14 International Journal of Air-Conditioning and Refrigeration Volume 8 May (2000) / pp. 14~28

Frequency Response Characteristics of Air-Cooled
Condenser in Case of Inputting Various Disturbances

Jae-Dol Kim', Hoo-Kyu Oh™ and Jung-In Yoon™

Key words : Dynamic Characteristics, Refrigeration Systems, Air Conditioning Systems, Transfer
Function, Frequency Response, Condenser

Abstract

The frequency response characteristics of a condenser were numerically studied for the
control of refrigeration and air conditioning systems. The important parameters, such as the
refrigerant flow rate, refrigerant temperature, air velocity, and air temperature at the
condenser inlet, were analyzed. Superheated vapor, two phase, and subcooled liquid domain
in condenser can be described by using the energy balance equation and the mass balance
equation in refrigerant and tube wall, the basic equation for describing the dynamic
characteristics of condenser can be derived. The transfer function for describing dynamic
response of the condenser to disturbances can be obtained from using linearizations and
Laplace transformations of the equation. From this transfer function, analytical investigation
which affects the frequency responses of condenser has been made. Block diagrams were
made based on the analytic transfer function, dynamic responses were evaluated in Bode
diagrams on the frequency response.

Through this study, it became possible that the information about the dynamic
characteristics of air-cooled condenser is offered. The results may be used for determining
the optimum design parameters in actual components and entire systems. Also, the
mathematical models, frequency response may be used to help understanding, evaluate
optimum design parameters, design control systems and determine on setting the best
controller for the refrigeration and air-conditioning systems.
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** Member of SAREK. Dept. of Refrigeration Engineering and Air Conditioning, Pukyong
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Nomenclature

. Area, [nr]
. Heat capacity, [J/kgK]
: Specific heat, [J/kgK]

* Enthalpy, [J/kg]
. Heat transfer rate of unit length,

[W/mK]

: Length, [m]

. Dimensionless length, [ -]

: Mass flow rate, [kg/s]

. Heat transfer rate, [W]

. Time, [s]

: Velocity, [m/s]

: Heat transfer coefficient, [W/m'K]
. Temperature, [K]

: Density, {kg/m’]

Subscripts

: Steady state

: boundary

> Air

: Discharge

: Saturated vapor

. Interface

* Internal circumference

¢ Inlet

: Condensation ending region
! Tube wall

 External

* External circumference

. QOutlet

. Refrigerant

: Superheated vapor

: Average of internal division
. Condensation starting region
: Boundary 4~6

: Infinitesimal change

! Average

1. Introduction

Recently the high efficiency of a system and
the comfort of people using the system under
various conditions have been required for the
design of refrigeration and air-conditioning sys-
tems. But optimum control and sufficient cycle
efficiency have not been obtained easily in the
view of total operation. To explain this, the
dynamic characteristic analysis is coming to
the front of seriously essential subject. But the
refrigeration and air-conditioning system is
combined in several composition element, espe-
cially the evaporator or condenser as a heat
exchanger go with heat and mass transfer ac-
cording to phase-change so that characteristic
analysis is very difficult.”™ And most refrig-
eration and air-conditioning systems operate
under various conditions, pure steady-state does
not exist. Especially if the capacity controllers
fit to a system, investigations should not be
limited to only the steady-state analysis but
include indeed even the unsteady or dynamic-
state analysis.@ Even though a few experi-
mental and theoretical studies have been done
until now, the analysis of this part has not of-
fered any clear answer.

Accordingly, the purpose of this study is to
give an analysis of the dynamic characteristics
of the air-cooled condenser in order to analyze
the dynamic characteristics of entire refrigera-
tion and air-conditioning systems.®™” The dy-
namic characteristic was performed with ob-
taining data which the radiant heat quantity of
each region and the average heat transfer
coefficient, the refrigerant and tube wall tem-
perature distribution, pressure drop through
advanced static characteristic analysis.(SNQ)

The dynamic model was divided into five
regions @ the superheated vapor region, the
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condensation starting region, two-phase con-
densation region, condensation ending region,
and the subcooled liquid region. Furthermore
transfer functions were derived from Dbasic
equations. Thus, the dynamic characteristics of
an air-cooled condenser were analyzed theoreti-
cally by the frequency response method. More-
over, these analytic results offered not only the
response of the condenser caused by the var-
jous disturbance inputs but also the cause of
the response occurrence, which made it pos-
sible to obviously specify the effect of condenser

design parameters gqualitatively and quantitative-
ly.(10~12)

2. Analysis Model

The dynamic model, as in the static model,
was formed by using a plate-fin coil type air-
cooled condenser. According to the model of
the refrigerant and tube-wall temperature dis-
tribution in the static characteristics analysis,
the refrigerant in the actual condenser is flow-
ed in as a superheated vapor and is flowed out
as a subcooled liquid. It always has temperature
distribution throughout this process, and the
heat transfer coefficient on the refrigerant side
changes depending on the inlet point. For these
reasons, linearization of basic equations is math-
ematically complicated and it is difficult to de-
rive form of the transfer functions based on
analysis of the dynamic characteristics.” ™"

Figure 1 shows the model of this study. The
analysis was accomplished with the model. In
this model, overall region was divided into 5
subregions consisting of the superheated-vapor
region(boundary 1 to 2), the condensation
starting region(boundary 2 to 4), the two-phase
condensing region(boundary 4 to 6), the con-
densation ending region(boundary region 6 to
8), and the subcooled-liquid region(boundary &
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1 234 5 678 9

Fig. 1 Model of dynamic characteristics of air-
cooled condenser.

to 9). In the model, the heat transfer rate should
be consistent in both the static and dynamic
analysis. Thus, the heat transfer coefficient was
obtained in each region and the average heat
transfer rate was calculated from these results.

2.1 Assumptions

The assumptions of the mathematical model
are as follows:

(1) The average heat transfer coefficient on
the air side is assumed to be a convection heat
transfer coefficient except the effect of humidity.

(2) The two-phase refrigerant has linear
quality distribution and the state of refrigerant
is saturation.

(3) Pressure drop was considered only in the
two-phase region. Because the two-phase con-
densing region has a larger pressure drop in
comparing with any other region in the analy-
sis of static characteristics.

(4) The changes of condensing pressure and
temperature in the two-phase region are as-
sumed to be equal to an infinitesimal change
of refrigerant flow rate.
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2.2 Basic equations

The basic equations of the dynamic analysis
are the continuity equation, energy balance
equation, and heat transfer equation based on
the above assumptions.

The superheated-vapor region takes the con-
trol volume into consideration between boun
daries 1 and 2. In this region, the continuity
equation and the energy balance equation of
the refrigerant and tube wall are given by:

Ml_Mz‘:-O (1)
302_ _Mlcpﬁ 302
Ap o 5p = L, 4l @
hasAi(@2—@2m)
9 0y
Cm_at—z—z a Ai(O,— 0yy) @)

- aaAo( @2m_@a)

The condensation starting region is short and
the control volume is set between boundaries 2
and 4. Boundary 3 is defined in the middle
plane of boundaries 2 to 4. Also, the refrig-
erant properties and the temperature distri-
bution of the tube wall are assumed to be lin-
ear. The continuity equation, energy balance

equation of the refrigerant and tube wall are

given by:
dL
~M=A[ & (ol - o G2 @
M,H,; —MH,—

i, (5)

=A[%(93H3L24) o 4H, d;

C LzAdL_ @ TALy(03— 03)
dt 6

- aaAoL%(@Bm_ @a)

where Qg of Eq. (5) can be written as:

Qu= asALy(6;— 035,

L @

+Col 03— shmt)
The two-phase condensing region takes the
consideration between
boundaries 4 and 6. Boundary 5 is defined in
the middle point of boundaries 4 to 6. Also, the
refrigerant properties and the temperature dis-
tribution of the tube wall are assumed to be

control volume into

linear. Each equation of this region is given by:

_Ald(7
M,~Ms= A[§( PsLly) ©

dL dL
“eig e g
_ —o.=Al4 —
M- MH-Qu=A[g il
dL dL g
+,04H4 dt +05H6 dt ]
@5m
Culs dt = GTAiLm(@s*GSm)
(10)
- aaAoLw(@Sm_ @a)
where Qg of Eq. (9) is given by:
Q= a1ALg(05— O3
+Conl 0 gt = O 5m) g2 dL?" (1

—CalO5m— 0 que) g dL‘*’

The condensation ending region is short and
the control volume is taken into consideration
at boundary 6 to 8. Boundary 7 is defined in
the middle point of boundaries 6 to 8. Also, the
refrigerant properties and the temperature dis-
tribution of the tube wall are assumed to be
linear. Under these assumptions, each equation
of this region is given by:

dLg

M6—M3=A %(071468)_‘06_(1?— (12)

MgHg —MgH;s—
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dL
=A %( o 7H7L53) - p GHﬁ—dtGS (13)
dé 1,
CmLGS__-dtl'_ = a LA,’LGg( o 7T 2 Tm)

(14)
- aaAoL68(67m- @a)

where Qg of Eq. (13) is equal to Eq. (15).

Q= ¢ ALg(0;—07,)

dLg
at

(15)
“Cm(@shmﬁ— @7m)

The subcooled-liquid region takes the control
volume into consideration between boundaries 8
and 9. Each equation of this region can be
written as follows!

a @g MgC 89 36,
Ap ¢, = 12 oL
—arAi(8y— Oygy)
Cm_(‘l‘(%"g&= ”LAiLex( 04— @9m)

(18)
- aaAo( @9m_ @a)

2.3 The combination and linearization
of basic equations

From the combination of the energy balance
equation, the continuity equation and the heat
transfer eguation of the refrigerant and tube
wall each change in quantities( Y=Yo+y) can
be written as sums of the equilibrium state
quantity Yo and perturbation quantity y. The

energy equations of the refrigerant and tube
wall in the superheated-vapor region are linear-
ized to obtain the response of refrigerant
temperature 6, in boundary 2 with the refrig-
erant inlet temperature 6, the flowed in air
temperature 6, and air velocity v, . The lin-
earized energy balance equations of the refrig-
erant and tube wall are given by:

26, Aogglm 906,
71, Mep 3t 19

29 ALy , _ ag9AiLpy
M90C o120 Mgocpm

—+

19‘.Zm

asoAi+aang at
_ a9 A g
- asoAi+(Iavo 2
0‘5vo
+ asoAi+daOAo 93
Ay (Oom—0x)

- asOAi+aavo daa

+ 0o

(20)

The linearized energy balance equations of the
refrigerant and tube wall according to the
changes of the refrigerant flow rate m; are

given by:
00 2 _— a e 2 a g _
_‘a "1'2 + T al0 a t + y ol ( 6 2 (9 Zm)
- da, d7ra _ —aul
e w( S-S )(@w 6 e 1)

—_ J 8
0 om+ Twlo"a_tm:waBz
L (22)
—d7 (0= 0y e "

Also, the same method for the superheated-
vapor region, the linearized equations of the
condensation starting region when the refrig-
erant flow rate changes are given by:

m(Hy —Hy) = —Mgycu( 62— 05)

+ @ 9ALy( 03— 0 3m) + @ A0 50— O3m) €
30, 9 Py

—ALm(Hm_H%)H GPd}e;.,{ aT“]

303 d03 _1_ d92
+l 3Ta}pd ar T ApwlwCog

dé
+ '%'AP sol240C o g 2 —[A{ p p(Hy—Hy)

— 0 9(Hy—H)} = Cra( 0 30— © gomto)] dcft%
(23)



Frequency Response Characteristics of Air-Cooled Condenser in Case of Inputting Various Disturbances 19
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The linearized equations of the two-phase re-
gion are given by:

ittt =W (557 (567 |

305 ),
T oA Lg( 05— 050+ @ pA (05— O 50)lg
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The linearized equations of the condensation
ending region are given by:

my(He — Hgg) =—MgCos( 6 51 6 5)
+aLUAiL680(67+ 07m)_au)A'(@70_@7m)
dé
+(124+145)+AP70L680 9 dts
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The linearized equations of subcooled-liquid re-
gions are given by:

A 2
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_ Ap gLy
Ta= Ml

2.4 Transfer functions and block dia-
grams

The transfer functions of the dynamic anal-
ysis are obtained by the combination of the
basic equation, linearization and Laplace trans-
formation of equations.

The transfer functions of the superheated-
vapor region are obtained in the response of
refrigerant temperature 6, in boundary 2 with

the refrigerant inlet temperature 8 ,, the flowed
in air temperature ¢, and air velocity v, ac-

cording to the changes of the refrigerant flow
rate m; are given hy:

@ [1 —e —h(s)]
(1;(')‘ T wlos)fl(s) 0 a(S)

=-1(s)

05(s)= 6 ,(s)e "+

_ By _a pll—e
vae (1F 7 99X (s)
e —hi(s)

Oxs)= —ua,(1- ”lO)Fll(;s)TaTo'

4 a,(s) (32)

T+(1— ¢ Cip) 7 S
(1+ T me)

(64wW—04)
Mgy

(33)
my(s)

where

T wloS
f](S)= 4 a105+ a 10+C10 ("1+ ;’lwlos)

- ——TwieS
h](s)—‘ fawS+C10 (1_+_ ‘Z"rwwS)

In the same method, the derivation of the
transfer functions of the condensation starting
region are given by:

_(.1—:% m4(s) + K3 (1 —TSS) [ﬂ_;{%’ms_l

—K%M{(l - Tacs)——(%;—s)”e 2(s)

K. (14 Tsps) 1
- (1_%35)[ Ko+ R (1= Tcs)
—ﬁ%i-%s—)'”%(sh ¢ y(s) (34)

where gain constants and time lag are given by:
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e Cn _Aegly
Tan= @ a0t a A, Tu= 2My,
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3E— M90
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Tap= Mg,

The transfer functions of the two-phase region
and the condensation ending region are given
by:

KS KS ], . l
(1+T55) m6+ (1+T5S)[ KSC K5D

“Rﬁ{(l—Tscs)‘mI%';—s)‘}]os (35)

Ty (o= 2o
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The transfer functions of the subcooled-liquid
regions are possible by using the same method

for the superheated-vapor region.

l_e—hZ(s)
09(s)= # ,o(1— Um)m

1+(1“‘#2C20)Tw205

(O Lp— Og)
%mg(s)
where
—ay da
Ty=1l—e , #a2=M&)A—MZ
__My d7ra _ Mg
Hoyp= " 7 w20 M K= U a2

The block diagram in each region was drawn
for the transfer function. The whole block dia-
gram among the variable disturbances can be
described through the combination of the trans-
fer functions in each region such as the super-
heated-vapor region, condensation starting re-
gion, the two-phase condensing region, con-
densation ending region, and subcooled-liquid
region.

Figure 2 shows the dynamic characteristic
block diagram of entire condenser combined each
region. Transfer function of each region is the
same as Table 1.
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Fig. 2 Block diagram of air-cooled condenser.
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Table 1 Transfer functions of the each region
in air-cooled condenser

Symbols Transfer functions
GA EXP[—[ams+ r.uﬁ+Cm‘(1—;}‘%§}]
GB alo(l—EXP[—{ams+ f=105+Clo_(1Tr%”)

/(+ ¢ wle)[ aptr aloS‘f‘Cmﬂ_r_:%}
GC Bl / 7 al
EXP(~ 2 0)(0 5= 0 w)-20
T wioS
GD I—EXP[:{T,|(§+C|O (]+Twlos)}l
T wigS
7 aps+ Cy 0+ r 9
K3 (l "ngs) - ]
(l—Tgs) K;c K:M
GE {(1—T3cs)————(1f{,““s) ”EXP(— £ 208)
1—-Tss
T 1E(Ta-Tys
l—ngs
TH(Tor T PXP(T a9t
GF 1 =
Kic 3
I+ Kiall+ Togs) [l— (14 Tras)
Cyrw
GG Exp[—{am+r.ws+—-———(!frr$)”
Kic(1—Tys)
GH | R (T Tms) EXP(~ rans)

3. Results and Discussion

3.1 Responses of each region

The dynamic characteristic of output values
(b4 &y, lg, 0G5 and 64) which is related on
each input values ( 4v,, dm, 6, and 6,)
are evaluated to gain and time constant by fre-
quency response method at the board diagram.
Here, the gain stands for output vibration rate
for input and the time constant shows output
time difference for input.

Table 2 shows feature and operating condi-
tions of air-cooled condenser, 4v, J4m, 8,
and 4, in Table 2 are the change quantity on

the basis of steady-state value.

Jae-Dol Kim, Hoo-Kyu Oh and Jung-In Yoon

Table 2 Specifications and operating conditions

Items Features
. 38.1lmm X 231mm X 30lea
Fin area
(6.707ea/cm)
Length f)f length of included bend :
condensing
tube 12.978m
Diameter I. D.:9.39mm, O. D.:10.11mm
Parameters Sta.t!c Dyn?l‘mc Ranges
conditions) conditions
Condensing
temperature, 49 49 constants
()
Condensing
pressure, 1955 1955 ”
(kPa)
Air velocity,
~ -
(m/s) 1.09 (0.89~1.29| Av,:+0.2
Refrigerant 0.011 ~ Amy:
flow rate, 0.0134 | )
+
(kg/s) 0.015 +0.002
Refrigerant
temperature, 98.0 97.0~99.0( 46.:%1
()
Air
temperature, 30 27~33 460.:%3
()
Refrigerant HCFC-22

Figure 3 shows the responses of refrigerant
outlet temperature (8,) in the superheated-
vapor region by the frequency response method.
In the gain diagram of Fig. 3, the change of
the flowed in air velocity showed a large gain
value(45dB) in the low frequency band, but
when moving toward the high-frequency band,
its effect was small. But the influence of re-
inlet temperature increased when
moving toward the high frequency band almost
linearly. Also, the change of the refrigerant flow
rate showed a constant tendency. With the
input of the total disturbances, it showed the

frigerant
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highest gain around a frequency of 1x107'
(rad/sec). In the phase diagram of Fig. 3, the
flowed in air temperature and velocity showed
a similar tendency; the refrigerant inlet tem-
perature showed about 240 degrees of phase
delay constantly. And with the input of the
total disturbances, it showed a decreasing ten-
dency when moving toward the high frequency
band. Also, the flowed in air temperature and
velocity showed a similar response in the su-
perheated-vapor region, and the change of the
refrigerant flow rate did not affect the refrig-
erant outlet temperature in the region. The rea-
son is that the state of the refrigerant in this
region hardly changes when various disturbances
input, the average heat transfer coefficient on
the refrigerant side barely changes and the gain
and time delay constants are not affected.
Figure 4 shows the responses of length (/)
in the condensation starting region. In the gain
diagram of Fig. 4, the change of the refrigerant
flow rate and the flowed in refrigerant tem-
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Fig. 3 Responses of outlet temperature ( 6 ;) in
the superheated-vapor region.

perature indicated a large influence when mov-
ing toward the high-frequency band and an
almost similar response in characteristics. But
the flowed in air velocity almost showed a
second response characteristic; the flowed in
air temperature showed a similar tendency
with the air outlet temperature in the super-
heated vapor region. The total response was
1x107! to 1x10}
(rad/sec). In the phase diagram of Fig. 4, the
change of the refrigerant inlet temperature and
the flowed in air velocity showed an almost
similar response qualitatively; the flowed in air

high from a frequency of

temperature and the refrigerant flow rate indi-
cated a corresponding influence in the high~fre-
quency band. The total response of the phase
showed a decreasing tendency when moving
toward a high frequency.

The reason is that the change of the refrig-
erant flow rate and flowed in temperature large-
ly affect the heat transfer coefficient of the
refrigerant; thus the gain and time constants
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Fig. 4 Responses of length (/) in the condens-

ation starting region.
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Fig. 5 Responses of length (/) in the two-

phase condensing region.

affect the responses of length in this region.

Figure 5 shows the responses of length (/)
in this region when the various disturbances
input. In Fig. 5, the change of the flowed in
air velocity showed the highest in the length
of this region;, the gain values of all distur-
bances were decreased when moving toward
the high-frequency band, and the change in
values showed low in the whole frequency
range. But the phase delay in Fig. 5 was great-
ly influenced by the change of refrigerant
temperature; the change of the refrigerant flow
rate showed the fastest response.

The response of the total phase was de-
scribed by a time delay response of high de-
gree. The reason is that the responses of
length in this region depend on the heat trans-
fer coefficient on the air side.

Figure 6 shows the responses of outlet
temperature (84) in the condensation ending
region when various disturbances input. In Fig.
6, the change of the flowed in air velocity
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Fig. 6 Responses of outlet temperature (6 g) in

the condensation ending region.

indicated the largest influence in the low-fre-
quency band, and the changes of the refrig-
erant flow rate and the flowed in air tempera-
ture showed a decreasing tendency in the high-
frequency band, with the tendencies being very
similar. But when the refrigerant temperature
changed, it increased when moving toward the
high-frequency band. In Fig. 6, the change of
the flowed in air velocity showed a rapid-phase
delay; other disturbances showed almost a con-
stant phase delay, and the response of the total
phase showed a response of nearly a second-
ary degree. The reason is that the outlet tem-
perature in this region depends on the heat
transfer coefficient on the air side in the low-
frequency band, depends on the heat transfer
coefficient on the refrigerant side in the high-
frequency band.

Figure 7 shows the responses of outlet tem-
perature in the subcooled-liquid region when the
various disturbances input. In the gain diagram
of Fig. 7, the change of the flowed in air veloc-
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Fig. 7 Responses of outlet temperature 8 o)
in the subcooled-liquid region.

ity indicated the highest influence in the low-
frequency band. And the change of the refrig-
erant flow rate did not show any influence in
the whole frequency range. But the change of
the flowed in refrigerant temperature showed
an increasing gain value when moving toward
the high-frequency band. In the phase diagram
of Fig. 7, the response of all disturbances
showed a constant tendency after a frequency
of 1x10%rad/sec). The reason is that heat
transfer coefficients on the refrigerant and air
side change; thus gain, time and time delay
constants affect the responses of the outlet
temperature.

3.2 Responses of the total region

From the results of the dynamic analysis in
each region, the dynamic responses of outlet
temperature in the condenser were analyzed by
combining the transfer functions of each region
in the block diagram when various disturbances
are operating in the condenser.
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Fig. 8 Response of outlet temperature (8 4)

depending on the change of refrigerant
flow rate.

Figure 8 shows the response of outlet tem-
perature (4 5) in the condenser when the change
of the refrigerant flow rate is operating in the
total region of the condenser. In the figure, the
gain value indicated almost no influence in the
total frequency range, but the phase delay
showed high in the high-frequency range. These
results revealed differences from that of Fig. 7
in only the subcooled-liquid region. It is be-
lieved that the time delay and time constants
were affected by the heat capacity of the tube
wall, the heat transfer coefficients on the re-
frigerant and tube-wall side.

Figure 9 shows the response of outlet tem-
perature (4 ¢) when the change of the air ve-
locity operates in the total region simultane-
ously. In the figure, the gain and phase values
decreased when moving toward the high-fre-
quency range. These results showed differences
from that of Fig. 8.

Figure 10 shows the response of outlet
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Fig. 9 Response of outlet temperature (6 4)
depending on the change of air velocity.

temperature (4 4) when the change of the air
temperature is operating in the total regions si-
multaneously. Figure 11 shows the response of
the condenser outlet temperature (84) in the

condenser when disturbances, such as the
change of the refrigerant flow rate, the air ve-
locity, the air and refrigerant temperature oper-
ate simultaneously. In the figure, the responses
of gain and phase showed response character-
istics of a high degree. Also, these results
showed differences from those of Figs. 8~10
quantitatively and qualitatively. It is believed
that the gain, time constant, and time delay were
a little different. Also, these were affected by
the heat transfer coefficient on the refrigerant
and air side.

4. Conclusions

The transfer functions for the dynamic char-
acteristics in the condenser were obtained from
the basic equations by linearizations and Laplace
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Fig. 10 Response of outlet temperature ( 6 4) de-

pending on the change of air tempera-
ture.

transformations of equations when various dis-
turbances, such as the refrigerant flow rate,
refrigerant temperature, air velocity, and air
temperature inputted. The analyses of the dy-
namic characteristics were performed by the
frequency response method, and the results of
this study can be described as follows:

The development of a block diagram on the
dynamic characteristics analysis in the con-
denser makes possible by linearizations of the
basic equations, the derivation of transfer func-
tions, and combination of these when various
disturbances input. Effects of various distur-
bances on the actual condensers were analyzed
by the frequency-response method, and the ba-
sic design data in the condenser were obtained
quantitatively and qualitatively. Sufficient data
were obtained to analyze the dynamic charac-
teristics in the total system on the basis of
these results. Therefore, these results may be
used for the determination of design param-
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Fig. 11 Response of the condenser outlet tem-
perature ( 8 ) in the condenser when

the disturbances operate simultaneously.

eters in actual components and entire systems.
Also, the mathematical models, frequency re-
sponse and steady-state response may be used
to increase understanding, obtain useful infor-
mation at the evaluation hardware and opti-
mum design parameters, design control systems
and determine the best controller settings for
the refrigeration and air-conditioning systems.
Moreover, the dynamic response characteristics
may be clear from each calculation result of
these responses and may be useful for a sui-
table design and the improvement of the control
systems of refrigeration and air-conditioning
systems.
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