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Abstract

In comparison to chilled water-based large-scale central air conditioning (A/C)
systems, direct expansion (DX) A/C systems are simpler in configuration, more
energy efficient and generally cost less to own and maintain. Therefore, for the last
few decades, DX A/C systems have found increased applications in buildings,
especially in small to medium-scale buildings. A DX A/C system is made up of a DX
refrigeration plant and an air-distribution sub-system. In the DX refrigeration plant,
there exists an expansion valve (EV)-evaporator control loop to regulate the
refrigerant mass flow rate entering the evaporator in response to the degree of
refrigerant superheat (DS) at the evaporator’s exit. Fundamentally, a DX A/C system
can be classified as a special kind of refrigeration system, and the issue of operational
instability often encountered in a refrigeration system would also occur in a DX A/C

system.

The issue of operational instability in a refrigeration system has been extensively
studied. There have been two different views on the possible causes for the operational
instability, or hunting, namely, the inherent operational characteristics of an
evaporator and the operational characteristics of an EV. While hunting has been
widely observed in both thermostatic expansion valve (TEV) and electronic expansion
valve (EEV) controlled refrigeration systems, limited numbers of studies on
investigating the operational characteristics of an EEV on the operational stability of

the EEV-controlled refrigeration system may be identified.
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On the other hand, the wide application of variable-speed (VS) technology has made
the continuous control of compressor speed and supply fan speed in a DX A/C system
more practical, paving the way for achieving simultaneous control of indoor air
temperature and relative humidity (RH) using DX A/C systems. Previous extensive
studies on the inherent operational characteristics of a VS DX A/C system expressed
in terms of the inherent correlation between its output total cooling capacity (TCC)
and equipment sensible heat ratio (E SHR) were carried out, with the issue of
operational stability being ignored when both compressor speed and supply fan speed
were simultaneously varied. However, hunting was actually observed ina VS DX A/C
system when it was VS operated for simultaneously controlling indoor air temperature
and humidity, resulting in a relatively low operational safety and high energy

consumption.

Therefore, in this Thesis, a systematic study to investigate the operational stability of
an EEV controlled VS DX A/C system under VS operation is reported. The Thesis,
first of all, begins with presenting a theoretical and experimental study on the
influences of the operational characteristics of a proportional-integral (PI) controlled
EEV on the operational stability of the DX A/C system. Using the classical control
theory, EEV’s PI settings and time constant of EEV’s temperature sensor on stability
were analyzed. The theoretical analysis results using the classical control theory were
further verified experimentally using an EEV-controlled experimental DX A/C system.
The study results showed that a larger proportional or integral gain for the PI-
controlled EEV would lead to a higher chance for the EEV-evaporator control loop to
become unstable, while slowing down the rate of DS signal transfer by increasing

EEV’s time constant may help mitigate system instability. The study results confirmed
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that the operational characteristics of an EV in a refrigeration system could impact its
operational stability and further suggested an effective approach to mitigate the
instability problem encountered in an EEV-controlled refrigeration system by
incorporating a first-order transfer function in its EEV-evaporator control loop to slow

down the rate of DS signal transfer.

Secondly, this Thesis reports a study to investigate the inherent operational
characteristics of the VS DX A/C system considering its operational stability at
different DS settings and inlet air states, which may be regarded as a follow-up to the
previous reported studies on the inherent operational characteristics of the VS DX A/C
system when the issues of instability were ignored. Using the experimental VS DX
A/C system, the inherent correlations between its TCC and E SHR at different
combinations of compressor speed and supply fan speed were studied, and the unstable
operating points of speed combinations under different DS settings and inlet air states
identified. The experimental results suggested while different DS settings may not
significantly influence the inherent correlations between TCC and E SHR, but did
impact the operational stability. Furthermore, VS operation and different inlet air
states to the DX evaporator also influenced the operational stability. A higher
compressor speed or a lower supply fan speed, and a lower inlet air temperature or RH

level would lead to a higher chance to instability.

Finally, the development of a new capacity controller that is able to not only
simultaneously control indoor air temperature and humidity, but also select an
optimized DS setting to properly balance the operational safety and efficiency of the

VS DX A/C system is reported in this Thesis. The new capacity controller was
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developed by adding a control module to a previously developed capacity controller.
The core of the control module was an artificial neural network (ANN) based model
representing the known relationship between the inherent operational characteristics
and operational stability of the VS DX A/C system. The new capacity controller was
experimentally tested using the experimental VS DX A/C system. The test results
showed that the hunting of the experimental DX A/C system was mitigated and a slight
improvement in operational efficiency achieved when using the new capacity

controller for simultaneously controlling indoor air temperature and humidity.

The study results reported in this Thesis have provided a better understanding of the
operational stability of an EEV-controlled DX A/C system under VS operation.
Furthermore, the study has also laid a good basis for developing capacity controllers
to address the issues of operational instability for VS DX A/C systems. The outputs
from this study can help improve the operational safety and energy efficiency ofa VS
DX A/C system when it is VS operated for achieving a better indoor thermal

environment control.
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Chapter 1

Introduction

Direct expansion (DX) air conditioning (A/C) has been widely used in small- to
medium-scaled buildings. A DX A/C system consists of a DX refrigeration plant and
an air-distribution sub-system. The DX refrigeration plant is mainly composed of a
DX evaporator, a condenser, an expansion valve (EV) and a compressor. The
evaporator in the DX refrigeration plant acts as a DX air cooling coil in the air-
distribution sub-system to simultaneously cool and dehumidify the air passing through
the coil. The conditioned air is then supplied to a conditioned space through the air

distribution sub-system by a supply fan.

In such a vapor-compression refrigeration system, thermostatic expansion valves
(TEVs) and electronic expansion valves (EEVs) are two of the most widely used EVs
for regulating the refrigerant mass flow rate entering an evaporator in response to the
degree of refrigerant superheat (DS) at the evaporator exit. On the other hand,
instability in a refrigeration system, conventionally known as hunting, is the
phenomena of the oscillation of certain system operational parameters such as DS,
refrigerant mass flow rate and evaporating pressure. Hunting has been noticed in not
only the refrigeration systems controlled by TEVs, but also those controlled by EEVs.
Hunting leads to a lower operational safety, and a higher energy consumption of a
refrigeration system, and thus should be avoided as far as possible. There have been
two different views on the possible causes for hunting. The first concentrated on the
operational characteristics of an EV, as it would take some time for the DS signal to

propagate through the EV to adjust the refrigerant mass flow required, which was



considered as the fundamental reason for hunting. The other however tried to explain
the causes for hunting based on the inherent operational characteristics of an
evaporator. However, there has been no verdict of which view would reflect truly what
leads to hunting in a refrigeration system. Moreover, while the hunting in those EEV-
controlled refrigeration systems has been widely studied, limited numbers of
investigations on studying the influences of the operational characteristics of an EEV

on the operational stability of EEV-controlled refrigeration systems may be identified.

With the introduction of variable speed (VS) technology to DX A/C systems, both
compressor and supply air fan in a DX A/C system can be simultaneously varied,
offering tremendous opportunities for improving indoor thermal control and energy
efficiency when using DX A/C systems. For a DX A/C system under VS operation,
varying its compressor and supply fan speeds influences its output sensible and latent
cooling capacities, which can be regarded as the inherent operational characteristics
of a VS DX A/C system. While the inherent operational characteristics of a VS DX
A/C system expressed in terms of the inherent correlations between its total cooling
capacity (TCC) and equipment sensible heat ratio (E SHR) were extensively studied
previously, the issues of operational instability were ignored in these previous studies
where the DX A/C system was VS operated at different inlet air states. However,
previous studies showed that when an EEV-controlled DX A/C system was VS
operated for simultaneous control over indoor air temperature and humidity, its

operating DS may fluctuate at certain operating points.

Therefore, it becomes necessary to study the influences of the operational

characteristics of an EEV on the operational stability of an EEV controlled DX A/C



system, and to further investigate the inherent operational characteristics of a DX A/C
system considering its operational stability when it is VS operated for simultaneously

controlling indoor air temperature and humidity.

This Thesis begins in Chapter 2 with a detailed literature review on the various issues
related to the operational stability and control of a DX A/C system. The review on the
two different views on the possible causes for hunting in a refrigeration system, i.e.,
the inherent operational characteristics of an evaporator and the operational
characteristics of an EV, is firstly presented. This is followed by reviewing various
issues related to the operation and control of DX A/C systems, including capacity
control, indoor humidity control, inherent operational characteristics of a VS DX A/C
system and indoor thermal environment control using DX A/C systems. The issues of
operational instability problem identified in a DX A/C system when VS operated are
discussed. Finally, the identified further necessary research project on studying the
operational stability in an EEV-controlled VS DX A/C system under VS operation is

presented.

Chapter 3 presents the research proposal, which covers the background, project title,
objectives and research methodologies deployed for the research project reported in

this Thesis.

In Chapter 4, descriptions of an available experimental EEV-controlled VS DX A/C
system to facilitate the research project reported in this Thesis are presented. Firstly,
the experimental VS DX A/C system and its major components are described in detail.

This is followed by introducing the computerized measuring devices and a data



acquisition system. Finally, a computer supervisory program used to operate and
control the experimental VS DX A/C system is detailed. The availability of the
experimental system is expected to be essential in successfully carrying out the

research project proposed in Chapter 3.

Chapter 5 reports on a theoretical and experimental study on the influences of the
operational characteristics of a proportional-integral (PI) controlled EEV on the
operational stability of an EEV-controlled DX A/C system. Using the classical control
theory, the influences of both EEV’s PI settings and time constant of EEV’s
temperature sensor on system stability were analyzed. The theoretical analysis results
using the classical control theory were further verified experimentally using the
experimental EEV-controlled DX A/C system and the experimental results are

presented.

In Chapter 6, a follow-up study on the inherent operational characteristics of the
experimental VS DX A/C system considering its operational stability at i) different
combinations of compressor and supply fan speeds, ii) different DS settings and iii)
different inlet air states, is reported. Using the experimental VS DX A/C system, the
inherent correlations between its output total cooling capacity (TCC) and equipment
sensible heat ratio (E SHR) at different combinations of compressor speed and supply
fan speed were studied and the unstable operating points of speed combinations under
different DS settings and inlet air states identified. The experimental results suggested
while different DS settings may not significantly influence the inherent correlations
between TCC and E SHR, but did impact the operational stability. VS operation and

different inlet air states to the DX evaporator also influenced the operational stability.



Chapter 7 reports the development of a new capacity controller for the experimental
VS DX A/C system that is able to not only simultaneously control indoor air
temperature and humidity, but also select an optimized DS setting to properly balance
the operational safety and energy efficiency. The new capacity controller was
developed by adding a control module to a previously developed capacity controller.
The core of the control module was an artificial neural network (ANN) based model
representing the known relationship between the inherent operational characteristics
and operational stability of the experimental VS DX A/C system obtained in Chapter
6. The new capacity controller was experimentally tested using the experimental VS
DX A/C system. The test results showed that the hunting of the experimental DX A/C
system was mitigated and a slight improvement in operational efficiency achieved
when using the new capacity controller for simultaneously controlling indoor air

temperature and humidity.

Finally, the conclusions of this Thesis and the proposed future work are presented in

Chapter 8.



Chapter 2

Literature Review

2.1 Introduction

Air conditioning (A/C) systems are widely used in buildings for indoor thermal
environment control, and thus the energy consumption for A/C takes a large share of
the total energy use in buildings. A close look at the US energy consumption shows
that approximately 40% of all the energy used in the US was by heating, ventilation
and air conditioning (HVAC) and refrigeration systems in 2011 [USDOE, 2012]. In
China, energy consumption in buildings increased by about 10% every year for the
past 20 years since 1984 [Yao and Chen, 2010] and comprised about 19.12% of the
total national energy usage by the year 2014 [CABEE, 2016]. In Europe, around 40%
of the total energy consumption was by commercial and residential buildings [Balaras
et al., 2007]. In Hong Kong, the energy use for space A/C and refrigeration accounted
for 36% of the total electricity use in 2013 [EMSD, 2015]. On the other hand, in small-
to medium-scale buildings, direct expansion (DX) A/C systems are commonly used
due to their advantages of simple configuration, high energy efficiency and low cost
to own and maintain [Bansal, 2015; Zhang, 2002]. For example, in Hong Kong, the
annual total sale of DX residential air conditioners was around 400,000 units in 2000
[Zhang, 2002]. In the US, packaged rooftop DX A/C systems accounted for
approximately 60% of the total installed cooling capacity in commercial buildings
[Brodrick and Gilbride, 2002]. Therefore, it is very important to improve the
operational efficiency of DX A/C systems to contribute to both environmental

protection and sustainable development.



The operational instability, or hunting, and its consequence of a lower operational
safety and a higher energy consumption have been widely noticed in both TEV [Eames
et al., 2014; Huang et al., 2014; Wedekind, 1971; Wedekind and Stoecker, 1968;
Yasudaetal., 1983] and EEV [Chen et al., 2008; Fallahsohi et al., 2010; Li et al., 2004;
Qi et al., 2010b] controlled refrigeration systems. As a vapor-compression
refrigeration system, the operational instability was also observed in DX A/C systems
[Chen, 2005; Chen et al., 2008]. Furthermore, while the extensive application of VS
technique to DX A/C systems has made the continuous control of compressor speed
and supply air fan speed more practical, paving the way to simultaneously control
indoor air temperature and humidity, VS operation of a DX A/C system may also
potentially lead to its operational instability. A previous study [Qi et al., 2010a]
showed that when a DX A/C system was VS operated at different inlet air states, the
operating DS regulated by a conventional proportional-integral-derivative (PID)
controlled EEV would experience fluctuation, leading to the operational instability, or
hunting, of the VS DX A/C system. Therefore, for ensuring a safe and efficient
operation of an EEV-controlled VS DX A/C system, an investigation on its operational

stability should be carried out.

This Chapter presents a critical literature review on various issues related to the
operational stability and control of DX A/C systems. An introduction to hunting is
presented firstly. Secondly, an extensive review on the possible causes for hunting in
refrigeration systems is reported, covering the inherent operational characteristics of
an evaporator and the operational characteristics of an EV. This is followed by

reviewing the issues related to the operation and control of DX A/C systems, i.e.,



capacity control, indoor humidity control and the inherent operational characteristics
of a DX A/C system, the indoor thermal environment control using DX A/C systems
and the instability problem encountered in a VS DX A/C system. Finally, the

conclusions of the literature review are presented.

2.2 Operational stability in vapor-compression refrigeration systems

Compressor

Condenser Evaporator

Expansion device

%

Fig. 2.1 Schematic diagram of a vapor compression refrigeration system

A DX A/C system is operated based on a vapor-compression refrigeration cycle. As
schematically shown in Fig. 2.1, there are four key components in a vapor-
compression refrigeration cycle: a compressor, an evaporator, a condenser and an
expansion device. In a vapor-compression refrigeration system, its evaporator is used
directly as a cooling coil to cool the air or water passing through it. There are usually
two heat transfer regions in an evaporator, namely, a two-phase region and a
superheated region. The heat transfer coefficient between the refrigerant and the
evaporator walls in the two-phase region is much higher than that in the superheated

region, and thus the heat transfer taking place in the two-phase region is responsible

8



for almost all of the cooling capacity of the entire evaporator. Therefore, to maximize
the effectiveness of an evaporator, its two-phase region should ideally occupy most of
the evaporator. However, if the two-phase region gets near to the exit of the evaporator,
liquid refrigerant might enter the suction line and damage the compressor. Therefore,
the refrigerant mass flow entering an evaporator should be well controlled, so as to
ensure safe and reliable operation of the compressor while providing the maximum

amount of cooling capacity.

In vapor-compression refrigeration systems, TEVs and EEVs are extensively used for
regulating the refrigerant mass flow rate entering an evaporator by changing their
valves’ opening in response to the DS at the evaporator exit. As shown in Fig. 2.2(a),
a TEV utilizes a sensing bulb filled with the same refrigerant as that used in the
refrigeration system and clamped to the evaporator exit to detect the refrigerant
temperature there. The pressure inside this bulb is the refrigerant saturation pressure
corresponding to refrigerant temperature at the evaporator exit. Therefore, based on a
force balance among the refrigerant pressure at the evaporator exit, the refrigerant
pressure inside the sensing bulb, and an adjustable spring force, the TEV’s opening
can be accordingly regulated to achieve a controlled refrigerant flow rate entering the
evaporator for maintain the required DS setting. Furthermore, as schematically shown
in Fig. 2.2(b), an EEV utilizes a temperature sensor and a pressure transducer to
respectively measure the refrigerant temperature at the evaporator exit and evaporating
pressure to evaluate the DS using a pre-programmed microprocessor controller. EEV’s
opening will then be regulated by a stepper motor in response to a feedback control
signal of the evaluated DS for controlling the refrigerant mass flow rate entering the

evaporator. Such an expansion valve (EV)-evaporator loop is an important loop in a



vapor-compression refrigeration system, and its operating performance directly
influence the key system operating parameters, i.e., refrigerant mass flow rate,

operating DS and evaporating temperature, as well as the system operational stability.
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Fig. 2.2 Schematic diagrams of the two typical EVs (a) TEV; (b) EEV

2.2.1 Operational instability in vapor-compression refrigeration systems

In a vapor-compression refrigeration system, its EV-evaporator control loop may be
underdamped and even unstable after being subject to certain operating disturbances,
causing the oscillation of key system operating parameters, such as operating DS,

refrigerant mass flow rate and evaporating pressure, leading consequently to an
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unstable operation of the refrigeration system. This phenomenon in a refrigeration
system has been conventionally known as hunting. Hunting has been widely noticed
in the refrigeration systems controlled by either TEVs [Eames et al., 2014; Huang et
al.,2007; Huang et al., 2014; Wedekind, 1971; Wedekind and Stoecker, 1968; Yasuda
et al., 1983], or EEVs [Chen et al., 2008; Fallahsohi et al., 2010; Li et al., 2004; Qi et
al., 2010b]. Fig. 2.3 shows the phenomenon of hunting observed in a TEV controlled
refrigeration system. As seen, when hunting occurred, key operating parameters, i.e.,
(b) evaporating pressure and (d) refrigerant mass flow rate, would fluctuate. For
ensuring a safe operation of a vapor-compression refrigeration system, its refrigerant
mass flow rate supplied to its evaporator should be well regulated, otherwise liquid
refrigerant may enter the suction line and damage the compressor. However, when
hunting occurs in a refrigeration system, the fluctuation of the refrigerant flow insides
the evaporator may cause the liquid refrigerant to enter the compressor, consequently
leading to the failure of the entire refrigeration system [Lenger et al., 1998]. In addition,
the oscillation of system operating parameters caused by hunting would cause the
frequent opening and closing of an EV, and thus result in a shorter EV’s lifespan,
negatively affecting the system operational safety [Mithraratne and Wijeysundera,
2001; Mithraratne et al., 2000]. Furthermore, the oscillation in the operating DS
caused by hunting would also lead to the corresponding fluctuation in compressor
suction temperature, resulting in a higher system energy consumption. Therefore,
hunting would result in a lower operational safety and a higher energy consumption

of the system, and should be avoided as far as possible.
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Fig. 2.3 Hunting observed in a TEV controlled refrigeration system. (a) TEV-bulb
pressure, (b) evaporating pressure, (c) pressure differential, (d) refrigerant flow rate

[Mithraratne and Wijeysundera, 2002]

2.2.2 Possible causes for hunting in refrigeration systems

Hunting has been studied for decades. There have been two different views on the
possible causes for hunting in open literatures. The first concentrated on the inherent
operational characteristics of an evaporator, such as the random fluctuation in a
refrigerant mixture-vapor transition point and the variation in heat transfer mechanism.
The second view however tried to explain the causes of hunting based on the inherent
operational characteristics of an EV, as it would take some time for the DS signal to
propagate through the EV to adjust the refrigerant mass flow required, which was
considered as the fundamental reason for hunting. In this Section, a detailed review on

the two views for explaining the possible causes for hunting is presented.
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2.2.2.1  Inherent operational characteristics of an evaporator

Three different phenomena, namely, the random fluctuation in a refrigerant mixture-
vapor transition point, variation in heat transfer mechanism and evaporator superheat
nonlinearity, have been widely observed and regarded as the inherent operational

characteristics of an evaporator, which may be used to explain the hunting in

refrigeration systems.

(a) Random oscillation in refrigerant mixture-vapor transient point in an evaporator

In a vapor-compression refrigeration system, an evaporator where vaporization takes
place can normally be divided into two distinct regions, i.e., a two-phase region and a

superheated region, as shown in Fig. 2.4. The mixture-vapor transient point refers to

the boundary between these the two regions.

Mixture-Vapor
Transition Point

Vapor refrigerant

e \

Two-Phase Region

Fig. 2.4 Regions in a horizontal evaporator

Zahn [1964] may be the first one in open literatures who observed the random

oscillation of mixture-vapor transition point in an evaporator. He visually inspected
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the flow patterns of R-22 when it was vaporized inside a horizontal tube. It was found
that the character of the two-phase flow inside the horizontal tube was unsteady with
varying rates of fluctuations even through the total refrigerant mass flow rate was held
steady. Different pressure, temperature, flow and heat load conditions were set for
simulating an actual operation condition of a small cooling coil. Two-phase flow

instability in the evaporator was discussed based on his visual observations.

Wedekind [1965] noticed the same phenomenon when investigating transients in fully
evaporating refrigerant flow. He used a 30-foot long heated glass tube to record where
the refrigerant was last vaporized and how the mixture-vapor transient point moved
over time. The results showed that even when a system was operated at steady-state
inlet conditions, the length of the two-phase region was continuously fluctuating, with
a magnitude of up to 10% of the total flow length. The liquid slugs being formed
upstream and propagating down inside the evaporator were used to explain this
phenomenon [Wedekind, 1971]. Wedekind [1971] thought the causes for this
phenomenon were related to the same mechanisms that caused density-wave
instabilities. On a statistical basis, Wedekind and Beck [1974] found that the standard
deviation of the mixture-vapor transition point from its mean value was affected by
the heat flux and the inlet flow quality. An increase in the heat flux or inlet flow quality
would cause a decrease in the standard deviation of the transition point from its mean

value.

A modeling study was carried out by Gruhle and Isermann [1985] to study the random
oscillation of the mixture-vapor transient point in an evaporator. An evaporator model

was established based on a distributed parameter process approximated by several
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lumped parameter modules. The dynamic behaviors of the evaporator were examined
using this model. According to the modeling study results, it was believed that the
random behavior of the transition point was due to the non-linear behavior of the heat
transfer coefficient in the location where the quality was near unity. Based on this
assumption, even at steady-state inlet conditions, the oscillations of the mixture-vapor
transition point in the evaporator at a frequency of 5 Hz could be predicted. However,
no detailed discussions on the influences of this random oscillation on the operational

stability of the evaporator were presented.

A refrigeration system consisting of a manual EV, an air-cooled condenser, a
reciprocating compressor and a water-cooled evaporator was developed by
Mithraratne and Wijeysundera [2001] to investigate the characteristics of the mixture-
vapor transition point oscillations in its evaporator. The random oscillations of the
mixture-vapor transition point were recorded using a high-speed camera. It was found
that these oscillations were correlated with the fluctuations in the DS at evaporator

exit, which may eventually cause the hunting of the system.

Liang et al. [2011] also built up a refrigeration system with a horizontal straight tube
evaporator to further study the effects of the random oscillations of the mixture-vapor
transition point on two-phase flow instability. Three types of dynamic instabilities
including the density-wave instability, pressure drop instability and thermal instability
were found under certain operational conditions. Different characteristics of the three
types of dynamic instabilities were concluded based on experimental results. It was

found that the oscillation caused by the density-wave instability took place at almost
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all the mass velocities and had the smallest oscillation periods and the lowest

oscillation amplitude in comparison to that caused by the other two types of instability.

In order to illustrate the influences of the random oscillations of mixture-vapor point
in an evaporator on the operational stability of a TEV-controlled refrigeration system,
Huelle [1967] proposed a so-called minimal-stable-signal (MSS), defined as a critical
minimal DS at which a refrigeration system could exhibit unstable operation. It was
observed that hunting often occurred when a low DS was set. This was explained by
Huelle that, for a given evaporator, the mixture-vapor transition point would move to
near evaporator exit and the DS would decrease with an increase in the refrigerant
flow rate at the evaporator inlet. The refrigerant supply and EV-evaporator control
loop would be stable when the transition point fluctuated within the evaporator.
However, when the transition point moved to near the evaporator outlet as the DS was
decreased, its fluctuation would cause a corresponding fluctuation in tube wall
temperature at evaporator exit, and thus the detected DS, consequently leading to
system hunting. Therefore, at a given output cooling capacity, there existed a
minimum degree of superheat to ensure a stable system operation. Later, Huelle [1972]
introduced a co-called MSS line to demonstrate the operational stability of a TEV-
controlled refrigeration system at different cooling loads and operating DS. A typical
MSS line is shown in Fig. 2.5. As seen, it was a monotone conic curve starting from
the original point on a DS (X-axis) — cooling capacity (Y- axis) chart, and at a specified
cooling capacity, there existed a minimal DS to separate a stable operation region from
an unstable one. The minimal DS increased as increasing the output cooling capacity
of a TEV-controlled refrigeration system. Huelle considered that the MSS line for a

specified refrigeration system was determined by the inherent operational
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characteristics of its evaporator. Considering the extensive use of VS compressor and
EEV nowadays, the MSS line theory was further revised by Chen et al. [2008] when
experimentally studying the operational stability of an EEV-controlled refrigeration
system having a VS compressor. The experiment results showed that there also existed
a MSS in an EEV-controlled refrigeration system. A new modified MSS line, as
shown in Fig. 2.6 having a maximum MSS value and a minimal MSS value was
proposed to distinguish a stable and an unstable working regions under different output
cooling capacities. They also believed the causes for hunting were part of system’s

inherent characteristics.

A MSS line

unstable region stable region

Cooling capacity

minimal DS

™ Ds

Fig. 2.5 A typical MSS line proposed by Huelle [1972]
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Fig. 2.6 The modified MSS line proposed by Chen et al. [Chen et al., 2008]

(b) Variation in heat transfer mechanism in an evaporator

The variation in heat transfer mechanism in an evaporator as the operating DS was
decreased at evaporator exit may lead to a sudden decrease in heat transfer coefficient
between the refrigerant inside the evaporator and the tube wall, thus causing the

flooding of the evaporator, resulting in a sudden decrease in operating DS.

Yasuda et al. [1983] developed a mathematical model for a TEV-controlled
refrigeration system to study the transient response of its evaporator. For the sake of
simplification, a lumped parameter sub-model was used to describe the refrigerant
flow in the two-phase region in the evaporator, but a distributed parameter sub-model
that in the superheated region. Transient behaviors of the evaporator following
positive and negative step changes in the static superheat settings of the TEV were

experimentally examined for validating the model. System hunting could be well
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predicted by switching the refrigerant side heat transfer coefficient when the operating
DS became lower than 5K, suggesting that a sudden change in heat transfer coefficient

in an evaporator may eventually lead to hunting.

A sudden decrease in operating DS was observed by Chen et al. [2002] when studying
the minimum stable superheat of an evaporator. It was found for the first time that,
although the opening of EV was not changed in experimentation, the operating DS
decreased suddenly when it was descended to below a certain value, due to the
nonlinear variation of heat transfer coefficient along the evaporator. Nucleation
hysteresis [Bergles et al., 1981; Daninowa and Beliski, 1962] was used to explain this
phenomenon. When the temperature difference between evaporator tube wall and the
refrigerant inside the evaporator can no longer maintain refrigerant nucleate boiling,
the nucleate boiling would disappear, leading to a deterioration of heat transfer in the
evaporator, and consequently a sudden decrease in the operating DS. Therefore, a
large difference in heat transfer coefficient between convection and nucleate boiling

would make a DS controller malfunction, leading to potential system hunting.

Shang et al. [2015] also considered that the disappearance of the nucleate boiling
causing a decrease in the operating DS at evaporator exit was the main reason for
causing the hunting in a refrigeration system. A critical heat flux for nucleate boiling
[Steiner and Taborek, 1992] was introduced to a state-space dynamic model to decide
when the nucleate boiling would disappear [Shang et al., 2016]. A flow boiling process
shown in Fig. 2.7 was introduced to demonstrate the variation in heat transfer
mechanism in an evaporator. Generally, conditions for the onset of nucleate boiling

were satisfied, nucleate and convective boiling coefficients were superimposed.
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However, when heat flux was lower than the critical heat flux for nucleate boiling, the
liquid refrigerant was vaporized by convective boiling mechanism at a smaller heat
transfer coefficient as shown in Fig. 2.7. Based on this assumption, the dynamic

behaviors of the oscillation in system’s operating parameters were simulated

successfully.
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Fig. 2.7 Flow boiling process in an evaporator [Shang et al., 2015]

(c) Superheat nonlinearity of an evaporator

The superheat nonlinearity of an evaporator is a further observed phenomenon that
can be used for explaining system hunting. When an evaporator is subject to a same
disturbance but at different operational conditions, the responses for operating DS at

evaporator exit may exhibit nonlinear characteristics, as expressed in terms of different
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system gains, transport lags or time constants. Consequently, when the evaporator in
a refrigeration system is controlled by a TEV or an EEV, the EV-evaporator control
loop may be underdamped or even unstable after experiencing sudden disturbances,
thus leading to the instability of the refrigeration system. Therefore, classical control
theory and dynamic modeling of an evaporator using transfer function, lumped
parameter or distributed parameter models, have been frequently used to study the
evaporator superheat nonlinearity and its influences on the operational stability of a

refrigeration system.

Stoecker [1966] may be the first investigator in open literatures to study the
operational stability of EV-evaporator control loop using classical control theory. A
Bode plot method was used to examine the operational stability of an EV-evaporator
control loop. The superheat nonlinearity expressed in terms of transport lag and time
constants was examined. There were two observations. Firstly, an increase in the
transport lag would reduce the system stability. Secondly, the time constant reflecting
the thermal capacity of the sensing bulb also impacted the system stability. A time
constant of either smaller than 5 seconds or greater than 2 minutes would ensure a
stable loop. Broersen and Vanderjagt [1980] used an open-loop transfer function for
modeling a TEV-controlled dry evaporator in a refrigeration system. A single-input
single-output feedback for regulating refrigerant mass flow rate and the operating DS
was used to study its operational stability. Using frequency-domain analysis, the
operational stability of the refrigeration system under different operating conditions
was examined. It was found that a larger refrigerant mass flow rate supplied to the
evaporator would lead to a smaller phase margin, and thus a higher chance to

instability. Hence, increasing the operating DS would help decrease chance for
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instability, but at the expense of losing output cooling capacity due to reduced
refrigerant mass flow rate supplied to the evaporator. A mathematic model for the
dynamically distributed parameters of an evaporator and a TEV was derived by Chen
and Jiang [1990] to establish the transfer function of a TEV-evaporator control loop.
The root locus method was utilized to analyze the operational stability of the control
loop. It was found that increasing the evaporating temperature or the heat transfer

coefficient in the superheated region would help mitigate system hunting.

Grald and Macarthur [1992] used a lumped parameter approach to model an
evaporator. A so-called moving-boundary refrigerant model was proposed to predict
the position of the two-phase/vapor interface, or the mixture-vapor transient point. The
modeling results showed that the DS would respond faster to a step decrease in the
refrigerant flow rate than it would to a step increase due to the nonlinear characteristics
of the evaporator. A lumped parameter approach was also adopted by Ibrahim [1998]
for modeling a TEV-controlled evaporator to analyze its operational stability under
different partial load conditions. The modeling results suggested that there existed a
critical time constant for an evaporator, below which the system can be operated in a
stable manner. It was found this critical time constant was decreased when decreasing
partial load ratio and increased when increasing the contact thermal resistance between
the TEV’s sensing bulb and the refrigerant pipeline, and the two-phase region heat
transfer coefficient. Ibrahim [2001] later used this model to study the dynamic
behaviors of a refrigeration system with a TEV-controlled evaporator when it was
subject to sudden changes in inlet water temperature and mass flow rate. It was found
that the system was more likely to be unstable at a low partial load ratio. Tahat et al.

[2001] further incorporated an evaporator’s time-constant equation into this model for
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describing the time-dependent behaviors of a refrigeration system. It was found that a
step decrease in the inlet water temperature would increase the evaporator time
constant, which might cause instability. However, all these results were based on

simulation, no experimental validation were carried out.

Jia et al. [1995] developed a distributed parameter model for predicting the transient
performance of an evaporator. The model was capable of predicting the distributions
of the refrigerant velocity, void fraction and temperature, tube wall temperature, air
temperature and humidity, in both position and time domains. The dynamic behaviors
of the evaporator were then investigated following a step change in the inlet refrigerant
mass flow rate. From the modeling results, it was observed that the evaporator thermal
response was faster following a step decrease than that following a step increase in
refrigerant flow rate, which agreed with the results of Grald and Macarthur’s two-zone
model [Grald and Macarthur, 1992]. A distributed dynamic model was also
established by Mithraratne et al. [2000] to simulate the transient behaviors of a
counter-flow water cooling evaporator controlled by a TEV in a vapor compression
refrigeration system. The liquid-vapor slip in the two-phase region of the evaporator
was accounted for by a void fraction module. The model was experimentally validated.
Based on the simulation and experimental results, Mithraratne and Wijeysundera
[2001] found that the approximate time constants of the evaporator following a step
increase in the refrigerant flow and a step decrease in the water flow rate were
significantly larger than those following the same changes in the opposite direction

due to the nonlinear characteristics of the evaporator.
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On the other hand, in practical control applications, the transient response for the
operating DS at evaporator exit to a sudden change in refrigerant mass flow rate
supplied to the evaporator can be approximately modeled by a first-order plus dead
time model [Aprea and Renno, 2001; Beghi and Cecchinato, 2009; Beghi et al., 2011;
Maia et al., 2014; Maia et al., 2013; Outtagarts et al., 1997; Yang et al., 2011a; Yang

et al., 2011b], which can be expressed as the following transfer function:

e?” 2.1)

G,(s)=K,
1+7zs

where K. is the evaporator gain, defined as a ratio of the variation of DS from one
steady-state to another to that of the refrigerant mass flow rate supplied. The time
delay, or transport lag, 6, represents the time between the change of input (mass flow
rate) and the corresponding change of output (DS). 7 denotes the time constant of the

response for the DS.

However, due to the nonlinear characteristics of an evaporator, such transient
responses to the same input may be different, as reflected by different identified
parameters in a first-order plus dead time model, when the evaporator was operated at
different operational conditions. It was previously shown that the operating DS had an
significant impact on these identified parameters [Otten, 2010]. As shown in Fig. 2.8,
a larger value of time delay, evaporator gain, and time constant would be resulted in
when a refrigeration system was operated at a lower operating DS. Moreover, a
number of reported studies showed that the evaporator gain was increased with a
decrease in evaporating temperature or an increase in compressor speed [Aprea and

Renno, 2001; Maia et al., 2014; Maia et al., 2013; Outtagarts et al., 1997] and the time
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constant was increased with a decrease in evaporating temperature [Maia et al., 2014;
Maia et al., 2013]. Therefore, it became clear that hunting may occur in a conventional
TEV-controlled refrigeration system or PI /PID based EEV-controlled refrigeration

system when it was operated at different operational conditions.
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Fig. 2.8 DS responses to a step change in valve’s opening at different initial

operating DS [Otten, 2010]

2.2.2.2  Operational characteristics of an EV

The second view on the possible causes for hunting in refrigeration systems attempted

to establish the causes based on the operational characteristics of an EV.

For those TEV-controlled refrigeration systems, it has been shown that a TEV’s
configuration and the characteristics of its sensing bulb significantly affected the
operational stability. Dhar [1978] developed a model for a window type air conditioner

to understand its transients during normal operation. Simulation was conducted for
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studying the transient response of its TEV at different valve gains. It was found that
the TEV would become unstable at a larger gain and it took a longer time for the valve
to reach a stable operating condition at a lower gain. Tassou and Al-Nizari [1993a]
investigated the effects of refrigerant flow control on the steady-state and transient
performances of refrigeration systems to establish a basis for EV design and control
criteria development on the energy efficiency of the system. The results indicated that
a high valve gain reduced the on/off cycling losses but resulted in the oscillation of
operating DS at steady-state conditions. Low valve gain, on the other hand, increased
the cycling losses but improved the operational stability at steady-state conditions.
Lenger et al. [1998] developed a mathematic model of a TEV that took into account
the pressure forces on the diaphragm as well as the pressure drop across the orifice
when predicting the refrigerant mass flow rate. The simulation results showed that, for
a TEV, decreasing its orifice area /diagram area or increasing its initial spring force
would help increase the operational stability of the TEV-controlled refrigeration
system. In addition, Mithraratne and Wijeysundera also pointed out that increasing
static superheat setting would also be beneficial to system operational stability, but the
presence of even a small amount of hysteresis in the TEV was able to bring about
system hunting [Mithraratne and Wijeysundera, 2001, 2002; Mithraratne et al., 2000].
In addition, Eames et al. [2014] concluded that oversizing a TEV would cause system
hunting, because it would cause the evaporator controlled to be alternately over and

under-fed with liquid refrigerant.

Furthermore, the characteristics of a TEV’s sensing bulb would affect the operational
stability of a TEV-controlled refrigeration system, as it directly affected the transfer

time for the DS signal to propagate through the TEV to adjust the refrigerant mass
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flow required, which was considered as the fundamental reason for hunting. For
modeling the dynamics of a TEV’s sensing bulb, a third order differential equation
was proposed by Broersen and Vanderjagt [1980]. The theoretical analysis results
indicated that slowing down the bulb transients by increasing the thermal resistance
between the bulb and the evaporator wall could be utilized for preventing hunting. De
Bruijn et al. [1979] further concluded that either increasing or decreasing the thermal
resistance could reduce hunting. This was because either increasing or decreasing the
thermal resistance between the bulb and evaporator wall would lead to a larger phase
margin of the TEV-evaporator control loop, thus a lower chance to instability
[Broersen and Vanderjagt, 1980]. Same conclusions were also suggested in a number
of related studies [Chen and Jiang, 1990; Ibrahim, 1998, 2001; Karajgikar et al., 2005;
Kulkarni et al., 2003; Kulkarni et al., 2002; Lenger et al., 1998; Mithraratne and
Wijeysundera, 2001, 2002; Mithraratne et al., 2000; Mulay et al., 2005]. In addition,
it was previously shown that the operational stability of a TEV-controlled system was
sensitive to the location of the sensing bulb [Kulkarni et al., 2002; Lakhkar et al., 2003]
and its incorrect positioning would cause system hunting [Eames et al., 2014; Mulay

etal., 2005].

On the aspect of the operational characteristics of an EEV, it was previously shown
that the nonlinearities of an EEV would affect the operational stability of the EEV-
controlled refrigeration systems [Elliott and Rasmussen, 2010; Elliott et al., 2010;
Singhal and Salsbury, 2007]. An inspection of refrigerant mass flow as a function of
valve position for a typical EEV revealed a nonlinear relationship, as shown in Fig.
2.9. As seen, a step change of the same magnitude in EEV’s opening at a lower valve

position would lead to a larger variation in refrigerant mass flow, and thus a larger
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variation in the operating DS at the evaporator exit, as shown in Fig. 2.9(b).
Consequently, such a nonlinearity would cause inadequate superheat control and even
system hunting. This illustrated why a gain scheduling approach was frequently used
for superheat control. When adopting the gain scheduling approach to reduce the effect
of superheat nonlinearities, the relationship between the refrigerant mass flow rate and
valve position for a certain EEV should be obtained. Therefore, based on the known
relationship, the control settings could be automatically adjusted for ensuring the

control performance as the variation in valve position.
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Fig. 2.9 Nonlinearity of an EEV: (a) Mass flow vs. valve position, and (b) Step

responses for low and high flows [Elliott et al., 2010]

2.2.2.3  Other possible causes for hunting

In addition to these possible causes for hunting as mentioned above, other related
studies also suggested that pressure oscillations at compressor suction [Lenger et al.,

1998], water flow mal-distribution in a two-circuit double-pipe evaporator [Huang et

28



al., 2014], frosting on evaporator surfaces in a heat pump [Huang et al., 2007] and the
mismatching of certain components in the entire refrigeration system, e.g. oversizing
of an EV [Eames et al., 2014; Schoen, 1990] would potentially lead to system
instability. Tian et al. also concluded that the two-phase flow at a throttling device
inlet or at evaporator outlet was the necessary but not sufficient condition for system
hunting following an investigation on the hunting in a TEV-controlled automotive air
conditioning system with a variable displacement compressor [Tian et al., 2005a, b;

Tian and Li, 2005].

From the detailed review on the possible causes for hunting, it was clear that most
reported studied were carried out based on TEV-controlled refrigeration systems, but
only limited numbers of studies on investigating the effects of the operational
characteristics of an EEV on the operational stability of EEV-controlled refrigeration
systems may be identified. A recent review on instability in refrigeration systems also
concluded that the research on the operational stability for variable capacity
refrigeration systems equipped with EEVs was much less seen than those with TEVs,
and thus more efforts should be made [Liang et al., 2010]. As far as the operational
characteristics of an EEV is concerned, the dynamics of its temperature sensor should
also influence the operational stability of an EEV-controlled refrigeration system, as
it directly affects the rate of the DS signal transfer through the EEV to regulate the
refrigerant mass flow rate passing through it. However, no previous studies in open
literatures on investigating the dynamics of EEV’s temperature sensor on the

operational stability of an EEV-controlled refrigeration system may be identified.
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2.3 Operation and Control of DX A/C systems

A DX A/C system as a special type of vapor-compression refrigeration system is
mainly composed of a DX evaporator, a condenser, an EV and a compressor and
usually provides basic air conditioning functions including air distribution, fresh air
induction, filtration, and cooling/heating of the conditioned air. The evaporator in its
refrigeration plant is of DX type and is used directly as a cooling coil to simultaneously
cool and dehumidify the air passing through it. A DX A/C system may also include
air-distribution ductwork which is conventionally known as central DX A/C system.
This distinguishes itself from a residential small-size window-type or split-type air
conditioner. Meanwhile, a DX A/C system makes use of its evaporator to handle
directly the conditioned air. This again distinguishes itself from a conventional central
chilled-water based A/C system where chilled water is used in a cooling coil for
cooling and dehumidifying. DX A/C systems vary in size from 1.5 to over 100 tons of
cooling capacity, and are dominated by the systems having the cooling capacity below
10 tons. These smaller DX systems accounted for about 50% of the total installed DX

cooling capacity in the US [Kenneth 1997 and Jabobs 2002].

DX A/C systems are extensively used in buildings, especially in small-to medium-
scale buildings. One of the most important control objectives for an A/C system is to
maintain the required air temperature and/or humidity in a conditioned space served
by the A/C system. Generally, if A/C systems were operated at constant loads, no
control would be needed. However, most A/C systems are designed to meet the
demands under the worst conditions, namely, at the highest or lowest outdoor air

temperatures. Therefore, for most of time, the A/C systems are operated at part-load
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condition. Consequently, all A/C systems need to be appropriately controlled to output
different cooling capacities to cope with the varying cooling loads in the conditioned

space so as to maintain the indoor air temperature and/or humidity required.

2.3.1 Control and operational issues for DX A/C systems

In this section, two specific issues related to the control of DX A/C systems, i.e.,
capacity control and indoor air humidity control, as well as the studies on investigating
the inherent operational characteristics of a VS DX A/C system, are extensively

reviewed.

2.3.1.1  Capacity control

Thermal loads in building always vary with time. Therefore, in order to continuously
adjust its output capacity to match the varying building loads, certain capacity control
schemes should be adopted to a DX A/C system. In open literatures, various capacity
control schemes have been applied to a DX A/C system to regulate its output cooling

capacity, which will be reviewed as follows.

Firstly, the most frequently used capacity control scheme in small sized residential
DX A/C systems is intermittent running of compressor, namely, on-off cycling [Ilic et
al., 2002; Poort and Bullard, 2006; Tassou and Al-Nizari, 1993b; Vargas and Parise,
1995]. When a compressor of a DX A/C system is on-off cycled, the indoor air
temperature in the conditioned space can be controlled within a preset range. However,

due to the frequent on-off cycling, it may impose wear and tear on the compressor,
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and consequently leading to a lower lifespan of the compressor. Moreover, due to the
inherent characteristics of this control scheme, it is also difficult to maintain a steady

indoor air temperature as it always fluctuates within the preset range.

Secondly, other capacity control schemes including suction-gas throttling [Tso et al.,
2001], hot-gas bypass [Yaqub and Zubair, 1996; Yaqub et al., 1995] and cylinder-
unloading [Fallahsohi et al., 2010] were also extensively used in DX A/C systems for
regulate their output cooling capacities. For suction gas throttling, the suction gas is
throttled before entering a compressor. Due to the throttling effect, a larger specific
volume will be resulted in, and thus leading to a corresponding decrease in refrigerant
mass flow rate being circulated. Consequently, the cooling capacity can be reduced.
With respect to hot-gas bypass control scheme, the refrigerant is bypassed from
compressor and injected back into the suction line to decrease the refrigerant mass
flow rate being circulated. Through regulating the refrigerant mass flow rate bypassed,
the output cooling capacity could be modulated. For the cylinder-unloading control
scheme, the cooling capacity is reduced by unloading one or more cylinders so as to
decrease the refrigerant mass flow rate being circulated. Yaqub and Zubair [2001]
carried out a numerical study on investigating the above three capacity control
schemes for HFC-134a refrigeration systems. The study results showed that a higher
coefficient of performance (COP) was achieved when using the cylinder-unloading
control scheme in comparison to that using the other two control schemes. However,
the output cooling capacity only can be reduced by about 25%, 50% or 75% of the
total cooling capacity for a 4-cylinder compressor. On the other hand, hot-gas bypass
scheme resulted in the lowest COP among these three control schemes, and thus it was

not suitable from the thermodynamic point of view. Furthermore, due to the restriction
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of a very high compressor discharge temperature, the output cooling capacity could
be reduced by up to around 50% when using the hot-gas bypass scheme. In addition,
the suction-gas throttling control scheme gave an accurate control over indoor air
temperature and humidity and its COP was at between those by the other two schemes.
Furthermore, under this control scheme, compressor discharge temperature was the
lowest, and it was possible to achieve a wide range of cooling capacity reduction by

varying the degree of throttling at compressor inlet.

Finally, capacity control may be achieved by using VS compressors to vary the
refrigerant mass flow rate being circulated in DX A/C systems. It was previously
shown that with the wide application of VS compressors and EEVs to variable
refrigerant volume (VRV) A/C systems, the refrigerant flow rate can be regulated
precisely and hence system’s cooling capacity, making possible the accurate matching
between output cooling capacity and varying thermal load [Aprea et al., 2006; Aprea
and Renno, 2004; Domijan and Embriz-Santander, 1993; Qureshi and Tassou, 1996].
It was previously showed that the output cooling capacity from a residential split-type
DX A/C system could be varied between 50 and 100% of its total cooling capacity in
proportion to the change in indoor air temperature by regulating its compressor speed
[Yamamoto et al., 1982]. Currently, the advancement of VS compressor and EEV
technologies has made inverter-aided DX A/C systems possible to vary their output
cooling capacities between 20% and 100% of their total output cooling capacity. On
the other hand, for a conventional DX A/C system controlled by a single speed
compressor, its energy performance was degraded dramatically at part load condition
[Silver et al., 1990]. However, when a DX A/C system was variable compressor speed

controlled, a potential improvement in energy efficiency of a DX A/C system may be
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achieved during part load conditions. This was because when using VS compressors
for capacity control, the condensing and evaporating pressures/temperatures would
respectively decrease and increase as decreasing its compressor speed, leading to a
corresponding increase in COP [Scalabrin and Bianco, 1994]. A study on investigating
the energy performance of an inverter-driven VS A/C system used in a hot and humid
region was carried out by Yang and Lee [1991]. The study results indicated that an
annual energy saving of 20% could be achieved when using a VS compressor for
capacity control as compared to that using a constant speed compressor. In addition,
the pull-down time for a DX A/C system to reach an indoor air temperature setting
during start-up can be also reduced as its compressor can be operated initially at the
highest speed to output the maximum cooling capacity. Consequently, A/C systems
would operate with a higher energy efficiency at part load conditions, due to the
reduced frictional losses in, and the reduced pressure ratio imposed on, the compressor,

leading to a higher energy saving on a seasonal basis.

2.3.1.2  Indoor humidity control

In buildings served by A/C systems, it is very important to maintain indoor humidity
at an appropriate level as it directly affects the occupants' thermal comfort and indoor
air quality [Arens and Baughman, 1996; Baughman and Arens, 1996; Berglund, 1998;
Sterling et al., 1985]. It has been recommended that the suitable range for indoor
relative humidity should be between 30% and 60%, and the upper limit be set at 60%
RH [ASHRAE, 2000]. Various studies have been carried out on investigating the
influences of different indoor humidity levels on indoor air quality and human thermal

comfort [Armstrong and Liaw, 2002; De Dear et al., 1989; Miro, 2005; Tanabe and
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Kimura, 1994]. These reported studies showed that occupants’ thermal comfort was
directly and indirectly impacted by the indoor air relative humidity levels in different
ways. For example, a high level of indoor air relative humidity may result in health
problems for occupants due to the growth of contaminated aerosols produced by spray
humidification systems [Arens and Baughman, 1996]. On the other hand, a low
relative humidity level also impacts occupants’ comfort and health since it can lead to
the drying of skin and mucous surfaces, promoting the accumulation of electrostatic

charges in fabric and others materials in buildings [Berglund, 1998; Green, 1982].

However, in most residential and commercial buildings, humidity control has been
found to be inadequate and unsatisfactory. The conventional principal method for
indoor humidity control used in large central HVAC systems is to overcool air to
remove more moisture and then to reheat it to a suitable supply air temperature. This
method is inherently costly and inefficient since a great deal of energy is required to
overcool air and then to reheat it. However, with respect to DX A/C systems used in
small-to medium-scaled buildings, reheating is uncommon, and thus the issue of
indoor humidity control is often encountered in spaces served by DX A/C systems. In
a DX A/C system, dehumidification is less straightforward since moisture removal
only takes place when the air passing through its cooling coil, which is strongly
affected by the condensation occurred. The cooling coil also plays an important role
in temperature control. Therefore, this dual role of cooling and dehumidification for
the cooling coil makes the controlled variables of temperature and humidity to become
coupled. Furthermore, the current trend in designing a DX A/C system is to have a
smaller moisture removal capacity, in an attempt to boost its energy-efficiency rating

and COP [Kittler, 1996]. One of the frequently used methods to improve the energy
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efficiency of a DX A/C system is to increase the heat exchanger surface area. However,
while a higher energy efficiency of a DX A/C system could be achieved, a lower latent
cooling capacity would also be resulted in as the system is operated at a higher
evaporating temperature and a lower condensing temperature. Moreover, when a DX
A/C system is operated at part load conditions, indoor humidity control could become
worse with on-off cycling its compressor. This was because the system would remove
the sensible load with very little run-time to easily satisfy the thermostat set point and
cycle off long before moisture removal can be affected [Hourahan, 2004].
Consequently, indoor RH would rise to above the design level [Shirey III and

Henderson Jr, 2004].

A number of studies have been carried out on developing control strategies for
removing the high indoor air moisture during part-load conditions. A comparative
study was carried out by Chua et al. [2007] to investigating the performances of three
control strategies for indoor air humidity control using large central chilled water
based A/C systems, namely, chilled water flow control, bypass air control and variable
air volume control. Simulation results showed that the use of chilled water flow control
strategy resulted in the highest indoor humidity throughout the range of outdoor air
conditions and the use of bypass air control strategy could provide an acceptable
humidity over a wide range of load conditions at most of the time. While a relatively
low and acceptable indoor air humidity could be maintained when using variable air
volume control strategy, there also existed two distinct disadvantages that influenced
occupants’ thermal comfort, namely, the problem of stuffiness and stillness of air in a
space and the unsatisfactory ventilation rate due to the reduced supply air flow rate

during part-load operations.
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Other enhanced dehumidification technologies have also been applied to DX A/C
systems, including solid desiccant-based technology [Harriman et al., 2001; Harriman
etal., 1999; Nagaya et al., 2006], liquid desiccant-based technology [Bouzenada et al.,
2016; Dai et al., 2001; Dieckmann et al., 2008; Yuan and Riffat, 2010], heat pipe
technology [Elgendy, 1993; Yau, 2007], separate sensible and latent cooling
technology [Ling et al., 2010] and dual-path systems that pre-treat ventilation air, etc.
A comparative study was carried out by Kosar [2006] to evaluate the performances of
a conventional DX A/C system with three enhanced dehumidification components,
i.e., a wraparound heat pipe heat exchanger, a desiccant dehumidifier in a wraparound
configuration and a post-coil desiccant dehumidifier regenerated by using condenser
waste heat. With respect to the first enhanced dehumidification component, the heat
pipe wrapped itself around a DX cooling coil. Its evaporator was used as a pre-cooler
to precool the incoming air and the condenser as a reheating coil to reheat the exiting
air. This process lowered the dew-point temperature of the air leaving the cooling coil
and shifted some coil cooling capacity from sensible to latent effect. The study results
showed that these integrated systems provided the ability to increase the moisture
removal capacity, resulting in a lower SHR levels for DX A/C systems to cope with

higher latent load conditions.

Generally, the selection of a humidity control method may depend on the application
of HVAC systems, which includes the load characteristics, operating conditions and
system constraints. For example, in a lightly populated small office, thermal loads are
mainly dominated by envelope heat gains. With a light occupancy, a small ventilation

rate is required, and thus using a conventional DX A/C system could meet the cooling
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and dehumidification loads in most climates. By contrast, a large lecture hall may have
few windows and a very high ventilation demand, resulting in a large dehumidification
load relative to sensible cooling load. In such an application, it may make sense to

directly condition the ventilation air or use desiccant dehumidification technology.

2.3.1.3  Inherent operational characteristics for a VS DX A/C system

In order to achieve a better thermal comfort in a conditioned space served by A/C
systems, it is critically important to maintain both the indoor air temperature and
humidity within a suitable range. While DX A/C systems have been widely used in
small-to medium-scaled buildings, most DX A/C systems are equipped with single
speed compressors and on-off controlled, resulting in a poor indoor humidity control
performance. With the introduction of variable-frequency inverters to DX A/C
systems, both the compressor and supply fan speeds can be varied, making it possible
to simultaneous control indoor air temperature and humidity, as the variation in
compressor and supply fan speeds will lead to the corresponding changes in the output

sensible and latent cooling capacities of the DX A/C systems [Krakow et al., 1995b].

When studying the characteristics of space cooling load and the ability to cool and
dehumidify air for an A/C system, sensible heat ratio (SHR) is an important parameter.
There are two different but related SHRs, Equipment SHR (E SHR) and Application
SHR (A SHR). The former is defined as the ratio of the output sensible cooling
capacity to the total cooling capacity (TCC), the latter the ratio of the space sensible
cooling load to the total space cooling load. For an air conditioned space served by a

DX A/C system, to maintain the indoor air temperature and humidity, not only the
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matching between the TCC and the space cooling load should be required, but also
between E SHR of the DX A/C system and A SHR of the conditioned space [Li and
Deng, 2007c]. Therefore, in order to achieve simultaneous control over indoor air
temperature and humidity using a DX A/C system, the relationships between the
output TCC and E SHR at various speed combinations of compressor and supply fan,
or the inherent operational characteristics of a VS DX A/C system, have been

extensively studied.
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Fig. 2.10 The variations in TCC and E SHR at different combinations of compressor

and supply fan speeds [Li and Deng, 2007c]
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The operational characteristics of a DX A/C system under VS operation were firstly
studied by Li and Deng [2007c]. The experimental results of the variations in TCC
and E SHR at different combinations of compressor and supply fan speeds are shown
in Fig. 2.10. As seen, the output TCC from the DX A/C system was predominately
affected by changing compressor speed, although at a given compressor speed,
reducing supply fan speed would also reduce, but less significantly, the output TCC.
On the other hand, at higher compressor speed, further increasing compressor speed
would not significantly increase the output TCC, as compared to the increases at the
lower compressor speeds. In addition, at a given compressor speed, although there
were not significant changes in the output TCC with varying supply fan speed, there
were significant changes in the ratio between the sensible and latent components of
the output TCC, with a lower supply fan speed or smaller air-flow rate leading to a

larger latent heat removal, thus a lower E SHR, as shown in Fig. 2.10(b).
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Fig. 2.11 The IC between TCC and E SHR at different speed combinations of

compressor and supply fan for a VS DX A/C system [Xu et al., 2010]

The inherent correlations (ICs) between the output TCC and E SHR at different speed
combinations of compressor and supply fan were introduced by Xu et al. [2010] when
studying the inherent operational characteristics of an experimental VS DX A/C
system. The study results clearly revealed that, for a VS DX A/C system, its output
TCC and output E SHR under VS operation were strongly coupled but mutually
constrained within a trapezoid if these two parameters were presented on the same
diagram as shown in Fig. 2.11. As seen, it was impossible for the experimental VS
DX A/C system to output those E SHR /TCC combinations represented by those points
outside the trapezoids when varying its compressor speed from the lowest of 2904 rpm
to the highest of 6072 rpm and its supply fan speed from the lowest of 1584 rpm to
the highest 3312 rpm. Li et al. [2015b] further studied the inherent operational
characteristics of the same experimental VS DX A/C system but at different inlet air

states. The experimental results demonstrated that both inlet air temperature and RH
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level would significantly influence the ICs of the VS DX A/C system. At a constant
inlet RH, varying inlet air temperature would cause the position shifting of a TCC-E
SHR trapezoid, but the trapezoid shapes were maintained. Varying inlet RH level
would however result in both position shifting and the changes in trapezoid shapes.
Based on the obtained ICs between TCC and E SHR at different inlet air states, an
artificial neural network model was trained and tested to predict the compressor and
supply fan speeds when the experimental VS DX A/C system was operated at different
combinations of sensible and latent cooling loads. Consequently, a novel neural
network aided fuzzy logic controller was successfully implemented in the
experimental VS DX A/C system for simultaneously controlling indoor air

temperature and humidity [Li et al., 2015a].

2.3.2 Indoor thermal environment control using DX A/C system

In an A/C system, the airflow rate is a critical operating parameter as it will directly
influence system’s output sensible and latent cooling capacities. An experimental
study carried out by Chua et al. [2007] concluded that for dehumidification control,
airflow rate was of the prime concern. It was previously shown that lowering the
airflow rate passing through a cooling coil or lowering cooling coil surface
temperature could enhance dehumidification efficiency [Hourahan, 2004; Shaw and
Luxton, 1988; Shirey Il and Henderson Jr, 2004]. Space humidity level could be
reduced by 10% to 15% RH when implementing this strategy. The reduction in energy
costs associated with various type of A/C systems used would cover the full range of
climates, but was mostly significant in humid and tropical climates [Shaw and Luxton,

1988].
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While much available open literature focused solely on reducing airflow rate with
multi- or variable-speed supply fans, which itself was an improvement for A/C
systems, a limited number of research work were carried out on investigating the
feasibility of varying the speeds of both the supply fan and the compressor in a DX
A/C system for achieving a better indoor thermal environment control. A control
method was proposed Krakow et al. [1995b] to control indoor air temperature by
varying compressor speed, and humidity by varying supply fan speed, respectively.
The experimental results illustrated that space air temperature and RH level could be
maintained within £0.3°C and +2.5% RH of their respective set points. A numerical
simulation model incorporating PID control was also developed to further demonstrate
the feasibility of this control strategy [Krakow et al., 1995a]. However, in their study,
only simple comparisons and analysis were given, no detailed temperature and RH
data and the related energy consumption data were given. Moreover, due to the strong
cross-coupling between air temperature and humidity control, the control performance
was inherently poor. In addition, in the simulation study carried out by Andrade and
Billiard [2002], a detailed, physical based A/C simulation model was augmented by
adding equations describing space sensible and latent cooling loads experienced by a
typical residential building. The simulation results showed that the use of a VS
compressor and a VS supply fan can help prevent short on-off cycling and improve
indoor humidity control. A potential improvement in system’s energy efficiency could
be achieved by having different combinations of compressor and fan speeds at the
expense of running a DX A/C system longer. However, all the study results were based

on simulation and no actual experimental validation was carried out. Also, its
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compressor was on-off cycled, without continuous control over the condensing unit in

the DX A/C system.

In addition to the traditional PI or PID control strategies [Krakow et al., 1995b],
various advanced control strategies aiming at simultaneously controlling indoor air
temperature and humidity by varying the speeds of both compressor and supply fan
have been designed for, and adopted in DX A/C systems. Li and Deng [2007a]
developed a novel direct digital control (DDC)-based capacity controller for a VS DX
A/C system to control indoor air temperature and humidity simultaneously. A
numerical calculation algorithm using a number of real-time measured system
operating parameters was developed to generate the control signals of compressor and
supply fan speeds under various operational conditions. [Li and Deng, 2007a, b]. The
inadequacy of this control strategy was its unacceptable control sensitivity as it would
take time for the controller to obtain the information required if the space cooling loads
were changed. Besides, the controller’s disturbance rejection ability was also poor
because there was no feedback loop to reflect the controlled process. Xu et al. [2008]
developed a new control algorithm, the so-called H-L control strategy, for a VS DX
A/C system to improve indoor humidity control. When the indoor air dry-bulb
temperature setting was not satisfied, the controller enabled both compressor and
supply air fan to operate at high speeds, otherwise, at low speeds. The controllability
tests showed that an improved indoor humidity level and a higher energy efficiency
would be achieved under the H-L control as compared to that under the traditional on-
off control. Using the Linear Quadratic Gaussian (LQG) technique, Qi and Deng [2009]
developed a Multi-Input Multi-Output (MIMO) control strategy for simultaneously

controlling the indoor air temperature and humidity by regulating the speeds of
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compressor and supply fan in an experimental DX A/C system. This MIMO controller
took into account the coupling effects among multiple operating parameters of the DX
A/C system, using a dynamic mathematical model written in a state-space format [Qi
and Deng, 2008]. However, the controller can only perform as expected near the
operating point where the governing equations in the state-space model were
linearized. Li et al. [2012a] developed a dynamic ANN model based controller for the
VS DX A/C system. Similar to Qi and Deng's MIMO controller, since the dynamic
ANN model was trained at a fixed operating point, the controller cannot function well
when the DX system was operated away from the training point. To enable the
controller to be functional over a wider operational range, an on-line adaptive ANN
based controller was further developed. Using the real-time measured operating
parameters, the ANN model could be continuously updated. The adaptive controller
therefore can achieve the required control accuracy and sensitivity over a wider
operational range, with, however, a much more complicated configuration [Li et al.,
2013]. An ANN aimed fuzzy logic controller for simultaneous control of indoor air
temperature and humidity using a DX A/C system was developed by Li et al. [2015b],
combining the benefits of fuzzy logic controllers and ANN modeling. While this fuzzy
logic controller could be functional at the normal operational range of indoor air
parameters, the used ANN model was trained based on the inherent operational
characteristics of the controlled DX A/C system, making this controller infeasible to
be implemented in other DX A/C systems. Li et al. [2015a] further developed a simple
Proportional Derivative (PD) law based Fuzzy Logic Controller (PFC) for a DX A/C
system. However, the determination of the weights assigned to each linguistic variable

in the PFC depended mainly on personal experience regarding the operation of a DX
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A/C system. No generalized approach for determining or optimizing the weights

assigned to each linguistic variable was proposed.

2.3.3 Operational instability of a DX A/C system under VS operation

An examination on the reported studies related the operation and control of DX A/C
systems revealed that the operational instability was ignored when studying the
inherent operational characteristics of a VS DX A/C system and developing control
strategies for simultaneously controlling indoor air temperature and humidity. No
studies in open literatures on investigating the operational stability of an VS DX A/C
system under VS operation may be identified. As a matter of fact, it was previously
shown that the oscillation of a DX A/C system’s key operating parameters would
occur when only its compressor was VS controlled to cope with the variations in
thermal load [Chen et al., 2005]. Furthermore, the issue of operational stability became
much more complicated for a VS DX A/C system when both its compressor and
supply fan are VS operated at different inlet air states. For example, a previous study
showed that when an experimental DX A/C system was VS operated for
simultaneously controlling indoor air temperature and humidity, its operating DS
regulated by a conventional PID controller would be unstable if the respective set
points of indoor air dry-bulb and wet-bulb temperatures were reduced [Qi et al.,
2010a], as shown in Fig. 2.12. As seen in Fig. 2.12 (a) and (d), after the settings of
indoor air dry-bulb and wet-bulb temperatures were both reduced by 0.5 °C at t =510
s, both compressor and supply fan speeds were increased to provide a greater output
cooling capacity. While both indoor air dry-bulb and wet-bulb temperatures were

finally controlled to their respective set points, the resultant operating DS experienced
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significant fluctuation, which lasted for many minutes after the speed changes were
introduced, resulting in system hunting as shown in Fig. 2.12 (b). Such a phenomenon
would impact the performance of a refrigeration system, leading to a higher energy
consumption and lower operational stability. Although a new DS controller was
developed for mitigating hunting in the experimental VS DX A/C system [Qi et al.,
2010a], the reasons why the variation of compressor and supply fan speeds and change
of inlet air states would cause the oscillation of system’s operating parameters

remained to be known.
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Fig. 2.12 The hunting in a VS DX A/C system when both of compressor and
supply fan were VS operated for simultaneously controlling indoor air temperature

and humidity [Qi et al., 2010a]
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2.4 Conclusions

DX A/C has been widely used in small- to medium-scaled buildings. A DX A/C
system operates based on vapor-compression refrigeration cycle, and there exists an
EV-evaporator control loop to regulate the refrigerant mass flow rate entering its
evaporator in response to the operating DS at the evaporator’s exit. However, the EV-
evaporator control loop in a vapor-compression refrigeration system may be
underdamped or even unstable after experiencing certain operating disturbances,
resulting in the oscillation of system’s key operating parameters, and the instability,
or hunting, of the system. Hunting leads to a lower operational safety and higher
energy consumption of a refrigeration system, and thus should be avoided as far as

possible.

The operational instability, or hunting, in refrigeration systems have been extensively
studied for decades. A number of modeling and experimental studies have been carried
out for investigating the operational stability in a refrigeration system in order to reveal
the possible causes for hunting and to suggest measures for mitigating hunting. There
have been two different views on the causes for hunting. The first concentrated on the
inherent operational characteristics of an evaporator. Three observed phenomena,
namely the random fluctuation in a refrigerant mixture-vapor transition point, the
variation in heat transfer mechanism and superheat nonlinearity, are frequently used
to explain the causes for hunting. The second view tried however to explain the causes
of hunting based on the operational characteristics of an EV, as it would take some

time for the DS signal to propagate through the EV to adjust the refrigerant mass flow
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required, which was considered as the fundamental reason for hunting. Previous
studies indicated that the valve gain and static superheat setting for a TEV, time
constant of a TEV’s sensing bulb, bulb position and the thermal resistant between
sensing bulb and evaporator pipe wall would impact the operational stability of a TEV-
controlled refrigeration system. However, among these reported studies on hunting,
limited numbers of studies on the operational characteristics of an EEV on the

operational stability of an EEV-controlled refrigeration system may be identified.

On the other hand, VS technology has been widely applied to DX A/C systems, and
both compressor and supply fan speeds in a DX A/C system can be varied to output
different sensible and latent cooling capacities to cope with space sensible and latent
thermal loads, paying a way to simultaneously control indoor air temperature and
humidity. For the purpose of achieving accurate simultaneous control over indoor air
temperature and humidity, previous studies on influences of varying both compressor
and supply fan speeds in a VS DX A/C system on the variations of its output sensible
and latent cooling capacities have been carried out. The inherent operational
characteristics of a VS DX A/C system expressed in terms of the ICs between its
output TCC and E SHR have been extensively investigated, but all at a fixed DS
setting and without considering operational stability. As a matter of fact, hunting was
observed when a DX A/C system was VS operated for simultaneously controlling
indoor air temperature and humidity, resulting in a low operational safety and high

energy consumption of the system.

Therefore, the literature review reported in this Chapter revealed that further studies

on: 1) the influences of the operational characteristics of an EEV on the operational
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stability of the EEV-controlled DX A/C system and 2) the inherent operational
characteristics of a DX A/C system under VS operation at different inlet air states with
its operational stability included so as to help develop advanced controllers for a VS
DX A/C system for achieving a balance between operational safety and efficiency
should be carried out. These two are the targets of the investigations to be reported in

this Thesis.
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Chapter 3

Proposition

3.1 Background

From the literature review presented in Chapter 2, it is evident that the operational
instability, or hunting, and its consequence of a lower operational safety and a higher
energy consumption have been widely noticed in both TEV [Eames et al., 2014;
Huang et al., 2014; Wedekind, 1971; Wedekind and Stoecker, 1968; Yasuda et al.,
1983] and EEV [Chen et al., 2008; Fallahsohi et al., 2010; Li et al., 2004; Qi et al.,
2010b] controlled refrigeration systems. As a typical vapor-compression refrigeration
system, DX A/C systems are widely used in small- to medium-scaled buildings and
its operational instability has also been observed [Chen, 2005; Chen et al., 2008; Qi et

al., 2010a].

Over the years, a number of studies have been carried out to reveal the possible causes
for hunting in refrigeration systems. There have been two different views on the
possible causes for hunting in open literatures, namely, the inherent operational
characteristics of an evaporator and operational characteristics of an EV. However,
there has been no verdict on which view would reflect truly what leads to hunting in a
refrigeration system. Furthermore, the detailed review on hunting presented in Chapter
2 indicated that a fewer number of studies on investigating the operational
characteristics of an EEV on the operational stability in an EEV-controlled
refrigeration system were carried out, and therefore more studies should be carried out.

As far as the operational characteristics of an EEV are concerned, the dynamics of its
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temperature sensor should also influence operational stability of the EEV-controlled
refrigeration system, as it directly affects the DS signal transfer through the EEV to
regulate the refrigerant mass flow rate passing through it. However, no studies in the
open literatures on investigating the dynamics of an EEV’s temperature sensor on the

operational stability of the EEV-controlled refrigeration system may be identified.

On the other hand, in view of the extensive applications of VS technology to DX A/C
systems, both compressor and supply fan speeds can be varied to output different
sensible and latent cooling capacities to cope with different sensible and latent loads
in a conditioned space, paving the way to simultaneously control indoor air
temperature and humidity. In order to achieve accurate control over indoor air
temperature and humidity simultaneously using a VS DX A/C system, its inherent
operational characteristics expressed in terms of its output TCC and E SHR at various
speed combinations of compressor and supply fan have been extensively studies [Li
and Deng, 2007c; Li et al., 2014; Xu et al., 2010] and advanced capacity controllers
for simultaneous control over indoor air temperature and humidity developed [Li et
al., 2012a; Li et al., 2015a; Li et al., 2015b; Qi and Deng, 2009]. However, it is noted
that in these reported studies, the issues of operational stability were ignored, as it was
previously shown that hunting would take place in a VS DX A/C system when both
its compressor and supply fan were VS controlled for simultaneously controlling
indoor air temperature and humidity [Qi et al., 2010a]. No previous studies in the open
literatures on investigating the operational stability of a VS DX A/C system when it is

VS operated at different inlet air states may be identified.
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Therefore, a research project has been proposed, to firstly examine the influences of
the operational characteristics of an EEV on the operational stability of an EEV-
controlled DX A/C system; and to secondly investigate the operational stability a DX
A/C system when it is VS operated at different inlet air states. The outcome of the
proposed project would help establish a balance between the operational safety and
energy efficiency when developing advanced control strategies for simultaneously

controlling indoor air temperature and humidity using a VS DX A/C system.

3.2 Project title

The proposed project reported in this Thesis focused on the following three pieces of
work on operational stability in an EEV-controlled VS DX A/C system: (1) to
theoretically and experimentally study the influences of the operational characteristics
of an EEV, in terms of its control settings and dynamics of its temperature sensor, on
the operational stability of the EEV-controlled DX A/C system; (2) to further
experimentally study the inherent operational characteristics of the VS DX A/C
system expressed in terms of TCC and E SHR considering its operational stability
when it was VS operated at different DS settings and inlet air states; (3) to develop a
new capacity controller for the VS DX A/C system that is able to not only control
indoor air temperature and humidity, but also select an optimized DS setting for
balancing the operational safety and efficiency. The proposed research project is
therefore entitled “Operational Stability of a Direct Expansion (DX) Air Conditioning

(A/C) system under Variable Speed (VS) Operation and its Control Application”
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3.3 Aims and objectives

Therefore, the proposed research project has the following objectives:

1. To theoretically and experimentally study the influences of the operational
characteristics of an EEV in terms of its control settings and dynamics of its
temperature sensor on the operational stability of the EEV-controlled DX A/C
system, so as to develop appropriate strategies for mitigating hunting.

2. To experimentally investigate the relationship between the inherent operational
characteristics and the operational stability for an experimental VS DX A/C
system in terms of its inherent correlations (ICs) between its output TCC and E
SHR under VS operation with its operational stability included, so as to establish
a balance between operational safety and energy efficiency when developing
capacity controller for simultaneously controlling indoor air temperature and
humidity.

3. To develop a new capacity controller that is able to not only simultaneously
control indoor air temperature and humidity using the experimental VS DX A/C
system, but also select an optimized DS setting which can be varied in accordance
with the known relationship between the inherent operational characteristics and
the operational stability for achieving a balance between operational safety and

energy efficiency.
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3.4 Research methodologies

Theoretical and experimental approaches will be firstly employed when studying the
influences of the operational characteristics of a conventional PI-controlled EEV in
terms of its PI control setting and dynamics of its temperature sensor on the operational
stability of the experimental DX A/C system. Transfer functions for each of the
components in the Pl-controlled EEV-evaporator control loop will be developed.
Using the Frequent Response Method and Nyquist stability criterion in the classical
control theory, the influences of EEV’s PI settings and the time constants of EEV’s
temperature sensor on the operational stability of the DX A/C system will be examined

and further experimentally validated.

Secondly, steady-state experiments will be carried out using the experimental VS DX
A/C system to study the relationship between its inherent operational characteristics
and operational stability of the experimental VS DX A/C system at different DS
settings and inlet air states when it is VS operated. The ICs between its output TCC
and E SHR of the experimental VS DX A/C system considering its operational
stability (ICs_os) will be experimentally obtained by identifying the unstable

operating regions in a TCC-E SHR diagram.

Finally, based on the obtained ICs os, an ANN based mathematical model will be
trained and tested to predict the operational stability of the experimental VS DX A/C
system when it is VS operated at different DS settings and inlet air states. Using the
developed ANN model, a DS setting establishment (DSE) module will be obtained to

select an optimized DS setting for the experimental DX A/C system when it is VS
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operated at different inlet air states. The DSE module will be incorporated in a
previously developed Proportional Derivative (PD) law based Fuzzy Logic Controller
(PFC) [Li et al., 2015a] to develop a new capacity controller that is able to not only
simultaneously control indoor air temperature and humidity using the experimental
VS DX A/C system, but also select an optimized DS setting for properly balancing the
operational safety and energy efficiency. Controllability tests for the new capacity
controller will be carried out, and its measured control performance will be compared

to that of the previous capacity controller [Li et al., 2015a] with a constant DS setting.
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Chapter 4

Description of the Experimental DX A/C System

4.1 Introduction

An experimental VS DX A/C system is available in the HVAC Laboratory of
Department of Building Services Engineering in The Hong Kong Polytechnic
University. The primary purpose of having the experimental system is to facilitate

carrying out the research project related to VS DX A/C technology

Advanced technologies such as VS compressor and supply fan, and EEV, as well as
computerized data measuring, logging and control, have been used in the experimental

DX A/C system.

This Chapter presents firstly detailed descriptions of the experimental VS DX A/C
system and its major components. Secondly, a computerized instrumentation and a
data acquisition system is detailed. Finally, a computer supervisory program used to

operate and control the experimental VS DX A/C system is detailed.

4.2 Descriptions of the experimental system and its major components

The experimental VS DX A/C system is mainly composed of two patrts, i.e., a DX
refrigeration plant (refrigerant side) and an air-distribution sub-system (air side). The
schematic diagrams of both the DX refrigeration plant and the complete experimental

DX A/C system are illustrated in Fig. 4.1 and Fig. 4.2, respectively.
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Fig. 4.1 Schematic diagram of the DX refrigeration plant
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Fig. 4.2 Schematic diagram of the complete experimental VS DX A/C system

4.2.1 The DX refrigeration plant

As shown in Fig. 4.1, the major components in the DX refrigeration plant include a
VS rotary compressor, an EEV, a high-efficiency tube-louver-finned DX evaporator
and an air-cooled tube-plate-finned condenser. The evaporator was placed inside the
supply air duct to work as a DX air cooling coil. Its details are given in Fig. 4.3, with
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its geometric parameters listed in Table 4.1. The design air face velocity for the DX
cooling coil was 1.98 m/s. The nominal output cooling capacity from the DX
refrigeration plant was 7.5 kW. The compressor was driven by a variable-speed drive
(VSD) and its details can be found in Table 4.2. The EEV consisted of a throttling
needle valve, a step motor and a pulse generator, which could be manually or program
controlled to regulate the refrigerant mass flow rate passing through it in response to
the operating DS at evaporator exit. The details of the EEV can be found in Table 4.3.
An environmental friendly refrigerant, R410a was used as the working fluid in the DX

refrigeration plant, with a total charge of 5.8 kg.
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Fig. 4.3 The details of the DX air cooling and dehumidifying coil used in the

experimental VS DX A/C system
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Table 4.1 Geometric parameters of the DX cooling coil

Configuration

Transverse tube pitch: 21 mm
Longitude tube pitch: 12.7 mm
Fin pitch: 1.3 mm
Fin thickness 0.115 mm
Outside tube diameter: 7 mm
Inside tube diameter: 6.4 mm
Length of the windward area: 450 mm
Height of the windward area: 504 mm

Number of the windward transverse tube: 24
Number of the tube row: 6

Number of refrigerant loop: 8

In addition, a condenser air duct was used to duct the condenser cooling air carrying
the rejected heat from the condenser away to outside the Laboratory. The condenser
fan, housed inside the condenser air duct, can also be VS operated. An electrical heater
controlled by Solid State Relay was used to adjust the temperature of the cooling air
entering the condenser for various experimental purposes. A refrigerant mass flow
meter was installed upstream of the EEV to measure the refrigerant mass flow rate
being circulated in the DX refrigerant plant. Other necessary accessories and control
devices, such as an oil separator, a refrigerant receiver, a sight glass and safety devices,

were provided in the refrigeration plant to ensure its normal and safe operation.
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Table 4.2 Details of the VS rotary compressor

Model MITSUBISHI-TNB220FLHMC
Allowable Frequency range: 10-110 Hz

Nominal Power input 22kW +5%

Nominal Capacity: 713 kW £5%

Displacement: 22 ml/rev

Table 4.3 Details of the experimental EEV

Model: SANHUA DPF(TS)1.8
Pulse range 0~500

Nominal capacity: 8.4 kW

Port diameter: 1.8 mm

4.2.2 The air-distribution sub-system

The air-distribution sub-system in the experimental DX A/C system is schematically
shown in Fig. 4.2. It included an air-distribution ductwork with return and outdoor air
dampers, a VS centrifugal supply fan, and a conditioned space. The frequency of
supply fan can be modulated by a VSD (Model: MITSUBISHI FR-E700-2.2K). The

details of the supply fan are given in Table 4.4.

The air conditioned space included two rooms with each measuring at 3.2 m (L)x3.7
m (W)x3.3 m (H). Inside the space, there were two sets of sensible heat and moisture

load generating units (LGUs), each measuring at 550 mm (L)*x700 mm (W)x840 mm
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(H). The units were intended to simulate the cooling load in the conditioned space. Its
heat and moisture generation rate as regulated by Solid State Relay may be varied
manually or automatically with a pre-set pattern through operator’s programming. The
maximum heat and moisture generation rate were 5.4 kW and 4.5 kW respectively for
each set of the LGUs. In addition, leakage outlets with residual-pressure relief dampers
were installed in the space so that a positive internal pressure of not more than 20 Pa
can be maintained at all time. In the air-distribution subsystem of the experimental DX
A/C system, return air from the space mixed with outdoor air in a plenum box
upstream of an air filter. The mixed air was filtered and then cooled and dehumidified
by the DX cooling coil. Afterwards, the cooled and dehumidified air passed through
the supply fan, to be supplied to the space to deal with the cooling load generated from

LGUs.

Table 4.4 Details of the VS supply fan

Model: SHANG HAI NANTAI 4-72
Nominal speed: 2900 rpm

Modulation range: 0~3600 rpm

Nominal flow rate: 1300 m*/h

4.3 Computerized instrumentation and data acquisition system

The computerized instrumentation for the experimental VS DX A/C system is also
shown in both Fig. 4.1 and Fig. 4.2. The A/C system was fully instrumented for

measuring all of its operating parameters, which may be classified into three types,
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i.e., temperature, pressure and flow rate. Since all measurements were computerized,
all sensors and measuring devices were able to output direct current signal of 4-20 mA

or 1-5 V, which were transferred to a data acquisition system for logging and recording.

4.3.1 Sensors/measuring devices for temperatures, pressures and flow rates

Four sets of humidity and temperature transmitters (Model: E+E EE160, marked as
HT in Fig. 4.2) were located in the air-distribution sub-system of the experimental VS
DX A/C system for directly measuring air RH and temperature with a reported
uncertainties of + 0.5% RH and +0.1 °C. To minimize the influence of uneven
distribution of air parameters inside the air duct, standard air-sampling devices as
recommended by the ISO Standard 5151 [ISO, 2004] were provided to ensure
measuring accuracy. Two sets of air dry-bulb and wet-bulb temperature sensors,
denoted by T1 and H1 in Fig. 4.2, were placed in the air-sampling devices for
indirectly measuring the RH of the air entering and leaving the DX cooling coil. As
shown in Fig. 4.1, there were also seven temperature sensors for measuring refrigerant
temperatures in the DX refrigeration plant. To ensure fast response of the sensors for
facilitating the study of transient behaviours of the DX refrigeration plant, these
temperature sensors were well clamped to the refrigerant pipe wall and thermally
insulated. The temperature sensors for air and refrigerant were of platinum resistance
type, using four-wire Wheatstone bridge connection and with a pre-calibrated
accuracy of 0.1 °C. The specifications of the resistance temperature devices (RTDs)

were: JUMO Pt100/0°C-4W, Class A.
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Refrigerant pressures in various locations in the DX refrigeration plant were measured
using pressure transmitters with an accuracy of +£0.2% of full scale reading (Model:

DRUCK Unik5000).

There were two sets of air flow rate measuring apparatus in the air-distribution system.
One set of air flow rate measuring apparatus was used to measure the total supply
airflow rate, i.e., the airflow rate passing through the DX cooling coil and the other for
measuring the airflow rate passing through the condenser. The two sets of air flow rate
measuring apparatus were constructed in accordance with ANSI/ASHRAE Standard
41.2 [ASHRAE, 1987], consisting of nozzles of different sizes, diffusion baffles and
a differential pressure transducer with a measuring accuracy of +0.1% of full scale
reading (Model: YOKOGAWA EJA110A-DLS5A-92NN). The number of nozzles in

operation can be altered automatically.

Outdoor airflow rate was measured using a hot-film anemometer with a reported
accuracy of £0.2% of reading (Model: E+E EE65-VBS). As recommended by its
manufacturer, the anemometer was installed 200 mm downstream of the outdoor air
inlet to ensure the measuring accuracy for outdoor airflow rate. The power
consumption of the VS compressor was measured using a digital power meter with a
reported uncertainty of £0.16% of reading (Model: QINZHI 8775A1). The refrigerant
mass flow rate passing through the EEV was measured by a Coriolis mass flow meter
with a reported uncertainty of +£0.25% of full scale reading (Model: KROHNE
MFM1081K-10S). The supply air static pressure was measured using a manometer
with a reported accuracy of +0.1% of full scale reading (Model: YOKOGAWA

EJAT110A-DLS5A-92NN).
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4.3.2 The data acquisition system

A data acquisition unit (Model: YOKOGAWA MX100) was used in this experimental
VS DX A/C system. It provided up to 50 channels for monitoring various types of
system operating parameters. The direct current signal from various measuring
devices/sensors can be scaled into their real physical values of the measured
parameters using a logging & control supervisory program which was developed using
LabVIEW programming platform. The minimum data sampling interval was two
seconds. It should be noted that the flow rates of both supply air and condenser cooling
air were calculated using the air static pressure drops across their respective nozzles.
The outdoor airflow rate was evaluated by multiplying the measured air velocity with
the sectional area of the outdoor air duct. The output cooling capacity from the DX
refrigerant plant was calculated based on the enthalpy-difference of air across the DX

cooling coil

4.4 LabVIEW logging & control supervisory program

A computer supervisory program which was capable of performing simultaneously
data-logging and parameter-controlling was necessary. It needed to communicate with
not only the data acquisition unit, but also conventional standalone digital
programmable PID controllers, which are to be detailed in Section 4.5. A
commercially available programming package, LabVIEW, provided a powerful
programming and graphical platform for data acquisition and analysis, as well as for

control application.
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A data logging & control supervisory program was developed using LabVIEW, with
all measured parameters real-time monitored, curve-data displayed, recorded and
processed. The program can also perform the retrieval, query and trend-log graphing

of historical data for measured parameters. The program ran on a personal computer.

The LabVIEW-based logging & control supervisory program enabled the computer to
act as a central supervisory control unit for different low-level control loops, which
will be also discussed in Section 4.5, in the experimental VS DX A/C system. The
computer can therefore not only modify the control settings of those standalone
microprocessor-based PID controllers, but also deactivate any of these controllers.
The LabVIEW-based logging & control supervisory program also provided an
independent self-programming module (SPM) by which new control algorithms may
be easily implemented through programming. A SPM performed in a similar manner
to a central processing unit of a physical digital controller. The variables available
from all measured parameters can be input to, and processed according to a specified
control algorithm, in a SPM to produce required control outputs. Once a SPM was
initiated to replace a given standalone controller, the controller must be deactivated,
but worked as a digital-analogy converter to receive the control output from the SPM.
An analogue control signal was then produced by the controller to initiate the related

actuator for necessary control action.
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4.5 Conventional control loops in the experimental VS DX A/C system

Totally, there were twelve conventional control loops in this experimental VS DX A/C
system. These loops either were activated using the LabVIEW-based supervisory
program or use PID controllers which were digital programmable type with RS-485
communication port (Model: YOKOGAWA UT35A). Resetting controllers’

proportional bands, integral times, derivative times and set points were permitted.

Among the twelve control loops, four were for varying heat and moisture generation
rate of the LGUs located inside the conditioned space. Electrical power input to the
LGU was regulated using Solid State Relay according to the instructions from their

respective control loops to simulate the space cooling load.

The remaining eight conventional PID control loops are as follows: 1) degree of
refrigerant superheat by regulating EEV’s opening; 2) degree of refrigerant subcooling
by regulating the condenser fan speed; 3) condenser inlet air temperature through
regulating electrical power; 4) supply air temperature by regulating the compressor
speed; 5) supply air static pressure by regulating the supply fan speed; 6) outdoor air
flow rate by jointly regulating both outdoor and return air dampers’ openings; 7) air
temperature in Room A by regulating its VAV terminal damper’s opening; 8) air
temperature in Room B by regulating its VAV terminal damper’s opening. These eight
control loops can be activated by using either conventional physical digital PID
controllers available in the experimental VS DX A/C system or a SPM specifically for

any new control algorithm to be developed.
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The control of supply air temperature is used as an example for illustration. When the
related conventional PID controller is enabled, the controller measures the supply air
temperature and then compares the measured temperature with its set point. The error
between the temperature set point and the measured temperature is processed in the
controller following a pre-set PID control algorithm and then an analogue control
signal of 4~20 mA is produced and sent by the PID controller to the VSD for
compressor to regulate its speed. On the other hand, such a conventional PID
controller may be replaced by a SPM to be specifically developed based on a new
control algorithm for compressor speed control. The SPM may take the advantages of
using simultaneously multiple input variables, e.g., supply air temperature and its set
point, evaporator and condensing pressures, DS, etc. Control outputs can be created
by using the SPM following the new control strategy, and communicated to the
physical digital PID controller, which works only as a digital-analog converter. An
analog control signal is then generated and sent to the VSD of compressor for its speed

control.

4.6 Summary

An experimental VS DX A/C system was available for carrying out the project
reported in this Thesis. The system consisted of two parts: a DX refrigeration plant

and an air-distribution sub-system.

The experimental VS DX A/C system was fully instrumented using high quality
sensors/measuring devices. Totally forty-two operating parameters in the system can

be measured and monitored simultaneously and twelve conventional PID feedback
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control loops are provided. Two sets of airflow rate measuring apparatus were
constructed in accordance with ANSI/ASHRAE Standard 41.2. Two sets of air dry-
bulb and wet-bulb temperature sensors were placed in the air-sampling devices for
evaluating the enthalpy of the air entering and leaving the DX cooling coil, and a
Corioli mass flow meter was used for measuring the refrigerant flow rate being

circulated in the DX refrigerant plant.

An logging & control supervisory program was developed specifically for this
experimental VS DX A/C system using LabVIEW programming platform. All
parameters can be real-time measured, monitored, curve-data displayed, recorded and
processed by the logging & control program. The LabVIEW-based logging & control
program provided an independent SPM by which any new control algorithms to be

developed may be implemented.

The availability of such an experimental VS DX A/C system is expected to be
extremely useful in investigating the inherent operational characteristics and
operational stability a DX A/C system under VS operation and developing a capacity
controller for simultaneously controlling indoor air temperature and humidity at the
same time achieving a balance between operational safety and efficiency. Therefore,
the project proposed on the operational stability of a DX A/C system under VS

operation and its control applications can be realized based on this experimental rig.
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Chapter 5
The influences of the operational characteristics of the EEV on the
operational stability of the EEV-controlled experimental DX A/C

system

5.1 Introduction

The review on the possible causes for hunting in refrigeration systems presented in
Section 2.2.2 indicated that only limited numbers of studies on investigating the
influences of the operational characteristics of an EEV on system operational stability
were carried out, and therefore more efforts should be made. In an EEV-controlled
refrigeration system, proportional and integral (PI) and proportional, integral and
derivative (PID) control algorithms have been extensively used for its EEV to regulate
the EEV’s opening for controlling refrigerant mass flow rate in response to DS at
evaporator exit [Jolly et al., 2000; Li et al., 2009; Li et al., 2008; Qi et al., 2010a]. In
practice, a PI controller is adequately capable to provide an acceptable control
performance, without the need to consider the problems associated with the derivative
actions, namely, the need of properly filtering out the measurement noise [Visioli,
2006]. In addition, in an EEV-controlled refrigeration system, a temperature sensor is
used to measure the temperature of refrigerant at evaporator exit, so that the actual
operating DS may be evaluated and sent to the EEV for control action. The
temperature sensor acts in a similar manner to a TEV’s sensing bulb in a TEV-
controlled refrigeration system. It was previously shown that in a TEV-controlled
system, the TEV’s valve gain and the time constant of the TEV’s sensing bulb

[Mithraratne and Wijeysundera, 2001, 2002; Mithraratne et al., 2000] did impact the
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system operational stability, because the former directly affected the degree of valve
opening and thus the refrigerant mass flow rate, and the latter the time required for the
DS signal to propagate through the TEV to adjust the desired refrigerant mass flow
rate. This suggested that the operational characteristics of a PI controlled EEV in terms
of its PI settings and the time constant of its temperature sensor may also similarly
impact on the operational stability of an EEV-controlled refrigeration system.
However, no previous investigations on the influences of EEV’s PI settings and the
time constants of EEV’s temperature sensor on the operational stability in an EEV-

controlled refrigeration system may be identified.

Therefore, a study on investigating the influences of EEV’s PI settings and time
constants of EEV’s temperature sensor in the PI-controlled EEV-evaporator control
loop on the operational stability of the experimental DX A/C system using the classical
control theory has been carried out and the study results are reported in this Chapter.
Firstly, the descriptions of the PIl-controlled EEV-evaporator control loop in the
experimental DX A/C system are presented. Secondly, the transfer functions for each
of the components in the PI controlled EEV-evaporator control loop are presented.
Thirdly, using the transfer functions developed, and following the Frequency
Response Method and Nyquist stability criterion in the classical control theory, the
influences of EEV’s PI settings and the time constant of EEV’s temperature sensor on
the operational stability of the DX A/C system were analyzed and the results are
presented. Finally, the analysis results were experimentally verified using the

experimental DX A/C system and the verification results are reported.
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5.2 The PI controlled EEV-evaporator control loop in the experimental DX A/C

system

<
e PI controller

3 Temperature | Pressure
} 7\ 7\ i sensor I_T_' transducer
> D!ﬂ (S | >
EEV

S

Evaporator
Fig. 5.1 Schematic diagram of the PI controlled EEV-evaporator control loop in

the experimental DX A/C system

Using the experimental DX A/C system detailed in Chapter 4, a conventional PI
control algorithm to regulate the refrigerant mass flow rate entering the evaporator in
response to the DS at the evaporator exit was adopted for the EEV in the study reported
in this Chapter. The operating DS hence was used as a representative operating
parameter for indicating system stability. Fig. 5.1 shows the schematic diagram of the
PI controlled EEV-evaporator control loop which was made of the EEV, evaporator,
EEV’s temperature sensor and PI controller. As seen, the DS at evaporator exit, as a
feedback control signal to the EEV for modulating its opening, can be evaluated by
respectively measuring the refrigerant temperature and evaporating pressure using a
temperature sensor and a pressure transducer. Considering the heat transfer between
the temperature sensor which was usually attached to the outer surface of the
refrigerant pipe at evaporator exit, and the vapor refrigerant inside the pipe, it would
take some time for EEV’s temperature sensor to detect the refrigerant temperature

which fluctuates all the time. On the other hand, for a pressure transducer which is
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usually in direct contact with refrigerant, the response time of the pressure signal
transfer may be negligible because pressure wave travels at speed of sound in tubes.
Therefore, the presence of temperature sensor and its installation method in an EEV-
controlled refrigeration system for measuring the refrigerant temperature at evaporator
exit would cause a delay in the DS signal transfer in the EEV-evaporator control loop.
Like in a TEV controlled refrigeration system, such a delay may also affect the

operational stability in an EEV-controlled refrigeration system.

5.3 Development of a transfer function for the EEV-evaporator control loop

c) FslmePs] B RS ) p—2

Y
\/

PI controller EEV Evaporator Temperature
sensor

C(s) - Transfer function for the PI controller
Hi(s) - Transfer function for the EEV
H:(s) - Transfer function for the evaporator
Hs(s) - Transfer function for the temperature sensor

Fig. 5.2 Block diagram of the PI controlled EEV-evaporator control loop

It is observed that the Transfer Function method has been commonly used to describe
the relationships between the input and output of a controlled process, including
evaporators used in refrigeration systems [Aprea and Renno, 2001; Broersen and
Vanderjagt, 1980; Chen and Jiang, 1990; Stoecker, 1966]. Therefore, Transfer
Function method was used in the current study for characterizing the dynamic

behaviors of the PI controlled EEV-evaporator control loop.
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Fig. 5.2 shows the block diagram of the PI-controlled EEV-evaporator control loop in
the experimental DX A/C system. The measured DS at evaporator exit, DSy, is directly
used as a feedback DS signal to be compared with the reference DS setting, Rps. Based
on the error between DS, and Rps, or e, the PI controller outputs a corresponding
control signal, u., to regulate the EEV’s opening. Then, the refrigerant mass flow
entering the evaporator, M., will be regulated continuously until e is within its preset
range. Consequently, the open-loop transfer function, G(s), for characterizing the
transient response for DS, to a change in EEV’s control signal, u., can be expressed

as:

ADS, (s)

o Au,(s)

= H,(s)H, (s)H,(s) (5.1

The closed-loop transfer function for the PI controlled EEV-evaporator control loop,

G(s), can therefore be expressed as:

G.(s)= C(8)G(s) _ C(S)]‘]l (S)H2 (s)]—]3 (s)
7 1+C(E)G(s) 1+ C(s)H (s)H, (s)H,(s)

(5.2)

In Egs. (5.1) and (5.2), C(s) is the transfer function for EEV’s PI controller, H(s) that
for the EEV, H>(s) that for the evaporator and H3(s) that for EEV’s temperature sensor.

The details of each of these transfer functions are separately presented as follows.
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5.3.1 Transfer function for each of the four components in the EEV-evaporator

control loop
5.3.1.1  EEV’s PI controller

For a conventional PI controller, its theoretical output signal, u., can be written as:
K, o
(00K e(t)+—* jo e(r)dr + ¢, (5.3)
or in its discretized form:
k
u,(t, )=er(tk) +K, Z e(t)At + ¢, (5.4)

i=1

KP
K, =T (5.5)

l

For a digitally implemented PI controller in a refrigeration system, an incremental

algorithm can be written as follows:
u,(t)=u, (b)) + K, (e(t,) +e(t, )+ Ke(t, )At (5.6)

In Egs. (5.3) — (5.6), ¢ois an offset adjustment parameter for a particular EEV, K), the
proportional gain, K; the integral gain, 7i the integral time, A4t the sampling time
interval (4t = t - tk-1), and e(?) the error between feedback DS signal and the DS set

point.
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Applying the Laplace transform to Eq. (5.3), the transfer function for EEV’s PI

controller, C(s), can be expressed as:
K.
C(s)=K,+—+ (5.7)
N

5.3.1.2 The PI controlled EEV

During experiments, since both the compressor and supply fan speeds were unchanged,
the variation range of EEV’s opening was not large, and thus a linear valve
characteristic can be assumed in the current study. Therefore, the mass flow rate
passing through an EEV, M,., can be considered linearly proportional to its control

signal, u.. The transfer function for the EEV, Hi(s), can hence be written as:

AM,,(5) _

H,(s)= Au(s) v

(5.8)

where K, is the valve gain which is defined as the ratio of the change in refrigerant

mass flow rate to the corresponding change in EEV’s control signal.
5.3.1.3 DX Evaporator

According to the previous studies [Aprea and Renno, 2001], the transient response for

the DS at evaporator exit to a sudden change in refrigerant mass flow rate supplied to
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the evaporator can be approximated by a second-order plus dead-time process. Thus

the transfer function for the evaporator, H>(s), can be expressed as:

n

AM (s) ‘S’ +2lw s+

ADSG) o @

H,(s)= (5.9)

where K. is the evaporator gain, indicating the variation of DS from one steady state
to another against the variation of the refrigerant mass flow rate supplied. { is the

damping ratio, w, the natural frequency of the system.
5.3.1.4  EEV’s temperature sensor

Fig. 5.3 shows the installation of EEV’s temperature sensor attached to the refrigerant
pipe at evaporator exit and an equivalent thermal circuit for the heat transfer from
refrigerant inside the pipe to the sensor. The heat transfer between the temperature

sensor and the refrigerant at evaporator exit yielded:

dr, (1) _(1.0)-1.0) T,O-L.0)
dt R R

re a

(PCV),, (5.10)

where T} is the temperature of vapor refrigerant at evaporator exit, 7, the ambient
temperature, 7s. the temperature measured by the sensor. R is total thermal resistance
between the vapor refrigerant and temperature sensor, and R, the convective thermal

resistance between the sensor and its surroundings.
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Fig. 5.3 Schematic diagram of the installation of EEV’s temperature sensor attached

to the refrigerant pipe at evaporator exit and its equivalent thermal circuit

Normally, in a refrigeration system, its EEV’s temperature sensor and the refrigerant

pipe at evaporator exit are thermally insulated to reduce heat lose. Therefore, the

natural convection heat transfer between the sensor and its surroundings can be

neglected. Thus, Eq. (5.10) can be simplified to:

dr,@ 1

se

I.0=—T.0)

se

TSE = Rre (pCpV)_SE

(5.11)

(5.12)

where 7y is the time constant of the temperature sensor, which is affected by the

thermal resistance between the sensor and vapor refrigerant inside the pipe, as well as

the heat capacity of the temperature sensor itself.

Using the Laplace Transform, Eq. (5.11) can be transformed to:
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AT (s) B 1
AT (s) 7,s+1

(5.13)

Therefore, the transfer function for EEV’s temperature sensor can be expressed as:

ADS,(s) _AT,(s) 1
ADS(s) AT (s) t,s+1

H,(s)= (5.14)

ADS, (s) = " ADS(s) (5.15)

T S+

se

Eq. (5.15) suggests that due to the dynamics of EEV’s temperature sensor, the transient
response for DSy, as a feedback control signal to regulate EEV’s opening, is slowed

down following a change in the actual DS of refrigerant at evaporator exit.
5.3.2 Identification of transfer function parameters

Using the transfer functions for each of the components in the PI controlled EEV-

evaporator control loop, the open-loop transfer function, G(s), can be expressed as:

2
Ker a)n —0Os

ADS,S) _ b (5)H, (5)H(5) =

G(s)= o 5 5 e
(5 (5" +2¢0,s + @, )(1+7,5)

(5.16)

The parameters in Eq. (5.16), were identified experimentally using the experimental

DX A/C system.
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Table 5.1 Specifications of EEV’s temperature sensor used in the experimental DX

A/C system
Sensor diameter Sensor length Heat capacity of the sensor, (pCp,V)se
(mm) (mm) J K
4 30 1.42

Firstly, it was noted that in the experimental DX A/C system, for the purpose of
reducing the influence of EEV’s temperature sensor on the rate of DS signal transfer
as far as possible, the temperature sensor used in experiments hence had a quick
response characteristic and was attached well to the refrigerant pipe at evaporator exit.
For the EEV’s temperature sensor in the experimental DX A/C system, its

specifications are shown in Table 5.1. Assuming a unit contact resistance of 0.4 X 10
4~1X10*m? K W [Lienhard, 2013] under normal sensor installation and using Eq.

(5.12), the time constant of the EEV’s temperature sensor could be assessed at about
0.95 ~ 2.3 s. Therefore, using an average time constant of 1.6s for the EEV’s

temperature sensor, Eq. (5.16) can be written as:

G(s)=

ADS (s KK o »
ADS,(5) )=I‘Il(S)H2(S)H3(S) =— et e
Au,(s) (5" +24w,s+ @, )(1+1.65s)

(5.17)

When carrying out experiments, compressor and supply fan speeds were fixed at 4680
rpm and 2880 rpm, respectively, and the inlet air state to the DX A/C system was
maintained at 25 °C and 50% RH by modulating the LGUs in the conditioned space.
The total cooling load under this operating condition was about 7.4 kW with 4.9 kW
sensible load and 2.5 kW latent load. The EEV’s opening was varied between 35%

and 45% of its full opening with an increment of 2%. By tracking the dynamic
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responses for the DS, to a step change in EEV’s control signal, the transfer function,
G(s), through using the MATLAB system identification toolbox, can be approximated

to:

-1.6 3ls
= e
(2075 +29.5s +1)(1.65+1)

G(s) (5.18)

Eq. (5.18) was further simplified by using Padé¢ Approximation [Golub and Van Loan,

2012] to:

- 1.6s—0.1032
(2705 +42.855> +2.903s +0.06452)(1.65+1)

G(s) (5.19)

For validating Eq. (5.19), a further experiment was carried out when the EEV’s
opening was firstly changed from 39.5% to 42.5% at 640s, and then from 42.5% to
40.5% at 1814s. Fig. 5.4 shows comparison between the experimental and the
predicted responses using Eq. (5.19). As seen, the predicted transient responses for

DSy, agreed very well with the experimental responses.
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Fig. 5.4 The comparison between the predicted and experimental responses for the

DSn

Therefore, the open-loop transfer function, L(s), for the PI controlled EEV-evaporator

control loop in the experimental DX A/C system can be expressed as:

K. 1.6s-0.1032 1
Ls)=C(s)G(s)=(K +—L 5.20
(5) = C(5)G(s) = (K, S)(27053+42.85s2+2.903s+0.6452)(1.6s+1) (520)

5.4 Stability analysis for the EEV-evaporator control loop using the Frequency

Response Method

As mentioned in Chapter 2, the operational stability of a refrigeration system is

directly affected by the operating performance of the EV-evaporator control loop.
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Therefore, the analysis of the system operational stability of the experimental DX A/C

system was via examining the stability of the EEV-evaporator control loop.

With the availability of the open-loop transfer function, L(s), for the PI-controlled
EEV-evaporator control loop, the Frequency Response Method in the classical control
theory was used to assess the stability of the control loop by computing gain and phase

margins, which can be used to determine if the control loop was stable or not.

5.4.1 Nyquist stability criterion

In using the Frequency Response Method in the classical control theory, Nyquist
stability criterion is a graphical technique to determine the stability of a dynamic
controlled system and has been widely used for designing and analyzing systems with
feedback. The importance of Nyquist stability lies in the fact that it can be used to
determine the relative degree of system stability by producing the phase and gain
stability margins. With the help of Nyquist stability criterion, the stability of the EEV-
evaporator control loop was investigated by analyzing the frequency response of its

open-loop transfer function, L(s).

5.4.1.1  The influences of EEV’s PI settings on the stability of the EEV-evaporator

control loop

The open-loop transfer function, L(s), i.e., Eq. (5.20), for the Pl-controlled EEV-

evaporator control loop can be reproduced by designating K, and K; as variables, as:
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L(s)=(K,s+K,) L.6(520.0645) (5.21)

" 5(s+0.0645)(18s +1)(11.55 + 1)(1.65+1)

From Eq. (5.21), the poles for L(s) were 0, -0.0645, -0.0555, -0.0869 and -0.625,
respectively. None of the poles lay on the right hand side of s-plane. Hence, the
stability of the closed EEV-evaporator control loop may be determined by examining
whether the contour for the open-loop transfer function L(s), Iz, encircled the point (-

1, 0) on its Nyquist diagram.

To examine the influences of EEV’s PI settings on the stability of the control loop,
based on the commonly used PI settings for a PI controlled EEV, two groups of
different EEV’s PI settings, each containing four study cases as shown in Table 5.2,
were set to obtain their corresponding Nyquist diagrams shown in Fig. 5.5. As seen in
Fig. 5.5(a) which is for Group I results, at a given integral gain, K; = -0.025, when
increasing the proportional gain, K, /7 changed to tend to encircle the point (-1, 0).
When K, was less than -1, /7 did not encircle the point (-1, 0). However, when the
values of K, were greater than -1, /7 encircled the point (-1, 0), suggesting the
instability of the EEV-evaporator control loop. On the other hand, as seen in Fig. 5.5(b)
which is for Group II results, at a fixed proportional gain, K,, increasing the integral
gain, K;, may also lead to instability of the EEV-evaporator control loop. Therefore,

the EEV’s Pl settings could impact on the stability of the EEV-evaporator control loop.
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Table 5.2 The stability of the EEV-evaporator control loop at two different groups of

EEV’s PI settings

Study Proportional ~ Integral Gain  Phase

Group case gain gain margin margin  Stability
(Kp) (Ki) (dB) )
I-1° -0.5 0.636 4.93 stable
[-2° -1 -1.08  -12.3  unstable
I -0.025
-3 -1.5 -3.51 -40.9  unstable
-4 -2 -5.56 -61.6  unstable
-1 -0.01 5.63 63.9 stable
-2 -0.020 2.44 20.2 stable
II -0.5
II-3" -0.025 0.636 4.93 stable
II-4" -0.035 2.61  -18.7  unstable

* Study cases further experimentally verified in Section 5.5.1.
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Fig. 5.5 Nyquist diagrams for L(s) at two different groups of EEV’s PI settings

1.2

stability of the EEV-evaporator control loop

The influences of the time constant of EEV’s temperature sensor on the

For examining the effects of different time constants of EEV’s temperature sensor on

stability, Eq. (5.20) can also be reproduced by designating 7, as a variable, as:

1.6(s — 0.0645)

L'(s)=(K,s+K,)
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In Eq. (5.22), since none of the poles for L ’(s) lay on the right hand side of the s-plane,
the stability of the closed EEV-evaporator control loop may also be determined by
examining whether the contour of L’(s), ., encircled the point (-1, 0) on its Nyquist

diagram.

In the experimental DX A/C system, the average time constant, 7w, of its EEV’s
temperature sensor was estimated at ~ 1.6s, as mentioned in Section 5.3.2. However,
if the contact between the temperature sensor and refrigerant pipe was insufficient, or
EEV’s temperature sensor and refrigerant pipe were not adequately insulated
thermally, the time constant of the sensor would become relatively large. Therefore,
three groups of different time constants, 7y, €ach containing five study cases for EEV’s
temperature sensor ranging from Os to 200s at fixed PI settings, shown in Table 5.3,
were set to examine their influences on the stability of the EEV-evaporator control

loop using Eq. (5.22).
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Table 5.3 The stability of the EEV-evaporator control loop at three different groups

of time constant of EEV’s temperature sensor

Proportional Integral = Time Gain  Phase
Group S;lslgy gain gain  constant, margin margin Stability
(Kp) (Ki) Te(s)  (dB) )
-1 0 0.56 7.29 stable
-2 10 -0.44  -6.16 unstable
nr  II-3 -1 -0.015 50 1.65 13.6 stable
I -4 100 4.02 20.8 stable
I-5 200 7.02 21.2 stable
Iv-1 0 -3.14  -342  unstable
v-2 10 -4.19  -51.5 unstable
v Iv-3 -1.5 -0.025 50 239 -19.3  unstable
IV -4 100 -0.28  -1.5  unstable
Iv-5" 200 233 744  stable
V-1 0 -5.2 -53.4  unstable
V-2 10 -6.13  -72.5 unstable
\Y V-3 -2 -0.025 50 -3.66  -32.4  unstable
V-4 100 -0.916  -6.03  unstable
V-5 200 2.62 10.9 stable

* Study cases further experimentally verified in Section 5.5.2.

The Nyquist diagrams for L’(s) at the three groups of different time constants are
shown in Fig. 5.6. From Fig. 5.6(a) which is for Group III results, it can be seen that
at fixed K, = -1 and K; = -0.015, when 7, = 0s, /7' did not encircle the point (-1, 0).
However, when 7. was at 10s, /7' encircled the point (-1, 0), so that the EEV-

evaporator control loop was unstable. When z,. was further increased to over 50s, the
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I';-did not encircle the point (-1, 0) again, suggesting the stable operation of the control
loop. Therefore, for an initially stable EEV-evaporator control loop, slowing down its
rate of DS signal transfer by increasing z,. may first lead to instability, although further

increasing zqe can return the loop to be stable again.

Figs. 5.6(b) and 5.6(c) show the Groups IV and V results, where the stability of an
initially unstable EEV-evaporator control loop at different values of z;c was examined.
As seen in Figs. 5.6(b) and 5.6(c), when z,. = Os, the control loop at their PI settings,
ie., K, = -1.5, K; = -0.025 and K, = -2, K; = -0.025, were unstable initially. When
increasing tse, /1 would firstly move away from the point (-1, 0), but if further
increasing 7, it would move back to be close to the point (-1, 0), suggesting that the
EEV-evaporator control loop tended to be stable as z,. became larger. When 7y, was at
200s, the contour in Figs. 5.6(b) and 5.6(c), /7', did not encircle the point (-1, 0),
suggesting the stable operation of the EEV-evaporator control loop. Therefore, it can
be observed when the EEV-evaporator control loop was initially unstable, increasing
the time constant of the EEV’s temperature sensor to a certain value for slowing down

the rate of DS signal transfer may help eliminate the instability of the control loop.
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Fig. 5.6 Nyquist diagrams for L ’(s) at three different groups of time constants of

EEV’s temperature sensor

Therefore, it can be seen that the rate of the DS signal transfer, as reflected by the time
constant of EEV’s temperature sensor, did impact the operational stability of the EEV-
evaporator control loop, thus the DX A/C system. Furthermore, the observations from
the analysis were that in general a larger time constant would lead to a stable operation

of the DX A/C system.

5.5 Experimental validation

In order to validate the theoretical analysis results using the classical control theory

presented in Section 5.4, experimental work was carried out for those study cases
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marked with an asterisk in Tables 5.2 and 5.3, and experimental results are presented
in this Section. The experiments were conducted using the experimental DX A/C
system described in Chapter 4. When carrying out the experiments, for simulating the
different time constants of EEV’s temperature sensor, 7, a first-order transfer function,
i.e. Eq. (5.14), was incorporated into the EEV-evaporator control loop in the

experimental DX A/C system, as shown in Fig. 5.7

PI controller EEV-evaporator loop
Ros + e C(S) Ue > G(S) DSm >
) r--- - - - - -~ -
| 1 |
| Tus+1 |
L o _____ _
H; ( S )

Fig. 5.7 Block diagram of the PI controlled EEV-evaporator control loop after

incorporating H3(s)

During the experiments, the compressor and supply fan speeds were fixed at 4680 rpm
and 2880 rpm, respectively. On the other hand, there were an air heater and a water
heater in the LGUs. The two heaters were program-controlled to match the sensible
and latent loads in the conditioned space, so that the air temperature and relative
humidity entering the DX evaporator were maintained at 25 °C and 50%, respectively.

The DS setting was fixed at 8 °C.
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5.5.1 The influences of EEV’s PI settings on the stability of the EEV-evaporator

control loop
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Fig. 5.8 Experimental validation results for the study cases I-1 and I-2
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Fig. 5.9 Experimental validation results for the study cases II-3 and I1-4

Figs. 5.8 and 5.9 show the experimental results of the DS, an indirectly controlled
parameter, and EEV’s opening, a directly controlled parameter, for the study cases I-
1, I-2 and II-3, 1I-4, respectively, where different EEV’s PI settings on the stability of
the EEV-evaporator control loop were examined. As seen, the experimental results for
both parameters verified the stability analysis results using the classical control theory
presented in Section 5.4.1.1, that the EEV-evaporator control loop was stable for the

study cases I-1 and II-3, but not stable for the study cases I-2 and 11-4.
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5.5.2 The influences of the time constants of EEV’s temperature sensor on the

stability of the EEV-evaporator control loop
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Fig. 5.10 Experimental validation results for the study cases IV-3, IV-4 and IV-5

Fig. 5.10 shows the experimental results of DS, and EEV’s opening for study cases

IV-3, IV-4 and IV-5, respectively, where the influences of different time constants on

the stability of the EEV-evaporator control loop were examined. As seen from the

Figures, the experimental results for both indirectly and directly controlled parameters

verified the stability analysis results using the classical control theory presented in

Section 5.4.1.2, that the EEV-evaporator control loop was not stable for the study

cases IV-3 and V-4, but stable for the study case [V-5.
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In addition, it is noted the experimental and analysis results reported in this Chapter
were based on only one set of the operating condition for the experimental DX A/C
system. The different operating conditions only influenced the identified parameters
of the transfer function of the evaporator, and the transient response for the DS at
evaporator exit to a sudden change in refrigerant mass flow rate supplied to the
evaporator can always be approximated by a second-order plus dead-time process.
Therefore, the general variation trends observed and the related analysis should remain
valid, although the absolute numerical value may be different at different operating

conditions .

5.6 Discussions

As mentioned earlier in Chapter 2, there have been two views on the causes for the
hunting in a refrigeration system: the inherent characteristics of an evaporator and the
operational characteristics of an EV. In a TEV-controlled refrigeration system, it was
previously shown that both of the TEV’s control characteristics, such as its static
superheat setting and valve gain [Lenger et al., 1998; Mithraratne and Wijeysundera,
2001, 2002; Mithraratne et al., 2000; Tassou and Al-Nizari, 1993a] and the
characteristics of TEV’s sensing bulb, including the time constant of TEV’s sensing
bulb, the thermal resistance between the sensing bulb and refrigerant pipe and the bulb
location [Broersen and Vanderjagt, 1980; Chen and Jiang, 1990; Ibrahim, 1998, 2001;
Lenger et al., 1998; Mithraratne and Wijeysundera, 2001, 2002; Mithraratne et al.,
2000; Mulay et al., 2005; Stoecker, 1966; Tassou and Al-Nizari, 1993a], did influence
the stability of refrigeration systems. On the other hand, since there were no previous

studies on the influences of EEV’s PI settings and time constant of the EEV’s
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temperature sensor on the stability of an EEV controlled refrigeration system, the
study results presented in this Chapter filled the gap and further confirmed that the
characteristics of an EEV can also influence the stability of an EEV controlled

refrigeration system in the following two aspects:

® The control characteristics of a PI-controlled EEV impacted the stability of the
EEV-evaporator control loop, thus the refrigeration system. Generally, a larger
proportional gain or integral gain would lead to a higher chance for the EEV-
controlled refrigeration system to become unstable.

® The theoretical analysis using the classical control theory and the experimental
results shown in Sections 5.4.1.2 and 5.5.2, respectively, for the influences of the
dynamic characteristics of EEV’s temperature sensor on the operational stability
of the EEV-evaporator control loop, are the first of its kind reported in open
literature. The results demonstrated that a larger time constant of EEV’s
temperature sensor can also lead to a higher chance for the EEV-evaporator loop
to become stable, at however the expense of reducing the sensitivity of superheat

control for the EEV during normal operation.

The analysis and experimental results reported clearly suggested that a larger change,
as reflected by the controller’s P and I settings, and a faster change, as reflected by the
rate of DS signal transfer, or the time constant of EEV’s temperature sensor, of the
refrigerant mass flow supplied to an evaporator, would very likely lead to an instability
operation of the EEV-evaporator control loop, thus the DX A/C system. These results
also suggested that, similar to the influences of the dynamic characteristics of sensing

bulb transients on the operational stability of a TEV-controlled refrigeration system as
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mentioned in Chapter 2, slowing down the rate of DS signal transfer by increasing the
time constant of EEV’s temperature sensor would be beneficial to the operational
stability of an EEV-controlled refrigeration system. These results further confirmed
that the operating characteristics of an EV in a refrigeration system could impact its
operational stability. On the other hand, as a constant valve gain was used in the
current study, a further study on investigating the influences of varying EEV’s valve
gain on the operational stability of the EEV-evaporator control loop should be carried

out.

Furthermore, the experimental results also suggested an effective approach to mitigate
instability problem encountered in an EEV controlled refrigeration system by
incorporating a first-order transfer function in its EEV-evaporator control loop to slow

down the rate of DS signal transfer.

5.7 Conclusion

A study on the influences of the operational characteristics of a PI controlled EEV on
the operational stability of a DX A/C system has been carried out and study results are
reported in this chapter. Using the classical control theory, the influences of EEV’s PI
settings and time constants of EEV’s temperature sensor on the system operational
stability were analyzed and further experimentally verified using the experimental DX

A/C system.

The theoretical analysis and experimental results showed that EEV’s PI settings and

the time constant of EEV’s temperature sensor which affected the rate of DS signal
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transfer, did impact the operational stability of the EEV-evaporator control loop, thus
the DX A/C system. A larger proportional gain or integral gain of the EEV’s PI
controller, and faster DS signal transfer due to a smaller time constant of EEV’s
temperature sensor would very likely lead to system instability. The study results
further confirmed that the operating characteristics of an EV impacted a refrigeration
system operational stability and suggested an effective approach to mitigate instability
problem encountered in an EEV controlled refrigeration system by incorporating a
first-order transfer function in its EEV-evaporator control loop to slow down the rate

of DS signal transfer.
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Chapter 6
Inherent operational characteristics and operational stability of the

experimental VS DX A/C system

6.1 Introduction

The study reported in Chapter 5 indicated that the operational characteristics of the
EEV did impact the operational stability of the experimental EEV-controlled DX A/C
system. On the other hand, while the extensive application of VS technique to DX A/C
systems has made the continuous control of compressor speed and supply air fan speed
more practical, paving the way to simultaneously control indoor air temperature and
humidity, VS operation of a DX A/C system may also potentially lead to its
operational instability [Qi et al., 2010a]. As a matter of fact, in a VS DX A/C system,
the operational characteristics of its DX evaporator including VS operation and
different inlet air states would result in different surface wetness of its DX evaporator,
significantly affecting the air side heat transfer, and hence, the overall heat transfer
characteristics in the DX evaporator, leading to a potential change in the operating DS
at evaporator exit. Consequently, the operational stability of a VS DX A/C system

may also be affected due to its VS operation and different inlet air states.

However, as presented earlier in Section 2.3.3, for a VS DX A/C system, while its
inherent operational characteristics expressed in terms of the inherent correlations (ICs)
between its output total cooling capacity (TCC) and equipment sensible heat ratio (E
SHR) at different combinations of compressor and supply fan speeds and inlet air
states have been extensively studied [Li et al., 2014; Xu et al., 2010], the issues of
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operational stability were not taken into consideration. No studies on investigating the
influences of varying both compressor speed and supply fan speed at different inlet air
states on operational stability may be identified. Therefore, a follow-up study on the
inherent operational characteristics of a VS DX A/C system considering its operational
stability at 1) different combinations of compressor and supply fan speeds, ii) different
DS settings and iii) different inlet air states, has been carried out and the study results
are reported in this Chapter. This Chapter is organized as follows. Firstly, the
experimental conditions, procedures and data interpretation are detailed. Secondly, the
experimental results of the inherent operational characteristics of the experimental VS
DX A/C system expressed in terms of the ICs between its output TCC and E SHR
considering its operational stability are presented. This is followed by reporting the
related analysis on the obtained experimental results. Finally, conclusions of this

Chapter are given.

6.2 Experimental conditions, procedures and data interpretation

All the experiments were carried out in the experimental VS DX A/C system detailed

in Chapter 4. The uncertainties for the sensors/ instruments and the calculated

operating parameters used in the current study are given in Table 6.1.

101



Table 6.1. Measurement/calculation uncertainty of system operating parameters

Operating parameter Uncertainty Unit
Air dry-bulb temperature +0.1 (platinum RTD) °C
Air wet-bulb temperature +0.1 (platinum RTD) °C

Air static pressure difference +0.1% (differential pressure transducer)

Refrigerant temperature +0.1 (platinum RTD) °C
Refrigerant pressure +0.2% (pressure transducer) --
DS +0.18 (calculated) °C
Air flow rate +1.2% (calculated) m’/h
TCC 1.85% ~ 3.89% (calculated) kW
E SHR 1.64% ~ 4.02% (calculated) --

In order to study the inherent operational characteristics of the experimental VS DX
A/C system considering the operational stability at different speed combinations,
different inlet air states and DS settings, five experimental inlet air states with three
different DS settings as shown in Table 6.2, were used. These five inlet air states
covered typical indoor air settings for comfort air conditioning. At each of the five
inlet air states, typical DS settings used in a refrigeration system at 4 °C, 6 °C and 8 °C

were adopted, respectively.
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Table 6.2. The experimental cases of inlet air states and DS settings

Group Case Ta (°C) Two (°C)  RH (%) DS setting (°C)
RH constant T-23 23.0 16.2 50 4,6,8
T-25 25.0 17.9 50 4,6,8
T-27 27.0 19.5 50 4,6,8
T constant RH-40 25.0 16.2 40 4,6,8
RH-50" 25.0 17.9 50 4,6,8
RH-60 25.0 19.6 60 4,6,8

* Same setting as that in Case T-25

At each of the five inlet air states, the experimental VS DX A/C system was operated
at a specified DS setting under different speed combinations as shown in Table 6.3.
At a given experimental case listed in Table 6.2, for example, 25 °C/ 50% RH (Case
T-25) at 6 °C DS setting, there were five different speeds for the compressor and six

for the supply air fan, respectively, resulting in a total of 30 speed combinations.

Table 6.3. The experimental compressor and supply fan speeds

Compressor

% of max speed 40 50 60 70 80
Supply: freq. (Hz) 54 60 66 72 78
Supply fan

% of max speed 50 60 70 80 90 100
Supply: freq. (Hz) 30 36 42 48 54 60

Air flow rate (m>/h) 580 705 832 960 1080 1200

Compressor maximum speed: 90 Hz
Supply fan maximum speed: 60 Hz

During all experiments, the cooling airflow rate for the condenser was maintained

constant at 4100 m>/h, with a fixed condenser cooling air inlet temperature at 35 °C.
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The EEV was PI controlled for regulating its opening in respond to the DS at
evaporator exit. Fixed PI parameters, -0.5 for the proportional gain and 40s for the
integral time, were adopted for the PI controller in all experiments. A prescribed range
of fluctuation of £0.5 °C in DS was set to assess whether the operation of the VS DX

A/C system was stable or not.

The experimental procedures were as follows. At a specific combination of
compressor and supply fan speeds listed in Table 6.3, the LGUs and EEV were
respectively controlled, so that the required experimental inlet air state and DS setting
shown in Table 6.2 were achieved. When the variations for both air dry-bulb and wet-
bulb temperatures, namely 74, and 7wy, were less than +0.1 °C, a steady state operation
for the experimental VS DX A/C system arrived. Then the operating parameters were
recorded continuously for 15 min at an interval of 1 min and the averaged measured
data used for evaluating the output TCC and E SHR of the experimental VS DX A/C
system. On the other hand, at a given inlet air state and DS setting, the speed
combinations of compressor and supply fan at which the operation of the VS DX A/C
system was unstable were marked as the unstable operating speed combinations where
the variation of the operating DS was outside the prescribed range of +0.5 °C of its
setting at a steady-state operation. Given that the difference between two experimental
fan or compressor speeds listed in Table 6.3 was 10% of their respective maximum
speeds, in order to accurately identify an unstable operating region in a TCC-SHR
trapezoid, additional experiments were carried out between an identified unstable
operating speed combination and an identified stable one. This was done by changing
either the compressor or the fan speed, or both, at an interval of 2% of its maximum

speed, respectively, from the identified stable operating speed combination. Then at a
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specific operating point of speed combination, if the operating DS was outside the
prescribed range of 0.5 °C, this specific operating point of speed combination was
regarded as a critical unstable operating point of speed combination. In order to be
able to draw an unstable region in the TCC-SHR trapezoid, at least three critical

operating points of speed combination were identified.

The output sensible cooling capacity of the experimental DX A/C system was

evaluated by

Qs :M C (T;Jbi_y;'bo) (61)

a~ pa

The total output cooling capacity of the DX A/C system was then evaluated by

TCC=M,(h,—h,) (6.2)

Therefore, E SHR was obtained by

E SI_R_ QS — Cpa (T:lbi _Tdbo)
TCC  (h,—h,)

ao

(6.3)

6.3 Experimental results

By carrying out the experiments in all the experimental cases as specified in Tables
6.2 and 6.3, so that not only the output TCC and E SHR of the experimental VS DX

A/C system may be obtained, but also its operational stability at different speed
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combinations and DS settings evaluated. Totally fifteen sets of experimental results at
five inlet air states, corresponding to the five experimental cases in Table 6.2, with

three different DS settings in each case, were obtained.

As a further development to the ICs between TCC and E SHR previously obtained [Li
et al., 2014; Xu et al., 2010], the experimental results of TCC and E SHR for all the
experimental cases in the current study were also X (TCC) — Y (E SHR) plotted, but
with an unstable region also marked on each of the trapezoids, which was so obtained
with the availability of at least three critical operating points of speed combination, as

mentioned in Section 6.2.

The organization of the experimental results presented in this Section is as follows.
Section 6.3.1 presents the experimental results for the experimental Case T-25, at 8 °C
DS setting, as an example of the 15 cases of the experimental results. In Sections 6.3.2
and 6.3.3, the influences of the different DS settings and inlet air states on the inherent
operational characteristics of the experimental VS DX A/C system considering the

operational stability are discussed.

106



6.3.1 Experimental results of Case T-25 at 8 °C DS setting
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Fig. 6.1. The IC os of the experimental VS DX A/C system for Case T-25 at 8 °C

DS setting

Fig. 6.1 shows the experimental results, or the IC between TCC and E SHR

considering operational stability (IC os), for Case T-25 at 8 °C DS setting. Three

critical operating points of speed combinations, namely, C64F50 (i.e.,

64%

compressor speed and 50% fan speed), C70F58 and C80F58, were identified, so that

an unstable operating region was depicted in the trapezoid, as shown in Fig. 6.1. As

seen, the unstable operating region, E-C-F, was located at the bottom of the trapezoid

where the experimental DX A/C system was operated at a higher compressor speed

but a lower supply fan speed. With the consideration of the operational safety and

energy efficiency, a VS DX A/C system should not be allowed to operate within an

unstable operating region.
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Figs 6.2 and 6.3 show the measured variations in the operating DS after the change in
compressor and supply fan speeds, respectively, in the experimental Case T-25 at 8 °C
DS setting, where the influences of VS operation of the VS DX A/C system on its
operational stability are demonstrated. As seen in Fig. 6.2, at 1760s, when the
compressor speed was increased from 50% to 80% of its maximum speed at a constant
fan speed of 50% of its maximum speed (F50), i.e., at point C in Fig. 6.1, the operating
DS started to fluctuate at ~ £2.5 °C around 8 °C at steady state, suggesting that
increasing only the compressor speed could lead to operational instability.
Furthermore, Fig. 6.3 shows the measured variations in the operating DS when the fan
speed was subject to a number of step changes at a constant compressor speed of 80%
of its maximum speed (C80). As seen, when the supply fan speed was reduced twice,
from 80% to 70% at 364s and from 70% to 60% at 2330s, respectively, a stable
operating DS was maintained after some fluctuations immediately after speed changes.
However, when the fan speed was further reduced to 50% at 3880s, i.e., also at point
C, the operating DS significantly fluctuated at ~ £2 °C around the DS setting of 8 °C.
Lastly, when the fan speed was raised from 50% to 70% at 5734s, the operating DS
returned to be stable again after significant fluctuations shortly after the speed change.
Therefore, it became very clear that the VS operation of a VS DX A/C system can

significantly impact its operational stability.
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Fig. 6.2. The measured variations in the operating DS after increasing only the

compressor speed in Case T-25 and 8 °C DS setting
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speed in Case T-25 and 8 °C DS setting
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6.3.2 The ICs_os of the experimental VS DX A/C system at different DS settings
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Fig. 6.4. The ICs_os of the experimental VS DX A/C system for Case T-25 at three

different DS settings

Fig. 6.4 shows the experimental results for Case T-25 at different DS settings. As seen,
at a given speed combination, different DS settings would not significantly influence
the values of TCC and E SHR. This may be due to the fact that at steady state operation
of a DX A/C system, the superheated region occupied only small percentage of
evaporator’s volume, and the heat transfer coefficient in the superheated region was
much smaller than that in the two-phase region, hence the heat transfer in the
superheated region did not remarkably influence the values of TCC and E SHR at
different DS settings. Consequently, the inherent characteristic between TCC and E
SHR at various speed combinations under different DS settings almost overlapped and

may therefore be simply represented by a trapezoid A-B-C-D, as shown in Fig. 6.4.
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On the other hand, three unstable regions in the trapezoid A-B-C-D corresponding to
the three DS settings, namely, 4 °C, 6 °C and 8 °C, were also identified and plotted in
Fig. 6.4, following the experimental procedure in Section 6.2. As seen, all the three
unstable operating regions were located at the lower part of the trapezoid where the
DX A/C system was operated at a higher compressor speed and a lower supply fan
speed. However, as seen, the size of the unstable operating region at 4 °C DS setting
was the largest, and that at 6 °C DS setting the second largest, with that at 8§ °C DS
setting being the smallest. This suggested that at a lower DS setting there were more

unstable operating points of speed combinations.

Fig. 6.5 shows the measured variations in the operating DS following a change in DS
setting at an operating point of speed combination of C80F60 (Compressor 80%, Fan
60%), in the experimental Case T-25, where the influences of different DS settings on
the operational stability of the VS DX A/C system are demonstrated. As seen, the
operating DS was stable at 8 °C DS setting at first. When the DS setting was reduced
to 6 °C at 218s, the operating DS started to oscillate and its fluctuation range was about
+1 °C around 6 °C. However, the operating DS returned to be stable again after the DS
setting was reset to 8 °C at 2040s. Therefore, it became clear that the different DS
settings could significantly impact the operational stability of the experimental VS DX

A/C system. A lower DS setting would more likely lead to system instability.
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Fig. 6.5. The measured variations in the operating DS following a change in the DS

setting at an operating point of C80F60 in Case T-25

6.3.3 The IC_os of the experimental VS DX A/C system at different inlet air

states
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Fig. 6.6. The ICs_os of the experimental VS DX A/C system for the constant RH

group at 8 °C DS setting

112



0.95

09

085

055 |

0.5

A’

T-25, 8°C DS setting

o =~

B’

4.5 5 5.5 6 6.5 7 7.5 8 8.5
TCC (kW)

Fig. 6.7. The ICs_os of the experimental VS DX A/C system for the constant

temperature group at 8 °C DS setting

Figs 6.6 and 6.7 show the experimental results for the constant RH group (Case T-23,
T-25 and T-27) and the constant temperature group (Case RH-40, RH-50 and RH-60)

respectively, but all at 8 °C DS setting.

The unstable regions for both groups were identified and are plotted using the dash
line in the trapezoids shown in Figs 6.6 and 6.7, respectively. As seen, while all the
unstable operating regions at different inlet air states were also located at the lower
part of their trapezoids, their sizes were significantly affected by the inlet air states. A
lower inlet air temperature or RH would lead to a larger unstable operating region. In
addition, a similar phenomenon was also observed when the DX A/C system was
operated at the other two DS settings, namely, 4 °C and 6 °C. Therefore, it can be

concluded that the operational stability of the experimental VS DX A/C system would
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also be affected by its inlet air states, and a lower inlet air temperature or RH would

be more easily to give rise to operational instability.

6.4 Discussions

In Sections 6.3.1-6.3.3, the ICs_os of the experimental VS DX A/C system at different
combinations of compressor speed and supply fan speed, different DS settings and
different inlet air states are presented. As seen, similar to the results in those previously
reported studies [Li et al., 2014; Xu et al., 2010], the output TCC and E SHR under
different combinations of compressor speed and supply fan speed were correlated to
each other but mutually constrained within a trapezoid A-B-C-D, although a different
experimental VS DX A/C system was used in the current study. Furthermore, the
experimental results of the inherent operational characteristics in terms of TCC-E SHR
relationship under different inlet air states as shown in Figs. 6.6 and 6.7 were also
similar to those previously presented [Li et al., 2014]. The experimental results on the
influences different speed combinations of compressor and supply fan and different
inlet air states on the inherent operational characteristics in terms of TCC-E SHR
trapezoid were previously analysed [Li et al., 2014]. Therefore, in this Section, an
analysis on the obtained experimental results demonstrating the influences of different
DS settings, different speed combinations of compressor and supply fan and different
inlet air states on the operational stability of the experimental VS DX A/C system is

given.
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6.4.1 The influences of different DS settings on the operation stability of the

experimental VS DX A/C system

The experimental results of the ICs_os at different DS settings presented in Section
6.3.2 have demonstrated that there would be more unstable operating points of speed
combinations, and thus a larger unstable operating region at a smaller DS setting in a
TCC-E SHR trapezoid. This may well be explained by the conventional MSS theory
[Huelle, 1972; Huelle, 1967] mentioned in Chapter 2 that, at a lower DS, the mixture-
vapor transition point inside an evaporator would move to be close to evaporator exit,
causing the system to be more prone to unstable operation. As seen from the MSS line
shown in Fig. 6.8, at a fixed cooling capacity, reducing the DS from point A to B,
would cause the system to move into an unstable operating region. Therefore, at a
fixed speed combination of compressor and supply fan corresponding to a fixed
combination of sensible and latent cooling capacities, decreasing the DS setting for

the VS DX A/C system would lead to a higher chance of unstable operation.

A MSS line

unstable region stable region

decreasing DS

Cooling capacity

™ Ds

Fig. 6.8 MSS line proposed by Huelle [1972]
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6.4.2 The influences of different speed combinations and inlet air states on the

operational stability of the experimental VS DX A/C system

The experimental results presented in Section 6.3 have demonstrated the influences of
varying either compressor or fan speed, and varying inlet air temperature or RH on the
operational stability of the experimental VS DX A/C system. Different speed
combinations and inlet air states that led to different values of TCC and E SHR would
affect the operational stability. Therefore, the conventional MSS line theory, which
only considered the influences of cooling capacity on the operational stability for
single speed compressors, may not be proper to explain these experimental results. On
the other hand, the superheat nonlinearity of an evaporator under different evaporating
temperatures was observed during experimentation, and was thus used to explain the
influences of different speed combinations and inlet air states on the operational

stability of the experimental VS DX A/C system.

Normally, the response of the operating DS to a step change in the refrigerant mass
flow rate entering an evaporator can be characterized by a first-order plus dead time
process [Aprea and Renno, 2001; Beghi et al., 2011; Maia et al., 2014], and thus the

transfer function for the evaporator, G.(s), can be expressed as

G,(s)=K, e (6.4)

1+7s
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where K. is the evaporator gain, defined as a ratio of the variation of DS from one
steady state to another, 4DS, to that of the refrigerant mass flow rate supplied, 4AM,e,

1.e.,

K, =— (6.5)

It was previously shown that, as the inherent operating characteristics of an evaporator,
the responses of operating DS to a change in refrigerant mass flow rate were nonlinear
and the evaporator gain was increased with a decrease in evaporating temperature
[Maia et al., 2014; Maia et al., 2013; Outtagarts et al., 1997]. Therefore, the change in
the operating DS at evaporator exit was larger when the system was operated at a lower
evaporating temperature after a change in the refrigerant mass flow rate entering the

evaporator, leading to a higher chance for the DX A/C system to be unstably operated.

For the experimental VS DX A/C system, its evaporator gains at different evaporating
temperatures were experimentally obtained and are shown in Fig. 6.9. As seen, the
evaporator gain became larger at a lower evaporating temperature. Hence, the
corresponding change in the operating DS at evaporator exit to a change in the
refrigerant mass flow rate entering the evaporator was larger when the experimental
VS DX A/C system was operated at a lower evaporating temperature. Consequently,
it would have a higher chance for the DX A/C system to be unstably operated at a

lower evaporating temperature.
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Fig. 6.9. The evaporator gains at different evaporating temperatures for the

experimental VS DX A/C system

The experimental results for the ICs_os suggested that the unstable operating regions
were located at the lower part of their respective trapezoids where the DX A/C system
was actually operated at a higher compressor speed and a lower supply fan speed.
These may be explained by the above superheat nonlinearity of its evaporator at
different evaporating temperatures. At a fixed supply fan speed, or a fixed air flow
rate passing through the evaporator, an increase in compressor speed would increase
the refrigerant mass flow rate entering the evaporator, resulting in a decrease in
evaporating temperature. On the other hand, given a fixed compressor speed, lowering
supply fan speed would decrease the air flow rate passing through the evaporator, and
thus the cooling capacity provided could not be fully taken away by the air passing
through it, resulting also in a lower evaporating temperature. Consequently, the
evaporator gain was larger at either a higher compressor speed or a lower supply fan

speed, leading to the experimental VS DX A/C system being more prone to be unstable.
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Furthermore, the experimental results of the ICs os presented in Section 6.3.3 also
suggested that the unstable operating region in its trapezoid was larger at a lower inlet
air temperature or a lower air RH. These may also be explained by the superheat
nonlinearity of its evaporator at different evaporating temperatures. At a specific speed
combination of compressor and supply fan, a decrease in inlet air temperature or RH
would lead to less heat transfer between the refrigerant inside the evaporator and the
air passing through it, leading to a lower evaporating temperature. Consequently, the
evaporator gain was larger at either a lower inlet air temperature or a lower inlet air

RH, leading to a higher chance for the experimental VS DX A/C system to be unstable.

6.5 Conclusions

In this Chapter, a study on the inherent operational characteristics considering the
operational stability of the experimental VS DX A/C system detailed in Chapter 4 is
reported. The ICs os of the experimental VS DX A/C system at different
combinations of compressor speed and supply fan speed, DS settings and inlet air
states were obtained and are reported. Based on the experimental results, an analysis

on the operational stability of the experimental VS DX A/C system is also given.

The study results demonstrated that while different DS settings would not significantly
influence output TCC and E SHR, and thus the shape of a TCC-E SHR trapezoid, they
did impact the operational stability of the experimental VS DX A/C system. A lower
DS setting would result in a larger unstable operating region in a TCC-E SHR

trapezoid. In addition, the operational characteristics of the DX evaporator including
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VS operation and inlet air states also significantly impacted the operational stability.
A higher compressor speed or a lower supply fan speed, and a lower inlet air
temperature or RH would result in a higher possibility for the experimental VS DX
A/C system to be unstably operated, which could be explained by superheat

nonlinearity of an evaporator.

The study results obtained and reported in this Chapter were used as a basis for further

developing an existing capacity controller for the experimental VS DX A/C system

considering its operational stability, which is reported in Chapter 7.
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Chapter 7
Development of a new capacity controller for the experimental DX

A/C system under VS operation for operational safety and efficiency

7.1 Introduction

The study reported in Chapter 6 on investigating the inherent operational
characteristics and operational stability of the experimental VS DX A/C system
suggested that a higher compressor speed or a lower supply fan speed, and a lower
inlet air temperature or RH would result in a greater possibility for the DX A/C system
to be unstably operated. A larger operating DS should be set when the DX A/C system
is likely to be unstably operated and vice versa, so that hunting may be mitigated and
a balance between operational efficiency and operational safety achieved. Therefore,
the issues of the operational stability when a DX A/C system is VS controlled for
simultaneously controlling indoor air temperature and humidity may be addressed by
varying its DS setting in accordance with the changes in compressor/ fan speeds and

inlet air states based on the obtained ICs_os presented in Chapter 6.

Consequently, a previously developed capacity controller [Li et al., 2015a] for the
experimental VS DX A/C system for simultaneously controlling indoor air
temperature and humidity at a constant DS setting, was further developed by adding a
control module which can search for and establish an optimized DS setting for the
experimental DX A/C system under VS operation. A new capacity controller that is

able to not only simultaneously control indoor air temperature and humidity, but also
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select an optimized DS setting to properly balance the operational efficiency and

safety, has been developed and the results are presented in this Chapter.

The organization of this Chapter is as follows. Firstly, an overview of the new capacity

controller is presented. This is followed by reporting the development of a DS setting

establishment (DSE) module. Finally, the results of controllability tests and their

related discussions are presented.

7.2 Overview of the new capacity controller

RDS% e |Conventional PI based
1 DS Controller

, DS
Tao st ATw| PD law based Experimental > Tub
I Controller
”””””””””””””””””””””””””””” Ue

DS setting <
Establishment [" 7,
Module L

A

New Capacity Controller

Tt set ATy Fuzzy Logic l W : VS DX A/C system > Twb

Fig. 7.1 A schematic diagram of the new capacity controller for the experimental VS

DX A/C system

The new capacity controller for the experimental VS DX A/C system is schematically
shown in Fig. 7.1. As seen, this new capacity controller was developed by adding a

DS setting establishment (DSE) module to the previous capacity controller [Li et al.,
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2015a]. The new capacity controller was therefore made of three parts. Two of the
three parts, a conventional PI based DS controller and a proportional-derivative (PD)
law based fuzzy logic controller (PFC) were existing, and the third part, the DSE

module, was the additional module developed.

The PFC was previously developed by Li et al. [2015a] for simultaneously controlling
indoor air temperature and humidity through varying compressor and supply fan
speeds using the experimental VS DX A/C system. It was previously shown that,
compared to the other previously developed controllers [Li et al., 2012a; Li et al., 2013;
Li and Deng, 2007a, b; Qi and Deng, 2008, 2009], the PFC could achieve the required
control accuracy and sensitivity over a wider operational range [Li et al., 2015a]. By
applying fuzzy logic principles, a complicated physical model for the experimental
VS DX A/C system was not required, thus making the PFC simpler and easier to
implement than those physical model based controllers [Li and Deng, 2007a, b; Qi
and Deng, 2008, 2009]. Therefore, in the new capacity controller, the same PFC was
adopted for the simultaneous control over indoor air dry-bulb temperature, 7,» and
wet-bulb temperature, 7,.s, by continuously outputting the control signals of
compressor speed, uc, and supply fan speed, uz. On the other hand, unlike in the
previous capacity controller with a constant DS setting [Li et al., 2015a], in the new
capacity controller, the DS setting, Rps, was established by the DSE module, and could
thus be varied in accordance with the changes in compressor/ fan speeds and inlet air
states. When the experimental VS DX A/C system was VS controlled by the PFC for
simultaneously controlling indoor air temperature and humidity, the information of
the above four key operating parameters, i.e., uc, us, Tup, and Tys, was also provided to

the DSE module. Based on the known relationship between the inherent operational
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characteristics and operational stability of the experimetnal VS DX A/C system, the
DSE module would then output an optimized DS setting, Rps, to the conventional PI
based DS controller. Based on the error between the actual operating DS and the
optimized DS setting, or e, the conventional PI based DS controller would output a
corresponding control signal, u., to regulate the EEV’s opening until e was within its

preset range.

7.3 Development of the DS setting establishment (DSE) module

As mentioned, in the new capacity controller, the DSE module was used to establish
an optimized DS setting, Rps, which was based on the known relationship between its
inherent operational characteristics and operational stability of the experimental VS
DX A/C system. The study results reported in Chapter 6 suggested that, for ensuring
a stable operation of the experimental DX A/C system, a larger DS setting should be
set when the chance of'its unstable operation was high; otherwise, a smaller DS setting
should be set for getting the highest possible heat transfer effectiveness of the
evaporator. Consequently, if DS setting could be varied as guided by the obtained
ICs_os, hunting of the VS DX A/C system may be mitigated and a balance between
its operational efficiency and safety achieved when it was VS operated for

simultaneously controlling indoor air temperature and humidity.
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Fig. 7.2 The configuration of the DSE module

Fig. 7.2 shows the detailed configuration of the DSE module for establishing an
optimized DS setting, Rps. As seen, its core was a mathematical model that
represented the ICs_os for the experimental VS DX A/C system, so that at a given set
of uc, us, Tap and Twp, an optimized DS setting, Rps, may be established and output to
the PI based DS controller. Therefore, the key to the development of the DSE module
was to develop the mathematical model of the ICs os. When modeling, while a
number of modeling techniques were available, ANN based modeling approach was
used. This was because, the ANN technique has been increasingly used in modeling
the steady-state performances of thermal systems including heat exchangers
[Islamoglu et al., 2005; Kim et al., 2010; Xie et al., 2007], heat pump systems
[Bechtler et al., 2001; Esen and Inalli, 2009] and refrigeration systems [Ertunc and
Hosoz, 2006; Sozen et al., 2003]. Furthermore, it has been shown that the inherent
operational characteristics of a VS DX A/C system could be well recognized and

captured by using ANN models [Li et al., 2012b; Li et al., 2015b].

7.3.1.1  Development of an ANN based mathematical model of the ICs_os

When developing the ANN based model of the ICs_os, an index, S, for indicating the

operational stability of the experimental VS DX A/C system was introduced. A value
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of 1 was assigned to S when the system was stable, and 0 otherwise. Therefore, using
ue, us, Tap, Twy and Rps as inputs and S as an output, a five-in one-out ANN based
model of the ICs_os to assist establishing an optimized DS setting for the experimental

VS DX A/C system was established.

Uc

/
DOVA /'¢
WROPRLY
\“Wl""
tdiaa

Tdb
wa

RO
VA0

o Q
A

RDS

input layer  hidden layer output layer
Fig. 7.3 Structure of the selected 5-10-1 network for the ANN based model of the

ICs os

A multilayer ANN architecture was used which was generally made of three parts: an
input layer, a hidden layer or layers and an output layer, each being occupied by a few
neurons. All neurons in each hidden layer were connected to all neurons in the
previous and following layers through synaptic with weight. By trial and error, a 5-
10-1 network was selected for the ANN based model, as it was able to provide the
highest prediction accuracy when training the ANN model. Fig. 7.3 shows the
structure of the selected ANN with ten neurons in one hidden layer along with five

input neurons and one output neuron. The training algorithm used was the feedforward
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back-propagation (BP) algorithm. During training, each time adjusting the weights
and biases with one set of training data was called a run. A cycle of training consisted
of an adequate number of runs for obtaining weights and biases successively from all
training data. The calculations were then repeated over many cycles. Two indices,
namely correlation coefficient, R, and root mean square error (RMSE), were used to

evaluate the performance of a trained ANN model.

The correlation coefficient between a target output set, ¢, and a predicted output set, p,

is defined as [Looney, 1997]:

Cov(t, p)
JCov(z,1)Cov(p, p)

R.(t, p)=

(7.1)

where Cov (¢, p) is the covariance between the target output set and the predicted
output set. A correlation coefficient indicates the linear relationship between the target
output set and the predicted output set. The accuracy of the prediction increases with

the closeness of R. to unity [Ertunc and Hosoz, 2006; Hosoz and Ertunc, 2006].

The root mean square error represents the standard deviation of the differences

between the target output set and predicted output set, which is evaluated by:

(7.2)

where N is the total number of data sets used in training or testing.
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Using the available experimental data for the ICs_os for the experimental VS DX A/C
system, the ANN based model of the ICs_os was trained and further tested. There were
totally 450 experimental data sets which were randomly divided into two parts, namely
382 data sets (~85% of the total data sets) for training and 68 data sets (~15% of the
total data sets) for testing. For the ANN model to be developed, its R. and RMSE for
all the outputs at the last cycle were 0.994 and 0.0063, respectively, showing a high
prediction accuracy. On the other hand, the testing results of the trained ANN model
showed that R. and RMSE between the predicted and tested data were equal to 0.959
and 0.128, respectively, suggesting a relatively poorer performance as compared to
the training results. This was because the predicted output of the trained ANN, S,
ranged from O to 1, but the target output, S;, was either 0 or 1. Therefore, for
consistency, the predicted output for the trained ANN, S,, was taken as 1 when its
value was greater than 0.9, or 0 otherwise. Consequently, 67 out of the 68 sets of
testing data were predicted with 98.5% accuracy when using the trained ANN based
model of the ICs os to predict the operational stability of the system, which was

adequate for the DSE module to establish an optimized DS setting.
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Fig. 7.4 Flowchart of the DSE module for establishing an optimized DS setting

Fig. 7.4 is a flowchart showing the operation of the DSE module. As seen, at the start,
an initial DS setting, Rps i, of 4 °C was assigned to Rps. With the measured inputs of
ue, uf, Tap and Tp, as well as Rps i, the ANN based model of ICs_os was used to predict
the operational stability of the VS DX A/C system. If a stable operation was predicted,
the Rps i was taken as the output DS setting, i.e., Rps. Otherwise, an increment of 0.1
°C was assigned to Rps_jand the whole prediction process was not stopped, until a Rps
that could ensure a stable operation for the VS DX A/C system was identified and
output to the PI based DS controller. As indicated by the prediction process, this
identified Rps would be a minimal DS that can on one hand ensure a stable, and on the

other an efficient operation of the VS DX A/C system.
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7.4 Controllability tests

7.4.1 Experimental conditions

To experimentally demonstrate the performances of the new capacity controller, using
the measured performances of the previous capacity controller [Li et al., 2015a] with
a constant DS setting of 6 °C as the basic for comparison, two sets of controllability

test were carried out and the test results are reported in this Section.

The first set (Test ) was for testing the controllability of the experimental VS DX A/C
system using the previous capacity controller and the new one when the set points of
indoor air dry-bulb and wet-bulb temperatures were reduced, and the second set (Test

IT) for that when their respective set points were increased.

All the controllability tests were carried out using the experimental VS DX A/C
system detailed in Chapter 4. Table 7.1 lists the uncertainties for the sensors/
instruments and the calculated system operating parameters used in the current study.
In addition, since the selection of the optimized DS setting, Rps, was determined by
the DSE module based on the ICs _os of the experimental VS DX A/C system,
therefore, the same set of PI control settings, namely -0.5 for the proportional gain and
40s for the integral time, were also adopted for the PI based DS controller in all the
tests. During experimentation, the DS setting for the previous capacity controller was
fixed at 6 °C. The condenser cooling air flow rate remained unchanged at 4100 m*/h

with a fixed condenser cooling air inlet temperature of 35 °C. A prescribed range of
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fluctuation of +0.5 °C in DS was set to assess whether the operation of the VS DX

A/C system was stable or not.

Table 7.1. Measurement/calculation uncertainty of system operating parameters

Operating parameter Uncertainty Unit
Air dry-bulb temperature +0.1 (platinum RTD) °C
Air wet-bulb temperature +0.1 (platinum RTD) °C
Refrigerant temperature 0.1 (platinum RTD) °C
Refrigerant pressure +0.2% (pressure transducer) bar
Refrigerant mass flow rate +0.25% (Coriolis mass flow meter) kg/h
DS +0.18 (calculated) °C
00 +1.01% (calculated) --

7.4.2 Experimental results

7.4.2.1 Test I results

In this test, both T,z and T\ stayed steadily at 26 °C and 19 °C at the beginning of the

test, when the compressor speed and supply fan speed were maintained at 60% and

80% of their maximum speeds, respectively. Then their respective set points were

changed to 25 °C and 18 °C at 1000s, respectively. The test results are shown in Figs.

7.5-7.8.

Figs. 7.5 and 7.6 show the measured variations in the operating parameters under the

previous and the new capacity controllers, respectively. As seen in Figs. 7.5 (a) and
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7.6 (a), the two controlled parameters of 7,5 and T\ under both controllers could reach
their new respective set points at about 4500s and were maintained at the new setting
for the rest of the test. However, as shown in Fig. 7.5 (b), while the measured DS under
the previous capacity controller was stable at 6 °C at first, it started to oscillate and
finally became unstable with a fluctuation range of ~ + 2 °C after T4 and T» reached
their respective set points, resulting in frequent opening and closing of the EEV. On
the other hand, as shown in Fig. 7.6 (b), the measured DS under the new capacity
controller was stable at 4 °C at the beginning of the test. After changing the air
temperature set points at 1000s, a stable DS was also maintained at 4 °C, although
experiencing some fluctuations during transition. When 74 and 7. reached and were
maintained at their respective set points, the measured DS was increased and finally

settled at 7 °C.

Fig. 7.7 shows the detailed comparison of the measured DS under both controllers. It
clearly indicated that the new controller can appropriately adjust the DS setting form
4 °C to 7 °C to avoid the unstable system operation, when the experimental VS DX
A/C system was operated at a lower indoor air temperature, a higher compressor speed
and a lower supply fan speed than those at the beginning of the test, requiring a larger
DS setting to ensure its stable operation. However, this was not possible with the

previous capacity controller, as a constant DS was incorporated.

Fig. 7.8 shows the comparison of the measured operational efficiency in terms of
coefficient of performance (COP) under both controllers. The average COP of the
experimental VS DX A/C system after it reached the new steady state was about 2.91

under the control of the previous capacity controller and 2.95 under the control of the
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new capacity controller, respectively. This represented an improvement of 1.2% in

COP.
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Fig. 7.5 Measured variations in the operating parameters in the Test I under the
previous capacity controller (a) Temperatures and speeds variations; (b) DS and

EEV’s opening variations
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7.4.2.2 Test 11 results

In this test, both Ty and Tw» stayed steadily at 25 °C and 17.5 °C at the beginning of
the test, respectively, when both the compressor and supply fan speeds were

maintained at 80% of their maximum speeds. At 1000s the set points for 7 and T
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were increased to 26 °C and 18.5 °C, respectively. The test results are shown in Figs.

7.9-7.12.

Figs. 7.9 (a) and 7.10 (a) show the measured variations in air temperatures and speeds
under both controllers. As seen, the control over T and Ty to their respective set
points was achieved at about 3500s under both controllers. On the other hand, Figs.
7.9 (b) and 7.10 (b) show the measured variations in the measured DS and EEV’s
opening under both controllers, and Fig. 7.11 shows the detailed comparison of the
measured DS under both controllers. As seen, the measured DS under both controllers
was stable at 6 °C at the beginning of the test. After increasing air temperature set
points, the measured DS under the previous capacity controller could become stable
again after experiencing certain fluctuations during transient period and was
maintained at its setting of 6 °C for the rest of the test. However, the measured DS
under the new capacity controller remained virtually stable at its minimal setting of 4
°C, after Ta» and T,,» reached their new settings at about 3500s. This demonstrated that,
as shown in Figs. 7.9 (a) and 7.10 (a), after the experimental VS DX A/C system
reached a new steady state, it was operated at a higher indoor air temperature, a lower
compressor speed and a higher supply fan speed, than those at the beginning of the

test, and thus a smaller stable DS could be adopted.

Fig. 7.12 shows the comparison of the measured COP under both controllers. As seen,
while the COP values under both controllers were almost the same at the beginning of
the test, the COP value under the new capacity controller was always higher than that
under the previous capacity controller when the operating DS was maintained at 4 °C.

Consequently, after the A/C system reached the new steady state at about 3500s, the
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COP was improved by 1.2% ~ 5.6% in comparison with those under the previous

capacity controller, demonstrating a better operational efficiency.
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capacity controller. (a) Temperatures and speeds variations; (b) DS and EEV’s

opening variations
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7.5 Discussions

From the experimental results, it can be seen that using the new capacity controller,
because of using the varied DS setting, two improvements for the experimental VS
DX A/C system can be achieved when VS operated for simultaneously controlling

indoor air temperature and humidity. Firstly, when a larger DS setting was selected by
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the new capacity controller, although the improvement in operational efficiency was
limited as the improvement in COP was only 1.2% with £1.01% calculation
uncertainty, the hunting of the experimental VS DX A/C system can be mitigated.
Hunting, as reflected by the oscillation of system operating parameters, would result
in a shorter lifespan of EEV due to its frequent opening and closing, and might
eventually lead to the failure of a compressor [Mithraratne and Wijeysundera, 2001;
Mithraratne et al., 2000], and therefore should be avoided as far as possible. Secondly,
when a smaller DS setting was selected by the new capacity controller, a slight
improvement in COP of the experimental VS DX A/C system can be achieved due to
the more effective use of the evaporator. Consequently, by using the new capacity
controller for simultaneously controlling indoor air temperature and humidity,
possible hunting of the experimental DX A/C system may be mitigated, and the
improvements of both the operational safety and efficiency also achieved.
Furthermore, the development of the new capacity controller also demonstrated the

application of the ICs_os of solving practical control problems.

7.6 Conclusions

Based on the known relationship between the inherent operational characteristics and
operational stability of the experimental VS DX A/C system reported in Chapter 6, a
new capacity controller has been developed. A DSE module was added to a previous
capacity controller to achieve the balance between the operational safety and
efficiency of the experimental VS DX A/C system, when simultaneously controlling
indoor air temperature and humidity. The core of DSE module was an ANN based

model representing the known relationship between the inherent operational
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characteristics and operational stability of the experimental VS DX A/C system. Using
the DSE model, an optimized DS setting for the experimental VS DX A/C system may
be identified when it was VS operated for simultaneously controlling indoor air

temperature and humidity.

Controllability tests for the new capacity controller were carried out using an
experimental VS DX A/C system. The test results suggested that not only the
simultaneous control over indoor air temperature and humidity was achieved, but also
the hunting of the experimental VS DX A/C system was mitigated and a slight
improvement in COP achieved when the system was controlled by the new capacity
controller, suggesting a better control performance in terms of not only control

accuracy, but also operational safety and efficiency of the DX A/C system.
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Chapter 8

Conclusions and Future Work

8.1

Conclusions

A programmed research project on investigating the operational stability of the

experimental EEV-controlled VS DX A/C system and developing an advanced

controller to achieve an improvement of both the operational safety and energy

efficiency when simultaneously controlling indoor air temperature and humidity using

the experimental VS DX A/C system has been successfully carried out and is reported

in this Thesis. The conclusions of the Thesis are as follows:

1)

A study on investigating the influences of the operational characteristics of a PI
controlled EEV on the operational stability of the experimental DX A/C system
has been carried out and study results are reported in Chapter 5. Using the classical
control theory, the influences of EEV’s PI settings and time constants of EEV’s
temperature sensor on the system operational stability were analyzed and further
experimentally verified using the experimental DX A/C system. Both the
theoretical analysis and experimental results showed that EEV’s PI settings and
the time constant of EEV’s temperature sensor which affected the rate of DS
signal transfer, did impact the operational stability of the EEV-evaporator control
loop, thus the DX A/C system. A larger proportional gain or integral gain of the
EEV’s PI controller would very likely lead to system instability. Slowing down
the rate of DS signal transfer in the EEV-evaporator control loop would, on the

other hand, help mitigate the hunting of the DX A/C system. The study results
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2)

3)

also further confirmed that the operating characteristics of an EV impacted a
refrigeration system operational stability and suggested an effective approach to
mitigate instability problem encountered in an EEV controlled refrigeration
system by incorporating a first-order transfer function in its EEV-evaporator

control loop to slow down the rate of DS signal transfer.

A follow-up study on the inherent operational characteristics considering the
operational stability of the experimental VS DX A/C system is reported in Chapter
6. The ICs_os of the experimental VS DX A/C system at different combinations
of compressor speed and supply fan speed, DS settings and inlet air states were
obtained and are reported. The study results demonstrated that while different DS
settings would not significantly influence output TCC and E SHR, and thus the
shape of a TCC-E SHR trapezoid, they did impact the operational stability of the
experimental VS DX A/C system. A lower DS setting would result in a larger
unstable operating region in a TCC-E SHR trapezoid. In addition, the operational
characteristics of the DX evaporator including VS operation and inlet air states
also significantly impacted the operational stability. A higher compressor speed
or a lower supply fan speed, and a lower inlet air temperature or RH would result
in a higher possibility for the experimental VS DX A/C system to be unstably

operated, which could be explained by superheat nonlinearity of an evaporator.

The development of a new capacity controller that is able to not only
simultaneously control indoor air temperature and humidity using the
experimental VS DX A/C system, but also select an optimized DS setting to

properly balance the operational efficiency and safety is presented in Chapter 7.
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Based on the known relationship between the inherent operational characteristics
and operational stability of the experimental VS DX A/C system presented in
Chapter 6, a DSE module was developed and added to a previous capacity control
to select an optimized DS setting for the experimental VS DX A/C system when
it was VS operated for simultaneously controlling indoor air temperature and
humidity. Controllability tests for the new capacity controller were carried out
using the experimental VS DX A/C system. The test results suggested that not
only the simultaneous control over indoor air temperature and humidity was
achieved, but also the hunting of the experimental VS DX A/C system was
mitigated and a slight improvement in COP achieved when the system was
controlled by the new capacity controller, suggesting a better control performance
in terms of not only control accuracy, but also operational safety and efficiency

of the DX A/C system.

The research project reported in this Thesis has provided detailed insights to the
understanding of the operational stability of an EEV-controlled VS DX A/C system
when it is VS operated at different inlet air states and made important contributions to
the development of appropriate control strategies to ensure a safe and efficient
operation when simultaneously controlling indoor air temperature and humidity using
DX A/C systems. The influences of the dynamics of EEV’s temperature sensor, VS
operation and different inlet air states on the operational stability of an EEV-controlled
VS DX A/C system are reported for the first time in the open literature, and the new
capacity controller that could select an optimized DS setting to properly balance the
operational safety and energy efficiency is also the first of its kind. In addition, the

study results reported in this Thesis further confirmed the two views on the possible
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causes for hunting in a vapor-compression refrigeration system that both the
operational characteristics of an EEV and inherent operational characteristics of an
evaporator impacted the operational stability of the EEV-controlled refrigeration
system. The long-term significance of this research project is that it will encourage a
wider application of VS DX A/C systems to achieving a better indoor thermal
environment control, at a higher level of operational safety and energy efficiency, thus

contributing to sustainable development.

8.2 Proposed future work

A number of future studies following on the successful completion of the research

project reported in this Thesis are proposed as follows:

1) The study results reported in Chapter 6 have been successfully used for
developing a new capacity controller for improving the operational safety and
efficiency of the experimental DX A/C system when it is VS operated at different
inlet air states. As mentioned in Chapter 5, incorporating a first-order transfer
function in an EEV-evaporator control loop to slow down the rate of DS signal
transfer would also help mitigate possible system hunting. However, slowing
down the rate of DS signal transfer would lead to a poor control loop sensitivity,
and thus a poor control performance after experiencing certain disturbances.
Therefore, a further study should be carried out to improve the control sensitivity
when incorporating a first-order transfer function in an EEV-evaporator control

loop for mitigating system hunting.
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2)

3)

The influences of the operational characteristics of an EEV, including its control
setting and dynamics of its temperature sensor, on the operational stability of the
experimental DX A/C system have been investigated. However, as mentioned in
Chapter 5, considering the limited variation range of EEV’s opening during
experimentation, a linear valve characteristic was assumed, and thus the
influences of the nonlinear characteristics of the EEV on the operational stability
were not investigated. In fact, as a control valve for regulating the refrigerant mass
flow rate entering an evaporator, an EEV could also exhibit nonlinearities
expressed in terms of hysteresis and deadband, and thus limiting the EEV-
evaporator control loop performance, which is not discussed in this Thesis.
Therefore, in order to ensure the operational safety in an EEV-controller
refrigeration system, a further study should be carried out to investigate the
nonlinearities of an EEV on the operational stability of an EEV-controlled
refrigeration system so as to help achieve a better EEV-evaporator control loop

performance.

The superheat nonlinearity of an evaporator expressed in terms of different
evaporator gains, has been used to explain the instability problem encountered in
a DX A/C system when it is VS operated at different inlet air states in Chapter 6.
However, other nonlinear behaviours of the DX evaporator including different
time constants and transport lags under VS operation were not discussed, which
would also impact the operational stability of the VS DX A/C system. Therefore,
further experimental investigations are required to provide detailed insights to the

understanding of the superheat nonlinearity of a DX evaporator exhibited during
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VS operation so as to provide important guides in designing adaptive control

algorithms for VS DX A/C systems.
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Appendix

Photos of the Experimental DX A/C system
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.»_' =

Louver-finned
DX Evaporator

Photo 4 DX evaporator in air-distribution sub-system
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Photo 5 DX refrigeration plant

Photo 6 The EEV in the DX refrigeration plant
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Load Generation Unit|

Photo 7 Load generation unit

Photo 8 Air sampling device
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