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Robust Temperature Control of Variable Speed Refrigeration System
Based on an Optimal Servo Controller Using Genetic Algorithm
and a Disturbance Observer

Oh Haeng-Rim

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

Abstract

Variable speed refrigeration systems (VSRSs) have been applied in different
industrial and commercial fields because of their excellent energy saving
performance and partial load response. A VSRS basically comprises a variable
speed compressor, an electronic expansion valve (EEV), and heat exchangers.
As all components of the system are connected to various pipes and valves,
the system exhibits strong inherent nonlinear characteristics such as dead time
in the operational ranges. Moreover, heat load fluctuates continuously. Thus,
obtaining a practical linear nominal model and accurately controlling the target
temperature is difficult. Even the sophisticated mathematical model used for
VSRS (i.e., the high-order linear state space model) has many deficiencies
when the controller is operating because of model uncertainties and
disturbances including noise. For high dimensional models, accurately
identifying the dynamic characteristics of VSRSs is a very laborious and
tedious task. Therefore, a servo control method that resists model uncertainties
and disturbances based on a practical and simple as possible model is required.

VSRS control systems generally belong to the «class of a
multi-input/multi-output (MIMO) system because they have two inputs and
outputs to control the target temperature and superheat based on the rotation
speed of the compressor and EEV opening angle. In terms of flexible access
to multivariate MIMO systems and optimal control performance, applying the

optimal control method based on the state space model is convenient.
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Therefore, in this paper, a more practical, simple, and high performance
optimal robust servo controller design is proposed; the proposed approach
solves the problems of the conventional optimal servo controller design for
VSRSs. First, the state space model used for designing the controller is derived
from the transfer function, which is easily obtained through dynamic
characteristic experiments near the operating point of the control object; fewer
parameters that affect the model uncertainty must be identified, which
facilitates modeling. Second, the controller is designed as a servo-type
controller to follow strictly the target value on the step. In particular, the
weighting matrix for the evaluation function, which is a crucial parameter for
the design of an optimal controller, can be easily selected with a genetic
algorithm without trial and error procedures. Finally, a disturbance observer
(DOB) with a simple Q-filter compensates for disturbances, which makes the
system resistant to disturbances and model uncertainties.

The proposed controller was verified through MATLAB-based simulations
and experiments with a VSRS-based oil cooler system as the control object.
Moreover, the robustness against disturbances and model uncertainties was

assessed by comparing the results of the cases with and without DOB in detail.
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state feedback gain
servo gain
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Fig. 2.1 Schematic of oil cooler system.
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Fig. 2.6 Real experimental unit.

Table 2.1 Specifications of test unit.

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, immersion type, 2.1 [kW] (max.)
Refrigerant R-22, 0.9 [kg] (max.)

Inverter 4.5 [kVA], 3 phase, PWM, V/f = constant type
EEV drive 4 [W], 24 [V], bipolar type

Electric heater 4.5 [kW] (max.)

Oil tank 400 [mm] x 400 [mm] x 385 [mm]

Oil ISO VG 10, Velocite oil, no. 6, 40 [L]

XEE‘ type E-]‘:HE H
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AL, A7) A Alel= aelakA] kot v5ol Gyls)= 1 FFo]

FAE s ARR vustrg Algdold oM A9l

d ....... > Gd(s) .....
>
¥ 4
. B Gl freg— N
V, e T
° > Go(s) SO

Fig. 2.8 Transfer functions for compressor and EEV.
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b VO] dolER sk Alojgs WEsAld AT,
e @50 Aol s ngAZH. AdeM F53 FH 1
oA AlojFo] HFFE] 632%° E=Eelke ARt AT =, Ao
o St o 2 Uir FH(AT/Au)S DC gain®l kZE F
o mEd 2A HE O RRE AlF WHEo] YET| 7R 9] ARl H-
F2 Al7Mdead time) d= AT o]gA 4 EA FepulEE AQ2.1)

o wlAg 1 ALFFE TS 5 ok

T B 2498 f

1o
)
L

50
45
“
540 s
2 )
§ 35 S
@ -
o o
E3'U S
o
251

20 I & } 1
0 ™'500 1000 1500 2000 2500 3000 3500 4000 4500

Dead Time Time[sec]

Fig. 2.9 Transfer function model by experiment at near operating point.
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2 mrolAe A3 Ak gE FElixl E5A Aeds REs o
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Fig. 2.10 Experimental results for obtaining transfer function model.

Table 2.2 Experimental data of dynamic characteristic for Gc(s).

T, Ji Load v, 7 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
Table 2.3 Experimental data of dynamic characteristic for G, (s).
T, v, Load i T, m B, B
[C] [step] [kW] [Hz] [[C] | [kg/] | [bar] | [bar]
7T—16 900—700 1.68 55 27 42.9 13 4
Fig. 2.109] &%= & J@2.D9 dLd+E 748k 54 Ay

+ Table 2.42} 7o

s
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Table 2.4 Characteristic parameters obtained from experimental results.

Time constant 7 [s] DC gain k Dead time d [s]
Compressor 1680 —0.43 51
EEV 67 —0.045 5

A7) d7t 7ol B FAEE FH ArE gow olE 2(22)9 2
(2.3)9] 7ttt AE 12k A]AElo® YeRd 4= Tk Figo 2109014 A
A AR AN AdE JERd o, S 9bd S 1A R

i)
&
1
~
D
1
=
N
1o
>
e
=
o
%
olo
f
o
A
A
B9
0

—0.43

Gls) = Tomne i1 (2.2)
—0.045

Gels) = 67s+1 (2.3)

g s dughz)e] gk ke s

'{[:
TEHA doermg Aoy AAs vt AEHol
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A AA AAle AH e B 7Nke| B g 24(2.2), 4(2.3)9] A
g RS o SESs WEs FE AEDe AH ek R W
ok AH 3 Rde JEEAA Y sEdAeR AH, A 9

o]

A/
It
£
S
o
X
—_

A X (transpose)E SceHTh AAIS S 2 Appendix(A.1)oll YER LT
y(t)= Cu(t) '
55‘1 _ [— 0.0006 0 T n [— 0.000256 0 Uy
T 0 ~0.0149] |z 0 —0.000672] | u
2 2 2 (3.2)
Y| [1 0l [%1
Y| 10 1]z,

3.2 HF AR Ao o]&

HA Aoy 213.1)Y (4,B)7} 7FAI%](controllable)?] TFY-&7 Al A
2

el tistel 433 e 23 B4 BAMHTF J= A

HA AodH wt)E AT 2B AAEAA z(t) (nx1)$}
u(t)mx1)= 242 Aol AddgSs JERa y@)x1)9

11 ]‘:H_
A= 1) 22t Feases 294 99 tehdr,
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J— f ODO[:UT(t)Qz(t)+uT(t)Ru(t)]dt (3.3)

N(3 3)4 B7Ee JolA Qnxn)s el et s PEE
§(Q=0) thFAHo|™, Rim xXm)& E

2 9k A (R>0) YA A Ho|t} Hrlaol 9 34 g
skl FEia 2()7F WE Ao SHE HolEs 5, £ 7t
A5 Folair], B4 Folr= RS 2AE] AoIYdd w(t)ol thsto] &
pleuA e 7E21E ot & Qo Fuv £84S T/, R
o T Ay s i/\VE‘r 5870l 4%, aulduATt A4S
TE JY g2 Zopxith HA AR JE HAgEHE AlolYdY uwlt)E
Tt Aololth. WA JE HASUTE A AARS 8488 £

A AR AvoUXES AA TS LIt} AN 348 =4 A

-

19
[-JI.
ot

o

2ul|A= AX L, LBlAUAE AA shd &SsAdo]l ymxity uhet
A S5 FE vy A Fa o] F 7HA 8 F sAldd wEAZ

= 7] Wel sk qE Q8 Re AEE vlEE xddte 4350l
Q7

HA Aoy F7HA R FUhgs JE HAa3behe HA o A d=
oA dE wt)E Tk o] HAoln o= AB4)E . 53
u(t)E T438k= Aol ARl KE ek o] o] Aoyl AAYe] FHF
HHolgtal = ¢ vk K= AH d=W A/l FHES dEhdE 4(3.5)
g} o] Faxint. o171M Pl xn)= f4o9 uFAHE 23.6)2 T
2] 7Fe] g 2] (algebraic Riccati equation)®] L3k 2l &F2] 4535 34

o]t}

u(t) =— Kz(t) 3.4
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K=R 'B'p (3.5)

AP+ PA+Q—PBR 'B'P=0 (3.6)

Fig. 3.12 #% Alopgel os) 745= Ao s=u Ao] Axe)
224EE tehi

uo(t) L+ X() x(8) y(t)
—| B 3 Il c F—
A <
—R71BTP |«

Fig. 3.1 Block diagram of state feedback control system.

AAAZL BE QA DDl ool A ge) eI gAY glo] F
F57) flalE AolAle] AFE Augirel B glEe] WA mdo]
YEHojo} Stk U 2de) Aezt & A Yk 2 oAl
2R s A9d B el de Y B4 Qo] FEHE An A

ofE fldlide 2] FZ AFFFTE 1/s2 WaEslof drh Aoy

o] 1/s& WA A &= Aol Ao717F olE WESIESF A Hofof
ok weEbA, HA ME Ao Al v VA 23e USstEs A

dof. 3 WAE AMRAZ A HAFE A, 7 AR AR 9w
dit)=d7} A el 8 y@t)7F Fx% 4 r@)=rol et
flol FF2 A, A MAR A F-E A BY vi W] i F
A xx10] WKEojok Tt

=9 y()E FHE r2 FFEAIIE MEACNM S tooolA yt)=ra

o
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REESE B w(t) = 00122 2(33)0lA Brrgr Jo ¢ =4 gl
aketar, EES x) I 00] ofyER Jo i A FE 2ibst
of 7 Fetdi® AkEA "ok webA ol d Frigtr R JE FHA
steb= #HA Y Aodds 2 5 fioh wekA o] g Feae] Ak
wAE eldste]l MR Aol AT HAH AME AA AA=
Smith-DavisonZ} Takeda:Kitamori®] WH o] &z#x QIop®). 2 =4
+ o] 7k olsgt Ago] §o|3 Smith-Davison®] WHOZ A AR
A AE AA .

2B toooo = AEHETE A HC EEetEE 4 (3.4)9]

Ald® w(t)s e 7HAA =l limul)=00] & & F vk

Wb A@.DE mRstE A7l Hi, AMEE AddgozA
u (t)=ult) 2 =d3te] 2@l disdste] o2 Ay myoz A3
gojA FelE YeERHE 2 @3.8)°] k. olw oA o = Al W
TE gt o]de] AA®El W wgel gEsly] flél 2t Al (augmented
system)E Lok SHHA oF o] &eith B ¥ yt)v= AEA 2(3.9)
EAT 5 otk ol BN A e dis d=00]B% 9% ol
ZaRal=

=

1~>HU

2(t) = Az(t)+ Bult)
{ y(t) = Ce(t) (3.7)
z(t)]_[A0] [z gl
)] [00 ygg o)1) (3.8)
ve)= (01 igg (3.9)
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o] 71A AYAIZE MREADE efste] Ao Ak e(t)E elt)=ylt)—r
2 Jojstal S vEstd elt) =yt)7t & & F Atk olE 2(3.8)
7 (3.9)° thdsted Felshd 23.10)% 2)3.11)0] =E% ).

z(t) B

AQ T Bl - A0 '
e(t) N [CO e(tgtJ)rr}Jr[O}u(t): [CO e(t) + 0 u(t) (3.10)
=01 o1 |= 00|+ G.11)

A2 A 2, 0)=[z0)Ty@)"] 2 FYstaL, oA AFA s
AL u, (t) =ult)S ol&3dt] A@B.10)d AB.11)S FZshd oA
AEH 3 2d AGa2y7t oxith o474 gdiAl Al Ee

B,= 8], co=lone] Ak o] Azgol Aol 9 A

= (4, B)E Aottt st rank| 50|

=n+me WEsto]ok tpo,

{ z,(t)=Az,t)+Bu,(t)
y(

Hr=Caz,(t) (3.12)

olglAl gt 2(3.12)¢] oA AF FE 2 wge} oA st FE
Q. RE ©°l83to] 21(3.3)9 H7MET JE AT 23.13)8 g
BV J,7F dolxith

7= [ el 0Qa, 0+l @R, 0 (3.13)
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1714 oA AdEEs 2,09 Ao u,(t)e] t—ooor]

limz,(t)=00), wet limu,)=001m2 @A R34 J

t—co t—o00 =

A k=t whEbd Brhee HA4s deks ARgE 5= A dh

213.12)°MA z,(t)—02.2 3= AAE Pt yt)=ro] GHES &
o, o] Aol A3.13)9 HUMEs JE HANIgoEN ddd
Atk o714 23.12)9 EHEAAS Fyste] z, ()l digh Aoz
e 23049k AT wEbd G4 E F7Ees Jol didstal &
A sts dEE Q =C/CE 7Hgskd J o $H AA T2 23159

o] el E

b

z4(t) = G, Hylt) ~r} (3.14)

z (t)Qur,t)=[C Hy@)—rH(ClC)C Hylt)—r}
={y)—r} (Y (ClC) o Hyt)—r) (3.15)
= lylt)—rl?2

olof wlg} H7Ig JE AB16)CE AaEHu, HEE g = sE
34 R Y& vAC derEE 7 A dt

L= [ Hyo=r1*+ul ()R, 0 (3.16)

0
23160 HAsstE HF AAYHS o, ()= Kz, ()7F =,
K, =[K, K,]o11 u,(t)E 2G1NE, Kt 2(3.18)% UEehdt) o] Ao

Al gt mjxe] setulEQl kg ¥ R E AAAVE d-shd 4
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(3.19)¢] =eiA i 27tEl gAY & PE EE AdH = AR
dd K7F o 72 A4 d

u,(t)= — Kx(t)— Kel(t) (3.17)
K,=R, 'B'P, (3.18)
A'P,+PA,+Q —PBR 'B'P, =0 (3.19)

-

A7IA w,(t) =ult)ol 22 el AA AAAY ult)= u,()S HEY
o ZH 232007 o] TR ols AEHIWS ()] =T A o
93} e(t) A gtow AT Z7|F 2(0)=0zHd, FF HE Ao
Ae HFHCE Fig. 329 o] A4 o7 ARl K, K+ 242

AEH = AR A H (servo) Al}le]

u(t)=— Kz(t) Kf t)dt+ K,z(0) (3.20)
d
r(®) 4 4 u(t) s x(t) y(®
sl 1 ke ] B ] 1 P ¢ P
Servo gain
A |«
State space model
K 1€
Optimal servo controller State feedback gain

Fig. 3.2 Block diagram of optimal servo control system.
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33 73 duFel A HA3 £A4 A

3249 HA AR Ao o2& T3 A Hx e fdds] F
FToke HA AR A7 AAATE vA 9] Fen|EQl 5 WY R E
27435 5, 2(3.18)3 (3.19%F3 HA ALY w(t)7t 2HHct webA
#HA AMH Aol AAl= A= st BE RO AW wAE AFREHE
2 Aoj7] AAZ} WS Rk o] &5 BE R AAAL Aol
DA wEA 3 S AR E Fal AR girh Ao A]AR
kA Algze Aol B £k, A FE 9low, oA AFH T
PHo] A HAJAA A 7HE F= ok wEkA o]y e Alae
HE Fola HHst 7] W 55 vhdste] g AEs HA
stg d a7} Qi

7 Ao o]Eell std AAYH w®t)7t mx1 FHZ Lpepde] o3
=[rlenol A3t R AG20)% 22 mxmo] ¥ FHs oA
Fd= vedo o] RE AAdtE AS gAAEY BEE QA S
At FolH, Ao] MEyt BEFE Aol & 2450 WolA

% RE A3 2AsIs f4A otk

N
2
o,
O+

-~

;ﬂ r,=r,) (3.21)

b, Aoj7] AA AFES A|o]7] AAQ V|FOo g Ao} o]E wHEd)
= 3% 349 RE 719 Ao wo] opd gy HA e € &

a

QA 44 FueFS A gl TeuA Sk

N

A=l
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3.31 4 €189 L

Jo
)
rUS
EE
mN

(Genetic Algorithm; GA)=> =4 HA3F 7| 7|\t
S T Uxde duglF SR 1,975d0] £ W =(John Holland)ol
s i el HA3 7oY. GAE Folxl # Z7elA f

3 FARJMAE 7 ANAIZE 29 A 9L ARG AEE, BAEC] Fo
e Kohe AdAd9y 2 Jide ol&dth Aol diE @l
(solution)E 7} 7RAZ FiI, v 3= o|Fofxl Huks FA4stt 3
e A9 #44 mAYSS A dadeser Eud 4 dal
= sl A998 HA sy sty O gl A HAsF e
ot o] e GAv FulY "o ThestEE dho] FHAE, FAAAH

o wetole] 4 W Ao 5 chepd fopel Agsm ek

P

332 A ¢xgFY 7|E &

GAE A¥str] 9= sidstat sfe T F3 datel Agd
FAow sk, a3t 4% deuEE AAs o vt GAE V]
Ao v QAFE FAHT

‘A A (chromosome)’ = Aol st & GAZ} olafiet+= FEl= 1d
g Zlojgh. dWtA o mE ThsdlE UEte dAk sdolnh /A
(gene)y = FAAE Tt 2 @9 4=, dMtdorR = Adxd wd
of Eo{7k= dHlolHE 5ttt <8 T(population)’ = ThFS] XA = o]
Folxl Adow v e ESlE yedth fAd AAEAK(genetic
operator)’ i GA2] A Q4= e HstE fdstes 74 d4S
ek e, wak, sdRolel e AARAE vk Table 3.1 3 <

AbAEe] el & yrERdIT
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Table 3.1 Genetic operators of genetic algorithm.

Operator Note
A wake] 2ol F Y FREE 12 AAroE 7T
a7t e ghEo] %
(selection) ex) 29 @ Mul E];‘ID.]E Hel 9 Hul =
aa | T A HAE wE ATl shuel Aze
EE AALCE, GAE tiEste dalolth
(crossover) ex) A Wit ol w75 wi =
o) | FEAN G S4E Adee] medshs Ao the
o Sl Bt B B WA
(mutation) | o) 54 wol, MFES Wol &

‘At (generation)’ = 7N A= X

A AR F AEA BAE APl ES v AdE JA ST ol g
o] @AE yEtdt =3 GAE HA%TE AU} e FHisteke W
o7 37t dojur), < EZ S (objective function)’' dE HASL
A7 doju= 7]Fo] "k HHA O F [TAE(Integral Time Absolute
Error), IAE(Integral Absolute Error), ISE(Integral Square Error) 5©| g2 Ak
SE AN, AAAY] Eipol] whel ks JElE dE 4 Utk vEg
T, A% dgtas vk A E(fitness) = Tl AT A9
Aol 24 s vetdoh Afwrt (=) GNALFS e o
U Adz fd2E FE0] xoh Al =3 (constraints)’> HX & H
Ae wefe] =7y,

o] 7HA dElE FAE
A A= F&l WstebdAA HASE BFASk=, °o Ve

l_;l
ot
S
ol

(termination criterion)’©| 2} A 7Elx2E A, AR, A

o # 5= 2L F Ak
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333 4 ¢daugEY %

GAZ AIst] SeiM= BE dl dAAZ mdHolof gty 7]
GAx oldl wdS ARERou, ARkl AuwA tofet Fee] wd
2lo] S5 Table 32% GAOl o] €5 = % o E ekt

Table 3.2 Representations of chromosome in genetic algorithm.

Representation Note
o g |0 1E BAAE EEAT @949 ot A
A a2 A
AA7L el g theh Q1Aksh AjY ool o],
- 2d | kX2, 8, 10, 163157) so] 3
g gq | 7Y N NEE A DE S Y, AAE 5
STT Lol 5 A9 agg faArt A g
)74 mA o Adm Q- +E @ HE A
A A
o7} it}
1 9 7HH 2™, A 79 39, EF 23 Fo] Stk

334 74 ¢y FEY ZEAA

Fig. 332 GAZ} A3 EE A8 Z2AAS Yeh)E 2555 e
th GAE Adstr]eol kA, HA3; EAlel s e Fd = B2, FH
Azt ZAs Yeds SA%e, Aok 2 a8lan 5 Ak @Al oA

oge T Al TA V= s& WA AAGsto ok Tt
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Generate initial population
Generation (Gen) =0

v
Evaluate -
objective function Selection |
L4 Y
| Fitness scaling | Crossover |
2
Gen = Gen+1
<" e | Mutation |
No +
Evaluate

objective function

Fig. 3.3 Flow chart of genetic algorithm.
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+ el vl A Abds vESehs #A MR AlelrE A7
stz @tk WA, eAdETRE T,5 F Aogow, #dE T,5 Bz
Ao s 2vh. edg 2R disie AFa WAd Al AR

AUFE(P.U)7F 5% vwk o)== A
Al ArEE AR HAE Aojols FAT Aol Al Abelu V1E
2

T edE e} HE

o%
2
F

GAE Z&3l7] SlsiAe HAg EAE Foslor st & =il
#HA AE Ao71e] AA HerE Q] st qE R 7 GAS A3 i
o] it} st5 FHL A (real number) 7| = TFF7] wiEo], A &
dell= A xmd WAl Ae Id /4 ¢agS(real coded genetic
algorithm) & ©]-§-3}3lth. o] WAL Aok =& ZH= HA3 A4 4
of Agsttty el omP, RO 7 QA dMAY FHA7E Ao
oJ gstr® A7) ®dHo| Hut

=M BRI Qe PSS Ye A A Alojd¥ S 2ol E R
m=20], Wb R (mxm)E 2](3.22)¢ #o] e

R (2x2)= [r” 0 ] (3.22)

0 799

—_—

A7, A7) A HAGNM = Zh Aol W e I FF=
il 552 dAR FHgeloerg RO W o
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vt ol A7) AA AHE oS desta g4 vbEth GAE A&
71 fl8l R A4 X= AFostd 2(3.23)7 Zo] ueRd & itk
AN r& LAET=E T,5 Alolsty] fg 4571 ANy T3¢

o et TS, rpe FIEE T.F Alolsr] 98 EEV /I% Vo tig

S

g2 YEhM, 25 AeR dEbds
X= [561 502]: [rll rQQ] (3.23)

B modAes LYdET2% AoE fal, 11 AR R AHEHE 4
E gAer]o At 2(3.24)9 ITAES GAS ZA3+= HAAstt)
st FHoA ZF Q4= 0T} Fof FER A|CF ZAHOFE 1,1y >0
Aty Esk Alojr] AA| Ak WESA1717] flEl, fdE I
ololl&= 1,590s <t, <1,600s9} P.U<5%S Aok 07 Frlsta, 34
T Aojell= t, <1,600s9 T, <15CE Ak xHoz A3t 2
Z7en Aole AR A xi WAES 93 =71E Antiwindup A QA-S
ZH = ARD K tiste] 05K 0] HES AT

ITAE = t| t)|dt (3.24)
0

ZAE2 GAY A3 MATLABY ‘GA solverE ©]-238F3 a1,
A7 50, A X 1< X<1,000 BN #5 XS
o] gsto] FAAZ %7 djwo] FAHEE sY AT AALUH

X] ER

e B W, WA Qe AEE, Mg 08,
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T} MATLAB/SimulinkE &3l GAE A3dsta st5 dd R E 2 3st
T ZEAAE Fig 340 HERALE o] wet GAE S8l A AFSFS
nEsks H A RO Q4 rypE
ok o web el e ARl K3 AR ARD Ke 2((3.25)8F 2ol
Anti-windup A%1> -9.82% AU wEbA, GAE F8l HA 3t &
= 349 REAN AAY HZ HE Ao]7]= Table 333 2t} #loj7] A
A A, GAQ] A3e] o] 83 MATLAB Z&13S Appendix(A.2)o ek
iAot

247} 267.86, 11.62% A4 =3

ST

Generate

initial population
- 1T0) ¢ D e X=[r;i 1T =50
Simulate & Evaluate Update population = [r11722] (n )
objective function J
- T / ra 0
—— Fitness scaling | Design controller [~ >R, = 0 r
G=G+1 T 22
| Selection I I
3 - =
[ Crossover | Update controller gain |- > :tate feedback gain
¥ i ervo gain
| Mutation I Anti — windup gain
e 2 . .
Simulate & Evaluate M ujation
objective function J
Getdata " # ‘- »ITAE,t;,P.U
Termination criterion

satisfied?

Fig. 3.4 Flow chart of genetic algorithm by MATLAB/Simulink.

K, =

[— 19.65 0 (3.25)

_[-006 0
0 —14.75}’ KQ_[ }

0 —0.29

Table 3.3 Controller gains of optimal servo control system.

Component State feedback gain Servo gain Anti-windup gain
Compressor —19.65 —0.06 —9.82
EEV —14.75 —0.29 -
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Fig. 5.1 MATLAB/Simulink program of optimal robust servo controller for simulations.
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 348.1s—0.467

Gir8) = S5 1 G-
19.9
Gils) = Trg0s +1 (5:2)
NEAOI L A F 744 A9 rrel WALk 3 WARE DOB

5 A e HA AR Ao 'E AlEwolds ARtk o=
VSRSE ez AAE HA Ax Ao7]e Ao ez 1 5S4
sot7] flgteltt. + WAlZE DOBE zhe FHA AR A7|(HF A
ME A7) AlEdelds A3 ol DOBE F7HEo 2 HA

ME A He FE, 53] st B TS #@lsty] Aol
Z AlEdoldS ARk WA o AVKEFs HE)e F A =
o

Aotk Ao s 4ol 2Hs SEIH AlEdelAs] 7] £ e
7

2 AR JHE} 1.68 kW MHoA 2AdEFLEE= 30°C, JIdEE 7°CE
SR AEgk HAE 1,000 2o edETLEol AHYE 30°C
oA 25°C=E WAt WH FFAAS &l gt 7ol A%, A

kW, 6,000 Z° A7 4H3Ie] 10%E 7
ol 7z} Al EH ol Z7AS Table 5.1 YeERA T

Table 5.1 Conditions of simulations and experiments for each time period.

Time period [s] 0-1,000 | 1,000—4,000 | 4,000—6,000 | 6,000-8,000
Reference of 7, [C] 30 25 25 25
Reference of 7, [C] 7 7 7 7

Heat load [kW] 1.68 1.68 1.85 1.51
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Fig. 5.2 Simulation results of optimal servo controller.
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Fig. 5.3 Simulation results of optimal servo controller with and without DOB.
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Table 5.2 Response characteristics of the simulation with and without DOB.

Heat load increase Heat load decrease
Max. Settling Max. Settling

transient error time transient error time
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Fig. 5.4 Simulation results to confirm robustness against model uncertainty.
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Fig. 5.5 Control input of compressor by optimal servo controller.
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Table 5.3 Response characteristics of the simulation according to parameter

variation.
Settling time ¢,(£2%) | Percent undershoot P.U
Nominal model 1,590 s 2.06%
7(+25%), k(+25%) 1,652 s 2.58%
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Table 5.4 Response characteristics of the simulation according to DOB
application against parameter variation.

Settling time ¢,(+2%) | Percent undershoot P.U
Nominal model 1,590 s (1,590 s) 2.06% (2.06%)
(+25%), k(+25%) 1,566 s (1,652 s) 2.15% (2.58%)
7(—25%), k(—25%) 1,275 s (1,296 s) 1.79% (1.31%)
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Fig. 5.7 Simulation results according to weighting matrix change.
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Table 5.5 Response characteristics according to weighting matrix change.

oo =1 By, Tgor—100 11,799 = 1,000
t (+2%) 1,008 s 1,104 s 2,124 s
1, control
P.U 0.44% 1.55% 3.06%
t,(£2%) 1,300 s 3,094 s 5,062 s
T control
P.U 13.61% 42.18% 106.06%

Table 5.5°014 3t 7,3 ry,7F 1, 100, 1,000°. 2 2oyl st et Ao
gol 1, A, T, Al wet s AEe Fho] =T dnbror 9
Ao gk skso] AAWE Ao} AHsol Asstal, shzo] Zopxw Ao
deol FEARE, I o] AvintEdA AFHoR AV]= ofHTh

T T QIS AAAH I AeFe] FolJAA A mE R gETh o]

_49_



A5% MATLAB 7|4+ Al Eelold A3 9 w3z

O8Ol HA Mn Aolrle &EF FY AYels B NBFeL
wesl gk olF Fi Aol Wesh Belds® d% U AYHe
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522 Q-ME A7 WulE] G B4

DOB?| ei4Ql Q-AEl= A &3 AH He =z A=Y o7 =+
2 olg dE7l A o] gHTh ol BE = 4280 AT vhel 2o
T 2 om, A A on, HE A 15 AA dEEE s 4
(5.3)3% 2o & delM= DOBO Al 9 Aol #d AE st
o Q-ZH A7 Iere 9 dFS BATTY. Table 562 2(5.3)= 7l
TO®, Q-EHE TSk 4 dEtvEZF DOBY el mA= dF=

ehd,

e

(5.3)

é%mwy
an(S)ZW

Table 5.6 The effects of DOB parameters on control performance.

Parameter Effect

* The small m—n, the better the robustness.
m—n * The larger m—n, the better the performance against the
sensor noise.

m * The larger m, the better the robustness.
* The larger n, the better the disturbance rejection
" performance.
* 7 determines the effective frequency range for disturbance
rejection.
T * Small 7 means wider frequency range for disturbance
rejection.

* Small 7 makes the DOB more sensitive to the sensor noise.
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o = Aot VSRS 71HEe] edZE AL thdoR &%
Aol Bs= syl 28l A"t W3 W sk QIZKE RS ME) AF
= Fdgn. dHoly 3 2 A AAqE Qg A E+= PXIe(PCI
eXtensions for Instrumentation)E ©]-&s}Sith Alo] X9 AA HAH =

Table 6.1 “}ERY ST},

i
r

il

Table 6.1 Control system devices.

Device Note
PXIe chassis PXES-2301
PXIe controller PXIe-3985
PXIe module PXlIe-6341
DAQ device SCB-68A

Fig. 6.1 Aol AMEE= HA AR Ao7|(2y F2) 3 DOB(U
F3)°] MATLAB/Simulink 55455 Yepdth % AlSol= K-type
AA7}F o] gE oM, MATLABY Aol =4S %3 ﬁ]*&% Alof < o
2 PXle A5 F& oldZ1 1eh0~10 V) A|F oz ¢=7] 9wy 4
EEV EgtolHg E9¥tnt o] edZe] AAHS F Aoz 2dET
< T,2 AWE Fa fio s 53 2EE Aojdrt F Ao]®kl
HE% T+ EEV M= Vel o& 5% =2 Aojdrt. 232 Table

5.00014 AAE AlEold 213 sd3 £ ShellA Ald T
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Fig. 6.1 MATLAB/Simulink program of designed controller for experiments.
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Table 6.2 Experimental results of maximum transient error with and without DOB.

Maximum transient error
Heat load increase Heat load decrease
without DOB +0.30°C +0.55°C
with DOB +0.16°C +0.35°C
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(A.1.2)

(A.1.3)
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» Constraint parameters
b Hybrid function
» Stopping criteria
» Plot Functions
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aw b Display to command window
ZZE » User function evaluation
More Information
¥ User Guide
» Function equivalent
< >

Fig. A.2.1 GA solver of optimization tool of MATLAB.
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Fig. A.2.2 Plot functions of GA solver.
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Fig. A.3.1 Experimental result for interference transfer function G (s).
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Table A.3.1 Experimental data of dynamic characteristic for G (s).

T, fi Load v, T, m P, P,
[’C] [Hz] [kW] | [step] [’C] [kg/h] | [bar] [bar]
7—12.9-0 | 5570 | 1.68 | 925 | 266 | 424 | 12.9 4
G (s)= AT,  348.1—0.467
WAL LT sshs (A.3.1)

A4 @F3 AT TE AET2EY F5A

Fig. A4.12 A3YAFA7) Table A4.12] Ag oA a3t GH 35}
Ho e LdET25e $54 A% d9E Ui o] w3 ¢
ok egte] et eUdET2EY Ase AlEdHeldE T3 Hgs| 9

o 4 ok ARE ALFTEE HA4DE 2IY A4

34 | : : : ! | 2
R s e
'§'30 ________ s —— gl A =1.9 E‘
S ool AT 11 juadbipa i i X,
® 28 l 1.8 5
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o e e __L____i--oil outlet temp. simulation || ]
g ;: .......... - :L J L—-—'Heat load 1.7 &
h 77777777 | T T e T = B m B T e o Iiiiiiiiif 77777777
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Fig. A.4.1 Experimental result for heat load transfer function G, (s).

Table A.4.1 Experimental data of dynamic characteristic for Gd(s).

T, Load vV F, T, m P, P
[’C] [kW] [step] | [Hz] [°C] | [kg/h] | [bar] | [bar]
25—29.18 | 1.68—1.89 | 950 55 274 | 452 13 4
AT, 19.9
= = A4.1
Gils)= 3 | 2v=c = Tro0s 11 (A4.1)
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A5 BF AR Aoj7] AAE $% MATLAB code

$% [H3A AKH Ao]7] AA code]

clc; clear all; ¢ WHA %7]3}

Ts = 1; % sampling time : 1s

$% VSRS AGF 2d

taul = 1680;

dcl = -0.43;

tauz = 67;

dc2 = -0.045;

G c= tf(dcl, [taul 11); % &F7] A

o =
G e = tf(dc2, [tau2 11); % EEV A3

G i = tf([348.1 -0.4671,[885 11); % SIME Fu49}

A

B = [dcl/taul 0; 0 dc2/tau2?];

C=110; 0117

D = zeros (1l,m);

%% VSRS FoiA ) ¥ =2
«,

Aa = [A zeros(n,1l); zeros (1,1)]; %
Ba = [B;D];
Ca = [zeros(l,1) CI;

%% 3% 3E Ra AAHS T Aojr] AA

Qa = Ca' * Ca; % A H7IsH Jaol k% ¥4 Qa

St Al (augmented) AT E

Ra = [267.863 0; 0 11.6243]; % HZA A r Aoj7] AA e 1A Ielu g

Ra A4 (%)

s AAE A7) ALY

o
o

[Ka, Pa, E] = lgr(Ra, Ba, Qa, Ra); % lgr : FHZA Aloj7] A7 & o

Kl = Ka(:,1:n); % AE] 3=91 A2l = 1

K2 = Ka(:,n+l:n+l); & A5 A2 dE k2
comp_LQR = K1(1,1); % =719 A8 vj=u 7)<l
comp Servo = K2(1,1);% 5712 Ax A<l
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EEV_LQR = K1(2,2); % EEVS] ZH] =1 A<l
EEV_Servo = K2(2,2); % EEVE] AJE A<l
Anti windup = comp LQR/2; % At 74 X3} WA E Anti-windup A<l

A.6 GAE °o]&3 HE AH Aoj7] AAE $3 MATLAB code

%% [GAE o] &3 F& A H A o]7] A MATLAB code (1lst)]
$% GAY A= I d (FHUFT fdF} HERE EA)

function [c,c_eq] = Constraints (k) % S+ 49
assignin('base', 'k', k)

global ts PU J; % A9WI=2 XA

rll = k(1); % 471 Add9 st=

r22 = k(2); % EEV Ao Es}al 3=

s3 U149 Hetele HE59Y Ra A
Ra = MllO;OrQﬂ;%(ﬂ%‘%@?ﬂaﬂ‘m%: g A sts AE Ra
%% VSRSY| AEstF 2d

taul = 1680;
dcl = -0.43;
tau?2 = 67;

dc2 = -0.045;

G ¢ = tf(dcl, [taul 1]);

G e = tf(dec2, [tauz 1]);

G i=tf([348.1 -0.467],1[885 1]);
n=2; m=2; 1=2;

%% VSRS®| HH ¥ =Y
A = [-1/taul 0; 0 -1/tau2];

B [dcl/taul 0; 0 dc2/tau2];
C=1[10;011;
D

%

= zeros (1l,m);
$ VSRSS] oA 4H T 2L

Aa = [A zeros(n,1l); C zeros(l,1)];
Ba = [B;D];
Ca = [zeros(1l,1) CI1;

%

o

HA ME Ao]7] AA code
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Qa = Ca' * Cay;

[Ka, Pa, E] = 1gr(Aa, Ba, Qa, Ra);

Kl =Ka(:,1:n);

K2 = Ka(:,n+l:n+1);

comp LOR = K1(1,1);

comp Servo = K2(1,1);

EEV_LOR = K1(2,2);

EEV_Servo = K2(2,2);

Anti windup = comp LQR/2;

%% MATLAB/Simulink A E#o]Ho2 3 vy &3
assignin('base', 'comp LOR', comp LOR) ;
assignin('base', 'comp Servo',comp Servo);

assignin('base', '"EEV_LOR',EEV LQR) ;

assignin('base', 'EEV_Servo',EEV_Servo);
assignin('base', 'Anti windup',Anti windup) ;

$% MATLAB/Simulink Al EZo|A AHS §F 5X £ =&

ref = 25; ¢ HRH

sim('GA simul'); % MATLAB/Simulink®] 'simul GA.slx! AlEH T 1t
d AP (HH MR Ao BEFHE)

lsimresult = lsiminfo(oil temp,t sim,ref); % lsiminfo : /ﬂéiﬂl
ol A3 HH o

ts = lsimresult.SettlingTime; % ts: settling time (2%)

PU = 100*(ref - Ilsimresult.Min)/ (lsimresult.Max-ref); % PU:
percentage undershoot

assignin('base', 'ts',ts);

assignin('base', 'PO', PU);

J = ITAE (length(ITAE)); % J: objective function value, AlEHA
U A 'To workspace' EHS Fd WG o|lFS 'ITAE'E T

$% GAY H|AY Agx=A (HAAAYE 1Y)

c(l) = ts - 1600; % AAALY ts < 1,600s

c(2) =1590 - ts; % 1,590s < ts (AAAIYGS Hold= @ WA
c(3) =PU - 5; ¢ AAAY PU < 5%

c_eq = [];

end

_73_



Appendix

%% [GAE o|&3% HA AR A|o]7] AA MATLAB code (2nd)]

5% GAS HHFF Bd (AdxA T AdH HEE EA))
function y = ObjectiveFunction (k) ¢ & A2

global ts PU J

y = J % GrollA HAspstaA st HAge g(rTaER AA) o F

end

A.7 DOB ZAE 9% MATLAB code

$% [DOB AA W (1) MATLAB code]

clc; clear all; ¢ WHA %7]3}

Ts = 1; % sampling time : 1s

%% 9-IE AA : o]8 (binomial) IH 7|&E &

¢}

syms 1 s % s =tf('s'");

¢}

o

numerator order of Q

o\

n=20; n
d = 3; d : denominator order of Q
tau = 50; $ tau : filter constant

%% ©) 34|15 (binomial coefficient)

(
o~

a mi = factorial (d) /factorial (d-1i) *factorial (i); % a mi : o]
A, *A(4.7) FaL

$% °|3 o-filter

numQ

denQ

0.

symsum(a mi*(tau*s)”~i,i,0,n);

(tau*s+1) ~d;

numQQ = sym2poly (numQ) ;

denQQ = sym2poly(denQ) ;

Q filter = tf (numQQ, denQQ) ; Q—&

P n=tf(-0.43,[1680 11); % &3F Aggs 2o
$% DOB A7 : MATLAB/Simulink ¥ WH-2, AA € o-"e g g
gb num = Q filter.num; % gb : o]& (binomial) Q-¥H, gb num : gb

ol &

o\

-dE, «AH(4.6) FHa

=

o\

9] %%X}(numerator) HE

gb den = Q filter.den; % gb den : gb® i X (denominator) i
gbn=gb_num{l, 1}; ¢ AlEFA Ul o-dH A&y =59 TA= Uiy
gbd=gb_den{l, 1}; 3 AETA Ul o-dFH A2y =59 2EZ Uiy
gb=gb*inv (P n); % AA¥ o-ZE} o 33 AGgo ¥
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gb_num=gb.num;
gb_den=gb.den;
gbn=gb_num{l, 1};
gbd=gb_den{l, 1};

%% [DOB A A Y (2) MATLAB code]

clc; clear all; ¢ W&HA %7|3t

Ts = 1; % sampling time : 1s

%% 0-IE A : o]% (binomial) HENA £A X4 n = 022 1A
s =tf('s");

P n=tf(-0.43,[1680 1]); % &4 dAgss »nd

tau = 50 ; 2 Fi]]ﬂ }\]24/\ /ﬂ%%

"
o

n=23; % dHASF (relative degree) AA

Q filter = 1/ (tau*s+1)%n; % 0-EH AA (d&d+ &), *2(4.8) FL
%% DOB A7 : MATLAB/Simulink ¥Q WH-2, 7A€ o-HE g g
gb num = Q filter.num; % gb : o]3t (binomial) Q- H, gb num : gb

o] A} (numerator) Y&

gb den = Q filter.den; % gb den : gb®] i X (denominator) i
gbn = gb_num{l, 1}; s AELA Ul o-FH A& =59 FA= did
gbd = gb_den{l, 1}; ¢ AETFA Wl o-BH Ao =59 FE= Y
gb = Q filter*inv(P n); % AZAE o-ZE¢ o T dEIF

gb _num = gb.num;
gb _den = gb.den;
gb num{l, 1};
gb den{l, 1};

gbn
gbd

A8 Ao HF AE EES $1% MATLAB code

53 [AEHH ARNA &H 54 AE =F MATLAB code]
clc; clear all; s WHA %7]3s}
Ts = 1; % sampling time : 1s
3% = oH AR
ref To = 25; % SYEF5% AFH
==

ref Ts = 7; ¢ }E% A=H7k
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sim('simulink file name'); % AleEda '3 o]g A
lsimresult To = lsiminfo(oil temp,t sim,ref To); % lsiminfo
AlEdold Ay AR v o

ts To = lsimresult To.SettlingTime; % ts: settling time (2%)

PU To = 100* (ref To - lsimresult To.Min)/(lsimresult To.Max-ref To);

% PU: percentage undershoot

tl = find(abs(oil temp-29.5) < 0.01);

t2 = find(abs(oil temp-25.5) < 0.01);

tr To = t2(1) - t1(1); & LYETF25 HSAL

lsimresult Ts = lsiminfo (superheat,t sim,ref Ts); % *&%xo] 0

s 43

ts Ts = lsimresult Ts.SettlingTime;

PU Ts = 100* (ref Ts - lsimresult Ts.Min)/(lsimresult Ts.Max-ref Ts);
33 YFOE F& I AR # ==

result simul = ["To AZAIZI" ts To; "To AUFE" PU To; "To %
AIZE" tr To; JF-"40;/"Ts ZEAIZ" tsiBs; "Ts AETE" PU Ts]

assignin('base', 'result simul', result simul)
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[Brex) AR =5 22

I. H. R. Oh and S. K. Jeong, 2021, Precise Temperature Control of
Multi-Input  Multi-Output Variable Speed Oil Cooler System Based on
Optimal Servo Control Using Genetic Algorithm, Journal of Korean

Air-Conditioning and Engineering, Vol. 33, No. 11, pp. 566-578.

[Bretis dE =& 2§

I. S. W. Yang, H. R. Oh and S. K. Jeong, 2020, Optimal Robust Servo
Control Based on a Sliding Mode for a Variable Speed Refrigeration
System, SAREK of proceedings(summer).

2. H. R. Oh, S. W. Yang and S. K. Jeong, 2020, Optimal Robust Servo
Control for a VSRS with Model Uncertainty and Disturbance, SAREK of
proceedings(summer).

3. H. R. Oh and S. K. Jeong, 2021, Optimal Servo Controller Design for a
Variable Speed Refrigeration System Using Genetic Algorithm, SAREK of

proceedings(summer).
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