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A study for optimum control of refrigeration system

LI HUA

Department of Refrigeration and Air-conditioning Engineering

Graduate School, Pukyong National University

Abstract

According to the development of industrial technology, refrigeration system is
widely used today. To obtain high efficiency, high intelligence, and energy saving
for refrigeration system, the optimum control of the refrigeration system is
inevitable.

The conventional control schemes are mainly based on representative two
control methods. One is capacity control for room temperature control and energy
saving by compressor speed variation. The other is superheat control for enhancing
coefficient of performance of the refrigeration system by varying opening angle of
an electronic expansion valve. They have been controlled not be coupled but be
separated. Moreover, the refrigeration system's elements are deeply connected with
the pipe each other, so optimum control is not easy.

This paper is divided in three parts. At first numerical analysis on dynamic
characteristics of the system is performed. Next, an introduction of optimum
regulator control is introduced. Finally, experimental results for heat dynamic
analysis of the refrigeration system are discussed.

In order to optimum control the refrigeration system, a mathematical model of
the system is necessary. The mathematical model is based on the one dimensional
partial differential equations representing mass and energy conservation and a tube
wall energy equation. The optimum regulator controller, which was designed for
multi input multi output system using the state space method, was introduced to
control evaporator superheat and compressor capacity with optimum. Some
experiments were conducted to consider the affection according to the variation of

the electronic expansion valve opening angle and compressor speed.
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Nomenclature
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N v §
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Pr

Ra

Re

7 [m’]

273 [m]
AR [ke/m’ - s
ol e v [kJ/kg]
dAEE [W/m - k]
Hj#e] Aol [m]

AR RF [ke/s]
N [MPa]
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A5 [kJ/m’ - s]
B [kJ]
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4% A@elols AxE A A, Axdo] FolW xhstelN Ao
2 AN eFsE 20w fEaky] A8 Az JAFE Al
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she & AR Aol Y AFerh Telne AW PS4

J= j :’[xT(t)Qx(t)+uT(t)Ru(z)]dt (3-3)
714, 0= 0=0" 20 %] wey UIFHEH FHATFEY A
94 Fede ek

9 gRPL2A Aol se) Aud 248 dehis AoE B3

rlr

AE7bE @doln], RER=R">09 %49 @&

olth. A 33)olA AR TS AUE weAE dERH EA T2
73l oA S ZHz vehdo.

BrHE (3-3)% HAZ s 98 @) £ Ricawi WFA 309
@ A ¢ @Y dIPL P) B AHESS 4 35 FolHA 3
3 Ricati4 GHE HlABoIRZ a9 EAFT KA dah 24}
o gk 4 3-1) W 320 AXE [A, BI7F A7k, (A, CI7h

BE7bssTE P £ % @3 dARBelx, limP@) 7t FUstn
f—o0

AR AL HAH, A GHE KA HAE Ao

P(1) =—P(t)A(t)— AT (t)P(t) + P()B(t)R™' (1)B” (1) P(1) — Q(¢) (3-4)
u(®)y==R ()BT (1)P()x(t) (3-5)

K(t)=-R'(®)B” (1)P(t) (3-6)
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u(t) = K(t)x(t) (3-7)
o714, K(r) & &8 A= A aigsts, & 3N B7HET #
ol 47l He A9 ool

#H2 ggeoly AAMs A detviEd dEvtE FE Q¢ Al
ol7bE HH RE& MAsHE Aol Fod A7 €o ol 09 RE A
ARz dgsts TdE B2 obA7tA ¢lth Bryson WHY &
olg3te] AA stebvle] Qo RS AdAske] dEeolE 2A A A

EE ol 2 F UHAHE HE A Fotd A atg e dA v

. 0 (3-3)
- ( 1 )2

nm

(%m)z 0

R= 0 0

0 (% )
A7NAM, x, & i WA Hof 88 AeEs Fol u, & WA A

518 AFe AnFo.

Fig. 3.1 &% # 3z dgdolg A A"E ®AS Zolt

(3-9)
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T AUAE Hast gk A Ao HRE 9. IEE, S
(3-3)2 Alo] 2zket 74 AUAE BF HAad A7)

Aok 3o}

e
ot

>
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i
E
o
>

e®)=x,)—x(t) F e®)=y,(O)-y()Z 23F ZASE 2 (3-3)

< A G103 Zol EAE F Qo

J= j'f[eT(r)Qe(t) +u” () Ru(t)]dt (3-10)

4

= EellM nEsta gle WEAelEY Aol Thed Ao A
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Table 4.1 Operating condition and parameters

Tube inside diameter

Tube outside diameter

Saturated temperature

Inlet quality

Mass flow rate

Air temperature

13.8 [mm]

15.9 [mm]

260 [K]

0.1~03

0.008 ~ 0.012 [ke/s]

296 ~ 302 [K]
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i)
R
e

Heat transfer coefficient
(refrigerant side) [W/m K]

—

[

=
5w
% ==
s 53:(
g CE
-~
eu)a
=G
sg=
= =

@

=3

o

260 262 264 266 268

Evaporating temperature [K]

Fig. 4.1 Air side heat transfer coefficient with evaporating temperature

1120

1080

1040

1000

260 262 264 266 268

Evaporating temperature [K]

Fig. 4.2 Refrigerant side heat transfer coefficient with

evaporating temperature
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Fig. 4.3 Change in evaporating length with respect to the mass flow rate
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Fig. 4.4 Change in evaporating length with respect to the mass flow rate
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5 T T 1 T 1 Ll T T T
Evaporating temperature : 260 K
Air temperature : 300K
T 4 |m_dot: 0.01 kJ/kg
=
=
23 1
2 1 -l 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18
Evaporator Length [m]

Fig. 4.5 The variation of enthalpy with the inlet quality in the evaporator

5 T T T T T T T T .
Evaporating temperature : 260 K m_dot=0.01 kg{s
4 Air temperature : 300K e .
Z Inlet quality : 0.2 m_dot=0.008 kg/s
g : m_dot=0.006 kg/s
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= 2 _ -
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0 2 4 6 8 10 12 14 16 18

Evaporator Length [m|

Fig. 4.6 The variation of enthalpy with mass flow rate in the evaporator
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Fig. 4.7 The variation of enthalpy with mass flow rate in the evaporator
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Superheat [T |

Superheat [ TC|

T ! !
m_dot=0.0096 [kg/s]
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——— ———— —
m_dot=0.01kg/s|
B b gt .....................
Evaporating temperature : 260K
Inlet quality : x=0.2
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0
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Time [s]
Fig. 4.8 Change in superheat with respect to the mass flow rate
: - m_dot=0.01[kg/s] :
0 i i i
0 200 400 600 800

Time |s]

Fig. 4.9 Change in superheat with respect to the air temperature
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Table 5.1 Specification of test unit

Type Vertical, Reciprocating
Compressor
Power @ 3-380V-60 Hz-2.6Kw
Fan type Axial flow
Motor 100 W
Condenser
Condensing capacity | 3450 ka/h
Air velocity 30 m'/min
Type Copper coil
Evaporator
Tube size 1/2 inch
Type EEV
Model JHEV 14A
Expansion Valve
Port size Q14
Device
Operating pulse range | 0 ~ 506 pulse
Rated voltage DC 12V
Refrigerant Type R22
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Photo. 5.1 Refrigeration system for experiments

T2 P2

=i

Compressor

™ ops &
| Sm———
»
Condenser
Mass flow meierl
Rz H.P.S ®——|
E>
o= LPS ®—|
R = SURT .
SV TRV ! ;
e ! ;
$A2 REYV ! i
L 3} . :
Sl é) o TE 6l
EAE MLEV . porator i
e ! :
: 1
svi v fTsest T
| Chamber :

Fig. 5.1 Schematic diagram of the refrigerant system
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orZ7)e] HALS WIHAI7] fstel W& AP E|(vif=const. type)s
PLC(Programmable Logic ControllenS ©]8-3to} Fut 7hd Ao A 2~8)
o HAsGEY. &5 A g AR ZHHE obdEzI HolHES
PLCS A/D REZ d¥Ho tAd HolHE dt} o] "olHES
PLCS CPUCIA @Ake AR F, thal obdz sz wEso] I
Ho| AgAsz Jyact g ofgdxa ARFAREYE F& Al
gests= Fas AP o8 AWEY &F7] AdFTE AojAh A4F
7] FEAAOM;, FEAEN FAE AoE AdMME WE AWEH
(SVIGS)E olgstgon 35 Alo] Wt 0.1Hz ~ 400Hzol 2L, FAZ
2 gA, 7FE A7 2% 40HzE atgith AMEI S Ale]o] F3h(carrier
frequency):= 3kizE 47 3HATH

z7)o] S E YeFe A7 s SBEHE T

Namoz S HAA AFBBEF o)A WA BFAu A

FW

LCS$} A€ RE cgloly 2 Ao & itk Z+ Alx

i

dolE 5& pLel Y Ho] Aol 2Ao] g% ANE AR F obdEI
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oo
ol
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=2 zgsly] 98 ARWEAESHES.VOE AHEIAT AR 0% ~

100%= A8 A 0-~400stepe] &t AF NERE 0~5VE A7t
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Table 5.2 Specification of control system

pRe FARY

AFoF-& Table 5.2 #t}.

Inverter

Type PWM

HP 5

Input power ®3-380~460V-50~60 Hz
Output 0~10VDC or 4~20 mA

Step valve control

Input voltage

DC 12V

Input control signal

0~5VDC or 4~20 mA

interface
Output 0~400 step
Model MV200
Data acquisition
Channel 20CH
CPU GM3
A/D module 8CH
PLC
D/A module 8CH
TC module 16CH
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Fig. 5.5 Variations of compressor outlet pressure according to a step change of

compressor speed
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Fig. 5.6 Variations of compressor inlet and E.E.V outlet pressure according to
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Appendix A Al EH o] T2 T

A-1 FEA &4 2279

% open air properties
fn=fopen(‘air.txt','r');
pro=fscanf(fn,'%g',[6 11]);

Air=pro’;

% open R22 properties
fn=fopen('R22_ss.txt''r');
pro=fscanf(fn,'%g’,[6 45]);
R22_ss=pro’;
fn=fopen('R22_p.txt",'r');
pro=fscanf(fn,'%g',[46 62]);
R22_p=pro’;

% evaporating temperature=260 k;
T1=260;x_i=0.2;Ta=300;L=0;
m_dot=0.01;
y0=zeros(191,1);y0=[0:0.1:19];y1=y0;

d_i=0.0138; d_0=0.0159;
A_i=pi*(d_i"2)/4;A_o=(pi*d_o"2)/4;
G=m_dot/A_i;

% Air side heat transfer coefficient
m=round((Ta-240)/10);

rho_a=Air(m,2);alpha_a=Air(m,6)* .
107(-5);gamma_a=Air(m,3)*107(-5);
Pr_a=Air(m,5);k_a=Air(m,4);
alpha_v=-(Air(m+1,2)-Air(m-1,2))/
((Air(m+1,1)-Air(m-1,1))*rho_a);
Ra=9.8*alpha_v*d_o*3*(Ta-T1) v/
*1000/(alpha_a*gamma_a);
Nu_a=(0.6+0.387*Ra™(1/6)/(1+ v
(0.559/Pr_a) 9/16)N82THYNA/NN2;
u_a=Nu_a*k_a/d_o;

% two phase region
nl=(round((T1-273)/2)*2+42)/2,;
Pl=round(R22_ss(nl,2));
h_1=R22 ss(nl,5);
h_v=R22_ss(nl,6);
gamma_l=0.19*10"(-6);
mu_v=10.9*107(-6);F=2.2;
Pr_1=2.78; k_1=0.1
rho_l=(1/R22_ss(n1,3))*1000;
rho_v=(1/R22_ss(n1,4));
mu_l=gamma_l*rho_l;

Re 1=G*d_i/mu_l;
u_l=0.023*Re_1"0.8*Pr_1"0.4*k_l/d_i;
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h_fg=(R22_ss(nl,6)-R22_ss(nl,5)) ¢

*1013;

Tw1=260; Twl_1=264;

while abs(Tw1-Tw1_1)>0.001
Twl=(Tw1+Twl_1)/2;

g=u_I*(Twl-T1);

Bo=g/(G*h_fg);

¢1=1.136;¢c2=-0.9;c3=667.2;c4=0.7;

x=(1+x_1)/2;

Co=((1-x)/x)"0.8*(rho_v/rho_1)"0.5;

ul=(1-x)*0.8*(c1*Co”c2+c3*Bo”c4 v

*Fy*y_l;

Twl_I1=(u_a*d_o*Ta+ul*d_i*T1)/

(u_a*d_o+ul*d_i);

end

L1=(1-x_i)*m_dot*h_fg/(pi* »

d_i*ul*(Twl1-T1));

for sO=1:1:191
if (L1-L)>0.001
x=x_i+(1-x_1)*L/L1;
h=h_v*x+h_I*(1-x);

else

T2_0=270;T2=260;

while abs(T2-T2_0)>0.001
T2=(T2+T2_0)/2; Tm=(T1+T2)/2;
m2=round(Tm)-273+31;
c_p_v=R22_p(m2,5*P1-6)*1000;
mu_v=R22_p(m2,5*(P1-1))*10/(-6);

k_v=R22_p(m2,5%P1-4);
Pr_v=c_p_v*mu_v/k_v;
Re_v=G*d_i/mu_v;
u2=0.023*Re_v*0.8*Pr_v"0.4* v
k_v/d_i;

T2 _o=T1-d_o*u_a*(T1-Ta)/(d_i*u2);
End

L2=(1/u2+d_i/(d_o*u_a))*m_dot* v/
670*log((Ta-T1)/(Ta-T2_o))/(pi*d_i);
alphal=(u2*pi*d_i*u_a*d_o/(u2* v
d_i+u_a*d_o))*(L2/(m_dot*0.67* v/
1000));
gammal=ul*d_i/(ul*d_i+u_a*d_o);
T2=Ta-(Ta-T1)*exp(-alphal* v’
((L-L1/L2));

Tw2=Ta+gammal *(T1-Ta)* «
exp(-alphal*((L-L1)/L2));
n2=round(T2-273+31);
h=R22_p(n2,5*P1-7);

end

L=L+0.1;
y1(s0,1)=h*m_dot;

end

figure(1)
subplot(2,1,1)
plot(y0,y1);
axis([0 19 1 5))
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A2 54 94 =23

% open air properties
fn=fopen(air.txt,'r");
pro=fscanf(fn,'%g',[6 11]);

Air=pro;

% open R22 properties
fn=fopen('R22_ss.txt",'r");
pro=fscanf(fn,'%g',[6 45]);
R22_ss=pro’;
fn=fopen('R22_p.txt,'r’);
pro=fscanf(fn,'%g',[46 62]);
R22_p=pro’;

% evaporating temperature=260 k;
quality:x_i=0.3

T1=260:x_1=0.2;m_dot=0.01;Ta=300;
L=17.5;

T_all=10%60;
T_model1=0.5;T_model2=0.0001;
n_model1=T_all/T_modell;
n_model2=T_model1/T_model2;

yO=zeros(n_model1*2+1,1);
y1=y0;y2=y0;y3=y0;y4=0;
y5=y0:;y6=y0;
y0=[0:T_model1:T_all*2];

for s0=1:1:2

% d_i=0.0138; d_0=0.0159;
d_i=0.0138; d_0=0.0159;
A_i=pi*(d_i"2)/4;A_o=(pi*d_o"2)/4;
G=m_dot/A_i;

% Air side heat transfer coefficient
m=round((Ta-240)/10);
rho_a=Air(m,2);alpha_a=Air(m,6)* v/
10°(-5);gamma_a=Air(m,3)*10*(-5);
Pr_a=Air(m,5);k_a=Air(m,4);
alpha_v=-(Air(m+1,2)-Air(m-1,2)) v
/((Air(m+1,1)-Air(m-1,1))*rho_a);
Ra=9.8*alpha_v*d_o"3*(Ta-T1)
*]1000/(alpha_a*gamma_a);
Nu_a=(0.6+0.387*Ra*(1/6)/(1+ v
(0.559/Pr_a)9/16))M8/2T7))"2;
u_a=Nu_a*k_a/d_o;

% two phase region
nl=(round((T1-273)/2)*2+42)/2;
Pl=round(R22_ss(n1,2));
gamma_|=0.19%10"(-
6);mu_v=10.9%10"(-6);F=2.2;
Pr_1=2.78;

k_1=0.1;
rho_1=(1/R22_ss(n1,3))*1000;
rho_v=(1/R22_ss(nl,4));
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mu_l=gamma_l*rho_l;
Re_l=G*d_i/mu_lI;
u_I=0.023*Re_]"0.8*Pr_1"0.4*k_1/d_i;

h_fg=(R22_ss(nl,6)-

R22_ss(n1,5))*1073;

Tw1=260;Tw1_1=264;

while abs(Tw1-Tw1_1)>0.001
Twl=(Twl+Twl_1)/2;

g=u_I*(Tw1-T1);

Bo=q/(G*h_fg);

c1=1.136;¢2=-0.9;c3=667.2;c4=0.7;
x=(1+x_i)/2;
Co=((1-x)/x)"0.8*(rho_v/rho_1)"0.5;
ul=(1-

x)"0.8*(c1*Co”c2+c3*Bo cd*F)*u_l;

Twl_l=(u_a*d_o*Ta+ul*d_i*T1)/ v
(u_a*d_o+ul*d_i);

End
L1=(1-x_1)*m_dot*h_fg/(pi*d_i*ul v
*(Twl-T1));

% superheat region
T2_0=270;T2=260;
while abs(T2-T2_0)>0.1
T2=(T2+T2_o0)/2;
Tm=(T1+T2)/2,
m2=round(Tm)-273+31;

c_p_v=R22_p(m2,5%P1-6)*1000;
mu_v=R22_p(m2,5*(P1-1))*10"(-6);
k_v=R22_p(m2,5*P1-4),
Pr_v=c_p_v*mu_v/k_v;
Re_v=G*d_i/mu_yv;
u2=0.023*Re_v"0.8*Pr_v/ 0.4* v
k_v/d_i;
T2_o=T1-d_o*u_a*(T1-Ta)/(d_i*u2);

end

L2=(1/u2+d_i/(d_o*u_a))*m_dot*
c_p_v*log((Ta-T1)/(Ta-T2_o))/ v
(pr*d_i);
alphal=(u2*pi*d_i*u_a*d_o/(u2* v
d_i+u_a*d_o))*(L2/(m_dot*c_p_v));
gammal=ul*d_i/(ul*d_i+u_a*d_o);
T2=Ta-(Ta-T1)*exp(-alphal* »
((L-L1)YL2));
Tw2=Ta+gammal*(T1-Ta)*
exp(-alphal*((L-L1)/L2));

%h_v=:h_l;rho_v;rho_2=;h_2=;rho_lI:
h_m;rho_m;h_i;

nl=(round((T1-273)/2)*2+42)/2;
Pl=round(R22_ss(n1,2));
h_1=R22_ss(n1,5)*1000;
h_v=R22_ss(n1,6)*1000;
h_i=(x_i*h_v+(1-x_i)*h_D);
n2=round(T2-273+31);
h2=R22_p(n2,5*%P1-7)*1000;
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rho2=R22_p(n2,5*P1-8);
rho_m=(rho_v+rho2)/2;
h_m=(h_v+h2)/2;
gamma=1/(1+(rho_v/rho_l)*(1-x)/x),

% d1= rho_2/h
d1=(R22_p(n2-1,5*P1-8)-
R22_p(n2+1,5*P1-8))/((R22_p v
(n2-1,5%P1-7)-R22_p(n2+1,5% v
P1-7))*1000):

% d2=T2/h
d2=-2/((R22_p(n2-1,5*P1-7)-R22_p v
(n2+1,5%P1-7))*1000);

al1=385*9833*(A_o-A_i);
a22=385*9833*(A_o-A_i)*(L-L1);
a23=385*9833*(A_o-A_i)* v
(Tw1-Tw2);
a33=A_1*((1-gamma)*(rho_I* »
h_l-rho_v*h_v)+(rho_v-rho_m) v
*h_v);
a34=0.5*A_i*(L-L1)*h_v*dl;
a43=A_1*((rho_v*h_v-rho_m* v
h_m)-h_v*(rho_v-rho_m));
a44=0.5*A_i*(L-L1)*(tho_m+h_m*
d1-h_v*d1);

aS5=1;

a54=-0.5%d2;

bl1=-ul*pi*d_i-u_a*pi*d_o;
b22=-u2*pi*d_i*(L-L1)-
w_a*pi*d_o*(L-L1);
b25=u2*pi*d_i*(L-L1);
b31=ul*pi*d_i*L1;
b42=u2*pi*d_i*(L-L1);
b45=-u2*pi*d_i*(L-L1);

c12=u_a*pi*d_o;
c13=ul*pi*d_i;
c22=u_a*pi*d_o*(L-L1);
c31=(h_i-h_v);
¢33=-ul*pi*d_i*LI;
c41=(h_v-h2);

A=[al10000;0a222a2300,00
a33a340;,00a43a44 0,000 v
a54 a55];
B=[b110000;0b2200b25;
b310000;0b4200b45;00000];
C=[0c12c13;0c¢22 0;,c310c33;v
c4100;000];
A_inv=inv(A);
X=[Twl;Tw2;L1;h2;T2];
U=[m_dot;Ta;T1];

for s1=1:1:n_model1+1
m=n_model1*(s0-1)+s1;
yl(m, 1)=X(1);X(1);
y2(m,1)=X(2);X(2);
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y3(m, 1)=X(3);X(3); y4(m, 1)=X(4);X(4);
y3(m,[)=X(5); End
y6(m, 1)=X(2)-X(1);
for s2=1:1:n_model2 figure(1)
X_dot=A_inv*B*X+A_inv*C*U; subplot(2,1,1)
X=X+X_dot*T_model2; plot(y0,y6);
end axis([0 1200 0 20])
end grid
Ta=Ta+2;
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Appendix B 527] $574 34 I fx

A 2-18)0& z=0FH z=L oA A& 4 B-1)& I& + Uk
J;lﬂ apd J‘u opw, de=0 -
- L
P “‘L]_Jo pz (B-2)
a, (1 a, (t d
L;:))afgzt,t) — a(i,)f(z tdz — f(ag(t),t)d +f( (), 1) @, (t) (B-3)
2 (B-1)& thA] 29 2 B-4)$ 2T}
L, _ dp, . .
Ad—t'(pl - p)+ AL %ﬂnl —nt, =0 (B-4)

A (2-19F z=0FE =LA FEsA 2 B5HE IS 5 Utk

J‘zq 8ph L aP d J-L. apw h o= L (T —T) 5.5)
0 at

21 (B-5)& oAl 2™ 4 B-nH 2o

hodp
AL(dL——)+A( T - plh)— .

—moho m1h1a17ZDiL1(T,,~| 1)
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2 (222002 z=0%H z=L oA FAE3E 2 B-HE <2 & Sth
oT
ILl prwAw __W_ldz = ILI alnDi (:TI - Twl )dZ
0 ot 0
(B-8)
+ [" 7D, (T, - T, )dz

A B-9)& HA 29 2 (B-99

dar.
prwAw[ d:]

= a]ﬂDil’l (7‘] - Tw] )+ aaﬂi)nLl (Ta - Twl )

dL
-7 y—-
Ll + (TWO wl ) dt ] (B_9)
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Appendix C 77 4] 2] A

all = prwAw
a22 = prwAw (L - Ll )
a23 = prwAw (Twl - Tw2)

ay =—AL (1 =y)ph,

1

Q= =5 APy =h,)
Ay, =-]—A(L—L])[,52 +l(h2 —hy)a&
2 2 oh
a., =_18T2
) 2 oh |,
ass =1

b, =—(oD,+a,D)x

b, =—(a,D,+a,D ))x(L-L))
bs=aDnr(L-L))

b, =aDx

b, =a,Dr(L-L))

by =—a,D.x(L-L))

c,=0,Drx
c,=o,D.r

¢y =a,D x(L-L))
¢y, =(hy—h,)

cyy =—0, D

¢y =h,—h,
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