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Article Info Abstract
Received: 3 July 2024 Nowadays, air-conditioning systems are installed in buildings to
Accepted: 24 October 2024 provide a healthy and comfortable environment for the occupants.

Available online: 30 December 2024  However, it will consume a large amount of energy resulting in an
expensive cooling cost in the building. This paper presents an approach
to minimize the energy consumption of the heating, ventilation and air

Keywords conditioning (HVAC) system. The main objective is to provide a solution
HVAC, fuzzy logic, expansion valve, to reduce the energy consumption of a house air system using fuzzy
cooling cost, building logic by controlling the expansion valve of the air conditioner. The

membership functions of fuzzy logic consisting of two inputs and one
output were used as a method to control the output temperature of the
system. The output shows a reduction in the cooling cost of the HVAC
system in a building.

1. Introduction

Recent studies have shown that buildings are responsible for around 40% of the world's energy consumption and
nearly 33% of greenhouse gas emissions [1]. In a building, the largest proportion of electrical power consumption
at approximately 60% is attributed to heating, ventilation and air conditioning (HVAC) [2]. The changing global
climate has led to an increase in demand for electricity to power air conditioning systems. To address this issue,
various systems have been employed to minimise energy consumption resulting from the rising use of comfort
cooling or air conditioning. These include controlling the building's thermal mass by modifying the indoor
temperature set point [3].

There have been several studies regarding the utilization of fuzzy logic to control the basic components of
HVAC system such as the condensing coil, expansion valve, evaporating coil, and compressor [4]. These studies
demonstrate that the implementation of a fuzzy logic controller in the HVAC system of a building can result in
reduced energy consumption and cost savings [5]. In previous research, a fuzzy logic controller was utilized to
regulate the HVAC basic unit's compressor by managing the changing of refrigerant [6]. These findings
demonstrate that incorporating the fuzzy logic controller into the system will enhance its energy conservation
and reduce cost of energy consumption. The significance of this study is that it showcases the potential benefits
of lowering a building's cooling expenses and increasing awareness on the impact of minimizing energy
consumption.

The objective of this paper is to conduct an energy conservation analysis on HVAC model controlled by a fuzzy
logic controller. The simulation was performed to explore the impact of the fuzzy logic controller on the house
temperature as it varied in response to the surrounding temperature. The fuzzy logic controller was designed with
two inputs which are the temperature error and error of temperature variation; and one output air flow variable.

This is an open access article under the CC BY-NC-SA 4.0 license.
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Both input and output values represent 9 membership functions. In addition, all necessary information was
recorded to analyze the cooling cost improvement of the HVAC system which is 24.81% during 72 hours of
operation.

2. Methodology

2.1 HVAC Operating System

The vapour refrigerant (typically R134a) from the air conditioning system was produced by the condenser as
shown in Fig. 1. The condensing coil was then used to release the heat from the refrigerant so that it turned back
into a cool fluid. The flow of the cool fluid to the evaporator was then controlled by the expansion valve according
to the cooling demand. At the evaporator coil, the fluid changed into sub-cooled vapour with low pressure and
temperature. Finally, the process was repeated again as the vapour returned to the compressor.

Indoor Unit v Outdoor Unit

<:D<::

Fig. 1 HVAC refrigeration cycle

2.2 Principle of Fuzzy Logic Controller

Fig. 2 shows the basic principles of the fuzzy logic operating subsystem. The fuzzification block transforms the
input data into a fuzzy data set and the fuzzy inference engine operates with fuzzy rules to regulate the expansion
valve. The target output temperature can be achieved by controlling the expansion valve. Finally, the
defuzzification block is used to transform the fuzzy set into the desired output temperature of the HVAC system.

Fuzzy Rule
Base

— =

Fuzzification Fuzzy Inference Defuzzification y| Plant

Engine

A 4

Fig. 2 Operating principle of fuzzy logic subsystem

2.3 Fuzzy Logic Implementation in HVAC

This section will discuss the implementation of fuzzy logic to control the temperature carried out in the Simulink
software. Fig. 3 shows that the system is set to the desired output temperature known as the set point
temperature. The set point will then be subtracted from the temperature variation of the house (Tindoor) to
produce an error temperature which will be sent to the thermostat and memory. In the thermostat, the
temperature error determines whether to activate or deactivate the air-conditioning blower automatically. The
blower will activate when the thermostat command is 1. If the command is 0, then the blower will deactivate.
Meanwhile, the temperature error is also used by memory to create temperature variations corresponding to
indoor temperature changes. The fuzzy logic controller was designed to regulate the expansion valve of the air-
conditioning unit to manage the flow of gas to the cooler switch.
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Fig. 3 Improved model of HVAC considering fuzzy logic controller

2.3.1 House parameter estimation

The initial stage involves calculating the insulation of a house. This is achieved by entering the thickness of the
walls and windows along with the thermal conductivity of the walls and glass in Fig. 4. Eq. (1) to Eq. (3),
demonstrate the derivation of the equivalent thermal resistance, Re;, obtained from the aforementioned
information.

L
R — wall ( 1]
wall
Kwall X Hwall
R — window (2)
window
Kwindow X Hwindow
_ Rwall X Rwindow
Req - (3)
R xR
wall window

where, Lwan= Wall length, Lwindow = Window length, Hwindow = Window height, Hwar = Wall height, Wwai = Wall width,
Kwindow = Thermal conductivity of window, and Kwan = Thermal conductivity of wall.

@—»@—» 1/(M*c) 1s »(1)
CoolFlow Room Temp

Troom

House Heat
Capacity

1/Req [« @4

Cool Losses

2)
Thermodynamic Model
Outdoor T
u ?.g;t emp for the House

Fig. 4 House subsystem

Once Req has been calculated, other parameters need to be defined such as the specific heat capacity of air (c),
the air air-conditioning output temperature (Taircond), the air flow rate (Mdot), the density of air at sea level
(dens Air), the total internal air mass (M) and the initial indoor temperature (TinIC). All of the obtained
parameters are then applied in the system diagram of HVAC as shown in Fig. 3.

2.3.2 HVAC system
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There are five primary subsystems within the HVAC system which are the thermostat subsystem, air-conditioner
subsystem, surrounding temperature subsystem, fuzzy logic controller subsystem and house subsystem. Fig. 3
present the overall cooling house model in Simulink software. The five main subsystems will now be discussed in
detail.

2.3.2.1 Thermostat subsystem

Fig. 5 illustrates the thermostat subsystem, comprising a relay component with an ON and OFF switch point. This
point operates in correlation with the input temperature error (Terr) to control the blower, which regulates the
flow of cool air referred to as CoolFlow. This air flows into the interior of the air-conditioning system as depicted
in Fig. 6. The blower will be turned On when the relay signal shows an output of "1" and it will turn OFF when the
relay shows an output of "0".

AR {0

Terr Blower
Relay1 switch

Fig. 5 Thermostat subsystem

2.3.2.2 Air-conditioning subsystem

The air-conditioning subsystem controls the flow of cool air into the house. In Fig. 6, the result between the room
temperature (Troom) and the cooler air temperature (Taircond) will be multiplied by the product of the air-flow
rate (Mdot) and the specific heat capacity of air (c). This process occurs in the CoolGain block which represents a
mathematical model for the expansion valve. This expansion valve regulates the flow of refrigerant gas to the
cooler switch and the blower is controlled by the thermostat.

1
@ Thermostat Command (On/Off)
On/Off

(2) g ()

CoolFlow

Troom cooler Switch
CoolGain

Taircond

Cooler Air Temperature Air-Condition Subsystem

Fig. 6 Air-conditioning subsystem

2.3.2.3 Surrounding temperature subsystem

Fig. 7 shows the model of the surrounding temperature subsystem that generates an outdoor temperature for the
system. The subsystem utilises a timer to produce an output wave of outdoor temperature based on Clock1. If the
timer has a value of 24, the output will depend on the value of «. If the timer has a value of 24 to 48 hours, the
output will be B. If the timer has a value of 48 to 72 hours, the output will be y. Eq. (4) illustrates the output as a
function of the temperature corresponding to the timer selection.

a, ift<24

fla.B.y)=4B, if24<t<28 4)
y, if48<t<72

2.3.2.4 House subsystem

The housing subsystem is responsible for measuring the outdoor temperature for cooling losses, the cool air flow
(CoolFlow), and the housing cooling capacity according to the initial parameter that is used for the cooling process.

In Fig. 4, the difference between the outdoor temperature and the house temperature is calculated to
determine the exact temperature that the air-conditioning system needs to provide. Eq. (5) present the equation

to calculate the "a" signal.
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Fig. 7 Surrounding temperature subsystem

Subsequently, the signal of "a" which represents the temperature difference will be regulated with thermal
equivalent resistance, Req, to determine cooling losses, “b” signal. Eq. (6) depicts the method for calculating the "b"
signal.

a
2 -p
Req (6)

Then, the "b" signal was used to subtract cool losses with the CoolFlow resulting in the determination of the

¢" signal which represents differences in cooling rates for the air-conditioning. Eq. (7) outlines the formula used
to determine the "c" signal.

b—CoolFlow =c (7)

Therefore, the "c" signal representing the change of cooling rate will be divided by the product of the house
Heat capacity (C) and the total internal air mass (M) to determine the "d" signal. Eq. (8) illustrates the formula for
determining the "d" signal.

c
=d 8
Mxc (8)

Finally, the "d" signal which represents the indoor temperature in °F will be converted using an integral block
to convert the measurement into °C.

2.3.2.5 Fuzzy logic controller subsystem

This subsystem diagram illustrates the simulation of the fuzzy logic component implemented in the air
conditioning system. It serves as the primary case study for this research project.

Fig. 8 illustrates the construction of the fuzzy logic controller that regulates the expansion valve of the air
conditioning system. The controller receives two inputs that are the temperature error (Terr) and the
temperature variation error or error adjustment (ATerr). The output of the controller is the gas flow. Firstly, the
surrounding temperature will result in a sinusoidal wave-shaped variation of the indoor temperature (Tindoor)
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within the house. This fuzzy logic controller examines the temperature variation resulting from the first
subtraction junction where it is subtracted from the set point of 20°C. The temperature error is then analyzed by
the thermostat and memory. The thermostat activates the blower. Then, the memory used to store the new
temperature error and release the previous temperature error. At the second subtraction junction, the
temperature error (Terr) was subtracted from the previous temperature error. This subtraction generates the
two input waves (Terrpre) for the fuzzy logic controller.

Set Point
» )
[2] >, :::Ermmr———'
4 cmd

Thermostat

)

N

4+ Terr

SN

\ Mux1 Fuzzy Logic
; o ‘\Cnn"““gr
ATerr

Memory

Terrpre

7

Tindeor

Fig. 8 Fuzzy logic subsystem

Eg. (9) and Eq. (10) are used to calculate the temperature error (Terr) and the error of temperature variation
or adjustment of error (ATerr).

Terr =(Tsetpoint)—(Troom) 9)
ATerr =Terr(0ld)—Terr(New) (10)

Fig. 9 depicts the waveform for Muxl comprising the temperature variation error (ATerr) and the
temperature error (Terr). The red wave indicates the temperature variation error (ATerr), while the blue wave
represents the temperature error (Terr). The previous cooling house design only accounted for the temperature
error (Terr), but the simulation now incorporates the memory component to generate the temperature variation
error (ATerr). This memory model operates to retain the recent measurement and release the previous
measurement. The recent measurement is represented as the new temperature error and the previous
measurement is represented as the old temperature by referring to Eq. (9) and Eq. (10).

Error of
temperature (Terr)
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Error of ”
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Fig. 9 Output wave from Mux1

The purpose of introducing this formulation and circuit to the simulation is to create two inputs that can be
processed by the fuzzy logic controller. The wave shape between the temperature variation error (ATerr) and the
temperature error (Terr) appears to reflect each other since the wave that needs to be analysed by the fuzzy logic
controller must synchronize with the membership function rules as depicted in Table 1.
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Fig. 10 display the fuzzy logic controller configuration consisting of two inputs of Terr and ATerr. Fig. 11 and
Fig. 12 demonstrate the membership function inputs of Terr and ATerr that each comprising nine membership
functions which are low-low (LL), low-medium (LM), low-high (LH), medium-low (ML), medium-medium (MM),
medium-high (MH), high-low (HL), high-medium (HM), and high-high (HH). The Mamdani block present in the
fuzzy logic controller can be seen in Table 1 and is used to establish the membership function in Fig. 11 and
Fig. 12.

Table 1 Membership function rules
ATerr\Terr LL LM LH ML MM MH HL HM HH

LL vi Vi v2 V2 V3 V3 V4 V4 V5
LM Vi V2 V2 V3 V3 V4 V4 V5 V6
LH V2 V2 V3 V3 V4 V4 V5 V6 V6
ML V2 V3 V3 V4 V4 V5 V6 V6 V7
MM V3 V3 V4 V4 V5 Ve V6 V7 V7
MH V3 V4 V4 V5 V6 V6 V7 V7 V8
HL V4 V4 V5 V6 V6 V7 V7 V8 V8
HM V4 V5 Ve Ve V7 V7 V8 V8 V9
HH V5 V6 V6 V7 V7 V8 VB8 V9 V9
FIS Editor fuzyControi2 S[@] =

| File Edit View

|
| : zyCo
,,,,,
(mamtm

airflow
crror-variation < ATerr

| FIS Name: fuzzyControi2 FIS Type: mamdani l
And method = + || current variable
Or method — - [[Name i error
i A0S min - U
, Range [0 40]
Aggregation [ -
Defuzzification centroid - | Help Close | l
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Fig. 10 Configuration of fuzzy logic
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Fig. 11 Membership function of Terr
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B Membership Function Editor: fuzzyControl2 = | | S|
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Fig. 12 Membership function of ATerr

Fig. 13 illustrates the 9 membership functions of the output airflow namely Valvel (V1), Valve2 (V2), Valve3
(V3), Valve4 (V4), Valve5 (V5), Valve6 (V6), Valve7 (V7), Valve8 (V8), and Valve9 (V9). This airflow block controls
the expansion valve that releases the gas. Fig. 14 display the surface view of input of Terr and ATerr, versus output.
The x-axis represents Terr, the y-axis represents ATerr, and the z-axis represents air flow from the expansion
valve. The input range of Terr and ATerr as well as the output range of air flow are the same which is 0°C to 40°C.
This range is in compliance with the indoor temperature range produced by the surrounding temperature
subsystem in Fig. 7.

B Membership Function Editor: fuzzyControl2 = | | S|

File Edit  Wiew

FIS Variables Membership function plots  plot points: 181
13 LM LH ML 1] MH HL HM HH
1
2N
airfiow

error—variation
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input variable "error-variation”

Current variable Currert Membership Function (click on MF to select)
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FEmEE 10 207 Ferems 505l

Display Range [0 40] | Help e |

Selected variable "error-varistion” |

Fig. 13 Membership function of airflow output
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Fig. 14 The surface view of Terr and ATerr
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2.4 Procedure of HVAC Controlled by Fuzzy Logic

The aim of this project is to establish a stable cost-effective HVAC system for a cooling house model. The steps are

discussed as follows:

(i) Create the basic cooling model of a house without fuzzy logic controller in Fig. 15 by setting all the parameters
needed by the system which is the dimension and material properties (i.e. wall thickness, air density and air
flow rate).

(ii) The system was tested and monitored with varying thermostat settings to obtain output in terms of cost.

(iii) The new cooling system for the house which includes a fuzzy logic controller was compared with a system
that only uses a thermostat setting. The results of the comparison were analyzed.

The thermostat settings of non-fuzzy logic and fuzzy logic controllers will be recorded by the system. This
research aims to compare the performance of the cooling setups in HVAC for both approaches. The procedure
aimed to establish cost reductions for both types of cooling setups based on specific house parameters as outlined
in step 1.

The project involves modelling a cooling house using Simulink software. Firstly, the initial parameters must
be defined including house length, house width, house height, air capacity, thermal resistance, total internal air
mass, air flow rate, and initial indoor temperature. These parameters determine the equivalent thermal resistance
in Eq. (1) to Eq. (3). The process continues by regulating the air-conditioning subsystem. Fig. 6 shows the
regulation of cool air flow into the house via the air-conditioning subsystem. Fig. 7 illustrates the control of
surrounding temperature subsystem by Eq. (4). In Fig. 4, the house subsystem employs Eq. (5) to Eq. (8) to
measure the oudoor temperature as well as the cooling losses, cooling capacity, indoor temperature, and cooling
cost based on the initial parameter used in the cooling process. Fig. 8 shows the fuzzy logic controller subsystem
utilizing Eq. (9) and Eqg. (10) to generate a membership function rule as illustrated in Table 1. Fig. 10 to Fig. 14
depict the configuration of the fuzzy logic controller subsystem. Finally, the output temperature and cooling cost
of HVAC system will be recorded for further analysis.

on/oft ?
CoolFlow 1/s ’@ CoolingCost L]
Troom

blower
cmd

Thermostat Cost
Set Point =
air-condition Calculator PlotResults
nu Tlndoors
House
Tindoors
e —
climate ‘:H i
Display1
temperature change1 ’-. piay Toutdoors Temperatures

Fig. 15 Basic model of HVAC without fuzzy logic controller

3. Results and Discussion

The system shown in Fig. 15 is tested with the thermostat setting given in Fig. 5 where the upper boundary ranges
from 0.5°C to 5°C and the lower boundary ranges from -0.5°C to -59C with both boundaries increasing in steps of
0.59C and -0.5°C, respectively.

Table 2 present the samples of cooling costs without the inclusion of the fuzzy logic controller. The results are
based on varying thermostat settings, with the program running for a total of 72 hours. The highest recorded
output cost is RM144.611, with an upper boundary of 0.59C and a lower boundary of -5°C. Conversely, the lowest
cooling cost is RM75.383, with an upper boundary of 5°C and a lower boundary of -0.59C. This demonstrates that
the lowest values of the upper and lower boundaries result in the highest cooling costs. On the other hand, the
highest values of the upper and lower boundaries result in the lowest cooling costs.

Table 3 display the samples of output cooling costs of HVAC equipped with the fuzzy logic controller based on
various thermostat settings. Based on the observations, altering the lower boundary does not affect the output
cooling cost of air conditioning system with the present of fuzzy logic controller. Meanwhile, modifying the upper
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boundary does impact the output cooling cost of the system. The table demonstrates the uniformity of the output,
which may be compared to that of the non-fuzzy logic controller. The comparison between the outcomes
presented in Table 2 and Table 3 indicates that the utilization of the fuzzy logic controller in conjunction with the
thermostat setting results in a decrease in cooling expenses in the output. The fuzzy logic controller in this circuit

able to accurately forecast the optimal cost-effective cooling configuration based on all thermostat settings of a
particular house.

Table 2 Cooling cost (RM) with different thermostat settings without fuzzy logic controller based on 72 hours of

operation
Thermostat Lower boundary/ switch off point
setting -0.5 -1 -1.5 -2 -2.5 -3 -3.5 -4 -4.5 -5

0.5 113973 117.101 120.466 123.681 126.826 130.089 133.326 136.679 140.457 144.611
1 110.275 113493 116.634 120.069 123.281 126.624 130.204 133.215 136.369 140.575
1.5 106.775 109.785 112.847 116.062 119.136 122.779 126.028 129.542 132.765 136.244
2 102.620 105.749 108.584 111983 115.339 117.794 121.480 125.073 127.503 131971
2.5 98.694 101.219 104.481 107.062 110.549 113.332 116.149 120172 123.715 126.449
3 94.312 97.293 99.340 102.855 106.049 107.978 111.206 113.800 118.419 121.666
3.5 90.076 92939 94929 97.370 100.655 103.233 106.247 108.547 110.681 115.508
4 84.729 87.583 90.249 92.628 94.596 97.980 99.771 103.773 107.712 110.281
45 79.766 81.687 85473 86.714 89.421 91.709 94969 98.089 101.148 103.880
5 75383 78.642 80.337 82.533 84.077 86.622 90.395 92.678 94.876 97.098

Upper boundary/switch on point

Table 3 Cooling cost (RM) with different thermostat setting with fuzzy logic controller

Thermostat Lower boundary/ switch off point
setting -0.5 -1 -1.5 -2 -2.5 -3 -3.5 -4 -4.5 -5
0.5 103.517 103.517 103.517 103.517 103.517 103.517 103.517 103.517 103.517 103.517
1 103.517 103.517 103.517 103.517 103.517 103.517 103.517 103.517 103.517 103.517
1.5 98.983 98983 98983 98983 98983 98983 98983 98983 98983  98.983
2 82802 82802 82802 82.802 82.802 82.802 82.802 82.802 82.802 82.802
2.5 94184 94.184 94.184 94.184 94.184 94.184 94.184 94.184 94.184 94.184
3 74698 74.698 74.698 74.698 74.698 74.698 74.698 74.698 74.698  74.698
3.5 84.678 84.678 84.678 84.678 84.678 84.678 84.678 84.678 84.678  84.678
4 77.307 77.307 77.307 77307 77.307 77.307 77.307 77.307 77.307 77.307
45 65976 65976 65976 65976 65976 65976 65976 65976 65976 65976
5 63.613 63.613 63.613 63.613 63.613 63.613 63.613 63.613 63.613 63.613

Upper boundary/switch on point

Table 4 shows the cooling costs for both the system with and without fuzzy logic controller. The highest and
lowest cooling cost achieved by the fuzzy logic controller were during 72 and 24 operation hours with savings of
28.41% and 17.51%, respectively. The moderate saving among the three different operation hours was 48 hours
with a saving of 15.61%. This result shows that the use of a fuzzy logic controller will significantly lower cooling
costs particularly during a 72 hour operation. The reduction in cooling costs is attributed by the contributions of
the fuzzy logic controller which regulates the flow of gas at the expansion valve.

Fig. 16 illustrates the variation of outdoor temperature and house temperature under the presence of a fuzzy
logic controller.
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Table 4 Comparison between non-fuzzy controller and fuzzy controller in-terms of cost

Hours of Sample cost Sample cost

operation (Without fuzzy logic controller) (fuzzy logic controller) Sa(\)/mg
(hrs) RM RM (%)
72 144.6109 103.5175 28.41

48 75.3832 63.6139 15.61

24 98.6937 80.9456 17.51

35

a
=
T

M
351

1]
(=]
|

)
o
T
1

Temperature Variation (calcius)

—
=
T
|

House Temperature with Fuzzy Controller

— Climate Temperature Variation
I I

5 1 1 I I I
0 10 20 30 40 50 60 70 80

Time (hour)

Fig. 16 Variation of outdoor temperature and house temperature controlled by fuzzy logic

4. Conclusions

The implementation of fuzzy logic controller indicates a reduction in costs for all operating hours of the HVAC
system particularly during 72 hours of operation. In detail, the fuzzy logic controller demonstrates a cost
reduction for all HVAC operations of 24, 48, and 72 hours which contributes to 17.51%, 15.61%, and 28.41%
savings, respectively. The expansion valve is controlled by the fuzzy logic controller which will sustain the energy
conservation of the HVAC system. This method will achieve optimal cooling cost for the HVAC system. The analysis
also has shown that adjusting the lower limit of the thermostat has no impact on cooling costs as the fuzzy logic
controller maintains optimal cooling. The average output temperature of the HVAC system is 22.63°C considered
an optimal temperature. This implies that utilising the fuzzy logic to regulate the refrigerant expansion valve will
sustain cost-effective and optimal cooling in HVAC system.
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