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Abstrak

Mengurangi pemakaian energi dan kenyamanan ruangan merupakan dua pertimbangan yang
penting pada perencanaan sistem pengkondisi udara. Pendekatan alternatif yang diusulkan untuk
mengurangi pemakaian energi pada penelitian ini menggunakan kompresor dengan kecepatan bervariasi.
Strategi pengendali yang diusulkan adalah dengan menggunakan kendali logika fuzi (FLC). FLC
dikembangkan untuk meniru performansi pengalaman manusia dengan mengkodekan pengatahuannya
dalam bentuk aturan linguistik. Seluruh sistem terpasang pada ruangan berisolasi dan untuk memonitor
temperatur ruang, koefisien performansi (COP), pemakaian dan penghematan energi dengan sistem data
akuisisi. Pengukuran dilakukan selama kurun waktu dua jam dengan interval selama lima menit dengan
referensi temperatur 20, 22 dan 24°C dan beban pendingin sebesar 0, 500, 700 dan 1000 W. Hasil
penelitian menunjukkan bahwa sistem kendali yang diusulkan dapat menghemat energi jika dibandingkan
dengan kendali On/Off dan proporsional-integral-derivatif (PID).

Kata kunci: kendali logika fuzi, performansi kompresor, penghematan energi, pengkondisian udara

Abstract

Reducing energy consumption and to ensure thermal comfort are two important considerations
for the designing an air conditioning system. An alternative approach to reduce energy consumption
proposed in this study is to use a variable speed compressor. The control strategy will be proposed using
the fuzzy logic controller (FLC). FLC was developed to imitate the performance of human expert operators
by encoding their knowledge in the form of linguistic rules. The system is installed on a thermal
environmental room with a data acquisition system to monitor the temperature of the room, coefficient of
performance (COP), energy consumption and energy saving. The measurements taken during the two
hour experimental periods at 5-minutes interval times for temperature setpoints of 20°C, 22°C and 24°C
with internal heat loads 0, 500, 700 and 1000 W. The experimental results indicate that the proposed
technique can save energy in comparison with On/Off and proportional-integral-derivative (PID) control.
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1. Introduction

In modern society, air conditioners are commonly found in homes and in public
enclosed spaces due to the natural demand for thermal comfort. A basic of an air conditioning
system consist of a conventional single speed air conditioning system to that of a variable speed
type. A variable speed of air conditioning is the system that could distribute conditioned air at
different temperatures. A system with variable speed control can control the cooling capacity by
changing the rotational speed of the compressor for load matching and thermal comfort;
therefore it must be complemented with a good control scheme to maintain comfort under any
conditions [1].

The energy consumption of the compressor accounts around 90% of the total energy
consumption of an air conditioning system [2], [3]. Yu showed that 67% of the respondents
claimed that they intentionally oversized air conditioning design for about 10 to 15% because for
future extension, renovation and change of usage [4]. The number of air conditionings in
Malaysia has increased significantly from 13,251 units in 1970 to 253,399 in 1991, and

Received December 8", 2010; Revised March 14", 2011; Accepted April 12", 2011



140 = ISSN: 1693-6930

predicted to be about 1,511,276 in 2020 [5]. Hence, it is natural to expect the most energy

saving comes from the compressor.

There are only a few publications presented the possibility of conserving energy using
VSC control to air conditioning based on compressor performance, internal heat loads and room
temperature variation and energy analysis. A lots of papers described adjustable speed fan to
control space temperature and humidity, the supply air flows to control opening of a damper, the
refrigerant flow rate as a capacity control to control opening of an expansion valve, indoor
temperature control, the simulation of air conditioning and HVAC (heating, ventilating and air
conditioning) system and the refrigerant flow control of an evaporator [2], [6], [7]-

There are some methods of controllers that have been developed. There are
conventional control and intelligent control. There are have advantages and limitations for each,
some methods are often combined others to provide better performance.

This research work presents quantifying the performance of an air conditioning system
by a variable speed compressor for load matching and thermal comfort. The compressor speed
is controlled using fuzzy logic control (FLC). The emphasis of the study is on energy
consumption. The advantages of FLC comparing conventional control are [8]:

a. The design of the FLC does not require complicated mathematical equations. It requires only
a set of basic rules to form the decision table. Basically, all of the rules in the decision table
are based on the operator’s experience.

b. Input and output variables can be handled simultaneously.

c. It is inexpensive to develop. From a practical point of view, the development cost is one of
the most important criteria for a successful product. Because FLC is easy to understand, the
time necessary to learn the approach is short and the software cost is low. And, as FLC is
simple to implement, the hardware cost is also low.

d. FLC can be blended with conventional control. FLC does not necessarily replace
conventional control methods, but can work in conjunction with them.

This paper provides a brief summary of the performance of the compressor measure,
FLC and its implementations and the experimental FLC system compared with on/off and PID
controllers.

2. The Proposed Controller
2.1 Coefficient of Performance (COP) of Refrigeration Cycle

The COP can be described as the ratio of the refrigeration effect (the amount of heat
the system removes from the conditioned space or process load) to work at the input (the net
amount of energy transferred into the system to accomplish the refrigeration effect). Thus, the
CORP is expressed as [9]:

COP = (h,-h,) _ Q. 1)

(hz _hl) W

com

for the Carnot refrigeration cycle [9]:

COP,.. = Ti(s1—54) - T (2)
(T, -T)(s-s,) T,-T,

where hy, h, (kJ/kg) are the enthalpy at the compressor inlet and outlet respectively, h, (kJ/kg) is
the enthalpy at the evaporator inlet, Q. (kJ/kg) is the refrigerating effect, W¢onm (kJ/kg) is the
compression work, T, (°C) is the evaporating temperature, T, (°C) is the condensing
temperature, s; (kJ/kg.K) is the entropy at the compressor inlet and s, (kJ/kg.K) is the entropy at
the evaporator inlet.

2.2 Energy Saving
The energy saving calculated is expressed in terms of saving in percentage unit, based
on the difference between energy consumed using on/off control and energy consumed using
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FLC and between energy consumed using PID control and energy consumed using FLC. The
equations are given as:

(on/off energy) - (FLC energy)
(on/off energy)

Energy saving = x100 3)

(PID energy) - (FLC energy)
(PID energy)

Energy saving = x100 4)

2.3 PID Controller
The PID controller algorithm is the almost universally used control strategy. The PID
control equation is defined by [10] :

u(t) = K e(t) + Kije(t)dt + K, (5)

de(t)

dt
where Kp, Ki and Kd are the proportional, integral, and derivative constant gains, respectively.
The signal e(t) defined as e(t) = r(t) — c(t) is the error signal between the reference r(t) and the
process output c(t).

2.4 Fuzzy Logic Controller

The major components of FLC are shown in Figure 1. These are, input and output
variables, fuzzification, inference mechanism, fuzzy rule base and deffuzification [11]. FLC
involves receiving input signal and converting the signal into fuzzy variable (fuzzifier). The fuzzy
control rules relate the input fuzzy variables to an output fuzzy variable which is called fuzzy
associative memory (FAM), and defuzzifying to obtain crisp values to operate the system
(defuzzifier). In this FLC, there are two fuzzy input variables and one output fuzzy variable. The
fuzzy input variables are the error, e which is the error between the reference and the measured
temperature and the error difference, Ae which is the rate of change of the error can be
approximated as the difference between the present error and the previous error. The output
fuzzy variable, AZ is the voltage signal to the motor. Table 1 shows the inputs and output
variables, linguistics and labels in the FLC.

Fuzzy Controller
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o c Mechanism 5
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Figure 1. Fuzzy control system [10][11]

The membership function for fuzzy sets can have many different shapes, depending on
a definition. The popularly used fuzzy membership functions in many applications are triangular,
trapezoidal, bell-shaped and sigmoidal membership function [11]-[17]. The membership function
used is the triangular type as shown in Figure 2. This type is simple and give a good controller
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performance and easy to handle [13], [18]. The important character of these shapes for a
purpose of use in fuzzy operation is the fact that they overlap. The precise shapes of these
curves are not so important in the utility. Rather, it is the number of curves (partitions) used and
their overlapping regions that are the most important ideas [19]. A rule of thumb is to ensure that
the sets overlap somewhat between 10% and 50% with its neighbors [20] [21]. Triangular
membership functions, with an overlap level may produce a zero value reconstruction error [22].

Table 1. Inputs and output variable for FLC tuning [1]

Fuzzy Variable Linguistic Labels Domain
Hot H [-2,0]

Input e Normal N [-0.5,0.5]
Cool C [0, 2]
Negative NE [-2,0]

Input Ae Normal NO [-0.5,0.5]
Positive PO [0,2]
Slow SL [0, 5]
Output AZ Normal NM [4,6]
Fast FT [5,10]

A fuzzy set may be represented by a membership function. This function gives the
grade (degree) of membership within the set of any element of the universe of discourse. The
membership function maps the elements of the universe onto numerical values in the interval

[0,1]. Specifically [8]:
a(X) 1 X = [0,1] (6)

where fx(X) is the membership function of the fuzzy set A. A membership function is a
possibility function and not a probability function. In addition to choosing a membership function
shape, we have to construct asset of membership functions for all the fuzzy subsets (linguistic
terms) for each input and each output. Let us first define some properties of membership
functions: peak point, left and right width, crosspoints, and the crosspoint level.

=

> X

Figure 2. Terminologi of triangular membership function

The peak point is defined as the value M from the domain X which makes pa(M) = 1.
Figure 2 illustrates the peak point of a triangular membership function. The peak value is an
interval for a triangular shaped membership function. The left width (X,) is the length of the
interval from the peak point to the nearest point in the L which has pa(L) = 0. Similarly, the right
width (X5) is the length of the interval from the peak point to the nearest point in the N which
has pa(N) = 0. A crosspoint is the value C in X where pa(C) = ug(C) > 0. A crosspoint level can
then be defined as the membership grade of C in either fuzzy subset A or fuzzy subset B (they
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have the same value by the definition of the crosspoint). Note that two neighboring membership
functions may have more than one crosspoint. For the example shown in Figure 2, the
crosspoint level is 0.37. Triangular memberships function, as expressed by [8]:

0 for X <L
. )X =L)/M—-L) for LsXsM
TOGL M, N) = (N=X)/(N—M) for MsXsN @)
0 for X >N

The universe of discourse for e is —2°C to +2°C, the universe of discourse for Ae is —2°C
to +2°C, and the universe of discourse for AZ is 0 to 10 Vg. The input and output universe of
discourse ranges according to the thermal comfort range and voltage range from data
acquisition card respectively. The membership functions were chosen to have been moderate
overlap with -2, -1, - 0.5, 0, 0.5, 1 and 2 distribution for input fuzzy subsets and 0, 2.5, 4, 5, 6,
7.5 and 10 distribution for output fuzzy subsets. In the adjustment process, the shapes of the
membership functions were not changed. Figure 3 shows the diagrammatic representation of a
fuzzy set corresponding on Eq. (6), Eq. (7), Figure 2 and Table 1.

H N C NE HNO PO

o, | L
o |

SL NM FT

b. Output

Figure 3. Triangular membership functions for inputs and output

A fuzzy logic rule is called a fuzzy association. A fuzzy associative memory (FAM) is
formed by partitioning the universe of discourse of each condition variable according to the level
of fuzzy resolution chosen for these antecedents, thereby a grid of FAM elements. The entry at
each grid element in the FAM corresponds to fuzzy action. The FAM has two inputs and one
output. As the input and the output have three fuzzy variables, the FAM will be three by three,
containing nine rules. The FAM of the FLC is shown in Table 2. The rules base from Table 2 are
as follows:

1. IfeisH and Aeis NE Then AZ is SL

2. Ifeis N and Aeis NE Then AZ is SL

Energy Analysis for Air Conditioning Using Fuzzy Logic Controller (Henry Nasution)
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If eis C and Ae is NE Then AZ is SL
If eis Hand Ae is NO Then AZ is SL
If eis N and Ae is NO Then AZ is SL
If eis C and Ae is NO Then AZ is SL
If eis Hand Ae is PO Then AZ is FT
If eis N and Ae is PO Then AZ is NM
If eis C and Ae is PO Then AZ is SL

©oNo OGO A®

Table 2. Fuzzy association map

AZ e
H N C
NE SL SL SL
Ae NO SL SL SL
PO FT NM SL

The defuzzification is the connection between the control rule base and the physical
plant to be controlled, which plays the role of a transformer mapping the controller outputs
(generated by the control rule base in fuzzy terms) back to the crisp values that the plant can
accept. There are other defuzzification formulas suggested in the literature, each of which has
its own rationale, either from logical argument or from geometrical reasoning, or from control
principles. The most popular defuzzification technique is the centroid method. In practical terms
the centroid method gives stable steady state result [23], yield superior results and less
computational complexity [17] and the method should work in any situation [11].

3. Research Method

Figure 4 shows the schematic diagram of AHU (air handling unit) and refrigeration unit
facility. The standard thermal environmental room of size 4.5 m long by 3.28 m wide by 3.43 m
high with the total volume of 50.63 m® was used. The four-sided walls are insulated. A small
type of air conditioning system is located outside the thermal environmental room. The system
comprises of a refrigerating unit and an AHU to make it a complete system.

The installation of the hardware began by placing six T type thermocouple sensors
(points: T4, T, T3, T4, Ts, and Tg), and four of pressure gauges (points: Py, P,, P3, and P,) in the
AHU and refrigerating unit to the respective places. Five of ICs temperature sensors were
placed on the opposite walls in the thermal environmental room (points: T;, Tg, Te, T1o, and T14),
in which the average value of the room temperature was taken.

The closed-loop system is shown in Figure 5. The control system for the compressor
speed consists of ICs temperature sensors, computer interface an on/off and FLC subroutine
installed in the computer, an inverter and an electrical motor coupled to the compressor. The
ICs temperature sensors monitor the temperature of the room and emit electrical signals
proportional to the state of the conditioned space. This signal is filtered using lowpass filters and
optoisolator before it reaches the controller and inverter, thus minimizing the noise. The output
signal is supplied to the controller and computer, which output a control signal that is a function
of the error. The on/off and FLC signal output is supplied to the inverter, which modulates the
frequency of electrical supply to the motor such that it is linearly proportional to the control
signal. Electricity of 50 Hz is supplied to the inverter, which supplies electricity to turn on/off the
motor (on/off application) or variable-frequency electricity to the motor for FLC application.

The experiments were conducted at two different conditions:

1. The compressor system test with on/off controller.
2. The variable speed of compressor system test with FLC.

The experimental settings were:

1. Temperature setpoints = 20, 22 and 24°C.
2. Internal heat loads = 0, 500, 700 and 1000 W.

The experiment was performed continuously for two hours and the data were sampled
at the time interval of five minutes. These data were acquired using data acquisition system and
the software designed to read the temperatures of the AHU system and the experimental room,

TELKOMNIKA Vol. 9, No. 1, April 2011 : 139 — 150



TELKOMNIKA

ISSN: 1693-6930

W 145

and the speed of the motor. The data collected were transferred into the database software to

perform calculations on energy consumption and COP. The software has been built using
Microsoft Visual Basic 6.0.
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Figure 5. Block diagram of the close-loop FLC system
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4. Results and Analysis
4.1 Room Temperature Distribution

Figures 6-8 show the motor speed and temperature responses at various temperature
settings for FLC. Initially the motor was set to run at the maximum speed (50 Hz). Referring to
the setpoint temperature, the controller will minimize the error between the setpoint and the

room temperatures.
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Figure 6. Motor speed and temperature responses for FLC (T setpoint = 20°C)
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Figure 8. Motor speed and temperature responses for FLC (T setpoint = 24°C)
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The figures show that the motor speeds drop abruptly as the room temperatures reach the
setpoints. This action was taken to allow faster heat recovery to the room until the temperature
setpoint is upheld again. The controller setups the motor speed so that the room temperature is
close to its setpoint temperature.

4.2 Coefficient of Performances

Figure 9 illustrate the relationship between the COP of actual and Carnot with
frequency. The higher the frequency the smaller is the value of COP (actual and Carnot). The
average values of the actual and Carnot COPs were found to be 3.05 to 4.34 and 6.88 to 11.39,
respectively. A high COP at the lower frequency is mostly due to the small compressor power
consumption compared with that at the higher frequencies. When the compressor power
consumption increases, the COP decreases with the increase of the compressor frequency.

12
11
10
9 .
8 .
7 p
6 p
o
o 5
O 4 o -
5 - ow-o. .. °
2 ,
1
0 10 20 30 40 50 60
Frequency (Hz)
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Figure 9. The actual and Carnot COP for FLC

4.3 Energy Consumption And Energy Saving

Figures 10-13 show the energy consumed and energy saving for FLC in comparison
with on/off and PID controllers. The results indicate that the lower temperature setpoint and the
higher the internal heat loads, the higher is the energy consumption.
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Figure 10. The energy consumed for FLC in comparison with on/off controller
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The energy consumption was calculated by multiplying the power consumption of the motor by
the actual operating hours. The power and energy consumption was calculated every five
minutes.The figures show that the energy consumption varies with different internal heat loads
and different temperature settings. If the temperature setting is low and the internal heat loads is
high then the energy consumption is high. Furthermore, the higher the energy consumption the
smaller is the energy saving.

For the two hour continuously used, energy saving achieved by running the system at
various internal heat loads (0, 500, 700, and 1000 W) and various temperature settings (20, 22
and 24°C) are 21.86 to 51.73% saves in comparison with on/off controller. In comparison with
PID control, the energy saving is 17.76 to 41.93% at setting temperature 20 and 22°C. FLC
gives the highest saving in comparison with on/off. While PID is better compared with the FLC
at setting temperature of 24°C. The minus area in the Figure 13 shows the energy consumption
using FLC is more than PID controller. The performance of the PID controller can give a fast
response and rise-time when the temperature of 24°C at internal heat loads 0 and 500 W. In
these conditions, the internal heat load is not too large so that the time required to cooling
process is faster. Furthermore, the increased internal heat load will cause the response of the
process controlled by FLC is much faster than that controlled by PID, i.e. faster rise time.
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Figure 11. The energy consumed for FLC in comparison with PID controller
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Figure 12. The energy saving for FLC in comparison with on/off controller
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Figure 13. The energy saving for FLC in comparison with PID controller

6. Conclusion

The FLC has been developed to control the motor speed in order to maintain the
setpoint temperature. However, when the room is thermally loaded, the controller act in such a
way that the heat recovery to the room is faster until the temperature set point is reached again.
The energy consumption will change with the motor speed change. When the motor speed
increases, then the room temperature decreases and the COP increases with the increase in
energy consumption.

The modification of FAM rules that produced a satisfactory solution in terms of energy
saving for the room was employed. The impacts of FLC on the performance of the system, the
room temperature and energy consumption have been analyzed. The study has shown that FLC
is better than PID controller. The trend of compressor performance in terms of COP is found to
be similar to all temperature settings. Energy analysis shows that FLC gives more energy
savings compared with On/Off and PID controller. This study shows that using the variable
speed compressor and choosing suitable control strategy. The space temperature is can be
controlled with significant energy saving.
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