault code). In that case, a warning of a fault will be
triggered because of the COP drift but without information about the
diagnosis.

3.5 Validation with model data

3.5.1 Model description

Before the tests with a real heat pump in the laboratory, the FDD mon-
itor was validated with virtual data. A TRNSY'S simulation model of a
domestic installation with a heat pump was developed for that purpose.
Figure 3.12 shows the TRNSYS project of the domestic installation.
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Figure 3.12: Scheme of the TRNSYS project to simulate a variable-speed
heat pump within a domestic system.

The installation counted with an air-to-water heat pump model
with variable speed compressor. The heat pump model is composed of
sub-models for the different internal components, as Table 3.3 shows.
The purpose of the model is to cover the heating load of a lumped

capacity building model by regulating the heat pump compressor fre-
quency.
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Table 3.3: Variable speed heat pump TRNSYS model components spe-
cifications.
TRNSYS Description Parameters
type
660 Simple Lumped Ca- Capacitance: 24000 kJ/K
pacitance  Multi-Zone Heat loss coefficient: 1000 kJ/(h K)
Building
14 Winter/summer room Winter set point: 17 °C (night),
set point schedule 20 °C (day)
Summer set point: 26 °C (night),
24 °C (day)
Deadband: 1 °C
108 Five-stage Room Ther- Dead band: 1 °C
mostat
15 Weather Data Processor Climate: Madrid Meteonorm
22 Iterative feedback con- Set point: room temperature
troller
855 Condenser Subcooling: 5 °C
Water supply temp: 45 °C
856 Evaporator Pinch point temp. diff.: 10 °C
Pressure drop: 20 kPa
Air flow: 6192 kg/h
Superheating: 5 °C
854 Isenthalpic valve Outlet pressure: evaporation
851 Compressor Motor power: 2.76 kW
Mechanical efficiency: 0.99
Number of poles: 2
857 Coolprop refrigerant Refrigerant: R407C
properties

The compressor model calculates the mass flow of refrigerant us-
ing the volumetric efficiency and compressor speed, which is externally
regulated with an iterative feedback controller model. The enthalpy
of the refrigerant at the suction line is obtained from the refrigerant
properties library Coolprop. The discharge enthalpy is calculated from
the refrigerant flow, the suction enthalpy and the work delivered to the
refrigerant during compression, while the discharge pressure is assumed
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to be equal to the condensation pressure and calculated using the Cool-
prop library. The discharge temperature is then calculated with the
thermodynamics database library, using the discharge enthalpy and
pressure.

The condenser model considered is a heat exchanger that calculates
the heat transfer and refrigerant outlet properties from the inlet prop-
erties of the refrigerant, the condensing pressure and the subcooling.
The condensing pressure is calculated at the average temperature of
the condenser, considering a water supply temperature of 45°C and
a logarithmic mean temperature difference of 10°C. The evaporator
is a heat exchanger model that calculates the heat transfer with the
input of the inlet refrigerant properties and the desired enthalpy at
the exit of the evaporator, which is calculated considering the satura-
tion pressure and the evaporator outlet temperature. The evaporation
temperature is calculated considering the external air temperature, as-
suming a logarithmic mean temperature difference of 10°C across the
heat exchanger [90]. The expansion valve model calculates the refri-
gerant outlet properties with the input of the inlet refrigerant data and
the desired outlet pressure, which is assumed to be equal to the evap-

orating pressure. Figure 3.13 shows the evolution of different variables
for the TRNSYS model.
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Figure 3.13: Evolution of features under fault free conditions as obtained
with variable speed heat pump TRNSYS model. Tamb: ambient temper-
ature, Twihx1: return water temperature of the indoor heat exchanger,
Twihx2: supply water temperature of the indoor heat exchanger, Wcomp:
compressor power consumption, Qheat: thermal power supplied, Troom:
indoor temperature, fcomp: compressor frequency, Tll: liquid line temper-
ature, Tcond: condensing temperature, Tevap: evaporation temperature,
Tci: compressor inlet temperature, Tco: compressor outlet temperature,
Pci: compressor inlet pressure, Pco: compressor outlet pressure and mr:
refrigerant mass flow.

With this heat pump model, the normal behaviour of the heat pump
could be simulated. However, the model was not complex enough to
simulate faults or their expected effects. Because of this, a series of
equations were developed to parametrize the expected effects of faults
with time, as explained in the next Section 3.5.2. The TRNSYS model
was run to obtain the data of the year. With a Python script, this
data was readded, then the parametrization equations were applied
obtaining the fault data and then stored in a file to be used for the
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validation.

3.5.2 Fault parametrization

The data of faulty heat pumps is scarce, being the data of variable
speed heat pumps (VSHP) even more scarce. To validate the al-
gorithm, a series of equations were developed to parametrize the ex-
pected effects of different faults along the operation time.

Methodology

Mehrabi and Yuill [41] made a parametrization study from different
articles about condenser fouling and refrigerant charge faults. They
used the indicator fault impact ratio (FIR) showed in Equation 3.9 to
normalize the fault effects of different studies.

feat aulte
FIRfeature = Al Ctaulted (39)

featurefaultffree

Then, they fitted this data in a second order polynomial regression as
showed in Equation 3.10.

FIRfeature =ag + aleIfault + aZFI?ault, (310)

where ag, a; and ay are empirical coefficients obtained from fitting the
polynomial regression to the data and FI is the fault intensity level
which quantifies the fault severity. The calculation of FI is different
for each fault and is detailed later in this section.

Using the same methodology, in this thesis, the data from the stud-
ies of Mehrabi and Yuill [91], Noél et al. [30], Cheung and Braun [92]
and Kim et al. [93] was used to parametrize their fault effects as in
Equation 3.10. Additionally, the data from a simulation of a Dymola
model of a heat pump was also used.

Dymola model

A model of a variable-speed, water-to-water, propane heat pump was
developed in the Dymola simulation environment. The model was
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based on TIL 3.6 library and fluid properties were provided by the
TILMedia 3.6 library [94]. The compressor model for mass flow and
power consumption was based on a correlation obtained from Cope-
land scroll compressors manufacturer’s data that was dependent on
the evaporation and condensing temperature and the compressor fre-
quency. The frequency was controlled in the model to reach the re-
quired heating capacity. The heat exchangers were modelled using a
detailed approach based on the design and geometry of selected com-
mercial heat exchangers from the ALFA LAVAL brand. The heat
transfer coefficients were selected based on typical literature values,
being 5000 W/m?K and 2000 W/m?K for propane and water, respect-
ively. The expansion valve model was simulated as an orifice with
adjustable opening that regulates the flow of propane through the evap-
orator to attain a given superheating and avoid any liquid entering the
compressor. The model also counts with a refrigerant tank to adjust
the refrigerant volume.

Simulations with the propane heat pump were performed in space
heating mode and steady-state conditions by keeping constant water
temperatures at the inlet of the heat exchangers. Simulations were
conducted with inlet and outlet temperatures of 47/55 °C and 30/35 °C
in the condenser and 12/9 °C in the evaporator.

The Dymola simulation model allowed to induce faults in the sys-
tem. However, the model could only simulate static points. Because
dynamic change of conditions were not possible, it was not used to
directly validate the FDD but to generate the parametrization equa-
tions. Different fault severity levels were included for each of the faults
considered [60].

The faults related to the charge were simulated by varying the re-
frigerant mass in the circuit with respect to the nominal conditions.
Analogously, the liquid line fault was simulated by increasing the pres-
sure drop in the liquid line with respect to normal operation. The
compressor leakage was reproduced by circulating a fraction of the re-
frigerant flow to the inlet of the compressor, which also affects the re-
frigerant enthalpy at the compressor inlet. The heat transfer reduction
in the heat exchangers was simulated with a reduction of the convect-
ive heat transfer coefficient. Table 3.4 shows the simulated faults and
their intensity.
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Table 3.4: Simulated fault intensity minimum and maximum levels in
percentage of the fault-free conditions (FI(%)) and normalized quantified
values (Fgqu) for the DYMOLA model.

Fault  Simulation method FI(%) Fltou

type

ucC Excess of refrigerant charge -30, -10 -0.3, -0.1

oC Defective refrigerant charge 10, 30 0.1, 0.3

CVL Recirculation of refrigerant 10,50 -0.1, -0.5
in compressor

IHX Reduction of heat transfer 10, 50 -0.008, -
coefficient 0.065

OHX  Reduction of heat transfer 10, 50 -0.13,-0.36
coefficient

LL Increase of liquid line pres- 15, 3600 0.2, 48.2
sure drop

The FI levels applied in the simulations are normalized with respect
to the nominal fault-free values using the definitions by [79], given as:

My fault — Mr_fault—free

Flyc,oc = S (3.11)
r_fault—free
V ault — v ault—free
Flinx, ox—air = L l\t/ fanle—t (3.12)
fault—free
AP
Flip, = ot (3.13)

APfault —free

My fault — My _fault—free

Flovy, = (3.14)

My _fault—free

where m,_gqu is the propane charge for faulty conditions, m,_feuit— free
is the nominal propane charge, Vf,wlt is the fluid mass flow for the
current fault level, Vfault, free 1s the fluid flow for the no-fault condi-
tion, APjqu represents the liquid line pressure drop with the fault,
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APrauii—free the liquid line pressure drop without the fault, 1, fqu is
the refrigerant mass flow for the fault condition and 1, _fquit— free is the
refrigerant mass flow when no fault is present.

Parametrizing equations

The results from the Dymola model, together with the ones from the
literature [91, 30, 92, 93] are used to parametrize the fault effects.
Table 3.5 shows the results of the characterization of fault data from
the literature and the model for different features of the heat pump.
Each feature could have an increasing or decreasing trend depending
on the effect of the fault.

Table 3.5: Parametrizations of FIR for features in VSHP units. “+7:

indicates an increasing trend, “-”: indicates a decreasing trend.

Fault Feature Trend a0 al a2 Reference
Weomp + 0.9947 -0.0355 0.3627  Dymola sim., heating, water-to-water, TXV

Tse - -0.30683 19.07352 4.37692 [91], heating, air-to-air, TXV

ue Tevap - 0.0623 2.9257 -0.1663  [30], VSHP heating, EEV
Teo + -0.4546  3.34 35.86 Dymola sim., heating, water-to-water, TXV
mr + 1.0018 -0.2015  0.0681  Dymola sim., heating, water-to-water, TXV
Teond - -0.64 27.527 35.975  [30], heating, air-to-water, EEV
Weomp + 0.9947 -0.0355  0.3627  Dymola sim., heating, water-to-water, TXV
Ty + -0.30683 19.07352 4.37692 [91], heating, air-to-air, TXV

oC mr - 1.0018 -0.2015  0.0681  Dymola sim., heating, water-to-water, TXV
Tevap + 0.0623 2.9257 -0.1663  [30], heating, air-to-water, EEV
Teo + -0.4546  3.34 35.86 Dymola sim., heating, water-to-water, TXV
Teona + -0.0133  2.5639 28.339  Dymola sim., heating, water-to-water, TXV
COP - 0.9934  0.1253 -0.4793  [92], heating,air-to-water, EEV

LL Ty - 1.2102  -46.944  29.121  [92], heating,air-to-water, EEV
Ty + 0.5397  -16.438  49.951  adapted from [93], cooling, air-to-air, EEV
T + 0.5397  -16.438  49.951  [92], heating,air-to-water, EEV
Weomp + 0.9993 -0.0107  0.1786  [30], heating, air-to-water, EEV
Tse + 0.0365  -4.6288  5.8446  [30], heating, air-to-water, EEV

IHXF  Teona + 0.01 -2.7512 3.6204  Dymola sim., heating, water-to-water, TXV
T, + 0.0156 -3.9179 5.469 Dymola sim., heating, water-to-water, TXV
Weomp + 1.0044  0.1989 0.6576  [30], heating, air-to-water, EEV
Ty - 0.0818 4.5071 6.5839  [30], heating, air-to-water, EEV

OHXF T, + -0.0189  14.344 48.259  Dymola sim., heating, water-to-water, TXV
Teond + 0.1225 4.1881 13.36 [30], heating, air-to-water, EEV
Ten + -0.0337  12.604 19.567  Dymola sim., heating, water-to-water, TXV
Tevap - -0.0529  -1.3615  -11.473 [30], heating, air-to-water, EEV
Weomp + 1.0004 -0.7086  0.2482  Dymola sim., heating, water-to-water, TXV

CVL mr - 0.9999 0.2595 -0.0863 Dymola sim., heating, water-to-water, TXV
Ty + 0.0675 -42.47 27.29 Dymola sim., heating, water-to-water, TXV
Teo + 0.0637 -33.42 31.794  Dymola sim., heating, water-to-water, TXV
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The criteria used for selecting the fault parametrization equations
are the following:

e parametrizations are proposed only for those features whose trend
is common between diverse VSHP studies

e parametrizations from experimental studies that have been shown
to be valid for different technologies are adopted

e when parametrizations valid for different technologies are not
available, the adopted ones were those obtained from the air-to-
water VSHP study by Noel et al. [30].

e when no parametrization was available for VSHP air-to-water
units, the parametrization were derived using the results from
the water-to-water heat pump model Dymola simulations, as-
suming that a common behaviour is expected between VSHP
units of different kind. This hypothesis is to be proved with
further experimentation.

Some faults like refrigerant leakage or liquid line restriction do not ap-
pear suddenly, and their effect worsens with time. Taking into account
this, the fault intensity parametrization in Equation 3.10 were expan-
ded to include a linear time degradation term specific for each fault
type as:

fwff%feamnf(t):: a0-+»a1(b0-+-b1t)fauﬁ +—a2(b0 +-b1t>?au” (3.15)

where by and b; are empirical coefficients that define the variation
of the fault intensity in time and ¢ is time in hours. Taking into account
the information of Sections 2.2 and 2.3 about the incidence of faults
and its effects , Table 3.6 shows a conservative value of degradation
considered and the coefficients obtained for different faults.
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Table 3.6: Parametrizations to estimate the time evolution of fault intens-

ity (FI).

Fault b0 bl Degradation

CVL 1.2E-17 -4.00E-6 3.5% refrigerant flow leakage per

year

ucC -0.00238 1.33E-05 10% refrigerant mass loss per year
IHXF, 0.0084 -1.00E-05 8% reduction of water or air flow
OHXF per year

LL 0.00238 -1.33E-05 10% increase of pressure in liquid

line per year

Applying Equation 3.15 and the data from Table 3.5 and 3.6 to the
healthy data from the TRNSYS model explained at the beginning of
Section 3.5.1, faulty data was obtained to do a preliminary validation
of the FDD monitor developed. Figures 3.14 and 3.15 show the FIR
on different features for UC and IHXF, respectively.

— FIRTco —— FIR Tcond —— FIRCOP —— FIR Wcomp
—— FIRTevap FIR Tsc —— FIRmr

e

o = —

- - o
o = e
z o € 1.00 gﬁ{__‘\

o 250 500 750 1000 1250 1500 1750 0 250 500 750 1000 1250 1500 1750
Time (days) Time (days)

(a) (b)

Figure 3.14: Modelled fault impact ratios for different features during 5
years: UC fault.
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Figure 3.15: Modelled fault impact ratios for different features during 5
years: THXF fault.

3.5.3 Validation results

Steady-state detector

For the validation of steady-state detection algorithm, it was necessary
to define the variable or variables that determine when the system is
in steady-state.

The compressor speed regulation poses an additional challenge to
the detection of steady-state operation in VSHP, because of the higher
variability in the operation variables which results from frequency regu-
lation. To work correctly with the step time of 10 minutes, the window
size and queue length of the SSD were changed to 3 and 6, respectively.

Based on the same principle as Kim et al. [93], a method based
on performance variables was adopted in the present study to detect
quasi-steady state periods. Of the different features considered, COP is
the operation variable indicating whether there is a possible efficiency
loss. Because of this, COP was selected as one possible candidate
to determine steadiness. Along with the COP, compressor electrical
consumption (Weom,) and thermal power (Qpeqr) Were chosen as key
performance variables to detect quasi-steady state.

Figure 3.16 shows the application of the SSD to COP, Wy, and
Qnear for the same period of time of the TRNSYS simulation. Each
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data point represents 10 minutes. When Qpeqt is in steady-state, Weomp
and COP were also on steady-state. Therefore, in this case, Qpeqr Was
selected as the main indicator of steady-state conditions because being
the most restrictive.
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Figure 3.16: SSD applied to different features of the TRNSYS model. The
time between data points is 10 minutes. The SSD detected series takes the
same value as the feature when steady-state is detected.

The performance of the steady-state detector was robust, meaning
that all the points detected were far from the heat pump start periods.
However, because of the fluctuation of operation variables resulting
from frequency regulation, some steady-state phases are not detected
by the algorithm. This could be solved but at the cost of increasing
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the number of false positives. However, this configuration was selected
to improve the quality of the data sent to the regression models and
reduce the false positives.

In Figure 3.17 there is an example of the SSD used with the TRNSY'S
data. The SSD detected series have the same value as the COP series
when steady-state in Qpeqs is detected. As shown, the detector iden-
tified correctly the steady-state points. Because Qpeqot Was more re-
strictive than COP, some segments of the COP series that could be
considered as steady are not detected.
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Figure 3.17: Performance of the steady-state detector for the TRNSYS
model. The SSD is applied to Qpeqr- The SSD detected series has the same
value as COP when steady-state in Qpeqs is detected.

Performance of input space and regressions forecasting

The regressions were trained and tested with results from the dynamic
TRNSYS model plus the fault parametrization equations. The model
generates one year of data with 10 minutes frequency. The data from
this period is extended in order to obtain a larger data series of 5 years,
so the fault effects from the parametrization methods have enough
time to increase. The algorithm training phase lasts one week. After
this training phase, the regressions algorithm predicts the features be-
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haviour and also self-trains new centroids in case of new data with
different conditions from those of the learning period appears.

The data was classified into different clusters of the Input Space,
depending on the value of the driving variables Ty, Teond,our and f.
For each of these clusters, a fault-free model of the different features
was generated by solving the Equation 3.16.

Z) :‘90 + HlTamb + ‘92f + 03Tcond,out + 94szb + 65f2 + eﬁTzond,out—i_
97Tambf + QSTamchond,out + 99chond,0ut + elngmb + 911f3+
012T§0nd,out + 913Tambfrcond,0ut + 814szbf + 815szchond,out+

916f2Tamb + 917f2Tcond,out + 918Tgond7outTamb + 919T20nd,outf
(3.16)

Table 3.7 shows the value of the regression parameters of COP and
T, for the cluster with Ty of 11 °C, Trong.our of 45 °C and f at 64 Hz.
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Table 3.7: Regression parameters for COP and compressor outlet temper-

ature.

Parameter CcOoPpP T,

0o 0.00E+00 0.00E+400
0, 3.61E-03 -2.33E-02
0, 0.00E+00 0.00E400
03 0.00E+00 0.00E400
N 3.72E-03 -2.33E-02
05 3.61E-03 -2.33E-02
Os 3.61E-03 -2.33E-02
0, 0.00E+00 0.00E400
05 0.00E+00 0.00E400
Oy 0.00E+00 0.00E400
f10 3.86E-03 -1.77E-03
011 3.72E-03 -1.25E-02
01 3.72E-03 -1.25E-02
013 3.61E-03 -2.33E-02
014 3.61E-03 -2.33E-02
015 3.61E-03 -2.33E-02
O16 0.00E+00 0.00E400
017 0.00E+00 0.00E400
015 0.00E+00 0.00E400
f19 0.00E+00 0.00E400

There are several parameters with a 0 value which can be eliminated
to increase the computational efficiency of the solution. Nevertheless,
as the time required to reach the solution was small(less than a second),
all the parameters were maintained.

The error margin permitted between the prediction and the meas-
urements was two times the RMSE obtained during training. There-
fore, for a given feature, if the deviation is larger than this margin it
will be considered as a deviation event. Figure 3.18 shows a represent-
ation of the COP prediction with the allowed error margin when no
fault is present. In this case, the COP prediction by the regressions
(Prediction) and the reference simulated data of the TRNSYS model
(RealDataFault) are the same and the error margin (red shadowed
area) is small because the RMSE of the training was small as well.
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Figure 3.18: Performance of the regression model for the COP during the
first year of the TRNSYS model. For the period depicted, the series has no
fault present, therefore RealDataFault is equal to RealDataNoFaul.

When testing the algorithm with fault-free data, the features Teyap
and T, yielded a number of false positives. As explained in the begin-
ning of this chapter, the false alarm rate (FAR) represented the fraction
of erroneous fault warnings with respect to the sum of non-faulty and
erroneous detections by the FDD system. Those features had a FAR
different from zero because their value fluctuated more than features
like COP.

For Teyvap, there were 379 false positives that, in a total of 13167
predictions, made a FAR of 2.87%. For T, , there were 132 deviations
from 13167 predictions, making a FAR of 1%. The FAR was still rather
low for these features, but this should not affect the FDD performance,
since deviations of other features are neglected by the algorithm until
there is a significant drift of the COP value.

The quality of the regressions was also assessed by calculating the
values of the RMSE. Equation 3.17 shows how the RMSE was calcu-
lated.
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RMSE — \/Z?l(Predictedi — Actual;)?

N (3.17)

The RMSE has the same units of the values that are used in the
equation and its magnitude is related to the scale of the measurement.
The RMSE for the training and the monitoring phases using the fault-
free series is shown in Table 3.8.

Table 3.8: RMSE values for the training (one week of data) and the first
month of monitoring (when no fault is present) of the different features of

the heat pump. The average value of each feature is given to understand
the RMSE magnitude

Feature RMSE Training RMSE Monitoring Average value
COP 4.45E-07 3.36E-07 3.09
Weomp (kW) 9.51E-09 9.21E-09 2.60
Qheat (KW) 2.61E-06 1.88E-06 7.95
T, (°C) 1.24E-07 9.26E-08 5.00
T (°C) 4.97E-08 9.75E-08 5.00
Tevap (°C) 7.74E-05 6.84E-05 -3.90
Teona (°C) 1.38E-05 1.05E-05 55.00
T., (°C) 1.52E-04 1.30E-04 77.90
Tineo (°C) 1.36E-05 9.55E-06 50.00
m, (kg/s) 1.17E-10 9.08E-11 0.045

As can be seen, the errors were very small, near zero. This is
because the modelled data series were smooth without any noise. Thus,
the predictions tend to be accurate. The small RMSE values could be
a sign of overfitting, which means that the model performs well on
the training data, but it does not generalize well to new data [95].
However, the model is correctly fitted because the RMSE between the
training and the monitoring was on the same order, which discards the
overfitting.

Even though the RMSE was very small for the features, the re-
gressions yielded false positives for Tevap, and Te,. Event though the
deviations between the prediction and the real value were very small,
they were outside of the error margin of the prediction, therefore they
were detected as deviations of that specific feature. However, the COP
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is the feature that triggers the warnings, so, until a deviation in COP
is detected, the deviation of other features are only informative, and
will be used only for diagnosis.

For an insight on the performance of the regressions for predicting
ideal behaviour at detection time, the absolute residuals (i.e. difference
between the feature at fault-free conditions and under fault conditions)
were compared. Table 3.9 compares the residual of the prediction and
the no-fault series at detection. In this table, Xg-X¢.; represents the
difference between one point of the fault free series and the same point
with fault. The column X,,.q-Xsi represents the difference between
the prediction of the regressions models for that same point of the
series, and the fault series.
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Table 3.9: Comparison between the prediction and fault-free series for
each fault. Where: Xy, is the series with fault data, Xg is the fault-free
data, Xpreq is the predicted data by the algorithm.

Fault/feature  Xg-Xai  Xpred-Xfail

ucC

COP 0.05 0.04
Woomp (kW) -0.012  -0.011
T,. (°C) 3.6 2.9
Thvap (°C) 0.4 0.4
Toona (°C) 45 3.3
T., (°C) 0.1 0.1
m, (kg/s)  -251E-03 -2.14E-03
ocC

COoP 0.05 0.05
Woomp (kW) -0.046  -0.045
T,. (°C) 5.8 5.8
Tvap (°C) -0.9 -0.9
Tooma (°C) -3.3 -3.3
T., (°C) 3.7 3.7
m, (kg/s) 2.50E-03  2.54E-03
CVL

COP 0.05 0.04
Woomp (kW) -0.044  -0.035 5
Ty (°C) 1.0 0.7
T., (°C) -0.8 -0.6
m, (kg/s)  -3.25E-04 2.64E-04
IHXF

COP 0.05 0.05
Weomp (kW)  -0.012  -0.012
Tooma (°C) -0.9 -0.9
T., (°C) 1.3 1.3
OHXF

COP 0.05 0.04
Woomp (kW) -0.013  -0.010
Toap (°C) 0.9 0.9
T., (°C) 0.7 0.7
LL

COP 0.05 0.04
Woomp (kW) -0.011  -0.010
Ty (°C) 5.0 4.5
T, (°C) 4.7 4.7
T a2 (°C) -0.9 -0.9
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As can be seen, the values between the columns Xg-Xgi and Xpred-
X were almost the same, this means that the prediction values of
the regression models (Xpeq) were similar to the real values (Xg) and
therefore, the fault-free models represent accurately the healthy beha-
viour.

Fault detection

For the validation of the fault detection module, data series generated
from the TRNSYS model data and applying the fault parametrizations
equations were used as inputs to the FDD monitor. For each fault a
series was created, consisting in one month of fault free data and the
following 5 years with the presence of a fault. The use of 5 years was
required to fully develop the effects of the parametrized faults.

The algorithm used one week of data for the training phase and
monitored the heat pump behaviour for the remaining time. The fault
detection module analyses the residuals between the measurements and
the predictions. When the COP residuals are larger than the deviation
allowed, the boolean variable “COP fault” becomes True. When a
number of deviations are accumulated in a certain time interval (80%
of all collected samples), a warning flag is triggered. For the TRNSY'S
series, with a sample frequency of 10 minutes, the number of faults
needed for a warning flag was five, which is the equivalent to a 50
minute period with consistent drift events.

Figure 3.19 shows an example of fault detection and COP drift
warning for the UC fault data series. In Figure 3.19a COP fault is
a binary variable representing the state of the deviation between the
measurement and the prediction (0: no deviation, 1: deviation). In
Figure 3.19a, the fault ratio (number of deviations over total samples)
increases as more deviations are detected, but not enough to raise a
warning. In Figure 3.19b, the fault ratio reaches a value above the 80%
threshold, hence, a warning flag is triggered, meaning that there exists
a consistent loss of performance. This activates the diagnosis module,
which analyses the residuals of all features to provide a diagnosis.
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Figure 3.19: Example of two cases with results of the COP fault detection
and drift warning module with the presence of UC fault. Generated by
applying the fault parametrizing equations to the TRNSYS model data.a)
at the first year, the fault effect is small, b) at the second year, the fault
effect is higher, being enough to be detected.

Fault diagnosis

As indicated previously, the fault diagnosis module is called when a
consistent COP drift is detected by the FDD monitor. Then, the
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other features of the heat pump are compared with their correspond-
ing no-fault model. Depending on the trend of the features, the fault
is diagnosed as explained in Section 3.4.6. The result from the fault
identification module is an enumerated variable with the following val-
ues: -1, no fault; 0 there is a fault that cannot be diagnosed; 1, UC
fault; 2, OC fault; 3, CVL fault; 4, IHXF fault; 5, OHXF fault and 6,
LL fault.

The diagnosis results by the FDD monitor for each of the paramet-
rized faults are shown in Figure 3.20. In some cases, the algorithm
detected a fault (fault identifier equals 0) but it was still not possible
to diagnose it until the incidence increases.

It also should be noted that for L. and OHXF, there were fault
warnings (fault identifier equals 0) before the hour 500, however, the
FIR parametrizations caused a misdiagnosis after that period as Fig-
ures 3.20d and 3.20f show. This was because, the parametrization
models are non-monotonic, meaning that the fault effects go from in-
creasing to decreasing along the time. To avoid that, the models could
be improved by increasing the regression polynomial order. However,
the data below 500 h for LL and OHXF was neglected as it could
mislead the results
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Figure 3.20: Results of the diagnosis module for different faults where fault
identification is indicated with an enumerated variable. The heat pump was
turned off during the cooling season. Fault identifier: -1: no fault, 0: fault
detected but not identified, 1: UC fault, 2: OC fault, 3: CVL fault, 4: IHXF
fault, 5: OHXF fault, 6: LL fault.

On the one hand, the fault detection time in these results (fault
identification equals 0) was short for the cases of OC, OHXF and CVL,
being not realistic since the effects of measurement noise and limita-
tions due to sensor accuracy are neglected. This leads to detection of
COP losses below 0.05. On the other hand, the fault diagnosis takes
more time (fault identification between 1 and 6). The diagnosis is only
possible when all the required features have deviated following a given
trend and after surpassing a established limit, which is included in the
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diagnosis logic. This limit is used to decouple faults and is inclusive of
sensor accuracy limits. Those situations explain the large time separa-
tion between the fault detection (fault identification equals 0) and the
fault diagnosis (fault identification between 1 and 6), as could be seen
in Figures 3.20a and 3.20c. It should be noted that the fault paramet-
rization equations induced a fault that worsens with time. Therefore,
it was normal that the diagnosis required time until the fault effects
were enough severe.

For tests with real equipment, it is expected that detection and
diagnosis will be closer, because the fault detection will not be as fast
due to the noise and other limitations of sensors. The exception are
sudden faults as OC that appears suddenly on the equipment, and are
diagnosed immediately as Figure 3.20b shows.

General performance

In Section 3.2 the indicators accuracy and false alarm rate (FAR) were
described. In the present section, these and other performance indic-
ators were applied to the results obtained in the first validation with
the simulation model.

Aside from accuracy and FAR, the indicators missed detection rate
(MDR), missdiagnosis rate (MR), and detection time (Dt) were used
to quantify the performance of the monitor. For the nomenclature, it
is considered Positive when the system detects a fault, Negative when
not, True when the result of the algorithm matches reality and Fulse
when the algorithm results do not match reality. For reference, the
data series without faults was used to determine the True and False
conditions with respect to reality. In the definitions below, a fault
warning was an alarm raised by the FDD when a consistent drift of
the COP was detected.

Missed detection rate (MDR): it represents the fraction of undetec-
ted faults with respect to the sum of detected and undetected faults
by the FDD system. In the equation of MDR below, a False Negative
implies that, under the presence of a fault, the algorithm does not raise
any warnings.
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False Negative

MDR = (3.18)

False Negative + True Positive

Detection time (Dt): time since the COP residual is higher than
0.05 until the system raises a warning on COP drift.

Dt = tCOPVVarning; - tfaultStaLrt (319)

Misdiagnosis rate (MR): This indicator represents the capability

of the FDD to correctly diagnose the faults detected. In the equation

below False Diagnosis implies that a fault is detected, but the diagnosis
does not match the real fault.

False Diagnosis

MR (3.20)

~ False Diagnosis + True Diagnosis

FIRcOPdiagno is additionally use to quantify the performance loss
until the fault is diagnosed. This indicator represents the fault impact
ratio (FIR) value for the COP when the system is able to diagnose a
fault. It gives an indication of the degree of deterioration of the system
when the FDD monitor is able to isolate a fault. COPgaut,iagnosed 18
the COP when a fault is diagnosed, and COPg,;_free is the COP value

without fault.
COPfaultdiagnosed

CO Pfault —free

FIR copdiagno = (3.21)

Table 3.10 lists all the key indicators for the different faults cal-
culated using the 5 years data generated for algorithm testing. As
described above, during the first month the data represented a system
without faults, while the fault function was applied at the beginning
of the second month until the end of the data set. The first week of
data was used to train the algorithm, period after which the algorithm
monitored the performance of the heat pump or activated self-training
if the operating conditions surpassed the operation limits of the initial
training period.
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Table 3.10: Key indicators for the FDD performance.

Fault FAR(%) MDR(%) MR(%) Accuracy(%) Dt(h) FIRcoprdiagno

ucC 0 0.11 0 100 0.5 0.974
0oC 0 35.16 0 100 0.0 0.984
CVL 0 3.37 0 100 49.5 0.958
IHX 0 4.64 0 100 985.0 0.985
LL 0 0.28 0 100 119.0 0.974
OHX 0 0.58 0 100 0.0 0.983

To determine the false alarm rate, it was calculated all the false
positives by the algorithm in the fault free region of each fault data
series (i.e. in the period comprising the first month and the remaining
time until fault detection). Similarly, for calculating MDR, the False
negatives where undetected drifts calculated for the period in which the
COP residual was above 0.05 after the first month. The same reference
was used for Dt, being tgusiars the first point when the COP residual
(COP-COP fauit—frec) was higher than 0.05. A residual limit of 0.05
(equivalent to about FIR=0.986 and 1% loss of COP) was adopted
to evaluate the algorithm performance for these indicators as it was
considered that a deviation below this value would not be detectable
in a real system due to sensors accuracy.

As shown in Table 3.10, the FAR was 0 for all cases and the accur-
acy was 100%, which means that the algorithm did not generate false
alarms in the non-faulty region. In the case of the MDR, all the values
were small, with the exception of the OC fault. In the case of OC, due
to the automatic self-training, the module trains with faulty data after
overcharge. To reduce this possibility, the algorithm will need to stop
training when a warning occurs. However, this was not implemented
in the current version of the FDD monitor.

Regarding Dt, for OC and LL there was an immediate warning for
COP drift, with a value of 0 for these faults, while for UC the detection
time Dt was 0.5 h. For CVL, IHXF and OHXF the detection time
ranged from 49 to 985 hours (41 days) after the COP has deviated for
the first time by a value of 0.05. This longer detection time was due
to the COP residual value fluctuating slowly in the period since the
COP residual reaches 0.05, until a consistent drift occurs and sufficient
information has been collected for a warning to be raised.
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The indicator MR was 0 in all cases but this could be the result
of using the same knowledge about feature trends for generating the
fault parametrizing equations and the diagnosis table. Testing MR was
nonetheless useful to consolidate the implementation and confirm that
the algorithm logic works correctly. However, additional experimental
testing is needed to assess the chart definitions used for diagnosis.

On the other hand, the indicator FIRcopdiagno (FIR of COP at
diagnosis) shows that the deterioration of system performance was still
very small at diagnosis, with a COP loss between 1.5 % to 4.2 %. This
indicates that the long time required to reach the diagnosis showed in
Figure 3.20 was due to the parametrizing equations that caused a slow

decrease of the COP.

3.6 Conclusions

This section has described the development effort done to generate the
FDD and its first validation. The state of the art on FDD method-
ologies has served to select the better methodology for the research.
Polynomial regression and expert knowledge were selected as fault-free
model generation and diagnosis methodologies respectively.

The FDD monitor was developed in different modules to increase
the efficiency of the solution. A novel steady state detector was de-
veloped to fix the disadvantages of other SSD, as the need of tuning for
each new signal. The use of the input space, ensured the adaptability
to different types of conditions and the capability of self-training. The
verification of consistent fault makes sure that no false alarms were
triggered.

At the first stages of the doctoral thesis there was not data avail-
able therefore, a variable-speed heat pump model was developed in
TRNSYS to use in the validation. However, the model was not com-
plex enough to simulate faults in the system, therefore, a novel meth-
odology to parametrize the fault effects into equations was generated.
These equations were the result of summarizing literature research and
the results from a Dymola simulation model of a variable speed heat
pump with faults. The parametrizing equations also take into account

89



UNIVERSITAT ROVIRA I VIRGILI
AUTOMATIC FAULT DETECTION IN DOMESTIC HEAT PUMPS
Ivan Bellanco Bellanco

the increasing of fault intensity in time.

Those equations were applied to the results of the TRNSYS model
to obtain faulty data. The validations showed a good performance of
each of the modules of the FDD monitor. A fault could be detected
and diagnosed before a 5% of COP drift, with no false alarms triggered.
All the faults were correctly diagnosed, but the faults parametrization
required long time to fully develop the effects of the faults on all the
features. Nevertheless, the FDD monitor has fulfilled with the expect-
ations for this first validation.
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CHAPTER 4

Laboratory fault emulation:
methodology and results



UNIVERSITAT ROVIRA I VIRGILI
AUTOMATIC FAULT DETECTION IN DOMESTIC HEAT PUMPS
Ivan Bellanco Bellanco



UNIVERSITAT ROVIRA I VIRGILI
AUTOMATIC FAULT DETECTION IN DOMESTIC HEAT PUMPS
Ivan Bellanco Bellanco

4.1 Introduction

This chapter describes the testing procedures to emulate different faults
in one real heat pump in a laboratory environment. This tests are made
to increase the knowledge about the fault effects in a variable-speed
heat pump and to use this data to validate the Fault Detection and
Diagnosis (FDD) monitor with a real heat pump.

The chapter starts with the description of the SEILAB, the labor-
atory where test were made. Then, the tested heat pump is described.
Finally, the faults that were tested and the emulation procedure are
explained.

The heat pump had a nominal heating capacity of 10 kW. All the
tests were performed at nominal capacity (10.2 kW) and with higher
capacity (12.3 kW), to see if the effects were the same at different
capacities. The indicator fault intensity (FI) was used to indicate the
severity of the fault.

The tests results are analysed and compared with similar studies.
All the results from the faults test are available as a dataset in the
open-access repository Zenodo [96].

4.2 Semi-virtual environment laboratory
framework

The fault tests on a real heat pump were carried out on the Semi-
Virtual Energy Integration Laboratory (SEILAB). This laboratory is
located in the IREC facilities in Tarragona and its main focus is the
testing of HVAC equipment with the Hardware-in-the-loop (HiLi) meth-
odology. HiL tesing allows to test equipment in realistic operating con-
ditions provided by dynamic simulations [97]. The simulations send
the thermal loadings, user behaviour and climatic conditions, which
are replicated by the laboratory. To do so, the SEILAB counts with a
walk-in climate chamber to generate the environmental air character-
istics and hydraulic thermal test benches for emulating the heat and
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the load sources. The test benches consist of a set of hydraulic loops
equipped with flow meters, motorized valves, pressure meters and tem-
perature proves to control and measure the system.

The tests are performed by means of a control system created in
the laboratory. A LabVIEW interface enables to communicate with
the different elements tested in the lab and to collect all the data from
the laboratory measurements. The data acquisition system saves the
measured data at a sampling time of 10 seconds.

The FDD monitor was running in the same computer of the Lab-
VIEW interface to read the measurements of the heat pump registered
by it. The data exchange between the LabVIEW and the FDD mon-
itor was every 10 seconds. At the same time, the FDD monitor was
also running in a pocket sized computer. This computer counts with
a 64-bit 1,4GHz processor, 1 GB of RAM and the hard drive is an
SD card. The pocket sized computer exchanged data every 10 seconds
trough TCP/IP connection to the main laboratory interface. Figure
4.1 shows the schematic of the general process.

Central computer

FDD

Pocket computer measurements measurements
I Heat pump

3

FDD measurements . set points
T * LabVIEW interface P

> A 4

measurements Test

benches

Figure 4.1: General scheme of the laboratory communications.

The heat pump tested was a water-to-water compact unit working
in heating mode. The tests were carried out in static conditions to
ensure the comparison between the different fault levels. Thus, there
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were not dynamic experiments; the required conditions were set as set
points in the interface of the laboratory.

The heat pump counted with three different water loops: domestic
hot water, space heating and ground source. Each of this loops where
coupled with an hydraulic test bench. Nevertheless, the domestic hot
water loop was not used during fault emulation because it induced
a high fluctuation in the measurements. Figure 4.2 shows a picture
of the heat pump prototype and Figure 4.3 shows the scheme of the
hydraulic configuration of the tests.

Figure 4.2: Picture of the compact unit tested in SEILAB.
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4.3 Description of the tested heat pump

For the present study, a 10 kW, variable-speed water-to-water heat
pump was tested. The heat pump used was a prototype charged with
720 grams of propane as the refrigerant. Figure 4.4 shows the heat
pump architecture.

l Evaporator
=) [
Ground
source
@ 0

=

Scroll
compressor

Desuperheater |
AN

n]‘

DHW
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R

T
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Condenser
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I E I NNNAN ] l
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EEVL Subcooler VUUV[] ¢mm
T
Internal heat | LL restriction
exchanger valve
i O
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source
(disabled)

Space
heating

4

Figure 4.4: Heat pump scheme. The desuperheater and subcooler were
not used during the fault tests.

The compressor used was a hermetic scroll type YHV0461U from
Emerson. It was specifically designed for propane applications and to
meet the requirements of flammable refrigerants. A Carel inverter type
power+ was used to control the compressor. Despite the frequency can
be controlled by the inverter, there was no speed control by default,
therefore in internal control, the speed was always fixed, except for the
start-up and shut-down.

Both the condenser and evaporator were brazed plate heat ex-
changers in countercurrent arrangement. The desuperheater was used
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for DHW production. The internal heat exchanger used the heat from
the condensed liquid to function as a suction gas superheater and con-
densed liquid subcooler. Its capacity was fixed by a separate expansion
valve (EEV2) controlled by the own heat pump.

The prototype had internal pressure and temperature sensors and
a Coriolis flowmeter after the condenser, for the refrigerant mass flow
measurement. As explained before, the heat pump has no internal
speed control however, an external compressor frequency set point
could be sent. A PID control was developed to adapt the compressor
frequency to the difference between the condenser water supply tem-
perature and a set point.

The temperatures of the refrigerant circuit were obtained with NTC
temperature probes at the suction line and with Pt1000 for the rest
of the circuit. The heat duty was measured on the waterside with
Pt100 probes and flowmeters. The pressure measurements were ob-
tained with pressure transducers. The compressor speed lecture was
provided by the inverter and the power consumption was measured
with a multimeter. Table 4.1 shows the manufacturer accuracy data
of each sensor. The uncertainty of the tests were calculated using the
Guide to Uncertainty in Measurement methods [98].

Table 4.1: Manufacturer’s accuracy of the sensors.

Magnitude Type Accuracy
Pressure Piezo-resistive +1.00%
Refrigerant mass flow meter Coriolis +0.10%
Temperature refrigerant liquid side Pt1000 +0.15 K
Temperature refrigerant gas side NTC +0.30 K
Temperature water side Pt100 +0.25 K
Electrical power Multimeter +1.00%
Water Flow Electromagnetic ~ 4:0.50%
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4.4 Fault emulation

4.4.1 QOutdoor heat exchanger fouling

The outdoor heat exchanger fouling (OHXF) represents a circulating
pump malfunction or the accumulation of dirt in the circuit, which
reduces the flow on that heat exchanger. For the tested heat pump,
the outdoor heat exchanger worked as an evaporator, which used water
as a secondary fluid. Therefore, the fault was emulated by reducing
the evaporator water flow below the nominal value. The indicator fault
intensity (FI) is used to characterize each fault level [79]. The Flopxp
is shown in Equation 4.1.

Viaue — Vi

Ve (4.1)

FIOHXF =

where Vf,mlt is the evaporator volumetric water flow for the current
fault level and Vf ¢ is the evaporator volumetric water flow for the no-
fault condition. Table 4.2 shows the experimental plan followed for the
steady-state tests.
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Table 4.2: OHXF steady-state tests experimental plan.

Code Load (kW) Flopxr
OHXF10.1 10.2 -0.100
OHXF10.2 10.2 -0.157
OHXF10.3 10.2 -0.214
OHXF10.4 10.2 -0.271
OHXF10.5 10.2 -0.328
OHXF10.6 10.2 -0.385
OHXF10.7 10.2 -0.442
OHXF10.8 10.2 -0.500
OHXF12.1 12.3 -0.100
OHXF12.2 12.3 -0.157
OHXF12.3 12.3 -0.214
OHXF12.4 12.3 -0.271
OHXF12.5 12.3 -0.328
OHXF12.6 12.3 -0.385
OHXF12.7 12.3 -0.442
OHXF12.8 12.3 -0.500

4.4.2 Compressor valve leakage

The compressor or 4-way valve leakage (CVL) fault represents the re-
frigerant bypass between the high and low-pressure sides of the circuit.
This leakage can appear in the compressor or in the reversing valves.
A pipe that bypasses the suction and discharge lines of the compressor
was installed to emulate the fault, as shown in Figure 4.5a. Figure
4.5b shows the valve that controls the aperture of the bypass line.
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Figure 4.5: Bypass valve to emulate the CVL fault a) schematic, b) actual
bypass valve with a cardboard goniometer to know the angular position of
the valve.

The FI for this fault is shown in Equation 4.2.

1/'nr,fault - rhr,ff
m g

Floyy, = (4.2)

where 1M, _fqu¢ is the refrigerant mass flow for the fault condition,
and 7, g; is the refrigerant mass flow for fault-free condition. In
devices with variable speed compressors, the refrigerant mass flow de-
pends on the compressor speed, the action of the expansion valve and
the thermodynamic properties of the refrigerant. During the test, the
compressor speed changed when a fault occurs. Therefore, the 1, ¢f
changed with the compressor speed. If this is not take into account,
the F'Ioy 1, could show a zero value because the mass flow is maintained
due to the increase of compressor speed to overcome the fault. There-
fore, it was need to know the correlation between compressor speed
and refrigerant mass.
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To do so, the compressor was tested at different speeds without any
fault and measured the refrigerant mass flow at steady-state. Never-
theless, due to a tight timetable, the compressor speed test could not
be performed before the CVL test. This means that, while doing the
CVL test, the FI was not known. So, to define each level of CVL fault
the valve position was used provisionally as an indicator.

The bypass valve was a ball valve with 90° operation with a poor
linear response at the beginning and the end of the valve travel. A card-
board goniometer was used to know the position of the valve. However,
with only a quarter-turn, the precision was very limited.

Table 4.3 shows the different fault levels tested. More levels were
tested but, as they did not have any impact on the heat pump be-
haviour, they were not include in the table. The higher fault levels
(CVL10.4 and CVL12.3) were near the limit of the heat pump oper-
ation, because they caused a high temperature at compressor outlet
which had a protection to over-temperature. Therefore, the fault in-
tensity was not increased further.

Table 4.3: CVL steady-state tests experimental plan.

Code Load (kW) Valve position (?) Flgyr,

CVL10.1 10.2 22.5 -0.042
CVL10.2 10.2 27.0 -0.296
CVL10.3 10.2 31.5 -0.372
CVL10.4 10.2 36.0 -0.648
CVL12.1 12.3 27.0 -0.131
CVL12.2 12.3 31.5 -0.379
CVL12.3 12.3 34.0 -0.608

The Flcy on Table 4.3 was calculated after the tests. To do
so, a correlation between compressor speed and refrigerant mass flow
was obtained by running the compressor at different speeds without
fault present. The test was made for both capacities at steady-state
conditions, as shown in Figure 4.6. The regressions of both series had
similar values, using the one from the 12 kW load to simplify. From the
regression line, the Equation 4.3 was obtained. This equation relates
the compressor frequency in rps and the refrigerant mass flow in g/s
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for no-fault conditions. It may lose precision with faults present or
different capacities, but it is enough to obtain the 1, ss for the Floy

calculation.
m, ¢ = 0.5206 * freg + 0.7082 [g] (4.3)
50
—¥— Avgl0
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Figure 4.6: Relation between compressor frequency and refrigerant mass
flow for the two load conditions. The average values are represented with a
solid line and the regression is in doted line.

4.4.3 Liquid line restriction

The liquid line restriction (LL) appears when the filter/dryer located
in the liquid line is clogged. To emulate this fault, the manufacturer
placed a restriction valve in the liquid line to increase the pressure
drop, as shown in Figure 4.7.
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Figure 4.7: Restriction valve to emulate the LL fault a) schematic, b)
actual restriction valve with a cardboard goniometer to know the angular
position of the valve.

The FI of this fault is related to the pressure drop variation in the
liquid line as Equation 4.4 shows.

APy, — AP
Flp, = LZ—PEH (4.4)

where APy, represents the liquid line pressure drop with the fault
and APy the liquid line pressure drop without the fault. The pressure
drop in the liquid line was calculated as the pressure difference between
the discharge and suction lines. However, during the test procedure,
the angular position of the valve was used to define each fault level. It
was a regulation valve with an operation of 3 turns and three-quarters
of a turn. However, there was no effect for the first three and a half
turns. Therefore, only the last quarter was used to emulate the fault.
The experimental plan is shown in Table 4.4. The valve position in-
dicates the angle starting from half of the last turn, so a valve angle of
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109 will correspond to the 190° of the third turn.

Table 4.4: LL steady-state tests experimental plan.

Code  Load (kW) Valve position (°) FIy,

LL10.1 10.2 54.0 0.103
LL10.2 10.2 58.5 0.181
LL10.3 10.2 63.0 0.267
LL10.4 10.2 67.5 0.418
LL10.5 10.2 72.0 0.743
LL12.1 12.3 54.0 0.055
LL12.2 12.3 58.5 0.168
LL12.3 12.3 63.0 0.281
LL124 12.3 67.5 0.404
LL12.5 12.3 72.0 0.648

4.4.4 Refrigerant overcharge

The refrigerant overcharge (OC) fault may appear during maintenance
if the heat pump is filled with more refrigerant than recommended by
the manufacturer. To emulate this fault, the heat pump was over-
charged by 10% above the nominal amount. The Flg¢ is the relative
difference between the current and the nominal charge, as Equation
4.5 shows.

My _fault — My
my_g

Floc = (4.5)

where m,_¢qui is the propane charge for faulty conditions, and m, ¢
is the nominal propane charge. Table 4.5 shows the experimental plan.
An overcharge of 20% was also tested, but the heat pump could not
run properly. As the heat pump had a small nominal charge (720 gr),
it may be more sensitive to charge variations.
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Table 4.5: OC steady-state tests experimental plan.

Code Load (kW) | Flpc
0C10.1 10.2 0.1
0C12.1 12.3 0.1

4.4.5 Untested faults

In the first stages of the test planning, the non-condensable gas on the
refrigerant, the internal heat exchanger fouling and the refrigerant un-
dercharge were also considered as part of the test campaign. However,
they were discarded or the test were not successful.

Non-condensables was discarded because of the difficulty of emu-
lating the fault. This fault is emulated by adding dry-nitrogen into
the refrigerant circuit. If it is wanted to test different faults intensit-
ies, between each fault level, all the refrigerant circuit must be purged.
The dry-nitrogen mixes with the propane, therefore the only way of
knowing the exact quantity of propane and dry-nitrogen of the circuit
is at charging [99]. Because of the flammability of the propane, every
operation of charge and discharge of refrigerant must be realized by an
external service who can operate with flammable refrigerants. There-
fore, this fault would be very time consuming and costly to reproduce.

The indoor heat exchanger fouling would be emulated by decreasing
the water flow of the condenser. However, this would not cause any
repercussions on the equipment. For the heat pump, this water flow
descend would be the same as lowering the load. With variable speed
heat pumps (VSHP), the compressor’s frequency will decrease to adapt
to the new load, therefore there is no much effect expected. This fault
makes more sense when the compressor could not change its speed but
was discarded for this heat pump.

Undercharged was included in the testing plan, because is a com-
mon fault that is relevant when the equipment has a flammable re-
frigerant. It was the last of the faults to be tested, just after over-
charge. Undercharge levels of 10% and 20% were tested. However,
the results showed that the pressure of the discharge and the suction
lines were higher than for normal behaviour, which is contrary to the
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expected. The system was purged and charged again to discard the
non-condensables. However, the compressor could not run again. One
of the explanations would be that the faults tests have damaged the
compressor, for example by entering liquid refrigerant into it. The
manufacturer also explained that, because of being a prototype with
different and unorthodox parts due to using propane, it was less ma-
ture and robust than conventional heat pumps. Because of that, the
undercharge test results are not included as they do not represent the
undercharge behaviour.

4.5 Experimental results

Different heat pump features can be affected by each fault. The fea-
tures taken into account for this study were the COP, compressor
power consumption (Wepmyp), heat duty (Qpeat), subcooling (T.), su-
perheating (7y,), evaporation temperature (7¢,q,), condensing temper-
ature (Teona), compressor outlet temperature (7,,), liquid line temper-
ature (Ty), refrigerant mass flow (12,) and compressor frequency (f).

In VSHP, the refrigerant mass flow depends on the compressor
speed, the expansion valve action and the inlet density, which in turn
depends on the evaporation temperature. When a fault occurs, the
heat pump may change the compressor speed to meet the new demand,
changing considerably the mass flow rate. Therefore, the refrigerant
mass flow should be interpreted in terms of compressor speed. Because
of this, the ratio between the refrigerant mass flow rate and the com-
pressor speed (M SR) is used to express that relation as Equation 4.6
shows.

_ M 9
MSR = 7 [mv] (4.6)

Equation 4.7 shows the normalized value of MSR (VM SR), which
1s more intuitive.

MSRfault

NMSR= ——————
MSRnominal

(4.7)
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Figures 4.8 to 4.10 show the effects of the different faults and Table
4.6 shows the effect for OC, which are expressed on a table because of
being only one fault level. Only the features affected by each fault are
shown. For T, Tsn, Tevaps Teonds Teo and Ty, the difference between
the no-fault value (Ty) and the current level fault (Tyqu:) was used
(see Equation 4.8). The AT for FI of 0, is 0.

AT = Trour — Tys [C] (4.8)

4.5.1 QOutdoor heat exchanger fouling

Figure 4.8 shows the effects of outdoor heat exchanger fouling fault
(OHXF) in different features. For OHXF, reducing the water flow
lowered the evaporator pressure, which decreased the evaporation tem-
perature. The compressor speed increased so that demand could still
be covered, which decreased NMSR and increased power consumption.
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Figure 4.8: Relevant features affected by the outdoor heat exchanger foul-
ing fault (OHXF) for the 10 kW and 12 kW steady-state tests. Effect on:
a) COP, b) compressor power consumption, ¢) evaporator saturation tem-

perature and d) NMSR.

4.5.2 Compressor valve leakage

Figures 4.9 display the affected features of the compressor or 4-way
valve leakage (CVL). The CVL fault increased the pressure at the
suction line while the discharge pressure remained the same. To com-
pensate for all the refrigerant that went through the bypass, the com-
pressor increased the speed, which increased the power consumption

and the compressor outlet temperature.
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Figure 4.9: Relevant features affected by the compressor valve leakage
(CVL) fault for the 10 kW and 12 kW steady-state tests. Effect on: a) COP,
b) compressor power consumption, ¢) subcooling, d) liquid line refrigerant
temperature, e) compressor outlet refrigerant temperature and f) NMSR.

This increase in the outlet temperature triggered a safety limitation
of the compressor speed. This limitation caused a decrease in power
consumption at the highest fault level, as Figure 4.9b shows. At that
fault level, the refrigerant mass flow in the circuit was so small that
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the demand could not be covered. The outlet temperature increased,
forcing the compressor to stop for its safety.

4.5.3 Liquid line restriction

Figure 4.10 presents the repercussion of liquid line restriction (LL)
fault. The LL caused an additional pressure loss between condensation
pressure and suction pressure. With low restriction values, the two
expansion valves opened simultaneously and there was no effect on the
COP or other variables. When the restriction increased, the main valve
(EEV1) was fully open, superheat at the evaporator outlet increased
while the other valve (EEV2) closed. This reduced the refrigerant
liquid line temperature by 4.5 °C and 3.5 °C for the lower and the
higher load, respectively.

Since the first FI value, the EEV1 reached its capacity limit, and the
refrigerant started to be retained in the condenser leading to more sub-
cooling. Because there was liquid trapped in the condenser, the tem-
perature of the refrigerant at the outlet of the condenser approached
the temperature at the inlet of the water side, therefore the Tj values
were constant for all the fault levels. The condensation temperature in-
creased while the evaporation temperature decreased. The compressor
speed increased to cover the demand, which decreased the NMSR and
increased the power consumption.
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Figure 4.10: Continues
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Figure 4.10: Relevant features affected by the liquid line restriction (LL)
fault for the 10 kW and 12 kW steady-state tests. Effect on: a) COP,
b) compressor power consumption, ¢) subcooling, d) superheating, e) con-
denser saturation temperature, f) evaporator saturation temperature, g)

compressor outlet refrigerant temperature, h) liquid line refrigerant tem-
perature and i) NMSR.

4.5.4 Refrigerant overcharge

As refrigerant overcharge (OC) was tested with only one fault level, the
results are displayed in Table 4.6. The OC fault increased the liquid
trapped in the condenser, which increased the condensation temper-
ature. The evaporation temperature increased due to an increase in
suction pressure. The subcooling and the compressor outlet temperat-
ures rose. The refrigerant mass flow rate slightly increased while the
speed of the compressor dropped, which increased the NMSR. This
fault has little or no effect on systems with a liquid receiver [20].
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Table 4.6: Results for the overcharge test for 10 kW and 12 kW . FI: fault
intensity, COP, Weomp: compressor electrical power consumption, Qpeq::
condenser heating power, T.: subcooling, Ty;: superheating, Ttyqp: evap-
orator saturation temperature, T,,,q: condenser saturation temperature,
Teo: compressor outlet refrigerant temperature, 1j;: liquid line refrigerant
temperature, m,.: refrigerant mass flow, f: compressor speed.

Code FI. COP Wemp @heat  Toe  Ton Tevap  Teona  Too Ti iy f
kW kW K K °C °C °C °C gs!'! Hz
NoFaultl0 0 47 22 102 20 11.0 45 468 634 446 29 57

Uncertainty +0.35 £0.02 +0.75 +0.44 +0.40 =+£0.28 +£0.42 +£0.30 +£0.15 =£0.04 =£0.03
0C10.1 0.1 3.6 2.8 10.1 24.9 10.7 7.0 64.8 84.8 40.0 29 52
Uncertainty +0.27 +0.03 £0.75 +0.49 =+0.41 4029 +0.48 =+0.30 =+0.15 =+0.04 =+0.03
NoFault12 0 4.6 2.7 12.3 4.1 8.7 4.0 47.0 61.9 42.6 36 69
Uncertainty +0.28 £0.03 +0.75 +£0.45 +£041 +£0.28 +£0.42 +£0.30 +£0.16 =£0.10 =£0.04
0C12.1 0.1 37 3.3 12.2 25.7 9.9 6.8 64.6 83.5 39.1 35 62
Uncertainty +0.23 £0.03 +0.75 +0.50 +0.41 =+0.29 =+£0.41 +£0.30 +£0.15 =£0.04 =£0.03

4.6 Discussion and conclusions

This section has shown the experimental procedure to test different
faults on a variable speed heat pump and their results. The faults
were tested in the SEILAB, a laboratory for testing HVAC solutions
using the Hil. methodology.

The tested faults were the outdoor heat exchanger fouling, which
was emulated reducing the evaporator water flow; the compressor valve
leakage, which was emulated increasing the bypass of refrigerant between
suction and discharge lines of the compressor; the liquid line restric-
tion, which consisted in increasing the pressure drop of the liquid line;
and the refrigerant overcharge. Each fault was tested for 10 kW and
12 kW load and, except for OC, with different fault intensities. To
compare the COP degradation of each fault, the fault impact ratio
(FIR) on COP is used. Equation 4.9 shows how it is calculated.

COPfault

FIRCOP = 60D

(4.9)

A FIRcop with a value of one indicates no degradation. Figure 4.11
shows the F'I Rcop for each fault.

114



UNIVERSITAT ROVIRA I VIRGILI
AUTOMATIC FAULT DETECTION IN DOMESTIC HEAT PUMPS
Ivan Bellanco Bellanco

0.90
0.80
a
o
o
& 0.70 -
L
060 16— OHXFI0 — » - OHXF12
—e—CVLI0 - % -CVL12
050 4| —e—1110 -3 -LL12
® 0C10 X 0C12
0.40 ; ; .
0 0.2 0.4 0.6 0.8

FI (absolute value)

Figure 4.11: Fault impact ratio on COP for each fault intensity. The
fault intensity is shown in absolute value. The solid lines with dot marks
represents the test with 10 kW load, and the dotted lines with cross marks
are for the 12 kW load.

The results of the fault tests have shown that every fault has
lowered the COP, being OHXF and CVL the ones with minimum and
maximum impact, respectively. In general, the compressor speed has
increased to overcome the fault effects, which has increased the electric
power consumption. The demand was covered for each fault except for
the highest value of CVL.

Table 4.7 summarizes the results of the faults tested, indicating
if the feature had an increasing or decreasing trend or if it was not
affected. When the deviation of the feature is above the value of the
grey-shadowed rows, 1 or 11 rows, or below the | or || rows, the
corresponding arrows are applied.
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Table 4.7: Trend for each of the features. 171: high increasing trend, 1:
increasing trend, |: decreasing trend, ||: high decreasing trend. The last
two rows describe the criteria applied for constructing the table.

Fault  COP Werp  Quewr Toe T T Toa  To  Tu e f NSR
OHXF | 1 1 7
VLWt i 1 Mmool H 7 i
LL oo EX N ¥ AR N ¥ S W 1 "

oc L1t 1 T ' T
MAl £l +05kW  £1kW  +5°C £5°C £5°C +5°C +5°C #5°C +£5gs! +15Hz +15gr
1,0 £01 £01kW =£02kW £2°C £2°C £2°C +2°C 42°C 42°C +2gs! +3Hz 43gr

The impact of OHXF has been small despite cut in half the evap-
orator water mass flow, being the decrease of 1,4, the most relevant
effect. CVL has impacted severely the COP due to a high increase
of Weomp- This increase in consumption was caused by the rise of the
compressor’s speed which compensate for all the refrigerant that went
to the bypass. This also caused the increment of the compressor out-
let temperature. At the highest fault levels, the heat pump could not
cover the demand and it was near its safety limit for the compressor’s
outlet temperature.

The LL had a high impact on the COP and affected nearly every
feature of the heat pump. The refrigerant gets trapped in the con-
denser, increasing the subcooling. The expansion valves get saturated,
so they cannot prevent the superheating increase.

The OC fault has decreased the COP and increased Wpp,,. How-
ever, for this fault, the compressor speed slightly decreased. The refri-
gerant mass flow and the compressor frequency have not changed, but
the compressor outlet temperature has increased.

As stated previously in Chapter 2, the data about faults on VSHP
is scarce. The most similar study to compare the test results was the
one by Kim and Kim [20], which used a brine-to-water heat pump in
cooling mode. They tested the faults CVL, OC, OHXF, ITHXF and
UC. The features that match ours are T,.,q, Ts, T,, and f. Table 4.8
compares the obtained results with their ones.
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Table 4.8: Trend for each of the features for the present study and the
study by Kim and Kim[20] .1: increasing trend, |: decreasing trend.

Fault coP T, T, f
OHXF 7 T 1
OHXF Kim | + 4
CVL \ T 1
CVL_Kim ! + 4

Kim and Kim did not find any effect on 7. for CVL, but this could
be because their maximum fault intensity was 0.2 while in our test an
FI of 0.6 was reached. However, in our tests, for a FI near 0.2, it was
not observed an effect on subcooling.

OHXF was difficult to compare because the heat pump tested was
on heating mode and with brazed plate heat exchanger, whereas in
theirs, it was in cooling, and with concentric heat exchanger. There-
fore, the heat exchanger was acting as an evaporator in the tests and as
a condenser in their study. Additionally, they tested OHXF reducing
the secondary fluid passage by bypassing it at the ports installed at
the end of each heat exchanger subsection. Nevertheless, they found a
severe effect on the COP (COP reduction between 10% and 30%) for
OHXF while in the present experimental test was smaller (less than

5%).

The OC had a negligible effect on their system, mainly because their
system had a liquid receiver, which, as has been observed in another
study [100], causes a high tolerance to the overcharge.

The experimental tests required tight surveillance as, despite all the
security measures of the heat pump, there were transitory conditions
that caused superheating values near 0 °C. This means that liquid
refrigerant could enter the compressor, which could damage it per-
manently. However, different faults have been tested and their effects
quantified. This entails that more data is available to the development
of FDD monitors for VSHP.
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CHAPTER 5

Performance of the fault detection
and diagnosis monitor with
experimental data
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5.1 Introduction

This chapter describes the validation of the Fault Detection and Dia-
gnosis (FDD) monitor developed in Chapter 3 with the experimental
data from Chapter 4. The FDD monitor was running in parallel on
an industrial computer and in a pocket sized computer with a Quad
Core 64 bit CPU and 1 GB RAM. The results are the same for both
implementations, demonstrating the computational efficiency of the
solution.

The correct operation of the steady-state detector (SSD) and the
Input Space is tested with real time data. The Fault detection and
the diagnosis are also validated with the set of experimental data.
The changes needed to adapt from simulation data to real data are
explained and the performance of the monitor quantified.

Finally, the results in terms of accuracy and other indicators of the
FDD performance are compared with similar FDD solutions found in
the literature.

5.2 Steady-state detector

In this section, the results of the SSD module with the real time data of
the faults tests are explained. The SSD was used to eliminate the non-
stationary points from the incoming data. The SSD was tested with
simulation data in Section 3.4.2, but the lack of disturbances and noise
of the simulation data, makes it necessary to check the performance
with real data.

The easiest way to see the SSD performance was by visually check
the detections of steady-state in the signal. Figure 5.1 shows three
different moments of the steady-state detector with fault-free data. As
stated in Section 3.5.3, Qreqr Was the feature used for searching steady-
state. The Steady state variable has a value of 1 when steady-state is
detected.
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Figure 5.1: Results for the steady-state detector applied to the Qpeat
signal. Steady state is 0 when the signal is not in steady-state. a) SSD for
the 10.2 kW condition, b) for the 12.3 kW condition and c) for the change
between both conditions.

Figure 5.1a shows the value of Qpeqs for the 10.2 kW condition. As
can be seen, the data could be defined as steady, and the SSD detected
nearly all the period as steady-state with the exception of some points.
Figure 5.1b shows the period of 12.3 kW. In this case, the data was
also steady but it had more oscillations. However, the SSD adapted
to this oscillations and detected the steady-state. Figure 5.1c shows
the transition between the 10 kW and 12 kW series. For this case, the
SSD filtered the discontinuity between both loads and adapted to the
new series.

The strength of the SSD method developed is the self-adaptability
to the different characteristics of the signal without external tuning.
However, this data pertains to static experiments and more tests need
to be done with more dynamic conditions to know the response of the

SSD.
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5.3 Input space

The Input Space was used to have different no-fault models depending
on the value of the driving variables, to increase the accuracy of the
models.

In Section 3.4.3, the specified driving variables were the T}, Teond,out
and feomp. This configuration was used for the TRNSYS model with an
air-to-water heat pump. As the tested heat pump was water-to-water,
Tomp was changed for Ttyep in, and Teong,out f0T Teond,in, Which are more
representative of the external conditions.

Initially, for the experimental faults tests with the real heat pump,
the frequency of the compressor was also considered, however, it was
observed that the compressor speed changed to adapt to the faults.
When this happened, the new data had a different speed than during
training, and therefore, pertaining to a different group of the input
space. As this new group was not trained, the algorithm could not
do predictions. For the validation with experimental data, the fault
parametrization equations did not include any effect on the compressor
speed. Therefore, for that case, using the compressor speed as driving
variable worked well, but was because of a lack of data.

The conclusion was that the driving variables should pertain to the
external conditions of the heat pump, which are less affected by the
faults. Therefore the fe.m,, was eliminated of the input space and the
no-fault models after realising that the results were satisfactory with
only two variables (Tionain and Tevapin)-

Figure 5.2 shows how the training data of the fault-free tests had
been distributed in the Input Space. All the training data is located
in the red square in Figure 5.2a. Figure 5.2b shows that area zoomed,
where there are clearly two main groups. The group circled in green
(1936 data points) was assigned to the upper right centre, while the
group circled in yellow (349 data points) was assigned to the lower
right centre. Therefore, for these two groups, a no-fault model was
trained.
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Figure 5.2: Visual representation of the Input space. a) The blue crosses
represent the centres of the groups and the orange dots are the data points
used for the training. b) Zoom of the red square of figure a). Each group
of data points are classified with the nearest centre.

Figure 5.3 shows some of the variables for the 10.2 kW condition
in steady state.
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Figure 5.3: Representation of different feature values in steady state for
the 10.2 kW condition.

5.4 Fault free-models and fault detection

To generate the fault-free models, a total of five and a half hours of
10.2 kW load and nearly one hour of 12.3 kW data was used, taking into
account that a minimum of 50 data points were needed for training a
no-fault model. Those two load conditions correspond to two different
clusters of the Input Space. For each of these clusters, fault-free models
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were created for different features. The regression equation is showed
in Equation 5.1.

Q :90 + elTevap,in + 92Tcond,in + 03Te23vap,in + 94T§ond,in+
05Tevap,inTcond,in + 06T2vap,in + 87T§ond7in+

O3 T2

evap,in

2
Tcond,in + 09Tcond,inTeV3«pvin

(5.1)

Table 5.1 shows the regression parameter values obtained for the
COP and for T,, for the 10 kW and 12 kW conditions.

Table 5.1: Regression parameters for the COP and T, for the 10 kW and
12 kW conditions.

Feature (7)) Oy 0, 0y 0 A A O 0, 0O 0y
COP10 0.00E4+00 2.03E-04 -2.83E-03 3.28E-04 -5.06E-04 -2.82E-03 4.54E-04 -4.24E-05 -1.08E-03 -2.81E-03
COP12 0.00E4+00 4.46E-03 -9.66E-03 4.95E-03 1.13E-03 -9.79E-03 5.44E-03 3.37E-03 -2.47E-03 -9.91E-03
Teo10 0.00E4+00 3.48E-03 1.48E-03 3.15E-03 3.58E-03 1.52E-03 2.81E-03 3.19E-03 3.51E-03 1.55E-03
Teol2 0.00E4+00 -3.61E-02 2.83E-02 -3.60E-02 -2.83E-02 2.78E-02 -3.58E-02 -3.28E-02 -1.72E-02 2.74E-02

Figure 5.4 shows the results of the training of the 10.2 kW cluster.
As can be seen in the figure, the data had more noise than the valid-
ation with simulated data. This increased the root-mean-square error
(RMSE) obtained during training, which in turn, increased the error
margin of the prediction (green area) that was two times the training
RMSE. Therefore, the faults will be detected at higher COP degrada-

tions.
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Figure 5.4: Training results of one the 10.2 kW cluster with experimental
data. The green area is the error margin applied to the prediction of the
no-fault model.

With the data from the TRNSYS model, the fault detection module
ensured that a during a period of 50 minutes, the fault was present
80% of the time. As the experimental data had a data frequency of 10
seconds, the period needed to detect a fault was adapted to 10 minutes.
Figure 5.5 shows the result of the fault detection module for the 12 kW
series with the CVL fault.
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Figure 5.5: Fault detection module with the 12 kW with CVL fault. After
a period of 10 minutes, when the fault ratio is higher than 80% the Warning
flag has a value of 1.

The same indicators defined in Section 3.5.3 were used to quantify
the performance of the FDD monitor with the experimental data.
Those indicators are the false alarm rate (FAR), missed detection rate
(MDR), accuracy, detection time (Dt) and fault impact ratio (FIR).
There is a new indicator, the COP drift, showed in Equation 5.2, which
is complementary to the F'I Rcop but more intuitive, as it is the de-
crease in COP from the no-fault state.

COP;; — COPfault
COP;;

COPdrift = %100 (5.2)

where COPyy is the COP at fault-free condition and C'OPyqy; is the
COP when there is a fault. Table 5.2 shows for all the static tests, the
value of the performance indicators.
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Table 5.2: Performance values for the FDD. ”-”: FDD did not reach a
prediction.

Code FAR (%) MDR (%) Accuracy (%) Dt (min) FIRcop COP drift (%)
OHXF10.1 0 - 100 - 1.00 0
OHXF10.2 0 - 100 - 1.00 0
OHXF10.3 0 - 100 - 0.99 1
OHXF10.4 0 - 100 - 0.99 1
OHXF10.5 0 - 100 - 0.98 2
OHXF10.6 0 33 100 22 0.97 3
OHXF10.7 0 16 100 9 0.96 4
OHXF10.8 0 19 100 5 0.95 5
OHXF12.1 0 - 100 - 0.99 1
OHXF12.2 0 - 100 - 0.99 1
OHXF12.3 0 - 100 - 0.98 2
OHXF12.4 0 - 100 - 0.97 3
OHXF12.5 0 - 100 - 0.97 3
OHXF12.6 0 - 100 - 0.96 4
OHXF12.7 0 - 100 - 0.94 6
OHXF12.8 0 16 100 11 0.93 7
CVL10.1 0 - 100 - 1.00 0
CVL10.2 0 - 100 - 1.00 0
CVL10.3 0 - 100 - 1.00 0
CVL10.4 0 - 100 - 0.98 2
CVL10.5 0 31 100 14 0.78 22
CVL10.6 0 15 100 6 0.71 29
CVL10.7 0 - 100 - 0.79 21
CVL12.1 0 - 100 - 1.00 0
CVL12.2 0 - 100 - 1.00 0
CVL12.3 0 - 100 - 1.00 0
CVL12.4 0 19 100 13 0.89 11
CVL12.5 0 0 100 6 0.69 31
CVL12.6 0 30 100 10 0.53 47
LL10.1 0 - 100 - 1.00 0
LL10.2 0 23 100 22 0.93 7
LL10.3 0 31 100 17 0.86 14
LL10.4 0 - 100 12 0.82 18
LL10.5 0 33 100 19 0.74 26
LL10.6 0 26 100 17 0.65 35
LL12.1 0 - 100 - 0.98 2
LL12.2 0 33 100 17 0.87 13
LL12.3 0 25 100 7 0.81 19
LL12.4 0 7 100 15 0.76 24
LL12.5 0 - 100 - 0.69 31
RO10 0 33 100 17 0.79 21
RO12 0 33 100 13 0.81 19
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The FAR and the Accuracy had ideal values which indicate that
there were no false alarms. The FDD monitor detects that a fault
was occurring when the COP drift was between 3% and 7% to above.
The 3% value was for the data corresponding to the 10 kW series,
while the 7% was for the 12 kW. This is because they correspond to
different clusters, and therefore, have different error margins. For the
experimental test with higher levels of CVL (CVL10.7), the heat pump
could not cover the demand, increasing the condenser temperatures.
This caused that the algorithm could not predict the heat pump be-
haviour because the conditions were far from those of the training.

The MDR values are very dependent on the test itself. A false neg-
ative is considered when the algorithm detects 10 minutes of steady-
state data, the COP has decreased 0.05 and the FDD algorithm does
not trigger a warning. As the tests have a duration of 60 minutes and,
discarding all the noisy data, there are small quantity of those periods.
Therefore, there was a lot of oscillation in the values of this indic-
ator. The extension in time of the tests would improve this indicator.
Nevertheless, the higher MDR was 33%, which is a good result.

The Dt was below 22 minutes. Without considering the unsteady
area at the beginning of each test due to the FI increase, the Dt was
usually 10 minutes, which is remarkable.

The FIRcoPdiagno used in section 3.5.3 was not used with the ex-
perimental data, as it could be misleading. Note that FIRcopdiagno is
used when the diagnosis of the fault is reached, whereas FIRcop is
used for any moment of the series. When the diagnosis is reached,
FIRcop is equals to FIRcopdiagno- For the validation with simulation
data, the fault effects were increasing continuously while with experi-
mental data, the effects increased in an stepped way corresponding to
each fault level. This could be observed in the faults RO, CVL and
LL, where the FIRcop increases fast with lower fault levels. If the
FIRcoPdiagno Was used, it would have high values due to experimental
limitation. For example, CVL at 10 kW started with a COP drift of 2%
and the next fault level had a 22% drift. Therefore, despite the FDD
monitor could diagnose for COP drifts as low as 3%, the FIRcopdiagno
for CLV would be 0.78 (22% drift), that could be interpreted as a
poor performance of the FDD monitor when it is due to experimental
limitation.
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The FDD monitor detected the faults for COP drifts of 3% for
the 10.2 kW and 7% for the 12.3 kW. These drifts correspond to the
uncertainty of each group of the input space. Those values comply
with the objective of detecting a fault before a 10% of COP drift.

5.5 Fault diagnosis

The diagnosis methodology was based on expert knowledge. The
trends expected from the literature research, that were used for the
first validation with the TRNSY'S model, differ from those obtained in
the fault tests with a real heat pump. Table 5.3 shows the comparison
between the results expected from literature and the ones obtained
experimentally.

Table 5.3: Comparison between the feature trends from the literature and
from the experimental tests. _lit: literature trends, _exp: fault test trends,
1. increasing trend, |: decreasing trend.

Fault cop Wcomp Qhem‘, Tsc Tsh Tevap Tcond Tco T'll .
OHXF it | + 1 1
OHXF.exp | + !

CVL_lit ! 4 4 4 !
CVL_exp \ T o1 T4
LL lit - T . T
LL_exp i T (N T T 34
OC it \ T T T {
OC_exp - T T T I

The following discrepancies were found:

e For OHXF': the compressor outlet temperature did not change on
the tests, but an increase was expected from the literature and
Dymola simulation.

e For CVL: the tests shows and increase in subcooling, decrease in
liquid line temperature and no effect on superheating, while in
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the literature they displayed no effect on subcooling and liquid
line temperature, and increase in superheating.

e For LL: in the literature, subcooling decreased, superheating and
liquid line temperature increased, but in the tests, subcooling,
condenser temperature, and compressor outlet temperature in-
creased, liquid line temperature and refrigerant mass flow de-
creased.

e For OC: the literature showed a decrease in refrigerant mass flow,
but the tests displayed no change of it, and also an increase
in compressor outlet temperature and evaporating temperature,
and decrease of liquid line temperature.

The differences observed corresponded to a lack of literature data
to generalize the fault effects for different heat pump architectures.
Appling the first diagnosis logic (Figure 3.11) showed that none of
the test faults with the real heat pump could be diagnosed correctly,
being confound with another fault. Therefore, the diagnosis module
was updated with the trends of the tested heat pump, ending with the
diagnosis table showed in Figure 5.6.

E:Ertu h COP | Weomp | Qneat | Tsc | Tsh | Tevap | Teond | Teo | Tu | M. [Fault code

e v = |V = v [ A | -155-1151
oc Vv T = NN 55111-15
CVL NJ N = ™ = ™MLy L | 55101-1-1
IHXF NJ N = ™ ™ 5551155
OHXF NE 0 = = J = = 50-10055
Lt v T = NMIEEEEE 51-11155

Figure 5.6: Fault diagnosis chart adapted to the real heat pump. The
arrows facing up or down means increasing or decreasing trend, respect-
ively, and the equals means that the feature does not change. Each of the
faults has a code based on the tendency of the features (-1: decreasing, 1:
increasing, 0: equals and 5:mot relevant).

With the updated table of diagnosis, the indicator missdiagnosis
rate (MR) was used to quantify the performance of the diagnosis. Table
5.4 shows the MR values for each fault tested.
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Table 5.4: Misdiagnosis rate (MR) values for the updated diagnosis module

Code MR (%)
OHXF10 -
OHXF12
CVL10
CVL12
LL10
LL12
RO10
RO12

S OO OO O

With the update, there were no misdiagnosis for any fault. How-
ever, for OHXF the algorithm could not diagnose the fault because the
effects were not high enough.

5.6 Discussion and conclusions

To put into context the results of the developed FDD monitor, it is
required to compared it with similar solutions. From Section 3.2, the
collected values Accuracy and the False Alarm Rate (FAR) of literat-
ure solutions could be compared with the ones obtained in the present
chapter. However, it is hard to do a direct comparison between meth-
odologies because the systems tested or the input data are different.
Table 3.1 is reproduced below to see the accuracy and FAR values from
the literature.
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Table 3.1: Performance comparison between different FDD methods. CH:
chiller, HP: heat pump, RTU: rooftop unit, MS: multi-split, Simu.:data from
simulation, No.Sens.: number of sensors, P: pressure sensor, T: temperature
sensor, m: air flow rate sensor, Accu.: Accuracy, FAR:false alarm rate and
“7:Unspecified. (repeated from page 46)

Category ~ Method Device Data No.Sens. Accu. FAR  Ref.

Knowledge- Machine HP Real  4T,3P 1.6%  [53]
based Learn- and 2m

ing
Analytical- Grey- HP Real  4-5T 5.3%  [54]
based box
Analytical- Black-  CH Real  7T,3P 93.0% [81]
based box
Knowledge- Machine RTU  Simu. - 35.0% [82]
based Learn-

ing
Knowledge- Machine RTU  Simu. - 55.0% [82]
based Learn-

ing
Knowledge- Machine RTU  Simu. - 15.0% [82]
based Learn-

ing
Knowledge- Machine MS Real 28T 94.0% [83]
based Learn-

ing
Knowledge- Machine MS Simu. 28T 80.6% [83]
based Learn-

ing

Considering fault detection, the FAR obtained was 0%, being lower
than which was found in literature. Taking a more concise look to each
of those articles, the first study [53] obtained a FAR value of 1.6%.
That study was about an FDD for multiple simultaneous faults in a
roof top unit (RTU). They commented that the higher FAR values
were caused by the LL fault which interferes with their refrigerant
mass flow virtual sensor. They run their FDD with 6 faults happening
simultaneously. Taking that into account, the FAR they obtained was
small. In comparison, the current FDD solution was limited to one-
by-one faults, with unknown results for simultaneous faults.
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For another study [82], the authors evaluated the performance of
three different commercial and open FDD protocols. They used four
different types of input sets to do the evaluation. The FAR values
were considerably high for two of the FDD (FAR between 20% and
90%) and lower for the other one (between 5% and 20%). The high
FAR values could be the result of using different inputs sets than the
used for the development of each FDD. The FDD monitor developed in
this thesis, showed that the COP drift threshold for detection changed
between different clusters of the input space, therefore, it could perform
differently with another set of inputs.

In this thesis, only a small part of the operation region was tested
and the results were good. It remains uncertain if the performance
could change for other conditions, but the results encourage to commit
with more development and validation of the developed monitor.

With respect to diagnosis performance, Table 3.1 also gives Ac-
curacy values, which could be compared with the obtained results.
However, they refer to diagnosis accuracy while, in this thesis, the ac-
curacy has been used for the fault detection while for the diagnosis the
indicator the misdiagnosis rate (MR) was used, which is the inverse
of the diagnosis accuracy. Accordingly, the diagnosis accuracy values
obtained with the FDD monitor were of a 100% for each fault except
for OHXF which was not diagnosed.

Taking this into account, the first study [81] developed a fault dia-
gnosis technique for chillers based on Bayesian network. They used
as input data the results from a previous study from Comstock and
Braun [22] about faults on a chiller. They obtained diagnosis accuracies
higher than 70%. However, they did not define the accuracy calcula-
tion, being possible that they also took into account when a fault was
not diagnosed. In this thesis, for the diagnosis part, it has been only
take into account when a fault was wrong diagnosed. Therefore, us-
ing the same basis, they could had higher accuracy values, but that
remains uncertain. They also note that when the fault intensity was
higher, the accuracy increased because the fault effects were higher.

In other article [83], the use of an improved decision tree for fault
diagnosis in variable speed heat pumps showed good results. They
obtained a diagnosis accuracy of 94.44% for experimental data. When
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the test conditions were different, the accuracy decreased until 69.18%.

There is the same uncertainty about the calculation of the accuracy,
but in general terms, the diagnosis of the FDD monitor developed are
even better that other FDD methodologies found in the literature.

The FDD monitor developed has performed well while working in
real-time. During the faults test, the FDD used the heat pump meas-
urements, detecting steady-state and monitoring the COP in real-time.
Despite conditions were not changing, it only required almost seven
hours of training to obtain the results showed.

This section has shown the result of the FDD developed with data
from a real heat pump with emulated faults. The steady-state detector
worked correctly and filtered the non-stationary data. Despite the
data being very steady and without dynamic changes, the algorithm
was able to adapt to the different noise levels and the discontinuities
between both conditions.

The input data was classified correctly into two different clusters,
corresponding to two different conditions. No-fault models were trained
for both clusters with error margins of 3% and 7% for the 10 kW and
12 kW conditions, respectively. The last one had less quantity of data
points and more noise which could explain the increase in error margin.

The FDD monitor had high accuracy without any false alarms. The
use of the SSD and ensuring the constance of the fault, guaranteed the
veracity of the detections. The detection time was below 20 minutes
including the transition phase from one fault level to another.

All the faults were correctly diagnosed except for OHXF which a
diagnosis could not be reached. However, the diagnosis table had to
be changed between the first validation with simulated data and the
second with experimental data. This means that more work is needed
to be able to be generalized to different heat pump typologies. As
already explained in Section 4.6, the different heat pump architectures
affect the fault repercussions. If more data of fault effects were ac-
cessible, the diagnosis module could take into account different fault
effects and be more adaptable to other conditions.

The FDD monitor worked as intended with low computational re-
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quirements. The FDD was running on a computer with average hard-
ware, but in parallel, the same FDD was running on a pocket-size
computer with low resources. The results were the same between both
implementations. This opens the possibility to install the monitor in-
site.
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CHAPTER 6

Summary and outlook for future
research
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6.1 Final summary

The objective of this doctoral thesis was to develop and validate a Fault
Detection and Diagnosis (FDD) monitor for domestic heat pumps. The
monitor has been developed to work with variable heat pumps.

The first part of this thesis was dedicated to do a literature review
of the faults that commonly affect to vapour compression systems,
which are: outdoor heat exchanger fouling and outdoor unit mechan-
ical component failure, indoor heat exchanger fouling and indoor unit
mechanical component failure, compressor and 4-way valve leakage,
non-condensable gas in the refrigerant circuit, refrigerant over and un-
der charge, restriction in the liquid line, errors in sensor measurements
and other less common errors. From the literature, the effects of those
faults were summarized and quantified. The different emulation tech-
niques that have been used to induce faults in real equipment were
described, as well as the modelling of faults for virtual simulation.

The different methodologies to create an FDD monitor were ex-
plored to choose the one that best covers the aims of the research.
Despite the lack of homogenization to describe the performance of the
FDDs, a table was created to compare the performance of the different
methodologies. The method selected to develop the FDD consist of
the creation of no-fault models of different features with polynomial
regressions and diagnosis of faults using expert knowledge. The FDD
consisted of additional modules as the steady-state detector, the input
space and the fault detection module, to increase the accuracy of the
results. The steady-state detector eliminates the non-stationary data,
for this, a new methodology that adapts to different input conditions
was developed. The input space is used to group the data by the work-
ing conditions, giving the capability of self train the algorithm when
data from new condition is detected. The no-fault models created with
polynomial regression models represent the behaviour of the heat pump
when there is no fault present in the equipment. The comparison of the
COP value between the results of the models and the heat pump meas-
urement serves as indicator of a fault. To avoid the possibility of false
alarms due to measurement noise or outliers in the measurement, the
fault detection module ensures that the fault is present during a certain
period before giving notice of the fault. From the expert knowledge
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obtained by reviewing the literature of faults effects, a diagnosis table
was created to knowing the trend of different features and determine
the occurring fault.

The FDD monitor was first validated with data from a simulation
model. Using the TRNSYS software, the model of an air-to-water
heat pump with a variable speed compressor was created. However,
the model was not complex enough to induce the faults in the different
components. To tackle the situation, different fault parametrization
equations were generated. The equations were applied to the data of
the non-faulted heat pump TRNSYS model, obtaining the data with
the fault effects to validate the FDD monitor. The faults simulated
were under and over charge, valve leakage, indoor heat exchanger foul-
ing, outdoor heat exchanger fouling and liquid line restriction. Using
this data, the monitor could detect that a fault was happening before a
5% reduction in COP occurred without any false alarm. All the faults
simulated were correctly diagnosed by the FDD. The self training cap-
ability was used along the simulation when new conditions appeared.
If these new conditions appeared when the equipment had a fault, the
algorithm could learn this faulty behaviour as normal and delaying the
detection of the fault.

The monitor was also validated with a real heat pump, a pro-
totype of a 10 kW, water-to-water, variable-speed compressor heat
pump charged with propane, developed within the framework of the
European project TRI-HP. The heat pump was tested in normal condi-
tions and with faults induced. The tests were carried out under labor-
atory conditions in the SEILAB, which is a testing laboratory based
on the Hardware-in-the-Loop methodology. The faults emulated were
outdoor heat exchanger fouling, compressor valve leakage, liquid line
restriction and refrigerant overcharge. The tests were performed with
different fault intensities and with heat duties of 10 kW and 12 kW.
The effects of the faults were analysed, focusing on the COP, the elec-
trical power consumption and internal parameters of the refrigerant
circuit as refrigerant mass flow, superheat, subcooling and compressor
outlet, liquid line, evaporation and condensing temperatures. All the
faults decreased the COP, being compressor valve leakage the fault that
had a higher impact and outdoor heat exchanger fouling the one with
the least effect. The results of the faults differ from the ones obtained
from the literature review, mainly because of the different architectures
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between the tested heat pump and the ones from literature. Because
of that, the diagnosis table developed had to be adapted to the new
data.

While the faults were being tested, the FDD monitor was running in
real time, supervising the heat pump status. The monitor was trained
with the data of the heat pump without faults. Then, it monitored the
rest of the tests. The FDD monitor detected that a fault was happening
before the COP decreased 8%, achieving a detection before a 4% drift
for the 10 kW load. The detection time was less than 25 minutes
without any false alarm. All the faults were correctly identified, except
for outdoor heat exchanger fouling which was detected as a fault but
could not be discerned from the others. Despite that was difficult to
do a direct comparison with other FDD methodologies found in the
literature review, the FDD monitor developed showed better results
than other methodologies. Furthermore, this new monitor also works
with variable speed compressors, which were not commonly used for
FDD development and requires of low computational resources.

The main objective of the thesis has been achieved. Almost all the
specific objectives were fulfilled. Despite the monitor has been valid-
ated with simulation data and experimental data with two different
types of heat pumps, the diagnosis methodology needs more work to
achieve the specific objective of developing a monitor that could work
with different types of heat pumps.

6.2 Future work

The objective of this thesis has been accomplished, however there are
more actions that can be done to improve the overall performance of
the FDD monitor.

Different faults has been tested in a real heat pump, yet faults
as undercharge, non-condensables gases and sensor errors could not
be tested within the time frame of the experimental campaign. If in
a future research, these faults want to be tested, the first two fault
will needed to have a real heat pump to induce the faults, with the
possibility of damaging the equipment if liquid refrigerant enters the
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compressor. The sensor error could be emulated by manipulating the
data from the tests done. However, sensors provide the input data to
the FDD, being difficult to know if a measurement corresponds to a
real situation or to a drift in the measurement. The methodologies
required to detect sensor errors are inside the group of pattern recog-
nition techniques. Therefore, the FDD monitor will require to count
with this type of methodologies to identify a sensor error, needing a
total rebuild.

As has been shown, the diagnosis logic obtained with the literature
review does not work correctly for the tested heat pump. More efforts
need to be done to obtain a diagnosis that could work with a high
variety of heat pump systems. To do so, more tests are required with
different heat pumps or the obtention of information from maintenance
services about faults. The self-train capability gives flexibility to the
solution; however, for the case of the OC fault with the validation with
simulated data, the FDD monitor self-trained when the equipment had
a fault. Therefore, the self-training capability needs to be redefined to
avoid the training when the heat pump has a fault, for example, by
stopping the self-learning after a fault has been detected.

With the test of the FDD monitor in the laboratory with static
conditions, the Technology Readiness Level (TRL) achieved was 4. The
TRL is used to measure the maturity level of a technology. Doing the
same tests but under dynamic conditions, the TRL achieved would be
5. But one of the most interesting steps to do to improve the solution,
is to implement it in a heat pump in field. This will provide valuable
information about the performance of the solution along the year and
the needs and expectations of the final users. With this demonstration,
another TRL level will be acquired (6), and the technology will be
accessible to the domestic heat pump market.
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