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p-Synthesis Controller Design Optimized with SA Algorithm

for Robust Temperature Control of a Variable Speed Refrigeration System

Kim In-A

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

Abstract

Variable speed refrigeration system (VSRS) with a variable speed drive is
widely used in industry because of its quick reaction capability over a wide
range of heat load variations, energy-saving performance, and high precision
temperature control ability. The VSRS consists of a variable speed compressor,
an electronic expansion valve (EEV), and heat exchangers. Specifically, it is
interconnected by long pipes, resulting in dead times and frequent heat access
through exposed pipes. Therefore, it has strong inherent nonlinear
characteristics, such as time delay in the operational ranges. Thus, it is difficult
to perform linear approximation modeling for VSRS and accurate control.

The dynamic model mainly uses a low-dimensional transfer function model
obtained through experiments, to design a controller for VSRS.
Low-dimensional transfer function model is easily obtained by experiments
near the operating point. However, in practical operation, perturbation occurs
due to changes in ambient temperature and operating point that are different
from those during modeling. Therefore, a robust controller against the model
uncertainty and disturbance is essential for accurate temperature control
because VSRS is affected by heat load, i.e., disturbance.

Applying a model-based robust control with robustness to disturbance and

model uncertainty for VSRS control is desirable. H., control is widely known
as a model-based representative robust control method. H.. control treats

various uncertainties in the form of unstructured perturbation to a nominal

_iv_



model. However, the H. theory becomes somewhat conservative when the
model uncertainty becomes highly structured. On the other hand, The u
-synthesis control (p-controller) has been applied to improve the
aforementioned problems of the H... The pu-controller can be made less
conservative than by considering the structure of the model uncertainty. The
p-synthesis controller treats model uncertainty as structured perturbation; it
is designed using structured singular value. The control simultaneously solves
the robust stability and robust control performance (robust performance)
problem by designing an optimal controller for structured uncertainty.
Therefore, p-controller is a control technique that allows the direct inclusion
of modeling errors or uncertainties, measurement noises, disturbances, and
performance requirements into a common formulation. Despite its advantages,
there are only a few research papers on p-synthesis controller that apply
-controller to VSRS control. However, those studies did not optimize the
weighting functions, which are crucial design parameters; moreover, some of
those have not been experimentally verified. Furthermore, it is difficult to find
servo control of-synthesis for accurate temperature control.

This paper introduces simulated annealing (SA) algorithm —a metaheuristic
approach—to solve this problem. SA is an optimization technique that
simulates an annealing process in which molecules of a high temperature
substance are gradually cooled down to reach the lowest energy state.
Parameters were selected to ensure robust stability and robust performance
against the model uncertainty and disturbance by simultaneously optimizing
the weighting functions using SA.

The p-controller that satisfies robust stability and robust performance for
VSRS was formulated as a mixed sensitivity problem using frequency
weighting functions, where the weighting functions were optimized via SA.
The validity of the designed p-controller was confirmed through simulations
and experiments for a VSRS-based oil cooler system. Moreover, its
effectiveness was verified through performance comparison with the PI

controller.
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Fig. 2.1 Conceptual diagram for VSRS-based OCS.
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Fig. 2.3 Diagram of control i ) )
Fig. 2.4 Real experimental unit.
system.

Table 2.1 Specifications of the VSRS and refrigerant.

Component Note
Compressor Rotary type, 30-90[Hz], 0.86[kW]
EEV 0-100[%]; 0-2,000[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.)

Table 2.2 Specifications of the attached device and oil.

Component Note
Inverter 4.5[kVA], 3phase, PWM
EEV drive 4[W], 24[Vdc], Bipolar type
Electric Heater | 4.5[kW](max)
Oil tank Immersion type, 400[mm] X 400[mm] X 385[mm]
Oil ISO VG 10, Velocite oil No.6, 40[L]
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Table 3.1 Experimental results for maximum heat load.

ref. [°C] Load [kW] V, [step] f; [Hz] T, [C]
25 2.1 1,220 70 20

Table 3.2 Experimental results for rated heat load.

ref. ['C] Load [kW] V, [step] fi [Hz] T, [C]
25 1.68 1,060 55 20
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Fig. 3.2 Transfer function model by experiment at near operating point.
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Fig. 3.3 Experimental result for transfer function and response of Pc(s).
AT, —043  _g,
Pols)= Af, 16805 +1 3-2)
Table 3.3 Experimental data of dynamic characteristic for PC(S)-
T, /i Load Vv, T, m P, P
[’C] [Hz] [kW] [step] [’C] [kg/h] [bar] [bar]
25—29.3 | 55—45 1.68 900 26.7 42 12.8 4.8
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Fig. 3.4 Experimental result for transfer function and response of P, (s).

AT, —0.045 _.,
A 63
Table 3.4 Experimental data of dynamic characteristic for P, (s).
T, v, Load i T, m by b
[’C] [step] [kW] [Hz] [’C] [kg/h] | [bar] [bar]
7—16 | 900—700 1.68 55 27 42.9 13 4
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Fig. 3.5 Experimental result for transfer function and response of Gd(s).
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Table 3.5 Experimental data of dynamic characteristic for G,(s).

T, Load vV F, T, m P, P
[°C] [kW] [step] | [Hz] [°C] | [ke/h] | [bar] | [bar]
25—29.18 | 1.68—1.89 950 55 274 45.2 13 4
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Fig. 4.1 Block diagram with structured uncertainty for a p-controller.
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Fig. 44 Frequency responses for functions of weighting, sensitivity, and
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4.3 FAA B7HE A% Pl A|o7] 24

AAE p-A7Y B Bes B flEl, PL Alol71E 2ASA
ot PL A7l AR# WA Ale FF Aol p-Alolr|ek =S
AASRAT. TEtA p-Ale 7194 B Hlae 2Y By 58
Qo] thet AXATE 1 oz AT Fig 4.6 PI Aojr] AA
£ 9|3 MATLAB Simulink Z 273130t} PI #l9j7]&= MATLAB
Simulink®] PI A|o7] WAl 7 #8& F3ll Table 429 Zo] LA A
o} PI A7l AHF W Al, p-Ao719} T AA AFEA G EHA]

rr

ZF 1,600 sec(£2%)¢t Hoh ATFE 0.5C(£10%) o HE HEsleE A
A st A T

Table 4.2 Gains of PI controller.

Component P gain(k,) I gain(k;)
Compressor -20 -0.005
EEV -9 -0.15
Inverter Disturbance
[«

Pl controller

O fomri—— T @) /] -
0Oil outlet w“ @ é

Temperature

EEV Drive

Interference
348,15 = 0467
8855+ 1
Pl controller
9 o T} 2] & :
Superheat %

Fig. 4.6 MATLAB simulink program to design PI controller.
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44 NEHIH 2 M@ L A5 B}

AARE p-A71e B§3AES Fdst7] 93l MATLAB 71WHe] F3FE
ANEHo)HAE APt Fig 472 p-Aol7] AAES ¢33 MATLAB
Simulink X2 13 o]t}

Inverter Disturbance

p-controller

Qil outlet
Temperature

]
(0
;
(O
&S
(O

EEV Drive Interference

348150467
8855 +1
O—0)
p-controller
P —0.045 v Y
T | Gls+1 \J $

Fig. 47 MATLAB simulink program to design p-controller.

&

Superheat

Fig. 4.8, Fig. 49, Fig. 4102 & =&o|A AAZ p-Aloj7]<}k PI Ao
719] AEFHoIA AdE 22 B EH. Fig 482 Ao To9F 1.9 &
S Yebith Fig. 499} Fig. 4.102 Fig. 4.8 th-$-3 +=7]1¢} EEVY
2l JIWE Fuk4 £.9 EEV EolB A% AFY vV, & Z+7t YEl

WHTh Table 4.3 AlE@oldeol ARgE ZF ARME &gk 31 24 &

& Aot

Table 4.3 Conditions for simulations.

Type Reference variation Heat load variation
Value 30 > 25 [C] 1.68 — 1.84 [kW] 1.84 — 1.51 [kW]
Time 1,000 [sec] 4,000 [sec] 6,000 [sec]
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(b) PI controller.

Fig. 4.8 Simulation results of 7/ and 7, for p-controller and PI controller.
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(b) PI controller.

Simulation results of f, for p-controller and PI controller.
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(b) PI controller.
Fig. 4.10 Simulation results of V, for pu-controller and PI controller.
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Fig. 4113} Fig. 4.12& AA Agd Ag&d p-Aol7]e PI Alo]7]9]
MATLAB simulink ZZ 1 #ojt} old21 d8Y EES ALgste T 9}
T.9] €5 AA HARE FHAGY. £33 o221 8 BE2S A83)
o CPUERH d4td Aojdgl At AHFE& AWE 9} EEV EgtolB
o Ql7}etATh.

Reference Compressor ji-controller Core e Inverter
5=

Oil outlet
Temperature

EEV p-controller EEV Drive

F
EEV Outputch2

O Outet Tern

Fig. 4.11 MATLAB simulink program of p-controller for experiments.

Reference T
Compressor Pl controller i Inverter
v i L] "
=

[ F—-

EEV PI controller EEV Drive

Oil outlet
Temperature | |l | e EEV Output ch2

Oil Outlet Temp. ch.1 02
uuuuu e
—1
o
Superheat
a Out Temp. oh.1
pem L X -

Fig. 4.12 MATLAB simulink program of PI controller for experiments.
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Fig. 4.13, Fig. 4.14, Fig. 415 p-Alo]7]¢} P1 Aoj7]o <Jg A= gk
2 dHs WE AlY A3 Aol Fig 4.132 1,9 T,9 $4, Fig
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(a) p-controller.
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(b) PI controller.
Fig. 4.13 Experiment results of 7] and 7 for pu-controller and PI

controller.
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(a) p-controller.

_38_



A4 7L Y A s -synthesis Ao 7] A7

75
70

—Inverter frequency

N
Z£.60

355
c

@ a5
40
35

30

|

2000

1 1 1 1
4000 5000 6000 7000

Time[sec]

(b) PI controller.

1 1
0 1000 3000 8000

Fig. 4.14 Experiment results of f, for p-controller and PI controller.
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(b) PI controller.
Fig. 4.15 Experiment results of V, for p-controller and PI controller.
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(a) p-controller.
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(b) PI control.
Fig. 4.16 Comparison of experimental results between p-controller and PI
control during 6,000 sec ~ 8,000 sec.
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Fig. 5.1 Configuration of feedback control for OCS.
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Fig. 5.3 SA algorithm flow chart.
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Fig. 5.4 Frequency responses for weighting function of sensitivity and
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Fig. 5.5 Frequency responses for weighting function of sensitivity and
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Table 5.1 Gains of PI controller.

Component P gain(k,) I gain(k;) Anti-windup gain
Comp. -17.5 -0.045 -8.75
EEV. -19.3 -0.135 -9.65

Fig. 5.6 AAE PI Ao]7]¢] MATLAB Simulink®] Al&#o]lAd E=
AEE Yepdth AlE8olde 272 Table 433 FY 3}t

Disturbance

Pl controller

Oil outlet
Temperature

Fig. 5.6 MATLAB simulink program to design PI controller.

5.5 Al EH oA A3 vluw ¥ Hs B}

AAZ p-A719 BEAdE Elsly] $3l MATLAB 7|5He] 3
ANEGolAE P3P Fig 5.7 p-Alol7] HAAE 93 MATLAB
Simulink Z & 713 0]t}
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Inverter Disturbance
s

. =0.43

" "] 16805 +1
QOil outlet I é]
Temperature p-controller
EEV Drive Interference
« 348,15 - 0.467
8855+ 1
: —NNNL | [l 0045 }\
S 4% I A FT | nJ

Superheat
p-controller

Fig. 5.7 MATLAB simulink program to design p-controller.

Fig. 5.8, Fig. 5.9, Fig. 5102 AAE p-Aol71et PI A o712 Al&EH o]
A Adolrt. Fig. 582 T ¢ T,° §H°IH. Fig. 59« T, Alojs}”]

g AAYH fol™, Fig. 5.102 T,& Adsty] 91¢ AAdd v, olch

S

O

2% Aol W4 7,9 e9e Az WA dxs WEel ¥ A A

S-ol daf Ao dse E4sAH

—0il outlet temperatu re
—Superheat

Temperature [C]

0 1000 2000 3000 4000 5000 6000 7000 8000
Time [s]

(a) p-controller.
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o

= a NN W
go o,

Temperature [TC]
(=]

o v

0

Qil outlet temperature|
—Superheat

e o | —

1000 2000 3000 4000 5000 6000 7000 8000
Time [s]

(b) PI controller.

Fig. 5.8 Simulation results of 7, and 7 for p-controller and PI controller.
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(a) p-controller.

—Inverter fréquency|
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(b) PI controller.

5000 6000 7000 8000

Fig. 5.9 Simulation results of f, for p-controller and PI controller.
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(a) p-controller.

EZOOO —EEV opening angle:
»,1800
] |
?1600
£ 1400

g 1000 -
& 800 -

600 ;
0 1000 2000 3000 4000 5000 6000 7000 8000

Time [s]
(b) PI controller.
Fig. 5.10 Simulation results of V, for pu-controller and PI controller.

AEdold Aol p-Alot7]el ok T o AHZAIZFS 1,800 sec,
TAY. F Aef71o) A4 Ao Ads BlaE 4,000

sec®} 6,000 secoll EFstE MEAA olwe T o 7 T3l &UstA
o 7,9 AZAIZES 735t F7F Al(4,000 sec) 2F 625 sec, BF-3F A
(6,000 sec)NAl 855 secolth. T3H, AR -7 A, p-Alol7]ed ol
A 2= A5 47 022C 045CHATE PI Ao AHG FF
A AEHA AAE p-Aol7]ef nizZtA R A PHgk WA Ao A=
AZEE 1,800 sec, HUl 2% WE2 03CE Yegt. 53t -4 Al
o] PIL Aoj7] AlE#Eold A, T,o ARAZE SR F7F Al(4,000
sec) °F 835 sec, EH3F A A(6,000 sec) 1,015 secHTh T3 Hul &

T HES 47 oF 026C 9 048°CE UERSETH
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56 49 2% vla 3 F5 Bt

AL Fig. 239 ZAXE o] &8sl AA| A|JA| 2Bl Fig. 2.42] 7l
grol Ao I8, AF 202 AEHIAY Y 2R F33
AT Fig. 5.113 Fig. 5.2+ AA A A8H p-Alo]7]¢} PL Alo]7]
°] MATLAB simulink 3Z 2 73 o]t},

Inverter

EEV Drive

Reference

Oil outlet
Temperature

[Hjﬂ}w

Superheat

Fig. 5.11 MATLAB simulink program of p-controller for experiment.

L al EEV Drive

EEV PI controller =

< & ﬂ 7 1

=
]
Oil outlet
Temperature

Superheat

Fig. 5.12 MATLAB simulink program of PI controller for experiment.
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Fig. 5.13, Fig. 5.14, Fig. 5.15v p-Alo]7]¢} P1 A|oj7]o <Jg A= gk

2 AR WE Ao AF Adolth. Fig 5.13& T,9F 7,9
5.14¢} Fig. 5.15% Fig. 5.13°] tf-5-3t
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Fig. 5.13 Experiment results of 7, and 7, for p-controller and PI controller.
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5.14 Experiment results of f, for p-controller and PI controller.
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Fig. 5.15 Experiment results of V, for pu-controller and PI controller.
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HA, p-AA71Y A@x WA Ao T 9 ARATL 1,850 sec, HTH
25 WHE2 035CHT EFet S7F A, T8 A=AZES 2F 650 sec,

SCATH @733 F7F A(4,000 sec) HAATEL oF

6,000 sec) AZAIZES 1,140 secHTF HETH

e

_60_



A6 4 =

B oERol At slig WEALYY AT L% AE I8 Ao
7% AU HEo] AR o8 FBAA AL AR pAlo)r]E
AASATE £, AL 718 F I SA LTAFES ALESte] el
A738 T NAFF4E AAHAT pAE FoE AFFFE
Agstel B A= BAZ A s, pAoE Fos AFEE
Fu A4S o A4 AR A4 452 BRI ARG
MAE A 1 PL A7k wlaste] AEdolA 8 APOT T A
ol AT o F B A Fo ARE Te Lo

(1) AAS p-Ao7l= o) £30%2] 2de] &34 9 Ho 20%2]
dR3} 9T AAS 2% AojE Aty A AT A
Ao S BAd

(2) p-Ae1718 Fost AA gguEe) 7tEdre SA daEES
(3) AAT p-AoVlE tedae Far APE T AA A9
©)

4) A p-Ao7l= A AR o2& HE3to] HEVE e Al
AAZ e Z2H 71E9] p-Alo]7] 9k PI #|o] 7)o vl&l o A

12 4
W3 LEAC} Fege gtk

_6‘|_



Y
kI
M
e

i)

il

(i

I. T. Q. Qureshi.,, and S. A. Tassou., 1996, Variable-speed capacity control
in refrigeration systems, Applied Thermal Engineering, Vol. 16, No. 2,
pp. 103-113.

2. J. B. Marcinichen., T. N. Holanda., and C. Melo., 2008, Siso controller
for a vapor compression refrigeration system, International Refrigeration
and Air Conditioning Conference, pp. 2444-2452.

3. Lee, D. B.,, Jeong, S. K., and Jung, Y. M., 2014, State Equation
Modeling and the Optimum Control of a Variable Speed Refrigeration
System, SAREK, Vol 26, pp. 579-587.

4. Li, H., Jeong, S. K., Yoon, J. I, and You, S. S., 2008, An Empirical
Model for Independent Control of Variable Speed Refrigeration System,
Applied Termal Engineeing, Vol. 28, No. 14-15, pp. 1918-1924.

5. Jeong, S. K., and Hong, K. H., 2013, Optimal PI Controller Design for
Refrigeration System Considering Disturbance, SAREK, Vol. 25, No. 2,
pp. 85-93.

6. Jeong, S. K., and Kwon, T., E., 2019, Robust Linear Quadratic Gaussian
Controller Design for Oil Coolers Based on a State Space Model, Korean
Journal of Air-Conditioning and Refrigeration Engineering, Vol. 31, No.
3, pp. 130-139.

7. Kim, J. G., Han, C. H., and Jeong, S. K., 2020, Disturbance Observer
Design Based on H, Norm Optimization for Robust Control of Variable
Speed Refrigeration System, International Journal of Refrigeration, Vol.
116, pp. 49-58.

8. Yang, S. W., and Jeong, S. K., 2021, Robust Temperature Controller
Design Based on a Sliding Mode with Optimal Switching Hyper-plane for
a Variable Speed Refrigeration System, Korean Journal of Air
Conditioning and Refrigeration Engineering Vol. 33, No. 3, pp. 101-112.

9. Alfaya, J. A., Bejarano, G., Ortega, M. G., and Rubio, F. R., 2015,
Controllability analysis and robust control of a one-stage refrigeration
system, European Journal of Control, Vol. 26, pp. 53-62.

10. Zhang, Q., and Canova, M., 2015b, Modeling and output feedback

_62_



Y
kI
e
re

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

control of automotive air conditioning system, International Journal of
Refrigeration, pp. 58, 207-218.

Jeong, S. K., Han, C. H., Li, H.,, Wahyu, K. W., 2018, Systematic
design of membership functions for fuzzy logic control of variable speed
refrigeration system, Applied Thermal Engineering Vol. 142, pp.
303-310.

Zhou, K., and Doyle, J. C. ,1998, Essentials of robust control, Vol. 104,
Prentice hall Upper Saddle River, NJ.

Doyle, J. C., 1985, Structured uncertainty in control system design, 24th
IEEE Conference on Decision and Control Decision and Control, Ft.
Lauderdale, FL, pp. 260-265.

Packard, A., and Doyle, J. C., 1993, The complex structured singular
value, Automatica, Vol. 29, Issue 1, pp. 71-109.

Nonami, K., Nishimura, H., and Hirata, M., 1998, Control System
Design by MATLAB(in Japanese), pp.141-162.

Gu, D. -W., Petkov, P. Hr., and Konstantinov, M. M., 2005, Robust
Control Design with MATLAB, Springer, pp.13-97.

Kiirk¢ii, B., and Kasnakoglu, C., 2018, Robust Temperature Control of a
Thermoelectric Cooler via p-Synthesis, Journal of Electronic Materials,
Vol. 47, No. 8, pp. 4421-4429.

Vasickaninovd, A., and BakoSova, M., 2016, Robust controller design for
a heat exchanger using A2, Ao, H2/H o, and p-synthesis approaches,
Acta Chimica Slovaca, Vol. 9, No. 2, pp. 184-193.

Zhang, Q., and Canova, M., 2015b, Modeling and output feedback
control of automotive air conditioning system, International Journal of
Refrigeration, Vol. 58, pp. 207-218.

Kirkpatrick, S., Gelatt Jr, C. D., and Vecchi, M. P., 1987, Optimization
by simulated annealing, Elsevier, In Readings in Computer Vision, pp.
606-615.

Chaudhuri, P. D., and Diwekar, U. M., 1996, Process synthesis under
uncertainty: A penalty function approach, AIChE Journal, Vol, 42, No.
3, pp. 742-752.

_63_



Appendix

Appendix

Al 723} Eo]X (structured singular value; u)

T%3} Eo|X(structured singular value) p= 2(2.5)2F Zo] AFolHt
T2 5olA Jide Al olsisty] el (I-MA)r =09 2E
=0, lzl,=10]2ta 7} o714, 2-5L A5 FG2 pmol ths
A A LD Zo] AHofjith Ao or 252 H(A12)9] HHe F
s Hol SolA=2 AT o71AM, Hl SolA= A(A13)F Zo] A
ot}

WM, = SUP {Il Mzl ,: Izl y=1} (A.1.1)

M, = 1/§n]Mf (A.1.2)
i=1

7 ) )

wetA T8 SolX9 Aol (I-MA)x =09 2L 2-5E T3l
2% ZMEE A(A1.4)9 g 2
lzll,— Il MAz I, =0
— lzl,= I MAz I,

— lzll,=1MAzl, = I MI,I Az, (A.1.4)

A71A, 2-5F Hdl Eolx Ao | Ml ,=c(M)]BZ 2(A.1.5)9}
2ol A7 Ao
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lall,= 1 MAz |, = I M1, 1 Az ll, =o(M) || Az 1,

— lzl,=o(M) 1 Azl
1 Az,

oo Tem, Al
1 _
e =o(A
=0, (A)
— E(M):E(lm (A.1.5)

A, u,(M)E F3he AAFL A S0AE Hadehs WHoR 3

T A(A1.6)3 2T

p(M) < u(M) < o(M) (A.1.6)

T3t EolA p, (M) Be flolA 71&d A o] 2(A.1.5)0]

g8 p,(M)e AALNE The BAR B

o(M) = ! (A.1.7)

Aem$2Xm{E(A) : det|I— MA| =0}

SHAIRE, 2l(A.1.6)9] SFekA| 9k A RHA] 3
GobA 2(A18)F 2(A19)9] =ALY FE DY IS =U3

3ot
Q={gea:Q Q=1I} (A.1.8)
D :={diagld,L, &1, ... ;dp I, dpI),I:d; > 0} (A.1.9)

>

ALH Ado| sty AEA QEQ,DEDE ©]83 A3} 3tk
2= 2](A.1.10)°] T}

énEaXQ p(QM) < p (M) < DOEODE(D*MD) (A.1.10)
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JHEE 4, (M) FHS DK iteration FHS Fa 2(A1.11)S T8k

Ao Aeldn.

INF

—1
D p e (D7 1MD) (A.1.11)

pa(M) = p(D”'MD) <

ojol A, 723} FolA] pwt H5 HF EAE dste AArHE A
e AS A olsfisky] g Adeltt. md E844 AVF 723}
Egdgos Ugd o, o5 A(A1.11)3% Zo] YERit

(A.1.11)

qhok Qlojof fH AV} A(A1.12)9F Zo] FoXH, 3P H2(determinant)
o] AAkS 2(A.1.13)F 2T}

ab

('S cd

(A.1.12)

| A|=ad—bc (A.1.13)

B Mol HAL14Sh Bol FoIXW, 1,(M)E AXT A5 BB

Aak Alol= dlZd QA4 E scalingd] = scaling o] A3 T3 gho = Ho}

my, dmy,

M_

My Myo|
Moy Mooy

— My, DY)

d

ol T3 A(Al14)9 FH MF} T3} BESHAH A BEEY 4
QA4S 2(A1.15% o] Yekit) =3k FHol F MAE 2(A.1.16)F
Zo] HrlHt.

rl

_66_



Appendix

C[tt] |40
= [s s}’ A= [O 52] (A.1.15)
MA= [S s} [0152]: [S} [51 52]: [8511 5522] (A110)

pa(M)e] Ao RRE P (I-MA)S FBAE Adstd 2(A117)%

2ol 4.

det(I— MA) = det (I— [wl td?l)

50, 50,

B 10 td, to,

B det([o 1]_ [551 s0, )

= det( [—351 1—852] )

— (=18, )(1= 56, ) — {(~5,)( 56,)}
=1—16, — s, +std,6, — std,d,

=1—16, — 50, =0 (A.1.17)

olul, |4,|=16,| EEE AE ZHASHE, AAL17)AA ol #3

T e oldsted 2(Al18)°] FEHM, o= 2(AL199} Bes &
T Ao
t6, +s0, =1 (A.1.18)
1
[ 1= 1= T (A.1.19)

HFZHoZ () BAZREH A(AL19E AEsid 2(A.1.200%

2ol $EHS & & ik mWetd Txs SolxE REA go] &
% 2x 22 A%Eg
tt
iy SS]: I+ || (A.120)
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A.2 A3 ¥4 W3 Linear Fractional Transformation; LFT)

T3} 5olx puE o€ i H A A= HFZ Ao A"
S7HH3ko] o] YA =d, o7|ol= HAE E HI(Linear Fractional
Transformation; LFT)°] XA}5 o]&HT LFTAl= 35 A% &5 HE
(Lower LFT)¥ A& A3 & W (Upper LFT)°] ATt Fig. A2.12 3}
= A3 25 WS A9str] f& vebd I1dolt

A <+

W_ ______ _ Z A <

|
i——=| p F——e w z

I —> 1

u: :y d —— M —
I— K «—1
L= M
(a) lower LFT. (b) upper LFT.

Fig. A.2.1 Block diagram to explain LFT.

Fig. A2.19] (29 2ol yo u Aololl ALD3d+ K& 79 4% &
Pe] 35 HEZE FAST J8¥ B -E2ES 2te A9y
Poll diafl 4= 2 =88 2AA2.1)F Zo] BFth =3I 2(A22)%

o
o] ys} u Atole YEHL Aot

PP
[e]:[ 11412 [d (A2.1)
Yy le P22
u= Ky (A.2.2)
2(A2.1)Z ANstE 2(A2.3)% 2.
e=P,d+ Puu (A23)
y=P,,d+ Pyu -

21(A23)° A(A22)F WAt AANstH 2(A2.4)9F 2t
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{e =P,d+ P,Ky

A2.4
y=Pyd+ P, Ky (A2.4)
21(A2.4)1 A y= 21(A2.5)3 o] AT
y(I— Py,K) = P,,d
—  y= (I-P,K) 'P,d (A.2.5)

21(A2.4)9] el 2l(A2.5)A T yE tHYSHH 21(A2.6)°] doAXITh

e = P,,d+ P,K(I- P,,K) 'P,d
— e =ADN PAKETRLE) 'Prld (A.2.6)

dol A e7}A 9] AGstrE 2l(A2.7)0] "ot olw 2(A2.7)E = A
g 5 HE F(PKE Ao

e ud
q - (Pn + P12K(I_P22K) 11321)

— E(P,K) = (P, + P,K(I- P,,K)"'P,) (A.2.7)

207 A= AY B4 WIS Fig A2.19 (b)2F 2] z3 w Ao
of AEgT AE 719 AT T M AF HFZE FAHTH 1949
B4 -89S zhe A28s Mol d§) 94E 2 29S 2A2.8)F
2ol Aojgtt. =3k, 2(A2.9)9 2ol z3 w Aole] f-EHE AHgh
t}.
M, M
zZ| 11 712 (w
R RTRIH (829
w= Az (A.2.9)
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21(A2.8)= A8t 2(A.2.10)3% 2o}

z=M w+ M,d
{ i 12 (A.2.10)

e = Myw + M,yd

21(A2.10)°] 2(A2.9)F WAt AsHH 2A2.11)3F 2T

(A.2.11)

z= M, Az+ Mw
e = M, Az + Myyw

21(A2.11D)oA zE5 A7NsHE 2(A2.12)9F Zoh

z(I= M, A) = Myw
— 7= (I- M A) 'M,w (A.2.12)

2(A2.1D)¢ eol 2(A2.12)94 T3k zE wiYstd AfstH A
(A2.13)7 2o

F JleA(I_ J\JllA)ilMQw + My,w
— e =M, A(I— M,;A) "My, + My, ]w (A.2.13)

wol A e7kA 9] ADFE 2(A2.14)7F Bk olul 2/(A2.14)9] $H
S A4S AY B4 A8 F (M A)Z HF)

u

l
S

(M A) = My A(I— M, A)~ My, + My, (A2.14)
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= SHA(stable)o]™ Z 23 (proper)?! AL
v 4x dEvez Ade don AReT. o, AANE 35

A719M Fig. A3.19 #HEZ A28 ekAdsitty & 4 o

I'A(s)B(s) |l g'<1, Vs=jw
— | BAG) I N B6) I, <1, Vs=jw (A3.1)

A

A(s)

v

B(s)

Fig. A.3.1 Block diagram of small gain theorem.

Fig A32E 723 450 0§ 44 8L A e M-A
F2E vehd ol

v

M

Fig. A.3.2 Block diagram of M — A structure.
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Fig. A3200A M2 315 A¥ & g o8 4(A3.2)% Zo] &

dett. 2l =344 Ae A zE2H3 Aol 4(A33)

~

M= F/(P,K) (A3.2)

Al <1 (A3.3)

| MA I <1
S IMI_ Al <1 (A3.4)

wElA] ME QbAoln Z2H e A3t
=
B

53l 2l(A3.5)7F REE3)

rr
)

M, <1 (A3.5)

Mol @Y Be Ao Solxs gum AoHmE AA3sE A

o(M) < 1 (A.3.6)

pa(M) & T3he BAe Ao BolAE HAgse Fite EAE A
e u g AA3NE AodHo. 723 AF Adl tial #HF= Al 2FHlo]
sl 9% HoSREES HTHOE 2(A3)FH Zo] HoHTh

(M) < 1 (A3.7)
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o] 7] 2 E(Nyquist) A=l A

S o
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o}
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]
—
fite)

i)l
B

tol7]
mHe] gol7|iE HEe BUY 0AE qeld mdef o]y iE A

Zolt},

S
-

&3tk Fig. A33
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P(jw)K (jw)
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Fig. A.3.3 Nyquist diagram of nominal and model uncertainty model

for robust stability.

He 29 P(jw)ol A Pljw)K(jw)el tro]7]

Al
ol

AR 9] A=

|
=i

, JB(ju))K(ju))‘ﬂ]/ﬂ

(A3.9)¢F 2o

(A3.8)

| P(jw)K(jw) — P(jw)K(jw)| < |d(jw)]
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|d(jw)|= 11+ P(jw)K(jw)| (A3.9)

o

Mol Fig. A3.33% #o] yo]7]|X~

2(A3.9)E AWstr] Sl Hawd
E Ax7t 283w, Pjw)K(jw)E 21(A3.1003 2o}

P(jw)K(jw) =a+ jb (A.3.10)

olmj, MM Pljw)K(jw) 744 A= 2(A3.11)F 2o,

| P(jw)K(jw)| = Va*+ b (A3.11)

P(jw)K(jw) &+ A A Atole] AFQl d(jw)E TFate 41e 2(A3.12)9
A4S F3l AEH.

d(jw)? = {a— (=17} + (6—0)

= d(jw)=ld(jw)| = V(1 +a)’ +0)

—  d(jw) =1 +a)+ b

—  |d(w)|= |1+ Pljw)K(jw)| (A.3.12)
2(A3.9)F 2(A3.8)° st 2(A3.13)H 2ot olwf = B

Ao IHT BEo Ae 2(A3.14)% ZT

|]3(ju))K(ju))—P(ju))K(jw)|< |1+ P(jw)K(jw)| (A.3.13)
P(s)=[14 A(jw) P(jw) (A.3.14)
A(A31H)E 4(A3.13)°l thdsted st 4 (A3.15)9 22 F54

= 97 #oh
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|1+ AGw)] Pljw)K(jw) = P(jw)K(jw) | < |1+ P(jw)K(jw)]
— [ P(jw)K(jw)+ A(jw)P(jw) K(jw) = P(jw) K(jw)| < [1+ P(jw) K(jw)|
= [AGw)P(jw)K(jw)| < [1+ P(jw)K(jw)|

14 P()K o)~ Pljw) K ()| < ——

olu, FEIAEZTE 2(A3.16)F At 2(A3.16)= 2l(A3.15°] i
atd ’“‘(A317)7Jr ol AMAT wakA 2(A3.17)Y $WS o]dst
M 2J(A3.18)°] AHHTH

T= (1+P(jw)K(jw)) 'Pljw)K(jw) (A.3.16)
: 1
|T(.7w)|< |A(]u))| (A.3.17)
| T(jw) A (jw)| < 1 (A.3.18)
- \/4

2, AA3.18)8 =& AAd AR ol&d = v YA 4
(A3.19)9} Zo] A== AAHZ 7t W,E AHEst 2(A3.2003%

2ol 7leqt.

ol{A(s)} < [Wyls)| Vs=jw (A.3.19)

| W, T| <1 (A.3.20)

=, Yo7 2E A% AoA AA A =4S ’—‘1‘(A.3.17), /-ﬂ(A.3.18)FJr

j
(A317)°] A7 5, & B34 A tis] dAHEe 2] fA=

FRAEGS TE A st o= Aloj7] Ko o5< #HA sioF =
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A4 AA Aol A5(Robust Control Performance)

Fig. A4.1& Yo7 2E AxoAe AA Aol A% =1L 32sn
FE3brote] AAE YotRr] 9% Odolth J8EE 3 Zde U
O|7|~E Axe wd BIAAMS 183 mdo Yol 2E AR F 7}

A& Yepar.

lj\l

il

Ajw)

Ws(jw)|

d(jw)

P(jw)K(jw)

P(jw)K (jw)
Fig. A.4.1 Nyquist diagram of nominal and model uncertainty model

for robust control performance.

. &, A4 Alo] A< wSsE W Figo A4.19 F o] nAfetA| oF

&I

A 7EPone I H= HHe o)
| W (o) |+ | Pjw) K (jw) = P(jw) K (jw) | < | d(jw)] (A4.1)
ld(jw)|= |14+ P(jw)K(jw)| (A4.2)

2(A42)E A(A4 Dol tAstH 2(A4.3)°0] ot

|WS(7u))|—|—|]~3(7u)) K(jw)— P(jw)K(jw) |<|1+P(7u))K(7u))| (A.4.3)
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o714, 2l(A4.4)9 £ RdY 35 1HIT
P(s)=[1+AGjw)P(jw) (A4.4)

o]lIH /\](A44)E /‘](A.4.3)°ﬂ EHO]‘S]-O:] 7(6]3]'3]'?1, /)1]( '4'5)9] l?‘%/-‘ql% ol
A Atk o7 AEE WA B

| Wg|+ |1+ A]PK— PK| < |1+ PK|
— | Ws|+ |PK+ APK— PK|< |1+ PK]
— | Ws|+ [APK| < |1+ PK]

| Ws 1+ PE) |+ |APK(1+ PK) | <1 (A.4.5)

A(A45)NAN AEEFY FRAEFEE Aste] HelshE 2(A4.6)
7 2o,

| eS|+ |AGw)T| <1 (A4.6)

PR 2 Pt o g mEld o AS HEs| Rddslrle EVbs
StEg, o FHoA rEqd=o] 2(A4.6)Y AL A AHH ol&F
T itk OE3A AAadnHd 2ol BolEHe AHES Vtsde WE A

g3t 2)(A48)F 2ol BET 4 gt}

ol{Als)} < | Wils)|]  Vs=juw (A.4.7)

| W S|+ | W, T|<1 (A4.8)
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Hzow Ad Ao Ao 2Ae AEFTS W,k W2 wgste
AAEE AL & 5 It 2(A48)S AFAFE Aor|E FIe A
2 &3 AE EA BEyH, A RS FRAESTY 45 4

o714 2](A4.9)9 &l

TAE 2(A4.10)0S USRS AA S

H <1 (A.4.10)
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A5 p-Ao|7] AAE 9% MATLAB code

AS5.1 p-Aej7] AA

clc; clear all; % command window *7|3}

$% compressor JH|E Ao

taul = ureal ('taul',1680 , 'percentage',30);
denl = [taul 1];

Kl = ureal('Kl',-0.43, 'percentage',30);
Pc = tf (K1, denl)

5% 7HE g 49
numwl= [5 0.1];
denwl= [3000 17;

wlgain = 150;

o\°

wl=wlgain*tf (numwl, denwl) ; ﬂ%??%? W 1 for compressor
numw2=[2500 0.1];
denw2= [1 30007;

w2gain= 1;

o\°

w2=w2gain*tf (numw2, denw?) ; 7F§§}¢:ML2 for compressor

o\

s Qs Aojo g T4

systemnames = 'Pc wl w2';

inputvar = '[ pert; dist; control ]';
outputvar = '[ wl; w2; -Pc -dist]';
input to Pc = '[ pert + control ]';
input to wl = '[ Pc + dist ]';
input to w2 = '[ control ]';
sysoutname = 'P';

cleanupsysic = 'yes';

sysic

%% D-K Iteration

[K,CLperf,info] = musyn(P,1,1);
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%% EEV J+EH]E A9

tau3 = ureal ('tau3',67 , 'percentage',30);

den3 = [tau3 1];

K3 = ureal('K3',-0.045, 'percentage',30);

Pe = tf (K3, den3)

5% 7HE g 49
numw3=[1 0.17];
denw3=[200 0.17];

w3gain=1;

w3 = w3gain*tf (numw3, denw3); % 7V sk
numw4=[10 11];

denwéd=[1 2];

widgain=0.01;

w4 = widgain*tf (numwéd,denwd); % 75 skH
%5 Unksl Ao g4

systemnames = 'Pe w3 wé';

inputvar = '[ pert; dist; control ]';
outputvar = '[w3; w4; -Pe -dist]';
input to Pe = "'[ pert + control ]';

input to w3

input to w4 = '[ control ]';
sysoutname = 'G';
cleanupsysic = 'yes';

sysic

G

%% D-K Iteration

' Pewtsdist 1

[KK,CLperf2,info] = musyn(G,1,1);
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A52 XNRY p-Aoj7] AA ¢ mv|E FH A5 MATLAB
code
A521 ARY p-Aol7] AA

function y = obj fun (x)

%% compressor 3FEFU|E A Q]

taul = ureal ('taul',1680 , 'percentage',30);
denl = [taul 1];

Kl = ureal('Kl',-0.43, 'percentage',30);
Pc = tf (K1, denl);

Pc = t£(-0.43, [1680 11);

gd = t£(19.9, [1790 11);

e el

x = [x(1) x(2) x(3) x(4).%x(5) x(6)]s % I=vjy A5 AA

o°
o°

assignin('base', 'x',x) ;

numwl= [x (1) x(2)];

denwl= [x(3) 11;

wl = tf (numwl,denwl); % 7/F5&5 W 1 for compressor
numw?2 = [x(4) x(5)1;

denw2 = [1 x(6)];

w2 = tf (numw2,denw2); % ZF5 ¢ W 2 for compressor
denw3=[1 07];

m=tf ([1 1], denw3); $ servo

w2ss = nd2sys (w22 .Numerator{l,1}, w22.Denominator{1l,1});
w2inv = tf (w22 .Denominator{l,1},w22.Numerator{1l,1});
w = logspace(-5,5,100);

wl g=frsp(wlss,w);

w2 g=frsp(w2ss,w);

v Qs Aol g

systemnames = 'Pc wl w2 m gd';

o°

inputvar = '[ pert; dist; control ]';
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outputvar = '[ wl; w2; m]"';
input to Pc = '[ pert + control ]';
input to wl = '[ control ]';
input to m = '[Pc + dist]';
input to w2 = '"[m]"';
input to gd = '[dist]';
sysoutname = 'P';

cleanupsysic = 'yes';

sysic;

%% D-K Iteration
[K,CLperf,info] = musyn(P,1,1);

[n,d]=ss2tf(K.A,K.B,K.C,K.D); & Aloj7] &g
ktf=tf (n,d);

kktf = ktf*m;

[N,D] = tfdata (kktf);
global CLperf; % u #k

global N;

global D;

assignin('base', 'N',N);
assignin('base', 'D',D);
sim('ddd'); % AlEd#He}A 3
J = CLperf (length (CLperf));
y = J;

end

A522 Az 273

function [c,c_eq] = cons(x)

59 AR AESE T

T = (pc*kktf)/ (1l+pc*kktf);

TT = nd2sys (T.Numerator{l,1}, T.Denominator{l,1});
T g = frsp(TT,w);

wli g=minv (wl g);

vplot ('liv,1lm',w2i g,'r--',S g,'b") 5 T < w-1 g2l
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&
=(1)/ (1+pc*kktf);

S = nd2sys (S.Numerator{l,1}, S.Denominator{l,1});
S g = frsp(SS, w);

SS g =minv (S _g);

w2i g=minv (w2 g);

vplot ('liv,1lm',wli g,'r--',KS g,'b') % S < w-2 gkQl
Sw2 = S*w22; S |S*w2|

Twl = T*wl; & |T*wl]

gd = t£(19.9, [1790 11); % |53} oz
gdd = nd2sys (gd.Numerator{l,1}, gd.Denominator{1l,1});
gd £ = frsp(gdd,w);

vplot ('liv,1lm',gd f,'r--",w2 g,'b');

ww= w22*gd;

wwss = nd2sys (ww.Numerator{l,1}, ww.Denominator{l,1});
ww_g=frsp (wwss,w) ;

wwi g=minv (ww_g);

wwi= tf (ww.Denominator{l,1},ww.Numerator{l,1});

wwl= wl*qgd;

wwlss = nd2sys (wwl.Numerator{l,1}, wwl.Denominator{l,1});
wwl g=frsp(wwlss,w);

wwli g=minv(wwl g);

wwli=tf (wwl.Denominator{l,1},wwl.Numerator{l,1});

wWws = w22*gd*S;

wwks = wl*gd*KS;

oo AkxA

c(l) = (Clperf) - 1;

c(2) = max(sigma (wws,w)) - 1;

c(3) = max(sigma (wwks,w)) - 1;

c(4) = max(sigma(S,w)) - max(sigma (wwi,w));
c(5) = max(sigma (KS,w)) - max(sigma (wwli,w));
c(6) = 0.13 - max(sigma(wl,w))

c(7) = max(sigma(gd,w)) - max(sigma (w22,w));
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c_eq = [];
end

A523 TS A9

function £ = pen (x,R)

obj2 = obj fun(x); % =74 T
[c, ¢ _eg] = cons(x); % constraint ?}?‘

\Y

max([c, c_eq, 0]);
f = obj2 + R*v; & HH g

end

A5.24 SA €1 E9 vEvy A

x0 = [0.01 0.01 0.01 0.01 0.01 0.01 1;

1b =[0.01 0.01 0.01 0.01 0.01 0.01 71;

ub =[100 100 100 100 100 100 1;

R = 100000007 % HH
[x,fval,exitFlag,output]=simulannealbnd (@ (x)pen (x,R),x0,1lb,ub

\

,options) ;
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[Brex) AR =F 22
1. I. A Kim, and S. K. Jeong, 2021, u-Synthesis Controller Design Based on
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[Bretis dE =& 2§
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