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H_ Controller Design with Particle Swarm Optimization Algorithm for
Robust Control of Variable Speed Refrigeration System

Kim Dong Geun

Department of Refrigeration and Air-conditioning Engineering
Graduate School, Pukyong National University

Abstract

A variable speed refrigeration system(VSRS) is widely used in fields
requiring high-precision temperature control, such as precision machine tools
because of its excellent ability to respond to partial load and energy-saving
performance. The system uses a variable-speed compressor to control the target
temperature by adjusting the refrigerant’s mass flow rate. In addition, superheat
is simultaneously controlled by adjusting the opening angle of the electronic
expansion valve(EEV) to prevent coefficient-of-performance(COP) decrease
due to superheated vapor compression and liquid back caused by rapid
variations in the refrigerant’s mass flow rate.

However, accurate VSRS temperature control is difficult due to the adverse
effects of disturbance, noise, and model uncertainty. The model uncertainty
for VSRS is usually caused by the difference between the real model, which
is a nonlinear system with dead time, and the mathematical nominal model,
which is simplified by linearization and low-dimensionalization processes to
design the control system. It is also caused by changes in the surrounding
environment or in operating points different from modeling conditions when
the nominal model is obtained. The disturbance occurs by unexpected thermal
load fluctuations and noise is predominantly caused by the measuring sensor.
Therefore, it is essential to design a controller that is robust to the disturbance,

noise, and model uncertainty to achieve accurate temperature control of VSRS.

In this study, H., controller is used for the robust control of VSRS because



of its satisfactory feedback characteristics by loop shaping and robust
stabilization. H,, control guarantees robust performance by minimizing the H.,
norm, which is defined as the maximum singular value of the transfer function
from exogenous input to the regulated output. Particularly, the H,, controller
was designed to ensure robustness to disturbance, noise, and model uncertainty
by loop shaping and small gain theorem via the weighting functions. Therefore,
the weighting functions are crucial design parameters for H., controller.
However, it wastes much time since finding appropriate weighting functions
that satisfy the given controller design specifications requires several trials and
errors. Even the weighting functions selected through trial and error do not
guarantee optimal performance. Thus, optimal weighting functions are selected
using the particle swarm optimization(PSO) algorithm to address the
aforementioned issues. PSO algorithm is effective in solving nonlinear
optimization problems because it is simple, easy to realize, and does not require
many parameters or gradient information to optimize.

Therefore, in this study, ., controller that is robust to disturbance, noise,
and model uncertainty is designed by selecting the weighting functions using
the PSO algorithm. The proposed H., controller was validated using MATLAB
/Simulink-based computer simulations and practical experiments using a
VSRS-based oil cooler system(OCS) under stepwise disturbances and sensor
noise, as well as model uncertainty. Moreover, the effectiveness of the
proposed controller was verified by comparing it with the performance of the
conventional PI controller, which was tested under the same experimental
conditions. Finally, the simulations and experiments result demonstrated that

the suggested controller exhibits significant robustness.
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Table 2.1 Specifications of the VSRS test unit and the attached devices.

Component Note
Compressor Rotary type, 30-90[Hz], 0.86[kW]
EEV 0~2000[step], 12[V]
Condenser Air-cooled fin and tube type, 5.24[kW]
Evaporator Bare tube coil type, 2.1[kW](max.)
Refrigerant R-22, 0.9[kg](max.)
Inverter 4.5[kVA], 3phase, PWM, ‘V/=C’ type
EEV drive 4[W], 24[Vdc], Bipolar type
Heater 4.5[kW](max.)
Oil tank 400<400<385[mm’]
Oil ISO VG 10, Velocite oil No.6, 40[L]
o] N2 F AP 29 FF L (= ANEE W% ¢
o Wl AFRFS 2Aste] AojEh Ty FAF Y} AT 43
)}

WEoR A du ol A £7] 4F 5o HA4ES Zolm, COP

Fig. 2.19] OCSE Ed 7IRte® Aojstr] falixes ¢4 o] Al
545 Xdske 484 Edo] Q) Fig 22 LY E7 25 ¢
of }A% .5 27 5HASE Alofstr] 98k Dual-SISO(Single Input
Single Output) FE ] &gt 7IREe] y = A|ojA|o|t}. o] Z1HoflA
P(s)s} K(s)= ZH2F Aot Aol71e] Adet43 vehla, G, (s)9
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Table 2.2 Characteristic parameters of transfer functions for VSRS.

Transfer function P, P, G,
DC gain k -0.43 -0.045 19.9
Time constant 7 1680 67 1790
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Table 3.1 Assumption for general H_ solutions.

No. Assumption
Al (A, B,) is stabilizable and (C,, A) is detectable
0

A2 D, = [I and D,, = [0 I]

A3 has full column rank for all w
G Dy,

A4 has full row rank for all w
G, D,,

ok oe He Al ARgaret AR

=
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Fig. 3.3 Feedback control system with disturbance and noise.

y="Tr+5d—Th (3.6)
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(3.7)
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Fig. 34+ 249 Z3d4A4S o-F7] §sl Fig 3.3= ©ostst &5 o

ololasloltt, AYgk rit A d, HE 0ol YL FAHL 07 2
9 o A% TRl e W, Fig 339 A o A 0749 ADgS
g T 438 K7h SE AT oln K59k A} 205 FE

Sotd HFZ AAES Ao dE) HgAdS Tha

L 4
>3
=]

KS

F 3

Fig. 3.4 Simplified block diagram for applying small gain theorem.
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HE3- 7] 5= (iteration coefficient)©] .

| WS, <7 Vo (3.9)

oz gy pdsy oxp(rd E3aA)e] oist A2 Fig. 3.4
oA Aol5 AEE AEsto], 2.
o2 FHHAT

I AKS| <1, Vw (3.10)
olwf, QMY RdY A AE HE3s] AAtsts A E7tsstEE A
(3.10) Al A R H7] ofHrt webA] A7) AA Al A9
HAd WHE HYE udse], A@Eand 2ol A9 Hu 5ol
oA, o) R 2 78 W2 AAst HEHow A(3.10)014
AE W,E OiAg 2G.12)7F wrssinhd, 2d S5 Ao ot

7}

1ol FrEh oluf A& A
zb FHf 30% HelolA WEsts ALE 7Hdsto] Hu Solgks sl

oh

1o,
)
0%
1o
i
o,
&
)
=
a
G,
\]
o
o
i

A, G)} < | W) (3.11)

| WKS| <1, Vw (3.12)

g, Table 22014 54 dds T3 42 AL2ds P} G &
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ARl A8l He o]l A7) wiEel HEgkel R=Eshr]zhA e ARt
o] & At} olHT FiEs A7l A Al wkgstr] 2l 4(3.9)
2= TS

g WE Eoeivh mebd WiE 2dshs 4G9 AGI12)E EF

o

9 A@E.12)0l AL P GO AT fAFS A

i

7 EA R gasketd 21302 yedn A= @y md 53
Ao Oig FeaAS zZte= H Aoyl AAE AGI13)S wEde

S |

1
— M W,s
g <1 (3.13)
W, W,KS

Fig. 3.55 7158+ Wii=1~3)5 £33 2(3.13)9 230w FAS

=2 3kgk Zlojtt. Fig. 3.5¢14 &5 wiB AZF 27449 o - &9
A2 2(3.14)8F Zol fFrRE
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I Wz W3 Wl I
I
|

Fig. 3.5 Generalized plant for designing H_, controller to control 7.
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E] (3.14)
Fig. 355 &3l H, A7l AAlstd Aojrle a3 24 =844
ol AJNEE THAARE Ao Sl mAgh HA S exrE B ek
wAR el St ol aAsty] fsiM = T Wol s=091 =3
(pole)& ZYE=F ato] A|o7|7} SFFH Y FH(s=0)5 LS 24
ok strt. SFAINE ZhEd Wiol s=0%1 58S 7FA™ Table 3.19
A19] 7HEE fuiatr] wiel AorIE AATE & §lvh vk TP S

upskA] koA Alojr17E s =09 8= S AASY] 918 Fig
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i

359 JME @S W AG15)9 2ol WeEEE M W o Hajsl,

Fig. 3.63} o] Axts}t Aol ¢G5 W5k
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A\ u 7S

Fig. 3.6 Transform generalized plant for designing H_ controller.

W, = W,M (3.15)
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7} B Agder At w1 Mo EAg Wo Eri M=
LAHES FASA AFHUE o A ForM FRF WL s=0
A FAHL AL, s=0% FAo] Ao} I uRFE Aot HEE
Table 319 7H4& SIuisha shzch webd g e 8 A7)zt
s=09 ZAHAE A T2 AAste] AAAE L x7F WS ZAES A

Astier. o174 at lele] Aol

2(3.17) Fig. 3.6°14 wi-El 27kA9] 9l - &5 A& yepd Aot
olu], K7} HE A A7) K9} 2(3.18)¢] #AE 7HAttA A(3.17)
21(3.14)8} ZolXth o] Fig. 3.55 Fig 3.63 #o] WA AR FU
TRHE BAE tEs gulshy] "ol AG.18)s wa AAW

A A7 Kz B3 Hiexzt BA8sA oka ejeyt BEl F8kal Ao

W, MW,

z| | 1+ PKM)
— o |w (3.17)

% W, W, KM

1+ PKM |
K=KM (3.18)
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8 fHelE A

g5 nbEste] T8 7
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( Start )
]

Imitializes particles with ramdom
location and velocity

¥

Fitness evaluation

]
Update pbest and gbest

]

Update particle velocity
and location vector

Termination

criterion

Co )

Fig. 3.7 Flow chart of PSO algorithm.
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2
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S 32700 AR uke} o] TtERs WSl A
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111
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23 0041

27 ]
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W gt
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(a) Measured sensor noise (b) Result of FFT analysis

Fig. 3.8 Detected sensor noise and result of FFT analysis.

Fig 380) W, e Fahrel A ool BAshe g FAd 5
Stk 531, ok 0.3 Hz olste) AFs o)A AN wol=r} A
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A ARZEFE T A717F 0280 AES ARAEASE T AokxA
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ZHSFEE ARAEIF T Akxzds F7IE ARtk 919 Aok
ZHAES TFH o2 FEsto] Table 322 LERATE FAIZQl ke o]
9] E &3 AAE A7IE vtEoRE A
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Table 3.2 Constraints for required compressor control performance.

Con

Robustnes

trol performance Constraints
Disturbance 153107 %) | <1074
| T(;50.0465) | < 0.2
Noise .
s | KS(j10°)
Model I WoWoKST| <1
uncertainty ao{ A, (w)} < | W, (jw)|

Improved response time

w, > 0.018

Table 3.3

PSO & gl&S 53l
zyel A sbepu|E e

1o ru
rl%
>
mlo
L)

7192 PSO ¢uglss T 103 A3

Table 3.3 Design parameters derived through PSO algorithm.

No. T T, Ty Ty L Lg Y
1 0.0146 | 0.0144 | 578.1910 | 9.7172 | 1.8990 | 57.2866 | 0.5091
2 | 0.0266 | 0.0148 | 547.0040 | 8.4732 | 0.6586 | 50.2549 | 0.5093
3 0.0111 | 0.0144 | 585.1597 | 9.8544 | 1.0000 | 58.0333 | 0.5088
4 | 0.0500 | 0.0144 | 589.2562 | 9.7957 | 0.7643 | 57.8642 | 0.4972
5 0.0170 | 0.0144 | 599.9906 | 9.9742 | 1.9251 | 58.9105 | 0.5009
6 | 0.0206 | 0.0144 | 555.2222 | 9.5265 | 0.7978 | 56.0008 | 0.5002
7 | 0.0291 | 0.0145 | 587.0626 | 10.0000 | 0.8016 | 58.8549 | 0.5233
8 | 0.0329 | 0.0145 | 591.0963 | 9.9523 | 1.7066 | 58.6295 | 0.5242
9 | 0.0361 | 0.0137 | 547.0011 | 9.6896 | 1.8603 | 56.1470 | 0.5093
10 | 0.3550 | 0.0226 | 506.5203 | 8.0264 | 1.4550 | 42.3078 | 0.5093
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A& 7M. EN EEdol HFH I
21(3.23) PSO ¢1EES Fdl HFHoRE AAYH 7hsdgoltt. A
e} el = Table 33904 & Hagtel 78 A8 2k2l No. 12] dlolE

g A9k

% 0.0146s +0.0144
W= s+1
(3.23)
1915 4+9.7172
- 578.191s +9.717

1.899s + 57.2866

2324 23239 steEFs 457 A PE TR duts
At GE WeERATE dREs) Aojt)idke] 742 Appendix(A.7)°l Al
3] 7l=selth 4(3.25)= A((3.24)9 AREst Aot AREste] AAlE
AF7] A7l K& vERdT olwl, MATLABOIA] ~-iteration®] AH3-%] )

o

ow WEEAF 4= 0.50910]tF AFAM$E MATLAB X~ 2 139 m-file>
Appendix(A.8)°l 7] 3} T}

[—1.00 0  226x10"* 0.014 3.43x10°* 0 0 0
0 —30.17 0 0 0 0 0 95.81
0 0 —595x10* 0 0 0 0 0.016
0 0 0.016 0 0.024 0 0 0
G=1 0 0 0 —588x107%0.024 0 0 (3.24)
—0.014 0 234x10 % 0.015 3.54x10°* 0 0 0
0 —9581 0 0 0 0 0 304.47
0 0 0.016 1.00 0.024 0 1.0x107% 0
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Fig. 3.9 Check the fit of the designed H_, controller to control ¢,.
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3440M 45715 Aoz A A7l KoF #9F WAow 13
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54 gl rob kE A2 Hdl 30% WAl Wlsste Aow Tb
g8kt
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Fig. 3.10 Generalized plant for designing H_ controller to control ¢,.
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272 Table 3.5% o] AT AL 1= Wz Aojro)7] ol
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rok
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Table 3.4 Constraints for required EEV control performance.

Control performance Constraints
Disturbance |5(j107°) | < 107°
. | 7(50.0465) | < 0.005
Noise . Ly,
Robustness | K5(j10°)| < 107°
Model IWEES]| , <1

uncertainty oA, (jw)} < | W;(jw)|

213.28)2 919 HAsrre Aok o Adw psOo daElFS F3
HEAOoR AQE 7tedrE YeRdo.

~_ 0.03854+0.007
W, = s+1
(3.28)
— 48.509s + 0.760
5 26.990s + 38.912
23.29% 2(3.28)°] 7Fadaret EEV AEsy P2 FAE dhtkst A

oyl G& YebL, 2330 G.E F3l A€ EEV Alol7] K olth
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Fig. 3.11 Check the fit of the designed H_,
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AF AEeld 23 3 uF
41 OCS A Ed0|A¢] £715 MATLAB T2 13

3ol AAE H, A7l K9 K ° 0CS &=A0] Ad5g AS3H]
gt AlEHolAS AT AlEHOlAS AR 2 A WEe X
A stellA "y 7] AlEHEHOIA 2L AV|s|EHA ZF
1.68 kW= QI7}eta t =30C, t,=7C= AAsAt. A Fgk
1,000 s Aol t, =25C=E ®AsHAaL, ATt BlE 4,000 s A7
A ARk oF 10%E F7HAIZ 1.84 kWE 7FsF L, 6,000 s Al €]
47 ARt oF 10%E HAAIZ 151 kWE 7FeSith Ades A
Aol T3l AA ¢, =7CE FANEF otk AF 2% FYLA

HaE e, o]= Ag]slH Table 4.13 ).

Table 4.1 Simulations and experiments conditions.

time [s] 1,000 4,000 6,000
o t, Thermal load Thermal load
Variation
30°C — 25°C | 1.68 kW — 1.81 kW | 1.84 kW — 1.51 kW

Fig. 412 H_ #|°1712] MATLAB/Simulink Al E#o]A X~ g 7318 }e}
Atk OCS Alo] AIAEE T 78] Alo] i€l 9} v, 7 Y FHA 2
A E7 2% t,9 FAE t.7F A= dual-SISO FEfo|t}h Fig. 4.19] Atk
] 7 EEAY] AAEIA URAEAR 22oiR 2zp 3007
‘44.5= 747t t,9] 27181 30°Cok olE FAISH] S8 /INY Tk

o gt& yehdth o]et sdstA, sl HA L Ao A WA
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Aol A7 wAp 71,0800 A2 ¢ o] 2718k 7°Ce olE A8 9
e EEV /= A% 09 #he dERdoh o]gh Ao dge] g2 dadd
7 A" AN EEEHAT 53] Alsdloldddr s AdE 2RI
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v gy A 9 gse] dederh agEe] slael wod Eavt
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| Gyl

199 d

O [T mmuer '

o —
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-043 3 t
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348.1s — 0.467
885s+1

_________

Fig. 4.1 MATLAB/Simulink program for simulation of H_ controller.
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A = SI3aL, 7 Al07]8 Hlas AR WHEel ok Ao A<l
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Table 4.2 PI controllers’ gain for comparison of control performance.

Plant Compressor EEV

P gain -15.54 -19.02
I gain -0.077 -0.094
Anti-windup gain -1.77 -9.51
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Fig. 4.4 Magnification of simulation results for detailed comparison.
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Table 4.3 Comparison of simulation results.
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o] q_

Increasing thermal load

Decreasing thermal load

Maximum Maximum
Controller
Settling time temperature Settling time temperature
fluctuation fluctuation
H, 550 s 0.15°C 750 s 0.29°C
PI 700 s 0.23°C 1,250 s 0.46°C
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Table 5.1 Comparison of experimental results.

Increasing thermal load Decreasing thermal load
Maximum Maximum
Controller ) _ . .
Settling time temperature Settling time temperature
fluctuation fluctuation
H, 550 s 0.15°C 800 s 0.30°C
PI 700 s 0.20°C 1,050 s 0.45°C
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Fig. 5.7 Comparison frequency response of sensitivity function S.
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Fig. 5.14 Robustness analysis for model uncertainty through simulation.
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Table 5.2 Comparison of settling time with nominal model.

H, PI
Model - - - -
Settling time Error Settling time Error
+30% model 1,700 s 2.30% 1,700 s 3.68%
Nominal model 1,740 s - 1,765 s -
—30% model 1,848 s 6.21% 1,928 s 9.24%
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Fig. A.1.2 State space model of generalized plant.
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A5 H, A|°7] A <A

Table. A.5.1<> H, A|o7]19] A +=A& YERAT

Table A.5.1 H_ controller design process.

Step description
{ Define the mathematical model of the plant and derive the
mixed sensitivity problem.
2 Define the weighting function and check the frequency response.
3 A generalized plant is derived through the plant and weighting

function defined in Steps 1 and 2.

4 Design the . controller through ~-iteration.

Check the performance of the designed controller and the

satisfaction of the mixing sensitivity problem.

A.6 FFTE %% MATLAB m-file

fs=1;
t=0:1/£s:3000-1/fs;
b=noise(:)'; % noise data
c=b (1001:4000) ;
X=C;

X=fft(x);
N=length (%) ;
n=0:N-1;

f=fs*n/N;
cutoff=ceil (N/2);
X=X (1l:cutoff);

f=f (l:cutoff);

plot (f, 2*abs (X) /N) ;
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A8 H, A7I(K) 2AE 9% MATLAB m-file

8.1. ObjFunc.m (%23
function f£=0bjFunc (x)
%% Compressor transfer function
Ts=1;
x=[x(1) x(2) x(3) x(4) x(5) x(6)];
w=logspace (-5,5,200);
numpc=[-0.43];
denpc=[1680 17];
pc=nd2sys (numpc, denpc) ;

ptf=tf (numpc, denpc) ;

%% Weighting function 3
numgd=[1];

dengd=[1700 1];

gd=nd2sys (numgd, dengd) ;
gdtf=tf (numgd,dengd) ;

%% Weighting function 1
numws=[x (1) x(2)];

denws=[1 1];

wsgain=1;
ws=nd2sys (numws, denws,wsgain) ;
%% Weighting function 2
numwt=[x (3) x(4)];

denwt=[x(5) x(6)];

wtgain=1;
wt=nd2sys (numwt, denwt,wtgain) ;
%% Servo transfer function
dens=[1 0],

sigma=nd2sys (denws, dens) ;
stf=tf (denws, dens) ;

%% Generalized plant

systemnames=' ws wt pc sigma gd';
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inputvar='[dist; noise; control]';

outputvar="'[ws; wt; sigma+0.001*noise]"';

input to pc='[control]';
input to sigma='[-pc+gd]';
input to ws='[sigma]';
input to wt='[control]';

input to gd='[dist]';

sysoutname='G"';

cleanupsysic='yes';

sysic;

%% Controller design

[k, kp,gamma]=hinfsyn(G,1,1,0,10710,0.1);
[ak, bk, ck,dk]=unpck (k) ;

[nl,dl]=ss2tf (ak,bk,ck,dk);
kk=tf(nl,dl);

ktf=kk*stf;

K=nd2sys (ktf.num{l,1},ktf.den{l,1});
%% objective function

wstf=tf (wsgain*numws, denws) ;
wsltf=wstf*stf;

all=(wsltf*gdtf)/ (1l+ptf*ktf);
al=nd2sys(all.num{l,1},all.den{l1,1});
al g=frsp(al,w);

al gs=vsvd(al g);

f=pkvnorm(al gs);

end

8.2. Ex constm (A|2Fz7)

function [c,ceq]=Ex const (x)

o\

% Compressor transfer function
%% Weighting function 3

(1Y stz Feh

%% Controller design
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%% Mixed sensitivity problem

wstf=tf (wsgain*numws, denws) ;

wttf=tf (wtgain*numwt, denwt) ;
wsltf=wstf*stf;

all=(wsltf*gdtf)/ (1l+ptf*ktf);
al=nd2sys(all.num{l,1},all.den{l1,1});
a22=((wttf*ktf*gdtf)/ (1+ptf*ktf));
a2=nd2sys(a22.num{l,1},a22.den{l,1});
a2 _g=frsp(az,w);

al g=frsp(al,w);

az2_gs=vsvd(az g);

al gs=vsvd(al g);

%% Complementary sensitivity function
tt=ptf*ktf/ (1+ktf*ptf);
T=nd2sys(tt.num{1l,1},tt.den{l,1});
T g=frsp(T,w);

%% Sensitivity function
ss=1/(1l+ktf*ptf);
S=nd2sys(ss.num{l,1},ss.den{l,1}):;
S g=frsp(s,w);

%% KS transfer function

ks=ktf/ (1+ktf*ptf);

Ks=nd2sys (ks.num{1l,1},ks.den{l,1});
KS=frsp (Ks,w) ;

%% Constraint

c(1l,1)=pkvnorm(al gs)-gamma;
c(2,1)=pkvnorm(az gs)-1;
c(3,1)=0.18-abs(wt_g(1));
c(4,1)=0.18-abs(wt _g(200));

c(5,1)=abs(S_g(1))-(2e-4);
c(6,1)=abs(wt _g(1l))-abs(wt g(200));
c(7,1)=abs (KS(200))-(5e-5);

c(8,1)=abs (T g(74))-0.2;
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c(9,1)=0.707-abs (T_g(66));
ceg=[];

end

8.3. PenaltyFunc.m (32 &< + AleFx7)

function f=PenaltyFunc (x,R)
obj=0bjFunc (x) ;

[c,ceq]l=Ex const (x);

V=max ([c;ceqg;0]);
f=0bj+R*V;

end

8.4. particlem (PSO &alz|& 43l
%% Set bounds and parameter
lb=[le-5,1e-5,10,1,1,1]; ub=[1,1,1000,100,100,1007;
R=10710;
PSO

o°
o°

options =
optimoptions ('particleswarm', 'FunctionTolerance',1le-6);
[x, Funval PSO,ExitFlag,Output]=particleswarm(@ (x)PenaltyFunc(

%x,R),6,1b,ub,options);
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A9 H, AA7(K) ZAE 1% MATLAB m-file

9.1. ObjFunce.m (324 &<r)

function f£=0bjFunce (z)

%% EEV transfer function

Ts=1;

z=[z (1) z(2) z(3) z(4) z(5) z(6)];
w=logspace (-5,5,200);
numpe=[-0.045];

denpe=[67 11];

pe=nd2sys (numpe, denpe) ;
petf=tf (numpe, denpe) ;

%% Weighting function 4
numws=[z (1) z(2)];

denws=[1 1];

wsgain=1;
ws=nd2sys (numws, denws, wsgain) ;
%% Weighting function 5
numwt=[z (3) z(4)];

denwt=[z(5) z(6)];

wtgain=1;
wt=nd2sys (numwt, denwt, wtgain) ;
wt g=frsp (wt,w);

%% Servo transfer function
dens=[1 0],

sigm=nd2sys (denws, dens) ;
stf=tf (denws, dens) ;

%% Generalized plant
systemnames="pe sigm ws wt';
inputvar="'[dist; noise; control]';

outputvar="'[ws; wt; sigm+0.001*noise]"’;

input to pe='[control]';
input to sigm='[-pe+dist]';
input to ws='[sigm]';
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input to wt='[control]';
sysoutname='G"';

cleanupsysic='yes';

sysic;

%% Controller design

[ke, kpe,gamma]=hinfsyn(G,1,1,0,10710,0.1);
[ak, bk, ck,dk]=unpck (ke) ;

[nl,dl]=ss2tf (ak,bk,ck,dk);
kk=tf(nl,dl);

ktfe=kk*stf;

K=nd2sys (ktfe.num{l,1},ktfe.den{l,1});
%% objective function

wstf=tf (wsgain*numws, denws) ;
wsltf=wstf*stf;

all=(wsltf)/ (l+petf*ktfe);
al=nd2sys(all.num{l,1},all.den{l1,1});
al g=frsp(al,w);

al gs=vsvd(al g);

f=pkvnorm(al gs);

end

9.2. Ex_conste.m (A]2FZ=71)

function [c,ceq]=Ex conste(z)
%% EEV transfer function

%% Weighting function 4

%% Controller design

%% Mixed sensitivity problem

wstf=tf (wsgain*numws, denws) ;

wttf=tf (wtgain*numwt, denwt) ;
wsltf=wstf*stf;
all=(wsltf/gamma) / (1l+petf*ktfe);
al=nd2sys(all.num{l,1},all.den{l1,1});
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a22=((wttf*ktfe)/ (1l+petf*ktfe));
az2=nd2sys(a22.num{l,1},a22.den{l,1});

az2 _g=frsp(az,w);
al g=frsp(al,w);
az2_gs=vsvd(az g);
al gs=vsvd(al g);
%% Sensitivity function

ss=1/(1l+ktfe*petf);

S=nd2sys(ss.num{l,1},ss.den{l1,1});

S g=frsp(S,w);

%% Complementary sensitivity function

tt=petf*ktfe/ (1+ktfe*petf);

T=nd2sys(tt.num{1l,1},tt.den{l,1});

T g=frsp(T,w);
%% KS transfer function

ks=ktfe/ (1l+ktfe*petf);

Ks=nd2sys (ks.num{1l,1},ks.den{1,1});

KS=frsp (Ks,w) ;

%% Constraint
c(1l,1)=pkvnorm(al gs)-gamma;
c(2,1)=pkvnorm(az gs)-1;
c(3,1)=0.014-abs (wt _g(1));
c(4,1)=0.014-abs (wt g(200)) ;
c(5,1)=abs(T _g(79))-0.01;
c(6,1)=abs (S g(l))-1le-8;
ceq=[];

end

9.3. PenaltyFunc.m (&4 3 + #|okx

function f=PenaltyFunce (z,R)
f=0ObjFunce (z) ;

[c,ceq]=Ex conste(z);

V=max ([c;ceqg;0]);

f=f+R*V;

)
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end

9.4. particlee.m (PSO <1185 A3)

%% Set bounds and parameter
lb=[le-5,1le-5,1,1e-2,1,1]; ub=[1,1,100,10,100,1007;
R=10"3;

PSO

o°
o°

options =
optimoptions ('particleswarm', 'FunctionTolerance',le-4);
[z,Funval PSO,ExitFlag,Output]=particleswarm(@ (z)PenaltyFunce
(z,R),6,1b,ub,options) ;

A.10 PI A|oj7] AAE 93 MATLAB m-file

10.1. ObjFunce.m (54 §<F)

function £=0bjFuncPI (x)

Ts=1;

x=[x (1) x(2)]; % [Pgain Igain]
sim('PI Ssimul')

J=ITAE (length (ITAE) ) ;

£=3J;

end

10.2. Ex_constem (A|2Fx71)

function [c,ceq]=EX constPI (x)
%% Compressor transfer function
Ts=1;

numpc=[-0.43];

denpc=[1680 1];

ptf=tf (numpc, denpc) ;

w=logspace (-5,5,200);
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piconn=[x (1) x(2)1;

picond=[1 0];

ktf=tf (piconn,picond);

%% Sensitivity function

ss=1/ (1+ktf*ptf) ;
S=nd2sys(ss.num{l,1},ss.den{l,1});
S _g=frsp(s,w);

%% Complementary sensitivity function
tt=ptf*ktf/ (1+ktf*ptf);
T=nd2sys(tt.num{1l,1},tt.den{l,1});
T g=frsp(T,w);

%% KS transfer function

ks=ktf/ (1+ktf*ptf);

Ks=nd2sys (ks.num{l,1},ks.den{1,1});
KS=frsp (Ks,w) ;

%% Settling time 0.05TC

sim('PI Ssimul')

lsimresult=lsiminfo (speed, t sim, 25, 'SettlingTimeThreshold',0.

01);
ts=lsimresult.SettlingTime;
%% Constraint
c(l,1)=ts-1750;
c(2,1)=1650-ts;

ceq=[];

end

10.3. PenaltyFunc.m (324 3F + A|2kx71)
function f=PenaltyFuncPI (x,R)
obj=0bjFuncPI (x) ;

[c,ceq]=EX constPI (x);
V=max ([c;ceqg;0]);
f=0bj+R*V;

end
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10.4. particleem (PSO & 112]& A3
%set bounds and parameter
1b=[-20 -0.11]; ub=[-10 -0.011];
R=500000000;

$Pso

options
optimoptions ('particleswarm', 'FunctionTolerance',le-6, 'SwarmsS

ize',min (150,50%*4));
[x,Funval PSO,ExitFlag,Output]=particleswarm(@ (x)PenaltyFuncP

I(x,R),2,1b,ub,options);
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[St<=A AA =8 5]

I. D. G. Kim and S. K. Jeong, 2021, H-infinity Controller Design for
Robust Control of Variable Speed Refrigeration System with Disturbance
and Model Uncertainty, Journal of Korean Air-Conditioning and
Engineering, Vol. 33, No. 10, pp. 520-532.

[Bretis dE =8 5§

I. D. G. Kim, and S. K. Jeong, 2020, H-infinity Controller Design for a
Variable Speed Refrigeration System to Improve Robustness against
External Disturbance and Model Uncertainty, SAREK of
proceedings(winter).

2. D. G. Kim, and S. K. Jeong, 2021, H-infinity Controller Design for a
Variable Speed Refrigeration System by Selecting the Optimal Weighting
Function Based on Genetic Algorithm, SAREK of proceedings(summer).
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