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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Background and objective of this study

With the improvement of standard of living, refrigeration and air
conditioning system have been applied widely. A control system must be
designed in order to keep indoor temperature within a very restricted range
and to reduce energy consumption. It is found that the conventional control
schemes in the refrigeration system are primarily focused on two control
variables; the degree of superheat and the indoor temperature. In order to
improve coefficient of performance (COP), the degree of superheat is
maintained at a constant level by adjusting opening angles of expansion
valve. The degree of superheat is mainly controlled by a thermostatic
expansion valve(TEV) which could. regulate evaporating pressure and
refrigerant mass flow rate as well in the constant speed refrigeration system.
The control capability is highly desirable so as to effectively respond to
partial loading conditions for the purpose of maximum possible energy
saving. The refrigeration machines are usually operating under the partial
loading conditions, generally exploiting conventional on/off-controls for the
compressor to keep the indoor temperature within a restricted range with
minimum oscillation. However, it is known that the use of such technique
coping with partial loadings can deteriorate compressor durability to a
considerable extent. Therefore, the on/off control scheme is gradually being
replaced by a variable speed refrigeration system(VSRS) with an inverter
driven compressor over recent decades. The appearance of the VSRS, the
TEV is limited to a very narrow range of mass flow conditions and the
superheat is no longer optimum for a wide range of operating conditions.
Hence, the electronic expansion valve(EEV) has been used to cope with
superheat under severe load variations, instead of TEV[1~2].

The considerable attention has been given to the applications of inverter

-1-



Chapter 1 Introduction

refrigeration systems for commercial and residential purposes because of
their ability to save energy, while providing better degree of comfort. It is
often necessary to design a practical control system in order to control the
variable speed refrigeration system(VSRS) for saving energy and
guaranteeing high efficiency. The control variables of VSRS are mainly
focused on the superheat and the refrigeration capacity. The control method
of superheat is adjusting the opening angle of EEV to maintain the superheat
at a constant level. And the method of refrigeration capacity control is
consisted in varying the compressor speed to continuously match the
compressor refrigeration capacity to the thermal load[3~4], In fact, there
exist several drawbacks in case of traditionally designed controllers for such
a system. It is known that a basic refrigeration cycle consists of a
compressor, heat exchangers, and expansions valve. In fact, since all such
components in the cycle are connected with various pipes and valves, they
show inherent nonlinear characteristics in operational ranges. Hence, it is
almost impossible to identify exact dynamic characteristics and develop
complete dynamic model for the refrigeration systems. In the VSRS, not
only the chamber temperature but also the superheat is changed with the
variation of compressor frequency. It is the same as the case of the variation
of EEV’s opening angle[5~7]. Hence, many studies focused on controlling
the superheat or capacity and little of them studied up controlling both of
them at the same time[8~15]. It is noted that in the VSRS, the capacity and
superheat can not be controlled independently because of interfering loops
when the compressor speed and electronic expansion valve opening angle
are varied simultaneously.

The objective of this research is divided into three parts: The first
objective of this research is to present the decoupling model, which can
offer independent control for the refrigeration capacity and the degree of
superheat for more efficient operation. As a result of the variations in the
compressor frequency and the EEV opening, the dynamic models consider
the transition state of the operations and the effects related to the variations
on the chamber temperature and the superheat. Then, the presented control

-2-



Chapter 1 Introduction

system can be used for single input single output(SISO) system, where the
controller may be readily designed. Next, the PI controller scheme with
decoupling model is presented to control the thermal capacity and superheat
independently for saving energy and progress of COP. The general PI
controller without interfering loops inside has been successfully designed,
and the experimental results show that the presented PI controller with the
feedforward compensator is effective method of controlling the VSRS.
Finally, the fuzzy control method is presented to control the capacity and
superheat without troublesome dynamic model of the system. Some
experimental result predicted that the proposed fuzzy controller is suitable
for the capacity and superheat control of the VSRS. To improve transient
response, the fuzzy control with feedforward compensator is proposed in
this study.

1.2 Review of the previous studies

Willatzen et al. [16~29] presented a mathematical model describing the
transient phenomena for two-phase flow heat exchangers. The refrigerant
flow inside the coil of the heat exchange can be distinguished into two
completely different types, two-phase flow and single-phase(liquid, vapor)
flow. Based on the partial-differential equations representing mass and
energy conservations, a set of ordinary-differential equations is formulated,
taking into account the three zones in a heat exchanger. Two numerical
models [30~37] were proposed to simulate the transient and steady behavior
of a vapor compression refrigeration system. It is known that the condenser
and the evaporator can be divided into a number of control volumes. Then, a
system of time dependent partial differential equations can be obtained,
considering the mass, energy and momentum balances for each control
volume. Since the expansion valve and the compressor have very small
inertia, the steady-state models can be employed for such components. The
precise mathematical model is useful for the transient analysis of thermal
plant in numerical simulations. Unfortunately, it is not directly applicable to
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real control system design due to the involved complexity of precise model
considering high order terms. For more efficient and systematic design of
the controller, a dynamic model is to take into account the control
parameters as well.

Outtagarts et al. [38] have presented that the superheat variations in the
refrigerant mass flow rate can be ascertained using first-order model with
delay. The evaporator gain, time constant, and delay are found to depend on
two parameters; evaporating temperature and compressor speed, obtained
from experiments. Aprea et al. [39] deduced a transfer function for a direct
air-cooled evaporator, inserted in a vapor compression refrigeration plan by
means of experimental analysis. The evaporator dynamic behavior is
simulated by a first-order model with delay by taking into account the inlet
air temperature (onto the evaporator) and the refrigerant mass flow rate.
Choi et al. [40~42] developed first-order lumped-parameter empirical
models based on experiments with various test conditions. Parameters in the
models were assumed as the function of the indoor temperature, the
compressor speed, and the percentage of the expansion valve opening. The
empirical models were assumed as the first order model with time delay, and
the parameters were determined by the method of regression analysis with a
number of experiments.

Choi et al. [43~44] suggested a superheat control method with
feedforward for variable speed heat pump system, in which the compressor
frequency was determined by an empirical equation using regression
analysis. In case of the control system based on the empirical model, it
inevitably exhibits fairly large steady-state errors. Since the capacity
controller considered the steady-state case only, the superheat controls have
huge overshoot and undershoot. To overcome these problems, this research
proposed a decoupling model to eliminate the interfering loops between the
capacity and the superheat. Then, they designed Pl controller with
feedforward compensator to handle the thermal capacity and the superheat
independently.

A fuzzy control algorithm was implemented by Han et al. [45~48] to
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Chapter 1 Introduction

avoid the usage of the dynamic system model. The fuzzy control algorithm
was developed to control the compressor speed of a multi-type air-
conditioning system. Kim et al. [49] developed the fuzzy algorithm to
control the superheat of the refrigeration system. In addition, Han et al. [50]
proposed control system based on fuzzy control inference using multiple
input variables. The control algorithms for the compressor and the electronic
expansion valve of a multi-type air-conditioning system were developed by
using fuzzy logics. The input variables of compressor frequency control
were composed of outdoor temperature, the number of using heat exchanger,
indoor temperature, and the variation of the indoor temperature. The input
variables of superheat control were composed of indoor temperature and the
variation of indoor temperature. This thesis wants to propose control system
based on the fuzzy control inference using single input value. It offers
simultaneous control of the capacity and superheat without troublesome
dynamic model. Such method can provide better control performance for the
refrigeration system in spite of its inherent strong nonlinear characteristics.

1.3 The contents and outline of this research

Fig. 1.1 shows the objective of this thesis and the thesis has there
objectives. The first is to develop the decoupling model, which can offer
independent control for the refrigeration capacity and the degree of
superheat for more efficient operations. The second is to design PI controller
with feedforward compensator using presented decoupling model. Finally,
the fuzzy control algorithm with feedforward compensator is proposed to
control the capacity and superheat without troublesome dynamic model.

Chapter 1 is an introduction, introduces the background and objective of
this thesis, and reviews the previous research. It also gives the outline and
summary of contributions.

Chapter 2 proposes decoupling model, which can offer independent
control for the refrigeration capacity and the degree of superheat for more
efficient operation. As a result of the variation in the compressor frequency
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and the EEV opening, the dynamic models consider the transition state of
VSRS operation conditions and the effect related to the variation on the
chamber temperature and the superheat.

Chapter 3 deals with independent control method for the VSRS based on
general PI control law and fuzzy control algorithm. The PI control with
feedforward compensator is designed based on the presented decoupling
model in the first part of this chapter. The decoupling control scheme with
feedforward compensator does not contain any interfering loops inside; it is
possible to design the Pl controller symmetrically. The fuzzy controller
proposed in second part of this chapter aimed at simultaneous control of the
capacity and superheat without troublesome dynamic model of the system.
The proposed controller enables maximum COP and energy saving at the
same time even though the control reference or thermal load is varied.

Chapter 4 presents conclusions and summarizes the results of this thesis.

Simultaneous and independent controller

design for the capacity and superheat
|

Y Y

Model base Al technique
Decoupled modeling
v v
PI + feedforward Fuzzy + feedforward

Y

Discussion and analysis

Fig. 1.1 Objective of this thesis
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Chapter 2

Decoupled control modeling

In order to guarantee high efficiency and energy saving capability for the
VSRS, a convenient mathematical model is crucial to design the control
system. All the components in the refrigeration cycle are linked with pipes,
demonstrating inherently nonlinear behaviors. Hence, it is unfeasible to
exactly identify dynamic characteristics of practical refrigeration system.
The precise mathematical model based on mass and energy conservative law
has involved complexity and high-order term, it is not directly applicable to
real control system design. On the other hand, in the proposed empirical
model, the parameters were determined by an empirical equations using
regression analysis. For more efficient and systematic design of the
controller, a practical dynamic model must be presented. In this chapter, the

dynamic model for the VSRS will be of interest.

2.1 Introduction of decoupling model

Fig. 2.1 shows a block diagram of refrigeration system with interfering
loops featuring inside the dash dot and the dash two dot lines. The
controlled variable is the quantity or condition that is measured and
controlled. In this study, the controlled variables are the chamber
temperature T, and the degree of superheat SH . The superheat of
evaporator is actually defined as the difference between the refrigerant
vapor temperature and the saturation temperature at evaporator outlet. If
there is no pressure drop or very small drop in the evaporator, the inlet
temperature is almost equal to the saturation temperature at evaporator
outlet. Then without loss of generality, the superheat can be defined as the
temperature difference of refrigerant between outlet T, and inlet T, of

the evaporator, i.e., SH =T, —T,. It is clear that the capacity and the
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degree of superheat can not be manipulated separately due to the coupling

characteristics of the refrigeration system.

SH™ - Es
»O—| G,

AVO

SH™ - E
o
+

Fig. 2.2 Block diagram of decoupling control for VSRS
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Hence, the transfer functions for T, and SH with respect to their

references are expressed as

Ta _ - Clc"lja + CICZGLTaG27$H - CICZGLSH G27Ta
Ta* I_CIGLTa _Cszsz +CIC2GLTansz _C1chlsz G273H (2_1)
_ C2sz sza SH”
1- CIGLTa - Cszsz + C1C2617Ta6278H - C1chlsz sza Ta*
SH _ 1- Czezsz + CICZGlfTaezsz - CICZGLSH sza
SH* I_ClGLTa _Czezsz +C1C2617Ta6278H _ClchlszszsH (2_2)
CG, Ta*

*

I_CIGLTa _Cszsz +CIC2GLTansz _ClchlszszTa SH

where C, (i =1~2) represents controller, and G,(i=1~2) denotes transfer
function. The individual reference levels are represented in T, and SH™.
Furthermore, each closed-loop transfer function includes a set of controllers
and transfer functions of the plants. As consequence, there exists the degree
of complexity in design of controllers ' C, and C,.

Next, Fig. 2.2 illustrates the schematic diagram for proposed decoupling
control scheme, where it does not include interfering loops. Furthermore,
the effect of parametric variations due to instance changes on opening angle
AVO and compressor frequency Af has been incorporated in the system’s
input side using feed-forward mode.

The simplified transfer functions with feedforward method can be given

as
Ta _ ClGliTa (2-3)
Ta* 1- CIGLTa
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SH . _Cszsz
SH” 1-C,G,

(2-4)

Based on the above transfer functions with reference to Fig. 2.2, the
decoupled controllers can be systematically designed without interfering
loops.

As established in references in [6~10], the variations of chamber
temperature and superheat can be described by considering the first-order

model with time delay. The proposed transfer function is

_ K g (2-5)
1+

where the model parameter DC gain k; , the time constant 7,, and the dead
time L; can be obtained using the experimental data for various possible
operating conditions. It should be noted that the transfer function in Fig. 2.2

is given in the first-order model with delay, as represented by Eq. (2-5).

2.2 Decoupled control modeling by experiment

In this section, the extensive tests are performed to demonstrate the
methodology on the VSRS model. A schematic diagram for the test setup is
shown in Fig. 2.3, in company with photo. (see Photo. 2.1). The
experimental system mainly consists of a basic refrigeration cycle, a control
system, and a data acquisition system. Table 2.1 provides the detailed
specifications for the test unit. The compressor in the refrigeration cycle is
driven by the induction motor with a general V/f constant-type inverter.
Stepper motor to drive EEV is operated through a step valve control
interface. All temperatures are measured by using thermocouples (T-type)
and temperature probes (Pt-100), saved in a data acquisition system in real

time. Since the pressure drop in the evaporator is approximately
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0.02~0.15bar, which can be practically negligible, the definition SH given
before is valid the refrigeration type of R22. Furthermore, Fig. 2.4 shows
the structure of the EEV and the functional relationship between input of the
stepper motor and output of EEV is illustrated in Fig. 2.5.

1~5[V] Step valve Pulse
control interface

4]

Condenser * VO
Compressor EEVHﬂ

Inverter

P T Evaporator b
- :é :
: = '

e (]
. «—| Data Acquisition > toil. E
7 ) System . :: $e° Chamber i
== N ) T

Fig. 2.3 Schematic diagram of the experimental system
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Chapter 2 Decoupling control modeling

Table 2.1 Specifications of the test setup for modeling

Compressor Vertical, Reciprocating, 220V, 60Hz, 1.5kW
Condenser Fin-tube type, capacity: 4kW
Evaporator Fin-tube type, capacity: 0.79kW
Port size: ®14mn
Expansion Valve :
i Operating range: 0 ~ 506 pulse
Device
Rated voltage: DC 12V
Refrigerant R22
Chamber Size: 1200 x 700 X 1650[mm ]
Inverter PWM type, 2HP
Step valve Input signal: DC 1~5V or 4~20mA

control interface | Output: 0~400 step

-13-
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“Wet” Rotor “Dry” Stator

L
|1 E I_- Spring
i !_- R Biased

i
’ / P Needle
Stator Tab \ INLET

Metering
OUTLET Orifice

Fig. 2.4 The structure of the EEV

lo\3|100' ./'

o 80f £

m /./
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@ | |
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g 40t .

g /'/

é 20r ] /-

o ,l 7
1 2 3 4 5 [V]
0 100 200 300  400[puls]

Input signal

Fig. 2.5 The relationship between input signal and opening angle of
EEV in stepper motor
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In Fig. 2.2, the input variables of transfer functions are the variation of
compressor frequency Af and opening angle of EEV AVO ; and the
output variables are the variation of chamber temperature AT, and the
superheat ASH .

In this paper, the thermal loading and opening angle of EEV have been
kept constant to observe the variations of AT, and ASH due to the
compressor speed changes. During the test, the compressor speed is varied
in the range over 40~60Hz with step size 10Hz. Based on experimental data,
the transfer functions G, ;, and G, i can be approximated to the

following forms:

AT.  —042
:—az 2-6
TOAf 680s+1 (2-6)
ASH | ATLATE #7000 s ..
GlfSH = - -4 ey (2-7)

Al Af Af | 780s+1 30s%1

where G, ;, and G, g, represent the variations of chamber temperature
and superheat with regard to the compressor frequency, respectively.

Fig. 2.6 shows the comparison between experimental and simulation
results for chamber temperature when the compressor frequency is varied
from 40Hz to 60Hz. The experimental data have been obtained under the
following test conditions: the opening angle of EEV is set at 60% of the
maximum value, and the thermal loading of 2.1kW. In addition, the
simulation results for chamber temperature are obtained using the transfer
function G, ;, in Eq. (2-6) for the conditions identical to those maintained
during experimentation. By comparison, the above transfer function fairly

describes the dynamic behaviours of real system.
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Fig. 2.6 Chamber temperature responses when the compressor frequency

1s varied

The temperature variations at inlet and outlet of evaporator are illustrated
in Fig. 2.7. In addition, the experimental and simulation results for superheat
response are shown in Fig. 2.8. The test conditions considered are the same
as in the previous case. As noted, the experimental results of superheat do
not offer the dynamic characteristics of the first-order system with dead time.
Depending on the compressor frequency, the time constant for the
evaporator temperature at outlet is observed considerably larger, compared
to the inlet temperature, i.e., 780 seccond >> 30 second. Due to the different
time constants of inlet and outlet, the rise in degree of superheat is observed
for initial few minutes of operations. In a while it started on decreasing as
the compressor frequency is increased. The wvariation tendency for
evaporator inlet and outlet temperature is obtained to express the transfer
function as first order system with dead time. In order to design the

controller, the Eq. (2-7) is further simplified using Padé¢ Approximation to

_ —131.1s> +7.6125 - 0.0256
1-SH 034008 + 26825 + 65.85 + 0.08

(2-8)
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Fig. 2.8 Superheat responses when the compressor frequency is varied

-17 -



Chapter 2 Decoupling control modeling

01
0.05 0.06 - n .
0.04 | 2047 _ZOD e
0 y/ 780s+1  30s+1 .
0.02
—0.05 0 || —131.1s% +7.6125 - 0.0256 7
o 3 2
= g1l 234005’ +26825° + 65.85+0.08 i
g .
5 015 .
=
@ 0.2 .
-0.25 :
-0.3F .
-0.35 . . . 1 . . .
0 500 1000 1500 2000 2500 3000 3500 4000

Time[s]

Fig. 2.9 Step responses of superheat with the compressor frequency

Fig. 2.9 shows the step responses for the models given in Egs. (2-7) and
(2-8), observing that the maximum error for both models occurs near 0.02 C.
Note that the dashed line in Fig. 2.9 represents the simulation result of
superheat response using G, ;. The experimental and simulation results
show that the system model in Eq. (2-8) moderately represents the system
performance.

Depending on the opening angle of EEV, the variations of AT, and
ASH has been obtained while the thermal load and compressor frequency
are kept constant; the test opening angles of EEV are 5%, 10%, 15% and
20% of the maximum value. Using the experimental results, the transfer
function G, g, can be deduced as

ASH —0.38 6
2 SH — = €
- AVO 57s+1

(2-9)

Furthermore, the transfer function G, , can be expressed using Pade
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Approximation as

_0.385-0.0475
2-SH 7 5752 18,1255+ 0.125

(2-10)

Fig. 2.10 shows the step responses for the models given in Egs. (2-9) and
(2-10), where the maximum discrepancy now occurs near 0.015C. In Fig.
11, the solid line explains the experimental result of superheat response
when the opening angle of EEV is abruptly changed from 70% to 55% of
the maximum value at 200 second. In this test, the compressor frequency is
set at 40Hz, and the thermal load is kept near 1.8kW. The dashed line
demonstrates the simulation result for the superheat response forG, . It
can be observed from Fig. 2.11 that the simulation result is reasonably close
to the experimental result. While maintaining the same test conditions in Fig.
2.11, Fig. 2.12 describes the chamber temperature response against
variations of the opening angles of EEV, G, ... It shows that the variation
of chamber temperature has been increased less than 1'C The experimental
result indicates that the variation of chamber temperature is very small,
comparing to that of superheat for the given opening angle of EEV.
Therefore, the transfer function G, . could be ignored for practical

purposes.
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Fig. 2.11 Superheat responses when the opening angle of EEV is varied

-20 -



Chapter 2 Decoupling control modeling

[=2]

- EEV opening angle: 70%—>55% Experiment

Frequency: 40Hz ~ |eeeee Simulation
Thermal load: 1.8kW

~
I

N

LA A A A

Chamber temperature[C ]
T

o

200 400 600 800
Time[s]

Fig. 2.12 Chamber temperature response when the opening angle of EEV

0

1s varied

2.3 Analysis of the sensitivity of the decoupling model

To estimate the exactitude of the empirical models, the sensitivity of the
decoupling model has been analyzed with simulation method. It is given
+10% errors to the DC gain, time constant, and time delay of the models.
The proposed models are compared with the models with errors. Fig. 2.13
shows the analysis of parameters sensitivity of the transfer function G, ,.
Fig. 2.13(a) and Fig. 2.13(b) present the simulation results when model has
+10% DC gain errors and time constant errors respectively. They represent
that the DC gain error only affects the steady state and the time constant
error has an effect on the transient state. Fig. 2.14 describes the analysis of
parameters sensitivity of the transfer function G, g, . Fig. 2.14(a), Fig.
2.14(b), and Fig. 2.14(c) show the simulation results when model has £10%
DC gain errors, time constant errors, and time delay errors respectively. The
DC gain error has an influence upon the steady state, the error of time
constant and time delay affect transient state, but the time delay error has

little effect on the model. Fig. 2.15 presents the analysis of parameters
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sensitivity of the transfer function G, g, . Fig. 2.15(a), Fig. 2.15(b), and Fig.
2.15(c) show the simulation results when model has £10% DC gain errors,
time constant errors, and time delay errors respectively. The simulation
result have the same conclusion with transfer function of G, g, .

. 6
o 4 Frequency: 40Hz— 60Hz Experiment
[ K EEV . le-60%| “7°°° Simulation
2 5L opening angle: 6001 — .. < DC gain error 10%
g i Thermal load: 2.1kW = .= DC gain error -10%
o 0+
£
g L
5 2
2 L
£l =
O -6 . al ) : . ; : .
0 1000 2000 3000 4000 5000
Time[s]
(a)
L, Frequency: 40Hz—60Hz E_Xpell’iment
[ e W e @ e imulation
E 2 __ EEV opening angle: 60% | __ .. _ Time constant error 10%
© L Thermal load: 2.1kW = « = Time constant error -10%
2, L
E L
]
— 2 -
(5]
2 L
E 4
E L
O -6 . . . . . . . .
0 1000 2000 3000 4000 5000
Time[s]

Fig. 2.13 Analysis of parameter sensitivity of G,
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2.4 Summation of decoupling model

This chapter deals with the empirical dynamic models for decoupling
control of the VSRS. The decoupling models have been presented to control
the capacity and superheat independently and they are obtained from several
experiments under various operating conditions. Key conclusions can be
made as follows:

(1) The empirical models to control capacity and superheat are expressed
as a simple first-order system, guaranteeing the maximum overall error of
less than 1 C.

(2) The test results strongly indicate that the proposed models are
conveniently employed to formulate a robust control algorithm for
regulating the VSRS.

(3) It has been confirmed by both theoretically and experimentally that
the decoupling models is definitely practical for controlling the VSRS under

variable operating conditions.
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Chapter 3

Design of decoupling controller

Control means measuring the value of the controller variable of the
system and applying the manipulated variable to the system to correct or
limit deviation of the measured value from a desired value. In the VSRS,
measuring the actual chamber temperature or superheat and comparing it
with the reference temperature or superheat, the error signals are fed to the
controller so as to reduce the error and bring the output of the system to the
desired values.

Some of conventional controls are PID control, optimal control, adaptive
control, nonlinear methods, etc. The convention controls are focused on
modeling and use of this model to construct a controller. Over 90% of the
controllers in operation today are PID controllers. This approach is often
viewed as simple, reliable, and easy to understand.

Basically, it is the difficult task of modeling for control systems
development. Even if a relatively accurate model of dynamic system can be
developed, it is often too complex to use in controller development. A model
is not needed to develop a fuzzy controller, and this is the main advantage of
the approach.

Hence, two kinds of control method, PID control based on model and
Fuzzy control without model, are presented in this research to control the
chamber temperature and superheat of VSRS.

3.1 Design of PI controller

PID(proportional-integral-derivative) control is certainly the most widely
used control strategy today. It is estimated that over 90% of control loops
employ PID control, quite often with the derivative gain set to zero(PI
control). Over the last half-century, a great deal of academic and industrial
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effort has focused on improving PID control, primarily in the areas of tuning
rules, identification schemes, and adaptation techniques.

The proportional tem responds immediately to the current error, yet
typically can not achieve the desired set point accuracy without an
unacceptably large gain. The integral term yields zero steady-state error in
tracking a constant set point, a result commonly explained in terms of the
internal model principle and demonstrated using the final value theorem.
Integral control also enables the complete rejection of constant disturbances.
Derivative action combats the problem by sassing a portion of the control on
a prediction of future error. Unfortunately, the derivative term amplifies
higher frequency sensor noise; thus, a filtering of the differentiated signal is
typically employed, introducing an additional tuning parameter.

Pl controller is particularly common, since derivative action is very
sensitive to measurement noise, and the absence of an integral value may
prevent the system from reaching its target value due to the control action.

3.1.1 Design of PI controller and simulation

Fig. 2.2 depicts the block diagram of the decoupling control scheme with
feedforward compensator. The controlled variables are chamber temperature
T, and the superheat SH , in which the superheat is the temperature
difference of refrigerant between outlet and inlet of the evaporator. The
block diagram does not contain any interfering loop inside. Furthermore,
each influence of operating variations such as opening angle AVO and
compressor frequency Af is considered on the corresponding input side of
the diagram with feedforward manner.

The Pl controller based on the decoupling model is designed to
manipulate the capacity and superheat of refrigeration system independently.
The control action u(t) is described by

u(t) = K,e(®) + K, | ;e(t)dt — K, [e(t) +Tl [ Ote(t)dt] (3-1)
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where K is the proportional gain, K; is the integral gain, and T is
integral time. The proportional value determines the reaction to the current
error; the integral determines the reaction based on the sum of the recent
errors.

The gains are tuned by the Ziegler-Nichols rules[51]. Ziegler-Nichols
proposed rules for determining values of the proportional gain K, integral
time T,, and derivative time T,. There are two methods called Ziegler-
Nichols tuning rules: the first method(based on step response of plant) and
the second method(based on critical gain and critical period). In the first
method , we obtain experimentally the response of the plant to a unit-step
input. If the plant involves neither integrator nor dominant complex-
conjugate poles, then such a unit-step response curve may look S-shaped
curve. This method applies if the response to a step input exhibits an S-
shaped curve. The S-shaped curve may be characterized by two constants,
delay time and time constant. With the two constants, Ziegler-Nichols
suggested to set the values K , T,, and T, according to the formula. In
the second method, using the proportional control action only, increase K,
from O to a critical value K_ at which the output first exhibits sustained
oscillations. Thus, the critical gain K, and the corresponding period P,
are experimentally determined. Ziegler-Nichols suggested to set the values
of the parameters K, T;,and T, according to the formula.

In this study, the experimental models are given in the previous research
in Chapter 2.

It seems obvious that the controllers for the chamber temperature and
superheat are designed separately. Simulation studies can be used in early
design stages to determine values for parameters. In the simulations, the
ranges of Af and AVO have been set as 30~60Hz and 10~ 100%,
respectively. It is assumed that the control periods for capacity and the
superheat are respectively 30 and 15 seconds. The T, and SH are both
control variables whose specific values are assigned depending upon system
objectives and characteristics. As stated in the paper, the SH represents the
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superheat describing the temperature difference between the outlet and the
inlet of the evaporator. From the maximum COP obtained by the experiment,
itissetto 6C.

Fig. 3.1 shows the PI control response of chamber temperature when the
control reference is rapidly varied from 4°C to 0°C at 200 second with
keeping the opening angle of EEV constant (at 80% of its maximum). For
the capacity control, the gains are tuned by the Ziegler-Nichols rules based
the critical (oscillation) frequency response method (second method). The
gain K, and the period P, obtained are 1600 and 900sec, respectively.
Based on K, and P, the gains K, and K; have been calculated as
720 and 0.95, respectively. Through minor adjustments, the gains K ; and
K, have been finally determined as 800 and 0.2, respectively. It is noted
that the superheat does not maintain the initial value, and it is changed with
the variation of compressor frequency. Thus, it is required to handle the
superheat along with the variation of compressor frequency.

Fig. 3.2 shows the superheat responses of the coupled control. The gains
are tuned by the Ziegler-Nichols rules based on the step (or indicial)-
response method (first method). The proportional gain K, is 20 and
integral gain K, is 0.4 for the coupled control. As illustrated in Fig. 3.2(a),
the percent overshoot is 50%, the undershoot is 2°C, and the settling time is
550 seconds with the coupled control method. Fig. 3.2(b) illustrates the
control reference of compressor frequency.

The control period has been determined by considering the scan time
constraint in PLC (programmable logic controller) as well as the time
constant for the plant along with Shanon’s sampling frequency[52].

For the capacity control, since the critical period is 900sec, the control
period should be less than 450sec by the Shanon’s sampling frequency and
simultaneously greater than PLC scan time. Consequently, it is determined
as 30sec. For the superheat control, the control period should be below the
time constant of 77sec and simultaneously above PLC scan time(500ms),
thus it is chosen as 15sec.
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3.1.2 Experimental result of Pl control and discussion

The schematic diagram of experimental system is illustrated in Fig. 3.3,
in which the complete system includes the components of basic refrigeration
cycle and control system. Table 2.1 and Table 3.1 summarize the main
specifications of the experimental system. The key components of control
system include an inverter, a step valve control interface, and a PLC
(programmable logic controller) unit.

The compressor in the basic refrigeration cycle is driven by the induction
motor with a general V/f constant type inverter. The step motor to drive
EEV is operated by a valve control interface. The input signals of the
inverter and the step valve control interface are received from a D/A unit of
the PLC. The general PI control is implemented by a PID unit of the PLC,
where all temperatures are measured by thermocouples (T-type). Then the
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temperature information is transmitted to the thermocouple unit of the PLC
with real time for operating input variables. Moreover, the thermal load of
the chamber can be added by an electrical heater, and its magnitude is varied
by the input voltage of the heater. Since the pressure drop in the evaporator
is approximately 0.02~0.15 bar, which can be practically negligible, the
definition of SH given before is valid the refrigerant type of R22.

_ [ Stepvalve Pulse
" control interface |
(=3
>4 ¥
DIA Unit M1 Condenser VO
(i > Inverter |—» Compressor EEV -
4 E Evaporator .E
PID Unit : - T
H (=), .
4 i : :
- N 0 H
TC Unit < = : :
L! = L onmocmenennan. Chamber §

= CPU

PLC
Fig. 3.3 Schematic diagram of the experimental system
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Table 3.1 Specifications of the control unit of test

Inverter Type PWM
HP 2
Step valve control Input v_oltage DC 12V
' Input signal DC 1~5V or 4~20mA
interface
Output 0~400 step
CPU GM?2
PLC PID unit 32 loop
TC unit 16 Ch.
D/A unit 16 Ch.

In this study, the fans have been maintained at constant speeds (rpm) for
the condenser and the evaporator. As the compressor speed varies, the
evaporating and condensing temperatures are definitely varying. More
precisely, as the compressor speed increases, the evaporating temperature
(pressure) is decreasing, and the condensing temperature moves up, and vice
versa.

The compressor performance is determined by the amount of the actual
required power into compressor, defined as follows:

Actual compressor work
3 ideal compressor work[kW] (3-2)
compression efficiency x mechanical efficiency

The mechanical efficiency is related to surface roughness, lubrication,
and maintenance of the compressor, and it is approximately 0.8~0.95. Thus
the required compressor power mainly depends on the compression
efficiency. The higher compression efficiency it has, the better performance
it has (i.e., the less the actual required power it has).

On the other hand, the compressor work mainly depends upon its
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volumetric efficiency. Then the volumetric efficiency depends upon the
speed of compressor: the higher speed it has, the less volumetric efficiency
it has. However, if the compressor has very low speed, the volumetric
efficiency also deteriorates due to the increase of the leaking vapor
refrigerant. If the volumetric efficiency decreases, then the compressor work
increases. Thus, to reduce the compressor work, we should obtain high
volumetric efficiency at the optimal speed accompanying with high
compressor performance.

The relationship between compressor power and thermal load are
described in Fig. 3.4, where the superheat is maintained at 4~8°C. It can be
seen that approximately 1kW electric power is required at operating
conditions of compressor frequency 60Hz, thermal load 2.3kW, and the
chamber temperature 1C. Supposing that the ambient thermal load is only
varied to 2.06kW from initial condition 2.3kW, the compressor frequency
will be decreased to 40Hz. The power required for this condition is only 0.7
kW. Consequently, the variable speed compressor can save energy up to 30%
as the thermal load changes actively, comparing with the case in the
constant speed compressor.

In general, the COP is defined as follows:

_cooling capacity[kW]
work input[kW]

COP

(3-3)

In this formulation, the work input only takes into account the work
consumed by the compressor. The energy consumed in other fans (such as in
the evaporator and condenser) is not included in this equation. The
relationship between COP and superheat is shown in Fig. 3.5(a). In the
experimental tests, the chamber temperature is kept at 1°C, and the
compressor is operated at the frequencies of 40Hz, 50Hz, and 60Hz. There
exists a difference in COP due to operating frequency while the superheat is
kept the same. However, the COP has approximately the same value when
superheat is at 0~8C. Also, it is found that the COP is reduced according to
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the increase of superheat over 8°C at every compressor speed. Fig. 3.5(b)
shows the relationship between COP and superheat according to change of
chamber temperature. From this figure, it can be seen that the COP has also
different value according to change of chamber temperature even though the
superheat is kept the same. However, there exists very similar pattern in
COP within superheat range 0~8C, and it is also decreased gradually
beyond 8 C at the corresponding compressor speed.

An optimized system would lead at the highest evaporation pressure as
possible as to reduce compressor work. However, it doesn’t offer the best
COP under the highest evaporation pressure. If the evaporating pressure is
too high, the degree of superheat will be reduced and the refrigerant can not
evaporate enough. Then liquid refrigerant can flow out of the evaporator
with danger of liquid slugging to the compressor. Hence, it is important to
control the expansion valve to obtain a best superheat.

To maintain high COP, the superheat must be kept as a certain constant
temperature, regardless of the operating conditions such as compressor
speed, chamber temperature, etc.
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Fig. 3.4 Relationship between compressor power and thermal load
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In the experimental tests, the ranges of Af and AVO are set to
30~60Hz and 10~100%, respectively. In addition, the control periods has
taken 30 seconds for capacity and 15 seconds for the superheat. To describe
phenomena simply, the Padé approximation and Taylor series expansions
have been employed in this study.

Fig. 3.6 describes the PI control response of chamber temperature and
superheat when the chamber reference temperature is abruptly varied from
4C to 0C at 200 second. The thermal load is 1.45kW and the superheat
reference is 6°C. Fig. 3.6(a) shows the PI control response of chamber
temperature when the reference is changed. It took about 450 seconds to
reach close to a set point value from change of reference. Fig. 3.6(b) shows
the response of compressor frequency to follow the reference of chamber
temperature. It can be seen that the set point frequency of the compressor for
controlling the capacity is extremely stable. Fig. 3.6(c) presents the PI
control response of superheat according to the change of chamber
temperature. The superheat must be controlled as a constant value even
though the compressor speed and chamber temperature are varied. As
depicted in this figure, the percent overshoot of the superheat observed is
about 33%, and the maximum undershoot of superheat is about 30%. Fig.
3.6(d) shows that the set point value of EEV opening angle is changed
stably to maintain the superheat at 6 C. Since the percent overshoot is fairly
big, it is not acceptable for control performance. Thus, the PI controller with
feedforward compensator has been proposed to improve the control
performance.
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3.1.3 Design of PI controller with feedforward compensator
and simulation

Generally speaking, it is desirable to manage the capacity and superheat
simultaneously in the VSRS. However, simultaneous controller based on the
conventional coupling model does not guarantee reasonable time-domain
performances, such as overshoot/undershoot and settling time, due to the
interference of the variations of compressor speed. In this paper, the PI
control with feedforward compensator has been proposed to deal with these
problems. In addition, it can eliminate the influence of the interfering loops
on the capacity and superheat quantities.

In the refrigeration system, the disturbance d(s) has also effect on
superheat and chamber temperature caused by the variations of the
compressor speed Af and the opening angle AVO of EEV. Each
disturbance input can be expressed as follows:

dSH (s)= Gl_SH Af (3-4)

dTa (S) = GZ_TaAVO (3_5)

To cancel the effect of this disturbance on the control system, the
corresponding compensators are given as follows:

1

—_ _1 [ -
u (t)=-£ [GZ_SH (S)dSH (s)] (3-6)

_ e 1 )
Uyo (1) =—£ [Gl_Ta(s)dTa(S)] (3-7)

where u, and u, are compensating quantities of Af and AVO ,
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respectively. Then, the effect of interference due to the variations of
compressor speed and opening angle can be removed on the superheat and
the chamber temperature.

The transfer function associated with T, and SH with feedforward
methods can be simply expressed as

T._ ~CGir (3-8)
Ta* 1- ClGliTa

SH _ - CZGZ_SH (3_9)
SH™ 1-C,G, g,

Fig. 3.7 describes the responses of chamber temperature and superheat by
Pl controller with feedforward compensator when the control reference is
rapidly varied from 4°C to 0C at 200. Fig 3.7(a) shows the response of
chamber temperature and Fig. 3.7(b) shows the response of compressor
frequency. In this simulation the proportional gain K, is 800 and integral
gain K, is 0.2. Finally, the superheat responses of the decoupling and
coupled control schemes are described for comparisons. The gain tuning in
superheat control is based on the indicial response for the plant. The time
constant and time delay obtained are 77sec and 6.5sec, respectively. Then,
K,, and K;, have been calculated as 10 and 0.46, respectively. Finally,
the gains K, and K;, have been chosen as 12 and 0.25, respectively. As
illustrated in Fig. 3.7(c), the percent overshoot is 50%, the undershoot is 2°C,
and the settling time is 550 seconds with the coupled control method. On the
contrary, the percent overshoot is 0, the undershoot is 2°C, and the settling
time is 550 seconds with decoupling controller. Fig. 3.7(d) illustrates the
control reference of compressor frequency, in which the response of
decoupling control is faster than coupled control case due to the feedforward
compensator.
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In addition, the objectives of set point tracking and disturbance rejection
are to minimize the error. For the fixed input(that is, disturbances and/or set
point), two of the most popular performance measures are the integral
absolute error(IAE) and the integral square error(ISE)[53]. The ISE is
adopted in this research. The performance index is evaluated for a
quantitative measure of the attained tracking performance as follows:

I, Z.[ttf (T, —T.)?dt =1.61x10° (coupling or decoupling control) ~ (3-10)
I sh Zf:f (SH —SH")*dt =5.98x10° (coupling control) (3-11)

Iy s :I;f (SH —SH")?dt =5.38x10° (decoupling control) (3-12)

Here, the start time t,and finish time t, of integral are 200 sec and 800
sec, respectively(see Fig. 3.7). Since the effect of opening angle variation in
EEV has been neglected on the chamber temperature, there exists no
performance difference on the chamber temperature between coupling and
decoupling controls. However, the compressor speed has definitely an effect
on the superheat. The decoupling approach with feedforward compensation
provides better control performance than coupling approach. Referring to
the index |, , it is known that there exists 10% performance improvement
in decoupling control.
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3.1.4 Experimental result of PI control with feedforward
compensator and discussion

Fig. 3.8 describes the responses of chamber temperature and superheat
using the PI control with feedforward compensator while the chamber
reference temperature is maintaining the same test conditions as previous
experiment. Fig. 3.8(a) shows the Pl control response of chamber
temperature when the reference is changed. It took about 400 seconds to
reach close to a set point value from change of reference. Fig. 3.8(b) shows
the response of compressor frequency to follow the reference of chamber
temperature. It can be seen that the set point frequency of the compressor for
controlling the capacity is extremely stable. Fig. 3.8(c) presents the PI
control response of superheat according to the change of chamber
temperature. The superheat must be controlled as a constant value even
though the compressor speed and chamber temperature are varied. As
depicted in this figure, the percent overshoot of the superheat observed is
about 15%, but the maximum overshoot is below 7°C. The maximum
undershoot of superheat is above 5C, which is acceptable value in the
refrigeration system. Fig. 3.8(d) shows that the set point value of EEV
opening angle is changed stably to maintain the superheat at 6 C. These
experimental results are well consistent with the simulation results reported
previously.

Fig. 3.9 illustrates responses of chamber temperature and superheat for PI
control with feedforward compensator when thermal load is varied from
1.44KV to 1.57kW, where the chamber temperature reference is set at 0C
and the superheat reference is 6 C. From Fig. 3.9(a), it can be seen that the
chamber temperature is maintained at 0°C even if the thermal load is varied.
Fig. 3.9(b) shows that the compressor frequency has been increased to
control the chamber temperature as 0°C caused by the increase of thermal
load. Fig. 3.9(c) gives the PI control response of superheat depending upon
the change of thermal load, where the superheat has been controlled as a
constant value 6 C to obtain high COP. Fig. 3.9(d) shows the opening angle
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of EEV under the given thermal load. As a result, it is evident that the PI
control system guarantees excellent performance for the capacity and
superheat under various thermal loads.
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3.1.5 Analysis of the sensitivity of the decoupling model using
P1 controller with feedforward compensator

To confirm the unreliability of decoupling model how to affect the control
performance of Pl control with feedforward compensator, the analysis of the
sensitivity is studied when the parameters of chamber temperature and
superheat model have +10% errors respectively. In this analysis the
proportional gain K, is 800, integral gain K;, is 0.2, and the gains K ,,
K,, are 12 and 0.4. Here, the chamber temperature reference is varied from
4C t00T.

Fig. 3.10 shows the PI control response with feedforward compensator
when the DC gain of chamber temperature model has +10% errors. The
simulation results present that the DC gain errors affect the settling time and
the control reference(compressor frequency) is varied with DC gain errors to
control the chamber temperature. The superheat control response is changed
with the compressor frequency variation. Thus, the DC gain errors of
chamber temperature model affect the settling time and do not influence on
the steady state.

Fig. 3.11 indicates the PI control response with feedforward compensator
when the time constant of chamber temperature model has £10% errors. The
simulation results describe that the time constant errors of chamber
temperature model have effect on the rising time of chamber temperature
and superheat.

Fig. 3.12 and Fig. 3.13 represent the PI control response with feedforward
compensator when the DC gain and time constant of superheat model has
+10% errors respectively. The simulation results show that the parameter
errors of superheat have not effect on the chamber temperature because the
transfer function G, ., is ignored. The parameter errors have very small
effect on the superheat control response. The influence of time delay of
superheat model does not considered because the error of time delay have
little effect on the step response of superheat(see Fig. 2.14).
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3.1.6 Summation of PI control

In this chapter, the PI controller scheme with decoupling model has been
presented to control the thermal capacity and superheat independently for
saving energy and progress of COP. The general PI controller without
interfering loops inside has been successfully designed and extensive
experimental results show that the presented PI controller with the
feedforward compensator is effective methods of controlling the VSRS. Key
conclusions can be made as follows:

(1) The superheat is controlled as 6°C within £1°C errors even if the
chamber temperatures are varied.

(2) The chamber temperature and the superheat are controlled as their
reference values within +1°C errors although the thermal loads are varied.

(3) Several experimental results are well consistent with simulation
results.

(4) The compressor frequency can be varied under the partial loads to
save energy and control the temperature precisely.

(5) The superheat is controlled as a constant value to attain high COP
although the compressor frequency is varied.
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3.2 Design of Fuzzy controller
3.2.1 Introduction of Fuzzy control

In this part we want to introduce the fuzzy control theory at first. Fuzzy
control provides a formal methodology for representing, manipulating, and
implementing a human’s heuristic knowledge about how to control a system.
The fuzzy controller has four main components: (1) The “rule-base” holds
the knowledge, in the form of a set of rules, of how best to control the
system. (2) The inference mechanism evaluates which control rules are
relevant at the current time and then decides what the input to the plant
should be. (3) The fuzzification interface simply modifies the inputs so that
they can in interpreted and compared to the rules in the rule-base. (4) The
defuzzification interface converts the conclusions reached by the inference
mechanism into the inputs to the plant[54].

To design the fuzzy controller, the control engineer must gather
information on how the artificial decision maker should act in the close-loop
system. Sometimes this information can come from a human decision maker
who performs the control task, while at other times the control engineer can
come to understand the plan dynamics and write down a set of rules about
how to control the system without outside help.

Fuzzy control system design essentially amounts to (1) choosing the
fuzzy controller inputs and outputs, (2) choosing the preprocessing that is
needed for the controller inputs and possibly postprocessing that is needed
for the outputs, and (3) designing each of the four components of the fuzzy
controller.

Using the introduced fuzzy control theory, we will describe the process of
fuzzy control design in the concrete at next part.

3.3.2 Design of fuzzy controller

Fig. 3.14 shows a basic composition of fuzzy controller. It is basically
consisted of fuzzy rule base, fuzzy inference unit, fuzzification interface,
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and defuzzification interface part. The fuzzy rule base(a set of If-Then rules),
which contains a fuzzy logic quantification of the expert’s linguistic
description of how to achieve good control. The fuzzy inference, which
emulates the expert’s decision making in interpreting and applying
knowledge about how best to control the plant. The fuzzification interface,
which converts controller inputs into information that the inference
mechanism can easily use to activate and apply rules. The defuzzification
interface, which converts the conclusions of the inference mechanism into
actual inputs for the process.

The fuzzy system has inputs and outputs. The inputs and outputs are
“crisp”-that is, they are real numbers, not fuzzy sets. The fuzzification block
converts the crisp inputs to fuzzy sets, the inference mechanism uses the
fuzzy rules in the rule-base to produce fuzzy conclusions, and the
defuzzification block converts these fuzzy conclusions into the crisp outputs.
A “linguistic description” will be used to specify rules for the rule-base;
hence, linguistic expressions are needs for the inputs and outputs and the
characteristics of the inputs and outputs. The linguistic variables are used to
describe the fuzzy system inputs and outputs; the linguistic values are used
to describe characteristics of the variables.

Fig. 3.15 describes the schematic diagram of refrigeration control system
in this paper. Controlled variables in this system are the chamber
temperature T, and the superheat SH which is the difference between the
refrigerant temperature at outlet and inlet of an evaporator. The controlled
system is the basic refrigeration cycle, and the actuators of the cycle are the
induction motor driven by an inverter to control compressor speed and the
stepping motor to control the opening angle of EEV The capacity control of
the refrigeration system is to adjust refrigerant flow rate by changing
compressor speed to cope with thermal load disturbance. On the other hand,
the superheat control is to keep up fluctuated superheat as a certain constant
value by controlling the opening angle of EEV. To operate the VSRS safely,
the operation range of compressor frequency is set as 30Hz~60Hz, and the
output value of EEV driver is set as 40~400 step.
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Two fuzzy controllers for the capacity and the superheat are designed
independently. Input variables for the capacity are made up of ‘e’ and ‘ee’.
Here, ‘e’ is the error between reference chamber temperature T, and
measured chamber temperature T,, and also ‘ee’ is rate of the variation of
‘e’ Input variables for the superheat control are also made up ‘e’ and ‘ee’.
The output variables are compressor frequency f in the case of the
capacity control and the opening angle of EEV VO in the case of the
superheat control.

fuzzy rule base

data base rule base
| A4 4
i o o Y output
.L'Mr» fuzzification defuzzification —'—p>
crisp value * # | crisp value

- fuzzy inference unit - |
| membership value y membership value |

Fig. 3.14 Basic composition of fuzzy control system

SH” : j : : 40~400 step

fuzzy controller

()

o ¥
Condenser

Compressor

30~60 Hz

Fig. 3.15 Schematic diagram of the refrigeration system
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The rule bases and the membership functions of input and output variable
must be determined to design fuzzy controller. In this paper, these are
decided by a trial and error manner throughout some experiments. The rule-
base captures the expert’s knowledge about how to control the plant. The
rule-base of fuzzy controller holds the linguistic variables, linguistic values,
their associated membership functions, and the set of all linguistic rules. The
mapping of the inputs to outputs for the fuzzy system is in part characterized
by If-Then form. Table 3.2 and Table 3.3 show fuzzy rule bases for
controlling the capacity and the superheat. The rule bases were decided from
the experience of the controller designer and several experiments.

The membership functions are subjectively specified in and ad hoc
manner from experience or intuition. There are some types of membership
function such as triangle form and trapezoidal form etc. The triangle
membership function was used to produce a rule base for fuzzy control in
this paper. Because the triangle membership function is the most wildly
used in the fuzzy control field and it is very easy to design fuzzy controller.
The triangle membership function is used for conversion between crisp and
membership value. Fig. 3.16 and Fig. 3.17 are membership functions for the
capacity control and the superheat control respectively. The range of the
capacity and superheat of ‘e’ were -3~3C. The range of ‘ee’ in the superheat
was smaller than the capacity. The control output range of the capacity was -
20~20Hz and the range of the superheat control was -9~6%.

Output is calculated in a fuzzy inference part using the fuzzy rule bases.
The fuzzy inference has two basic tasks: (1) determining the extent to which
each rules is relevant to the current situation as characterized by the inputs;
and (2) drawing conclusions using the current inputs and the information in
the rule-base. This inference is based on the Mamdani min-max arithmetic.

In the defuzzification part, the defuzzification operates on the implied

fuzzy sets produced by the inference mechanism and combines their effects
to provide the most certain controller output. Some think of defuzzification
as decoding the fuzzy set information produced by the inference process
into numeric fuzzy controller outputs. The center of gravity(COG)
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defuzzification method for combining the recommendations represents by
the implied fuzzy sets from all the rules. The membership value is
converted to a crisp value as final output, and the crisp value is chosen
using the center of area and area of each implied fuzzy set, and is given by

U crisp __ Z'u(l)b' (3-13)

0

Where, U™ means crisp output of fuzzy inference, b indicates center
of area of a membership function and g is the output of fuzzy inference.
Notice that COG can be easy to compute since it is often easy to find the
area under a membership function.
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Table 3.2 Rule base for capacity control

ee
NB NM NS Z PS PM PB
NB |[NB NB NB NB Z2 Z <Z
NM|NB NB NM NM Z 272 Z
NS INB NM NS NS zZz Z Z

e Z INM NS 2z Z2 2z 272 Z
PORINS * 2—7—2 =P JPM, PB
RV 4 ERF 22— —R3 QNSNPEF,PB
PB| &7 - vV uslR. PB°LPB .PB

Table 3.3 Rule base for superheat control

ee
NB NM NS Z PS PM PB
NB |[NB NB NM NM NS Z Z
NM|INB NM NS NS Z 2z Z
NS INM NS NS Z2 Zz Z Z
e Z INM NS z2z ZzZz 2z 2Z Z
PSINS Z2 Z Z PS PM PB
PM| Z2 2Z2 Z PS PS PM PB
PB | Z2 Z Z PS PM PB PB
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Fig. 3.16 Membership function for capacity control
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Fig. 3.17 Membership function for superheat control
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3.2.3 Experimental result of fuzzy control and discussion

Photo. 3.1 shows real experimental system. Fuzzy -controller for
controlling both capacity and superheat is realized by the Programmable
Logic Controller(PLC) with specific converter modules D/A and
TC(Thermocouple). Table 3.1 represents the specification of a test unit of
the experimental system. The experimental system was composed of basic
refrigeration cycle and control system. The main components of the control
system were an inverter, a step valve control interface and the PLC. The
compressor was driven by the 3 phase induction motor with a general V/f
constant type inverter. The stepper motor to drive EEV was operated by a
step valve control interface. The input control signals of inverter and step
valve control interface were gotten from D/A unit of the PLC. All
temperatures were measured by thermocouples(T-type). The temperature
information was transmitted to TC unit of the PLC with real time for
operating input variables, ‘e’ and ‘ee’, in the fuzzy controller. The control
sampling time was set at 30 seconds in this study.

Fig. 3.18 shows control responses of the chamber temperature and the
superheat when the chamber temperature reference was abruptly changed
from 4°C to 2°C. The thermal load was 1.5kW and the superheat control
reference was set at 6°C. From the experimental results, the chamber
temperature response was fairly good but the superheat oscillated and
settling time was very long. It is desirable to control the capacity and
superheat simultaneously in the variable speed refrigeration system. In spite
of simultaneous control of them, good control performances can not be
obtained because of the effect of interference of the variation of compressor
speed toward superheat. The evaporating pressure will be varied when the
compressor frequency is varied. Then the superheat of evaporator is also
changed due to the variation of evaporating pressure. To overcome this
problem, we proposed fuzzy control with feedforward compensator of
superheat which can eliminate the influence of the interfering loop between
capacity and superheat.
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Fig. 3.18 The responses of chamber temperature and superheat by fuzzy

control according to the variation of chamber temperature
reference(T, =4°C -2°C, SH =6°C, Q=1.5KW).
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3.2.4 Design of the fuzzy controller with feedforward
compensator

Fig. 3.19 indicates feedforward compensator of superheat. Disturbance
d which has an effect on superheat due to the variation of compressor
speed Af can be expressed as Eq. (3-14).

d = asH =251 4 (3-14)
Af

To cancel the effect of this disturbance, we designed the compensator
such as Eq. (3-15) by an iteration method.

u, =kd = k'Af (3-15)

Where, u, is compensating quantity of AVO, and k'was set as 0.5 in
this paper.

*

- e
SH SH Fuzzy
+ controller

Fig. 3.19 Schematic diagram of feedforward compensator of superheat
control

-64 -



Chapter 3 Design of decoupling controller

3.2.5 Experimental result of fuzzy control with feedforward
compensator and discussion

Fig. 3.20 describes responses of chamber temperature and superheat
based on the fuzzy control with the feedforward compensator. The
experimental conditions were the same as previous experiment in Fig. 3.18.
Fig. 3.20(a) shows response of chamber temperature by the fuzzy control
with the compensator when the chamber temperature reference was varied
abruptly at the time of 200 second. It takes about 400 seconds from
reference change to get close set point value. Fig. 3.20(b) shows the
response of compressor frequency to follow the reference of chamber
temperature. It can be seen that the compressor set point frequency for
controlling the capacity was very stable. Fig. 3.20(c) presents the response
of superheat control according to the change of chamber temperature
reference. The superheat must be controlled as a constant value, 6'C, even
the compressor speed and chamber temperature were varied. The percent
overshoot is observed 17% approximately in this figure, but the maximum
overshoot of the superheat is kept less than 8 C. It is acceptable superheat in
this system. Fig. 3.20(d) indicates the opening angle of EEV when the fuzzy
controller was operated. The opening angle of EEV was adjusted with stable
to maintain the superheat as 6 ‘C. These experimental results provide fairly
good control performances of capacity and superheat when the chamber
temperature reference was varied.

Fig. 3.21 describes responses of chamber temperature and superheat when
thermal load was abruptly varied from 1.35kW to 1.57kW at 200 second. The
chamber temperature reference was set at 2°C and the superheat reference
was 6 C. From Fig. 3.21(a), found that the chamber temperature was
maintained as 2°C even the thermal load was varied. Fig. 3.21(b) shows
that the compressor frequency increased to control the chamber temperature
as 2°C because of the increase of thermal load. Fig. 3.21(c) presents the
fuzzy control response of superheat according to the change of thermal load.
The superheat has been controlled as a constant value, 6C, to obtain high
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COP. Fig. 3.21(d) shows the opening angle of EEV under the given thermal
load. The fuzzy control responses indicate good control performance of the
capacity and superheat under various thermal load conditions.
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3.2.6 Summation of fuzzy control

In this chapter, we suggest fuzzy control with feedforward compensator
of superheat to progress both energy saving and coefficient of
performance(COP) in VSRS. By adopting the fuzzy control, the controller
design for the capacity and superheat is possible without depending on a
dynamic model of the system. Moreover, the feedforward compensator of
the superheat can eliminate influence of the interfering loop between
capacity and superheat, and the capacity and superheat are controlled
simultaneously and independently. Key conclusions can be made as follows:

(1) The input parameter 'ee' is very important design factor as well as 'e’
to get good control performance in the capacity and superheat control design.

(2) The superheat response is very sensitive to the variance of compressor
speed. Thus, good control performance hardly expected by conventional
basic fuzzy controller without compensation of the influence of the
compressor speed change.

(3) Fairly good control performances were established by the fuzzy
controller with feedforward compensator of the superheat. The simultaneous
control of chamber temperature and superheat based on the suggested
controller had good transient responses even though the references and
thermal load were varied.
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3.3 Analysis of the control performance in Pl control and
fuzzy control

The PI control logic and fuzzy control algorism have their merits and
faults respectively when design the controller.

(1) The control performance of Pl control is better than fuzzy control
when it has very precise mathematical dynamic models, but it is not easy to
obtain precise dynamic model, which is the shortcoming of PI controller.

(2) The fuzzy control performance can be also got nearly equivalent to the
Pl control without dynamic model, and it is the main advantage of fuzzy
control algorism. But when it has more suitable membership function and
rule base, better control performance can be obtained.

-70 -



Chapter 4 Conclusions

Chapter 4

Conclusions

In this thesis, the decoupling model and independent control method has
been presented to control the VSRS for progressing COP. For the purpose of
this, we proposed decoupling model for controlling the capacity and degree
of superheat independently, designed PI controller with decoupling model
and fuzzy control without dynamic model. Key conclusions can be made as
follows:

(1) The empirical decoupling models to control capacity and superheat
are expressed as a simple first-order system with time delay. They are
obtained several experiments under various operating conditions.

(2) The test results strongly indicate that the proposed models are
conveniently employed to formulate a robust control algorithm for
regulating the VSRS. It has been confirmed by both theoretically and
experimentally that the decoupling models is definitely practical for
controlling the VSRS under variable operating conditions.

(3) In addition, the overall control system without interfering loops is
primarily designed to achieve precise control objective and improve COP
for the VSRS.

(4) Then, the general PI controller without interfering loops has been
successfully designed. Extensive experimental results show that the
presented Pl controller with the feedforward compensator is effective
methods for controlling the VSRS.

(5) The decoupling PI control can offer the improved system performance,
by not only controlling chamber temperature precisely but also guaranteeing
high COP level in the VSRS.

(6) The fuzzy controller proposed in this paper aimed at simultaneous
control of the capacity and superheat without troublesome dynamic model
of the system.
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(7) Some experiments are conducted to design the appropriate fuzzy
controller by an iteration manner. We investigated important design factors
effect on control performance after design of the fuzzy controller. Especially,
we found that the fuzzy controller with feedforward compensator of the
superheat can obtain good transient response.

(8) Some control experimental results show that the proposed fuzzy
controller is suitable for the capacity and the superheat control of the
variable speed refrigeration system. The fuzzy control with feedforward
compensator for the capacity and superheat attained to the purpose of
progressing COP in the VSRS.

(9) We can get nearly equivalent control performance to that of PI
controller by using the fuzzy controller; it will be very useful design
methodology for engineers in the industrial fields.
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Appendix A: Pade Approximation program

T=100; t_s=1;
t=0:t_s:T,;

% o] ZAPHE o & AL
tau2=25;

[np2,dp2]=pade(tau2,1);
GP2=tf(np2,dp2);
G2_1=tf(-0.15,[30,1]);
G2_step=step(G2_1,);
G2_2=tf(-0.47,[780 1]);

tau3=16;
[np3,dp3]=pade(tau3,l);
GP3=tf(np3,dp3);
G3_1=tf(-0.38, [57 1]);
G3_step=step(G3_1,1);

% AL
G2=G2_2-G2_1*GP2;
y2=step(G2,t);
y2_1=step(G2_2,t);

G3=G3_1*GPs3;
y3=step(G3,t);

%A AL 2T 2t BS
ii2=find(t>tau2);
y2_0=[zeros(ii2(1)-1,1);
G2_step(1:length(ii2))];

ii3=find(t>tau3);
y3_0=[zeros(ii3(1)-1,1);
G3_step(1:length(ii3))];

figure(1)

plot(t,y2_1-y2 0,t,y2,'--"
grid

figure(2)
plot(t,y3_0,t,y3,'--")

syms m
f=0.0171*exp(-0.08*m)-0.0121*exp(-
0.0333*m)+0.006*exp(-0.0013*m);
a=taylor(f,3)
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Appendix B: Simulation program of decoupling control

% Ao x1=0;x2=0;x3=0;
G1=tf(-0.42,[680,1]); ul 1=0;ul_PI=0;

u2_1=0;u2_PI=0;
tau2_1=25; ul_0=10100;ul_1=ul O;ul 2=ul O;
[np2_1,dp2_1]=pade(tau2_1,1); %ul_0=11352;ul 1=ul O;ul_2=ul 0;
GP2_1=tf(np2_1,dp2_1); u2_0=12800;u2_1=u2_0;u2_2=u2 0;
tau2_2=0; %u2_0=11625;u2_1=u2_0;u2_2=u2_0;
[np2_2,dp2_2]=pade(tau2_2,1); u_1=0;u_2=0;sh=0;
GP2_2=tf(np2_2,dp2_2);
G2_2=tf(-0.47,[780,1]); % Ao]7]
G2_1=tf(-0.15,[30 1]); Kp_1=800;Ki_1=0.2;K1=0;
G2=G2_2*GP2_2-G2_1*GP2_1; Kp_2=12;Ki_2=0.25;K2=0;
tau3=16; WA EH ol A4
[np3,dp3]=pade(tau3,l); T_all=30*40;
GP3=tf(np3,dp3); T Ta=30;T_SH=15;
G3_1=tf(-0.38, [57, 1]); T_control=0.1;T_model=0.01;
G3=G3_1*GP3; n_Ta=T all/T_Ta;

n_SH=T all/T_SH;

% B 5 1Hg 4

G1 sys=ss(G1,'min’); y0_1=zeros(n_Ta,1);

[al,bl,cl,d1]=ssdata(G1l_sys); yl 1=y0 1;y1 2=y0 1;
yl 3=y0 1,y1 4=y0 1;

G2_sys=ss(G2,'min"); y0 1=T Ta:T Ta:T_all;

[a2,b2,c2,d2]=ssdata(G2_sys);
y0_2=zeros(n_SH,1);

G3_sys=ss(G3,'min’); y2 1=y0 2;y2 2=y0 2;y2 3=y0 2;
[a3,b3,c3,d3]=ssdata(G3_sys); y0 2=T SH:T_SH:T all;
%z7]7 % & Aol
Ta_ref=5333; Ta_out=5440; forsl=1:1:n_Ta
SH_out_1=160;
% Ta_ref=5387; Ta_out=5440; if ul 0>16000
SH_out_1=160; ul=16000;
% Ta_ref=5333; Ta_out=5387; elseif ul_0<8000
SH_out_1=122; u1=8000;
SH_ref=160;SH_out=160; else ul=ul O;
end
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if SH_out_1<0
SH_out_1=0;
end

u_1=(ul-ul 1)*60/16000;
ul 1=ul;
yl 4(s1,1)=u_1;

forsl 1=1:1:T Ta/T control

delta_Ta=Ta_out-Ta_ref;
ul_I=ul_I+delta Ta*T_control;
ul PI=Kp_1*delta_Ta+Ki_1*ul I,
ul O=ul_2+ul PI;

forsl 2=1:1:T control/T_model

x1_dot=al*x1+b1*[u_1 0];
x1=x1+x1_dot*T_model;
yl=cl*x1,

x2_dot=a2*x2+h2*[u_1 0 0];
X2=x2+x2_dot*T_maodel;
y2=C2*X2,

end

Ta_out=Ta_out+y1(1,1)*16000/600;
SH_out_1=SH_out_1+y2(1,1)*16000/600;
u_1=0;

end

yl 1(s1,1)=Ta_out*600/16000-200;
y1 2(s1,1)=SH_out_1*600/16000;
y1 3(s1,1)=u1*60/16000;

end

% HAE Ao
for s2=1:1:n_SH

k=round(s2/2);
u_3=yl 4(k1);

if u2_0>16000
u2=16000;

elseif u2_0<1600
u2=1600;

else u2=u2_0;

end

u_2=(u2-u2_1)*100/16000;
u2_1=u2;

fors2_1=1:1:T_SH/T_control
delta SH=SH_out-SH_ref;
u2_I=u2 l+delta SH*T control;
u2_PI=Kp_2*delta_ SH+Ki_2*u2_I;
u2_0=u2_2+u2_PlI;

sl 2=1:1:T control/T_model
x2_dot=a2*x2+b2*[u_3 0 0];
X2=x2+x2_dot*T_maodel;
y2=c2*x2,

x3_dot=a3*x3+b3*[u_2 0];
X3=x3+x3_dot*T_maodel;
y3=c3*x3;

end
SH_out=SH_out+(y2(1,1)+y3(1,1))*16000
/600;

u_3=0;u_2=0;

end

y2_1(s2,1)=SH_out*600/16000;
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y2_2(s2,1)=u2*100/16000; axis([0,1400,30, 70]);

u2_0=u2_0+(yl_2(k,1)/0.45)*16000/100; grid

end figure(2)
subplot(2,1,1)

figure(1) plot(y0 _2,y2 1)

subplot(2,1,1) axis([0,1400,0, 10]);

plot(y0_1,y1 1) grid

axis([0,1400,-2, 10]); subplot(2,1,2)

grid plot(y0_2,y2_2)
axis([0,1400,50, 100]);

subplot(2,1,2) grid

plot(y0_1,y1 3)

- 86 -



Appendix

control

Appendix C: PLC program of Pl

-87 -



Appendix

-88 -



Appendix

-89 -



Appendix

Appendix D: PLC program of fuzzy control
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