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+\EULG )%]]®RQWURGFOBTEHIK\VLFDO 6\VWHP

'RUNL®JIGHU 9ID(Q\Y.IQUR Q RHROMEDM L R Q

'HL :DQJUDQFHVFR (QUODRER =LR

(QHUJ\ '"HSDUWPHQW 3ROLWHFQLFR GL OLODQR 9LD /D 0ODVD

&KDLB\RQYHP 6FLHQFH DQG WX CDHVLIR GIHGOHE BIMDMIAH. W H)
&HQWUDOHG6XSpOHF 8QLYHUWAYHDWHY BDIFQMEH x|

$EVWUREWWOPH FRQW URK VRIFROVIE&EW HPK\VEBRBHV V
YDULDEPRIYLIWRW HG D B\G QOQURE R QWM ANHHSLQJ WKH YDO
RVDIHW\ SDEHW EMMRE U H VIQR'Q G R QPRIQGWDADDRIGINF KD Q
VIVWHP G\I@®® IDFAVW R W KXIQ F RTKR § RSDEBHUBD EWBW LG 1 X]]\
3, 3URSRUWWRIEHLLY DWR QM UREDBDK B WERISWLP,DO
FRQWUROOHDQSD ViVBENWW AR WER BB Y LUR Q8 BIQIVD-ONHUV DQG
SURFHVVVYD®XBE OH

7KH SURB®WHGFRLQ\W @ RODHIIOLHNGS RMRG WR WKH FKDQJI
W U D Q ¥V QHKHWIVQ Y L W R @R RIQW/HDFOR H WKW X WHHF RFOIGID UK IR R S
%LVPXWK (XWHFWLF H;SHULPHQWD O ;$F&F H®H UDHHRBUW QUL Y H
WKH VHARYGHGERIRO D Q WX WHBLSGHUDMW RE HWDZHHHY WZR VDIHW
WKUHVKROGYV
H\ZRU@VYEBK\VLFDO 6\VWHP 34\E&RGWXROOHU (QYLURQ
&RQGLWLRQV 1XFOHDU 3R ZH4LVFODWYXWBBWLF/HDSHU!L
$FFHOHUDWRU 'ULYHB'® 6\VWHP /%(
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&\EBK\VLFDO 6\VWHP
1XFOHDU 3RZHU 30DQW
3URSRUMWMWRHIDO Y DWLYH
IHDBLVPXWK (XWHFWLF H;SHULPF
6\VWWHP

)X]]JYRIJLF &RQWURO

7LPH
SHVLEKOVZHHQ WKH PHDVXUHG YI
3URSRUWLRQDO JDLQ

,QWHJUDO JDLQ

'HULYDWLYH JDLQ

/% (:$'6 WKHUPDO SRZHU

3URWRQ HQHUJ\

3ULPDU\ FRRRODIYW WHPSHUDWXUH

SBULPDU\ LQOHW FRRODQW WHPSH
$SYHUDFRUKY WHPSHUDWXUH
6HFRQGDU\ LQOHW RLO WHPSHUD
6HFRQGDU\ RN WSHIND RXOH
6HFRQGDU\ DYHUDJH RLO WHPSHI
$LU PDVV IORZ UDWH

8SSHU WKUHVKROG RI WKH RLO W
IRZHU WKUHVKRGIE FH WDKHX BHO

ORQRRQLFDOO\ LQFUHDVLQJ IXQF
' QOHW DLU WHPSHUDWXUH

6HW SRLQW RI VHFRQGDU\ DYHUD

&KDQJH Rl WKH SURSRUWLRQDO .
&KDQJWKH LQWHJUDO JDLQ
&KDQJH RI WKH GHULYDWLYH JDL
,QSXW Rl RRWSSWVWEDWD SDLU
2XWSXW RIRX@/ ERWXGDWD SDLU
0DSSLQJ IXQFWLRQ
$YHUDWHDEDWH GULIW

BHWWOLQJ DUHD
)X11\ VHW \MWRK WEWHFHGHQW
)X]]\ VHW\MRK WREVHTXHQW

MV K IX]]\ UXOH

)X]]\ VHW REWDLQHG IURP D IX]]\
OHPEHUVKLS IXQFWLRQ
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$ &\EBK\VLFDO 6\VRRHPE LEBHY D F YH UK \D \VSIKK®RY AP O
LQWHJUDWLQJ FRPSXWDWLRQDO UHVRXUFHV LQWR SK\V
FDSDELOLWLHV WR QRKHHRIK\VLFEDO WWDMHP HD BRSQU MIRQLL]®IJ
G\QDPLF FRQWURO DQ®HBERQWHIR®Y VXSS WEWK/ RBSVELO LW
LQFUHDVLQJO\ RSHUDWHG LQ WUDQV SRIJWHD WILRR® R WEHW
DSSOLFDWL@@Z 6 @WKH F\EHU FRPSXWDWLRQ DQG WKH !
GHSHQGDEOH ZD @D ER VRMKKIMEXMIK PXOWLSOH DQG GLVWLC
HPEHGGHG F\EHU FRQWUROOHUV PRQLWRU DQG FRQWUR!
SK\WLFDO SURFHVVHV DIIHFW DW WKH VDPH WLPH WKH P
XQLWYV E\ ZLUHG RU ZLU @0 ¥KEVQ HRUPPWN\RO® BDQ EH LQWHE
PDQLSXODWHG WR JXDUD Q®BSIWAKH VURE X P WV B CEG W/HIDL D
WR FRPSRQHQWY IDLOXUHVY DQ® $KDDRRREDWLRI) ¥ Q@ YU R
@> JRU H[DRROHN@®H IOLJKW FRQWURO RI SDUDIRLO V\\
LPSURYHG ZKHQ ZLQG FRQGLWLRQVZRHUHGXOL@DNHQ L
DGDSWLYH VSWWGDMRHIWRRQRARMFOHY XQGHU YDULRX\
FRQGLMILHRGVURSRVHG

$GDSWLYLW\ Rl &36 FRQWURO UXO WV FFHD ®@ REGIL IVIRKULLHOYIHR
SK\VLFDO DQG HQYLURQPHQWDO YDULDRWHNYOSPWDELOLVW
PRQLWRULQJ RI &36V FRRWDRQ WEKFHWRWDPLEFDO V\VWHP\
UHTXLUHG WKH FKDQJHV LQ WKH REVHUYHG EHKDYLRU R
VPDOO SHUMWXSBRE®\ELREXH FRQWUROOHY \@R EH NHSW DW |

7UDGLWLRQDOQQVVBHRBRWMM ROWM 03," FRQWURO V\VWHI
XVHBUHWURDFWLQJ WR DFWXDWRUV WWH PDHF WR @ O\ RACRO E ¢
WKH VIVWHP VHH BJEIJBGW®O 3,'V KDYH RYHUFRPH DQDO
VWLOO LEDNHRMGIHSMW OAKHLU SDUDPHWHUV VHWWLQJ WR
FRQGLWLRQV D SUHGHVLJQHG FRQWURO IXQFWLRQ LV L
FRQWURO WKH SK\WLFDO SURFHVV YDULDEOHV ZKLFK R
SFRIW WKDW R U HYLLEMD/EM VWIKH $ VWURQJ OLPLWDWLRQ
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FRQWURO DSSURDFK LV WKDW LQFRUUHFW FDOLEUDWLRC
FXUUHQW SK\VLFDO DQG HQYLURQP HXHW D D GAR Q& HWERQW
SHUIRUPDQFH DQG UREXVWQHVV > @ > @ ORUHRYHU
SK\VLFDO V\VWHP PD\ EH OHG WR GDQJHURXV RSHUDWL
XQIRUHVHHQ FKDQJHV RI WKH HQYLURQPHQWNO FRQGLW
PDOLFLRXV DWWDFNV WKURXJK WKH QHWZRUN DQG SRR
SDUDPHWHUV VHWWLQJ VHH )LJ

Physical process }——»

Setpoint  _— €(t)
—p

X\’ Command signal
T Controller

‘ Measured variable

)LJ 7KH 3," FRQWURO VFKHPH

Environment Network
(Unforeseen conditions) (Malicious attacks)
A iA
vi vi
Database = .....-] Command signal _
(Lack of credible statisticsy ™| Controller Physical process >
A
Pi C e
\4 Set point L

Human actions — (X))
(Human errors)

Measured variable

)LJ 7KH F\AEHU FRQWURO VFKHPH

7R RYHUFRPKD WKHQJHY RI FRQYHQWLRQDO 3," FRQW!I
FDSDELOLWLHY WR D &36 FRQWUROOHU D )X]]\ /RILF &R
> @ )/& KDV EHHQ LQFUERVOGJPRQWHEQ & Q@M@HULQJ >
> @ @KH IX]]\ UXOHV DUH REWDLQHG E\ D IX]]JLILFDWLRQ
SK\VLFDO YDULDEOHV $QWHFHGHQWY DQGFR@WUWRILF P
SDUDPHWHUV &RQVHTXHQWY > @ > @ 1RQOLQHDU DQ
)/& UXOHV DQG LPSURYH WKH FRQWURO SHUIRUPDQFH HV:
XQFHUWDLQ SK\VLFDO DQG HQ¥L®@®R Q@ HRW IO FPR G @ L WLKRH
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UXOHV DUH EDVHG RQ H[SHUW H[SHULHQFH DQG NQRZOHC
7KHQWHJUDWLRQ RI D 3,' ZI3WK IDV)S& RWHQ WR]EH DQ LQV
QRQOLQHDU DQG UREXVW VWUDWHJI\ WKDW LPSURYHV WK
UHDGMXVWLQJ WKHOB,Q BDL @& PLHD PID @&Q U@K HAW IV X O W
IX]]\3," FRQWUROOHU LV WKXV DGRSG @OHQRFRAYWUQFW
WKH F\EHU ZRUOG ZLWK WKH SK\VLFDO ZXKULO® MXBQ LQ
VDPH WLPH JXXUHD QW Bl E L QLWL VIRKFRDKKWAL EEBRWK HR IOF RQ W U R
RWKH SK\VLFDO EHKDYLRUV

,Q SUDFWLFH HQYLURQPHQWDO FRQGLWLRQV FDQ SOI
SURFEAWYULJJHULQV\XQIHRR BVRIBIMLFY )RU H[DPSOH VHDZD
DV WKH FRRODQW Rl WKH VHFRQRSZHU BRRQ /YW 1BIBY F DLONG
VHDZDWHU WHPSHUDWXUH FKDQJH PD\ DIIHFW WKH 133 FF
SHUIRUPDQFH DQG VDIHW\ > @ LQ@RGIGMWNLIQRQ II9EHWAISR
VIVWHPV FKDQJHV RI WKH HQYLUR @RH QW D Q VWHHP FHRBIDIW b
DQG WKH HQHUJ\ EDODQFHY FKDQJH > @ > @ > @ 7KX\
EH PHDVXUHG DQG LQWHJUWWRHHS PLROQVLRV RUKH) F\EGIG BRQY
LQWHOOLJHQW PDQQHU WKH UHVXQOW PQD &RRQM/U R[S HFW
LQ GLIIHUHQW HQYLURQPHQWDSWFRRGIMWKHR PP U\RQG NRIQ
SUHVHUYH VDIH RSHUDWLBRQGRD WKLH SKRVIFRDPREWHR O

,Q WKLV ZRUN HQYLURQPHQWDO SDUDPHWHUV YDOXH
FRQWUROOHU WKDW RSWLPDOO\ MHWDQWEKHRE,' WIKOH. Q V
SURSRUWLRQDO LQWHJUDO GHULYDWLYH SDUWV RI WK|
K\EULG 3X]]J0\V FDSDEOH Rl FRQWUROOLIQQ YWHRQ®3HQ WQ G|
FRQGLWLRQV 7R LQFUHDVH WKH 3)/'UDRQABDRE QWKRI WK H Wk
DUH KHUH RSWLPL]HG BX\BHMVRX YW BQU WIRVD RQULG) DSSURTE
> @ ZKHUH WKH IX]]\ VHWV DQG WK HP $XHV UKIO HY SXWH
YDULDEOHY DQG RSWLPDO FRQWURO VHWWLQJV

7KH SURSRVHG FRQWUROOHU LV DSSOLHG WR UHVSRC
HQYLURQPHQWDO LQOHW DLU WHPSHWBMPXK R | ( XK HFWHH



H;SHULPHQWDO $FFHOPIUDWRG 'Y LE®MR PWWWR PDLQWDLQ
VHFRQGDU\ DYHUDJH FRRODQW WHPSHUBDKNVIHHDRWNVEZRG H \
VDIHW\ WKKHVRKRWGRL]HG &36 LV ILQDOO\ FRPSDUHG ZLWK
VFKHPH ZLWK IL[BEQG B UBRHWEMMWHLDEOH JDLQ 3, FRQWUTF

7KH UHPDLQGHU RI WKH SDSHU LV RUJDQL]HG DV IROO
WKH /(%'6 WKDW LV WDNHQ DV &36 FDVH VWXG\ ,Q 6HFWI
SURSRVHG K\EUERQWJU\RO VW BHBWIRI WK K WHASHWY D W X U H
WKH VHFRQGDU\ FRROLQJ$W\VWEABHRI WDKHLPEI( HQYLURQ
FRQGLWLRQV 7KH UHVXOWV RI WKH SURSRVHG DSSURDF
UHIHUHQFH 3, FRQWURO LQ 6HFWDRQ R®D V6 RF WIKRIQZR GN D

II. &36 &$6( 678'< 7+( ;DG
A. 7KH 3K\VLFDO 3URFHVV

7KH /HBG/PXWK (XWHFWLF H;SHULPHQWDO $FFHOHUD\
'$'6 LV DFWXEVLFDO IDVW UHDFWRU LQ ZKLFK WKH ILVVLF
SRZBWLV VXVWDQ GHWHUQDO QHXWURQ VRXUFH WKURXJK
SURWRQ WHIFFHOHUDWHG E\ D V\@EXPRWK R&®WRHF DL AH DV &
WDUJHW

7KH SUERROLQJ V\VWWPSHVZRWEKR/R4 OLTXLG PHWDO ER

WKH WRS RI WK 8 RZRHUWHQ R WL RXODO FRQGK_‘?S/\HLTFQ(Q)\ORWW WHPSHI

SXVKHG E\ QDWXUDO FLUFXODWLRQ HQKDQFHG E\ DUJRQ
RI WKH VHFRQGDU\ FRROHQWHUUGXWKB FR WKHIRBPHVKH E

WKH GRPGU DW WIEPISFHXUDWWRAKH DY HRIUASW 8 DW X U H
RI WKHeJ%I(V WDNHQ DVIiyREEHDQ RI
,Q WKH VHFRQGDU\ FRROLQJ VI\VWHP D IORZ RI DQ RUJ

VHFRQGDU\ KHDW H[FKDQJHU FguaJRPX\MK)I%_WBHMKWRRWQJ-D

WHPSHIAR ¥ XINDO R DW QRPIOSRDRU 0:WKXV WKH
DYHUDRPLWEPSH &3 YU &RROLQJ RI WKH GLDWKHUPLF R

6



WKURXJK D A 'PLOQRFARD OO\ HNXVO>SMERYLGHG E\ WKUHH
FRROHUV FRQQHFWHGVHPRYB DUN VK HDA Dg BRIYQ GHiU D
PD[LPXP DLURORNJU MWH @

B. 7TKH &RQWURO 6WUDWHJ\

Q> @ WEW /20(V RULILQDOO\ HTXLSSHG ZLWK D VLPXC
IHHGEDFN FRQWURO ZKRVH VFKHPH LV VKRZQ LQ )LJ

G\QDPLFV E\LPREEFWRIVGRMRXULQJ DQ\ RSHUDWLRQDO WUD
GHVLJQ EDV LR DIRFAY%HQ BURW R BOBIAM RSHUDWHG LQ DQ\
LQ WRHQIGH WKHDWU WHP SH WDMOX R&ZU IV&JIJBIQ DYHUDJH YDOXH

WRR&> @ 2Q WKH FRQWUDU\ DQ RLO WHPSpr%U-DI'\MEOH EH\R

WR R& ZRXOG OHDG WR GHJUDGDWLRQ RI LWV SK\VLFDO D

WHPSHUDWXUH IDLOXUH PRGH ZKHUHDYV QOWHI'B(S}UJDWXU

WR R& FRXOG UHVXOW LQ WKHUPDO VKRFNV IRKWHWKH SUL
VWUXFWXUDO FRPSRHPHSGWDWKXWHH IORDXUH PRGH > @ >
WHPSHUDWXUH R GILWD WKHUPREVWULROOHG YDULDEOH DQG
AP LV WKH FRPPDQG VLJQDO SURYLGHG E\ WWKHFRQWU|
IHHGEDFN FRQWUROOHU ZDV D FRQYHQWLRQD® 3,' ZLWK
WKH LQWHIQ® WKH GHUDYRWLDI®G FRQWULEXWLQJ IRU
VWUDWHJ\ WKH UHPDLQLQJ ZDV SURYLGGH G\ED WKH I
PRQRWRQLFDOO\ LQFWHDNWQQJXDEN URITXLYRG/PLU PDV\
WKH UHDF3WRWBRRHGLQJ WR (T

a p

*t Ket K 3tdt |<dde—t < Pt
dt
7KH WKUHH IHHGEDFN WHUPV RI (T DUH
1) 7TKH 3URSRUWHR@GDWKDW DFFRXQWV IRU D MRKGWURO D
UHVLBXDOWIGHL I IHUHQFH BHWINHG & %% GRivw X H

Rf'wé(jéi PHDVODWH@EQG WKDW PD\ OHDG WR WKWWDDWHH Y DC
UHVLEBYXHDW WLPH LQ FDVH RI LODFFXUDWH VHWWLQJ



2) 7TKH ,QWHYHD® WKDW DFFXPXODWUWHNVWEKHDEDW MP M D O/ RH
UHGXFH WYXW DMHMBE D O

3y 7TKH '"HULYDWHYAR WKDW VHWV WKH FRQWURO DFWLRQ E
WHKIHH V LISXXDYH RYHU WLPH WR LPSURYH WKH UHVSRQVH

Controller

Tav,St o
o) Feedback (PID) |/ 2%

A J

+
a(0) »  Aircoolers |—»

P )
© Feedforward 0%

A J

yLJ 6 WUXFW X1$H6 RA RQRAHI RO( VWUDWHJ\

)LJ VKRZV WKHRYHUWKP' WFKHLWDO DFTXILVLWLRQ |

HQYLURQPHQW B W@GIE SELDDMKHWP L F6FL OV W BIW SBIFMDW B I HW

ERXQGLQJ OD\HU EHWZHHQ WKH SK\VWLFDO SURFHVV DQG
FRQWUROOHU 7KLV GLJLWDO DFTXLVLWLRQ FKDLQ LV FRI
% VHH )LJ VKDGRZHG ER[ (DFK BPRDHI¥WBBRGVLVWYV |
% PHDVXULQJ WKH DYHIOD IR QHO%WWWRSEOBWXIREHVVRU |/
VXEV\VWHP DBG/ %3/ DQG RQH /RFDO &RLQFLGHQFH /RJLF
/1&/$ DQG P&/ $Q LQGHSHQGHQW VLJQDO 3VHYVIRW QG DG
LQ HDFK FKDQQHO 7ZR UHGXG& DOW PRO U BMBE/EENQED O V
% DQG SURFHVVHG E\ WKHKH RUUG DS RURFMHNBEBOI SURFHH

FKDQQHOV SUWRGAMAHPRASD UHG zL W E W kD MWW B RLD W

%3/ LV VHQW WRDEBWE&/BKLFK SURFHVV L®IRUPDWHLRQ E\ [
,Q RWKHU ZRUGYV WKH UHVLGXDO VLJQDO LV SURFHVVHG
HWRULJLQDWLQJ IURP WKH WPRDGNLRQ HY WWEKHEY  BUKRIFHQ
325 JDWH DW WKH HQG RI WKH GLJLWDO DFTHWW.NVYWLRQ Fl
SURFHVVHG LW LV VHQW WR WKH 3,' IHHGEDFN



A Physical System
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vy Cyer System
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Controller
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yLJ 7KH VLPSOLILHG ;$ FKHPWEGRIWWNKBIO/BFTXLVLWLRQ FKDLC

. &21752/ 675$7(*< 81'(5 9$5<,1* (19,5210(17$/
&21',7,216

A. 6\VWHP 3URSHUWLHYV ,GHQWLILFDWLRQ

7R VKRZ WKH HITHFW RI WK B HRY WIRH F MM\QMWHPOGY Q D PR E X

WKH FRUUHVSRQGLQJ FRQWURO SHUIRUPDQFH RI WKH RU
RI WKH; $%(KDV EHHQ UWXIQPHV ZLWK DWRUVVLRQ7TWHRAH) OHW

DLU WHP%%UDWD(\M[HDO@& HAKD@VWANWRLPN WR D UDQGRP YDO?

%?VDPSI@JI—RCP D XQLIRUP GLV@&ULBEHNULRQXEWY DUH VKRZQ

VROLG DWQWVPH WKH SK\WLFDO SURFHVV UDSLGO\ UHVSR
HQYLURQPHQWDO ERQ@GMNVDRQ WHRSHVWDMXUH DQG WKH O
624 GHYLDWHYV IURP LW VRYHWRZDURH OHQHA@ VWDWLRQDU\
DIWHU DSSUR[LPDWHO\ V FRQILUPLQJ WKH DGDSWLYH
JRBRPSOHWHPHHWQPRQWUROODEOH NBHQDAOMRWKERYK



ZKH&CE FRQWLQXHV ULVLQJ HYHQW XD O O\WMHHDEHKU QW XAUKH
IDLOXUH PRGH EHIRUH WKH HEGGDXIVWHKHURLYNWURG BAL WH
FKDBY WKDW IDOO RXW RI WKH GHVLJQ &%LW& RI WKH F
WKH PD A:PXPTXDO WR NJ V LV QRW FDSDEOH @RI UHPRY
OLJKWKENVDL@®LWKRI /%'6 FRROLQJ VIKWMWPIREORD O
GLVADUFE XQFRQWURDQOHBRAXWFRQDOWISRMRYLQJ WKH FRQW
/%(;$'6 XQGHU WKH QRPLQDO WEBPSHUDWXUH UDQJH >

39.69°C

340 p=-r-mmmmmmm e DT o T Tt T
High temperature failure mode - Upper threshold Le-mTT T _L--TEarc--

37.23°C - -
_—“‘Sﬁbaﬂc__

PTG -~

u28%e- - |

Safe mode

Low temperature failure mode - Lower threshold

P A kb s s e e Lt .

0 1000 . 1800 2000 3000
Time [s]

)L 7KH 1 UXQV RI WKH FRQWUROOHG ZLWK WKH RULJLQDO 3,' Z
WHPSHUHDRKDQJHY WR D UDQGRP YDOX@EXQWIRMULPO\ W LVWULEXW

B. 7KH +\EULG3)XKRQWUROOHU

$ K\EULG3LXJFRQWUROOHU WXE@DWWHN VB R PIDW QVDWR\GLIIH

LQOHW DLUGAHP SV KBIWMKUSHIRSRVHG FREBURDDMFUNXW M KR 2

LQ JLJ7KH LGHD LV WKDW WRIHOWMEH REQW HPHEHQW DQG

EDVHG RQ WKH IX]]\WBUEYUBBVRQKLIY B, LZLWK WKH DGDSV
GsG.DQ®: &RQVHTXHQWY WKDW QHHG WR EH DGGHG WR
s .LDQ.GRI (T LQ RUGHU WR DGDSW WR WKH FKDQJHG
7KH UXOHV RI WKHW)/R DBKN RUNMBMBHWR]D SDUKLWLRQ
DSSURDFK DV LOOXVWUDWHG >Q & KH @H[W VXEVHFWLRQ
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Controller
Feedback

Tai n,S(t)

v

Fuzzy Logic

dK, |dK; |dKq

T 70%

+
a(0) »  Aircoolers | ——»

Feedforward M

)L 6 WUXFWXUH RI WKH FROQWUROOHU XQGHU YDULDEOH LQ

A4
)
@)

P(t)

v

a.7KH /HDWQURWLWKP

)X]J\ORJLF LV XVHG IRU FRPELQLQJ D QXPEHU RI DQW
OLQJXLVWLF VWDWHPHQWY LQWR UHODWLRQW\EN IX]]\ FF
IX]]\ SDUWLWLRQLQJ DSSURDFK FDQ EH XVHG WIR OHDUQ V
RI WKH VDPROMGXWSXMWWD SDLUV > @ > @ W\S® 7KH R
IX]]\ SDUWLWLRQLQJ DSSURDRKWYXWRIHDHERUB WIS DFKIH L Q
XQLIRUP ROQLORUP JULGV ZLWK SUHGHILQHG PWREHUVKLS
REWDLQ WKH PRVW WUDQVSDUHQW IX]]\ UXOHV OLQNLQJ
DYDLODEOH H[DPSOHV 7KH NH\ SRLQW R IRX W O\8 SGURDB K
SDLUV DUH WKRVH WKDW FDQ EH XQLYRFDO®\WKBEHG L
WKH YLVXDO FRQQHFWLRQ EHWZHHQ DQWHFHGHQWYV DQG
D RDOISKARIXW S XW L)0& DWVM/[DFP\S\DHBIS QR SIW L P D R XINDSXW
GDWD SDLUV DUMSREWY IRQHHIDPKREH V

xt oyt x%,y? o, XY
ZKHUBPIQ@UH WKH LQSXW DQG WKHQRXWIXWD BHEVSWFFRDIQY E
SORWWHG LQ WKHLU IHDWXUH VSDFH ,I WKIH:GDWD SDLU

VHH )LD GHFLVLRQ PDNHUWWIRQ IXHW HUXROLHQH 7D WK S U H
PHPEHUVKLS IXQFWLRQV DFFRUGLQJ WR WKHLU NQRZO}
VEFDWWHU LQ WKH IHEWX DB & S\DKFHH F R B [iDYFEGWL R PSEH\WZW H Q
WKH IX]]\ VHWV DQG XD LY®RE BN QFHDUDQRMG E H
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@ (b)

JLJ ,OOXVWUDWLRQ RWNIWHKH]PINGPUMLWURQLQJ DRIWBIXMK D RS
GDWD sDLUV SUHVHQWLQJ D FOHDU UHODWLRQVKLS LQ WKH IHD)
XTIV UXOHYV E GDWD SDLUV VFDWWHUHG LQ WKH IHD

b.)X]]\ 5XOHV *HQHUDWLRQ IRU &RKHNVHUEOCOE Y X]]\

7KH JHQHUDWLRQ RI WKH IX]]\ VHWY DQG UXOHV IURP
RSWLPDO FRQWURO VHWWLQJV |RW\GRIZVXWWZ B DUWWHLIWL DY
DSSURDFK 6WHS  FROOHPWAS XWK H R\S IV LPDICU V. QERW W K
VDPSOHGHWBOG H[WUDFWV WKH RSWLPDO SDLUV DPRQJ
EDVLWZRHUIRUPDQFH LQGH[HVY 6WHS JHQHUDWHYV WKH I
IRU WKH OHDUQWRXIWSHNW.LED@\D SO KXW
BWHS &ROOHFWRR®Y RN WWRD W D SO

‘H GHILQH WZR SHUIRUPDQFH LQGH[HV WR EH XVHG IRU
UHVSHFW WR RQH WULDO RJ$WK H R/Q RXUMRIDWD HREQ ZR W W KWK H/

3, LQ ZKLFK WKH LQOGfWFRDQIWMPWRUDWRQIERP YDOXH
GLVWULEXWBRGIW® % 7KH SURILOH RI WKH D8PAUDJIH RLO
ZLWKLQ WKH PLVVLRQ WLPH RIKH&N AR/DOKRYQWIRQ D LUD QG F
YDORH DW V WSHKAVLFDO SURFHVV UDSLGO\ UHVSRQGYV

HQYLURQPHQWE® UHFRE HWNVRIRP WKH VWHS UHVSRQVH D
URXJKO\ HTXDO WR V DQG WKH V\WVWHP G\QDPLFV UHDF

12



| .

" Change Resettlingtime Seady state
of Ta"® Time[s]

Initial settling time

)L ,00XVWUDWLRQ RI WKH FKDUDFWHUL]DWLRQ LQ

$V LW LV NQRZQ LQ WKH 3VWRWWIBRK@®HIUQ YW WEGWH D
SURSRUW¢ RZKIRY WRQ D 'SHURBOXH UHQGHUV WKHs FRQWURO
OLPLWYV WHKIH XHQK\ GRYWWDBW® WWHDG\ VWDWH 7KXV WK}
.sDQGDUH WR EH HYDOXDWH® VED \IU B§ G 8 HIVDQIHIGV MCH DTG \

EHORZ WKDW LWHWU@I&%@Z—LUV\DOFUH‘@?QBVWVWB WKH V\VWHF

UHDFKHV D QWD WWHRGLWLRQ &5 REWDEE: WBKkH RSWLPD

GDwWD SDLUV WR EH XVHG IRU WKH OHRBWKDPMWMBCGIHRULW

PLQLPL]HG
%LAE@@OQZ??F@?Q%

ZKHUH WKH WAW/R@ LQWHWY DU 2R S URH DIF KA IVIWHHG \ VW
DQBLY WKH QXPEHU RI WKH WHPSHUDWXUH PHDVXUHPHQ\
WW@ LV WDNHQ HTXDO WR 3 1 R W@ M§DW R MYKW D N H Q
DV WKH ODUJHVW DFFHSWDE MW IN6 XEHL B \DVFR B XIYPH WIQR R\
YDOXH B¥ RI WKH RULJLQDO PRGHO DW IX0OO0 SRZHU Q
XQFHUWDLQW)\ LZQWKKHVOWEBUQALGH L& ULLW DV WRK N BR'Z Q
DGMXVWPHQW WRZDUGV WKH VWHDG\ VWUWDWLBRRIEUFFXPXO

WLPH WR UHG XMHD WKINGVAKEA Y GWKH EHWWHOXW XV KK ENWWYKI

13



WKH 3," UHVSRQGV WRFWE 8 JEIRIQUIRRP\MBW DG WWOLQJI W

VHWWO&QUVDEHIRQHG LQ (T W RDWHHDEYWG IR DRKIH DF F X P X
W GXH WR WKH FKDQJH RI LQOHW DLU WHPSHUDWXUH D

RSWL@@L GDWD SDLUV IURP H[DPSOHYV

el s 604:RFaio@p
.

ZKHWEHLY WKH VWDUWLGY FIK O JH WLE® iR RU BELWHWER B G
HQG WLPH RI WKH 3,L Wi WWCOL\Q VY SHWMNHG E\ WKH VFHQD |
LQLJ $W IXOO0O SRZHU QRPLQDO FRQ®&/KWDQRW K H VWKLHP HD Y DWW
Rl > @VReWDWQG WKH DBRXBRADWMKXKY HTXDO WR )
FRQVHUYDWLYH FRQVLGHUDWLRQ RI WKH RSWLPDO GDWD
YDO X¥ds R 1

'O WKLV VWHS @/KUHH. BYRBBVRRGAK H; $% (DUH UXQ
HDFK RQH GHYLVHG RORVSKWDE QWK SDLQS/XBRG ULQGLQJI W
DQ&z UHVSHFWLYHO\

1) *URXS
a. 6HW WKH LQLWLDO LE&OHW TXDWD RMRPGE UDWDXWW WK |
VLPXODWLRQ
b. $W V VDPBODQGRABLI XQKHREBPO\ GLVWBLEXWHG LC

DQG WKH YDOXH RI WKHURMD Q JHOR | RUKBIGAD/VQU L EXW L
ZKHUHDWQWBRKMHH NHSW HTXDO WR WKH UHIHUHQF
UHVSHFWLYHO\ FRQWLQXH WKH SUHRWHQWVLPXODWI

c. &DOFXODWH WKH YDOXH R§ WKQHESHUSEHVPBQWHLMOQGWH

WKH WKPHEVLRQDO GEPI®ORY LKHQ WKH FDOFXOD\

YDOXH LV VPD®ONWKMWHERM@IXW GDWD SDLU LV ODEHO
WR EH XWLOL]J]HG KHUHDIWHU

14



30 40

)LJ S5HVXOWV RI WKKH QRU WKHWHKIBKIBHQ VLR QD TORW R
ZKHUH FLUFOHV BUP IVGKGIHUD® IOB@ IFURVVHYV D@ H[MHKHGYRO XH RI
R& E RSWEPOBOGDWD SDLUV FRUFOHV RI )LJ

)L D VKRZV WRDRKMKH VPDOOHB. WKDQKH LW OHW
WHPSHUDWXUH FKDQJHV WR7XBGRPHW IMPDRIOWWKHVRBQ LPD

RXWSXW GHBMWDGSDRILWFOHV 1) P8 E VXJIIHVWYV WKH C

XQYIRFDO PDSSLQJ FREUWER DAKIDREFHR/Q &1 WKXV GHILQHV

ZHDNQHMY QRIFRQWUROOLQJ WKH SK\WLFDO G\QDPLFV XQf
FRQGLWLRQV

'KHUHDAa4S LV ODUJHG& W KXW KHVWHP @BMUDWLRQDO

OLPLAN[FHHGV E\ IDU WKH D F F& SWXFEKOW KYCD/D XQHR RRISW LP D
RXWSXW GDWD SDLEW FOQHDH \SKPHFERWPNRRWY LV GXH WR W

WKDW WKH PD[LPXP a6k PDUVYRBRE WKMHUHTELIUHG YDOX
H[FHH GV
2) *URXS
a. 6HW WKH LQLWLDO LE&OHW TXDWD RMRPGE UDWDXWW WK |
VLPXODWLRQ
b. $W V VDPSOH D UDEGRRLYRORB\RGLVWBLEXWHG LC

DQG WKH YDOXH RI WKIHURKDD XHQ RIRWRSGH LNYMWULEXWLF

ZKHUHPDVQMGBWOHIH NHSW HTXDO WR WKH UHIHUHQF
15



UHVSHFWLYHO\ FRQWLQXH WKH SVUHMHQWVLPXODW!
c. &DOFXODWH WKH YDOXH Rds WKHG SIHHUS B HW B Q WHWLIQHG M
WKH SHUIRUPDQFH GQBHQRIQRWR B EEKDEHHRPYV L H

KHQ WKH FDOFXODWHG YDOXR SRR 8 KW OGHHJWW KDL L
ODEHOOHG DV RSWLPDO DQG VWRUHG IRU IXWXUH X\

)LJ D VKRZV W Kid:lYQROUXHDN R QRQEUMRY QGIGHFUHDVLQJ
65 RULGHFUKDYQGJIL QFEL DMWY WKH a4b P8 @M@ JHU WKDQ

4

R« L H RRWMH V\VWHP GHVLJQ R\&HHJ P IVQ R RO KPIL AWD/O F X
LV PXFK ODUJHU WKDQ GQR PDWWHU WKH YDOXH RI

)LJ E VKRZV WKERGWLIPBO B&RVHHORZ WKH DFFHSW

YDOXH DQG WKH H[LVWHQFH RI DQ H[S M.gaEv POIS\SLQJ UH

PDNHV WKLV YDOXH FUXFLDO IR3)' DI®M®VWLR JWWKKH Y BWEL
HQYLURQPHQWDO FRQGLWLR@GYQDPERFRQWUROOLQJ WKH

0.4
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i in,S ro in,S ro
Ta,C ["C] Ta.(‘ ['C]

D E
)LJ S5HVXOWV RIWKH QRU WKH *UBKBHQVR RUBPHHEORW RI
$3 ZKHUH FLUFOHV QUMDWROH Y MDD R1 $DQG FUWLRVVHY DUH WK
H[FHHGLQJ E PDSSLE) RI.\EPW R SDLRNO

3) *URXS
a. 6HW WKH LQLWLDO L&HHW TXDW RWHPSGE UDWDXWW WK |

VLPXODWLRQ
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b. $W Vv VDPSOH D UD%:@RQLYIBORB\RGLVW@_EXWHG L C

DQG WKH YDOXH RI WKHURPDDR KD RIRMPRHGILIVMWU L EXW LI
ZKHUHPVQWRHH NHSW HTXDO WR WKH UHIHUHQF|
UHVSHFMRIQ'WOQ® XH WKH SUHVHQW VLWXODWLRQ WLOC

c. &DOFXODWH WKH YDOXH R§ WIK}E SHHEBHY B Q WHY IDGH|

WKGEGHRHQVLRQDO @éj)&bm@v KHQ WKH FDOFXODWHG

LV VPDOOHW WKIHHROQBIYWW GDWD SDLU LV ODEHOOH
XWLOL]HG KHUHDIWHU

)LJ D VKRZV WRDRUBWKHVPDOOHB WKDMKH LQOHW DI

WHPSHUDWXUH FKDQJHV WR7XBIGPHW IMPDRIOWWKHVRBWQ LPD

RXWSXW G@@/[B(SD:LLLU\FOHV LR )DOQW E VXJIHVWYVY WKH C

XQLYRFDO PDSSLQJcRZRWKHGRGRM/REI WKXV GHILQHV

ZHDNQHVWY QRFRQWUROOLQUIQWRHF8KXQIGAHDD YDULDEOH HQ
FRQGLWLRQV

0.4

40

yLJ 5EHVXOWYV RIXQKHIRU WKH *UBKBHQ VL RGBDHEORW R
A8 ZKHUH FLUFOHVADVYMDW RH Y MODIMERFURVVHY B@H WKH YDOXFE
H[FHHGL®J E PDSSLQJ RIGHKKRGBMWPDSDLUY FLUFOHV LQ )LJ

'KHUHDV ZLWK WKH IL[HG LOQLWLE®: W BOXBRRWIRQOHW D

LS LV ODUJHR WHKIDQRIMWWH V\VWHP GHVLJQ MSHUDWLRQ

17



H[FHHGV E\ IDU WKH DF F&d SWXCFKOW KYIDVD GERGRIS SVX\F DGOD W D
SDLUV FDQ EH H[SHFWHG 6XFK D SKHQRPHQRQ LV SUREDI

DLU PDVV AQRE DNQ@GRW PHHW WKH GYTHIFHHERY DOXH ZKHQ

,Q FRQFOXVLRQ ZH FDQ FODLR D/QKIBW D AR QWHKILOL JFIDEVOH
UROH LQ WKH DGDSWDWLRQ RI WKH FRQWUROOHU ZKHQ
FRQGLWLRQMLZKHMIWLYH WR FKDQJHV RI WKH HQYLUI

WKHUHIRUH DQ DSS UR\SR LOOMAHUAHBQNW IPGU RYH WKH DGDS

SURSHUWLHV RI WKH FRQOWUJ)IWOWIHH GRHWV POHQWMHUIGUR D FH
UHVWEBW FRQWUROOHV WORRNVIRIURHG WR WKDW VKRZQ LQ

Controller
Feedback

Tal n, S(t)

A

Fuzzy Logic

dK;

av,S,
To (1) PID 70%

A

()

\

Aircoolers |——»

P(t) 30%

»  Feedforward

)LJ 2SWLPL]JHG VWUXFWXUH RI WKH FRQWUROOHU XQGHU YI

6WHS *HQHUDWLRQ RI WKH IX]]\ VHWV DQG IX]]\ UXOHYV
7KH JWLESH 1X]]\ SDUWLWLRQLQJ DSSURDFK LV XVHG WEF

IX]]\ UXOHV IRU WKH IX]]\ UHDERDQ G INEHSVZ B /XNMKZQ L Q S X

LQ )LJ
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1)

2)

3)

4)

dK;
[

)LJ *HQHUDWLRIQ\ FIHWKHEWWKIH XULSEDUWLWLRQLQJ DSSURLEL

(YHQO\ SDUWLWLRQ WY DQ WRSEFIHBMR) W M DO/RRRICLEYO \ VP D
ZLWK JLYHQ WULDQJXODU PHPEHUVKLS IXQFWLRQV ZF
VHYHQuWHWYV > @ > @ > @ > @ >
> @ > R& VH®@®)LBHH WKH $SSHQGL[ IRU D VHQVL)
WKDW MXVWLILHV WKH FKRLFH Rl WKH QXPEHU RI WKH
&ROGH¥FW. RI WKHHMHWHROFSRLQWY RI WKH RSWLPDO V

*HQHUDWH WULDQJXODWM RXW SXKRMVM]J®ODWHWVW GHJIUH
PHPEHUVKLS LV FE QRN HWKIG GIBYINEIDRUBWH S 7KH

VHYHQ RXWSXW IX]]\ VHWV WEKHQ DUH @& >
@ > @ > @ > @ > @

)LJ

'"HILQH WKH IB%M UXOMNKDW GHILQH KRZ WR PDWFK DQ

FRQVHTXHQWY WKDKWH LRURXU FDVH WDNH W

5v )63 EHOR@WJ WRIG LEHOR@J WR

19
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cll(i
JLJ ([DPSOHFRIQWHKHAXH)XOW- XODWLRQ WKH YDOXH LV WKH |

ZHLJKWHG DUHD RI WKH WZR IX]]\ ‘QA%eWV BBFWLYDWHG E\ WK

JRU H[DRSORKDQJIHV RV FOW WLPHM DQG \LHOGV WKH IX]
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PHPEHUVKLS Y@ORKGY 7 LOQHVSHFWLYHO\

Q%/é:GEQ; ZQ ZQ

4

7KXV WKH ZHLJKWYV D OATGI LY B DS S OV KB MEW HFHGHQV

7KH DJJUHIJDWHG RXKWIK@HXDWME8W L MKODWXKG! ZHLJIKW
LR VHH VKDGRZHG DUKRVYKY FHRWURLG LV HTXDO WR

DV FR Q VG TR QW K 63 WHR R

C. 7KH 9DULDE@B,' 8RQWUROOHU
,Q WEHIFW LR Q U DDEISH FRQWRIROOWH UBWXUHQHG IRU
FRPSDULQJ LWV FRQWUROOLQJ FDSDELOLW\3ZLWK WKD\
FROWUB BOIFWLRQ ,, $ LW KDV. ENHOHQR LQW KB GOKW WAV
.cDUH NMQWH@H WR FKDQJHV RI WKHWKHUMIRGPHQWDO F

FRQWEZROO® HRW O\ \DIVUL QN KH > @

IRWLFH WSHIYWWRIOH 6L OXVH/G RWR EXLOG WKH EHVW IL
LQWHUSRODWILRRQLFXUYBQE&H WKDW DUH WZR RSWLP
SDLUV RI )LJ E GHILQLQJ D OLNHO\ LQWHUYDO RI WHF

RSHUDMMNG WKH HISBBQVERDH )LJ
K s D003, 0C Twd 7C

P e @ -
< Bies T 25 03, 7C T.° d30C

WK (Ta,cm's)
04—

0.3

02—

01

\J

‘ \ \
O'OO 57 10 15 20 25 30

Talcin,S (OC)

yLJ *HQHUDWLRQ RI WXMWHBEHRVLRQ RI .
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IV. 5(68/76

,Q 6HFWLRQ ,9% WKH FDSDELOLWRIREHWWHRRK\EULGV
EHQFKPDUNHG ZLWK WKH RULJLQDOO\ SURSRVHG 3,' FRC
VDPSOH VLPXODWLRAVAHAEGWIORHEHFWLRQ ,,, $ WKDW ZI
DOJRURWKIPHDUQLQJ WKH UXOHV 7KH SUDFWLFDO XVHIXO
3, FRQWUROOHU LV WKHQ GHPRQVWUDWHG ZLWK UHVSHEH
RI LQOHW DLU WHPSHUDWXUHY XQGHU QRUPDO HQYLUR
GXWR ZURQJ PHDVXUHPHQWY RI WKH WHPSHUDWXUH VH(
UHVSHFWLYHO\

A. THVW RQ WKH 7UDLQLQJ ([DPSOHV

‘H VDPS@WQGRP WULQOXQURP WKH 6%PXOLQN PRGHO

WKDW ZHUH JHQHUDWHG WR W U IDL\Q GMHKVH WIXEDHG JH@ 16 H BWIL
$V VKRZQ LQ )LJ D GHVSLWH WKDW WKH SHUIRUPDQF}
ZLWK WULDQJOH®YDQGDBEH RQWHROOHU OLQH ZLWK Gl
DFFHSWDEOH IRU DOO RI WKH $53RE WD QW GWKLHV K HWKNHO K
1X]]8,' FRQWUROOHU OLQH ZLWK GRWV DUH LQ PRVW FD\
WKH RULJLQDO 3,' DOM WLIWMEBO'WRBVR. GERQUEH VHHQ LQ 7D
JHQHUDO WHUPV WKH RBSWLFRRMEKK\ERZG WKHH VWHS UHV

E\ WKH FKDQJH Rl WKH HQYLURQPHQWYOFRRQGHWMRRQ D $

UDQGRP YDOXH ZDW KR IQ >\§8& HWIEMHWVBI YUK UDW B WA B G | W

VPDOOHU ZLWK VBKH ABDUWLGLWK]GRWY WKDQ ZLWK WKH R

WULDQJOHV DQGVYDLWHKBCKHO DQBHLWK GLDPRQGYV DV VK
E ,Q SWUWIKRHKODUJHU WKH WHPSHUDWXUH WKH EHWW

1X]]18," ZLWK UHVSHFW WR WKH RULJLQDO 82 WIXDBDVHV G

WR R& DQG R& UHVSHFWLYHO\ ARBWFREODV IEWF DXR/M W
DQG IURP WR UHVSHFWLYHO\ BXW DOVR E
LV FDSDEOH RI EULQJLQJ EDFN WKH VHFRQGDU\ DYHUDJH

YDOXH HTRODZMHRUHDYV WKH RULJLQDO 3, FDQQRW
22



,W LV ZRUWK SWLQMLWK HXW BHKRWEW WK HXKRULJLQDO 3,

VDIHO\ FRQW U R O 6{KFK 0 \Q/M N PWZAK B QY D 88X HD © PHIHWLWR Q B G

LQ 6HFWLRQ ,,, % E

yLJ &RPSDULVRQ EHWZHHQGEIYMXRWXWRIRDPISVD K WV R H VRISHV L P L
IX]18," FRQWUROOHU OLQHOMDK BRAHOLZHWHKH WK GHDPRQGV DQC
WKH RULJLQDO 3," OLQH ZLWK W4 LB QURMS/D AL/ RRRRSDULVRQ

7$%/(
FRPSDULVRQ RI WKH SHUIRUPDQFH LQG&H[H VY RREXMOLLRIHG ZIWVR R
WKH K\EUZG WXGHDW YDBL'MEEBHWKH3RULILQDO

1R 653 R& DY 2ULJLQDO 3, /LQHDPA" +\EULG BX]]\
W Vv P63 A R& P63 A8 R& $o3 A8 R&
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B. $ 5HDOLVWILE THRSHUDWXUH 6 FHQDULR
YRU GHPRQVW UDHW. XY SXVSRWHDGFHOREWWD W IGRDQ @\V W
LQ )LJ ZKHUH WigH £:QMWWHDRODRDERUUHVSRQGLQJ WR

QRPLQDO RSHUDWLQJ FRBQGGDWGR QV RIES W RW-IDMWRH
6LPXOLQN PRGHOB'BI WRHWKEMW WKH, 'KREWIGRXJHU ZRUNL
XQGHUNURBO'DU\LQJ HQY LU RIDP AR W D H/PROOHNL RIED Q W K
RULJEQ G VHWW HTXD SHBFKRYQ LQ KUV L\ZIGRKQ M KH
SXUSRVH RI LOOXVWUDWLQJ WKBSi, MDESHEX B |V WEWRD OV KH K\

HY Z& HQKRANVWHPIHG ZLWK KLJIK | R4 WERERYRND QR HE VL W

WRHDFK D QHZ \EWHRRGHD WX DWRH QWR OKOEGBEME HU WKHVH
DVVXPSWURQVVKRZ@?/QW[B(QVEH NHSW FORVH WR WKH GHVLL
RI R& ZLWK ERWK WKH' FEQW® ROIQHU OLQH ZLWK GRWYV
.3, FRQWUROOHU OLQH ZLWK GLDPRQGYVY DQG WKH RUL:
7KH SURSRVHG KREULKMBHGEDFN FRQWUROOHU UHGXF
A8 R& RI WRKHJILQDO A3," DQ® RI WKH YD3JLDERH
A8 R& VKRZLQJ WKDW LQ WKBY FRQMW WRGIOKHE WBHUIRNY P
WKDQ WKH RULJLQDO 3," FRQWUROOHU XQGHU YDU\LQJ H

)LJ 5HDO LY WIOX EWXOWLRQ SDWWHUQ HPEHGGHG LQWR WKH

24



yLJ 5HDOLVWLF GDIBOY NYROAD/WRR Q@ RW K KWK H3RSWLPL]HG K\E
FRQWUROOHU OLQH ZLWK GR3V OF DWW KZ RAK & \O LIPD B LY\CKU WIKEHO +
RULJLQDO 3," OLQH ZLWK WULDQJOHVY DW WKH QRUPDO

C. 6HQVRUV )DLOXUH 6FHQDULRYV
$GDSWLYLW\ RI WKH &36 WR VHQVRULRUIDBH®ROQHNW K DW DR

SXUSRQEGHHG WUDQVLRBDAXGXRHORVYUFRQ DIIHFW WKH 1
VLQFH DQ\ WUDQVLHQW HYHQ WKRXJK RQ WKH VHFRQGD
FRRODQW V\WVWHP DQG HYHQWXDOO\ WR WKH UHDFWRU F
VSHFWUXP RI IDLOXUWRH W [HPB Q/K HFDXWISSRY HWZR IDLOXUHYV
1) 'ULIW DW2GULIWV RRSWMKRW LV UHDFKHG DW URXJKO\

GURSVY EDFN WR WKH QRUPDO HQYLURQPHQWDO FRQGL

2) %LDV ZLWKLQ WKH WLPH ID(QQ\AZHUYDO\NKH-HWI—HE‘I\QXUHG

ELDVHG EHEFDXVH RI D VHQVRU ELDVWRQ LDQ PDIOD ¥ HRX \
QRLVH GLVWULEX&HGIB\I&8a F
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)LJ 6NHWFK RI WKH DVVXPHG VHQVQ%@\/SUIRLID(XHH\E CUWKHRD\

&4 ZLWKLQ > @ ELWKLY R @

)L 62T HYROXWLRQ ZLWK WKH 3R'S AR®@W]HEOIOHEW L ERIFWLQXRXV OL

OLQHDU YBULGBPOKHG OLQH DQG ZLWK WKH RULJLQDO 3," GRWW
VHQVRUV IDLOXUH FRQGLWLRQV
)LJ VKRZV WKDW XQGHIf* WKBVWRDR DDEIRPBIEY WK

IOXFWXDWLRQV SURYLGHG3E\ WEKWKE GQBDYHY MWIL@® EO W KH

3, GRWWHGG®DWPKD® WKRVH Rl WKH RBULRBOIGHY FRQWL
OLQH
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JHW XV IR FXOWR RIBOVERHLHBRHHYROXWLRQV ZLWKLQ WKH W
WUDQVURHQOWELQW WKRVERQW DGDSWLYLW\ SHULRGV )RU
SRWWBQWLSHULRGY WKH DYHUDJH GULBWVRBEWDRQWG 7L
DUH PXFK VPDOOHU W K DKH VRKIR VY HOPEWD, L QWHHGH ZASWoK (W,

7$%/( ,,
&RP S D URWREY HU BJHRWC L @ H R O X EILWARHKE U DXG]\3,' WHRQ YD UL D EDH
0D K HRU L J 13Q D XD G MWW D Q VASHIQWAY DGL W LR QV

7UDQ\  7LPH A &
W\SH LQWHU 2uLiLqp °PULPE(  *lEULG
3, X118,
>
ULIV @
>
@
%L DY @
@
yLIV DQG GXRPYWEMWLRQV REWDLQHG IURP WKH V]

RSWLPL]JHG K\ EUEFRQWJPROOHU ZLWK. 3WKB QL QHW Y WIXUL [
RULJLQDO 3, XQGHU WKH WUDQVLHQWY D DQG E UH
DGDSWLYHO\ UHVSRW %DWR RWX\H RIDBKB HIXY LURQPHQWDO |
ZLWK WULDQJOH DQG UHTXLUHV URXJKO\ V IURP
VWDELOLW\ XQGHU VHQVRU GULIW FQVYBXPNYRDRFEG YV VHH
UDSLGO\ UHV PRYEG HQRV DI WHFRYHU WKH V\VWHP VWDE
VFHQDULR DV VKRZQ BY*)YQADUJHBREHYHDWHY IURP WKH U
ZLWHKEHI XDO WR ZLWKLQ WKH WUDQVLHQW SHULRG GDV
DQG APB@TXDO W®R ZLWKLQ WKH UHFRYHUS SHYDAGGWRHVSL

R& ZLWKLQ WKH WUDQVLHQW SHUEHGDRRYWRRNREAV C
UHFRYHU WKH QRPLQD&G WHPHO WRNV XWKH FZK WK BPXFK VPDOC
WKDQ WKDW REWDLQHG IURP WKH R$®I(QDO 3,

6LPLODUO\ WKH RULJLQDO 3," SRRUO\ DGDSWV WR WK
)LJ GRWWHG OLQH ZLWK§ WUXDQ MR DHYG LWHOGNUDAU
AS GXUERWK WKH WU D Q W.UHIQW IDHESVKPHD ®RWSW D Q G
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R& UHVSHFWLYHO\ VHH 7$%/( ,, ORFDABMBOG ZLWK Wi
FRQWUROOHU WKH S3YRBERPHOGNKYEW LD EXFO\N UHVSRQG W
UH¥FIRU WKH V\VWHP IURP WKH VHQVRU ELDV IDLOXUH

yLJ &RPSDULBPR® YRROKKH. RQ ZLWK WKH3R'SMRE@W]BREOIOHEWLG |
FRQWLQXRXV OLQH ZLWK WH/ IOH G HDLW MDD QBEDIHNK WKH RULJL
OLQH XQGHU WKH VHQVRU GULIW IDLOXUH VFHQD

yLJ &RPSDULBR G YRROKKH. RQ ZLWK WKH3R'SMRE@W]BREOIOHEWLG |
FRQWLQXRXV OLQH ZLVBK WHOH/ IOH G HOLW N DD QBEDIHNK WKH RULJL
OLQH XQGHU WKH VHQVRU ELDV IDLOXUH VFHQDL

,Q FRQFOWXHRURSRVH®@ ,K\ERIQWURPOHU DFKLHYHV Ol
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GUIAAMVKDQ RWKHU FRQWUROOHUV LQ UHDOLVWLE VFHC(
WHPSHUDWXUHY DQG DOVR LQ DFFLGHQWDO WUDQVLHQW
WKH HQG SUHYHQWLQJ WKH V\VWHP GXQ/DRWH E HUR® GG WY ILH
OLPLWYV

V. &21&/86,216

$ K\EULG3ILXJFRQWURO VWUDWHJ\ LV SURSRWHGDBU FRC
6\WVWHP &36 XQGHU YDU\LQJ HQYLURQPHQWDO FRQGLW
YDOXHV DUH IHG WR,'WRHK LKW DICD $XL\YHO\ RSWLPL]JHV WK
FRQWUROOLQJ WKH SK\VLFDO YDULDEOHV RI LQWHUHVW
ERXQGV DQG WKXV WPRSH RYHUMKRDQHFBORI &36V 7R L
WUDQVSDUHQF\ RI WKH 1X]]\ UHDVRQLQJIWXSHEHYISLQQLQ
SDUWUWISSSQIRDFK LV SURSRVHG IRU RSWLPL]LQJ WKH IX]]
DUH OHDUQW IURP RiXBVSXMH @ IRW D BDAW V

JRU LOOXVWUDWLRQ SXUSRVHV WKH SURSRVHG FRQW
/%(;$'6 VHFRQGDU\ VLGH DN HE\DDG MSHPLISHUDWHHY SRQG L QJ
RI WKH LQOHW DLU WHPSHUDWXUH 5HVXOWV3GHPRQVWUI
FRQWUROOHU RIIHUV RYHU WUDGLWLRQDO 3,'V HIIHEWL
VIVWHP UHVSRQVH WRDEKDMQHPYHUD WKHH. QOHW

$33(1',; 6(16,7,9,7< $1%$/<6,6 )25 7+( ,'(17,),&%$7,21 2)
7+( 237,0$8/ 180%(5 2) )8==< 6(76

,Q WKLV DQDO\WLYV D QXPERIULQSXW PHPEHUMKLS IXQl
WHVWHG WBHRWMOSXMQIXIR VHWYV DFRRUGBL®HMRLREH, S®WRI
7KH VDPSOHV RI 6HFWLRQ , 9% 6DP R GUHOQ HZILWW.IS S\HKCH Z/128) K
UHVXOWLQJ BR\EFRGWXJROOHUV 5HVXOWY DUH VKRZQ LQ )
WKDW WKH K\EWEZGWXIBG SHUIRUP EXHWWHI R WKKHDUV EHFD
$63LV EHORZ DW DQ\ HQYLURQPHQWDO WHPSHUDWXUH
$ E VKRZ& WKDWR EH SUHIKUILH P E & BbiXs MDKQ
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DFFHSWD ESHO Z K HQBEW K D Q

TKHRPSURPLVH EHWZHHQ SHUIRUPDQFH UREXVWQHVV
WKXV OHG XV WR VABWVXSLW K\EVWVHWMXARI\PHPEHUVKLS I1XQI

)L $ 6$ UHVXOWYV RI WKH VDPS O H3, " RRER\QIMLIRHO HUR Z WWWKKH G\ IE H
VNWRI PHPEHUVKLS IXQFWLRQV DQG IURP ¢WKH UMD 3, D

GUMNW

50)(5(1&(6

[1] .KDLWDQ 6 . OF&DOOH\ - '"HVLJQ WHFKQLTXHV DQG D
VIVWHPV $ VXUYH\-RKW®GD\OWHPV

2] /HH ( $ 0D\ &\EHU SK\VLFDO V\VWHPV 'HVLJQ FKDOOHC
,QWHUQDWLRQDO 6\PSRVLXP RQLMHOWHFOPHHRP® WRPERWHGWRPSXW
,625& SS L (((

3] :DQJ 6 :DQJ ' .DBXODQ / $EGHO]DKHU 7 ) '"HFHPEHU 71
SK\WLFDO V\VWHPV LQ VRFLDO VSDFHV 7IKRH GD WD HPNOA\PERVILW P F
5766 J((C ss,(((

4 .LP . . XPDU 3 5 #SK\V&VFEHYVWWHUVSHFWLYH DW WKH FH
BURFHHGLQJV RI WKH , ((( 6SHFLDO &HQWHQQLDO ,VVXH

30



[5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

%UDGOH\ - 0 $WNLQV ( O 2 S W LSFKU DLW DROQY Bl & G FIORHQ W V R/®
6HQVRUYV

ODFDQD & $ MUXLMBQRED ( 2FWREHU $ VXUYH\ RQ F\EHU S|
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‘HL & 6|IINHU 2SWLPL]DWRRQ VRVQUDNH BHNRL B ,RI $0%
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PDQDJHPHQW LQ EXLOGLQJ +9%$& VI\VWHPV $SSOLHG (QHUJ\
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%URZQ & DQG *DEEDUWX]H $ORJLF FRQWURO IRU LPSURYHG SUHV\
QXFOHDU SRZHU SODQWV $QQDOV RI 1XFOHDU (QHUJ\ SS
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/L ; 6RQJ < - +DQ 6 % ) U HITUXHEQ § R E R @ W WRVOH IPQF RIPFELLR)
ZLWK HOHFWURO\]JHU PRQWHR O@MUI XJRXB,QDO Rl 3RZHU 6RXUFHV

. XPEDVDU 7 $ VLPSOH GHVLJQ PXWKRG FRQWQROHQDO @R
&RPSXWLQJ

&LYHOHN = /+\ 0 dDP ( %DUOU0O 1 :LQG&RQMEURE RY 3LW
)X]1]\ 3LG &RQWUROOHU ,QWHOOLJHQW $XWRPDWLRQ 6RIW &RPSX
=KDR < 'X : ;LD * DQG *DR ) $ QRYHO FRRUGLQDWHG FR(
'DWHU 5HDFWRU $QQDOV Rl 1XFOHDU (QHUJ\ SS

&DVWHOODQR * )DQHOOL $ O OHQFDU & 2FWREHU $
PLQLQJ GLDJQRVWLF UXOHV ,Q 6\WWHPV 0DQ DQG &\EHUQHWLFV
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