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Abstract 

 

Compared 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 increasingly applications in buildings, 

particularly in small to medium-scale buildings. However, currently most DX A/C 

systems are equipped with single-speed compressors and fans, relying on on-off 

cycling to maintain indoor dry-bulb temperatures only. This results in an 

uncontrolled equilibrium indoor humidity and possible space over-cooling if indoor 

humidity level is to be maintained at an acceptable level. These will lead to a 

reduced level of thermal comfort for occupants, poor indoor air quality (IAQ) and 

low energy efficiency. The development 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 using DX A/C systems. 

 

For a VS DX A/C system, varying its compressor speed and supply fan speed 

influences on its output sensible and latent cooling capacities, which is part of the 

operational characteristics of the VS DX A/C system. Previous extensive 

experimental studies demonstrated that inlet indoor air temperature and humidity 

would, however, have also influence on the operational characteristics of a VS DX 
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A/C system, with the extent of influences to be further studied. On the other hand, 

different attempts have been made to develop control strategies for the simultaneous 

control of indoor air temperature and humidity using a VS DX A/C system. Each 

controller developed has however its inadequacy because of both the difficulties of 

accurately modeling the complex heat and mass transfer between the refrigerant and 

air in a DX evaporator, and the coupling effects for the control loops for air 

temperature and humidity. 

 

Recently, artificial intelligent control strategies have been widely applied to building 

heating, ventilation and air conditioning (HVAC) systems. Among various artificial 

intelligent control strategies, fuzzy logic (FL) is promising for achieving improved 

control of HVAC systems, because FL is very useful when the processes under 

consideration are too complex to be analyzed by conventional quantitative 

techniques or when the available sources of information are interpreted qualitatively, 

inexactly or uncertainly. Furthermore, artificial neural network (ANN) has been 

proven to be powerful in modeling the dynamic performance of a nonlinear 

multivariable system without requiring a physical model. Therefore, the application 

of fuzzy logic or ANN, individually or jointly, helps address the issue of 

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

system. 

 

Therefore, in this Thesis, a study to further investigate the operational characteristics 
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of a VS DX A/C system at different inlet air states, and to develop novel controllers 

that can simultaneously control indoor air temperature and humidity using a VS DX 

A/C system following fuzzy logic and ANN approaches is reported. The Thesis, first 

of all, begins with presenting an experimental study on the operational 

characteristics of a VS DX A/C system at six different inlet air states to the system, 

which is a follow-up investigation to a previous related experimental study but at 

only two inlet air states. The study results suggested that different inlet air states to a 

DX A/C system influenced the operational characteristic of the system, in terms of 

the Inherent Correlations (IC) between its output total cooling capacity (TCC) and 

equipment sensible heat ratio (E SHR). Therefore, a further data processing method 

was developed using regression, by which the ICs of the VS DX A/C system at 

non-test inlet air states can be predicted with adequate accuracy. This study has 

therefore, on one hand, provided a further detailed understanding of the operational 

characteristics of the DX A/C system, and on the other hand, paved way to 

developing advanced control strategies for indoor thermal environment (i.e., air 

temperature and humidity) based on the known or predicted ICs within the possible 

operating ranges of inlet air temperature and humidity to the DX A/C system. 

 

Secondly, this Thesis reports on the developments of two novel controllers as two 

different approaches to solve the same problem of simultaneously controlling indoor 

air temperature and humidity using a VS DX A/C system. For the first one, based on 

the obtained ICs of the VS DX A/C system, a novel ANN aided fuzzy logic 
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controller, which combined the complementary merits of fuzzy logic controller and 

ANN modeling, was developed and experimentally validated. A novel control 

principle was proposed to decouple the temperature and humidity control loops by 

introducing two interim variables of sensible output cooling capacity and latent 

output cooling capacity of the VS DX A/C system. A fuzzy logic system was 

redesigned to simplify both its calculation and structure by using weights assigned to 

linguistic variables. To enable ANN models developed to be functional over the 

normal operational range of indoor air parameters, the obtained ICs of the VS DX 

A/C system were used for training and testing the ANN models. The novel controller 

developed was tested using the experimental VS DX A/C system. Both the command 

following tests and disturbance rejection tests showed that air dry-bulb and wet-bulb 

temperatures were properly controlled by the controller developed with satisfactory 

control performances in terms of control accuracy and sensitivity. However, on the 

other hand, the other controller developed was a novel PD-law based fuzzy logic 

controller (PFC). To weaken the coupling effect between two control loops, fuzzy 

logic was deployed. A PD law was used instead of a PID law in the PFC, which 

could help simplify not only calculation but also the structure of the PFC. The 

controller developed was also validated by carrying out the controllability tests, 

including the command following test, disturbance rejection test and the command 

following with disturbance test, with the experimental conditions covering the 

normal operational range of a VS DX A/C system. The experimental results of the 

controllability tests suggested that the novel PFC developed was also capable of 
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realizing the simultaneous control of indoor air temperature and humidity 

satisfactorily, in terms of control accuracy and sensitivity. 

 

Thirdly, this Thesis presents the performance comparisons between the two 

developed novel controllers, using that of an ON / OFF controller as a benchmark 

for the VS DX A/C system, in terms of control performance and energy efficiency. 

Comparison experiments for the three controllers were carried out under different 

operating conditions using the VS DX A/C system. Both the merits and 

shortcomings of the developed novel controllers are reported. 

 

With this study reported in this Thesis, a better understanding of operational 

characteristics of a VS DX A/C system has been obtained. Furthermore, novel 

controllers based on fuzzy logic and ANN have been developed to address the 

simultaneous control of indoor air temperature and humidity using a VS DX A/C 

system. The outputs from this study can help improve occupants’ thermal comfort 

level and indoor air quality and enhance the energy efficiency of VS DX A/C 

systems. 



vii 
 

Publications Arising from the Thesis 

 

I. Journal Papers 

 

 Zhao Li, Xiangguo Xu, Shiming Deng, Dongmei Pan, Further Study on the 

Inherent Operating Characteristics of a Variable Speed Direct Expansion Air 

Conditioning System, Applied Thermal Engineering, 66 (2014) 206-215. (Based 

on Chapter 5) 

 

 Zhao Li, Xiangguo Xu, Shiming Deng, Dongmei Pan, A novel ANN aided 

fuzzy logic controller for simultaneously controlling indoor temperature and 

humidity based on the inherent operating characteristics of a direct expansion 

(DX) air conditioning (A/C) system, Applied Thermal Engineering, 78 (2015) 

9-23. (Based on Chapter 6) 

 

 Zhao Li, Xiangguo Xu, Shiming Deng, Dongmei Pan, A novel PD law based 

fuzzy logic controller for simultaneous controlling of indoor temperature and 

humidity using a direct expansion (DX) air conditioning (A/C) system, 

International Journal of Refrigeration, (Available online 3 June 2015), (Based on 

Chapter 7) 

 

 

 

 

 



viii 
 

II. Conference papers 

 

 Zhao Li, Xiangguo Xu, Shiming Deng, Dongmei Pan, A PD Law Based Fuzzy 

Logic Control Strategy for Simultaneous Control of Indoor Temperature and 

Humidity Using a Variable Speed Direct Expansion Air Conditioner. In 

Proceeding of: 2014 International Refrigeration and Air Conditioning 

Conference, Purdue University, USA, July 14-17, 2014 

 



 ix

Acknowledgements 

 

I must express my grateful thanks to my Chief Supervisor, Dr. Shiming Deng, 

Professor, and my Co-Supervisor, Dr. M.Y. Chan, Assistant Professor, both from 

the Department of Building Services Engineering (BSE), The Hong Kong 

Polytechnic University, Dr. Xiangguo Xu, Associated Professor from the Institute 

of Refrigeration and Cryogenic Engineering, Zhejiang University, China, for their 

readily available supervision, valuable suggestions, patient guidance, continuous 

helps and encouragement throughout the course of the work. 

 

My special thanks go to The Hong Kong Polytechnic University for financially 

supporting this project. I would like to also thank Dr. Ning Li for her assistance in 

the modeling work of this study. I am also grateful to my fellow students for their 

supports and care over the last three years. I also want to thank the technicians in 

the Heating Ventilation and Air Conditioning Laboratory of the BSE Department 

for their supports during my experimental work. 

 

Finally, I would like to express my deepest appreciation to my family members: 

my wife, Hui Peng, my father, Dedi Li, my mother, Enhui Mu, and my parents in 

law. I could not have finished my work without their on-going loves, supports, 

patience and understandings.



 x

Table of Contents 

 

 Page 

Certificate of Originality i 

Abstract ii 

Publications arising from the thesis vii 

Acknowledgements ix 

Table of Contents x 

List of Figures xv 

List of Tables xix 

Nomenclature xxi 

Subscripts xxiii 

List of Abbreviations xxiv 

   

Chapter 1 Introduction 1 

   

Chapter 2 Literature Review 9 

2.1 Introduction 9 

2.2 Fundamental issues for indoor humidity control 11 

 2.2.1 Sources of indoor moisture 11 

 2.2.2 Effects of indoor humidity level on human thermal 

comfort 

14 

 2.2.3 Dehumidification using in A/C systems 17 

  2.2.3.1 Mechanical dehumidification 17 

  2.2.3.2 Chemical dehumidification 19 



 xi

2.3 Modeling of DX A/C systems 20 

 2.3.1 Compressor modeling 21 

 2.3.2 Heat exchangers modeling 24 

 2.3.3 Expansion valve modeling 27 

 2.3.4 Supply fan modeling 28 

2.4 Control of DX A/C systems 30 

 2.4.1 Control issues for DX A/C systems 30 

  2.4.1.1 Capacity control 30 

  2.4.1.2 Humidity control 34 

 2.4.2 Indoor thermal environment control using VS DX A/C 

systems 

36 

2.5 FL and its applications to HVAC systems 40 

 2.5.1 A brief introduction of FL 40 

 2.5.2 FL applied to developing control strategies for HVAC 

systems 

42 

  2.5.2.1 Fuzzy synthesis applied directly as a control 

strategy to HVAC systems 

42 

  2.5.2.2 Combined PID and fuzzy logic control strategies 

in HVAC systems 

48 

2.6 ANN and its applications to HVAC systems 50 

 2.6.1 A brief introduction of ANN 50 

 2.6.2 Applications of ANN to HVAC systems 52 

  2.6.2.1 ANN-based modeling for HVAC systems 52 

  2.6.2.2 ANN-based thermal environment control 53 

2.7 Application of FL and ANN jointly to controlling HVAC 

systems 

55 

2.8 Conclusions 56 

   

   



 xii

Chapter 3 Proposition 59 

3.1 Background 59 

3.2 Project title 64 

3.3 Aims and objectives 64 

3.4 Research methodologies 65 

   

Chapter 4 The Experimental VS DX A/C System 67 

4.1 Introduction 67 

4.2 Detailed description of the experimental system and its major 

components 

68 

 4.2.1 The DX refrigeration plant 68 

 4.2.2 The air-distribution sub-system 71 

4.3 Computerized instrumentation and DAS 73 

 4.3.1 Sensors/measuring devices for temperatures, pressures 

and flow rates 

73 

 4.3.2 The DAS 75 

4.4 LabVIEW L&C supervisory program 76 

4.5 Conventional control loops in the experimental system 77 

4.6 Conclusions  79 

   

Chapter 5 Further Study on the Operational Characteristics of the 

Experimental VS DX A/C System 

81 

5.1 Introduction 81 

5.2 Experimental procedures and data interpretation 84 

5.3 Experimental results 88 

 5.3.1 The influences of different inlet air states on the ICs 

between TCC and E SHR 

88 

 5.3.2 Results analysis 92 

  5.3.2.1 The influences of varying inlet air states on the 93 



 xiii

high-low limits of TCC and E SHR 

  5.3.2.2 The influences of varying compressor and supply 

fan speeds on TCC and E SHR under different 

inlet air states 

94 

5.4 Further data processing for relative inherent correlation (ICs’) 96 

 5.4.1 The ICs’ between TCC and E SHR 96 

 5.4.2 Further revisions to ICs’ between TCC’ and E SHR’ 101 

5.5 Discussions 105 

 5.5.1 The application of the ICs’’ for estimating the ICs at 

other non-test inlet air states 

105 

 5.5.2 Potential applications of the proposed method on control 

strategy development 

111 

5.6 Conclusions  113 

   

Chapter 6 Development of A Novel ANN Aided FLC for the 

Experimental VS DX A/C System 

114 

6.1 Introduction 114 

6.2 Controller development 115 

 6.2.1 Principle of the novel ANN aided FLC 115 

 6.2.2 Development of the control algorithm 116 

  6.2.2.1 Process A 117 

  6.2.2.2 Process B 120 

  6.2.2.3 Development of ICs’’ based ANN models 127 

6.3 Experimental conditions 130 

6.4 Results 133 

 6.4.1 Training and testing of the ANN models 133 

 6.4.2 Controllability test results 134 

  6.4.2.1 Command following test 135 

  6.4.2.2 Disturbance rejection tests 139 



 xiv

6.5 Discussions 143 

6.6 Conclusions 145 

   

Chapter 7 A novel PFC for Simultaneously Controlling Indoor Air 

Temperature and Humidity Using a VS DX A/C system 

147 

7.1 Introduction 147 

7.2 The development of the novel controller 148 

7.3 Controllability tests 155 

7.4 Experimental results of the controllability tests 157 

 7.4.1 Command following tests (Exp. I-1 to I-5) 157 

 7.4.2 Disturbance rejection tests (Exp. II-1 & II-2) 164 

 7.4.3 Command following with disturbances test (Exp. III-1 & 

III-2) 

167 

7.5 Conclusions 171 

   

Chapter 8 Performance Comparison of the Two Controllers 

Developed for the Experimental VS DX A/C system 

173 

8.1 Introduction 173 

8.2 Experimental conditions 174 

8.3 Experimental results 176 

8.4 Discussions 181 

8.5 Conclusions 183 

   

Chapter 9 Conclusions and Future Work 184 

      9.1 Conclusions 184 

      9.2 Proposed future work 187 

   

Appendix A  189 

References  192 
  



 xv

List of Figures 

 

  Page 

Chapter 2   

Figure 2.1 A typical fuzzy system 41 

Figure 2.2 Model of a neuron 51 

   

Chapter 4   

Figure 4.1 The schematic diagram of the complete experimental VS DX 

A/C system 

69 

Figure 4.2 The schematic diagram of the DX refrigeration plant 70 

Figure 4.3 The details of the DX air cooling and dehumidifying coil used 

in the experimental VS DX A/C system 

71 

   

Chapter 5   

Figure 5.1 The measured ICs between ouput TCC and E SHR with 

reference rectangle 

83 

Figure 5.2 The measured ICs between the output TCC and E SHR of the 

experimental VS DX A/C system (Test RH-40 results) 

89 

Figure 5.3 ICs between output TCC and E SHR of the experimental VS 

DX A/C system at constant temperature group (Tests RH-40 to 

RH-70) 

90 

Figure 5.4 ICs between output TCC and E SHR of the experimental VS 

DX A/C system at constant RH group (Tests T-22 to T-26) 

91 

Figure 5.5 Experimental inlet air states within all possible inlet air states 97 

Figure 5.6 ICs’ between TCC’ and E SHR’ of the experimental VS DX 

A/C system: (a) RH Set; (b) T Set 

100 

Figure 5.7 ICs’’ between TCC’’ and E SHR’’ of the experimental VS DX 

A/C system under different inlet air states 

104 



 xvi

Figure 5.8 Comparison between predicted and experimental ICs of VS 

DX A/C system at the inlet air state of 23 °C Tdb and 50% RH 

109 

Figure 5.9 Added predictions for RH set and T set: (a) RH Set; (b) T Set 110 

   

Chapter 6   

Figure 6.1 Conceptual diagrams of the conventional and novel control 

principles: (a) Conventional control principle; (b) Novel 

control principle 

116 

Figure 6.2 Conceptual diagram for the novel control algorithm based on 

the novel control principle 

117 

Figure 6.3 Structure of Membership Functions for the PFSC: (a) 

Membership Function for controlling Tdb; (b) Membership 

Function for controlling Twb 

122 

Figure 6.4 Schematic diagram of the complete novel ANN aided FLC for 

a VS DX A/C system 

 126 

Figure 6.5 The chosen 2-6-6-2 structure for the ICs’’ based ANN and 

Inverse ANN models: (a) The ICs’’ based ANN model; (b) The 

ICs’’ based Inverse ANN model 

128 

Figure 6.6 Variation of temperatures and speed combination in the 

command following test I: (a) Temperature variation; (b) 

Speeds variation 

136 

Figure 6.7 Variation of temperatures and speed combination in the 

command following test II: (a) Temperature variation; (b) 

Speeds variation 

137 

Figure 6.8 Variation of temperatures and speed combination in the 

command following test III: (a) Temperature variation; (b) 

Speeds variation 

138 

Figure 6.9 Variation of temperatures and speed combination in the 

disturbance rejection test I: (a) Temperature variation; (b) 

141 



 xvii

Speeds variation 

Figure 6.10 Variation of temperatures and speed combination in 

disturbance rejection test II: (a) Temperature variation; (b) 

Speeds variation 

142 

   

Chapter 7   

Figure 7.1 Output cooling capacities at different compressor and supply 

fan speeds combinations: (a) Output sensible cooling capacity; 

(b) Output latent cooling capacity 

149 

Figure 7.2 Structure of membership functions of the PFC: (a) 

Membership function for controlling Tdb; (b) Membership 

function for controlling Twb 

151 

Figure 7.3 Schematic diagram of the complete novel PFC for a VS DX 

A/C system 

154 

Figure 7.4 Variation of temperatures and speeds in the command 

following test (Exp. I-1): (a) Temperature variation; (b) Speeds 

variation 

158 

Figure 7.5 Variation of temperatures and speeds in the command 

following test (Exp. I-2): (a) Temperature variation; (b) Speeds 

variation 

159 

Figure 7.6 Variation of temperatures and speeds in the command 

following test (Exp. I-3): (a) Temperature variation; (b) Speeds 

variation 

160 

Figure 7.7 Variation of temperatures and speeds in the command 

following test (Exp. I-4): (a) Temperature variation; (b) Speeds 

variation 

161 

Figure 7.8 Variation of temperatures and speeds in the command 

following test (Exp. I-5): (a) Temperature variation; (b) Speeds 

variation 

162 



 xviii

Figure 7.9 Variation of temperatures and speeds in the disturbance 

rejection test (Exp. II-1): (a) Temperature variation; (b) Speeds 

variation 

165 

Figure 7.10 Variation of temperatures and speeds in the disturbance 

rejection test (Exp. II-2): (a) Temperature variation; (b) Speeds 

variation 

166 

Figure 7.11 Test results in command following with disturbance rejection 

test (Exp. III-1): (a) Temperature variation; (b) Speeds 

variation; (c) Cooling loads variation 

168 

Figure 7.12 Test results in command following with disturbance rejection 

test (Exp. III-2): (a) Temperature variation; (b) Speeds 

variation; (c) Cooling loads variation 

170 

   

Chapter 8   

Figure 8.1 Controllability test results for the controllers in Test set I 178 

Figure 8.2 Controllability test results for the controllers in Test set II 179 

Figure 8.3 Controllability test results for the controllers in Test set III 180 

Figure 8.4 Energy consumption comparison in the three test sets for the 

three controllers 

181 

   

Appendix A   

Photo 1 Overview of the experimental rig (1) 189 

Photo 2 Overview of the experimental rig (2) 189 

Photo 3 Variable-speed compressor in the DX A/C system 190 

Photo 4 DX cooling coil in the DX A/C system 190 

Photo 5 Load generation units inside conditioned space 191 

Photo 6 Logging & control supervisory program 191 

 

 

 



 xix

List of Tables 

 

  Page 

Chapter 4   

Table 4.1 Details of the VS rotor compressor 71 

Table 4.2 Details of the VS supply fan 72 

   

Chapter 5   

Table 5.1 The experimental inlet air states 85 

Table 5.2 The experimental compressor and supply air fan speeds 86 

Table 5.3 Regression factors and  values for aF and bF 103 

Table 5.4 The deviation for TCC’’ and E SHR’’ from those obtained in 

RH-40 test: (a) TCC’’; (b) E SHR’’ 

105 

Table 5.5 Maximum TCC and E SHR at different inlet air states 108 

Table 5.6 Regression coefficients and R2 values for Equations (5.17) and 

(5.19) 

108 

   

Chapter 6   

Table 6.1 Linguistic variables and their corresponding weights for indoor 

air temperature and humidity control 

121 

Table 6.2 Ten additional testing speed combinations and testing results 131 

Table 6.3 Experimental conditions for three command following tests 133 

   

Chapter 7   

Table 7.1 The value of weights assigned for linguistic variables for the 

novel PFC developed 

152 

Table 7.2 Experimental conditions for controllability tests 156 

   
 

2R



 xx

Chapter 8   

Table 8.1 Testing conditions for performance comparison 175 
 
  



 xxi

Nomenclature 
 
 
Variable Description Unit 

   

A, a, b, c, 

d, e 

Regression coefficients ND 


,,F C FA K  Scale factors ND 

bK Bias of a neuron ND 

C Percentage of the maximum compressor speed % 

Cpa air specific heat at constant pressure kJ(kg·K)-1 

F Percentage of the maximum supply air fan speed % 

ha Enthalpy of air kJ kg-1 

ma Mass flow rate of air kg s-1 

N Total number of the data sets used in 

training/testing/validation 

ND 

O Outputs from an ANN ND 

Q Cooling capacities kW 

r Control reference oC 

t Time instant (where t is the present time step, (t-1), the time 

instant at last time step and (t+1), the time instant at next 

time step, and the time interval between time instant t and 

(t+1) is ∆t) 

ND 

∆t Time interval between two consecutive control actions by 

the ANN-based on-line adaptive controller 

s 

T Temperature oC 

u Inputs to a system ND 

v Linear combiner output of a neuron ND 

W Moisture contents g kg-1 



 xxii

Wk Weights used in ANNs ND 

W Weight assigned to each linguistic variable ND 

x Input to a neuron ND 

y Output from a system ND 

   

Greek symbols  

η Learning rate ND 

φ Activation function ND 

 
Note: ND = No Dimensions 
  



 xxiii

Subscripts 
 

 
db Dry-bulb  

i Layer number  

i Inlet  

I Total number of layers  

j Neuron number in a layer  

J Total number of neurons in a layer  

l Latent  

n Data set number  

o Outlet  

r Relative  

s Sensible  

wb Wet-bulb  
 
  



 xxiv

List of Abbreviations 
 

 
A/C air conditioning   

ACH air change per hour  

AFR air flow rate  

ANN artificial neural network  

ARE average relative errors   

A SHR application sensible heat ratio  

BP back-propagation  

COP coefficient of performance  

DAS data acquisition system  

DDC direct digital control  

DS degree of refrigerant superheat  

DX direct expansion  

EEV electronic expansion valve  

E SHR equipment sensible heat ratio  

FL fuzzy logic  

FLC fuzzy logic controller  

FRMA flow rate measuring apparatus  

HVAC heating, ventilation and air conditioning  

IAQ indoor air quality  

IC inherent correlation  

IC’ relative inherent correlation  

IC’’ revised relative inherent correlation  

IMC internal model control  

LGU load generating unit  

L&C logging & control  

MIMO multiple-input multiple-output  

MRE maximum relative errors   

PC personal computer  



 xxv

PFC PID law based fuzzy logic controller  

PFSC PID law-combining fuzzy sub-controller  

PD proportional-derivative  

PI proportional-integral  

PID proportional-integral-derivative  

PMV predicted mean vote  

RE relative error  

RH relative humidity  

SHR sensible heat ratio  

SPM self-programming module  

SSR solid state relay  

TCC totally output cooling capacity  

TEV thermostatic expansion valve  

VRV variable refrigerant volume   

VS variable speed  

VSD variable speed drive  
 



 1

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 and a compressor. The evaporator in 

the DX refrigeration plant is used 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. 

 

Compared to conventional chilled-water based A/C systems, DX A/C systems are 

more advantageous in terms of higher energy efficiency, lower cost to own and 

maintain and simpler system configuration. However, it is difficult to satisfy both 

indoor temperature control and humidity control simultaneously using a DX A/C 

system with a single speed compressor and a single speed supply fan. This has 

hindered the wider use of DX A/C systems. 

 

One of the traditional principal approaches for indoor humidity control using central 

A/C systems is via reheating over-cooled air. It is inherently costly and energy 
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inefficient since it uses a great deal of energy to overcool the air, and then more 

energy to reheat the cooled air to a suitable supply temperature. The use of reheating 

is however uncommon for DX A/C systems, and controlling indoor humidity at an 

appropriate level while also maintaining suitable indoor air temperature using a DX 

A/C system is thus difficult, since the cooling coil in a DX A/C system must perform 

both air cooling and dehumidification simultaneously. Most DX A/C systems are 

currently however equipped with a single-speed compressor and supply fan, relying 

on on-off cycling compressor as a low-cost approach to maintain only indoor air 

dry-bulb temperature. This results in either an uncontrolled equilibrium indoor 

relative humidity (RH) level or space overcooling if a required humidity level is 

ascertained. 

 

The advancement of variable speed (VS) technology has made the control of 

compressor speed and supply fan speed continuously in a DX A/C system more 

practical, 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 speed influences its output sensible 

and latent cooling capacities, which can be regarded as the special operational 

characteristics of a VS DX A/C system. Previous limited experimental studies 

nevertheless demonstrated also that inlet indoor air temperature and humidity would 

influence on the operational characteristics of a VS DX A/C system, with the extent 

of the influences to be further investigated. On the other hand, although there have 
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been several reported studies on the simultaneous control of indoor air temperature 

and humidity using VS DX A/C systems in open literatures, there are inadequacies 

for each of the controllers developed. 

 

Recently, artificial intelligence-based control strategies have been widely applied to 

building heating, ventilation and air conditioning (HVAC) systems. Among various 

artificial intelligence-based control strategies, fuzzy logic (FL) is promising for 

achieving improved control of HVAC systems. Fuzzy Logic Controllers (FLCs) are 

based on a set of fuzzy control rules that make use of the common sense of people 

and their experiences. Basically, the use of FLCs provides an effective means of 

capturing the approximate and inexact nature of the real world. FLCs appear very 

useful when the processes concerned are too complex to be analyzed by 

conventional quantitative techniques or when the available sources of information 

are interpreted qualitatively, inexactly or uncertainly.  

 

Furthermore, artificial neural network (ANN) has been proven to be a useful tool in 

modeling and controlling the dynamic operation of a nonlinear multivariable system. 

This is because ANN has a powerful ability in recognizing accurately the inherent 

relationship between any set of inputs and outputs without requiring a physical 

model. This ability is also essentially independent of the system complexity such as 

nonlinearity, multiple variables, coupling, with noise and uncertainty. 
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Therefore, the use of FL and ANN modeling approach offers a viable solution to 

controlling a complex operation of a multi-variable system, such as a VS DX A/C 

system, through applying FL or ANN, individually or jointly. However, no 

previously related research work on controlling indoor air temperature and humidity 

simultaneously using a DX A/C system under VS operation by a control strategy 

developed using FL and ANN, individually or jointly, may be identified in open 

literatures. Therefore it is necessary to carry out a study on developing advanced 

artificial intelligence-based controllers that can satisfactorily perform the 

simultaneous control of indoor air temperature and humidity using DX A/C systems 

under VS operation. Consequently, in this Thesis, a study to further investigate the 

operational characteristics of a VS DX A/C system at different inlet air states, and to 

develop novel controllers that can simultaneously control indoor air temperature and 

humidity using a VS DX A/C system following FL and ANN approaches, 

individually or jointly, is reported. 

 

To begin with, this Thesis, in Chapter 2, reports a detailed literature review on 

various issues related to the modeling and control of VS DX A/C systems. An 

extensive review on studies related to the sources of indoor moisture, the effects of 

air humidity on human thermal comfort and the methodologies of removing moisture 

from air such as mechanical dehumidification and chemical dehumidification, etc., is 

firstly presented. Then, a review of the previous modeling studies of DX A/C 

systems and their components such as compressor, heat exchangers, expansion valve 
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and supply air fan, is reported. This is followed by reviewing various issues related 

to capacity control, indoor humidity control and the advanced control strategies 

developed for DX A/C systems. Thereafter, brief introductions of FL and ANN and 

their applications to controlling HVAC systems are introduced. Finally, the identified 

further necessary works on studying operational characteristics of VS DX A/C 

systems and developing FL / ANN based controllers for simultaneously controlling 

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

 

Chapter 3 presents the research proposal, which covers the background, project title, 

objectives and research methodologies deployed for the research work reported in 

this Thesis.  

 

Chapter 4 describes an experimental VS DX A/C system available to facilitate the 

research work reported in this Thesis. Detailed descriptions of the experimental VS 

DX A/C system and its major components are firstly given. This is followed by 

describing the computerized measuring devices and a data acquisition system (DAS). 

A computer supervisory program used to operate and control the experimental VS 

DX A/C system is also detailed. The availability of the experimental system is 

expected to be helpful in successfully carrying out the research work proposed in 

Chapter 3. 

 

Chapter 5 reports a further experimental study on the operational characteristics of 
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the experimental VS DX A/C system, at six different inlet air states to the system, 

which is a follow-up investigation to a previous related experimental study at only 

two inlet air states. Firstly, the details on the experimental conditions, procedures and 

data interpretation are presented. This is followed by reporting the experimental 

results and their corresponding analysis. The study results suggested that different 

inlet air states to the DX A/C system strongly influenced its operational 

characteristics of the system expressed in terms of the inherent correlations (ICs) 

between its output total cooling capacity (TCC) and equipment sensible heat ratio (E 

SHR). Therefore, a further data processing method was developed using regression, 

by which the ICs of the VS DX A/C system at non-test inlet air states can be 

predicted with adequate accuracy. Finally, a number of potential applications of the 

obtained ICs are discussed. 

 

Two novel FL / ANN based controllers were developed as two different approaches 

for solving the same problem of simultaneously controlling indoor air temperature 

and humidity using a VS DX A/C system and their developments are reported in 

Chapter 6 and Chapter 7, respectively. 

 

Chapter 6 presents the development of a novel ANN aided FLC for the experimental 

VS DX A/C system through combining the complementary merits of FLCs and ANN 

modeling. A novel control principle and its associated control algorithm are firstly 

detailed. Secondly, related experimental conditions for controllability tests are 
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specified. This is followed by presenting the experimental results, including the 

training and testing of ANN models using the obtained ICs reported Chapter 5 and 

the test results of the ANN aided FLC. Finally, the merits of this ANN aided FLC 

developed are discussed. 

 

The development of the other novel controller is reported in Chapter 7. Unlike the 

ANN aided FLC reported in Chapter 6, it was a PD-law based fuzzy logic controller 

(PFC). To weaken the coupling effect between two control loops, FL was deployed. 

A PD law was used instead of a PID law in the PFC, which could help simplify not 

only calculation but also the structure of the PFC. Therefore, in Chapter 7, the details 

of the PFC including its control algorithms and structure are firstly given. This is 

followed by reporting the results of controllability tests, including a command 

following test, a disturbance rejection test and a command following with 

disturbance test, and results analysis. 

 

Chapter 8 presents, through an experimental study, a performance comparison 

amongst the two novel controllers reported in Chapter 6 and 7, and a conventional 

ON / OFF controller for the experimental VS DX A/C system, in terms of control 

performances and energy consumption. Firstly, related experimental conditions are 

presented. This is followed by reporting the experimental results. Finally, both merits 

and shortcomings of the two controllers reported in this Thesis are discussed.  
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Finally, the conclusions of this study and the proposed future work are presented in 

Chapter 9.  
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Chapter 2 

Literature Review 

 

2.1 Introduction 

 

HVAC systems have been widely used in almost all types of buildings, such as 

industrial, commercial and residential buildings for different purposes. As a typical 

type of HVAC systems, DX A/C systems have been widely used in buildings, 

particularly in small- to medium-scaled buildings. Compared to chilled-water based 

central A/C systems, the use of DX A/C systems is more advantageous because they 

are simpler, more energy efficient and generally cost less to own and maintain. In a 

DX A/C system, its DX evaporator is used directly as a cooling coil to 

simultaneously cool and dehumidify the air passing through it. This distinguishes 

itself from a conventional central chilled-water based A/C system where chilled 

water is used for cooling and dehumidifying air. Given their simplicity in structure 

and flexibility in installation, DX A/C systems are widely used in residential 

buildings. For example, in Hong Kong the annual total sale of DX residential air 

conditioners was around 400,000 units in 2000 [Zhang 2002]. On the other hand, 

air-conditioning is the largest single electricity-consuming end-user, for example, 

accounting for on average 34 % of the total residential electricity use in Hong Kong 

[HKEMSD 2014]. In the US, according to Department of Energy, packaged rooftop 

DX A/C units accounted for 44% of all cooling equipment and were responsible for 

cooling approximately half of all commercial spaces [Xu et al. 2012]. 
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Controlling indoor humidity at an appropriate level in a space is important since it 

directly affects indoor thermal comfort and indoor air quality (IAQ) [Fanger 2001, 

Mazzei et al. 2005]. As pointed out in ASHRAE Standard 62.1-2013, indoor RH 

level should be controlled within a relatively narrow range at between 30% and 60%. 

However, for most applications where DX air conditioners such as window units or 

split-type units are used, indoor air temperature is often controlled by on-off cycling 

the compressor in a DX air conditioner. Hence while indoor sensible load is satisfied 

through altering the length of on-off period, air dehumidification is only a 

by-product of removing the indoor sensible load. Therefore indoor humidity is not 

directly controlled and may fluctuate as a result of changing the match between the 

output sensible and latent capacities of a DX A/C unit and the space sensible and 

latent loads. When the output latent capacity is inadequate to meet the space latent 

load, indoor humidity would increase. In order to improve the indoor thermal 

environmental control in buildings, in particular in those located in hot and humid 

climates, it is therefore essential to develop new control strategies that enable the 

simultaneous control over indoor air temperature and humidity in spaces served by 

DX A/C systems. 

 

This Chapter presents a literature review on various issues related to the modeling 

and control of DX A/C systems. An extensive literature review on studies related to 

the sources of indoor moisture, effects of indoor humidity on human thermal comfort 

and the common humidity control methods is firstly presented. Then, a review of the 

modeling and control of DX A/C systems is reported. This is followed by presenting 

a review of two artificial intelligence-based control strategies, i.e., FL and ANN, 

covering their fundamental concepts, and their applications to, individually or jointly, 
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modeling and controlling HVAC systems. Finally the conclusions are given, where 

further research works related to simultaneously controlling indoor temperature and 

humidity using DX A/C systems, are identified. 

 

2.2 Fundamental issues for indoor humidity control 

 

For indoor humidity control, it is important to, first of all, look at the sources of 

indoor moisture, since the amount of moisture to be removed from an indoor space 

should be equal to the amount introduced into the space from both external and 

internal sources, to maintain a steady indoor humidity level. 

 

2.2.1 Sources of indoor moisture 

 

The sources of indoor moisture can be categorized into external and internal. The 

external sources could be further classified into three types. The first and the most 

important is the outdoor air ventilated through A/C systems. In ASHRAE Standard 

62.2P, Ventilation and Acceptable IAQ in Low-rise Residential Buildings, there is a 

special consideration that the moisture from outdoor air is of particular concern in 

hot and humid climates [Sherman 1999, Sherman and Walker 2011]. In a 

conditioned space, it is obvious that the latent cooling load from ventilation air is 

greater than all other latent cooling loads combined [Brandemuehl and Katejanekarn 

2004]. Most residential buildings require the ASHRAE-recommended minimum 

ventilation rate to ensure IAQ and occupants’ thermal comfort [McGahey 1998, 

Seppänen et al. 2002]. During occupied hours, both sensible and latent cooling loads 

from ventilation air are continuous. Furthermore, if ventilation air is allowed to 
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blend into return air stream, a simple constant-air volume DX A/C unit would have a 

very difficult time to remove the latent cooling load from ventilation [Berbari 1998, 

Harriman III and Judge 2002]. In particular, during part load conditions in hot and 

humid subtropics, the latent cooling load from ventilation air would have greater 

influences on indoor humidity than that at full load conditions, and should therefore 

receive more attentions. Assuming that the minimum outdoor air intake at all time is 

20% of the supply airflow rate at design/full load, at half load operation, the ratio of 

outdoor air would increase to 40% of the supply airflow rate. In other words, 

ventilation requirement dictates the increased portion of outdoor air during part load 

operations. At the same time, outdoor air dry-bulb temperature is lower, close to 

indoor air dry-bulb temperature, but its dew point temperature is higher than that at 

design condition. Therefore, space sensible cooling load is reduced but space latent 

cooling load is increased [Shaw and Luxton 1988]. The higher the moisture content 

of outdoor air, the higher the space latent cooling load a DX A/C unit would have to 

deal with. 

 

The second is through the infiltration of outdoor air. The amount of moisture 

accumulated inside a conditioned space as a result of air infiltration is a function of 

infiltrated air mass flow rate, the difference between moisture content of incoming 

outdoor air and that of indoor air. Although the infiltration through a building 

enclosure is intermittent and unintentional, it has been emphasized that its effects on 

indoor RH level cannot be overlooked [Straube 2002]. Henderson et al. [1992] 

concluded that infiltration would have a great impact on space latent cooling load 

through simulating a typical building in both Miami and Atlanta. At a constant 

indoor air dry-bulb temperature of 25.5°C, the space latent cooling load would 
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increase from at 11% of the total space cooling load at an average infiltration rate of 

0.54 air change per hour (ACH) to at 17% of the total at that of 1.08 ACH. 

 

The third is by water vapor diffusion through building envelope from outdoors. 

Moisture migrates from a place of high vapor concentration to a place of lower vapor 

concentration by diffusion through materials. The moisture flowing as a result of 

diffusion is a function of the difference in vapor pressure between the two sides of a 

supporting wall in a building, the permeability of construction materials, and the 

exposed surface area [Shakun 1992]. However, this type of moisture gains cannot be 

easily determined [Barringer and McGugan 1989, Qin et al. 2006].  

 

On the other hand, internal sources for indoor moisture load mainly include the 

moisture gains from occupants and other indoor activities, such as washing and 

cooking, etc. ASHRAE Handbook of HVAC Systems and Equipment 2012 correctly 

points out that the moisture load contributed by human occupancy depends on the 

number of occupants and the level of their physical activity, and recommends an 

average rate of moisture generation of 320 g/h for a family of four [ASHRAE 2012]. 

 

One source for indoor moisture is related to the operation of an on-off operated DX 

A/C system. In most buildings served by such a DX A/C system, the supply fan in 

the DX A/C system normally runs continuously regardless its compressor’s 

operating status. When the compressor is on, moisture is condensed over cooling coil 

surface and collects in a drain pan. However, if the supply fan is still on when the 

compressor cycles off, moisture on the wet cooling coil and drain pan may be 

reintroduced into air stream due to constant air circulation, resulting in an increased 
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RH level in the conditioned space [Amrane et al. 2003, Shirey and Henderson 2004]. 

The amount of moisture re-evaporated depends on physical characteristics of the 

evaporator coil and drain pan, such as fin spacing, pan slope, etc., the thermostat 

cycling rate and the time constant of air conditioner latent performance at 

compressor start-up [Henderson 1998]. 

 

Part of the moisture from both internal and external sources becomes directly part of 

space latent cooling load, while others would be absorbed by internal building 

envelope and indoor furnishings, which may be regarded as “moisture capacitors”, 

such as wall paper, furniture and carpet, etc., before a dynamic equilibrium of 

moisture transfer is achieved between indoor air and these capacitors [Rode et al. 

2004]. A number of investigations on improving the prediction accuracy of internal 

humidity level have been undertaken [Lu 2003, Lu and Viljanen 2009, Mustafaraj et 

al. 2010]. The study undertaken by Lucas and Miranville [2004] took into account 

the moisture transfer between walls and the air inside a space, and improved the 

forecast accuracy of the amount of water condensed on an internal wall surface.  

 

2.2.2 Effects of indoor humidity level on human thermal comfort 

 

It was found in previous studies [Toftum and Fanger 1999, Toftum et al. 1998, Miro 

2005] that the level of indoor humidity could affect human thermal comfort. These 

studies showed that indoor air RH levels influenced the occupants’ thermal comfort 

in different ways, both directly and indirectly. 

 

On one hand, high levels of indoor air RH may cause comfort and health problems 
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for occupants. The primary biological health problems related to higher levels of RH 

are due to the growth of contaminated aerosols produced by spray humidification 

systems [Arens and Baughman 1996]. Health-related agents in connection with 

indoor RH level include dust mites, fungi, bacteria, viruses and nonbiological 

pollutants in general [Arens and Baughman 1996]. It has been shown that an indoor 

RH level above 50% would help increase dust mite population. An indoor RH level 

above 70% would provide an excellent environment for the growth of fungi. Fungi 

and dust mites found inside residences have been identified as the main causes of 

asthma and hay fever [Arens and Baughman 1996]. All the agents affect human 

health, primarily through their inhalation of indoor air, although some of them have 

lesser effects through the skin. The discomfort caused by the uncomfortably high 

levels of insufficient cooling of the mucous membranes in upper respiratory tract by 

inhalation of humid and warm air would increase the risk of individuals with 

allergies [Toftum and Fanger 1999，Toftum et al. 1998]. In addition, the effects of 

high RH levels on chemical substances include increased off-gassing of 

formaldehyde from building and furnishing materials; combination with sulphur 

dioxide to form aerosols, salts and acids including sulphuric acid and sulphate salts; 

and increased irritative effects of odor, particles and vapors such as acrolein [Sterling 

et al. 1985]. Furthermore, from the viewpoint of IAQ, decreasing air RH level results 

in an improved perception of IAQ; air is fresher, less stale and more acceptable. 

Therefore, within the comfort zone suggested by ASHRAE, it is recommended to 

keep moderately low levels of temperature and RH to improve the perceived air 

quality. This may even help decrease the amount of ventilation required for 

acceptable perceived air quality. It has been shown that people would perceive the 

IAQ better at 20°C and 40% RH at a small ventilation rate of 3.5 L/s/person than at 
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23°C and 50% RH at a ventilation rate of 10 L/s/person [Fanger 2001]. Meanwhile, 

from the viewpoint of human perception, at a given temperature set point, a 

decreased RH level results in occupants feeling cooler, drier and more comfortable. 

Also, at lower RH levels, fabrics, clothing and textures would appear more smooth 

and pleasant. 

 

On the other hand, a low level of indoor air RH would also have comfort and health 

impacts on occupants. Firstly, it can lead to the drying of skin and mucous surfaces, 

promoting the accumulation of electrostatic charges in fabric and others materials in 

buildings. On respiratory surfaces, drying can concentrate mucous to the extent that 

ciliary clearance and phagocytic activities will be reduced. Therefore, comfort 

complaints about dry nose, throat, eyes and skin often occur at low RH conditions, 

typically when the dew point is less than 0°C. A low RH level can also increase the 

susceptibility to respiratory disease as well as discomfort, such as asthmatics. 

Individuals with allergies, newborns and elderly are more susceptible to respiratory 

infections [Berglund 1998]. Secondly, a low RH level enhances the formation of 

ozone indoors. Very high ozone levels, in combination with poorly ventilated 

equipment, will also produce an irritation effect on the mucous membrane of eyes, 

nose, throat and respiratory tract. Finally, low RH levels are well known as a general 

catalyst of chemical interactions resulting in a large variety of irritants and toxic 

substances commonly referred to as “smog”. Indoor smog could well be responsible 

for a large proportion of similar symptoms of ozone. The smog is commonly 

associated with tight building syndrome occurring in office and commercial 

buildings [Sterling et al. 1985]. 
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The problem of having an unsatisfactory level of indoor humidity can be found in 

different types of buildings, such as office buildings, supermarkets, libraries, hotels, 

as well as residential buildings, etc. Very often a building A/C system is unable to 

properly deal with the thermal load imposed when its latent part is high. The 

mismatch between space latent cooling load and equipment output latent cooling 

capacity can result in an inappropriate level of indoor humidity, degrading occupants’ 

comfort and productivity. In buildings, it has been, therefore, recommended that the 

suitable range for indoor relative humidity be between 30% and 60%, and the upper 

limit be set at 60% RH [ASHRAE 2012]. 

 

2.2.3 Dehumidification using in A/C systems 

 

The use of HVAC systems for indoor thermal environmental control gains increased 

attention, so that an optimal level of indoor humidity may be obtained and 

maintained to ensure a comfortable and healthy indoor environment. For buildings 

located in hot and humid subtropical region, indoor humidity level is often higher 

than the recommended level, thus dehumidification using A/C systems becomes 

necessary. There are mainly two types of dehumidification used in HVAC systems: 

mechanical dehumidification and chemical dehumidification.  

 

2.2.3.1 Mechanical dehumidification 

 

Mechanical dehumidification, which is widely known to be based on cooling by 

vapor compression refrigeration systems or using chilled water, utilizes mechanical 

means to cool air and so to dehumidify it. If the air comes into contact with a cooling 
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coil whose mean surface temperature is lower than air dew point temperature, 

condensation of a part of the water vapor in the air and thus dehumidification is 

obtained. The moisture content of air leaving a cooling coil depends on the apparatus 

dew point of the coil, which is principally a function of either the refrigerant 

temperature inside the coil when a DX cooling coil is used, or the chilled water 

temperature when a chilled water coil is used. To increase the dehumidification 

capacity of a cooling coil, it would be better to use a large number of fins, with a 

moderate air velocity, and with a low fin density [Mazzei et al. 2005]. The 

dehumidification behavior of a standard cross-flow type plate heat exchanger, used 

as a dehumidifier and cooler, was investigated by Saman and Alizadeh [2002] both 

experimentally and numerically. In many HVAC systems, mechanical 

dehumidification is widely used. This is also true for DX A/C systems, since it 

would be costly and complicated to use other types of dehumidification techniques 

in DX A/C systems. Mechanical dehumidification has strong advantages at a higher 

dehumidifying demand where cooling is needed in addition to dehumidification 

because the cooling coils cool and dehumidify the air simultaneously. It is energy 

efficient compared to other methods of removing moisture from air. However, the 

disadvantage of mechanical dehumidification is that because the sensible cooling 

capacity and latent cooling capacity of a cooling coil are coupled, it is not easy to 

simultaneously control temperature and humidity of the air leaving the cooling coil. 

Therefore energy is often wasted in traditional HVAC systems by over cooling and 

reheating the air to maintain an appropriate level of humidity in spaces. 
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2.2.3.2 Chemical dehumidification 

 

Chemical dehumidification removes the moisture from the air by transferring it to a 

water absorbing material such as desiccants through adsorption or absorption. 

Desiccants are materials with a high affinity for water vapor and may be in the form 

of either solid or liquid. If the physical or chemical nature of the desiccant, generally 

being solid such as silica gel, remains unchanged in a dehumidification process, then 

adsorption takes place. Conversely absorption takes place when a change occurs, 

generally with liquid desiccants. Liquid desiccants are used as a dehumidification 

agent in many industrial applications and have been investigated for use in space 

conditioning applications [Peng and Howell 1981]. Dehumidification equipment 

using solid desiccant may be classified into two types, active type and passive type. 

The equipment using heated reactivation air is called an active dehumidifier. The 

heat used for reactivation often comes from distributed power generation or natural 

gas, all of which are inexpensive during humid seasons. A passive dehumidifier 

however uses a building’s dry exhaust air instead of heated air for reactivation 

[Harriman III et al. 1999, Harriman III et al. 2001]. A solid-desiccant based 

dehumidifier is more compact but, presents a higher pressure drop for both the air to 

be dehumidified and the air for regeneration, therefore a higher fan power is required. 

The final temperature of the processed air is always high, leading to a decrease in the 

adsorption capacity of desiccant. In addition, heat generated by a solid desiccant 

dehumidifier affects occupants’ thermal comfort [Andersson and Lindholm 2001, 

Capehart 2003, Subramanyam et al. 2004, Alpuche et al. 2005]. 

 

Comparing to a solid desiccant-based system, a liquid desiccant-based system needs 
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a lower fan power. The use of a liquid desiccant-based system can easily control the 

air temperature during absorption, resulting in a lower temperature of the processed 

air. Another advantage of using liquid desiccant is better air cleaning. It is believed 

that the liquid desiccant’s washing action in hospital environment would both reduce 

airborne bacteria and remove particulate matter [Dai et al. 2001, Dieckmann et al. 

2004, Rowland et al. 2005, Elsarrag et al. 2005]. Latent heat and sensible heat of 

water vapor extracted from the air are dumped into cooling water of the absorber, in 

order to keep a low dew point of the processed air. This operation is cooled by a 

chiller, thus requiring further additional operating costs. Therefore the operating 

costs using desiccants for dehumidification are higher when compared to other 

indoor humidity control strategies [Lstiburek 2002]. 

 

2.3 Modeling of DX A/C systems 

 

Mathematical modeling based studies have gained growing recognition because they 

could not only save the study cost, but also help easily understand the operating 

characteristics of a physical system under study over its entire operating range. In the 

field of HVAC and Refrigeration Engineering, system models have been developed 

and used in predicting the operational performances, design and optimization, 

developing control strategies and detecting and diagnosing operating faults, etc. 

 

Mathematical models developed to simulate system characteristics could be 

classified into steady-state and dynamic ones. Steady-state modeling should be 

sufficiently accurate for most long-term system simulations or for design 

optimization. However, it is not suitable for control application where it is necessary 
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to investigate system’s transient responses to a sudden disturbance. Dynamic 

modeling is required when carrying out research work related to controlling a 

physical system. 

 

On the other hand, mathematical models could also be classified into two broad 

categories: physical and empirical ones. A physical model is based on detailed 

information of each component in a physical system and derived from physics laws. 

Two modeling approaches can be used to develop a physical model: lumped- and 

distributed-parameter modeling. However, for an empirical model, one tries to 

estimate the functional form of the relationships amongst variables and their 

numerical values without requiring detailed information of system components. 

Examples of empirical modeling include regression analysis, polynomial curve fits 

and artificial neural networks. Given the difficulty to characterize accurately all the 

components in an HVAC or refrigeration system and the known general good 

behavior in time response and accuracy for empirical models, empirical approaches 

are also widely used for modeling HVAC and refrigeration systems [Navarro-Esbri 

et al. 2007, Li et al. 2012a, 2012b, Qi and Deng 2008]. 

 

A DX A/C system may be considered as consisting of four basic components and a 

conditioned space. Therefore the models of various components in a DX A/C system 

are separately reviewed as follows. 

 

2.3.1 Compressor modeling 

 

A compressor is often the most complex component in refrigeration systems [Ndiaye 
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and Bernier 2010]. It turns the low pressure vapor refrigerant into high pressure 

vapor refrigerant such that it can condense in a condenser to reject heat to a second 

fluid, and a refrigeration cycle can go on. There are several types of compressors for 

air conditioning applications, such as reciprocating compressor, scroll compressor, 

centrifugal compressor and rotary screw compressor.  

 

Many different models with different degrees of complexity for reciprocating 

compressors can be found in the literature. There were models of reciprocating 

compressors in which a compressor was divided into several control volumes for 

compressor elements such as compression chamber and valves, etc. These models 

required input data either very difficult to obtain or only known to the manufacturer 

of a compressor. The space volumes of different elements and the effective surface 

areas of valves were also required. The transient fluid conservation equations (mass, 

momentum and energy) were integrated over the entire compressor domain and the 

energy balance on the refrigerant inside the cylinder was computed for each time 

step of an operating cycle [Perez-Segarra et al. 2003, Rigola et al. 2003]. The latest 

studies on modeling reciprocating compressors included those carried out by Ndiaye 

and Bernier [2010], Link and Deschamps [2011], Negrao et al. [2011], Dutra et al. 

[2013] etc. 

 

Modeling scroll compressors [Chen et al. 2002a, 2002b, Winandy et al. 2002, Wang 

et al. 2005, Wang et al. 2008, Duprez et al. 2010] required the knowledge of pocket 

volumes and perimeters for every six degrees of rotation, the height, thickness and 

pitch of scrolls that were quite difficult to obtain. In those models, the whole 

compressor was divided into control volumes and the compression process in every 
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gas pocket simulated. It required the evaluation of areas, volume, pressure, 

temperature and specific volume for every crank angle. Mass and energy 

conservation equations were developed for control volumes. 

 

There have been also many investigations concerning the analysis and modeling of 

centrifugal compressors and rotary screw compressors, such as Jiang et al. [2006], 

Seshaiah et al. [2007], Galindo et al. [2008], Krichel and Sawodny [2011] and Chu et 

al. [2012]. 

 

Compressor models could be classified into two general categories: steady-state and 

dynamic. Steady-state compressor models included those developed by Cavallini et 

al. [1996], Winandy et al. [2002], Navarro et al. [2007], etc, which were all 

simplified steady-state models. However, more complex steady-state models needed 

very specific proprietary data only available from manufacturers.  

 

Dynamic modeling for compressor was also carried out since a dynamic model could 

capture the dynamic behavior of a refrigeration system and may be applied to the 

development of advanced control strategies. Jiang et al. [2006] developed a dynamic 

model for a centrifugal compressor. The model developed could be used to predict 

the compressor performance from its geometric information. In this study, the 

dynamic model for the compressor was programmed into a virtual test bed 

computational environment as a component of an electrical system, from which the 

performance curves of the compressor such as outlet pressure, efficiency and losses 

could be predicted. This model provided an available tool for evaluating the system 

performance as a function of various operating parameters. In addition, the dynamic 
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characteristics of a VS compressor could be predicted by a transient simulation 

model [Park 2010]. Using the model developed, re-expansion loss, friction loss, 

mass flow loss and heat transfer loss were estimated as a function of the crankshaft 

speed in a VS compressor. A semi-empirical dynamic mathematical model to 

simulate the transient behavior of mass flow rate and input power of reciprocating 

compressors was developed by Negrao et al. [2011]. In developing this dynamic 

model, curve fitting method was used based on thirteen calorimeter data sets of two 

compressors having different capacities, and good agreement between measured and 

simulated results were found in either cycling or start-up tests. 

 

2.3.2 Heat exchangers modeling 

 

Research work on modeling heat exchangers has always been significant in the 

studies for HVAC and Refrigeration systems. A number of approaches have been 

employed to establish the models for evaporators and condensers. The models of 

heat exchangers can generally be classified into two types: distributed parameter 

models and lumped parameter models. 

 

Distributed parameter models are those that best fit to the nature of heat exchangers, 

because concerned variations of the states take place not only in time but also in 

space. Such models are represented by a set of partial differential equations 

[Zavala-Rio and Santiesteban-Cos 2007]. It has a higher accuracy than a lumped 

parameter model, but the time needed for simulation becomes longer. A lumped 

parameter model divides however a heat exchanger into a finite number of control 
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volumes and the parameters in each control volume are lumped. Such a modeling 

approach is simple but its accuracy may be compromised. 

 

Many investigations on modeling heat exchangers using distributed-parameter 

models have been carried out. Wang and Touber [1991] suggested that distributed 

parameter models provided the most complete information and best insight into the 

dynamic behaviors of an evaporator. Jia et al. [1995] presented a distributed 

parameter model for predicting the transient performances of a DX air cooling 

evaporator. The model was capable of predicting the distributions of the refrigerant 

velocity, void fraction, temperature, tube wall temperature, air temperature and 

humidity, in both location and time domains. The dynamic behaviors of the 

evaporator were investigated with a response to a step change in the inlet refrigerant 

flow rate. Simulation results were compared with the experimental data from a 

commercial evaporator using refrigerant R134a as the working fluid. The 

comparison results indicated that the model provided a reasonable accurate 

estimation of the dynamic responses of the evaporator. Porkhial et al. [2004] 

developed a distributed parameter model for predicting the transient performance of 

an evaporator. The model was capable of predicting the refrigerant temperature 

distribution, tube wall temperature, inventory mass of refrigerant as a function of 

location and time. Zhang et al. [2010] developed a general three-dimensional 

distributed parameter model for designing a plate-fin heat exchanger. Based on the 

proposed model, the plate-fin heat exchanger was optimized using the method of 

entropy generation minimization and genetic algorithm. 
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The lumped parameter model by Deng [2000] used a different approach where for 

example a condenser was divided into three zones, i.e., superheated, two-phase and 

sub-cooled. Three zones were modeled separately based on the different heat transfer 

and fluid flow characteristics. This approach can adequately represent the overall 

thermal characteristics in a heat exchanger in operation to carry out research work 

related to control, and its simulation stability and computational speed may well be 

ensured. He et al. [1997] developed a lumped parameter model for a two-phase flow 

heat exchanger, which was described mathematically by a set of complex, coupled 

and nonlinear partial differential equations based on the principles of mass and 

energy conservation, with the assumptions that the heat exchanger was a long, thin 

horizontal tube, and that the refrigerant flowing through the heat exchanger tube was 

one-dimensional. Other studies on lumped parameter models for heat exchangers 

were also carried out [Vargas and Parise 1995, Zhang and Zhang 2006].  

 

It is well known that the key operating parameters of a DX cooling coil, such as 

evaporating temperature, refrigerant mass flow rate, coil face velocity and inlet air 

temperature, would have significant influence on its performance. Liang et al. [1999] 

developed a lumped simulation model for a DX cooling coil in which there were 

three heat transfer zones on its refrigerant side, and two zones on its air side, e.g., 

dry-cooling zone and wet-cooling zone. The model used a numerical method to 

calculate the partially wet and totally wet fin efficiency. On the basis of this model, a 

number of parameters which reflected the characteristics of air cooling coils used in 

diverse humid environments were analyzed. It was found that the performances of a 

coil were significantly affected by levels of indoor air relative humidity, which was a 

very significant parameter in determining the energy requirement and the quality of 
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space cooling in a humid environment. A high humid environment would imply a 

higher cooling load and hence a higher energy requirement compared to a low humid 

environment. 

 

2.3.3 Expansion valve modeling 

 

The expansion device in a refrigeration system controls the refrigerant mass flow 

and balances the system pressure. Various expansion devices such as a capillary 

tube, a short tube orifice and a thermostatic expansion valve (TEV) are used in small 

refrigeration systems, such as air-conditioners and heat pumps. Even though 

capillary tubes and short tube orifices have the advantages of simplicity, low cost 

and low starting torque for a compressor, they are not appropriate for use in a system 

that requires precise flow control over a wide range of operating conditions. A TEV 

adopts a mechanical control method to maintain a constant degree of superheat at 

evaporator outlet. Therefore, the response time of a TEV is relatively slow, and this 

slowness may cause an unstable operating condition. However, an electronic 

expansion valve (EEV) has the advantages of rapid response owing to electronic 

signal transmission, zero activating degree of superheat, nearly linear valve 

characteristic, a wide range of flow rates and easy realization of programmed 

control, etc. Therefore, the EEVs gained wide application in DX A/C systems 

nowadays. Consequently, an EEV is indispensable if the advantages of a DX A/C 

system having a VS compressor are to be maximized. As an essential component in a 

DX A/C system, an EEV acts as a throttling device where the expansion of 

refrigerant takes place, and usually regulates the refrigerant flow rate such that a 

desired degree of superheat at the exit of an evaporator can be maintained. 



 28

 

Commonly, an expansion valve can be represented by a steady-state model due to its 

very small thermal inertia. Refrigerant expansion is generally treated as an 

isenthalpic process when modeling an expansion valve. Refrigerant mass flow 

passing through an expansion valve is usually calculated by using an empirical 

correlation. Deng [2000] presented a relatively simple model for an expansion valve. 

The model simply considered the refrigerant mass flow rate proportional to the 

degree of refrigerant superheat. However, the actual fluid-flow characteristic in an 

expansion valve was hard to be represented by such a model. Park et al. [2007] 

developed an empirical correlation for predicting the mass flow rate passing through 

an EEV by modifying a single-phase orifice equation with consideration of EEV’s 

geometries and operating conditions. Geometric parameters that were included in the 

empirical correlation were orifice diameter, orifice length and the EEV’s opening. 

One representative model for an expansion valve was developed by Damasceno and 

Rooke [1990], based on the specifications given by value manufacturer and the 

empirical fitting for one set of distributor nozzle and tube size. 

 

2.3.4 Supply fan modeling  

 

A model of a constant-speed supply fan that can account for the influence of its inlet 

vane angle on its operating parameters was established by Carrado and Mazza 

[1991]. The model normalized the air flow rate, fan total pressure rise and fan power 

consumption, respectively. Fan performance law was directly applied by fitting two 

polynomials of normalized air flow rate and fan pitch angle. As to a VS supply fan, 

its pressure-volume flow characteristics can be described, in general, by a family of 
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constant-speed curves for pressure rise versus volumetric flow rate. According to the 

first fan performance law [ASHRAE 2012], for fans operating at similar dynamic 

conditions, their volumetric flow rates at different speeds are proportional to the 

change of fan speed; their fan pressure rises are proportional to the square of, and 

their fan power consumptions to the cubic of the change of fan speed, respectively. 

Hence, using the performance data from a fan manufacturer and the well-known 

least-square curve-fitting technique, the fan characteristics at different speeds can be 

developed based on the performance data at its rated speed and expressed by a set of 

polynomials. 

 

The dynamics of a fan-motor system lies in the electromagnetic and mechanical 

inertia of the system. When a varying voltage is supplied to a fan motor to change 

fan speed, the fan speed does not immediately reach its steady-state regime mainly 

due to the electro-motive force induced to the armature of the motor. Therefore when 

carrying out a control strategy analysis, the dynamics of the fan whose speed is 

controlled by varying supply voltage, should be taken into consideration. Mei and 

Levermore [2002] used a first-order differential equation with different time 

constants in different operational areas to describe the dynamics of a fan-motor 

system. For a fan whose speed is controlled by varying frequency using variable 

frequency drive, its dynamics can be neglected due to the fact that the speed of a 

standard squirrel-cage motor is direct proportional to the input power frequency and 

fan speed change can reach its steady-state regime in a fraction of second. 
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2.4 Control of DX A/C systems 

 

The main objective of controlling an A/C system is to ensure that the desired air 

temperature and/or humidity in a conditioned space served by the A/C system are 

maintained. If A/C systems were always operated with constant loads, little or no 

capacity control would be needed. However, most A/C systems are designed to meet 

the demands under the worst conditions, i.e., the hottest or coldest climate conditions, 

thus for most of time they are operated at part-load condition. Therefore, all DX A/C 

systems need to be appropriately controlled with regards to their output cooling 

capacity when operated at different part load conditions. 

 

2.4.1 Control issues for DX A/C systems 

 

Two specific issues related to the control of DX A/C systems, capacity control and 

indoor air humidity control, are discussed in this section. 

 

2.4.1.1 Capacity control 

 

Building heating or cooling loads do not stay unchanged but vary with time. It is 

therefore important to implement certain capacity control schemes to continuously 

adjust the output capacity of a DX A/C system to match the varying building loads. 

Several methods of capacity control have been applied to DX A/C systems.  

 

Firstly, the most commonly used method in small sized residential DX A/C systems 

is intermittent running of compressor, e.g., on-off cycling. The disadvantage of this 
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method is that it imposes wear and tear on the compressor and hence reduces its life. 

In addition, it is difficult to maintain a steady indoor air temperature within a suitable 

range. 

 

Secondly, capacity control can be achieved by using suction-gas throttling, hot-gas 

by-pass or cylinder-unloading, etc. In the hot-gas by-pass control method, the 

refrigerant is by-passed from compressor and injected back into the suction line to 

decrease the cooling capacity, whereas in the cylinder-unloading scheme, one or 

more cylinders are unloaded to decrease the refrigerant mass flow rate being 

circulated, hence the cooling capacity. However, with suction gas throttling, the 

suction gas throttled occupies a large volume at compressor inlet and thus decreases 

the refrigerant mass flow rate, and hence the system’s capacity. A numerical 

investigation on the above three capacity control methods for HFC-134a 

refrigeration systems was carried out by Yaqub and Zubair [2001]. The study results 

showed that the cylinder-unloading method was mostly suitable because of a high 

coefficient of performance (COP) in comparison with the other two methods. 

However, the capacity reduction was restricted to about 25%, 50%, or 75% of the 

total for a 4-cylinder compressor. On the other hand, the hot-gas by-pass scheme will 

lead to the lowest COP. Moreover, it was not suitable from the thermodynamic point 

of view. In addition, a very high compressor discharge temperature would restrict the 

capacity reduction down to around 50%. For the suction-gas throttling method, 

precise indoor air temperature and humidity control may be achieved and the COP 

was at between those by the other two methods. Furthermore, the compressor 

discharge temperature was the lowest, and a wide range of capacity reduction was 



 32

possible with this method, depending upon the degree of throttling at compressor 

inlet. 

 

Finally, capacity control may be realized by varying the flow of refrigerant using VS 

compressors in DX A/C systems. The use of VS compressor coupled with EEV in a 

variable refrigerant volume (VRV) A/C system can modulate precisely the 

refrigerant flow rate and hence system’s cooling capacity, making possible the 

accurate matching between output cooling capacity and varying thermal load. It was 

reported that through the modulation of compressor speed, the output cooling 

capacity from a residential split-type DX A/C system could be varied between 50 

and 100% of its full capacity in proportion to the change in room temperature 

[Yamamoto et al. 1982]. Currently with the advancement of VS compressor and 

EEV technologies, inverter-aided DX A/C systems can vary their cooling outputs 

between 20% and 100% of the full load. The use of VS compressor for capacity 

control may offer as well the potential for greater energy savings during part load 

operations. On the other hand, the energy performance of a conventional DX A/C 

system with a single speed compressor at part load condition was degraded 

dramatically [Silver et al. 1990]. During part load operation, the condensing and 

evaporating pressures/temperatures in a DX A/C system will respectively decrease 

and increase with a lower compressor speed, which would substantially increase its 

COP [Scalabrin and Bianco 1994]. Yang and Lee [1991] presented an analysis for an 

inverter-driven VS A/C system used in a hot and humid region. The results indicated 

that the use of VS compressor could provide an annual energy saving of 20%. 

Furthermore, it can be expected that the pull-down time needed for a DX A/C system 

to reach a temperature setting during start-up can be reduced because a compressor 
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can operate initially at its highest speed. The energy could be saved on a seasonal 

basis because the system would operate more efficiently at a lower capacity, due to 

the reduced frictional losses in the compressor and the reduced pressure ratio 

imposed on the compressor.  

 

In the past, VS compressors were generally regarded to be suitable only for use in 

small-scale A/C systems, but not in medium- or large-scaled A/C systems due to the 

lack of sufficient development and component integration. Fortunately, in recent 

years medium- to large-scaled VS compressors have gained great improvement in 

various aspects and been widely used in medium-capacity multi-evaporator A/C 

systems [Youn et al. 2002]. In order to demonstrate the benefit and feasibility of VS 

technology used in large-scale centrifugal chiller systems, Lenarduzzi and Yap 

[1998] established a demonstration installation of VS compressor when retrofitting a 

chilled-water based A/C system. The system was monitored for one cooling season 

and the results showed that variable speed drive (VSD) technology could also work 

successfully in large-scale A/C systems. It was estimated that approximately 41% of 

energy saving could be achieved for this particular site and the power quality and 

total harmonic distortion problem induced could be neglected. Therefore, the VRV 

technology featured with VS compressor and EEV has been proven to be an energy 

efficient and practical way to realize capacity control in medium- or large-scaled 

A/C systems. Qureshi and Tassou [1996] made theoretical and practical comparisons 

of various capacity control methods at full- and part-load conditions, and the results 

showed that a VS operation was the most energy efficient technique for capacity 

control in A/C systems. 
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2.4.1.2 Humidity control  

 

In many residential and commercial buildings, humidity control was found to be 

inadequate and unsatisfactory. The traditional 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 temperature. This strategy is 

inherently costly and inefficient since it uses a great deal of energy to overcool air 

and then more energy to reheat it. However, reheating is uncommon in DX A/C units, 

thus the problem of indoor humidity control is often encountered in spaces served by 

DX A/C units. In a DX A/C unit, dehumidification is less straightforward since a DX 

A/C unit removes moisture only when cooling the air passing through it. 

Dehumidification is effected through condensation at a cooling coil. The cooling coil 

has also a role to play in temperature control, thus this dual role of cooling and 

dehumidification for the cooling coil makes the controlled variables of temperature 

and humidity to become coupled. The current trend in designing a DX A/C unit is to 

have a smaller moisture removal capacity, in an attempt to boost its 

energy-efficiency rating and COP [Kittler 1996]. One of the methods used to 

improve efficiency is to increase the heat exchanger surface area. Such a strategy 

allows a DX A/C unit to run at a higher refrigerant temperature in its evaporator and 

a lower refrigerant temperature in its condenser, resulting in a lower latent capacity 

of the unit. Furthermore, when a DX A/C unit is operated at part load conditions, 

indoor humidity control problem could worsen with on-off cycling its compressor. 

The compressor will 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]. Indoor RH would hence rise to above the design level 
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[Shirey and Henderson 2004]. 

 

Studies have been carried out on developing control methodologies for reducing high 

indoor air humidity during part-load conditions. Chua et al. [2007] compared the 

following three control strategies for indoor air humidity control using large central 

chilled water based A/C systems: chilled water flow control, bypass air control and 

variable air volume control. Simulation results indicated that the use of chilled water 

flow control strategy resulted in the highest indoor humidity throughout the range of 

outdoor air conditions studied. The use of variable air volume control could however 

maintain the indoor humidity at a low and acceptable value as compared to the use of 

the other two control strategies but there were two distinct disadvantages. One was 

that the problem of stuffiness and stillness of air in a space may arise as the supply 

air flow rate dropped during part-load operations. The other was that the supply air 

flow rate may be reduced to a low value so that it cannot provide the required 

minimum ventilation rate. 

 

Several enhanced dehumidification technologies may be applied to DX A/C systems. 

These include thermally activated desiccant systems [Nagaya et al. 2006], heat pipe 

technology [Yau 2007] and dual-path systems that pre-treat ventilation air, etc. Kosar 

[2006] compared three enhanced dehumidification components in a conventional DX 

A/C system: 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. These integrated systems provided the ability to reduce 

SHR levels for DX A/C systems at ARI-rating conditions of 0.75 to below 0.50 in 

certain enhanced dehumidification systems while limiting losses in their COP and 
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capacity. 

 

The selection of a humidity control method may depend on the application of HVAC 

systems, which defines the load characteristics, operating conditions and system 

constraints. For example, a lightly populated small office will have thermal loads 

dominated by envelope heat gains. With a light occupancy, it will have a small 

ventilation requirement, and thus cooling and dehumidification loads could be met in 

most climates by using a conventional DX A/C system. 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.  

 

2.4.2 Indoor thermal environment control using VS DX A/C systems 

 

An experimental study by Chuah et al. [1998] concluded that for dehumidification 

control, airflow rate was of the prime concern. Previous field studies have 

demonstrated that lowering the airflow across a cooling coil and lowering evaporator 

coil surface temperature can enhance dehumidification efficiency [Shaw and Luxton 

1988, Shirey and Henderson 2004, Hourahan 2004]. Implementing this strategy 

would lower space humidity level by 10% to 15% RH. The reduction in energy costs 

associated with various type of A/C units used, would cover the full range of 

climates, but was the 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 is an improvement for A/C units, 

there has been relatively limited research work looking into varying the speeds of 

both the supply fan and the compressor in a DX A/C unit for better indoor 

environmental control. 

 

For a DX A/C unit, the sensible and latent components of its total output cooling 

capacity may be altered by varying its supply fan speed and compressor speed 

simultaneously. Experimental studies have been carried out confirming the influence 

of varying speeds on the output cooling capacities of a VS DX A/C system [Li and 

Deng 2007c, Xu et al. 2010]. One available strategy was to control the space 

temperature by varying compressor speed and the space RH level by varying supply 

fan speed, separately. Variation of the two speeds enabled the variation of the 

sensible and latent components of the total output cooling capacity of a DX A/C unit 

[Krakow et al. 1995].  

 

An experimental verification for the feasibility of such a control strategy was carried 

out by Krakow et al. [1995]. The conditioned space was a 76.5 m3 room on the 

ground floor of a large building in Canada. The experimental results illustrated that 

the space temperature and RH were maintained within ±0.3°C and ±2.5% RH of 

their respective set point values. The sensible and latent components of the A/C 

unit’s output cooling capacity responded to the variations of the applied and 

transmitted space cooling loads. The applied space cooling load on the A/C unit 

consisted of the heat outputs from electrical-resistance heaters and a humidifier. The 

transmitted space cooling load consisted of indeterminate amounts of heat conducted 



 38

through external and internal envelopes, etc. A numerical simulation model 

incorporating Proportional-Integral-Differential (PID) control was also developed. 

The experimental and simulation results confirmed the feasibility of this control 

strategy. However, in their study, only simple comparisons and analysis were given. 

Detailed temperature and RH data and the related energy consumption were not 

indicated. Moreover, it was further observed from the experimental results presented 

that the transient behaviors were poor, as it took approximately 2 hours for indoor 

RH to return to its original level after increasing the power input to the humidifier. 

 

In addition, in the simulation study carried out by Andrade et al. [2002], a detailed, 

physically 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 while possibly increasing system efficiency by having different 

combinations of compressor and fan speeds at the expense of running a DX A/C unit 

longer. However, it was a simulation based study and no actual experimental 

validation was carried out. Also, the compressor was on-off cycled, without 

continuous control over the condensing unit in the DX A/C unit. 

 

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 employed in DX A/C systems, in addition to the 

traditional proportional-integral (PI) or PID control strategies [Krakow et al. 1995]. 

Li and Deng [2007a, 2007b] developed a novel direct digital control (DDC)-based 



 39

capacity controller for a VS DX A/C system to control indoor air temperature and 

humidity simultaneously. The development of the controller was based on a 

numerical calculation algorithm using a number of real-time measured system 

operating parameters. However, using this control strategy, it would take time for the 

controller to obtain the information required if the space cooling loads were changed, 

leading to an unacceptable control sensitivity. 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 enable both compressor and supply 

air fan to operate at high speeds when the indoor air dry-bulb temperature setting 

was not satisfied and at low speeds otherwise. This control strategy would achieve 

an improved indoor humidity level and a higher energy efficiency when compared to 

the use of the traditional on-off control. Qi and Deng [2009] developed a MIMO 

control strategy for simultaneously controlling the indoor air temperature and 

humidity by regulating the speeds of compressor and supply fan in an experimental 

DX A/C system. This MIMO controller took into account the coupling effects 

among multiple variables of the DX A/C system, based on a dynamic mathematical 

model for the DX A/C system which was developed using system identification [Qi 

and Deng 2008]. This MIMO controller can however only perform as expected near 

the operating point where the governing equations in the model were linearized. 

 

Based on the reviews presented earlier, it can be seen that currently, the available 

control strategies for simultaneously controlling indoor air temperature and humidity 

using DX A/C systems are based on either systems’ physical models which are too 

complex to obtain, or system identification, which has its own weakness such as 
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small control range. On the other hand, artificial intelligence-based control 

strategies, such as FL and ANN, have been widely applied to HVAC systems and 

satisfactory control performances achieved. This can provide a viable alternative 

solution to the problem of simultaneously controlling indoor air temperature and 

humidity using DX A/C systems. Consequently, issues related to FL and ANN and 

their applications to HVAC systems are reviewed in Sections 2.5 and 2.6, 

respectively. 

 

2.5 FL and its applications to HVAC systems 

 

2.5.1 A brief introduction of FL 

 

Logic is the science of the normative formal principles of reasoning; therefore FL is 

concerned with the principles of approximate reasoning, or with precise reasoning 

viewed as a limiting case. Specifically, the essence about FL is that, unlike classical 

logical systems, it aims at modeling the imprecise modes of reasoning that play an 

essential role in the remarkable human ability to make rational decisions in an 

environment of uncertainty and imprecision. This ability depends, in turn, on 

human’s ability to infer an approximate answer to a question based on a store of 

knowledge that is inexact, incomplete or not totally reliable. Therefore, FL may be 

viewed as an extension of multivalued logic. The fact that FL deals with approximate 

rather than precise modes of reasoning implies the chains of reasoning in FL are 

short in length, and the rigor does not play a role as important as it does in classical 

logical systems. In other words, everything in FL could be true but by only a matter 

of degree [Passino and Yurkovich 1998]. 
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Two main concepts within FL play a central role in its application, a Linguistic 

Variable whose values are words or sentences in a natural or synthetic language, and 

a fuzzy if-then rule, in which the antecedents and consequents are propositions 

containing linguistic variables [Zadeh 1988, 1994]. Linguistic variables are 

functionally essential for that of granulation of variables and their dependencies. 

Therefore, the use of linguistic variables and fuzzy if-then rules would result in lossy 

data compression through granulation, and this granulation of the variables and their 

dependencies is achieved by defining the linguistic variables on the basis of sets. 

 

Therefore, a fuzzy system, as shown in Fig. 2.1, is a static nonlinear mapping 

between its inputs and outputs. A fuzzy system has inputs  where i=1, 2 …, 

n and outputs  where i=1, 2 …, m. The inputs and outputs are of real 

numbers, not fuzzy sets. Through fuzzification, the inputs are converted into fuzzy 

sets, and using fuzzy rules in the rule base of the inference mechanism, fuzzy 

conclusions are produced, and defuzification converts the fuzzy conclusion back into 

real number outputs [Passino and Yurkovich 1998]. 

 

 

Fig. 2.1 A typical fuzzy system 
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2.5.2 FL applied to developing control strategies for HVAC systems 

 

The theory of FL was initially proposed by Zadeh [1965]. However, the widening of 

its application to system control was owed to Mamdani et al. who applied FL to 

synthesizing linguistic controllers for some dynamic processes in a series of studies 

[Mamdani 1974, Mamdani and Assilian 1975, King and Mamdani 1977, Kicker and 

Mamdani 1978], where FL was used to convert heuristic control rules stated by a 

human operator into an automatic control strategy. From a set of linguistic rules 

which described the operator’s control strategy, a control algorithm was constructed 

where the words were defined as fuzzy sets. The main advantages of this approach 

lay in both the possibility of implementing rule of the thumb experience, intuition 

and heuristics, and the fact that it did not need a model for the process to be 

controlled. Generally, FL was used as a decision making mechanism in these control 

strategies. At the beginning of the springing up of fuzzy logic control, it was usually 

applied to some industrial processes whose control strategies were highly dependent 

on operators’ experiences. As to the application of fuzzy logic control to HVAC 

systems, it started in early 1990s, covering the following two types: 

 

(1)  Fuzzy synthesis applied directly as a control strategy; 

(2)  Combined PID and fuzzy logic control strategies. 

 

2.5.2.1 Fuzzy synthesis applied directly as a control strategy to HVAC systems 

 

In the application of fuzzy synthesis to HVAC systems, the related issues usually 
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include: a) the control of indoor thermal environment, b) the control of indoor 

thermal comfort, and c) energy saving of HVAC systems. 

 

The control of indoor thermal environment 

 

The application of fuzzy synthesis to thermal environment control mainly focused on 

central HVAC systems at the beginning of the springing up of FL. Toshikazu and 

Toshiharu [1991] reported a practical application of a fuzzy control system to an air 

conditioning system. The control system was multi-input multi-output based aiming 

at maintaining the indoor temperature and humidity in a space served by a central air 

conditioning system. The final control elements were the control valves in the air 

conditioning system. Using an inference board, production rules were followed and a 

total of 22 rules were adopted for each fuzzy control output in the form of a rule 

table. The control results were studied by simulation, without detailed experimental 

studies carried out for examining the controllability of the controller developed. Ling 

and Dexter [1994] developed an expert control system for an air-conditioning system 

and its control performances were experimentally compared to that of a traditional PI 

control strategy. 

 

With the aim of controlling indoor environment, fuzzy synthesis could also be 

applied to developing model based predictive controllers. In these model based 

predictive controllers, models were used as an internal model for system 

identification and the final control signals were produced by optimizing an obtained 

error function between the predictive value and the actual system output [Sousa et al. 

1997, He et al. 2005]. These fuzzy models based predictive controllers were tested 
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both by simulation and experiments and the test results showed satisfactory 

controllability. 

 

FL was also applied to controlling vehicle air conditioning systems [Farzaneh and 

Tootoonchi 2008]. A thermal model of a vehicle cabin was established, and a FLC 

developed to solve the complexities caused by the nonlinear characteristics of the 

model [Ibrahim et al. 2012, Sanaye et al. 2012]. Recently, an adaptive FLC for an 

intelligent vehicle air conditioning system was developed, for providing desired 

thermal comfort and IAQ under various environment conditions [Khayyam 2013]. 

 

Generally speaking, fuzzy synthesis was widely applied to the control of indoor 

environment using large-scaled central air conditioning systems. There were also a 

few reported studies dealing with small-scaled vehicle air conditioning systems, 

which were of DX type. 

 

The control of indoor thermal comfort 

 

It seems very natural to apply FLCs to indoor thermal comfort control because 

human thermal comfort is an imprecise definition related to human sensitivity. A 

program was developed to evaluate data sensitivity using FL, taking into account the 

ambiguities and nonlinearity of human sensations [Shimizu and Jindo 1995]. Along 

with the development of FLCs, Dounis et al. [1995a, 1995b], Dounis and Manolakis 

[2001], Gouda et al. [2001], Calvino et al. [2004], Farzaneh and Tootoonchi [2008] 

used predicted mean vote (PMV), the thermal comfort index, as the control target in 

fuzzy synthesis control systems developed. In all these studies, system models were 
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firstly established, followed by developing fuzzy synthesis based control systems. 

However, these studies were only simulation based. Dounis et al. [1995a] also 

compared the performance of a knowledge-based control strategy with that of the 

classical PID control strategy in a passive solar-building when evaluating thermal, 

visual comfort and energy efficiency. Although these studies were simulation based, 

the linguistic variables proposed such as Cold, Hot, etc., were very useful in helping 

realize the fuzzification of control target of thermal comfort by linking them directly 

to human sensations. 

 

Furthermore, Chu et al. [2005] proposed a least enthalpy estimating method based 

FLC to control the fan coil units (FCUs) serving multi-rooms for obtaining thermal 

comfort. Indoor thermal comfort was used as a criterion to identify the needed 

indoor air state following the proposed method, which led to the least enthalpy 

difference within the comfort zone on the psychrometric chart. The inputs to the FLC 

included the deviation of the measured indoor air state from the desired one, and the 

changes in outdoor weather conditions. A conventional fuzzy rule table was adopted 

to describe control rules. The controllability of the developed controller was tested 

experimentally. 

 

Kristl et al. [2008] discussed indoor thermal and visual comfort from the aspect of 

window shading using fuzzy synthesis. The control element of the FLC developed 

was a shading device that regulated the window area exposed to solar radiation. 

Solar heat and daylight availability were the two main control targets, in relation to 

indoor thermal comfort control. Eftekhari and Marjanovic [2003] discussed the 

thermal comfort in naturally ventilated buildings by developing a FLC. The 
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controller was based on fuzzy logic reasoning and linguistic rules. The inputs to the 

controller included outdoor wind velocity, direction, outdoor and indoor air 

temperatures, and the output from the controller the opening of louvres on building 

facades for natural ventilation. 

 

In the above studies on applying fuzzy synthesis to indoor comfort control, the 

establishments of fuzzy sets, fuzzy rules as well as the choice of membership 

functions were illustrated. Fuzzy sets could be represented by linguistic variables 

that related to human thermal sensations. For example, when the difference between 

the actual indoor air temperature and its setting is positively large, the linguistic 

variable Hot could be assigned to label a particular fuzzy set representing the 

temperature difference. However, as to the rate of change in air temperature, there 

was no proper definition to link it with suitable linguistic variables in these studies. 

 

The energy saving related issues 

 

FL has also been widely used to address the issue of energy saving in HVAC systems. 

Ahmed et al. [2007] carried out a study on applying FL to a central air conditioning 

system for energy saving. The upper limits of indoor comfort zone on a 

psychrometric chart, i.e., 25 °C and 70%, were assigned as the target indoor air 

temperature and RH to be maintained in each of the rooms served by a common 

central A/C system. The inputs to a FLC developed were the differences between 

indoor air temperature and RH, and their targeted values, i.e., 25 °C and 70%, in 

each of the rooms, and the output from the controller the correction in the settings of 

a thermostat. FLC was also applied to evaluating different ventilation strategies for 
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energy saving [Karunakaran et al. 2010]. In this study, a fuzzy control system 

consisted of three sub FLCs, for controlling compressor speed, fan speed and the 

opening of an air damper, respectively. 

 

Recently, FL, together with Genetic Algorithm (GA), was applied to enhancing the 

energy efficiency of HVAC systems. GA was used to develop [Navale and Nelson 

2012] and to optimize FLCs [Parameshwaran et al. 2010, Choi et al. 2011, Khan et al. 

2013]. Consequently, taking the advantages of GA, the controllability of a FLC has 

been improved to achieve better system energy efficiency. 

 

As seen, the application of fuzzy synthesis to controlling HVAC systems aimed at 

developing a more effective controller to maintain a proper indoor thermal 

environment through controlling indoor air temperature or / and humidity, thereby 

providing occupants with better thermal comfort, and at the same time, enhancing 

energy efficiency. These may be regarded as the classical application of fuzzy 

synthesis since fuzzy synthesis was used directly to generate fuzzy control rules. 

Therefore, a fuzzy rule table has always been inevitable. Furthermore, most of the 

current application of fuzzy synthesis to HVAC systems has been focused on 

large-scaled central air conditioning systems, and the application of FLC to 

small-to-medium scaled DX A/C systems was limited. However, the previous 

applications of fuzzy synthesis to thermal comfort control have provided good 

illustration of defining linguistic variables for thermal comfort issues, since human 

thermal sensation is imprecise and ambiguous. 
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2.5.2.2 Combined PID and fuzzy logic control strategies in HVAC systems 

 

The second type application of FL to controlling HVAC systems is to combine a PID 

law and a fuzzy logic control strategy. Generally, this type of application can have 

two categories: a PID law based FLC, where the control algorithm is based on FL, 

and a PID controller with a self-tuning method based on FL. 

 

Applying PID law based FLC to HVAC systems was initiated and further developed 

by Huang and Nelson in a series of studies [Huang and Nelson 1991, 1994a, 1994b, 

1999]. Huang and Nelson [1991] initially proposed the definition of a 

PID-law-combining fuzzy logic controller (PFC) for HVAC systems. As indicated by 

Huang and Nelson, there were two main parts in the PFC, a sub PID law and a fuzzy 

system. The structure of the fuzzy system was similar to that of a FLC, including a 

fuzzifier, fuzzy reasoning unit and a defuzzifier. Therefore, the inputs to the fuzzy 

system were the proportional, integral and derivative errors. Such a structure was 

also adopted in a decomposed fuzzy PID controller developed by Golob [2001], 

where, for each input signal, there would be a fuzzy rule table. Although it was 

claimed that the study by Huang and Nelson [1991] was on the application of a PFC 

to HVAC systems, a simulated typical second order plant was used to examine the 

controllability of the proposed control strategy, and no experimental validation was 

given. Therefore, as a further development, experimental studies of the PFC were 

reported by Huang and Nelson [1994a, b]. The proposed adjustment strategies of 

fuzzy rules used in the PFC in these studies were the initial attempts of developing 

an adaptive FLC. Controllability of the proposed PFC was experimentally examined 

using an air flow test loop under heating condition. The control element was a 
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pneumatic valve which regulated the supply of steam to a heat exchanger to control 

hot water temperature in a hot water heating coil. The experimental results suggested 

a good control performance of the PFC under heating condition. However, the 

control performances of the PFC under cooling condition were not studied. 

 

Becker et al. [1994] conducted a simulation study of applying FL to a 

vapor-compression refrigeration system used for preserving the quality of foods. The 

coupling effect between air temperature and humidity control was considered. It was 

indicated that a change in air temperature directly resulted in a change in air RH, and 

the changes in the power supplies to the compressor and fan would significantly 

influence both air temperature and RH. A PFC was adopted and fuzzy rules were 

represented by fuzzy rule tables. Simulation results suggested a better controllability 

from the PFC than that from a traditional ON / OFF controller. However, the results 

obtained in this study were simulation based without experimental validation. 

 

The performance of a PFC was often compared to that of a traditional PID controller. 

Kolakotsa et al. [2001] and Paris et al. [2011] compared the control performances of 

the following three control schemes: ON / OFF, PID and fuzzy PID. It was suggested 

that an adaptive fuzzy PD controller can lead to more energy efficient operation of 

an HVAC system. Therefore, PFCs are often completed with updating methods to 

enhance their performances. The earliest adaptive FLC was proposed by Mamdani 

[1976] through a self-organizing algorithm. Several other types of adaptive PFCs 

were also proposed [Tansheit and Scharf 1988, Acosta and Mayobky 1992, Qiao and 

Mizumoto 1996, Guzelkaya et al. 2003, Karasakal et al. 2011], most of which used 

proportional error and derivative error at every sampling step as the basis not only 
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for a control strategy, but also for a self-tuning algorithm. As for the application of 

adaptive PFCs to HVAC systems, Huang and Nelson [1994a, b] proposed a 

performance trajectory technique for refining initial control rules to reduce the 

oscillations of controlled parameters. Experiments were carried out and the 

comparison between a PFC and a traditional PID controller validated the feasibility 

of the proposed technique. As a following-up, Huang and Nelson [1999] also 

developed a self-tuning fuzzy-PID controller based on the comparison between the 

actual and an optimal performance trajectory. This self-tuning fuzzy-PID controller 

was experimentally tested and better control performances obtained. 

 

On the other hand, FL was also used as a tuning strategy for a traditional PID 

controller, with their control signals generated by PID laws [He et al. 1993, Zhao et 

al. 1993]. Fuzzy synthesis was applied to forming rules to choose proper PID 

coefficients rather than using the traditional Ziegler-Nichols method [Ziegler and 

Nichols 1942]. Soyguder et al. [2009a] demonstrated applying fuzzy synthesis to 

tuning PID parameters for controlling HVAC systems. 

 

2.6 ANN and its applications to HVAC systems 

 

2.6.1 A brief introduction of ANN 

 

An ANN is a massively parallel distributed processor made up of simple processing 

units, which has a natural propensity for storing experiential knowledge and making 

it available for subsequential use. It resembles a human brain in two respects: the 

knowledge is acquired by a network from its environment through a learning process, 



 51

and interneuron connection strengths known as synaptic weights (weights in short 

form) are used to store the acquired knowledge [Schalkoff 1997, Haykin 1999]. The 

procedure used to perform a learning process is called a learning algorithm, whose 

function is to modify the weights of an ANN to attain a desired design objective 

[Gurney 1997, Haykin 1999].  

 

The following description and equations are essentially that of Haykin [1999]. A 

neuron is an information-processing unit that is fundamental to the operation of an 

ANN. The diagram of the model of a neuron is shown in Fig. 2.2. 

 

 

Fig. 2.2 Model of a neuron 

 

In this Fig., x1, x2, …, xJ are the inputs; Wk1, Wk2, …, WkJ, the weights of neuron k; bk, 

the bias of neuron k; φ(·), the activation function, and yk, the output from neuron k. 

Input signal xj (1 ≤ j ≤ J) was inputted to the neuron k with the weight Wkj (1 ≤ j ≤ J), 

and all inputs weighted by their respective weight were summed and then added by 

bk as the activation potential of neuron k, vk, as: 
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  (2.1) 

 

The bias has the effect of increasing or lowering the input to the activation function, 

depending on whether it is positive or negative. The activation function used in this 

study could be written as: 

 

  (2.2) 

 

This is the logistic sigmoid function which possesses continuous derivatives and is 

highly nonlinear. The activation potential of neuron k, vk, is imported into an 

activation function φ to derive the output from neuron k, yk.  

 

  (2.3) 

 

The neurons as introduced above can then be structured into different patterns of an 

ANN linking with different learning algorithms used to train the ANN.  

 

2.6.2 Applications of ANN to HVAC systems 

 

2.6.2.1 ANN-based modeling for HVAC systems 

 

ANN was applied to modeling HVAC systems to study their operating and control 

performances. Yang et al. [2003] used ANN to predict the optimal starting time for a 

heating system in a building. Hosoz and Ertunc [2006] used ANN to predict various 
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performance parameters of an automotive air conditioning system using HFC134a as 

refrigerant. An automobile air conditioning system model was also developed by 

Atik et al. [2010] using ANN to predict system performances under different 

refrigerant charges and compressor revolutional speeds. Rosiek and Batlles [2010, 

2011] modeled a solar-assisted air conditioning system using ANN to predict its 

operational performances. Furthermore, ANN was also applied to studying indoor 

and outdoor environmental control. Lu et al. [2004] developed an ANN-based model 

for forecasting outdoor air pollutant trends in Mong Kok, Hong Kong. ANN-based 

evaluation models for indoor thermal comfort were developed [Atthajariyakul and 

Leephakpreeda 2005, Liu et al. 2007]. Sofuoglu [2008] used ANN to predict the 

prevalence of building related symptoms of office building occupants. The thermal 

behaviors in different functional spaces, in particular indoor air temperature and 

humidity, have been modeled using ANN [Mustafaraj et al. 2010, Mustafaraj et al. 

2011]. Forecasting air-conditioning load using ANN was undertaken by Hou et al. 

[2006] and Yao et al. [2006]. Modeling a VS DX A/C system using ANN has been 

carried out by Li et al. [2012 a, b]. A steady-state ANN model for the VS DX A/C 

system has been developed to predict its operational characteristics. Furthermore, Li 

et al. also developed a dynamic ANN model of the VS DX A/C system to investigate 

its dynamic characteristics. 

 

2.6.2.2 ANN-based thermal environment control 

 

Thermal environmental control and energy consumption reduction have been usually 

the targets of applying ANN-based control to HVAC systems. Egilegor et al. [1997] 

implemented a neuro fuzzy control strategy, where ANN was used to adapt the fuzzy 



 54

control, to maintain the thermal comfort in a dwelling by setting air flow rates of fan 

coil units in three zones of the dwelling. Zones temperature and humidity were the 

input variables from which the value of Fanger’s thermal comfort index, PMV, was 

calculated and used as a comfort variable. Rock and Wu [1998] developed a CO2 

demand-controlled ventilation scheme using an ANN-based control strategy. 

Kanarachos and Geramanis [1998] controlled the air temperature in a zone served by 

a hydronic heating system and the temperature of hot water to be below a maximum 

value, using an ANN-based predictive controller. In the work done by Argiriou et al. 

[2000], indoor air temperature in a building served by an electrical heating system 

was controlled using an ANN-based controller. Argiriou et al. [2004] further 

developed this controller based on its original concept and applied it to controlling a 

hydronic heating system. Morel et al. [2001] developed a predictive and adaptive 

heating controller using ANN to allow the adaptation of a control model to the real 

situation, i.e., climate, building characteristics and user’s behavior. In the study of 

Ben-Nakhi and Mahmoud [2002], ANNs were designed and trained using general 

regression to investigate HVAC system set back control, focusing on energy 

conservation in air conditioning of public buildings. Recently, Li et al. [2012b, 2013] 

developed dynamic ANN model based control strategies for simultaneously 

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

on-line updating a dynamic ANN model for the VS DX A/C system, the problem of 

poor predicting accuracy of the ANN model when working away from a training 

point was resolved [Li et al. 2013]. 
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2.7 Application of FL and ANN jointly to controlling HVAC systems 

 

Recently, there have been also the joint applications of FL and ANN to developing 

control strategies for HVAC systems. The joint application of multi-intelligence 

based control strategies can take the advantages of each strategy, to achieve a better 

control performance. For example, a comparative study on artificial 

intelligence-based building thermal control methods has been carried out, and it was 

shown that an ANN based neuro-fuzzy inference control system can result in better 

performances [Moon et al. 2011]. 

 

On one hand, ANN can be used to abstract control rules for FLCs. Tian et al. [2008] 

designed a fuzzy neural controller, which integrated ANN with FL to extract control 

rules from given data generated online, to control the degree of refrigerant superheat 

and evaporating pressure of an air cooled refrigeration system. Soyguder and Alli 

[2009b] used an Artificial Neural Fuzzy Interface System (ANFIS) to optimize a 

fuzzy modeling approach of determining the gains of a PID controller of an HVAC 

system. On the other hand, ANN could also be applied to predicting the required 

parameters in a FLC. For example, a study concerning the prediction of fan speed for 

energy saving in HVAC systems has been carried out using an adaptive network 

based fuzzy inference system. PID gains were obtained with the aid of FL [Soyguder 

and Alli 2009c, Soyguder 2011]. Marvuglia et al. [2014] studied a FLC for 

controlling indoor air temperature fed by an indoor air temperature predictor. 

Temperature prediction was carried out using an auto-regressive neural network with 

external inputs (NNARX) model and good forecasting performances were obtained. 

Furthermore, a fuzzy nearest neighbor neural network statistic model was used for 
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predicting the demand for natural gas and energy saving in public buildings, and the 

fuzzy neural network performed excellently in system identification [Rodger 2014]. 

 

2.8 Conclusions 

 

More and more attentions have been paid to improving indoor thermal 

environmental control using A/C systems, due to the pursuing for high quality living 

and comfortable working environments. DX A/C systems have been widely used in 

small- to medium- scaled buildings. Compared to large central chilled water-based 

A/C installations, DX A/C systems are simpler, more energy efficient and cost less to 

own and maintain. However, most DX A/C systems are currently equipped with 

single-speed compressors and supply fans relying on on-off cycling compressors to 

maintain only indoor dry-bulb temperature, resulting in either space overcooling or 

an uncontrolled equilibrium indoor RH level. 

 

A great number of previous studies on the impacts of indoor humidity level on 

human thermal comfort and indoor environmental control suggested that indoor air 

RH levels influenced occupants' thermal comfort and IAQ in different ways both 

directly and indirectly. Therefore, indoor RH should be controlled within a suitable 

range for better occupants’ thermal comfort and IAQ. 

 

Dynamic modeling is of great importance in carrying out research work related to 

system control. A considerable number of previous investigations focused on the 

modeling of DX A/C systems. However, the dual role of cooling and 

dehumidification for the cooling coil in a DX A/C system leads the controlled 
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variables of air temperature and humidity to become strongly coupled and an 

accurate modeling of a DX A/C system is too complex to be accomplished, making 

the simultaneous control of indoor temperature and humidity using a DX A/C system 

a real challenge. Therefore new control strategies aiming at helping decouple the 

control loops for temperature and humidity should be developed. 

 

One of the major issues hindering the wider use of DX A/C systems when on-off 

controlled is the mismatch between their output sensible and latent cooling capacities 

and the varying sensible and latent cooling loads in the conditioned spaces they serve, 

leading to poor indoor humidity control. Previous studies indicated that capacity 

control for DX A/C systems can be realized by the intermittent running of a 

compressor, i.e., on/off cycling compressor. The cooling capacity of DX A/C 

systems may also be controlled by using suction-gas throttling, hot-gas by-pass or 

cylinder-unloading. However, the previous studies suggested that varying refrigerant 

flow using VS compressors was the most energy efficient way for capacity control in 

DX A/C systems. Therefore, previous studies have been carried out to reveal the 

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. However, 

more detailed studies on the operational characteristics of a DX A/C system under 

VS operation are required, in order to provide further detailed understandings on its 

inherent operational characteristics under VS operation to help develop advanced 

control strategies to realize simultaneous control of indoor air temperature and 

humidity using VS DX A/C systems. 

 

Previous related studies have also demonstrated that the use of artificial 
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intelligence-based control strategies could result in improved control performances 

of HVAC systems. On one hand, the use of FLCs provided an effective means of 

capturing the approximate and inexact nature of the real world. FLCs appear more 

useful when the processes considered are too complex to be analyzed by 

conventional quantitative techniques or when the available sources of information 

are interpreted qualitatively, inexactly or uncertainly. Therefore, FLCs have been 

applied widely to controlling HVAC systems. However, there have been no previous 

studies on applying FL to the simultaneous control of indoor air temperature and 

humidity using VS DX A/C systems. On the other hand, ANN has the abilities to 

recognize accurately the inherent relationship between any set of inputs and outputs 

without requiring a detailed physical model, and to account for all the physics 

relating the outputs to the inputs. Furthermore, a number of ANN-based control 

strategies have also been developed in the field of HVAC engineering. Although 

there have been already reported studies on applying ANN-based modeling and 

control to DX A/C systems, no previously reported studies on jointly applying FL 

and ANN to the simultaneous control of indoor air temperature and humidity using a 

VS DX A/C system may be identified in open literature. Therefore, it is not only 

necessary but also possible, based on the previous related work carried out so far, to 

develop a FLC and / or an ANN-aided FLC to simultaneously control indoor air 

temperature and humidity in a space conditioned by a VS DX A/C system. 

 

Therefore, to further study the operational characteristics of a DX A/C system under 

VS operation at different inlet air states, and to develop novel FLCs and ANN-aided 

FLCs for a VS DX A/C system to simultaneously control indoor air temperature and 

humidity 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, in buildings, 

controlling indoor humidity at an appropriate level is critically important since this 

directly affects building occupants’ thermal comfort, IAQ and the operating 

efficiency of building A/C installations. Various humidity control strategies 

developed for large-scale central A/C systems, such as heat pipe heat technology, 

pre-conditioning outdoor air, etc., are however not applicable to DX A/C systems. 

Although DX A/C systems are simpler in configuration, more energy efficient and 

generally cost less to own and maintain than chilled water-based large-scale central 

A/C systems and have found wider applications in buildings, particularly in small to 

medium-scale buildings, currently most DX A/C systems are equipped with 

single-speed compressors and fans, relying on on-off cycling to maintain indoor air 

dry-bulb temperature only. This results in either space overcooling or an 

uncontrolled equilibrium indoor humidity, leading to a reduced level of thermal 

comfort for occupants, poor IAQ and low energy efficiency. Therefore, developing 

an appropriate indoor thermal environmental control strategy for DX A/C systems 

has always been a challenge. 

 

The introduction of variable-frequency inverters has made the speed control of 

compressor and supply fan in a DX A/C system more practical, and paved a new 
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way for simultaneously controlling both indoor air temperature and RH using DX 

A/C systems. For a DX A/C system under VS operation, varying its compressor and 

supply fan speed influences its output sensible and latent cooling capacities, which 

can be regarded as the special operational characteristics of a VS DX A/C system. 

Previous limited experimental studies nevertheless demonstrated also that inlet 

indoor air temperature and humidity would influence the operational characteristics 

of a VS DX A/C system [Xu et al. 2010], with the extent of the influences to be 

further investigated. 

 

On the other hand, due to the coupling effect between the cooling and 

dehumidification taking place in a DX evaporator, developing a control method for 

the intended simultaneous control of indoor air temperature and humidity using a VS 

DX A/C system is extremely difficult. For example, using a conventional PID 

feedback controller for VS DX A/C systems is inadequate, due to the strong 

cross-coupling between two feedback loops (i.e., the control loop for temperature by 

varying compressor speed and that for humidity by varying supply fan speed), such 

that the transient performances of the feedback loops of a conventional PID 

controller are inherently poor. 

 

If the coupled heat and mass transfer between the air and the refrigerant inside the 

evaporator of a DX A/C system could be evaluated by using a system model, it can 

help decouple the two coupled control loops. Modeling a DX A/C system can be 

physically or empirically based. For physical-based modeling, there exist naturally a 

large number of factors affecting the heat and mass transfer taking place in a DX 

evaporator, such as heat and fluid flow geometries, turbulence in the flow, 
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non-uniform local heat transfer rates, heat conduction along tube walls, etc. It is 

therefore virtually impossible to take all these factors into account when developing 

a physical model for a DX cooling and dehumidification coil. Moreover, the 

dynamics of a DX A/C system are also necessary in developing a physical model 

based controller, which greatly increases modeling complexity due to the different 

time-lags for the respective control of air temperature and humidity. This was 

reflected in a physical-model based controller previously developed [Li and Deng 

2007a, 2007b], where the measured space cooling load was taken as an input, but it 

cannot be obtained instantly due to the thermal inertia of indoor air. Therefore, it was 

hard to achieve a good balance between control accuracy and sensitivity for this 

physical model based controller. On the other hand, modeling a VS DX A/C system 

may also be empirically based. However, empirically based models do not allow 

accurate extrapolating beyond the range of the data used for estimating the model 

parameters. For example, a previously developed MIMO controller for a VS DX A/C 

system, which was developed using system identification, was only functional within 

a very small range near the operation point where governing equations in the model 

were linerized [Qi and Deng 2008, 2009]. 

 

Therefore, three obstacles to the successful development of a control method for the 

simultaneous control of both indoor air temperature and humidity using a VS DX 

A/C system have been identified as follows: 

 

 The heat and mass transfer between air and refrigerant inside the evaporator of a 

DX A/C system is extremely complex, making it difficult to develop a physical 

model based multi-variable controller; 
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 The controlled parameters, i.e., indoor air temperature and humidity, influence 

the outputs from a DX A/C system. Therefore, an empirical model-based 

multi-variable controller, which is obtained through training operating data at a 

specific indoor thermal condition is only valid around that training point, thereby 

restricting its usefulness; 

 Most importantly, the control loops for controlling indoor air temperature and 

humidity are strongly coupled, which would fail a traditional PID controller, 

increase the complexity for building a physical model based controller, and 

reduce the accuracy of an empirical model based controller when operated 

outside the range of training data for the empirical model. 

 

Recently, artificial intelligence-based control strategies have been widely applied to 

HVAC systems. Among various artificial intelligence-based control strategies, FL is 

promising for achieving improved control of HVAC systems. FLCs are based on a 

set of fuzzy control rules that make use of the common sense of people and their 

experiences. Basically, the use of FLCs provides an effective means of capturing the 

approximate and inexact nature of the real world. FLCs appear very useful when the 

processes concerned are too complex to be analyzed by conventional quantitative 

techniques or when the available sources of information are interpreted qualitatively, 

inexactly or uncertainly. However, due to the coupling and complexity as mentioned 

earlier, the use of a VS DX A/C system to simultaneously control air temperature and 

humidity is one of the engineering applications where no expert experience is readily 

available for developing fuzzy control rules. 
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Furthermore, ANN has been proven to be a useful tool in modeling and controlling 

the dynamic operation of a nonlinear multivariable system. An ANN can be 

considered as a simplified mathematical model of a brain-like system, functioning as 

a parallel distributed computing network. While ANN techniques have been 

extensively applied to various subject areas, they also find applications to modeling 

the steady state and dynamic behaviors of heat exchangers, and to developing 

controllers for thermal systems. An ANN-based model has the power to recognize 

accurately the inherent relationship between any set of inputs and outputs, in spite of 

such complexities as nonlinearity, multiple variables and noisy or uncertain input 

and output data. 

 

Therefore, the use of FL and ANN modeling approach, individually or jointly, offers 

a viable solution to controlling a complex operation of a multi-variable system, such 

as a VS DX A/C system. However, no previously related research work on 

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

system by a control strategy developed using FL and ANN, individually or jointly, 

may be identified in open literatures. 

 

It is therefore necessary, firstly, to conduct a study to further explore the operational 

characteristics of a VS DX A/C system at different inlet air states, with the 

expectation that the obtained operational characteristics can help develop advanced 

control strategies for achieving simultaneous control of indoor air temperature and 

humidity using a VS DX A/C system; and secondly, to apply FL and ANN, 

individually or jointly, to overcoming the three obstacles identified so as to develop 

novel FL / ANN based control strategies for simultaneously controlling indoor air 
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temperature and humidity using a VS DX A/C system. 

 

3.2 Project title 

 

The Thesis focuses on the following major issues related to the modeling and control 

of a VS DX A/C system: (1) experimentally further studying the operational 

characteristics of a VS DX A/C system at different inlet air states; (2) developing an 

ANN aided FLC for the VS DX A/C system and carrying out the controllability tests 

to validate the controller developed; (3) experimentally developing a novel PFC to 

simultaneously control indoor air temperature and humidity using a VS DX A/C 

system; (4) comparing the performances of the two controllers developed, using that 

of a conventional ON / OFF controller for the VS DX A/C system as a benchmark, 

in terms of controllability and energy consumption under different operation 

conditions. The research project reported in this Thesis is therefore entitled 

“Operational Characteristics and Controller Developments of a Variable Speed 

Direct Expansion Air Conditioning System”. 

 

3.3 Aims and objectives 

 

The objectives of the research work reported in this Thesis are as follows: 

 

(1)  To further experimentally investigate the operational characteristics of an 

experimental VS DX A/C system in term of the inherent correlations (ICs) 

between its output TCC and E SHR at different inlet air states, so as to help 

understand the operational characteristics of a DX A/C system under VS 
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operation and to establish a basis of developing advanced control strategies for 

simultaneously controlling indoor air temperature and humidity using VS DX 

A/C systems. 

(2)  To experimentally develop an ANN aided FLC for simultaneously controlling 

indoor air temperature and humidity using the experimental VS DX A/C system, 

where the ANN models in the controller will be trained by using the obtained 

ICs. 

(3)  To experimentally develop a novel PFC to simultaneously control indoor air 

temperature and humidity using the VS DX A/C system. 

(4)  To compare the performances of the two controllers developed, using that of an 

ON / OFF controller as a benchmark, in terms of controllability and energy 

consumption, to reveal both the merits and shortcomings of the two controllers 

developed. 

 

3.4 Research methodologies 

 

Steady-state experiments will be carried out in the experimental VS DX A/C system 

to investigate its operational characteristics under VS operation. Six different inlet 

air states will be employed to study the influences of inlet air state on the operational 

characteristics of the VS DX A/C system, in term of the ICs between its output TCC 

and E SHR. A further data processing method will be developed using regression, by 

which the ICs of the VS DX A/C system at non-test inlet air states may be predicted. 

 

The methodologies of FL control and ANN modeling will be applied, individually 

and jointly, to developing the two controllers for simultaneously controlling indoor 
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air temperature and humidity using the VS DX A/C system. Firstly, an ANN aided 

FLC will be developed, on the basis of the obtained ICs of the experimental VS DX 

A/C system by combining the complementary merits of FL and ANN modeling. 

Decoupling the two loops of temperature and humidity control will be achieved by 

introducing two interim variables of output sensible and latent cooling capacities of 

the VS DX A/C system. A fuzzy logic system will be designed by using the weights 

assigned to linguistic variables to simplify both of its calculation and structure. To 

enable ANN models developed to be functional over the normal operational range of 

indoor air parameters, the obtained ICs of the VS DX A/C system will be used for 

training and testing ANN models. Secondly, a novel PFC will also be developed. 

Only FL will be adopted to weaken the coupling effect between two proposed 

control loops, i.e., varying supply fan speed to control indoor air dry-bulb 

temperature, Tdb, and compressor speed indoor air wet-bulb temperature, Twb. A PD 

law rather than a PID law will be used in the PFC, which can help simplify not only 

the calculation but also the structure of the PFC. 

 

To validate the two controllers developed and to compare their control performances, 

extensive controllability tests will also be carried out in the experimental VS DX 

A/C system under the control of the two controllers at different operation conditions. 
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Chapter 4 

The Experimental VS 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 station is to facilitate 

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

 

Advanced technologies such as VS compressor and supply fan, EEV, as well as a 

computerized data measuring, logging and control system have been incorporated 

into the experimental VS DX A/C system. 

 

This Section presents firstly detailed descriptions of the experimental VS DX A/C 

system and its major components. This is followed by describing the computerized 

instrumentation and a data acquisition system (DAS). Finally, a computer 

supervisory program used to operate and control the experimental DX A/C system is 

detailed. 
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4.2 Detailed description of the experimental system and its major components 

 

The experimental VS DX A/C system is mainly composed of two parts, i.e., a DX 

refrigeration plant (refrigerant side) and an air-distribution sub-system (air side). The 

schematic diagrams of both the complete experimental DX A/C system and the DX 

refrigeration plant are shown in Fig. 4.1 and Fig. 4.2, respectively. 

 

4.2.1 The DX refrigeration plant 

 

As shown in Fig. 4.2, the major components in the DX refrigeration plant include a 

VS rotor compressor, an EEV, a high-efficiency tube-louver-finned DX evaporator 

and an air-cooled tube-plate-finned condenser. The evaporator is placed inside the 

supply air duct to work as a DX air cooling coil whose schematic diagram is shown 

in Fig. 4.3. The evaporator’s louver fins are made of aluminum and tubes made of 

copper. A water collecting pan is installed under the evaporator to collect the 

condensate drained off the cooling coil, so that it can be weighted. The design air 

face velocity for the DX cooling coil is 2.5 m s-1. The nominal output cooling 

capacity from the DX refrigeration plant is 9.9 kW, however, the actual output 

cooling capacity can be modulated from 15% to 110% of the nominal capacity. 

Other details of the compressor can be found in Table 4.1. The compressor is driven 

by a VSD. The EEV includes a throttling needle valve, a step motor and a pulse 
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generator. It is used to maintain the DS at the evaporator exit. The working fluid of 

the plant is refrigerant R22, with a total charge of 5.3 kg. 

 

 

Fig. 4.1 The schematic diagram of the complete experimental VS DX A/C system 

 

In addition, two three-way connectors and two flexible joints, whose locations are 

indicated in Fig. 4.2, are reserved in the refrigerant pipeline for the purpose of 

possibly modifying the system for other related studies. A condenser air duct, which 

is not normally required in real applications, is used to duct the condenser cooling air 

carrying the rejected heat from the condenser away to outside the Laboratory. The 
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condenser fan, housed inside the condenser air duct, can also be VS operated. An 

electrical heater controlled by Solid State Relay (SSR) is used to adjust the 

temperature of the cooling air entering the condenser for various experimental 

purposes. A refrigerant mass flow meter is installed upstream of the EEV. Other 

necessary accessories and control devices, such as an oil separator, a refrigerant 

receiver, a sight glass and safety devices, are provided in the refrigeration plant to 

ensure its normal and safe operation. 

 

 

Fig. 4.2 The schematic diagram of the DX refrigeration plant 
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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 

 

Table 4.1 Details of the VS rotor compressor 

Model HITACHI THS20MC6-Y 

Allowable Frequency range 15~110 Hz 

Rated Capacity  9900 W at 90 Hz 

Displacement 3.04 ml rev-1 

 

4.2.2 The air-distribution sub-system 

 

The air-distribution sub-system in the experimental VS DX A/C system is 

schematically shown in Fig. 4.1. It includes an air-distribution ductwork with return 

and outdoor air dampers, a VS centrifugal supply fan with its motor placed outside 
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the duct, and a conditioned space. The supply fan is driven by a VSD. The details of 

the supply fan are given in Table 4.2. 

 

The air conditioned space measures 7.6 m (L)×3.8 m (W)×2.8 m (H). Inside the 

space, there are sensible heat and moisture load generating units (LGUs). The units 

are intended to simulate the cooling load in the conditioned space. Its heat and 

moisture generation rate as regulated by SSR may be varied manually or 

automatically with a pre-set pattern through operator’s programming. In addition, 

leakage outlets with residual-pressure relief dampers are 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 sub-system of the experimental VS DX A/C system, return air 

from the space mixes with outdoor air in a plenum box upstream of an air filter. The 

mixed air is filtrated and then cooled and dehumidified by the DX cooling coil. 

Afterwards, the cooled and dehumidified air passes through the supply fan, to be 

supplied to the space to deal with the cooling load from LGUs.  

 

Table 4.2 Details of the VS supply fan 

Model KRUGER BSB 31 
Nominal flow rate 1700 m3 h-1 (0.47 m3 s-1) 
Total pressure head 1100 Pa 
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4.3 Computerized instrumentation and DAS  

 

The computerized instrumentation for the experimental VS DX A/C system is also 

shown in both Fig. 4.1 and Fig. 4.2. The system is fully instrumented for measuring 

all of its operating parameters, which may be classified into three types, i.e., 

temperature, pressure and flow rate. Since all measurements are computerized, all 

sensors and measuring devices are able to output direct current signal of 4-20 mA or 

1-5 V, which are transferred to a DAS for logging and recording. 

 

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

 

Five sets of air temperature and humidity measuring sensors are located in the 

air-distribution sub-system of the experimental VS DX A/C system. Air RH is 

indirectly measured via measuring air dry-bulb and wet-bulb temperatures. As 

shown in Fig. 4.2, there are six temperature sensors for measuring refrigerant 

temperatures in the DX refrigeration plant. To ensure fast response of the sensors for 

facilitating the study of transient behaviors of the DX refrigeration plant, these 

temperature sensors are inserted into the refrigerant circuit, and are thus in direct 

contact with the refrigerant. The temperature sensors for air and refrigerant are of 

platinum resistance type, using three-wire Wheatstone bridge connection and with a 

pre-calibrated accuracy of ±0.1 °C. The specifications of the resistance temperature 

devices are: CHINO Pt100/0°C-3W, Class A, SUSΦ3.2-150L.  
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Refrigerant pressures in various locations in the DX refrigeration plant are measured 

using pressure transmitters with an accuracy of ±0.13% of full scale reading (Model: 

SETRA C206). The atmospheric pressure is measured with a barometer having an 

accuracy of ±0.05 kPa (Model: VAISALA PTB-101B). 

 

There are two sets of air flow rate measuring apparatus (FRMA) in the 

air-distribution system. One set of FRMA is used to measure the total supply airflow 

rate, i.e., the airflow rate passing through the DX cooling coil. The other is for 

measuring the airflow rate passing through the condenser. The two sets of FRMA are 

constructed in accordance with ANSI/ASHRAE Standard 41.2, consisting of nozzles 

of different sizes, diffusion baffles and a manometer with a measuring accuracy of 

±0.1% of full scale reading (Model: ROSEMOUNT 3051). The number of nozzles in 

operation can be altered automatically.  

 

Outdoor airflow rate is measured using a hot-film anemometer with a reported 

accuracy of ±0.1 m s-1 (Model: EE70-VT62B5). The anemometer is installed 500 

mm, which is longer than the recommended length of entrance of 200 mm by its 

manufacturer, downstream of the outdoor air inlet, to ensure the measuring accuracy 

for outdoor airflow rate. The power consumption of the VS compressor is measured 

using a pulse-width-modulation digital power meter with a reported uncertainty of 

±2% of reading (Model: EVERFINE PF9833). The refrigerant mass flow rate 
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passing through the EEV is measured by a Coriolis mass flow meter with a reported 

accuracy of ±0.25% of full scale reading (Model: KROHNE MFM1081K+F). The 

supply air static pressure is measured using a manometer with a reported accuracy of 

±0.1% of full scale reading (Model: ROSEMOUNT 3051).  

 

In order to ensure the measuring accuracy for the temperatures of the air flowing 

inside air duct, standardized air sampling devices recommended by the ISO Standard 

5151 are used in the experimental VS DX A/C system. 

 

4.3.2 The DAS 

 

A data acquisition unit (Model: AGLIENT 34970A/34902A) is used in this 

experimental VS DX A/C system. It provides up to 48 channels for monitoring 

various types of system 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 (L&C) supervisory program which 

is developed using LabVIEW programming platform. The minimum data sampling 

interval is one second. It should be noted that the flow rates of both supply air and 

condenser cooling air are calculated using the air static pressure drops across their 

respective nozzles. The outdoor airflow rate is 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 is calculated based on the 
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enthalpy-difference of air across the DX cooling coil. 

 

4.4 LabVIEW L&C supervisory program 

 

A computer supervisory program which is capable of performing simultaneously 

data-logging and parameter-controlling is necessary. It needs to communicate with 

not only the data acquisition unit, but also conventional standalone digital 

programmable PI controllers，  which are to be detailed in Section 4.5. A 

commercially available programming package, LabVIEW, provides a powerful 

programming and graphical platform for data acquisition and analysis, as well as for 

control application. 

 

A data L&C supervisory program has been 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 runs on a personal computer 

(PC). 

 

The LabVIEW-based L&C supervisory program enables the PC 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 PC can 

therefore not only modify the control settings of those standalone 
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microprocessor-based PI controllers, but also deactivate any of these controllers. The 

LabVIEW-based L&C supervisory program also provides an independent 

self-programming module (SPM) by which new control algorithms may be easily 

implemented through programming. A SPM performs 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 is 

initiated to replace a given standalone controller, the controller must be deactivated, 

but works as a digital-analog converter to receive the control output from the SPM. 

An analogue control signal is then produced by the controller to initiate the related 

actuator for necessary control action. 

 

4.5 Conventional control loops in the experimental VS DX A/C system 

 

Totally, there are ten conventional control loops in this experimental VS DX A/C 

system. These loops either are activated using the LabVIEW-based supervisory 

program or use PI controllers which are of digital programmable type with RS-485 

communication port (Model: YOKOGAWA UT350-1). Resetting controllers’ 

proportional band, integral times and set points are allowed. 

 

Among the ten control loops, four are for varying heat and moisture generation rate 

of the LGUs located inside the conditioned space. Electrical power input to the LGU 
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is regulated using SSR according to the instructions from their respective control 

loops to simulate the space cooling load. In addition, there is one control loop for 

maintaining the condenser inlet air temperature at its setting through regulating 

electrical power input by SSR. 

 

The remaining five conventional PI control loops are as follows: supply air 

temperature by regulating the compressor speed; supply air static pressure by 

regulating the supply fan speed; condensing pressure by regulating the condenser fan 

speed; DS by regulating EEV opening; outdoor airflow rate by jointly regulating 

both outdoor and return air dampers’ openings. These five control loops can be 

activated by using either conventional physical digital PI controllers available in the 

experimental VS DX A/C system or a SPM specifically for any new control 

algorithm to be developed.  

 

The control of supply air temperature is used as an example for illustration. When 

the related conventional PI controller is enabled, the controller measures the supply 

air temperature and then compares the measured temperature with its set point. A 

deviation is processed in the controller according to a pre-set PI control algorithm 

and an analogue control signal of 4~20 mA is produced and sent by the PI controller 

to the VSD for compressor to regulate its speed. On the other hand, such a 

conventional PI 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 
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the advantages of using simultaneously multiple input variables, e.g., supply air 

temperature and its set point, evaporating and condensing pressures, DS, etc. Control 

outputs can then be created by using the SPM according to the new control strategy 

and algorithm, and communicated to the physical digital PI 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 Conclusions 

 

An experimental VS DX A/C system is available for carrying out the project 

reported in this thesis. The system consists of two parts: a DX refrigeration plant and 

an air-distribution sub-system. 

 

The experimental VS DX A/C system has been fully instrumented using high quality 

sensors/measuring devices. Totally forty-three operating parameters in the system 

can be measured and monitored simultaneously and ten conventional PI feedback 

control loops are provided. Two sets of airflow rate measuring apparatus are 

constructed in accordance with ANSI/ASHRAE Standard 41.2. Sensors for 

measuring refrigerant properties are in direct contact with refrigerant, and a Corioli 

mass flow meter is used for measuring the refrigerant flow rate being circulated in 

the DX refrigerant plant. 

 



 80

An L&C supervisory program has been 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 

L&C program. The LabVIEW-based L&C program provides 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 developing a multivariable control strategy for simultaneously 

controlling indoor air temperature and humidity in a space served by a DX A/C 

system having a VS compressor and supply fan. FL / ANN based controllers for the 

simultaneous control of indoor air temperature and humidity may then be developed, 

and the controllability tests for the controllers developed carried out using the 

experimental VS DX A/C system. 
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Chapter 5 

Further Study on the Operational Characteristics of the 

Experimental VS DX A/C System 

 

5.1 Introduction 

 

For an air conditioned space served by a DX A/C system, to maintain the required 

indoor air temperature and humidity required matching not only the system’s total 

output cooling capacity (TCC) with the total space cooling load, but also the 

equipment sensible heat ratio of the DX A/C system (E SHR) with the application 

sensible heat ratio of the conditioned space (A SHR) at all time. This is however 

hardly possible with a single-speed compressor DX A/C system as its E SHR is very 

often between 0.7 and 0.8 which can well be larger than the A SHR in a conditioned 

space at 0.6 to 0.7 or even below 0.5 in wet seasons in sub-tropics.  

 

As presented in Chapter 2, to overcome the difficulties for the simultaneous control 

of indoor air temperature and humidity using a single speed DX A/C system, VS 

technology has been applied to DX A/C systems, paving the ways for more 

sophisticated control of indoor air temperature and humidity simultaneously. 

Therefore, a number of VSD technology-based controllers have been developed 

[Krakow et al. 1995, Li and Deng 2007a, 2007b, Qi and Deng 2009]. However, in 

these controller developments the operational characteristics of a DX A/C system 

were not utilized and all these previous controllers had their own inadequacies such 

as poor control sensitivity, and limited control ranges, etc. 



 82

 

It therefore came to realize that knowing the operational characteristics of a VS DX 

A/C system in terms of the ICs between its TCC and E SHR at various speed 

combinations of its compressor and supply fan would help achieve accurate control 

over indoor air temperature and humidity simultaneously using the VS DX A/C 

system. In view of this, experimental studies were previously carried out. Li and 

Deng [2007c] studied TCC and E SHR of the experimental VS DX A/C system 

under different combinations of compressor and supply fan speed. However, TCC 

and E SHR at a fixed inlet air state versus the different speeds of compressor and 

supply air fan were presented separately. Such a presentation could only reflect the 

influence of speeds variation on TCC or E SHR separately, but not the ICs between 

these two representative operational characteristics. Furthermore, the study was 

conducted only at one set of inlet air state to the VS DX A/C system, so that the 

influences on the operational characteristics due to different inlet air states were not 

included. On the other hand, Xu et al. [2010] carried out a related experimental study 

using the same experimental VS DX A/C system, but presented the obtained 

operational characteristics in a different way by X-Y plotting TCC and E SHR on the 

same diagram as shown in Fig. 5.1. It was consequently suggested that TCC and E 

SHR of the VS DX A/C system were correlated but mutually constrained within a 

trapezoid A-B-D-C, within their possible maximum values as represented by the 

rectangle W-X-Z-Y. Furthermore, two sets of the operational characteristics at two 

different inlet air states were obtained, and it was revealed the trapezoid would shift 

its position at different inlet air states, although retaining similar shape [Xu et al. 

2010]. 
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Fig. 5.1 The measured ICs between ouput TCC and E SHR with reference rectangle 

[Xu et al. 2010] 

 

It can be seen, therefore, that while Xu et al. [2010] considered the influences caused 

by the different inlet air states on TCC and E SHR of the same experimental VS DX 

A/C system, the sets of inlet air state were limited to only two, which was considered 

as being inadequate in both fully comprehending the operational characteristics of a 

VS DX A/C system and using them as a basis to develop advanced control strategies 

for simultaneous control over indoor air temperature and humidity using a VS DX 

A/C system. Therefore, a further experimental study on the operational 

characteristics in terms of the TCC and E SHR under different speed combinations 

of compressor and supply air fan but at a wider range of inlet air states has been 
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carried out using the same experimental VS DX A/C system detailed in Chapter 4, 

and the study results are reported in this Chapter. The range of indoor air states 

adopted in this study corresponded to typical indoor settings of 22-26 °C (dry-bulb 

temperature) and 40-70% RH. 

 

In this Chapter, experimental procedures and data interpretation are described firstly. 

This is followed by presenting the experimental results and their related analysis and 

discussions. Finally, conclusions are given. 

 

5.2 Experimental procedures and data interpretation 

 

Given the purpose of the study presented in this Chapter, TCC and E SHR of the 

experimental VS DX A/C system under different combinations of compressor and 

supply air fan speeds, and at six different inlet air states as shown in Table 5.1, were 

obtained. These six inlet air states corresponding to typical indoor air settings for 

comfort air conditioning with air temperature ranging from 22 °C to 26 °C and 

relative humidity from 40% to 70%. Furthermore, as seen from Table 5.1, the six 

experimental inlet air states may be divided into two groups; constant air 

temperature based and constant air RH based. For the former (Tests RH-40 to 

RH-70), indoor air temperature was set constant at 26 °C while indoor RH was 

varied from 40 to 70%. For the latter (Tests T-22 to T-26), indoor air RH was fixed at 

60%, but indoor air temperature was varied from 22 °C to 26 °C. It should be noted 

that settings for Test RH-60 were the same as that for Test T-26. 

 

At each of the six inlet air states shown in Table 5.1, the experimental VS DX A/C 
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system was operated under different speed combinations. As a matter of fact, to test 

all the possible speed combinations of compressor and supply air fan was neither 

practical nor necessary; therefore several representative discrete experimental 

compressor and supply air fan speeds were selected as shown in Table 5.2. From 

Table 5.2, it can be seen that, at each fixed inlet air state, there were seven different 

speeds for the compressor and supply air fan, respectively, resulting in 49 speed 

combinations. 

 

Table 5.1 The experimental inlet air states 

Group No. Tdb (°C) Twb (°C) RH (%) 

T constant 

RH-40 26.0 17.1 40 

RH-50 26.0 18.9 50 

RH-60 26.0 20.4 60 

RH-70 26.0 21.9 70 

RH constant 

T-22 22.0 17.1 60 

T-24 24.0 18.7 60 

T-26 26.0 20.4 60 
 

During experiments, when the experimental VS DX A/C system was operated at a 

steady state condition, the indoor air states were considered to be the same as those 

at the evaporator inlet. Therefore, when the VS DX A/C system was operated at a 

specific value of speed combinations shown in Table 5.2, the LGUs were PID 

controlled to vary their output power levels so that the required experimental indoor 

air settings shown in Table 5.1 may be achieved. When the variations for Tdb and Twb 

were less than 0.1 °C, respectively, a steady state of operation for the experimental 

VS DX A/C system arrived. Then the operating parameters of the experimental DX 

A/C system were recorded continuously for 15 minutes at an interval of 1 minute 
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and the averaged measured data were used for evaluating TCC and E SHR of the VS 

DX A/C system. 

 

Table 5.2 The experimental compressor and supply air fan speeds 

No. 1 2 3 4 5 6 7 

% of Maximum speed 30 40 50 60 70 80 90 

Compressor 
VSD Freq. (Hz) 48 57 66 75 84 92 101 

rpm 2904 3432 3960 4488 5016 5544 6072 

Supply air 
fan 

VSD Freq. (Hz) 26 31 36 41 46 50 55 

rpm 1584 1872 2160 2448 2736 3024 3312 

AFR (m3 s-1) 0.14 0.17 0.20 0.23 0.26 0.29 0.32 

rpm: rotational speed 

AFR: air flow rate 

 

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

evaluated by: 

   s a pa dbi dboQ m C T T   (5.1) 

 

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

 

  TCC  a ai aom h h   (5.2) 

 

Therefore, E SHR was: 

 E SHR
TCC

SQ
   (5.3) 
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By substituting Equations (5.1) and (5.2) into Equation (5.3) to obtain: 

 

 
 

E SHR pa dbi dbo

ai ao

C T T
h h





  (5.4) 

 

At each of the inlet air states shown in Table 5.1, tests to obtain the required 

experimental data for evaluating TCC and E SHR were carried out at the 49 speed 

combinations. 

 

Based on the experimental results previously reported by Xu et al. [2010], for the 

two sets of experimental data as represented by two trapezoids, the shapes of 

trapezoids were maintained, with however their positions shifted. This intuitively led 

to the introduction of relative value of TCC (TCC’) and E SHR (E SHR’), by which 

these trapezoids can be superposed to each other. 

 

Therefore, relative values of TCC (TCC’) and E SHR (E SHR’) were defined, as the 

ratio of the actual value of TCC or E SHR at a particular speed combination to its 

maximum value within a particular trapezoid, which actually represented the test 

data at a particular inlet air state, as: 

 

 
max

TCCTCC'
TCC

   (5.5) 

 

 
max

E SHRE SHR'
E SHR

   (5.6) 

 

During all tests, the condenser cooling airflow rate remained constant at 3100 m3 h-1 
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with a fixed condenser cooling air inlet temperature of 35 °C. The DS was also fixed 

at 6 °C. 

 

5.3 Experimental results 

 

5.3.1 The influences of different inlet air states on the ICs between TCC and E 

SHR 

 

There were totally six sets of experimental results corresponding to the six sets of 

inlet air states. Fig. 5.2 shows, as an example, the detailed experimental results for 

Test RH-40, which are similar to those previously reported by Xu et al. [2010]. Other 

sets of results are presented in Fig. 5.3 and Fig. 5.4, respectively. Fig. 5.3 shows the 

results for constant temperature group (Tests RH-40 to RH-70) and Fig. 5.4 the 

results for constant RH group (Tests T-22 to T-26). 

 

From Fig. 5.3, it can be seen that, when the indoor RH was at a relatively low level 

(40% and 50%), the test data of TCC and E SHR at the 49 speed combinations were 

similar to those obtained by Xu et al. [2010] as the two parameters were correlated to 

each other and mutually constrained within a trapezoid. However, Fig. 5.3 also 

shows that, when the indoor RH was at relatively high levels (60% and 70%), the 

ICs between TCC and E SHR of the VS DX A/C system would somehow deviate 

from those presented by Xu et al., i.e., a trapezoid shape became less obvious. 

Therefore, different inlet air states would lead to different operational characteristic 

of the experimental VS DX A/C system. Furthermore, from Fig. 5.4, it can be seen 

that at a constant inlet RH, varying inlet air temperature would also result in different 
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operational characteristics, with the resultant trapezoids being positioned at different 

locations. However, unlike those shown in Fig. 5.3, for the three sets of results, the 

shapes of a trapezoid were all maintained. 

 

 

Fig. 5.2 The measured ICs between the output TCC and E SHR of the experimental 

VS DX A/C system (Test RH-40 results) 
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Fig. 5.3 ICs between output TCC and E SHR of the experimental VS DX A/C 

system at constant temperature group (Tests RH-40 to RH-70) 

 

From both Figs. 5.3 and 5.4, it can be seen that different inlet air states did influence 

the ICs between TCC and E SHR such that both their high-low limits and the ranges 

between the limits varied along with the variation of inlet air states. However, the 

extents of the influence at different inlet air states appeared different, and these are 

reported as follows. 
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Fig. 5.4 ICs between output TCC and E SHR of the experimental VS DX A/C 

system at constant RH group (Tests T-22 to T-26) 
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while those of the E SHR were decreased, with the increases in RH level. When RH 
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SHR 0.940 and 0.674, respectively. However, when the RH was increased to 70%, 
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the position shift of trapezoids from top-left to down-right of the diagram, and the 

varied ranges between the limits for E SHR flattened the trapezoids, as RH level was 

increased. Position shifting and the change in shape for these trapezoids in the 

diagram suggested an obvious influence caused by increased RH level on the ICs 

between TCC and E SHR at a constant temperature for the experimental VS DX A/C 

system. 

 

However, the results for constant RH tests presented in Fig. 5.4 suggest something 

different. When Tdb was at 22 °C, the high-low limits for TCC were 7.39 kW and 

4.10 kW, and for E SHR, 0.71 and 0.58, respectively. When Tdb was increased to 

26 °C, these limits for TCC were 8.55 kW and 4.90 kW, and for E SHR, 0.66 and 

0.53, respectively. Hence, the ranges for TCC were between 3.29 kW and 3.65 kW, 

and for the E SHR at 0.13, respectively. Therefore, at a fixed RH level of 60%, with 

an increase in Tdb, only high-low limits for both TCC and E SHR were affected, but 

the ranges between the limits for both parameters did not significantly change. 

Consequently, while the positions of trapezoids were shifted, their trapezoid shapes 

stayed. 

 

5.3.2 Results analysis 

 

In Section 5.3.1, the measured operational characteristics at different inlet air states 

are presented. In this Section, an analysis on these characteristics is given. 
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5.3.2.1 The influences of varying inlet air states on the high-low limits of TCC 

and E SHR 

 

When the inlet air temperature was at a constant, the output sensible cooling capacity 

would decrease slightly due to a change in evaporating temperature. Consequently, 

as RH was increased, the output latent cooling capacity was also increased, leading 

to significantly decreased E SHR values, as shown in Fig. 5.3. On the other hand, for 

those shown in Fig. 5.4, at a constant RH, when the inlet Tdb was increased, both the 

sensible cooling load and the total cooling load would increase and consequently, 

both the output sensible cooling capacity and TCC of the VS DX A/C system would 

correspondingly change, and therefore E SHR values may not vary much. However, 

the high-low limits for E SHR were decreased as the inlet Tdb was increased. This 

was because the moisture content of inlet air was slightly increased with the 

increased Tdb even at a constant RH, leading to an increase in latent cooling load. 

The overall effect was that the latent cooling load was increased more than sensible 

cooling load, and consequently the output latent cooling capacity was increased 

more than the output sensible cooling capacity, leading to a reduced E SHR value 

which was however not as significant as those shown in Fig. 5.3. 
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5.3.2.2 The influences of varying compressor and supply fan speeds on TCC and 

E SHR under different inlet air states 

 

In both the studies by Li and Deng [2007c] and Xu et al. [2010], the influences of 

varying speeds of supply air fan and compressor on TCC and E SHR of the VS DX 

A/C system were reported. It was suggested that the changes in fan speed at lower 

compressor speeds influenced less on the changes of TCC than that at high 

compressor speeds. E SHR would increase as supply air fan speed was increased or 

compressor speed was decreased. The influences of varying speeds on TCC and E 

SHR but under different inlet air states can also be revealed in Figs. 5.3 and 5.4. 

 

In Fig. 5.3, taking the trapezoid ABCD as an example, its border line A-B represents 

the relationship between TCC and E SHR when varying supply fan speed from 30% 

to 90% of its maximum but at a fixed compressor speed of 30% of its maximum, and 

its border line D-C the same relationship, but at a fixed compressor speed of 90% of 

its maximum. Therefore the change in slope of the lines reflected the influences of 

varying supply fan speed on the ICs of TCC and E SHR. It can be seen in Fig. 5.3 

that increasing the supply air fan speed would increase both of E SHR and TCC, 

however the changes of fan speed at a lower compressor speed (30%) influenced less 

on the changes of TCC, but more on the changes of E SHR than those at a higher 

compressor speed (90%). These were consistent with those reported in previous 

studies. Similarly, border lines B-C and A-D are for TCC and E SHR values obtained 

at varying compressor speed from 30% to 90% of its maximum, but at two constant 

supply fan speeds, 30% and 90% of the maximum supply fan speed, respectively. As 

seen, increasing the compressor speed would increase the mass flow rate of 
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refrigerant, hence TCC, leading to a decrease in E SHR. 

 

At a constant inlet air temperature (26 °C) when RH level was increased from 40% 

to 70%, the position of a trapezoid progressively shifted from ABCD to A’B’C’D’. 

As mentioned earlier, increasing the supply air fan speed would both increase TCC 

and E SHR. As RH level was increased, the slope of border lines A-B and D-C 

decreased, suggesting that increasing supply air fan speed at a lower RH level would 

lead to more increase in TCC but less in E SHR than at a higher RH level. Likewise, 

for border lines B-C and A-D, their slopes were also reduced, meaning that at a low 

RH level, increasing compressor speed would lead to more increase in TCC and less 

decrease in E SHR at a high RH level. Since the influences of varying speeds on E 

SHR would be varied at varying RH levels, correspondingly, the ranges between the 

high-low limits for E SHR would vary significantly. 

 

Similarly, at a constant RH level, the influence of varying compressor and supply fan 

speeds on the ICs between TCC and E SHR under different Tdb could be revealed in 

Fig. 5.4. As seen, at a constant RH level of 60%, when the Tdb was varied from 22 °C 

to 26 °C, all border lines of the trapezoids in Fig. 5.4 appeared parallel to each other. 

This suggested that the changes in TCC and E SHR would not be significant at 

varying Tdb, when compressor and fan speeds were varied. 
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5.4. Further data processing for relative inherent correlation (ICs’) 

 

5.4.1 The ICs’ between TCC and E SHR 

 

As seen in Figs. 5.3 and 5.4, the ICs between TCC and E SHR varied significantly at 

different inlet air states. Normally, for air conditioning application, the set point for 

indoor air temperature is from 20 °C to 28 °C and that for RH from 40% to 80%, as 

represented by the rectangle KLMN shown in Fig. 5.5. Therefore, there can be 

infinite numbers of inlet air state for a VS DX A/C system, and it is impossible to 

obtain the operational characteristics of the VS DX A/C system under all the possible 

inlet air states using the experimental approach reported. As seen in Fig. 5.5, the 

experimental approach reported in this study covered six points within the rectangle 

KLMN. Therefore, it is reasonable and cost effective to further process the 

experimental data obtained under the six experimental inlet air states to develop a 

new set of ICs’, by which the operational characteristics under other 

non-experimental indoor air states within the rectangle KLMN, represented by the 

mapping between the speeds combination and the TCC and E SHR, could be derived, 

thus paving the way to develop novel control strategies for the VS DX A/C system 

based on the operational characteristics, such as controlling simultaneously indoor 

air temperature and humidity based on the accurate real time matching between A 

SHR and E SHR, and between TCC and the total space cooling load. 

 

As already mentioned in Section 5.2, relative values of TCC and E SHR were 

defined for further data processing. For illustration, if the results of Test RH-40 
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shown in Fig. 5.2 were taken as an example, the maximum values of E SHR and 

TCC at RH-40 inlet air state occurred at point A and D, respectively, as follows: 

 

 maxTCC = 7.347 kW   

 maxE SHR  = 0.940   

 

 

Fig. 5.5 Experimental inlet air states within all possible inlet air states 
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 E SHRB  = 0.747   

 

Therefore, the relative TCC and E SHR values at point B were: 

 

   

   

 

For the two special points, A and D, TCC’ value at point D and E SHR’ value at A 

were 100%, based on the definition. 

 

By repeating the calculation for all other points within the trapezoid ABCD, a new 

trapezoid a-b-c-d, as shown in Fig. 5.6 (a), was resulted in. 

 

Repeating the same procedures for other sets of test data (Tests RH-50 to RH-70), 

three more new trapezoids were obtained and are shown in Fig. 5.6 (a), together with 

trapezoid a-b-c-d. On the other hand, applying the same calculation procedures to the 

test data for Tests T-22 to T-24, two new trapezoids were obtained and are shown in 

Fig. 5.6 (b), together with the new trapezoid obtained using the test data for Test 

RH-60. 

 

As seen in Fig. 5.6 (a), for constant T Test groups, the upper part of the new 

trapezoids would loosely overlap one another. However, the lower parts of the new 

trapezoids were scattered over a wider E SHR’ range, with the decreased ranges 

B
4.019TCC' 0.547 or 54.7%
7.347

 

B
0.747E SHR' 0.795 or 79.5%
0.940
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between the high-low limits for E SHR’ as RH was increased from 40% to 70%. On 

the other hand, the range between the high-low limits for TCC’ would not vary much 

at the varying inlet RH. 

 

For constant RH test group, as seen in Fig. 5.6 (b), the three trapezoids appeared 

superposed, suggesting that varying inlet Tdb would not affect much the ICs’ of the 

VS DX A/C system. 

 

It seemed that, therefore, the trapezoids for ICs’ obtained at a fixed RH level loosely 

superposed. However, the trapezoids for the ICs’ obtained at a fixed inlet air 

temperature were clearly not superposed, at the varying RH levels, with varying 

ranges between the high-low limits of E SHR’, but for the high-low limits of TCC’, 

they would remain unchanged. Therefore, the ICs’ so derived cannot be applied to 

obtaining the operational characteristics of VS DX A/C system at other non-test inlet 

air states, as mentioned in the beginning of this Section. 
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(a) RH Set 

 

(b) T Set 

Fig. 5.6 ICs’ between TCC’ and E SHR’ of the experimental VS DX A/C system 
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5.4.2 Further revisions to ICs’ between TCC’ and E SHR’ 

 

Following the discussion at the end of Section 5.4.1, further revisions to ICs’ with 

respect to E SHR’ at varying RH levels became necessary, but further revisions with 

respect to TCC’ were not required, as the high-low limits of TCC’ remained fairly 

unchanged. 

 

A scale factor, KC,F, was defined as: 

 

   (5.7) 

 

For the revision reported in this Thesis, the ICs’ obtained at an RH of 40% was set as 

a baseline, therefore, the baselineE SHR'  represented the values of E SHR’ obtained at 

RH of 40%. The subscripts, C and F, represented the different compressor and 

supply fan speeds as shown in Table 5.2. The average of KC,F at different supply fan 

speeds, F, was given by: 

 

 
 

 (5.8) 

 

Where n is the number of discreet compressor speeds. Furthermore, a variable 

related to different RH levels was defined as: 

 

RH
,

baseline

E SHR'
E SHR'C FK 
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   (5.9) 

 

Therefore,  is 40% for the revision reported in this Thesis. 

 

The relationship between  and x was defined as: 

 

  2 1, F 30% ,..., 90%F F FA a x b x      (5.10) 

 

where aF and bF are the coefficients. Furthermore, a variable relating to different 

supply fan speeds was defined as: 

 

   (5.11) 

 

By applying Polynomial Regression, aF and bF were obtained as: 

 

   (5.12) 

 
 

(5.13) 

 

The values of regression coefficients and  based on all the experimental data at 

the six inlet air states are given in Table 5.3. 
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Table 5.3 Regression factors and  values for aF and bF 

Object Function cn dn en R2 

aF (n = 1)  0.03 0.1649 0.628 

bF (n = 2) 0.015 -0.1361 0.18 0.995 
 

Therefore, the obtained E SHR’ under different RH levels could be modified to a 

revised E SHR’ value (E SHR’’) as if it was obtained at 40% RH by: 

 

 
1E SHR '' E SHR '

FA
    (5.14) 

 

As E SHR’ obtained at 40% RH was set as a baseline, therefore: 

 

 40 40ESHR'' ESHR'RH RH   (5.15) 

 

Furthermore, as TCC’ values at all test points were not revised, therefore: 

 

   (5.16) 

 

Consequently, the revised relative inherent correlations ( ICs'' ) between TCC''  and 

E SHR ''  could be represented by the six trapezoids shown in Fig. 5.7. 
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Fig. 5.7 ICs’’ between TCC’’ and E SHR’’ of the experimental VS DX A/C system 

under different inlet air states 
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to less than 4%. Although the revision was not applied to TCC' , the maximum 
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and 40% RH. This laid a basis for obtaining the ICs at other non-test inlet air states, 

based on the test data obtained at a limited number of test inlet air states. 

 

Table 5.4 The deviation for TCC’’ and E SHR’’ from those obtained in RH-40 test 

(a) TCC’’ 

Test 
T RH Average Dev. Maximum Dev. 
°C % % % 

RH-50 26 50 -0.2 5.9 

RH-60 (T-26) 26 60 3.1 7.0 

RH-70 26 70 1.1 3.9 

T-22 22 60 -0.7 4.0 

T-24 24 60 2.7 5.9 

(b) E SHR’’ 

Test 
T RH Average Dev. (%) Maximum Dev. (%) 
°C % Before 

Rev. 
After Rev. Before Rev. After Rev. 

RH-50 26 50 0.4 0.2 3.8 1.3 

RH-60 (T-26) 26 60 3.5 0.2 9.9 2.4 

RH-70 26 70 8.2 -0.2 17.3 3.6 

T-22 22 60 3.0 -0.3 9.2 3.9 

T-24 24 60 4.4 0.9 10.2 3.5 
 

5.5 Discussions 

 

5.5.1 The application of the ICs’’ for estimating the ICs at other non-test inlet air 

states 

 

The process of estimating starts with carrying out steady state experiments to obtain 

the ICs of a VS DX A/C system, at a number of test inlet air states, for example, six 
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in the current study. One set of the test data obtained at a particular test inlet air state 

may be chosen as the baseline. Then, by applying Equations (5.7) to (5.16) to all the 

obtained test data, regression coefficients c, d, e can be obtained, and the ICs’’ of the 

VS DX A/C system represented by that obtained at the chosen baseline inlet air state. 

 

Hence, for a specified non-test inlet air state, with the obtained regression 

coefficients, c, d, e, a new scale factor, FA , corresponding to the non-test inlet air 

state, could be obtained by using Equations (5.9) to (5.13). Afterward, applying 

Equation (5.14), and according to the definitions of TCC’ and SHR’, i.e., Equations 

(5.5) and (5.6), the actual operational characteristics at the required non-test inlet air 

state, represented by the ICs of the VS DX A/C system, can be finally obtained. 

 

However, based on the definition of TCC’ and E SHR’, the maximum values of TCC 

and E SHR of a VS DX A/C system at a particular inlet air state are required for 

obtaining the corresponding ICs. In general, the TCC of a VS DX A/C system was 

equal to the total indoor cooling load when it was operated at a steady state. 

Therefore, the maximum TCC value could be linked to the enthalpy of inlet air. 

Using the experimental maximum TCC values at the test inlet air states, the values of 

TCCmax at a required non-test inlet air state can be estimated using linear regression, 

as: 

 max 1 1TCC aA h B    (5.17) 

 

where ha is the air enthalpy at the non-test inlet air state, A1 and B1 are the regression 

coefficients. 
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On the other hand, as SHR values were related to not only air enthalpy, ha, but also 

air moisture content, W, at the non-test inlet air state. Therefore, a variable, m, was 

defined as: 

 ahm
W

   (5.18) 

 

By applying a linear regression, a relationship between m and maximum E SHR was 

obtained as: 

 max 2 2E SHR A m B    (5.19) 

 

where A2 and B2 are regression coefficients. 

 

The regression coefficients, A and B, in Equations (5.17) and (5.19) may be obtained 

using the experimental TCCmax and SHRmax values obtained at the test inlet air states, 

such as those shown in Table 5.5 for the current study. The regression coefficients, A 

and B, obtained using Equations (5.17) to (5.19) are shown in Table 5.6. 
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Table 5.5 Maximum TCC and E SHR at different inlet air states 

Test Sets ha  (kJ kg-1) W (g kg-1) TCCmax (kW) E SHRmax 

RH-40 47.63 8.43 7.35  0.94  

RH-50 53.38 10.69 8.01  0.78  

RH-60(T-26) 58.5 12.7 8.79  0.66  

RH-70 63.96 14.84 8.98  0.53  

T-22 47.89 10.14 7.39  0.71  

T-24 52.86 11.29 8.15  0.68  
 

Table 5.6 Regression coefficients and R2 values for Equations (5.17) and (5.19) 

Predicting Item An Bn R2 

TCCmax (n = 1) 0.0984 2.8124 0.9546 

SHRmax (n = 2) 0.2934 -0.6992 0.9728 
 

In order to validate the above method for estimating the ICs at other non-test inlet air 

states, an additional steady state experiment was carried out using the same 

experimental VS DX A/C system at an inlet air state of 23 °C Tdb and 50% RH. The 

maximum TCC and E SHR values were firstly obtained at 7.10 kW and 0.889, 

respectively, using Equations (5.17) to (5.19), as well as the coefficients shown in 

Table 5.6. Then, following the procedures detailed earlier, a predicted trapezoid 

representing the ICs between TCC and E SHR of the VS DX A/C system at this 

particular inlet air state was obtained. Both the experimental trapezoid and the 

predicted one at this inlet air state of 23 °C Tdb and 50% RH are presented in Fig. 5.8. 

The relative errors between the predicted and experimental results were 1.8% for 

maximum TCC and 1.09% for maximum E SHR, respectively. For the predicted ICs 

of the VS DX A/C system, the maximum and average relative errors were 2.3% and 

0.99% for TCC, and 5.2% and 0.96% for E SHR, respectively, when compared to 
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those experimentally obtained. 

 

 

Fig. 5.8 Comparison between predicted and experimental ICs of VS DX A/C system 

at the inlet air state of 23 °C Tdb and 50% RH 
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(a) RH Set 

 

(b) T Set 

Fig. 5.9 Added predictions for RH set and T set 
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The validation results suggested that the Method can be adequately applied to 

estimating the ICs at other non-test inlet air states, using the experimental ICs at a 

number of limited test inlet air states for a VS DX A/C system. For example, ICs at 

two additional inlet air states were predicted using the method, 26 °C and 45% RH 

for constant T test groups and 28 °C and 60% RH for constant RH test groups. The 

predicted trapezoids are presented in Fig. 5.9, together with the trapezoids for test 

results obtained at the test inlet air states. As seen, positions of the two predicted 

trapezoids matched reasonably well with the trapezoids obtained experimentally. 

 

5.5.2 Potential applications of the proposed method on control strategy 

development 

 

Commonly, control algorithms could broadly be divided into two categories, 

white-box based and black-box (including grey-box) based [Maia et al. 2013, 

Romero et al. 2011]. For the former, a specific dynamic model of the system to be 

controlled is required, by which all dynamic operational characteristics could be 

evaluated. However, developing such a system dynamic model can be considerably 

difficult. For the latter, only an approximate relationship between the inputs and 

outputs of a system under control is required, rather than the system dynamic model. 

However, a fundamental weakness for the black-box based is that it very often lacks 

the detailed information on the relationships between inputs and outputs, or the 

inherent relationships between the outputs if there are more than one outputs. 

Therefore, the method presented in this Chapter provides an improved black-box 

based approach, without however requiring a complete system dynamic model. On 
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the contrast, with a limited number of tests, the operational characteristics of a 

dynamic system at other non-test points can be predicted. 

 

With respect to the results reported in this Chapter, on the other hand, as shown in 

Fig. 5.7, there were still errors existing when the ICs’’ were represented by the one 

obtained at the baseline inlet air state. Similarly, the validation results shown in Fig. 

5.8 also suggested certain errors when the ICs at non-test inlet air states were 

predicted by the proposed method. Nonetheless, as far as controlling simultaneously 

indoor air temperature and humidity is concerned, building users would accept a 

wider range of indoor temperature and humidity, as long as they are within the 

comfort ranges. Therefore, the errors in existence would not prevent the method 

from being used for controller development. 

 

It has to be pointed out that in the experimental study reported in this Chapter, the 

operational characteristics of the experimental VS DX A/C system were obtained at 

a fixed condenser air inlet temperature of 35 °C, a fixed condenser air flow rate of 

3100 m3 h-1 and a fixed refrigerant degree of superheat of 6 °C, respectively. 

However, if the DX A/C system is operated at other condenser air flow rates and / or 

inlet air temperatures, its operational characteristics might also be influenced, 

although no major influence is expected. Nevertheless, these could be further studied 

by following the same procedures used in the current study, but at different 

condenser air inlet temperatures and flow rates. On the other hand, a refrigeration 

system is usually operated with a fixed degree of superheat of 6 °C, as a compromise 

between operating safety and efficiency. Therefore, if other settings than 6 °C are to 

be used, they should be also close to 6 °C. A small deviation in degree of superheat 
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setting will not significantly impact the heat transfer in an evaporator, since the 

change in heat transfer in its superheated region due to small change in degree of 

superheat setting will be insignificant. 

 

5.6 Conclusions 

 

In this Chapter, a further experimental study on the ICs between TCC and E SHR of 

a VS DX A/C system, from a previous related study [Xu et al. 2010] is reported. The 

experiments were carried out under six different inlet air states and different 

combinations of compressor and supply fan speed in order to reveal the operational 

characteristic of the VS DX A/C system represented by the ICs between the TCC and 

E SHR under different inlet air states to the DX A/C system. 

 

The experimental results show that both of the inlet air temperature and RH level 

would significantly influence the ICs of the VS DX A/C system. The influence of Tdb 

and RH level on the ICs appeared to be different. Therefore, a data processing 

method for estimating the ICs of the VS DX A/C system at non-test inlet air states 

within the common operating range has been developed and validated using the 

experimental data. The validation results suggested that the method can be 

adequately applied to estimating the ICs at other non-test inlet air states using the 

experimental ICs at a number of limited test inlet air states for a VS DX A/C system, 

paving the way to developing advanced control strategies for the VS DX A/C system 

based on the ICs, such as that reported in Chapter 6 of this Thesis. 
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Chapter 6 

Development of A Novel ANN Aided FLC for the Experimental VS 

DX A/C System 

 

6.1 Introduction 

 

A further study on the operational characteristics of an experimental VS DX A/C 

system is reported in Chapter 5. As seen, inlet air states would influence significantly 

the operational characteristics of the VS DX A/C system, in term of the ICs between 

TCC and E SHR. The data processing method developed using regression reported 

in Chapter 5 can help, on one hand, estimate the ICs of the VS DX A/C system at 

non-test inlet air states within the common operating range using the experimental 

ICs at a limited number of test inlet air states of a VS DX A/C system; and on the 

other hand, develop novel control strategy for simultaneous control of indoor air 

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

 

Therefore, based on the research work reported in Chapter 5, this Chapter reports the 

development of a novel ANN aided FLC to simultaneously control indoor air 

temperature and humidity using the VS DX A/C system. FLC and ANN were 

employed to tackle the three obstacles mentioned in Chapter 3. In this Chapter, 

firstly, the controller development is presented, covering a proposed novel control 

principle and its associated control algorithm. Secondly, the related experimental 

conditions for controllability tests are specified. This is followed by presenting the 

experimental results, including the training and testing of ANN models using the 
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obtained ICs’’ reported in Chapter 5 and the controllability test results of the ANN 

aided FLC. Finally, the merits of this ANN aided FLC developed are discussed. 

 

6.2 Controller development 

 

6.2.1 Principle of the novel ANN aided FLC 

 

A conventional control principle applied to DX A/C systems for simultaneous 

control of indoor air temperature (T) and humidity (W), is via two control loops, i.e., 

to vary the compressor speed (C) for controlling T and the supply fan speed (F) for 

controlling W. However, varying either C or F alone affects both the controlled 

parameters, i.e., T and W, as shown in Fig. 6.1 (a). The two control loops are 

therefore coupled and it is not possible to overcome the three obstacles mentioned 

above using this conventional control principle. 

 

However, based on the previous extensive research work on the operational 

characteristics of a VS DX A/C system, a novel control principle for simultaneous 

control of indoor air temperature and humidity using VS DX A/C systems is 

proposed, as shown in Fig. 6.1 (b). As seen, two interim variables, the output 

sensible and latent cooling capacities, Qs and Ql, from a VS DX A/C system are 

introduced. Since Qs only influences T, and Ql only W, the resulted two control loops 

are no longer coupled. The dynamics of the controlled system can also be suitably 

handled in the two decoupled control loops. On the other hand, C and F are the 

inputs to, and Ql and Qs the outputs from the same VS DX A/C system, and therefore 

the coupled relationship between inputs and outputs can be linked using the 
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operational characteristics of the VS DX A/C system, which are reported in Chapter 

5. 

 

 

  (a) Conventional control principle           (b) Novel control principle 

T: indoor air dry-bulb temperature  C: compressor speed  Qs: sensible cooling capacity 

W: indoor air humidity   F: supply air fan speed Ql: latent cooling capacity 

Fig. 6.1 Conceptual diagrams of the conventional and novel control principles 

 

6.2.2 Development of the control algorithm 

 

Fig. 6.2 shows the algorithm of the novel controller developed. When there are error 

signals for T and W, the corresponding required degree of changes in Qs and Ql, or 

dQs and dQl, from a DX A/C system can be evaluated. Subsequently, the required 

speeds of both compressor and fan at the next time step can be evaluated using the 

operational characteristics of the DX A/C system. As indicated in Fig. 6.2, the 

complete control algorithm is divided into two processes, A and B. The development 

work required for the two processes is described below. 
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Fig. 6.2 Conceptual diagram for the novel control algorithm based on the novel 

control principle 

 

6.2.2.1 Process A 

 

In this process, since the two control loops for T and W are not coupled, PID 

sub-controllers could be theoretically adopted and the dynamics of the controlled 

system therefore reflected. However, determining three gain factors for the PID 

sub-controllers requires knowledge of the dynamics of the controlled system to 

ensure that its dynamics are fully reflected within Process A. Two 

PID-law-combining fuzzy sub-controllers (PFSCs) were therefore proposed for 

Process A, and fuzzy sets and linguistic variables were used; hence the available 

imprecise or indefinite information about the dynamic relationship between T and Qs, 

or between W and Ql can also be adequately used to build better controllers [Huang 

and Nelson 1991]. 

 

In general, a PFSC has two parts: the PID law and a fuzzy rule-based system. The 

fuzzy rule-based system consists of a fuzzifier, a fuzzy reasoning unit and a 

defuzzifier. A fuzzifier uses several fuzzy sets and the corresponding membership 

functions to convert its input data into suitable linguistic values which may be 

ΔT

ΔW

dQs

dQl

C(t+1)

F(t+1)

Process A Process B

ΔT: Tactual-Tset

ΔW: Wactual-Wset
dQs: Degree of change in output sensible cooling capacity
dQl: Degree of change in output latent cooling capacity
C(t+1): Compressor speed for next time point
F(t+1): Supply fan speed for next time point
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viewed as labels of fuzzy sets. Furthermore, a fuzzy reasoning unit consists of 

certain fuzzy rules, which are based on expert experience. The fuzzy reasoning unit 

would establish a fuzzy reasoning matrix to signify the relationship between the 

fuzzy inputs and fuzzy control output. Finally, a defuzzifier converts the fuzzy 

control output to a real control signal. 

 

The size of the fuzzy reasoning matrix is determined by the number of the fuzzy sets 

in the fuzzifier. For example, if there are k fuzzy sets for tracking absolute error, m 

fuzzy sets for integral error and n fuzzy sets for derivative error, then, there would be 

k × m × n inputs to a PFSC, thus forming a k × m × n fuzzy reasoning matrix. 

Therefore, a small increase in the number of fuzzy sets would significantly enlarge 

the size of a fuzzy reasoning matrix. On the other hand, more fuzzy sets result in a 

more precise representation of the controlled system. Therefore, an appropriate 

balance between control accuracy and calculation complexity should be established. 

This was reflected in Huang’s study [1991] where a PD (proportional-derivative) law, 

instead of a PID law, was used in a PFSC to simplify the calculation. However, using 

a PD law could simplify not only calculation but a PFSC’s structure. This is 

explained below. 

 

The output from a PFSC is normally the absolute value of a control signal. For each 

input to the PFSC, there should be a corresponding fuzzy rule. Taking the room air 

temperature control using a DX A/C system controlled by a PFSC as an example, if 

defining eleven linguistic variables for the proportional error between T and its 

set-point (see Table 6.1), and eleven linguistic variables for the derivative error, there 

would be a fuzzy reasoning matrix with totally 121 (11×11) fuzzy rules in a 
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conventional fuzzy reasoning unit. Such an arrangement, however, overlooks the 

inherent physical relationship between the proportional error and derivative error. 

The former represents the absolute difference between the current T and its set point, 

and the latter the rate of change of the absolute difference. The two are hence 

inter-related. Very often, even with different inputs to the PFSC, the required output 

can be the same. For example, when T is 5 °C above its setting, but at the same time, 

is decreasing at a rate of 0.5 °C min-1, or when T is 3 °C below its setting, but at the 

same time, is increasing at a rate of 0.3 °C min-1, then for both cases, although the 

inputs to the PFSC are different, T will eventually arrive at its setting in 10 minutes. 

Consequently, the current outcomes from the DX A/C system for both cases can 

remain unchanged. Therefore it is not necessary to establish a fuzzy rule for each of 

the 121 inputs. Rather, as shown in Table 6.1, a weight may be assigned to each of 

the linguistic variables. After calculating the fuzzy values of the input data 

corresponding to each linguistic variable using the membership function as shown in 

Fig. 6.3, the fuzzy reasoning unit will add together all the fuzzy values multiplied by 

their corresponding weights. The final outputs from the PFSC will therefore be the 

degree of the change in Qs, or dQs. For example, when ∆T is over 2 °C, but the air is 

turning cold at a rate of 0.2 °C s-1, then according to Fig. 6.3, their respective fuzzy 

values are: very hot = 1，turning cold most quickly = 1，the fuzzy values for all other 

linguistic variables = 0. Hence, the output from the PFSC will be 1×4 + 1× (-4) = 0. 

Its physical meaning is that if currently the room conditioned by the DX A/C system 

is very hot but is tuning cold most rapidly, there is no need to change the current 

output, Qs, from the DX A/C system. A further example may include when ∆T is at 

1.6 °C, and the air is turning hot at a rate of 0.12 °C s-1, their respective fuzzy values 

are: very hot = 0.5，hot = 0.5，turning hot very quickly = 1, and all others = 0. Hence, 
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the output will be 0.5×5+0.5×1.5+1×1.5=4.75. This output of 4.75 gives the required 

dQs which will be an input to Process B, to be explained in detail in Process B. As 

seen, the output from the PFSC here is no longer the absolute value of Qs, but dQs, 

the degree of the change in Qs. Using dQs, a relative value of change rather than an 

absolute value, is preferred because it is closer to the way of thinking for a human 

being. 

 

Therefore, using the method described above, the complicated fuzzy reasoning 

matrix containing 121 fuzzy rules is simplified to Table 6.1. In addition, a defuzzifier 

is no longer needed, thus further simplifying the structure of the PFSC. 

 

For Process A, there are two PFSCs, one relating ∆T to dQs and the other relating 

∆W to dQl. The PFSC relating ∆T to dQs will have a PD law and will be developed 

following exactly what is discussed earlier. The PFSC relating ∆W to dQl can also be 

developed following the same approach as the PFSC relating ∆T to dQs. 

 

6.2.2.2 Process B 

 

The development work for this process will include firstly, evaluating current Ql and 

Qs based on the current F and C, then based on the outputs from Process A, i.e., dQl 

and dQs, calculating the required Ql and Qs at the next time step, t+1, and finally the 

required F and C at t+1 based on Ql and Qs at t+1. 
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Table 6.1 Linguistic variables and their corresponding weights for indoor air temperature and humidity control 

Error 
Signal Linguistic Variables and Weighs 

ΔTdb 
Very Hot Hot Warm Fairly Warm Slightly Warm Comfort Slightly Cool Fairly Cool Cool Cold Very Cold 

5 1.5 0.7 0.3 0.07 0 -0.07 -0.3 -0.7 -1.5 -5 

dTdb/dt 

Turning Hot 
Most Quickly 

Turning Hot  
Very Quickly 

Turning Hot 
Quickly 

Turning Hot 
Gradually 

Turning Hot 
Slowly Comfort Turning Cold 

Slowly 
Turning Cold 

Gradually 
Turning Cold 

Quickly 
Turning Cold 
Very Quickly 

Turning Cold 
Most Quickly 

5 1.5 1.1 0.7 0.2 0 -0.2 -0.7 -1.1 -1.5 -5 

ΔTwb 
Very Wet Wet Moist Fairly Moist Slightly Moist Comfort Slightly Dry Fairly Dry Dry Very Dry Most Dry 

5 1.2 0.5 0.15 0.06 0 -0.06 -0.15 -0.5 -1.2 -5 

dTwb/dt 

Turning Wet 
Most Quickly 

Turning Wet 
Very Quickly 

Turning Wet 
Quickly 

Turning Wet 
Gradually 

Turning Wet 
Slowly Comfort Turning Dry 

Slowly 
Turning Dry 

Gradually 
Turning Dry 

Quickly 
Turning Dry 
Very Quickly 

Turning Dry 
Most Quickly 

5 1.2 0.5 0.1 0.06 0 -0.06 -0.1 -0.5 -1.2 -5 

 

c 
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(a) Membership Function for controlling Tdb 

 
(b) Membership Function for controlling Twb 

Fig. 6.3 Structure of Membership Functions for the PFSC 
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Although the above development work may be accomplished using a steady-state 

physical model since the dynamics of the controlled system have been reflected 

already in Process A, building such a model itself is complex. Therefore, it was 

proposed to use an ANN based model for the VS DX A/C system, which can 

represent the steady-state relationship between the inputs (F and C) and outputs (Ql 

and Qs) in a simple and fast manner. The ANN model to be established would link C 

and F with TCC and E SHR so that Ql and Qs may be evaluated after knowing C and 

F and vice versa using an inverse ANN model. 

 

Traditionally, a large number of experimental data for training an ANN model is 

required to ensure its accuracy. However, as reported in Chapter 5, if using the ICs’’, 

instead of the absolute values, of TCC and E SHR, experimental data from the VS 

DX A/C system under variable speed operation at only a limited number of inlet air 

thermal states were needed for obtaining the ICs’’ to train both the ANN and inverse 

ANN models. Therefore, the outputs of the ANN model and inputs of the inverse 

ANN model were TCC’’ and E SHR’’, respectively. Hence, an IC’’/IC (or IC/IC’’) 

converter based on Equations 5.5, 5.6, 5.14, 5.16 was incorporated in the controller 

to convert between TCC’’ / E SHR’’ and TCC / E SHR. 

 

Noting that the maximum value of output from a PFSC was 10 and the minimum -10 

according to Table 6.1, the conversions from dQs to Qs and from dQl to Ql were as 
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follows: 

 

  max( 1) ( ) ( ) 10 ; 0s s s s s sQ t Q t Q Q t dQ dQ       (6.1a) 

 

  min( 1) ( ) ( ) 10 ; 0s s s s s sQ t Q t Q t Q dQ dQ       (6.1b) 

 

  max( 1) ( ) ( ) 10 ; 0l l l l l lQ t Q t Q t Q dQ dQ       (6.2a) 

 

  min( 1) ( ) ( ) 10 ; 0l l l l l lQ t Q t Q Q t dQ dQ       (6.2b) 

 

where t is the current time step and t+1 the next time step. In these four equations, 

the current output cooling capacities, Qs(t) and Ql(t), were calculated using the 

current TCC and E SHR, which were converted from TCC’’ and E SHR’’ using the 

IC’’/IC converter. Both TCC’’ and E SHR’’ were evaluated using the ANN model 

developed, based on the current compressor speed, C(t), and the fan speed, F(t). 

After the required output cooling capacities at the next time step, Qs(t+1) and Ql(t+1) 

were obtained using Equations (6.1, 6.2). By using the IC/IC’’ converter, the required 

TCC’’ and E SHR’’ can be evaluated. The required compressor speed and fan speed 

at the next time step, C(t+1) and F(t+1), were evaluated using the inverse ANN 

model, to be output to the VS DX A/C system for speed control. 

 

Since the dynamics of the VS DX A/C system have already been reflected in Process 

A and the outputs from PFSCs determine the direction and degree of the changes in 

Ql and Qs, the error resulting from using the steady-state ANN model and inverse 
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ANN model, both trained using test data at limited operating points, in Process B 

was expected to influence only the control sensitivity but not the accuracy. For 

example, a larger Qs than necessary may result in a faster decrease in T. This would 

however be detected by the PFSC for Qs at the next time step when Qs was to be 

reduced. As long as the proportional error and derivative error were not zero, the two 

PFSCs would keep adjusting their outputs, and the calculation inaccuracy resulted 

from using ANN models in Process B were compensated by the continuous control 

action in Process A. The complete schematic diagram of the novel ANN aided fuzzy 

logic multi-variable controller for the VS DX A/C system is shown in Fig. 6.4, where 

the two control processes are clearly indicated. 
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Fig. 6.4 Schematic diagram of the complete novel ANN aided FLC for a VS DX A/C system  
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6.2.2.3 Development of ICs’’ based ANN models 

 

Two ICs’’ based ANN models were developed. One was an ANN model linking the 

current output TCC’’ and SHR’’ and the current speeds combination, and the other an 

inverse ANN model linking speed combination in the next time step and TCC’’ and 

SHR’’, respectively. Both the ANN model and the inverse ANN were trained using 

ICs’’ of the VS DX A/C system. 

 

The most widely applied ANN model is of multilayer structure since it has been 

applied successfully to solving diverse and difficult problems. There are three parts 

for a multilayer structured ANN, an input layer, a hidden layer or layers and an 

output layer, each being occupied by a few neurons. Usually, subscript i refers to a 

layer number and j to a neuron number in each layer. All the neurons in each hidden 

layer are connected to all neurons in the previous and following layers through 

synaptic with weight. In this study, a two-in and two-out network was employed, so 

that there were two neurons in both the input layer and output layer. As for the 

hidden layers, the selection of the numbers of hidden layers and the neurons in each 

hidden layer followed that in the previous related study reported by Li et al. [2012 a], 

where a large number of different configurations were evaluated and a 2-6-6-2 

network structure was finally selected because its average relative error and 

maximum relative errors were each at their lowest values. Fig. 6.5 shows the 

selected 2-6-6-2 structure for both the ANN and the inverse ANN models. 
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(a) The ICs’’ based ANN model 

 

    

(b) The ICs’’ based Inverse ANN model 

Fig. 6.5 The chosen 2-6-6-2 structure for the ICs’’ based ANN and Inverse ANN 

models 

 

The training algorithm used was the feed-forward back-propagation (BP). 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. However, to avoid overfitting or overtraining an ANN [Haykin 1999], 
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the trained ANN and inverse ANN models were required to be tested with part of the 

experiment data which were not used for training these ANNs. The results of the 

ANN training and testing were evaluated by following indexes: 

 

Relative Error (RE) at the jth neuron for the nth data set at the final cycle of training 

or the testing REj
n was defined as: 

 

 RE
n n
j jn

j n
j

o y
o


  (6.3) 

 

Where oj
n is the target output with the nth set of training data, yj

n the ANN output 

corresponding to the predicted results using the ANN trained. 

 

The Average Relative Error (ARE) was defined as: 

 

 
1 1

1 1ARE REJ N n
jj nJ N  

    (6.4) 

 

where J is the total number of neurons in the output layer, (J=2 in this current study), 

N the total number of data sets used in training or testing. 

 

The Maximum Relative Error (MRE) among the latest cycle of the training or testing 

was defined as: 
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  MRE max REn
j  (6.5) 

 

Experiments to obtain both the training and testing data were carried out and these 

are detailed in Section 6.3. 

 

6.3 Experimental conditions 

 

Given the purpose of developing a novel controller for realizing simultaneous 

control of indoor temperature and humidity, experiments of three different categories 

were needed to be carried out using the experimental VS DX A/C system detailed in 

Chapter 4: (I) for obtaining ICs’’ of the VS DX A/C system to train the ANN and 

inverse ANN models; (II) for testing the trained ANN and inverse ANN models and 

(III) for testing the performances of the controller developed, i.e., controllability 

tests. 

 

For Category I experiments, to save the cost and time for controller development, the 

experimental data for ICs’’ obtained and reported in Chapter 5 were used for training 

the two ANN models. 

 

In Category II experiments, the performances of the ANN trained using the 

experimental data shown in Fig. 5.7 reported in Chapter 5, were tested using 10 

additional sets of steady state experimental data. Since the ICs’’ were independent of 
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the inlet air states, these additional experiments were carried out at a fixed inlet air 

states of Tdb 24 °C and Twb 17.1 °C (or a relative humidity of 50%) but at 10 speed 

combinations which were different from the 49 speed combinations reported in 

Chapter 5. Table 6.2 shows the chosen 10 speed combinations, together with the test 

results, which will be discussed in detail in Section 6.4. 

 

Table 6.2 Ten additional testing speed combinations and testing results 

No. C (%) F (%) TCC’’ SHR’’ TCCP’’ SHRp’’ RETCC’’ RESHR’’ 

1 77 87 0.935 0.839 0.957 0.877 0.024 0.045 

2 87 61 0.877 0.803 0.896 0.839 0.022 0.045 

3 52 63 0.820 0.823 0.785 0.863 0.043 0.048 

4 53 73 0.836 0.841 0.819 0.881 0.020 0.047 

5 47 45 0.718 0.807 0.693 0.835 0.034 0.035 

6 42 49 0.708 0.821 0.680 0.850 0.040 0.036 

7 38 42 0.655 0.817 0.632 0.842 0.036 0.031 

8 32 38 0.600 0.822 0.583 0.845 0.029 0.028 

9 59 45 0.773 0.791 0.748 0.826 0.032 0.043 

10 74 60 0.897 0.795 0.864 0.841 0.037 0.058 

 

Finally, the objective of the Category III experiments was to test the controllability 

of the novel controller developed. The developed controller was a computer program 

which was able to communicate with the computerized instrumentation and data 

acquisition of the experimental DX A/C system for obtaining the currently measured 

indoor air temperature and humidity, so as to generate the control signals to regulate 

the speeds of compressor and supply air fan. A sampling time interval of 2 seconds 

was adopted in the controllability tests. The following two types of controllability 



 132

tests were carried out: 

 

(1). The command following test: to test controller’s ability to react to the 

changes in set points. During the test, the set points of indoor air dry-bulb 

and wet-bulb temperatures were both altered after the system was operated at 

a steady state. The controller was expected to respond so that the indoor air 

temperature and moisture content can be driven to and later maintained at 

their respective new set points. To test controller’s performances at both 

heating and cooling conditions covering its common operating range, three 

command following tests were carried out, as shown in Table 6.3. 

 

(2). The disturbance rejection test: to test the controller’s ability of resisting the 

external disturbances such as the changes in indoor cooling load. The output 

variables of the VS DX A/C system, i.e., indoor air dry-bulb temperature and 

wet-bulb temperature were to be maintained at their respective set points 

when space sensible and latent cooling loads were subject to disturbances. In 

disturbance rejection tests, indoor air dry-bulb and wet-bulb temperatures 

were set at 22.0 °C and 17.1 °C respectively throughout the test. Indoor 

sensible and latent cooling loads were increased from 2.3 kW and 1.2 kW, 

respectively, to 3.5 kW and 1.4 kW after the controlled system was operated 

at a steady state. Two tests were organized as follows: in disturbance 

rejection test I, the controller was enabled when deviations between both Tdb 
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and Twb and their respective settings were greater than 0.5 °C, and in 

disturbance rejection test II, 1.0 °C, respectively. 

 

During Category II and III tests, the condenser cooling air flow rate remained 

unchanged at 3100 m3 h-1 with a fixed condenser cooling air inlet temperature of 

35 °C. The DS was also fixed at 6 °C. 

 

Table 6.3 Experimental conditions for three command following tests 

Command 
following test No. 

Initial Set Points Altered Set Points 

Tdb (°C) Twb (°C) Tdb (°C) Twb (°C) 

Test I 22.0 17.0 26.0 20.0 

Test II 26.0 20.4 24.0 18.4 

Test III 24.0 18.0 22.0 16.0 

 

6.4 Results 

 

6.4.1 Training and testing of the ANN models 

 

To complete the development of the ANN aided FLC, an ANN model and an Inverse 

ANN model needed to be firstly trained and tested. The inputs and outputs for the 

ANN model were speeds combination and TCC’’ / E SHR’’, and that for the Inverse 

ANN model were TCC’’ / E SHR’’ and speed combinations, respectively. 

 

Using the ICs’’ data reported in Chapter 5, after 20764 training cycles, for the 
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resulted ANN model, its ARE for all the outputs at the last cycle was 0.31%, and that 

for TCC’’ was 0.42%, for E SHR’’ 0.19%, respectively. On the other hand, the 

testing results of the trained ANN model are given in Table 6.2, where TCC’’p and E 

SHR’’p are the predicted TCC’’ and E SHR’’ using the trained ANN model, 

respectively. Therefore, REj
n values were evaluated using Equation (6.3) and are also 

listed in Table 6.2. As seen, the trained ANN model can predict the output TCC’’ and 

E SHR’’ of the experimental VS DX A/C system with satisfactory accuracy, as the 

maximum REj
n for TCC’’ was 4.3% and 5.8% for E SHR’’, respectively. 

 

However, for training the inverse ANN model, after 50000 training cycles, the ARE 

for C was 2.6% and for F 2.8%, both being over 1%. Nevertheless, the accuracy of 

the Inverse ANN model was expected to influence only the sensitivity rather than 

accuracy of the controller. Therefore, the Inverse ANN model so obtained was still 

used, provided the controllability test results were adequately satisfactory. 

 

6.4.2 Controllability test results 

 

After the training and testing of the ANN models, the development of the ANN aided 

FLC was completed. To demonstrate the performance of the developed controller, 

controllability tests were carried out and test results are reported as follows. 
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6.4.2.1. Command following test 

 

Fig. 6.6 shows the test results of the command following test I. As seen in Fig. 6.6 

(a), both Tdb and Twb stayed steadily at 22.0 °C and 17.1 °C at the beginning of the 

test. The set points were then changed at 300s and it took the controller 1700 

seconds to reach the new set points, which were steadily maintained for the 

remaining period. Fig. 6.6 (b) shows that the speeds of compressor and supply fan 

responded immediately to the changes in set points. As the test went on, both speeds 

were simultaneously regulated and finally stayed steadily, with moderate 

fluctuations. 
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(a) Temperature variation 

 

(b) Speeds variation 

Fig. 6.6 Variation of temperatures and speed combination in the command following 

test I 
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(a) Temperature variation 

 

(b) Speeds variation 

Fig. 6.7 Variation of temperatures and speed combination in the command following 

test II 
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(a) Temperature variation 

 

(b) Speeds variation 

Fig. 6.8 Variation of temperatures and speed combination in the command following 

test III 
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6.7 (a), the set points for Tdb and Twb were changed from 26.0 °C and 20.4 °C to 

24.0 °C and 18.4 °C, respectively, at 300s. The speeds combinations shown in Fig. 

6.7 (b) suggested that the controller reacted to the changes in set points by 

immediately increasing the two speeds. At 2500s, both controlled parameters 

reached their new set points and were maintained at the new settings for the rest of 

the test. Similarly, Fig. 6.8 shows the experimental results of the third command 

following test. As seen, Tdb and Twb also reached their new set points at 2500s and 

were maintained steadily for the rest of the test. 

 

Therefore, the results of command following tests shown in Figs. 6.6 to 6.8 

suggested that the developed controller was able to trace the changes in set points, 

with sufficient sensitivity and accuracy. 

 

6.4.2.2. Disturbance rejection tests 

 

The experimental results are presented in Figs. 6.9 and 6.10. As seen in Fig. 6.9 (a), 

prior to the introduction of disturbance at t = 300 s, indoor air temperatures were 

steadily maintained at their respective set points. At t = 300 s, space cooling loads 

were increased. In response to the disturbance, both indoor air Tdb and Twb gradually 

increased, and at 880s when both Tdb and Twb were 0.5 °C over their settings, the 

controller was enabled. From Fig. 6.9 (b), it can be seen that the compressor and 

supply fan speeds responded immediately when the controller was enabled. Both 
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speeds were regulated throughout the test and it took the controller about 1200s to 

drag the temperatures back to their set points and maintained steadily for the rest of 

the test. 

 

Similarly, in Fig. 6.10 (a), the indoor cooling loads were also changed at the time of 

300s. However, the controller was enabled at 1160s when both Tdb and Twb were 

1.0 °C over their settings. As seen in Fig. 6.10 (b), the speeds of compressor and 

supply fan were also changed immediately, and it took the controller 2400s to bring 

the indoor air temperatures down to their respective set points. However, there was 

an unexpected increase of temperatures at about 2150s, which can be explained as 

follows. At t = 2150s, Twb reached the set point while Tdb was still above the set point. 

To increase the sensible cooling capacity quickly while still maintaining the latent 

cooling capacity at the same level, supply fan speed was increased abruptly, while 

compressor speed did not change much. Therefore, air flow rate increased abruptly 

due to the increased supply fan speed, which led to the unexpected increase of Tdb 

and Twb during a short period after 2150s. Nonetheless, the controller sensed the 

unexpected increase in the Twb and Tdb, compressor speed was increased more to 

prevent the temperature from further increasing and finally the control target was 

met. 

 

Therefore, the results of disturbance rejection tests shown in Figs. 6.9 and 6.10 

suggested that the controller developed performed satisfactorily in maintaining 
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indoor air temperatures when there were disturbances in indoor cooling loads. 

 

 

(a) Temperature variation 

 

(b) Speeds variation 

Fig. 6.9 Variation of temperatures and speed combination in the disturbance rejection 

test I 
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(a) Temperature variation 

 

(b) Speeds variation 

Fig. 6.10 Variation of temperatures and speed combination in disturbance rejection 

test II 
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6.5 Discussions 

 

For the three obstacles for the simultaneous control of indoor air temperature and 

humidity using VS DX A/C systems identified in Chapter 3, they were tackled when 

developing the ANN aided FLC reported in this Chapter. 

 

Firstly, fuzzy logic was applied, so as to avoid developing a detailed physical model, 

which was difficult to obtain due to the extremely complex heat and mass transfer 

between the air and refrigerant inside the evaporator of a VS DX A/C system. 

However, the controllability test results suggested that using fuzzy logic, rather than 

a detailed physical model, did not compromise the control accuracy at all. This can 

be illustrated by comparing the control performance of a previously developed 

physical model based direct digital controller (DDC) [Li and Deng 2007a, 2007b] 

with that of the controller reported in this Chapter. For the DDC, indoor dry-bulb 

temperature Tdb, began to increase when the controller was activated at t=3600s, and 

returned to its set point of 24 °C at t=10,800s, i.e., 2 h after enabling the controller 

[Li and Deng 2007a]. Therefore, its control sensitivity was unacceptable and several 

different attempts were made to improve the sensitivity, including reducing waiting 

time; periodically activating the DDC and periodically activating the DDC with 

integrating a PI control loop. The first activation time of the DDC for all these 

attempts were at t=1350s rather than 3600s in the previous one. When the DDC was 

solely activated at t=1350s, the controlled parameters significantly deviated from 
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their set points because of inadequate information for accurately calculating the 

needed control signals. If the DDC was activated at an interval of 750s from t=1350s, 

large overshoot was resulted in due to the lack of a mechanism to cease the 

activation of the DDC. Therefore, finally a PI control loop was added. The DDC was 

still activated at an interval of 750s from t=1350s, and when the RH was within a 

pre-set control range, compressor speed was no longer varied, but at the same time, a 

PI controller was activated to regulate the supply fan speed. Approximately 2100s 

after the first enabling of the DDC, Tdb was stabilized at 23.4 °C (the set point was 

24 °C). Therefore, control sensitivity and accuracy were improved by the DDC-PI 

controller, as compared with using the DDC alone. However, a steady state error of 

-0.6 °C for Tdb still existed. In the disturbance rejection test II, which is comparable 

to the disturbance rejection test for the DDC, in the current Chapter, the controller 

developed could bring both Tdb and Twb back to their respective set points with 

deviations of less than ±0.3 °C within 2300s. Therefore, the controller developed in 

this Chapter can realize the simultaneous control of temperature and humidity with 

adequate accuracy by using fuzzy logic. This suggested that the use of fuzzy logic 

instead of physical model would not compromise, but actually improve control 

performance. 

 

Secondly, in the current study, ANN models were trained using ICs’’, which were 

independent of the indoor air states. Therefore, unlike other empirical models, the 

ANN models can work satisfactorily within the normal operational ranges of indoor 
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air parameters, i.e., 20 °C to 28 °C dry-bulb temperature and 40 to 70% RH. 

Consequently, the controller so developed was functional over the normal operating 

ranges of a DX A/C system; instead of a specific training point, without the need of 

applying on-line updating of ANN models. These advantages can be clearly reflected 

by comparing to a previous controller developed by Qi and Deng [2009], which was 

based on a space-state model linearized at a specific operating point, so that it can 

only work satisfactorily at that operating point, and another previously developed 

controller [Li et al. 2013], which was also ANN based, but required real-time 

updating of ANN models through on-line adaptive training. 

 

Thirdly, by introducing two interim variables, i.e., Qs and Ql, the coupling effect of 

two control loops, i.e., temperature and humidity control, were effectively decoupled 

and the controllability test results suggested that simultaneous control of indoor air 

temperature and humidity was materialized with the introduction of the two interim 

variables. 

 

6.6 Conclusions 

 

In this Chapter, the development of a novel controller for simultaneous control of 

indoor air temperature and humidity through combining the complementary merits 

of FLCs and ANN modeling is reported. A novel control principle was proposed to 

decouple the two coupled control loops by introducing two interim variables. A 
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fuzzy logic system was redesigned to simplify both its calculation and structure by 

using weights of linguistic variables. To enable an ANN model developed to be 

functional at the normal operational range of indoor air parameters, operational 

characteristics of the VS DX A/C system were used for the training and testing of 

ANN models. 

 

The ANN aided FLC developed was tested using the experimental VS DX A/C 

system detailed in Chapter 4. Both the command following tests and disturbance 

rejection tests showed that the air dry-bulb and wet-bulb temperatures could be 

properly controlled by the controller developed with satisfactory control 

performances in terms of control accuracy and sensitivity. With the controller 

developed, the three obstacles identified in Chapter 3 were tackled and effective 

ways to addressing them proposed and tested, with satisfactory results. 
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Chapter 7 

A novel PFC for Simultaneously Controlling Indoor Air 

Temperature and Humidity Using a VS DX A/C system 

 

7.1 Introduction 

 

As mentioned in Chapter 3, it was planned to develop two novel FL / ANN based 

controllers to simultaneously control indoor air temperature and humidity using a VS 

DX A/C system. In Chapter 6, the development of the ANN aided FLC is reported. 

The results of the controllability tests demonstrate that the ANN aided FLC 

developed could help realize the simultaneous control of indoor air temperature and 

humidity using a VS DX A/C system. 

 

This Chapter presents the development of the second controller, a novel PFC, as an 

attempt to tackle the same problems using different approaches. Only FL was 

adopted in this novel PFC to weaken the coupling effect between the two control 

loops for temperature and humidity, respectively. A PD law rather than a PID law 

was used to simplify both the calculation and structure of the controller. In this 

Chapter, the development of the novel PFC is reported firstly. This is followed by 

presenting the experimental conditions for all the controllability tests. Thirdly, the 

experimental results of the controllability tests are reported. Finally, discussions and 



 148

conclusions are given. 

 

7.2 The development of the novel controller 

 

In this novel PFC developed, FL was intended to initially to be used to weaken the 

coupling effect of the two control loops, i.e., one varying compressor speed to 

control indoor air dry-bulb temperature and the other fan speed wet-bulb temperature. 

However, the previous extensive experimental studies [Krakow et al., 1995; Li and 

Deng, 2007c; Li et al., 2014; Xu et al., 2010] on the inherent operational 

characteristics of a VS DX A/C system suggested that, as shown in Fig. 7.1 [Li and 

Deng, 2007c], varying supply fan speed would impact more the rate of change in 

sensible cooling capacity and compressor speed latent cooling capacity. 

Consequently, for this novel PFC, a new approach was adopted, by having two loops 

of varying supply fan speed to control indoor air dry-bulb temperature, Tdb, and 

compressor speed indoor air wet-bulb temperature, Twb. 

 

As understood, the above proposed control loops, i.e., varying supply fan speed to 

control Tdb and compressor speed Twb, were still coupled, and varying either speed 

would also influence both Tdb and Twb, so that FL was used to weaken the coupling 

effect of the two control loops. 
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(a) Output sensible cooling capacity 

 

 

(b) Output latent cooling capacity 

Fig. 7.1 Output cooling capacities at different compressor and supply fan speeds 

combinations [Li and Deng 2007c] 
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As explained in Chapter 6, in general, there are two parts in a PFC, the PID law and 

a fuzzy rule-based system. The fuzzy rule-based system consists of a fuzzifier, a 

fuzzy reasoning unit and a defuzzifier. A fuzzifier uses several fuzzy sets and the 

corresponding membership functions to convert its input data into suitable linguistic 

values which may be viewed as labels of fuzzy sets. Furthermore, a fuzzy reasoning 

unit consists of certain fuzzy rules, which are based on expert experience. The fuzzy 

reasoning unit would establish a fuzzy reasoning matrix to signify the relationship 

between the fuzzy inputs and fuzzy control output. Finally, a defuzzifier converts the 

fuzzy control output to a real control signal. 

 

Also as explained in Section 6.2.2.1 of Chapter 6, using a PD law instead of a PID 

law in a PFC for indoor thermal state control could simplify not only calculation but 

also a PFC’s structure. Consequently, this novel PFC reported in this Chapter also 

used a PD law rather than a PID law. Therefore, it was not necessary to establish a 

fuzzy rule for each of all the inputs. Instead, as shown in Fig. 7.2, a weight may be 

assigned to each of the linguistic variables. After calculating the fuzzy values of the 

input data corresponding to each linguistic variable using the membership function, 

the fuzzy reasoning unit would add together all the fuzzy values multiplied by their 

corresponding weights.  
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(a) Membership function for controlling Tdb 

 
(b) Membership function for controlling Twb 

Fig. 7.2 Structure of membership functions of the PFC 
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Using the control of fan speed as an example, the output of the PFC will therefore be 

the degree of change for the supply fan speed, i.e., dFs, as evaluated by: 

 

  s ndF f x    W  (7.1) 

 

Where f(x)n is the fuzzy value, calculated using the membership function for 

linguistic variable n at input error signal x. The membership function is graphically 

shown in Fig. 7.2. W is the weight assigned to corresponding linguistic variable, 

denoted as c, d for the control loop of Tdb and the values of weights are listed in 

Table 7.1. 

 

Table 7.1 The values of weights assigned for linguistic variables for the novel PFC 

developed 

Weights for p(t) 

of Twb 

a5 a4 a3 a2 a1 a0 

5.0 1.8 1.0 0.6 0.1 0 

Weights for d(t) 

of Twb 

b5 b4 b3 b2 b1 b0 

5.0 2.0 1.5 0.8 0.1 0 

Weights for p(t) 

of Tdb 

c5 c4 c3 c2 c1 c0 

5.0 1.8 1.0 0.6 0.1 0 

Weights for d(t) 

of Tdb 

d5 d4 d3 d2 d1 d0 

5.0 2.0 1.5 0.8 0.1 0 

 

The membership functions shown in Fig. 7.2 for the novel PFC is different from 

those reported in Chapter 6, but they may be explained similarly to those presented 
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in Section 6.2.2.1 of Chapter 6. For example, when ∆Tdb is over 2 °C, but the air is 

turning cold at a rate of 0.2 °C s-1, then according to Fig. 7.2 (a), their respective 

fuzzy values are: Very Hot = 1, Turning Cold Most Quickly = 1, the fuzzy values for 

all other linguistic variables are 0. According to Table 7.1, weights for these two 

linguistic variables are: c5 = 5, -d5 = -5. Hence, the output from the PFC will be 

1×5+1×(-5) = 0. Its physical meaning is that if currently the room conditioned by 

the VS DX A/C system is very hot but is turning cold most quickly, there is no need 

to change the current output, Fs, from the VS DX A/C system. A further example 

may include when ∆Tdb is at 0.9 °C, and the air is turning hot at a rate of 0.2 °C s-1, 

their respective fuzzy values are: Hot = 0.5, Warm = 0.5, Turning hot most quickly = 

1, and all others are 0. Weights are: c3 = 1.0, c4 = 1.8, d5 = 5. Hence the output will 

be 0.5×1.0+0.5×1.8+1×5 = 6.4. This output of 6.4 gives the required dFs, As seen, 

the output from the PFC here is also no longer the absolute value of Fs, but dFs, the 

degree of the change in Fs. 

 

In order to both increase the sensitivity of the PFC and effectively reduce possible 

overshoot, the following two equations were incorporated in the PFC to determine 

final output supply fan speed, Fs, based on dFs: 

 

      ,maxIf t 1
abs( 5

,
5)

0 S
S SS SS

dt t FdF F F F F
c d

      
  (7.2a) 
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     ,minI t 1
abs

f 0, ( )
( 5 5)S S S

S
S S

FdF F F F t F
d

dt
c

      
  (7.2b) 

 

The values of FS,max-FS(t) and FS(t)-FS,min are the available range for supply fan speed 

change, so that the change in supply fan speed was limited between its possible 

maximum and minimum values. 

 

 

Fig. 7.3 Schematic diagram of the complete novel PFC for the VS DX A/C system 

 

For compressor speed control, similar procedures to those for supply fan speed 

control were used, based on input error signal of indoor air wet-bulb temperature, the 

membership function for Twb and the weights assigned to corresponding linguistic 

variable denoted as a, b, shown also in Fig. 7.2. Consequently, a conventional fuzzy 

reasoning matrix was simplified to a weights and membership diagram. Furthermore, 

a defuzzifier was no longer needed, thus further simplifying the structure of a PFC. 

The schematic diagram of the novel PFC developed for a VS DX A/C system is 

shown in Fig. 7.3. 
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7.3 Controllability tests 

 

Controllability tests for examining the performances of the controller developed 

were conducted on the experimental VS DX A/C system, which was detailed in 

Chapter 4. There were three types of controllability tests to examine the 

performances of the controller developed, as follows: 

 

1) Command following test (Exp. I): when the set points of indoor air dry-bulb 

and wet-bulb temperatures were changed, the controller was expected to 

respond so that indoor air dry-bulb and wet-bulb temperatures could be 

maintained at their respective new set points. In this type of test, two different 

situations were considered, i) when the experimental DX A/C system was 

initially start up to bring indoor air temperature and humidity at a non-air 

conditioned state to that at an air conditioned state; ii) the set points of indoor 

air temperature and humidity were changed within the normal range of air 

conditioning. 

 

2) Disturbance rejection test (Exp. II): indoor air dry-bulb and wet-bulb 

temperatures were to be maintained at their respective set points when space 

sensible and latent cooling loads were subjected to disturbances. 
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3) Command following with disturbances test (Exp. III): when the set points of 

indoor air dry-bulb and wet-bulb temperatures were changed, and space 

sensible and latent cooling loads were also be subjected to disturbances, indoor 

air dry-bulb and wet-bulb temperatures should be maintained at their respective 

new set points by the controller. 

 

Table 7.2 Experimental conditions for controllability tests 

Name No. 

Initial set 

points (°C) 

Altered set 

points (°C) 

Initial cooling loads 

(kW) 

Cooling loads after 

change (kW) 

Tdb Twb Tdb Twb Sensible Latent Sensible Latent 

Command 

following tests 

Exp. I-1 30 27 24 17.1 - - - - 

Exp. I-2 23 16 25 18 - - - - 

Exp. I-3 25 18 28 21 - - - - 

Exp. I-4 28 21 26 19 - - - - 

Exp. I-5 26 19 23 16 - - - - 

Disturbance 

rejection test 

Exp. II-1 23 16 - - 5.26 1.42 3.97 1.15 

Exp. II-2 28 21 - - 4.40 2.70 3.73 2.55 

Command 

following with 

disturbance test 

Exp. III-1 23 16 26 19 3.96 1.19 4.70 1.62 

Exp. III-2 26 19 24 17 3.16 1.45 sinusoid sinusoid 

 

To ensure that the controller developed can be operational over the normal indoor 

temperature and humidity settings, experimental conditions for controllability tests 

were accordingly selected, as presented in Table 7.2. 
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7.4 Experimental results of the controllability tests 

 

7.4.1 Command following tests (Exp. I-1 to I-5) 

 

For the first situation of the command following tests (Exp. I-1), to obtain a 

simulated non-air-conditioned indoor thermal state, indoor air dry-bulb temperature, 

Tdb, was maintained at 30 °C and wet-bulb temperature, Twb, at 27 °C (or RH 79%), 

respectively. After achieving the above non-air-conditioned condition, the controller 

developed was activated to bring the indoor air dry- and wet-bulb temperatures down 

to within normal air-conditioned range. Fig. 7.4 shows the results of the first 

situation of the command following tests for the novel PFC developed. As seen in 

Fig. 7.4 (a), at 300 s into the test, the indoor air settings were altered from 30 ºC for 

Tdb, and 27 ºC for Twb, to 24 ºC for Tdb and 17 ºC for Twb, and the controller 

immediately responded by simultaneously varying the compressor and supply fan 

speeds, as shown in Fig. 7.4 (b). Tdb and Twb reached their respective new set points 

at about 3200 s into the test and were maintained stably for the rest of testing 

duration. Therefore, the controller was capable of controlling the indoor air 

temperatures over a large operation range from a non-air-conditioned indoor air state 

to an air-conditioned state. 
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(a) Temperature variation 

 

 

(b) Speeds variation 

Fig. 7.4 Variation of temperatures and speeds in the command following test  

(Exp. I-1) 
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(a) Temperature variation 

 

 

(b) Speeds variation 

Fig. 7.5 Variation of temperatures and speeds in the command following test  

(Exp. I-2) 
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(a) Temperature variation 

 

 

(b) Speeds variation 

Fig. 7.6 Variation of temperatures and speeds in the command following test  

(Exp. I-3) 
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(a) Temperature variation 

 

 

(b) Speeds variation 

Fig. 7.7 Variation of temperatures and speeds in the command following test  

(Exp. I-4) 
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(a) Temperature variation 

 

 

(b) Speeds variation 

Fig. 7.8 Variation of temperatures and speeds in the command following test  

(Exp. I-5) 
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Figs. 7.5 to 7.8 show the results of command following tests for the novel PFC 

developed at the second situation. Taking test Exp. I-2 as an example, as seen in Fig. 

7.5 (a), the initial settings of indoor air states were 23 °C for Tdb and 16 °C for Twb. 

The set points were then changed to 25 °C for Tdb and 18 °C for Twb at 300 s after the 

steady state was achieved. It took 1400 s for indoor air temperatures to reach new set 

points, which were then stably maintained for the remaining period of the test. Fig. 7 

(b) shows that the speeds of compressor and supply fan responded immediately to 

the changes in set points. As the test went on, both speeds were simultaneously 

regulated and finally stably maintained, with moderate fluctuations. 

 

Similar test results can be found in Figs. 7.6 to 7.8 for other command following test 

Exp. I-3 to Exp. I-5. In each test, temperatures were maintained stably at their new 

set points, with almost no fluctuation. Compressor and supply fan speeds were 

regulated continuously throughout the tests and could be maintained at a steady 

value with moderate fluctuation. Furthermore, the experimental conditions for the 

command following tests at the second situation covered 23 °C to 28 °C for Tdb and 

16 °C to 21 °C for Twb, which is the common indoor setting range for air 

conditioning according to occupants thermal comfort. Therefore, the results of the 

command following tests suggested that the novel PFC developed was able to trace 

the changes in set points, with sufficient sensitivity and accuracy over the normal 

operational range of the experimental VS DX A/C system. 
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7.4.2 Disturbance rejection tests (Exp. II-1 & II-2) 

 

Figs. 7.9 and 7.10 present the results of the disturbance rejection tests. The set points 

in these tests were 23 °C for Tdb / 16 °C for Twb and 28 °C for Tdb / 21 °C for Twb, 

respectively, to cover the normal operational range of an A/C system serving a 

conditioned space. As seen in Fig. 7.9 (a), before the disturbance, indoor air 

temperature settings remained unchanged at 23 °C for Tdb and 16 °C Twb. At 300 s 

after the steady state was achieved, indoor sensible and latent cooling loads were 

decreased from 5.26 kW and 1.42 kW to 3.97 kW and 1.15 kW, respectively. In 

response to the changes, both Tdb and Twb gradually decreased, and at 987 s when 

both Tdb and Twb were 0.5 °C below their settings, the controller was activated. It can 

be seen in Fig. 7.9 (b) that the compressor and supply fan speeds responded 

immediately when the controller was activated. Both speeds were regulated and it 

took the controller about 960 s to bring the temperatures back to their set points, and 

the temperatures were maintained stably for the rest of test duration. 

 

Similarly, in Fig. 7.10 (a), indoor cooling loads were also changed at 300 s into the 

test. However, the controller was activated at 880 s when both Tdb and Twb were 

0.5 °C below their settings. As seen in Fig. 7.10 (b), the speeds of compressor and 

supply fan were also changed immediately, and it took the controller 1280 s to bring 

the indoor air temperatures up to their respective set points. 
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(a) Temperature variation 

 

 

(b) Speeds variation 

Fig. 7.9 Variation of temperatures and speeds in the disturbance rejection test  

(Exp. II-1) 
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(a) Temperature variation 

 

 

(b) Speeds variation 

Fig. 7.10 Variation of temperatures and speeds in the disturbance rejection test 

(Exp. II-2) 
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Therefore, the results of disturbance rejection tests shown in Figs. 7.9 and 7.10 

suggested that the controller developed performed satisfactorily in maintaining 

indoor air temperatures when there were disturbances in indoor cooling loads. 

 

7.4.3 Command following with disturbances test (Exp. III-1 & III-2) 

 

This type of controllability test combined the previous two types of test, to assemble 

a testing operation that was more close to reality. 

 

Fig. 7.11 shows the results of one of the command following with disturbances test 

for the novel PFC (Exp. III-1). As seen in Fig. 7.11, indoor air temperature settings 

were initially at 23 °C for Tdb and 16 °C for Twb and, the indoor sensible load was 

3.96 kW and latent load 1.19 kW, respectively. At 300 s into the test, indoor air 

settings were changed to 26 ºC for Tdb and 19 ºC for Twb, respectively, and at the 

same time, indoor cooling loads were also increased from 3.96 kW to 4.70 kW for 

sensible load, 1.19 kW to 1.62 kW for latent load, as shown in Fig. 7.11 (c). In 

response to these changes introduced, the controller immediately varied both 

compressor and supply fan speeds. Both Tdb and Twb reached their respective new set 

points in about 2300 s after the change and were maintained stably for the rest of test 

duration without noticeable fluctuation. 
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(a) Temperature variation 

 
(b) Speeds variation 

 
(c) Cooling loads variation 

Fig. 7.11 Test results in command following with disturbance rejection test  

(Exp. III-1) 
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In Exp. III-2, the initial settings of indoor air temperatures were 26 ºC for Tdb and 19 

ºC for Twb, and the outputs from LGUs were 3.16 kW for sensible load and 1.45 kW 

for latent load, respectively. As seen in Fig. 7.12, at 300 s after the steady state was 

achieved, Tdb setting was altered to 24 ºC and Twb setting to 17 ºC. However, at the 

same time, the outputs from the LGUs were varied following the pattern as defined 

by equations (7.3) and (7.4), as follows: 

 

 Qs t   Qsmax Qsmin

2
 sin w t  p
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where Qs was the indoor sensible cooling load and Ql the latent load. Therefore, 

indoor sensible and latent cooling loads were varied following a sinusoidal pattern 

between their maximum and minimum values, which are 4.24 kW / 2.76 kW for 

sensible load and 1.36 kW / 1.08 kW for latent load, respectively. 
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(a) Temperature variation 

 
(b) Speeds variation 

 
(c) Cooling loads variation 

Fig. 7.12 Test results in command following with disturbance rejection test  

(Exp. III-2) 

 

15

17

19

21

23

25

27

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500

T
(℃

)

Test duration (s)

300 s 1733 s

Tdb

Twb

0
10
20
30
40
50
60
70
80
90

100

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500

Sp
ee

d 
(%

)

Test duration (s)

300 s

C Speed

F Speed

0.0

0.4

0.8

1.2

1.6

2.0

3.0

4.0

5.0

6.0

0 1000 2000 3000 4000 5000 6000

L
at

en
t l

oa
d 

(k
W

)

Se
ns

ib
le

 lo
ad

 (k
W

)

Test duration (s)

300s

LGU_Ql

LGU_Qs



 171

As shown in Fig. 7.12 (b), when all the changes were introduced, the controller kept 

regulating both compressor and supply fan speeds continuously. The temperatures 

reached their respective new set points in 1430 s. Because indoor cooling loads were 

continuously varied, indoor air temperatures fluctuated also along with the variation 

of indoor cooling loads, but within an acceptable range of ± 0.2 ºC. Therefore, the 

novel PFC developed was able to function properly where there were changes in 

both indoor air settings and thermal loads. 

 

7.5 Conclusions 

 

To effectively address the obstacles to the successful simultaneous control of indoor 

air temperature and humidity, in this Chapter, a novel PFC was developed for the 

simultaneous control of indoor air temperature and humidity using a VS DX A/C 

system and is reported. There were two new control loops in the controller, i.e., 

varying supply fan speed for controlling Tdb and compressor speed for Twb. 

 

By applying FL, it was no longer necessary to obtain a complicated physical model 

of a DX A/C system, and the coupling effect of two control loops was weakened. In 

this novel PFC developed, using a PD law instead of a PID law, and the weights 

assigned to linguistic variables to replace a conventional fuzzy reasoning matrix 

simplified both the calculation and structure of the PFC. 
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The novel PFC was experimentally tested over a wide operational range of a DX 

A/C system. The test results suggested that the controller developed successfully 

helped realize the simultaneous control of indoor air temperature and humidity 

satisfactorily in terms of control accuracy and sensitivity.  

 

As seen in Chapters 6 and 7, two novel FL / ANN based controllers for the 

experimental VS DX A/C system are both successfully developed. This shows that 

different approaches may be employed to tackle the same problems. However, 

different controllers would have their own pros and cons, hence, an experimental 

comparison study on the performances of the two controllers, using that of a 

conventional ON / OFF controller as a benchmark, is reported in Chapter 8. 
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Chapter 8 

Performance Comparison of the Two Controllers Developed for the 

Experimental VS DX A/C system 

 

8.1 Introduction 

 

In the last two Chapters, the developments of the two FL / ANN based controllers for 

the simultaneous control of indoor air temperature and humidity using the 

experimental VS DX A/C system are respectively reported. 

 

The ANN aided FLC reported in Chapter 6 combined the complementary merits of 

FL and ANN modeling. A novel control principle was proposed by introducing two 

interim variables, i.e., the sensible cooling capacity, Qs, and the latent cooling 

capacity, Ql, to decouple the two control loops of air temperature and humidity 

control. In order to enable the ANN models in the FLC to be functional over a large 

operational range, the operational characteristics of the VS DX A/C system in term 

of the ICs between its TCC and E SHR were used to train and test the ANN models. 

 

However, the second novel controller based solely on FL, i.e., the PFC, reported in 

Chapter 7 was developed, as an attempt to address the same problems using different 

approaches. In this novel PFC, two novel control loops were employed, i.e., varying 
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supply fan speed to control indoor air dry-bulb temperature (Tdb), and compressor 

speed indoor air wet-bulb temperature (Twb). To weaken the coupling effect between 

the two control loops, FL was deployed. Furthermore, a PD law rather than a PID 

law in the PFC was used, which helped simplify not only the calculation but also the 

structure of the PFC. 

 

Both controllers were validated by controllability tests, using the experimental VS 

DX A/C system detailed in Chapter 4. The experimental results showed that both 

controllers could respectively realize the simultaneous control of indoor air 

temperature and humidity, within the normal operational range of a VS DX A/C 

system. However, in these controllability tests, their performances were assessed 

separately without mutually comparing with each other. Therefore, in this Chapter, 

the performances of the two controllers developed in terms of controllability and 

energy consumption were experimentally compared, using that of a conventional ON 

/ OFF controller as a benchmark. In this Chapter, experimental conditions are firstly 

reported. Secondly, experiment results and related discussions are presented. Finally, 

conclusions are given. 

 

8.2 Experimental conditions 

 

To experimentally compare the performances of the two controllers reported in 

Chapters 6 and 7, the experimental VS DX A/C system detailed in Chapter 4 was 
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operated under the control of the two controllers, respectively, at the same three sets 

operational conditions listed in Table 8.1. In addition, to provide a benchmark for 

comparison, the VS DX A/C system was operated under the control of an ON / OFF 

controller, at the same testing conditions. 

 

Table 8.1 Testing conditions for performance comparison 

Test set No. I II III 

Condensing temperature (°C) 32.4 33.7 34.9 

Total cooling loads (kW) 5.5 6.5 7.4 

Sensible cooling loads (kW) 4.1 5.3 5.4 

Latent cooling loads (kW) 1.4 1.2 2.0 

Application SHR 0.74 0.82 0.73 

 

As seen in Table 8.1, different testing conditions were used to resemble a real life 

operating condition within normal air conditioning range. The resultant testing 

application SHRs (A SHRs) were 0.74, 0.82 and 0.73 for Test set I, II and III, 

respectively. 

 

In each of the three tests, the DX A/C system was operated at a steady state before 

introducing any changes and indoor air settings were at 26.0 °C for Tdb and 20.6 °C 

for Twb (or 61.0% for RH), respectively. The compressor and supply fan speeds were 

all initially set at 30% of their maximum value but the corresponding space cooling 

loads at the three test sets were 4.48 kW (2.36 kW, sensible / 2.12 kW, latent), 

respectively. After a steady state operation was achieved, in all the three tests, indoor 
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settings were then all changed from 26.0 °C to 25.0 °C for Tdb, and from 20.6 °C to 

18.0 °C for Twb (or 50% for RH) but indoor cooling loads were then changed, via 

varying the outputs of LGUs, to those listed in Table 8.1. In each test, after indoor 

settings and cooling loads were changed, the two controllers developed, as well as a 

conventional ON / OFF controller, were put into action in turn to examine their 

respective controllability. In all the tests, energy performance was evaluated by 

adding up the respective energy consumption by compressor and supply fan in the first 

12000 s after activating controllers. During all tests, condenser cooling air flow rate 

remained unchanged at 3100 m3 h-1 and DS setting was fixed at 6 °C. 

 

It should be noted that, for the conventional ON / OFF controller, a dead band of 

±0.5 °C was set to avoid frequent on-off compressor cycling. Furthermore, when the 

experimental VS DX A/C system was under on-off control, supply fan speed was 

fixed at 70% of its maximum value at all time and compressor speed also at 70% of its 

maximum value during all ON periods. 

 

8.3 Experimental results 

 

Figs. 8.1 - 8.3 show the controllability results of temperature variations in the three 

test sets. Taking Test set I results shown in Fig. 8.1 as an example for illustration, at 

the beginning of the test, indoor air temperatures were steadily maintained at 26.0 °C 

for Tdb and 20.6 °C for Twb (or 60% for RH), respectively. At 300s into the test, the 
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settings of indoor air temperatures were changed to 25.0 °C and 18.0 °C (or 50% for 

RH), respectively.  

 

As seen, Tdb fluctuated around the setting but within the pre-set dead band when the 

DX A/C system was ON / OFF controlled. However, when the system was under the 

control of both the ANN aided FLC and the novel PFC, Tdb reached the new set point 

at about 1700 s after introducing the changes in settings and was maintained stably at 

the setting point for the rest of testing duration. On the other hand, Twb fluctuated 

dramatically when the system was ON / OFF controlled, so that Twb was not directly 

controlled. However, Twb reached the new set point faster under the PFC at 700 s 

after introducing changes than under the ANN aided FLC at 1200 s after introducing 

changes. Both controllers maintained Twb stably thereafter. 

 

Similar controllability test results are shown in Figs. 8.2 and 8.3, for Test sets II and III, 

respectively. 

 

Fig. 8.4 presents the energy consumption comparisons in the three test sets for the 

three controllers. As seen, the two controllers developed, overall speaking, consumed 

less energy than the conventional ON / OFF controller, under the same testing 

conditions, but with better control performance. Further detailes on the control 

performance comparisons for the two controllers, using that of the ON / OFF 

controller as a benchmark, are reported in Section 8.4
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Fig. 8.1 Controllability test results for the controllers in Test set I 
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Fig. 8.2 Controllability test results for the controllers in Test set II 
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Fig. 8.3 Controllability test results for the controllers in Test set III  
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Fig. 8.4 Energy consumption comparison in the three test sets for the three controllers 

 

8.4 Discussions 

 

As briefly mentioned in Section 8.3, the ANN aided FLC and the novel PFC 

developed performed better than the conventional ON / OFF controller in terms of 

controllability and energy consumptions. However, for the two controllers developed, 

they had their own pros and cons, as follows. 

 

Control sensitivity 

As seen in Figs. 8.1 - 8.3, the control sensitivity of the novel PFC is better than that of 

the ANN aided FLC, which is more obvious when only considering Twb. As seen, in 
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in settings under the ANN aided FLC than under the novel PFC, Twb reached the final 

steady state values almost at the same time under both controllers. This was because 

the rate of decrease in Twb under the ANN aided FLC experienced an obvious 

slowdown, when the controller reacted after detecting a large change rate in Twb, to 

avoid overshoot. This, however, compromised its control sensitivity. Furthermore, 

although indoor cooling loads would influence the sensitivity of the controllers, the 

use of novel PFC would result in the best control sensitivity at different indoor cooling 

loads. 

 

Control accuracy 

The novel PFC showed satisfactory control accuracy in three sets of test, for both Tdb 

and Twb. As seen in Figs. 8.1 - 8.3, under the novel PFC, after Tdb and Twb reached their 

respective set points, they were maintained stably without noticeable fluctuations. On 

the other hand, although the use of the ANN aided FLC can also result in comparable 

control accuracy, a slightly poorer control accuracy may be encountered at a higher A 

SHR. As seen in Fig. 8.2 for the results of Test set II, there were steady state errors of 

0.3 °C for Tdb and 0.5 °C for Twb, due to the mismatch between output cooling 

capacities and indoor cooling loads, under the control of the ANN aided FLC. 

 

Energy consumption 

 

As seen in Figure 8.4, in Tests I and III, the system under the control of novel PFC 
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consumed the least energy and the ON / OFF controller the most. However, in Test II, 

at a higher A SHR, the system energy consumption under the novel PFC was higher 

than that under the ANN aided FLC. Therefore, the use of the ANN aided FLC could 

in general lead to smaller energy consumption. 

 

8.5 Conclusions 

 

In this Chapter, the performances of the two controllers developed, i.e., the ANN 

aided FLC and the novel PFC, were experimentally evaluated, in terms of 

controllability and energy consumption, using that of a conventional ON / OFF 

controller as a benchmark. Three sets of test were carried out. 

 

The experimental results demonstrated that, generally, the ANN aided FLC and the 

novel PFC developed and reported in this Thesis performed better than the 

conventional ON / OFF controller in terms of controllability and energy consumption. 

However, for the two controllers, although their performances were comparable, they 

did have their pros and cons. The use of novel PFC resulted in a higher control 

accuracy and sensitivity in three sets of test. However, at a lower indoor latent cooling 

load, i.e., with a higher A SHR value, such as in Test set II, the use of the novel PFC 

would lead to a greater energy consumption than that when using the ANN aided FLC. 
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Chapter 9 

Conclusions and Future Work  

 

9.1 Conclusions 

 

A programmed research work on investigating the operational characteristics and 

developing advanced controllers to simultaneous control indoor air temperature and 

humidity for 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 further experimental study on the ICs between TCC and E SHR of the 

experimental VS DX A/C system, developed from a previous related study, 

has been carried out and is reported in Chapter 5. Experiments were carried 

out under six different inlet air states and different combinations of 

compressor and supply fan speeds in order to reveal the operational 

characteristics of the VS DX A/C system in terms of the ICs between its TCC 

and E SHR. The experimental results showed that both inlet air temperature 

and RH level would significantly influence the ICs of the VS DX A/C system. 

The influences of Tdb and RH level on the ICs appeared to be different. 

Therefore, a data processing method for estimating the ICs of the VS DX A/C 

system at non-test inlet air states within the common operating range has been 

developed and validated using the experimental data. The validation results 
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suggested that the method can be adequately applied to estimating the ICs at 

other non-test inlet air states using the experimental ICs at a limited number 

of test inlet air states for a VS DX A/C system, thus paving the way to 

developing advanced control strategies for the VS DX A/C system based on 

its operational characteristics. 

 

(2) The development of a novel ANN aided FLC for the simultaneous control of 

indoor air temperature and humidity through combining the complementary 

merits of FL and ANN modeling, is presented in Chapter 6. A novel control 

principle has been proposed to decouple the two coupled control loops by 

introducing two interim variables. A fuzzy logic system has been redesigned 

to simplify both its calculation and structure by using weights of linguistic 

variables. To enable ANN models in the controller developed to be functional 

within the normal operational range of indoor air parameters, the operational 

characteristics of the VS DX A/C system obtained in Chapter 5 were used for 

the training and testing of ANN models. The ANN aided FLC developed has 

been tested using the experimental VS DX A/C system. The results from both 

the command following tests and disturbance rejection tests demonstrated 

that indoor air dry-bulb and wet-bulb temperatures could be properly 

controlled by the controller developed with satisfactory control performances 

in terms of control accuracy and sensitivity. 

 

(3) The development of a novel PFC for the simultaneous control of indoor air 

temperature and humidity using the VS DX A/C system is presented in 
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Chapter 7. The development of the PFC was intended as an alternative 

approach to the ANN aided FLC in solving the same problem. There were 

two control loops in the controller, i.e., varying supply fan speed for 

controlling Tdb and compressor speed for Twb. FL was employed to weaken 

the coupling effect of two control loops. In this novel PFC developed, using 

both a PD law rather than a PID law and the weights assigned to linguistic 

variables to replace a conventional fuzzy reasoning matrix simplified the 

calculation and structure of the PFC. This novel PFC has been 

experimentally tested over a wide operational range of a DX A/C system. The 

test results suggested that the controller developed successfully helped realize 

the simultaneous control of indoor air temperature and humidity in terms of 

control accuracy and sensitivity.  

 

(4) The performances of the two controllers were experimentally compared, using 

that of a conventional ON / OFF controller as a benchmark. Three sets of test 

at different operation conditions were carried out. The experimental results 

showed that, generally, the ANN aided FLC and the novel PFC performed 

better than the conventional ON / OFF controller in terms of both 

controllability and energy consumption. However, for the two controllers 

reported in this Thesis, they had their own pros and cons. The use of the novel 

PFC can lead to a higher control accuracy and sensitivity in three sets of test, 

but a higher energy consumption at a higher A SHR value, as compared to the 
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use of the ANN aided FLC. Nonetheless, the overall performance for the two 

controllers were comparable, suggesting that different approaches may be 

used in developing an advanced controller for a VS DX A/C system to 

simultaneously control indoor air temperature and humidity. 

 

The research work reported in this Thesis has made important contributions to the 

development of control strategies for VS DX A/C systems to simultaneously control 

indoor air temperature and humidity. Better indoor thermal comfort for occupants, 

and reduced energy use may be expected when using VS DX A/C systems. The 

extent of influences of inlet air state on the ICs of a VS DX A/C system is reported 

for the first time, and the ANN aided FLC and the novel PFC developed for the 

experimental VS DX A/C system are each of the first of its kind. The long-term 

significance of the research work is that it will encourage a wider application of VS 

DX A/C systems to achieving a better control of indoor thermal environment, at a 

higher energy efficiency, thus contributing to sustainable development. 

 

9.2 Proposed future work 

 

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

work reported in this Thesis are proposed as follows: 

 

Firstly, future studies on the operational characteristics of a VS DX A/C system 

considering more factors shall be carried out. In this Thesis, the operational 
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characteristics are studied by carrying out steady-state experiments using the 

experimental VS DX A/C system, at a fixed DS of 6 °C. However, a larger DS at the 

exit of an evaporator will lead to a lower evaporator efficiency, but a lower DS may 

lead to system instability. Therefore, for a VS DX A/C system, it is possible to 

decrease DS setting to a suitable level so as to enhance the evaporator efficiency but 

without risking system stability. To this end, detailed operational characteristics in 

terms of TCC, E SHR and COP, at different inlet air states as well as at different DS 

settings under VS operation should be further studied. 

 

Secondly, in the two novel controllers reported in this Thesis, fuzzy systems were 

redesigned by using the weights assigned to each linguistic variable to replace 

traditional fuzzy reasoning matrixes, so as to simplify not only the calculation but 

also the structure of a fuzzy system. However, the determination of the weights 

assigned to each linguistic variable depended mainly on personal experience 

regarding the operation of a VS DX A/C system. Therefore, a generalized method for 

determining or optimizing the weights assigned to each linguistic variable shall be 

further developed to enable the application of the controllers reported in this Thesis 

to other thermal systems. 
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Appendix A 

Photos of the Experimental DX A/C system  

 

 
 

Photo 1  Overview of the experimental rig (1) 
 

 
Photo 2  Overview of the experimental rig (2) 
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Photo 3  Variable-speed compressor in the DX A/C system 
 
 

 
 

Photo 4  DX cooling coil in the DX A/C system  
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Photo 5  Load generation units inside conditioned space 
 

 
 

Photo 6  Logging & control supervisory program 
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