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ARTICLE INFO ABSTRACT

The systematic design of membership functions (MFs) for the fuzzy logic control (FLC) of a variable speed
refrigeration system (VSRS) is presented in this paper to reduce trial and error as well as dependence on expert
knowledge. In particular, the influence of MFs on the error and error change rate of controlled variables is
investigated in detail to verify the validity of the designed MFs. To this end, the range of MFs obtained based on
the control accuracy and experimental data for the static and dynamic states of the VSRS were used as the
criterion values. Two different values from the criterion were then used to compare the control performance
through simulations and experiments. Some simulations and real experiments for the VSRS were conducted to
verify the validity of the designed MFs. The experimental results showed good agreement with the simulation
results. The error change rate and sampling time strongly affected the control performance of the VSRS in the
transient state. Moreover, the desired control accuracy at steady-state, an essential element in the design spe-
cifications, was successfully achieved using the proposed approach. The suggested method can be applied using
the control accuracy and simple experimental results from the static and dynamic states of the target system
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without depending on iterative work when designing MFs, which will be helpful for beginners.

1. Introduction

Recently, capacity control for a variable speed refrigeration system
(VSRS) with a variable speed drive has been attracting considerable
attention because of the ability to save energy and the quick reaction
capability over a wide range of load variations [1-4]. VSRS is composed
of a variable speed compressor, an electronic expansion valve (EEV),
and heat exchangers (condenser and evaporator). All of the components
in the refrigeration cycle are connected to one another with long pipes
and valves. For this reason, the entire system has strong inherent
nonlinear characteristics such as time delay in the operational ranges.
Moreover, accurately identifying the dynamic characteristics of VSRS
by modeling is very difficult and cumbersome. Even a sophisticated
mathematical model for VSRS has many drawbacks when designing a
control system because of high-order differential terms in the model.
Therefore, a robust control method that is less dependent on a mathe-
matical model is strongly required for VSRS.

So far, many control methods have been applied to VSRS to obtain
robust control performance [3-14]. They are largely divided into two
groups: model-based control and artificial intelligence (AI) techniques
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without a mathematical model. Proportional-integral-derivative (PID)
logic, linear quadratic regulator (LQR), linear quadratic Gaussian
(LQG), H-infinity, and sliding mode control are representative model-
based controls [3-9]. On the other hand, fuzzy logic control (FLC) is a
typical Al technique approach [10-23]. With VSRS, it is not easy to
construct a linear model because of high-order terms and difficulty
parameter identification. Even if a model is constructed, it will in-
evitably include uncertainties. Therefore, it is not enough merely for
the PID control to have robust control performance on the VSRS. Other
control methods such as LQR and LQG are suitable for multi-input
multi-output system control. These two methods can obtain the op-
timum control performance between input energy and control accuracy
[5-7]. However, not only is it difficult to maintain the robustness of the
control system due to the modeling errors inherent in linearized state
equations, but also these methods are not practical because of the high
order of the state space model. H-infinity and sliding mode control are
popular as robust controls that prevent model uncertainties and dis-
turbances [8,9]. In spite of their excellent robustness in theory, they
still need a mathematical model and complicated calculations during
the design process. In contrast, FLC has been widely applied in various
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Nomenclature

T, chamber temperature

Ty superheat

T, outlet temperature of evaporator
T inlet temperature of evaporator
fe frequency of inverter

Ve opening angle of EEV

U defuzzified crisp value

b; the center of area of membership functions
u(@) output membership value
n the number of fuzzy linguistic variables

e control error
error change rate

Ae error variation

t sampling time

Clim the allowable maximum error (control accuracy)
Cmax the maximum error range of input variable

industrial fields as a robust control method for nonlinear systems with
time delay and model uncertainties [10-14].

FLC for systems with nonlinear characteristics including VSRS has
been studied as a robust control method to promote stability and con-
trol performance [11-21]. However, most of the previous studies
mainly focused on improving the total control performance including
transient characteristics [12,20] or reducing steady-state errors [11]
based on the knowledge of system experts. Some papers focused on
analyzing the energy saving ability when FLC was applied to VSRS
[13,14]. Previous studies adopted a systematic design approach for the
rule base and membership functions (MFs) based on the knowledge of
an expert, which are vital design factors in FLC [16-21]. Unfortunately,
however, none of the studies directly examined the VSRS control, but
focused on the general system control, such as using tuned PI gain for a
rule base and MFs [16-18], using histograms from a laser tracking
system [19,20], or developing MFs for a waste water treatment system
[21]. Furthermore, some of them did not verify the validity of the
suggested method by performing experiments or simulations [16-19].
Some papers demonstrated their ideas only with simulations [20,21]. In
fact, the design of MFs and a rule base has been heavily reliant on the
knowledge of experts in the related field of application. Thus, it is
difficult to analyze how MFs affect the response of the system when the
criteria for the MFs change [16-21]. Consequently, systematic FLC
design for VSRS still remains largely uninvestigated with a lack of
supporting experimental data, which motivated the present study.

In this paper, a systematic MF design methodology for FLC of VSRS
is proposed based on the allowable maximum error (control accuracy)
and experimental data in static and dynamic states. Specifically, the
influence of MFs on the error and error change rate of the controlled
variables is investigated in detail. At first, the range of MFs obtained
from the control accuracy and experimental results in the static and
dynamic states of VSRS were set up as the criteria values [4,11] Sec-
ondly, two different values from the criteria were prepared to compare
the control performance through simulations and experiments. Next,
simulations were conducted to analyze the effects of MF ranges on the
control performance using the transfer functions of VSRS, which were
obtained from experiments [4]. Finally, real experiments for VSRS were

performed and the results were compared with the simulation results.
The proposed method is expected to be very helpful for designing MFs
for FLC of VSRS for beginners because it can reduce tremendous
iteration work and the dependence on the experiences of experts.

2. Fuzzy logic controller design for variable speed refrigeration
system

2.1. Fuzzy logic control of the variable speed refrigeration system

Fig. 1 shows the schematic FLC diagram for VSRS. VSRS consists of a
variable speed compressor, heat exchangers, and an EEV. In this system,
the main controlled variable is chamber temperature T,. The superheat
T; is also auxiliary controlled to maintain maximum coefficient of per-
formance (COP) and prevent damage to the compressor due to the li-
quid back phenomenon. The subscripts ‘a’ and ‘s’ in the temperature T
describe the air temperature in the chamber and superheat, respec-
tively. The superheat T; was calculated from the temperature difference
between the output and input of the evaporator, T; = T,—T,. The
chamber temperature T, was precisely controlled by an inverter that
regulates the motor rotational speed of the compressor. Meanwhile, the
superheat was controlled by a step motor drive that adjusts the opening
angle of the EEV. The manipulated variables, i.e. the control signals,
were the frequency f, (Hz) of the inverter and the opening angle V, (%) of
the EEV.

The fuzzy controller consisted of fuzzification, knowledge base,
fuzzy inference, and defuzzification units as shown in Fig. 2. The
knowledge base was composed of a database and a rule base, which is
described in “IF-THEN” form. The MFs were used for the fuzzification to
compute a membership value from a crisp value, and to calculate a crisp
value from a membership value for defuzzification. Mamdani's min-max
arithmetic was applied for the inference. Thus, the minimum value was
selected for the input fuzzification and the maximum value was chosen
for the output fuzzification.

Fig. 3 shows the inputs and outputs for FLC of VSRS. Two FLCs were
independently employed for controlling the chamber temperature T,
and the superheat T;. The FLCs had two inputs (e, ee) and a single

40~400 step

*
Tssf\ &
Y v
:1 A
a

fuzzy controller

fe

30~60 Hz

-

Condenser

Compressor EEV

cccccccsccsccccncnanncny
T Evaporator !

T
1
: i

Chamber

'
baseccsecnccancascencasaad

Fig. 1. Schematic diagram of FLC for VSRS.
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