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Abstract: DXH WR LWV KLJK ULJLGLW\, PDQRHXYUDELOLW\, DQG VWUHQJWK-WR-ZHLJKW UDWLR, WKH 6-DRF
SWHZDUW SODWIRUP LV ZLGHO\ XVHG LQ IOLJKW VLPXODWRUV IRU UHSOLFDWLQJ SLORW PRWLRQ FXHV. HRZHYHU,
XSVHW SUHYHQWLRQ DQG UHFRYHU\ WUDLQLQJ (UPRT) LQYROYHV UDSLG DQJXODU FKDQJHV WKDW H[FHHG PRWRU
WROHUDQFH, DQG FODVVLFDO ZDVKRXW ILOWHU (CWF)-EDVHG PRWLRQ FXHLQJ DOJRULWKPV (MCAV) VWUXJJOH
WR PHHW KLJK-DFFXUDF\ DQG IDVW-UHVSRQVH UHTXLUHPHQWV. TKLV VWXG\ GHYHORSV D PRGHO SUHGLFWLYH
FRQWURO (MPC)-EDVHG MCA WR PDQDJH QRQOLQHDULWLHV DQG ZRUNVSDFH OLPLWDWLRQV LQ KH[DSRG
VLPXODWRUV. TR DGGUHVV FRQWURO XQFHUWDLQWLHV IURP FRQVWUDLQW H[WUDFWLRQ (COTC), D VZLWFKDEOH
MPC (S-MPC) DUFKLWHFWXUH LV SURSRVHG IRU DGDSWLYH UHVSRQVH. SLPXODWLRQV VKRZ WKDW ZLWKLQ WKH
RSHUDWLQJ HQYHORSH, MPC-MCA DFKLHYHV KLJK WUDFNLQJ DFFXUDF\, ZKLOH RXWVLGH LW, WKH S-MPC
PHFKDQLVP SURYLGHV RSWLPDO VZLWFKLQJ FRQWURO. UQGHU KRUL]RQWDO VWDOO UPRT FRQGLWLRQV, WKH
SURSRVHG S-MPC-MCA LPSURYHV PRWLRQ WUDFNLQJ SHUIRUPDQFH E\ 42.34% DQG 65.30% RYHU
MPC-MCA DQG CWF-MCA, UHVSHFWLYHO\, EDVHG RQ WKH DYHUDJH DEVROXWH VFDOH (AAS) FULWHULRQ.

Ke\Zords: PRGHO DGDSWLYH DUFKLWHFWXUH; PRWLRQ FXHLQJ DOJRULWKP; PRGHO SUHGLFWLYH FRQWURO;
SWHZDUW PRWLRQ SODWIRUP FRQWURO.

Reference WR WKLV SDSHU VKRXOG EH PDGH DV IROORZV: ZKDR, J., XX, Z., WX, D., CDR, Y. DQG XLH, J.
(2025) µ6DRF SWHZDUW PRWLRQ SODWIRUP FRQWURO XVLQJ VZLWFKDEOH PRGHO SUHGLFWLYH FRQWURO¶,
InW. J. Modelling, IdenWificaWion and ConWUol, VRO. 46, NR. 2, SS.100–110 .

Biographical notes: JLDQJZHL ZKDR LV D LHFWXUHU DW WKH SFKRRO RI ALUFUDIW CRQWURO DQG
IQIRUPDWLRQ EQJLQHHULQJ DW PLQJGLQJVKDQ UQLYHUVLW\. HH UHFHLYHG KLV PKD LQ EQJLQHHULQJ IURP
NDQMLQJ UQLYHUVLW\ RI AHURQDXWLFV DQG AVWURQDXWLFV. HLV UHVHDUFK LQWHUHVWV LQFOXGH PRGHOOLQJ
DQG FRQWURO RI DLUFUDIW, PRGHOOLQJ RI SDUDOOHO URERWV, DQG PRWLRQ FRQWURO RI IOLJKW VLPXODWRUV.

ZKHQJMLD XX LV D LHFWXUHU LQ MHFKDWURQLFV EQJLQHHULQJ DW AVWRQ UQLYHUVLW\, VSHFLDOLVLQJ LQ
DXWRQRPRXV V\VWHPV, UHVLOLHQW GNSS, QHWZRUN DQDO\VLV DQG RWKHU QDYLJDWLRQ DVSHFWV. HH HDUQHG
KLV PKD LQ AHURVSDFH IURP CUDQILHOG UQLYHUVLW\ DQG SUHYLRXVO\ VHUYHG DV PDRA LQ DXUKDP
UQLYHUVLW\, DQG RHVHDUFK FHOORZ LQ PNT ZLWKLQ LWV CHQWUH IRU AXWRQRPRXV DQG C\EHU-PK\VLFDO
S\VWHPV. HLV SULRU LQGXVWU\ UROHV DW DURQH DHIHQFH SHUYLFHV LWG DQG ASH WLUHOHVV LQYROYHG
SDVVLYH UDGDU, SDR, DQG HPEHGGHG IRT V\VWHP GHYHORSPHQW.

CRS\ULJKW © TKH AXWKRU(V) 2025. PXEOLVKHG E\ IQGHUVFLHQFH PXEOLVKHUV LWG. TKLV LV DQ OSHQ AFFHVV AUWLFOH GLVWULEXWHG XQGHU WKH
CC BY OLFHQVH. (KWWS://FUHDWLYHFRPPRQV.RUJ/OLFHQVHV/E\/4.0/)
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DRQJVX WX LV FXUUHQWO\ DQ AVVRFLDWH PURIHVVRU DQG MDVWHU¶V SXSHUYLVRU DW WKH SFKRRO RI
CLYLO AYLDWLRQ, NDQMLQJ UQLYHUVLW\ RI AHURQDXWLFV DQG AVWURQDXWLFV. HH REWDLQHG KLV DRFWRUDO
GHJUHH IURP NDQMLQJ UQLYHUVLW\ RI AHURQDXWLFV DQG AVWURQDXWLFV, VHUYHG DV D YLVLWLQJ VFKRODU
VSRQVRUHG E\ WKH CKLQD SFKRODUVKLS CRXQFLO (CSC), DQG VWXGLHG DW WKH UQLYHUVLW\ RI HRXVWRQ
LQ WKH USA. HLV UHVHDUFK DUHDV PDLQO\ LQFOXGH IOLJKW VLPXODWLRQ DQG IOLJKW VDIHW\, YLUWXDO UHDOLW\
KXPDQ-FRPSXWHU LQWHUDFWLRQ WHFKQRORJ\, URERWLFV DQG QRQOLQHDU FRQWURO, DQG FRPSXWHU YLVLRQ
WHFKQRORJ\.

YLQJUXL CDR LV D FXUUHQW VWXGHQW PDMRULQJ LQ ALUFUDIW CRQWURO DQG IQIRUPDWLRQ EQJLQHHULQJ DW WKH
SFKRRO RI IQIRUPDWLRQ EQJLQHHULQJ, PLQJGLQJVKDQ UQLYHUVLW\. HLV UHVHDUFK DUHDV LQFOXGH URERW
PRGHOOLQJ DQG FRQWURO, DLUFUDIW PRGHOOLQJ DQG FRQWURO, IOLJKW G\QDPLFV VLPXODWLRQ WHFKQRORJ\,
DQG LQWHOOLJHQW DLUFUDIW FOXVWHU FROODERUDWLYH FRQWURO.

JLQSHQJ XLH LV D LHFWXUHU LQ WKH SFKRRO RI IQIRUPDWLRQ EQJLQHHULQJ DW PLQJGLQJVKDQ UQLYHUVLW\.
HH REWDLQHG KLV MDVWHU¶V GHJUHH IURP ZKHQJ]KRX UQLYHUVLW\. HLV UHVHDUFK DUHDV LQFOXGH
FRPPXQLFDWLRQ DQG QHWZRUN WHFKQRORJ\, LQWHJUDWHG FLUFXLWV DQG PLFURHOHFWURQLFV, DUWLILFLDO
LQWHOOLJHQFH DQG LQIRUPDWLRQ SURFHVVLQJ, DV ZHOO DV LQWHOOLJHQW WHUPLQDOV DQG QHZ GLVSOD\V.

1 Introduction

A IOLJKW VLPXODWRU LV D VRSKLVWLFDWHG GHYLFH HQJLQHHUHG
WR UHSOLFDWH WKH IOLJKW FRQGLWLRQV RI DQ DLUFUDIW, SURYLGLQJ
DQ DXWKHQWLF HPXODWLRQ RI WKH DLUFUDIW¶V EHKDYLRXU DQG
LQWHUDFWLRQ ZLWK LWV HQYLURQPHQW. GLYHQ LWV VXSHULRU
PHFKDQLFDO SHUIRUPDQFH LQFOXGLQJ KLJK VWLIIQHVV,
H[FHSWLRQDO PDQRHXYUDELOLW\ DQG D KLJK VWUHQJWK-WR-ZHLJKW
UDWLR, WKH VL[-GHJUHH-RI-IUHHGRP (DRF) SWHZDUW SODWIRUP KDV
IRXQG ZLGHVSUHDG DSSOLFDWLRQ LQ IOLJKW-VLPXODWRU V\VWHPV
(VHH FLJXUH 1).

IQ WKH HDUO\ GHYHORSPHQW RI PRWLRQ FXHLQJ DOJRULWKPV
(MCAV), SFKPLGW DQG CRQUDG (1970) LQWURGXFHG D
IUDPHZRUN EDVHG RQ WKH FODVVLFDO ZDVKRXW ILOWHU (CWF)
IRU SWHZDUW SODWIRUP-EDVHG DLUFUDIW PRWLRQ VLPXODWLRQ,
LQFRUSRUDWLQJ WUDQVODWLRQDO, URWDWLRQDO, DQG WLOW-FRRUGLQDWLRQ
FKDQQHOV. SXEVHTXHQW UHVHDUFK DSSOLHG SDUWLFOH VZDUP
RSWLPLVDWLRQ (PSO) WHFKQLTXHV WR HQKDQFH WKH SHUIRUPDQFH
RI WKH CWF-EDVHG MCA, WKHUHE\ DFKLHYLQJ PRUH HIILFLHQW
XWLOLVDWLRQ RI WKH DYDLODEOH ZRUNVSDFH (AVDGL HW DO., 2016E).
MRUH UHFHQWO\, DGDSWLYH MCA IUDPHZRUNV KDYH EHHQ
SURSRVHG, LQ ZKLFK WKH SDUDPHWHUV RI WKH CWF-EDVHG MCA
DUH FRQWLQXRXVO\ WXQHG WR PD[LPLVH ILGHOLW\ ZLWK UHVSHFW WR
UHIHUHQFH PRWLRQ VLJQDOV (PDUULVK HW DO., 1975).

FXUWKHUPRUH, IX]]\ ORJLF FRQWURO WKHRU\ KDV EHHQ DSSOLHG
WR WKH MCA GRPDLQ WR IRUPXODWH WKH DGDSWLYH MCA
SUREOHP, ZLWK WKH KXPDQ YHVWLEXODU V\VWHP LQFRUSRUDWHG WR
EHWWHU UHSOLFDWH UHDOLVWLF PRWLRQ SHUFHSWLRQ (ZDGHK, 1988;
HZDQJ HW DO., 2009; MX\HHQ DQG AO-DXUUD, 2013; AVDGL
HW DO., 2015D, 2019, 2022; BDJKDHH HW DO., 2018; QD]DQL
HW DO., 2020F, 2021F). IQ SDUDOOHO, WKH OLQHDU TXDGUDWLF
UHJXODWRU (LQR) KDV HPHUJHG DV DQRWKHU ZLGHO\ DGRSWHG
DSSURDFK, LQWHJUDWLQJ WKH KXPDQ YHVWLEXODU PRGHO LQWR WKH
RSWLPDO MCA IRUPXODWLRQ WR UHSURGXFH PRWLRQ SHUFHSWLRQ
PRUH HIIHFWLYHO\ (AVDGL HW DO., 2016D; QD]DQL HW DO., 2020D,
2020G, 2021D; COHLM HW DO., 2020; KDQJ HW DO., 2022),
RZLQJ WR LWV FDSDELOLW\ RI V\VWHPDWLFDOO\ ZHLJKWLQJ FRQWURO
DQG SHUIRUPDQFH REMHFWLYHV. NHYHUWKHOHVV, WKHVH DGYDQWDJHV
UHPDLQ FRQILQHG WR WKH SDUDPHWHU VSDFH, DQG WKH DEVHQFH RI
DGDSWLYHQHVV LQ V\VWHPDWLF SDUDPHWHU YDOXHV FDQ LQWURGXFH
VXEVWDQWLDO HUURUV GXH WR PRGHOOLQJ XQFHUWDLQWLHV.

TR IXUWKHU HQKDQFH MCA SHUIRUPDQFH LQ WHUPV RI
PLQLPLVLQJ WUDFNLQJ HUURU, LQFUHDVLQJ IOH[LELOLW\, DQG
LPSURYLQJ ILGHOLW\ LQ WKH V\VWHPDWLF SDUDPHWHU GRPDLQ,
PRGHO SUHGLFWLYH FRQWURO (MPC)-EDVHG IRUPXODWLRQV KDYH
EHHQ LQYHVWLJDWHG (DDJGHOHQ HW DO., 2009; AVDGL HW DO.,
2015E, 2023; KKXVUR HW DO., 2020; YDQ GHU PORHJ HW DO.,
2020; QD]DQL HW DO., 2021E). TKHVH DSSURDFKHV LQWHJUDWH
KXPDQ YHVWLEXODU V\VWHP G\QDPLFV DQG IOLJKW VLPXODWLRQ
PDQRHXYULQJ PRGHOV LQWR WKH MCA IUDPHZRUN, WKHUHE\
HVWDEOLVKLQJ RSWLPDO FRQWURO VROXWLRQV WKDW H[SOLFLWO\ DFFRXQW
IRU ERWK SHUIRUPDQFH REMHFWLYHV DQG V\VWHP FRQVWUDLQWV.
A FRPSDUDWLYH VWXG\ RQ SUDFWLFDO SODWIRUPV FRQILUPHG
WKDW MPC-EDVHG MCAV GHOLYHU VLJQLILFDQW SHUIRUPDQFH
LPSURYHPHQWV RYHU FRQYHQWLRQDO CWF-EDVHG PHWKRGV,
SDUWLFXODUO\ XQGHU RSHUDWLRQDO FRQVWUDLQWV (COHLM HW DO.,
2019). FXUWKHUPRUH, WR DGGUHVV OHJ-OHQJWK FRQVWUDLQWV LQ
SWHZDUW SODWIRUPV, D OLQHDU MPC-MCA ZLWK FRQVLGHUDWLRQ
RI WHUPLQDO FRQGLWLRQV (COTC) ZDV SURSRVHG WR PLWLJDWH
SK\VLFDO OLPLWDWLRQV (QD]DQL HW DO., 2020D).

TR DGGUHVV WKH DIRUHPHQWLRQHG FKDOOHQJHV, WKLV VWXG\
SURSRVHV D QRYHO VZLWFKDEOH PRGHO SUHGLFWLYH FRQWURO
(S-MPC)-EDVHG MCA, ZKLFK GHPRQVWUDWHV SURPLVLQJ
SHUIRUPDQFH LQ VLPXODWLQJ FRPSOH[ IOLJKW VFHQDULRV,
DV LOOXVWUDWHG LQ FLJXUH 2(E). WLWKLQ WKH VLPXODWRU¶V
RSHUDWLRQDO ERXQGDULHV, WKH S-MPC-MCA ZLWK COTC LV
FDSDEOH RI GHOLYHULQJ PRUH UHDOLVWLF PRWLRQ UHVSRQVHV
ZLWK IDVWHU V\VWHP G\QDPLFV. BH\RQG WKHVH ERXQGDULHV,
WKH S-MPC-MCA ZLWKRXW COTC DFKLHYHV LPSURYHG
WUDFNLQJ DFFXUDF\ E\ DSSUR[LPDWLQJ QRQOLQHDU G\QDPLFV
WKURXJK OLQHDULVDWLRQ. IQ DGGLWLRQ, DQ LQQRYDWLYH VZLWFKLQJ
PHFKDQLVP LV LQWURGXFHG WR HQVXUH VPRRWK WUDQVLWLRQV
EHWZHHQ PRGHV, WKHUHE\ HQKDQFLQJ RYHUDOO V\VWHP VWDELOLW\.
TKH SHUIRUPDQFH RI WKH SURSRVHG S-MPC IUDPHZRUN LV
HYDOXDWHG E\ H[DPLQLQJ WHUPLQDO VWDWHV (KZRQ DQG PHDUVRQ,
1977, 1978), LPSOHPHQWLQJ DQ LQILQLWH RXWSXW SUHGLFWLRQ
KRUL]RQ (KRXYDULWDNLV DQG CDQQRQ, 2016), DQG RSWLPLVLQJ
WKH WHUPLQDO ZHLJKWLQJ PDWUL[ (TWM) (KZRQ HW DO., 1983;
KZRQ DQG B\XQ, 1989).
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Figure 1 SWHZDUW IOLJKW VLPXODWRU PRWLRQ SODWIRUP (VHH RQOLQH YHUVLRQ IRU FRORXUV)

TKH UHPDLQGHU RI WKLV SDSHU LV RUJDQLVHG DV IROORZV.
SHFWLRQ 2 SUHVHQWV WKH PRGHOOLQJ RI WKH MPC V\VWHP,
LQFOXGLQJ WKH KXPDQ YHVWLEXODU PRWLRQ SHUFHSWLRQ PRGHO
DQG WKH NLQHPDWLF PRGHO RI WKH DLUFUDIW VLPXODWRU.
TKH SURSRVHG S-MPC-MCA, ERWK ZLWK DQG ZLWKRXW
FRQVLGHUDWLRQ RI WHUPLQDO FRQGLWLRQV (COTC), LV GHWDLOHG
LQ SHFWLRQ 3. SHFWLRQ 4 GHVFULEHV WKH VLPXODWLRQ VHWXS DQG
GLVFXVVHV WKH UHVXOWV, KLJKOLJKWLQJ WKH VXSHULRULW\ RI WKH
S-MPC-MCA FRPSDUHG ZLWK FRQYHQWLRQDO CWF-MCA DQG
MPC-MCA DSSURDFKHV. FLQDOO\, SHFWLRQ 5 VXPPDULVHV WKH
PDLQ ILQGLQJV DQG SURYLGHV FRQFOXGLQJ UHPDUNV.

Figure 2 LRQJLWXGLQDO WUDFNLQJ SHUIRUPDQFH RI MPC-MCA DQG
S-MPC-MCA, (D) MPC-MCA ORQJLWXGLQDO
DFFHOHUDWLRQ WUDFNLQJ WUDMHFWRU\ (E) S-MPC-MCA
ORQJLWXGLQDO DFFHOHUDWLRQ WUDFNLQJ WUDMHFWRU\
(VHH RQOLQH YHUVLRQ IRU FRORXUV)

(D)

(E)

2 S\nthetic SteZart flight simulator modelling

TKLV VHFWLRQ SUHVHQWV WKH V\QWKHWLF PRGHOOLQJ RI WKH SWHZDUW
IOLJKW VLPXODWRU SODWIRUP DQG LWV LQWHJUDWLRQ ZLWK WKH KXPDQ
YHVWLEXODU V\VWHP.

2.1 HXman YeVWibXlaU V\VWem model

TKH YHVWLEXODU V\VWHP LV WKH SULPDU\ VHQVRU\ RUJDQ
UHVSRQVLEOH IRU SHUFHLYLQJ LQHUWLDO FXHV VXFK DV JUDYLW\ DQG
PRWLRQ, DQG FRQVLVWV RI WKH VHPLFLUFXODU FDQDOV DQG WKH
RWROLWK RUJDQV.

TKH VHPLFLUFXODU FDQDOV, ZKLFK DFW DV DQJXODU YHORFLW\
VHQVRUV, DUH IOXLG-ILOOHG VWUXFWXUHV DOLJQHG DSSUR[LPDWHO\
DORQJ WKH WKUHH RUWKRJRQDO D[HV RI WKH KXPDQ KHDG. TKH\
DUH SULPDULO\ UHVSRQVLEOH IRU GHWHFWLQJ URWDWLRQDO PRWLRQ,
WKHUHE\ HQDEOLQJ WKH SHUFHSWLRQ RI DQJXODU YHORFLW\. TKH
WUDQVIHU IXQFWLRQ RI WKH OLQHDU VHPLFLUFXODU FDQDO PRGHO LV
H[SUHVVHG LQ HTXDWLRQ (1).

ω̂

ω
=

TLTas
2

(TLs+ 1)(Tas+ 1)(TSs+ 1)
(1)

ZKHUH ω GHQRWHV WKH LQSXW DQJXODU YHORFLW\ VLJQDO LQ
WKH YHVWLEXODU PRGHO, ω̂ UHSUHVHQWV WKH SHUFHLYHG DQJXODU
YHORFLW\, DQG TL DQG Ta DUH WKH PRGHO SDUDPHWHUV
DVVRFLDWHG ZLWK WKH VHPLFLUFXODU FDQDOV.

TKH RWROLWK RUJDQV DUH UHVSRQVLEOH IRU SHUFHLYLQJ
WUDQVODWLRQDO PRWLRQ, DQG WKHLU EHKDYLRXU FDQ EH UHSUHVHQWHG
E\ WKH WUDQVIHU IXQFWLRQ JLYHQ LQ HTXDWLRQ (2).

â

a
=

Γas+ 1

ΓLs+ 1
· K

Γss+ 1
(2)

ZKHUH a GHQRWHV WKH LQSXW WUDQVODWLRQDO DFFHOHUDWLRQ VLJQDO
LQ WKH YHVWLEXODU PRGHO, â UHSUHVHQWV WKH WUDQVODWLRQDO
DFFHOHUDWLRQ SHUFHLYHG E\ WKH KXPDQ ERG\, DQG Γa, ΓL, DQG
K DUH WKH RWROLWK PRGHO SDUDPHWHUV.

GLYHQ WKH OLPLWHG PRWLRQ ZRUNVSDFH RI VLPXODWRU
SODWIRUPV, VXVWDLQHG DFFHOHUDWLRQ FXHV DUH HVWLPDWHG XVLQJ
WKH WLOW FRRUGLQDWLRQ HIIHFW, ZKLFK H[SORLWV WKH ODWHUDO DQG
ORQJLWXGLQDO FRPSRQHQWV RI JUDYLWDWLRQDO DFFHOHUDWLRQ (GUDQW
HW DO., 1984). IQ WKLV DSSURDFK, WKH ORZ-IUHTXHQF\ FRPSRQHQW
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RI WKH DFFHOHUDWLRQ VLJQDO LV FRQYHUWHG LQWR WKH WLOW DQJOH RI
WKH VLPXODWRU SODWIRUP, DV LOOXVWUDWHG LQ FLJXUH 3.

Figure 3 SFKHPDWLF GLDJUDP LOOXVWUDWLQJ WKH FRRUGLQDWLRQ
WUDQVIHU EHWZHHQ KRUL]RQWDO DQG YHUWLFDO WLOW LQ WKH
3VLPXODWRU SODWIRUP

AFFRUGLQJO\, WKH H[SUHVVLRQ IRU FRPSXWLQJ WKH WUDQVODWLRQDO
DFFHOHUDWLRQ LQ WLOW FRRUGLQDWLRQ DV D IXQFWLRQ RI WKH WLOW
DQJOH LV GHULYHG DV IROORZV:

θWLOW = DUFVLQ
(
aWLOW
g

)
≈ aWLOW

g
(3)

ZKHUH θWLOW GHQRWHV WKH WLOW FRRUGLQDWLRQ DQJOH, aWLOW LV
WKH WUDQVODWLRQDO DFFHOHUDWLRQ FRPSRQHQW LQGXFHG E\ WLOW
FRRUGLQDWLRQ, DQG g LV WKH JUDYLWDWLRQDO DFFHOHUDWLRQ.

TKH FRUUHVSRQGLQJ WUDQVIHU IXQFWLRQ RI WLOW FRRUGLQDWLRQ
LV JLYHQ E\:

ât
ωWLOW

=
g ·K (Γas+ 1)

s (ΓLs+ 1) (Γss+ 1)
(4)

ZKHUH ωWLOW GHQRWHV WKH LQSXW DQJXODU YHORFLW\ RI WKH
SODWIRUP WLOW DSSOLHG WR WKH YHVWLEXODU PRGHO, DQG ât
UHSUHVHQWV WKH WUDQVODWLRQDO DFFHOHUDWLRQ SHUFHLYHG E\ WKH
KXPDQ ERG\.

CRQVHTXHQWO\, WKH RYHUDOO YHVWLEXODU V\VWHP FDQ EH
PRGHOOHG E\ FRPELQLQJ WKH VWDWH-VSDFH UHSUHVHQWDWLRQV RI
WKH VHPLFLUFXODU FDQDOV, WKH RWROLWK RUJDQV, DQG WKH WLOW
FRRUGLQDWLRQ PHFKDQLVP:

xP = Apxp + Bpup (5)

yp = Cpxp (6)

ZKHUH xp = [xoth xtilt xacc]
T ∈ R21×1 GHQRWHV WKH RYHUDOO

VWDWH YHFWRU RI WKH KXPDQ YHVWLEXODU PRGHO, ZLWK xoth,
xtilt, DQG xacc UHSUHVHQWLQJ WKH VWDWH YHFWRUV RI WKH
RWROLWK RUJDQ, WLOW FRRUGLQDWLRQ, DQG VHPLFLUFXODU FDQDO
PRGHOV, UHVSHFWLYHO\. TKH LQSXW YHFWRU LV GHILQHG DV
up = [ap ωP,tilt ωP,rot ]

T ∈ R8×1, ZKHUH ap, ωP,tilt, DQG
ωP,rot GHQRWH WKH SODWIRUP WUDQVODWLRQDO DFFHOHUDWLRQ,
WLOW FRRUGLQDWLRQ DQJXODU YHORFLW\, DQG URWDWLRQDO DQJXODU
YHORFLW\, UHVSHFWLYHO\. TKH RXWSXW YHFWRU LV JLYHQ E\
yp = [ âP âP,tilt ω̂P,rot]

T ∈ R8×1, ZKHUH âP , âP,tilt, DQG
ω̂P,rot FRUUHVSRQG WR WKH SHUFHLYHG SODWIRUP WUDQVODWLRQDO
DFFHOHUDWLRQ, WKH WUDQVODWLRQDO DFFHOHUDWLRQ JHQHUDWHG E\ WLOW
FRRUGLQDWLRQ, DQG WKH SHUFHLYHG URWDWLRQDO DQJXODU YHORFLW\,
UHVSHFWLYHO\. TKH VWDWH-VSDFH PRGHO PDWULFHV DUH GHQRWHG
DV Ap ∈ R21×21, Bp ∈ R21×8, DQG Cp ∈ R8×21 IRU WKH
LQWHJUDWHG YHVWLEXODU V\VWHP.

2.2 SWeZaUW moWion plaWfoUm model

TKH JHRPHWULF FRQILJXUDWLRQ DQG UHIHUHQFH LQHUWLDO IUDPHV
RI WKH 6-DRF SWHZDUW SODWIRUP DUH LOOXVWUDWHG LQ FLJXUH 5.
IQ WKLV ILJXUH, WKH FRRUGLQDWH RULJLQ DQG WKH SODWIRUP¶V IL[HG
EDVH FHQWURLG (SRLQW O0) DUH GHILQHG, ZKHUH O0 UHPDLQV
VWDWLRQDU\ DQG GRHV QRW IROORZ WKH PRWLRQ RI WKH SODWIRUP.
TKH SODWIRUP IUDPH LV DWWDFKHG WR WKH SODWIRUP¶V FHQWUH RI
PDVV (SRLQW P0 LQ FLJXUH 4) DQG PRYHV WRJHWKHU ZLWK WKH
SODWIRUP. TKH RSHUDWRU IUDPH LV IL[HG WR WKH RSHUDWRU¶V KHDG
DQG XQGHUJRHV WKH FRUUHVSRQGLQJ PRWLRQV. TKH FRRUGLQDWH
RULJLQ RI WKLV IUDPH FRLQFLGHV ZLWK WKH RSHUDWRU¶V H\H SRLQW,
DQG WKH DVVRFLDWHG FRRUGLQDWH V\VWHP LV GHQRWHG DV D0.

Figure 4 GHRPHWULF FRQILJXUDWLRQ DQG UHIHUHQFH FRRUGLQDWH
IUDPHV RI WKH VLPXODWRU SODWIRUP.

TKH LQYHUVH NLQHPDWLF UHODWLRQV RI WKH PRWLRQ SODWIRUP DUH
FRQVLGHUHG WR FRQVWUDLQ WKH DFWXDWRU YHORFLW\ DQG OHQJWK,
LQFRUSRUDWLQJ WKH NLQHPDWLF IRUPXODWLRQV SURSRVHG E\ HDULE
DQG SULQLYDVDQ (2003). TR GHWHUPLQH WKH OHJ OHQJWK, D
FORVHG-ORRS HTXDWLRQ LV GHULYHG IRU HDFK PRXQWLQJ SRLQW ci
DVVRFLDWHG ZLWK LWV FRUUHVSRQGLQJ OHJ li DV:

ci = r +RO
P · cPi (7)

ZKHUH r GHQRWHV WKH SRVLWLRQ YHFWRU RI OP RQ WKH PRWLRQ
SODWIRUP H[SUHVVHG LQ WKH LQHUWLDO IUDPH. ci DQG cPi UHSUHVHQW
WKH SRVLWLRQ YHFWRUV RI WKH FRQQHFWLRQ SRLQW EHWZHHQ WKH
SODWIRUP DQG WKH iWK OHJ, H[SUHVVHG LQ WKH LQHUWLDO IUDPH DQG
WKH SODWIRUP FRRUGLQDWH IUDPH, UHVSHFWLYHO\.

RP
O GHQRWHV WKH URWDWLRQ PDWUL[ WKDW WUDQVIRUPV YHFWRUV

IURP WKH SODWIRUP-IL[HG FRRUGLQDWH IUDPH WR WKH LQHUWLDO
IUDPH:

RO
P =

cψcϕ− cθsϕsψ −sψcϕ− cθsϕcψ sθsϕ
cψsϕ+ cθcϕsψ −sψsϕ+ cθcϕcψ −sθcϕ

sψsθ cψsθ cθ


ZKHUH c DQG s GHQRWH WKH FRVLQH DQG VLQH IXQFWLRQV,
UHVSHFWLYHO\, DQG ϕ, θ, DQG ψ UHSUHVHQW WKH UROO, SLWFK, DQG
\DZ DQJOHV.

TKH FORVHG-ORRS HTXDWLRQ IRU WKH iWK OHJ YHFWRU li FDQ
WKHQ EH H[SUHVVHG DV:

Li = li · ŝi = ci − bi = r +RO
P · cPi − bi (8)
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ZKHUH Li GHQRWHV WKH YHFWRU RI WKH iWK OHJ, li LV LWV OHQJWK,
DQG ŝi UHSUHVHQWV WKH FRUUHVSRQGLQJ XQLW GLUHFWLRQ YHFWRU. bi
GHQRWHV WKH SRVLWLRQ YHFWRU RI WKH FRQQHFWLRQ SRLQW EHWZHHQ
WKH EDVH DQG WKH iWK OHJ LQ WKH LQHUWLDO IUDPH. BDVHG RQ
WKHVH GHILQLWLRQV, WKH FORVHG-ORRS OHJ HTXDWLRQ LQWURGXFHG LQ
HTXDWLRQ (9) FDQ EH UHIRUPXODWHG LQ WHUPV RI OHJ YHFWRUV.

FXUWKHUPRUH, WKH UDWH RI FKDQJH RI WKH OHJ OHQJWK l̇i
FDQ EH GHULYHG E\ GLIIHUHQWLDWLQJ WKH FORVHG-ORRS UHODWLRQ LQ
HTXDWLRQ (9). TKLV \LHOGV WKH IROORZLQJ H[SUHVVLRQ:

l̇i =
d

dt

(√
Li ·Li

)
(9)

TKH UDWH RI FKDQJH RI WKH iWK OHJ OHQJWK, l̇i, LV D QRQOLQHDU
IXQFWLRQ RI WZR IDFWRUV: WKH SODWIRUP OLQHDU YHORFLW\ vp DQG
WKH DQJXODU YHORFLW\ ωp. AFFRUGLQJO\, l̇i FDQ EH H[SUHVVHG
DV:

l̇i = h(xl) (10)

ZKHUH xl =
[
vp ωp

]T ∈ R6×1 GHQRWHV WKH SODWIRUP PRWLRQ
VWDWH YHFWRU, FRQVLVWLQJ RI WKH OLQHDU YHORFLW\ vp DQG DQJXODU
YHORFLW\ ωp.

FRU DQDO\WLFDO WUDFWDELOLW\, WKH QRQOLQHDU UHODWLRQ LQ
HTXDWLRQ (11) LV OLQHDULVHG DERXW WKH RULJLQ RI WKH FRRUGLQDWH
V\VWHP O0, \LHOGLQJ:

l̇i = Aivp +Biωp (11)

2.3 InWegUaWed V\VWem model

TKH LQWHJUDWHG V\VWHP PRGHO FRQVLVWV RI WKH YHVWLEXODU
V\VWHP PRGHO ZLWK WLOW FRRUGLQDWLRQ DQG WKH NLQHPDWLF
PRGHO RI WKH VLPXODWRU PRWLRQ SODWIRUP. TKH VWDWH-VSDFH
UHSUHVHQWDWLRQ RI WKH LQWHJUDWHG V\VWHP, H[SUHVVHG LQ WKH
VLPXODWRU¶V LQHUWLDO IUDPH, LV JLYHQ E\:

[̇t =



ṙp = vp

v̇p = ap

β̇p,URW = ωp,URW

β̇p,WLOW = ωp,WLOW

ẋp = Apxp + Bp

[
aDP ;ωD

P,WLOW;ω
D
P,URW

]
l̇i = Aivp + Biωp

(12)

aDP = ap + vp ×
(
RP

0 q
P
)
+ ωp × ωp ×

(
RP

0 q
P
)

(13)

ωD
P,URW = C0

Dωp,URW (14)

ωD
P,WLOW = C0

Dωp,WLOW (15)

ωp = ωp,URW + ωp,WLOW (16)

ZKHUH rp, vp, ap, βp, DQG ωp GHQRWH WKH GLVSODFHPHQW
YHFWRU, WUDQVODWLRQDO YHORFLW\ YHFWRU, WUDQVODWLRQDO
DFFHOHUDWLRQ YHFWRU, DQJXODU GLVSODFHPHQW YHFWRU, DQG
DQJXODU YHORFLW\ YHFWRU RI WKH VLPXODWRU PRWLRQ SODWIRUP
LQ WKH SODWIRUP IUDPH, UHVSHFWLYHO\. SLPLODUO\, aD

P , ωD
P,WLOW,

DQG ωD
P,URW GHQRWH WKH WUDQVODWLRQDO DFFHOHUDWLRQ YHFWRU,

WLOW FRRUGLQDWLRQ DQJXODU YHORFLW\, DQG URWDWLRQDO DQJXODU

YHORFLW\ YHFWRU DW WKH RSHUDWRU¶V H\HSRLQW LQ WKH RSHUDWRU
IUDPH, UHVSHFWLYHO\.

TKH GLVFUHWLVHG VWDWH-VSDFH UHSUHVHQWDWLRQ RI WKH MPC
V\VWHP FDQ EH H[SUHVVHG DV:

xm(k + 1) = Amxm(k) +Bmu(k) (17)

y(k) = Cmxm(k) (18)

xm = [rp vp ap βp,URW βp,WLOW xp li]
T DQG y GHQRWH WKH VWDWH

DQG RXWSXW YHFWRUV RI WKH MPC PRGHO, UHVSHFWLYHO\. Am,
Bm, DQG Cm DUH WKH FRUUHVSRQGLQJ V\VWHP PDWULFHV,
ZKLOH u(k) UHSUHVHQWV WKH LQSXW YHFWRU, GHILQHG DV
[ap ωp,URW ωp,WLOW]

T .
AFFRUGLQJO\, WKH LWHUDWLYH VWDWH-VSDFH UHSUHVHQWDWLRQ RI

HTXDWLRQV (17)–(18) FDQ EH ZULWWHQ DV:

x(k + 1) = Ax(k) +B∆u(k) (19)

y(k) = Cx(k) (20)

IQ WKH DERYH HTXDWLRQV, WKH FRQWURO LQSXW LQFUHPHQW
LV GHILQHG DV ∆u(k) = u(k)− u(k − 1), DQG
WKH DXJPHQWHG VWDWH YHFWRU LV JLYHQ E\ x(k) =

[xm(k)− xm(k − 1) y(k)]
T . TKH FRUUHVSRQGLQJ V\VWHP

PDWULFHV A, B, DQG C DUH GHILQHG DV:

A =

[
Am 0

CmAm I

]
, B =

[
Bm

CmBm

]
, C =

[
0 I

]
(21)

3 S-03C-0CA

TKH SURSRVHG S-MPC-MCA LV GHYHORSHG WR HQKDQFH WKH
G\QDPLF VLPXODWLRQ FDSDELOLW\ RI DLUFUDIW VLPXODWRUV E\
LPSURYLQJ PRWLRQ FXH ILGHOLW\, UHGXFLQJ WUDFNLQJ HUURUV, DQG
HQVXULQJ VWDEOH SHUIRUPDQFH, SDUWLFXODUO\ XQGHU FRPSOH[
DQG UDSLGO\ FKDQJLQJ IOLJKW FRQGLWLRQV. UQOLNH FRQYHQWLRQDO
MPC-EDVHG MCAV, ZKHUH LQVXIILFLHQW WHUPLQDO FRQGLWLRQV
RIWHQ FDXVH XQH[SHFWHG IOXFWXDWLRQV RI WKH VLPXODWRU
SODWIRUP, WKH S-MPC-MCA LQFRUSRUDWHV D VZLWFKLQJ
PHFKDQLVP WR HQVXUH VWDEOH DQG UHDOLVWLF PRWLRQ FXHV.

TKH RYHUDOO DUFKLWHFWXUH RI WKH S-MPC-MCA FRQVLVWV RI
ILYH PDLQ FRPSRQHQWV:

• DQ MPC-EDVHG MCA ZLWK COTC

• DQ MPC-EDVHG MCA ZLWKRXW COTC

• DQ DGDSWLYH ZHLJKW UHJXODWRU (AWR)

• D VXSHUYLVRU\ FRQWUROOHU (SC)

• D VZLWFK PL[HU (SM).

3.1 S-MPC-MCA V\VWem aUchiWecWXUe

TKH V\VWHP DUFKLWHFWXUH RI WKH S-MPC-MCA LV LOOXVWUDWHG
LQ FLJXUH 5. AW LWV FRUH, WKH SC FRQWLQXRXVO\ HYDOXDWHV
WKH IHDVLELOLW\ RI WKH WZR MPC-EDVHG FRQWUROOHUV DQG
RUFKHVWUDWHV WKH VZLWFKLQJ EHWZHHQ WKHP. SSHFLILFDOO\, ZKHQ
WKH MPC ZLWK COTC IDLOV WR JHQHUDWH D IHDVLEOH VROXWLRQ,
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WKH SC LQLWLDWHV D VZLWFK WR WKH MPC ZLWKRXW COTC WR
PDLQWDLQ FRQWLQXLW\ RI FRQWURO. CRQYHUVHO\, RQFH WKH ODWHUDO
RU ORQJLWXGLQDO DFFHOHUDWLRQ WUDFNLQJ HUURUV DUH UHGXFHG
EHORZ D SUHGHILQHG WKUHVKROG, WKH SC UH-HQJDJHV WKH MPC
ZLWK COTC WR HQVXUH KLJKHU-ILGHOLW\ PRWLRQ FXHLQJ.

DLUHFW VZLWFKLQJ, KRZHYHU, PD\ UHVXOW LQ DEUXSW VWDWH
FKDQJHV WKDW LQGXFH QRWLFHDEOH PRWLRQ DUWHIDFWV DQG HYHQ
GHVWDELOLVH WKH VLPXODWRU SODWIRUP. TR DGGUHVV WKLV, D
WLPH-YDU\LQJ ZHLJKWLQJ PHFKDQLVP LV HPEHGGHG ZLWKLQ
WKH SC. TKLV PHFKDQLVP JUDGXDOO\ DGMXVWV FRQWURO ZHLJKWV
GXULQJ WUDQVLWLRQV, WKHUHE\ VPRRWKLQJ WKH VZLWFKLQJ SURFHVV,
VXSSUHVVLQJ XQGHVLUDEOH WUDQVLHQWV, DQG LPSURYLQJ ERWK
V\VWHP VWDELOLW\ DQG SLORW SHUFHSWLRQ RI PRWLRQ FXHV.

3.2 ConWUolleU deVign foU MPC-MCA ZiWh COTC

TKH MPC-MCA ZLWK COTC LV IRUPXODWHG ZLWK D FRVW
IXQFWLRQ J(k) GHVLJQHG WR PLQLPLVH PRWLRQ VHQVDWLRQ
HUURUV ZKLOH IDLWKIXOO\ UHSURGXFLQJ WKH SHUFHSWXDO G\QDPLFV
H[SHULHQFHG E\ DLUFUDIW SLORWV. TR DFKLHYH WKLV, WKH UHIHUHQFH
WUDMHFWRU\ xUHI LV H[SOLFLWO\ LQFRUSRUDWHG LQWR WKH REMHFWLYH
IXQFWLRQ, HQVXULQJ WKDW SUHGLFWHG SODWIRUP VWDWHV DFFXUDWHO\
IROORZ WKH GHVLUHG PRWLRQ FXHV.

HHUH, x(t+ n|t) GHQRWHV WKH SUHGLFWHG VWDWH DW WKH nWK
SUHGLFWLRQ VWHS, ZLWK VDPSOLQJ SHULRG Ts. BDVHG RQ WKLV
IRUPXODWLRQ, WKH RSWLPLVDWLRQ SUREOHP IRU WKH MPC-MCA
ZLWK COTC FDQ EH H[SUHVVHG DV:

PLQ
u(i),x(k)∈U

J(k)

=

Np−1∑
i=1

(xUHI(k + i | k)− x(k + i | k))T

×Q (xUHI(k + i | k)− x(k + i | k))

+

Nc−1∑
i=1

uT (k + i | k)Su(k + i | k)

+

Nc−1∑
i=1

∆uT (k + i | k)R∆u(k + i | k)

+ (xUHI(k +Np | k)− x(k +Np | k))T

×QNp(xUHI(k +Np | k)− x(k +Np | k))

(22)

x(k + i | k) ∈ E,∆u ∈ ∆U,u(k + i | k) ∈ U,

i = 1, . . . , Np

(23)

xp
a(k +Np | k) + xp,WLOW

a (k +Np | k) = xa,UHI
a (k) (24)

x(k +Np | k) = 0 (25)

IQ WKH DERYH HTXDWLRQV, Np DQG Nc GHQRWH WKH SUHGLFWLRQ
KRUL]RQ DQG WKH FRQWURO KRUL]RQ, UHVSHFWLYHO\. R, S, DQG
Q DUH GLDJRQDO ZHLJKWLQJ PDWULFHV (DWMV) DVVRFLDWHG
ZLWK WKH LQSXW UDWH, LQSXW, DQG RXWSXW, UHVSHFWLYHO\. TKH
FRQVWUDLQWV DUH GHILQHG DV x(k + i | k) ∈ E, ∆u ∈ ∆U , DQG
u(k + i | k) ∈ U , ZKLFK FRUUHVSRQG WR WKH DGPLVVLEOH VWDWH
VHW, LQSXW UDWH OLPLWV, DQG LQSXW ERXQGV.

FXUWKHUPRUH, xp
a(k +Np | k) DQG xp,WLOW

a (k +Np | k)
UHSUHVHQW WKH SUHGLFWHG WUDQVODWLRQDO DFFHOHUDWLRQ DQG WLOW
FRRUGLQDWLRQ DFFHOHUDWLRQ RI WKH YHVWLEXODU V\VWHP, ZKLOH
xa,UHI
a (k) GHQRWHV WKH DFFHOHUDWLRQ SHUFHLYHG E\ WKH DLUFUDIW

SLORW¶V YHVWLEXODU V\VWHP DW WKH LQLWLDO LQVWDQW RI WKH
SUHGLFWLRQ.

IW VKRXOG EH QRWHG WKDW QNp LV WKH WHUPLQDO ZHLJKWLQJ
PDWUL[ IRU WKH RXWSXWV XQGHU WHUPLQDO FRQGLWLRQV. BDVHG RQ
WKH RLFFDWL HTXDWLRQ, LW FDQ EH FRPSXWHG DV:

QNp = ATQNpA−AQNpB
(
BTQNpB +R

)−1

×BTQNpA+Q
(26)

TKH DFFHOHUDWLRQ SHUFHLYHG E\ WKH VLPXODWRU SLORW¶V
YHVWLEXODU V\VWHP LV SULPDULO\ FRPSRVHG RI WKH WUDQVODWLRQDO
DFFHOHUDWLRQ JHQHUDWHG E\ WKH SODWIRUP¶V OLQHDU PRWLRQ
DQG WKH DFFHOHUDWLRQ LQGXFHG E\ WKH SODWIRUP¶V WLOWLQJ
PHFKDQLVP. ETXDWLRQ (25) HQVXUHV WKDW WKH VLPXODWRU SLORW¶V
YHVWLEXODU V\VWHP H[SHULHQFHV WKH VDPH DFFHOHUDWLRQ xa,UHI

a

DV WKDW RI WKH DLUFUDIW SLORW¶V YHVWLEXODU V\VWHP. TR EURDGHQ
WKH IHDVLEOH UDQJH RI RSWLPLVHG FRQWURO VROXWLRQV, FRQVWUDLQWV
DUH LPSRVHG RQO\ DW WKH WHUPLQDO VWDJH RI WKH FRVW IXQFWLRQ,
ZKHUH WKH WHUPLQDO VWDWH LV GHQRWHG DV x(k +Np | k). A
IXUWKHU GLVWLQFWLRQ EHWZHHQ WKH MPC-MCA ZLWKRXW COTC
DQG LWV FRXQWHUSDUW ZLWK COTC OLHV LQ WKH WHUPLQDO VWDWH
FRQGLWLRQ: LQ WKH ODWWHU, WKH HQGSRLQW FRQVWUDLQW LV VHW WR ]HUR,
DV VSHFLILHG LQ HTXDWLRQ (26).

3.3 ConWUolleU deVign foU MPC-MCA ZiWhoXW COTC

TKH SUHVHQFH RI WHUPLQDO VWDWH FRQVWUDLQWV LQ WKH MPC-MCA
ZLWK COTC PD\ UHQGHU WKH RSWLPLVDWLRQ SUREOHP LQIHDVLEOH.
TR HQVXUH VROYDELOLW\, WKH RSWLPLVDWLRQ SUREOHP LV
UHIRUPXODWHG E\ UHPRYLQJ WKHVH WHUPLQDO FRQVWUDLQWV.

TZR PDLQ GLVWLQFWLRQV H[LVW EHWZHHQ WKH MPC-MCA
ZLWK DQG ZLWKRXW COTC. FLUVW, WKH YHUVLRQ ZLWKRXW COTC
HOLPLQDWHV WKH WHUPLQDO VWDWH FRQVWUDLQW. SHFRQG, LWV TWMV
DUH VHW HTXDO WR WKH RULJLQDO ZHLJKWLQJ PDWULFHV Q GHILQHG
LQ HTXDWLRQ (23) (DDJGHOHQ HW DO., 2009). WLWK WKHVH
PRGLILFDWLRQV, WKH RSWLPLVDWLRQ SUREOHP IRU WKH MPC-MCA
ZLWKRXW COTC LV IRUPXODWHG DV:

PLQ
u(i),x(k)∈U

J(k)

=

Np−1∑
i=1

(xUHI(k + i | k)− x(k + i | k))T

×Q (xUHI(k + i | k)− x(k + i | k))

+

Nc−1∑
i=1

uT (k + i | k)Su(k + i | k)

+

Nc−1∑
i=1

∆uT (k + i | k)R∆u(k + i | k)

(27)

IQ WKH DERYH HTXDWLRQ, R, S, DQG Q GHQRWH WKH DWMV
VSHFLILF WR WKH LQSXW UDWH, LQSXW, DQG RXWSXW.
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Figure 5 S-MPC LQWHJUDWHG MCA V\VWHP GLDJUDP (VHH RQOLQH YHUVLRQ IRU FRORXUV)

3.4 SWabiliW\ anal\ViV

PUHYLRXV VWXGLHV (COHLM HW DO., 2019; RHQJLIR HW DO., 2018)
GHYHORSHG D IHHGEDFN FRQWURO ODZ IRU OLQHDU V\VWHPV WR
DGGUHVV WKH PLQLPXP-HQHUJ\ UHJXODWRU SUREOHP ZLWK IL[HG
WHUPLQDO FRQVWUDLQWV. TKLV IRUPXODWLRQ ZDV ODWHU H[WHQGHG
WR OLQHDU WLPH-YDU\LQJ V\VWHPV XVLQJ D UHFHGLQJ-KRUL]RQ
DSSURDFK, ZKLFK KDV EHHQ GHPRQVWUDWHG WR JXDUDQWHH
DV\PSWRWLF VWDELOLW\. BXLOGLQJ RQ WKHVH UHVXOWV, WKH SUHVHQW
VWXG\ DGRSWV WKH VDPH PHWKRGRORJ\ WR HYDOXDWH WKH VWDELOLW\
RI WKH MPC-EDVHG MCA. IQ DGGLWLRQ, IRU WKH FDVH ZLWKRXW
COTC, VWDELOLW\ FDQ VWLOO EH HQVXUHG E\ VHOHFWLQJ D
VXIILFLHQWO\ ORQJ SUHGLFWLRQ KRUL]RQ, VXFK DV WKH LQILQLWH
RXWSXW SUHGLFWLRQ KRUL]RQ (RHQJLIR HW DO., 2018). BDVHG
RQ WKHVH FRQVLGHUDWLRQV, WKH IHHGEDFN FRQWURO ODZ FDQ EH
H[SUHVVHG DV:

u(t) = −R−1BpP−1(t+ Ts, t+NpTs)Ax(t) (28)

TKH RLFFDWL HTXDWLRQ LV HPSOR\HG WR FRPSXWH P−1, ZKLFK
VHUYHV DV WKH VROXWLRQ IRU WKH DVVRFLDWHG RSWLPDO FRQWURO
SUREOHP DQG SURYLGHV WKH EDVLV IRU WKH IHHGEDFN JDLQ
FDOFXODWLRQ:

P (t+ k | t)
= A−1P (t+ k + 1 | t)A−1T

−A−1P (t+ k + 1 | t)A−1T −A−1TCTET

×
[
I +ECA−1P (t+ k + 1 | t)CTET

]−1

×ECA−1P (t+ k + 1 | t)A−1T

+BR−1BT

(29)

TKH PDWUL[ P LV REWDLQHG IURP HTXDWLRQ (29) WRJHWKHU ZLWK
WKH LQYHUVH VXP VSDQQLQJ IURP Np WR WKH VSHFLILHG WLPH
VWHS. IQ DGGLWLRQ, P (t+ Ts, t+NpTs) LV FRQVWUDLQHG WR
]HUR DV DQ DGGLWLRQDO FRQGLWLRQ LPSRVHG RQ WKH V\VWHP.

IW VKRXOG EH HPSKDVLVHG WKDW WKH SUHGLFWLRQ KRUL]RQ
Np PXVW EH VXIILFLHQWO\ ORQJ WR VDWLVI\ WKH UHTXLUHPHQWV
RI WKH IHHGEDFN FRQWURO ODZ LQ HTXDWLRQ (30). TKH
FORVHG-ORRS V\VWHP UHPDLQV VWDEOH SURYLGHG WKDW WKH V\VWHP
LQ HTXDWLRQ (15) LV ERWK FRQWUROODEOH DQG REVHUYDEOH.
SSHFLILFDOO\, LI WKH SDLU (A,B) LV FRQWUROODEOH DQG (A,C) LV
REVHUYDEOH, WKHQ, IROORZLQJ TKHRUHPV 1 DQG 2 RI (KZRQ DQG
PHDUVRQ, 1978), WKH VWDELOLW\ RI WKH V\VWHP LQ HTXDWLRQ (15)
XQGHU WHUPLQDO VWDWH FRQVWUDLQWV FDQ EH IRUPDOO\ JXDUDQWHHG.
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TR IXUWKHU DVVHVV WKH UREXVWQHVV RI WKH SURSRVHG
FRQWURO IUDPHZRUN DJDLQVW ODWHUDO VWDOO HUURU LQMHFWLRQV, WKUHH
UHSUHVHQWDWLYH VFHQDULRV DUH FRQVLGHUHG: YLROHQW WXUEXOHQFH,
ZLQG VKHDU-LQGXFHG VWDOO, DQG ODWHUDO VWDOO ZLWK GHWDLOV WR EH
GLVFXVVHG LQ WKH QH[W VHFWLRQ.

3.5 Time comple[iW\ anal\ViV

TKH FRPSXWDWLRQDO FRPSOH[LW\ RI WKH SURSRVHG DOJRULWKP
LV SULPDULO\ GHWHUPLQHG E\ PDWUL[ PXOWLSOLFDWLRQV DQG
DGGLWLRQV. TKHVH RSHUDWLRQV W\SLFDOO\ H[KLELW D FRPSOH[LW\
UDQJLQJ IURP O(n2) WR O(n3), GHSHQGLQJ RQ PDWUL[
GLPHQVLRQV. HRZHYHU, VLQFH WKH VL]HV RI WKH PDWULFHV
LQYROYHG DUH IL[HG DQG LQGHSHQGHQW RI WKH SUHGLFWLRQ
KRUL]RQ Np, WKH DVVRFLDWHG FRPSXWDWLRQDO FRVW FDQ EH
UHJDUGHG DV FRQVWDQW.

TKH GRPLQDQW IDFWRU LQ WKH RYHUDOO FRPSOH[LW\ DULVHV
IURP WKH IRU-ORRS LQ WKH MPC DOJRULWKP, ZKRVH QXPEHU
RI LWHUDWLRQV LV GLUHFWO\ SURSRUWLRQDO WR Np. TKLV ORRS
LV UHVSRQVLEOH IRU FRQVWUXFWLQJ WKH SUHGLFWLRQ PRGHO DQG
VROYLQJ WKH RSWLPLVDWLRQ SUREOHP, DQG VLQFH HDFK LWHUDWLRQ
LQYROYHV D FRQVWDQW QXPEHU RI IL[HG-VL]H PDWUL[ RSHUDWLRQV,
WKH UHVXOWLQJ FRPSOH[LW\ VFDOHV OLQHDUO\ ZLWK Np.

TKHUHIRUH, WKH RYHUDOO WLPH FRPSOH[LW\ RI WKH
DOJRULWKP FDQ EH H[SUHVVHG DV O(Np), LQGLFDWLQJ WKDW
WKH FRPSXWDWLRQDO FRVW JURZV OLQHDUO\ ZLWK WKH SUHGLFWLRQ
KRUL]RQ ZKLOH UHPDLQLQJ LQGHSHQGHQW RI WKH IL[HG PDWUL[
GLPHQVLRQV.

4 Simulation and results

4.1 SimXlaWion VeWXp

BRWK WKH S-MPC-MCA ZLWK DQG ZLWKRXW COTC ZHUH
LPSOHPHQWHG LQ MATLAB WR DVVHVV FRQWUROOHU SHUIRUPDQFH.
A YLUWXDO VHQVRU ZDV SRVLWLRQHG DW WKH SLORW¶V H\HSRLQW
WR FDSWXUH UHIHUHQFH DFFHOHUDWLRQ DQG DQJXODU YHORFLW\
VLJQDOV, ZKLFK ZHUH VXEVHTXHQWO\ SURFHVVHG WKURXJK WKH
YHVWLEXODU V\VWHP PRGHO. TKH VLPXODWLRQ GDWD VWUXFWXUH
FRPSULVHG ODWHUDO DQG ORQJLWXGLQDO DFFHOHUDWLRQ FRPSRQHQWV,
ZKLFK VHUYHG DV HTXDOLW\ FRQVWUDLQWV, WRJHWKHU ZLWK DQJXODU
YHORFLW\ VLJQDOV DQG FRUUHVSRQGLQJ SODWIRUP VWDWH YDULDEOHV
UHTXLUHG IRU VROYLQJ WKH RSWLPLVDWLRQ SUREOHP.

Table 1 6-DRF SWHZDUW VLPXODWRU FRQILJXUDWLRQV

E[cXUVion 9el. Acc.

[ ±1.7 P ±1.5 P/V ±10 P/V2

\ ±1.7 P ±1.5 P/V ±10 P/V2

] [2.2, 3.8] P ±1 P/V ±7 P/V2

URZ ±25 ◦ ±30◦/V ±200◦/V2

SLWFK ±25 ◦ ±30◦/V ±200◦/V2

\DZ ±30 ◦ ±30◦/V ±200◦/V2

l1...6 [2.5, 4.5] P

CRPSUHKHQVLYH VLPXODWLRQV ZHUH SHUIRUPHG XQGHU WZR
UHSUHVHQWDWLYH IOLJKW VFHQDULRV – DLUFUDIW WXUEXOHQFH DQG
KRUL]RQWDO ZLQJ VWDOO – WR H[DPLQH WKH UREXVWQHVV DQG

ILGHOLW\ RI WKH SURSRVHG DSSURDFK. TKH UHVXOWV LQGLFDWH WKDW
WKH S-MPC-MCA DFKLHYHV D 25% LPSURYHPHQW LQ HUURU
UHGXFWLRQ FRPSDUHG ZLWK WKH FRQYHQWLRQDO MPC-MCA,
\LHOGLQJ DQ HUURU UDWH RI 0.0000125 YHUVXV 0.00001 IRU
MPC-MCA.

TKH VLPXODWRU SDUDPHWHUV HPSOR\HG IRU SHUIRUPDQFH
HYDOXDWLRQ DUH VXPPDULVHG LQ TDEOH 1.

4.2 S-MPC peUfoUmance XndeU bXmp\ flighW VcenaUio

BXPS\ IOLJKW FRQGLWLRQV UHSUHVHQW D W\SLFDO FKDOOHQJH IRU
IOLJKW VLPXODWRUV, DV WKH\ LQGXFH UDSLG YDULDWLRQV LQ ODWHUDO
DFFHOHUDWLRQ RYHU VKRUW WLPH LQWHUYDOV. USVHW SUHYHQWLRQ
DQG UHFRYHU\ WUDLQLQJ (UPRT) UHTXLUHV VLPXODWRUV WR
DFFXUDWHO\ UHSURGXFH WKHVH DEUXSW DFFHOHUDWLRQ FKDQJHV,
ZKLFK GHPDQGV D MCA ZLWK ERWK UDSLG UHVSRQVH FDSDELOLW\
DQG KLJK-ILGHOLW\ VRPDWRVHQVRU\ VLPXODWLRQ.

FLJXUH 6(D) LOOXVWUDWHV WKH WUDFNLQJ SHUIRUPDQFH RI
GLIIHUHQW MCAV XQGHU VXFK FRQGLWLRQV. TR TXDQWLWDWLYHO\
FRPSDUH SHUIRUPDQFH, WKH QRUPDOLVHG DYHUDJH DEVROXWH
GLIIHUHQFH (NAAD) DQG DYHUDJH DEVROXWH VFDOH (AAS)
PHWULFV ZHUH HPSOR\HG, ZLWK UHIHUHQFH WUDFNLQJ HYDOXDWHG
DFURVV S-MPC, MPC-EDVHG MCA, DQG CWF. FRU IDLUQHVV,
HDFK DOJRULWKP ZDV WXQHG WR PD[LPLVH UHIHUHQFH WUDFNLQJ
DFFXUDF\ ZKLOH HQVXULQJ DFWXDWRU SRVLWLRQV UHPDLQHG ZLWKLQ
SK\VLFDO FRQVWUDLQWV.

TKH UHVXOWV VKRZ WKDW WKH S-MPC-MCA DFKLHYHV
FRQVLVWHQWO\ ORZHU NAAD DQG AAS YDOXHV FRPSDUHG
ZLWK MPC-MCA DQG CWF, FRQILUPLQJ LWV VXSHULRU
WUDFNLQJ SHUIRUPDQFH. NRWDEO\, GXULQJ WKH LQWHUYDOV 10–13 V
DQG 16–18 V, WKH S-MPC-MCA DXWRPDWLFDOO\ VZLWFKHG
FRQWUROOHUV LQ UHVSRQVH WR SK\VLFDO SODWIRUP OLPLWDWLRQV,
WKHUHE\ PDLQWDLQLQJ KLJKHU PRWLRQ ILGHOLW\. FLJXUH 6(E)
IXUWKHU VXSSRUWV WKHVH ILQGLQJV, KLJKOLJKWLQJ WKDW S-MPC
RXWSHUIRUPV ERWK EHQFKPDUNV, ZKHUHDV CWF FRQVLVWHQWO\
GHPRQVWUDWHV LQIHULRU WUDFNLQJ SHUIRUPDQFH GXH WR LWV
OLPLWHG DGDSWDELOLW\.

FLJXUHV 6(F)–6(I) SURYLGH DGGLWLRQDO LQVLJKWV LQWR
DQJXODU YHORFLW\ WUDFNLQJ. AOWKRXJK DOO DOJRULWKPV UHPDLQHG
ERXQGHG ZLWKLQ WKH UDQJH RI −0.5 WR 0.5 GHJ/V GXH WR
SODWIRUP FRQVWUDLQWV, WKH S-MPC-MCA DFKLHYHG WKH FORVHVW
DSSUR[LPDWLRQ WR UHIHUHQFH WUDMHFWRULHV, FRPELQLQJ DFFXUDF\
ZLWK DGDSWDELOLW\. WKLOH CWF H[KLELWHG SHUIRUPDQFH
FRPSDUDEOH WR WKH MPC-MCA LQ FHUWDLQ FRQGLWLRQV, LW
ODFNHG WKH UHVSRQVLYHQHVV DQG UREXVWQHVV REVHUYHG LQ WKH
S-MPC-MCA.

4.3 S-MPC peUfoUmance XndeU hoUi]onWal VWall VcenaUio

HRUL]RQWDO VWDOO RI DLUFUDIW ZLQJV LV DQRWKHU FULWLFDO VWDOO
SKHQRPHQRQ, FKDUDFWHULVHG E\ DEUXSW DQG VHYHUH FKDQJHV
LQ ODWHUDO DFFHOHUDWLRQ. AV ZLWK WKH EXPS\ VFHQDULR,
DFFXUDWH UHSOLFDWLRQ RI WKHVH G\QDPLFV LV HVVHQWLDO IRU UPRT
DSSOLFDWLRQV. FLJXUH 6(D) SUHVHQWV WKH WUDFNLQJ SHUIRUPDQFH
RI WKH S-MPC-MCA XQGHU KRUL]RQWDO VWDOO FRQGLWLRQV,
YHULI\LQJ LWV DELOLW\ WR GHOLYHU UHDOLVWLF PRWLRQ FXHV ZLWK
HQKDQFHG ILGHOLW\ FRPSDUHG WR FRQYHQWLRQDO MPC DQG CWF
DSSURDFKHV.
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Figure 6 PHUIRUPDQFH DQDO\VLV RI UPRT VLPXODWLRQ UHVXOWV LQ WKH EXPS\ VFHQDULR, (D) ODWHUDO DFFHOHUDWLRQ (E) ORQJLWXGLQDO DFFHOHUDWLRQ
(F) YHUWLFDO DFFHOHUDWLRQ (G) UROO UDWH, (H) SLWFK UDWH(I) \DZ UDWH (VHH RQOLQH YHUVLRQ IRU FRORXUV)

(D) (E)

(F) (G)

(H) (I)

Figure 7 PHUIRUPDQFH DQDO\VLV RI ODWHUDO DFFHOHUDWLRQ FKDQJHV
RYHU GLIIHUHQW MCAV LQ UPRT XQGHU KRUL]RQWDO VWDOO
VFHQDULR (VHH RQOLQH YHUVLRQ IRU FRORXUV)

Figure 8 PHUIRUPDQFH DQDO\VLV RI UROO UDWH FKDQJHV RYHU
GLIIHUHQW MCAV LQ UPRT XQGHU KRUL]RQWDO VWDOO
VFHQDULR (VHH RQOLQH YHUVLRQ IRU FRORXUV)
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AV LOOXVWUDWHG LQ FLJXUHV 7 DQG 8, WKH S-MPC-EDVHG
MCA GHPRQVWUDWHV D VXEVWDQWLDO LPSURYHPHQW LQ WUDFNLQJ
SHUIRUPDQFH FRPSDUHG ZLWK ERWK WKH CWF- DQG MPC-EDVHG
MCAV, SDUWLFXODUO\ LQ WHUPV RI LWV UDSLG FRQYHUJHQFH WR
UHIHUHQFH WUDMHFWRULHV. TKH WUDQVLWLRQV EHWZHHQ VWDJHV 1–2
DQG 3–4 DUH HIIHFWLYHO\ PDQDJHG E\ HPSOR\LQJ WKH MPC
ZLWKRXW COTC, WKHUHE\ HQVXULQJ DFFXUDWH DSSUR[LPDWLRQ
WUDFNLQJ DW WKH HGJH RI WKH VLPXODWRU¶V SHUIRUPDQFH
HQYHORSH. FRU WKH UHPDLQLQJ VLPXODWLRQ SKDVHV, WKH MPC
ZLWK COTC LV DSSOLHG WR DFKLHYH WKH EHVW SRVVLEOH
DSSUR[LPDWLRQ WUDFNLQJ ZLWKLQ WKH VLPXODWRU¶V RSHUDWLRQDO
HQYHORSH, ZKLOH PDLQWDLQLQJ KLJK PRWLRQ ILGHOLW\.

DXULQJ WKH KRUL]RQWDO VWDOO VFHQDULR, WKH AAS LQGLFHV
REWDLQHG IRU WKH S-MPC, MPC, DQG CWF DOJRULWKPV
DUH 0.196, 0.279, DQG 0.324, UHVSHFWLYHO\. TKHVH UHVXOWV
KLJKOLJKW WKH VXSHULRU VWDELOLW\ DQG SUHFLVLRQ RI WKH S-MPC
DSSURDFK. QXDQWLWDWLYHO\, WKH S-MPC DOJRULWKP RXWSHUIRUPV
WKH MPC- DQG CWF-EDVHG DSSURDFKHV E\ 42.34% DQG
65.30%, UHVSHFWLYHO\, WKHUHE\ YDOLGDWLQJ LWV UREXVWQHVV
XQGHU GHPDQGLQJ UPRT FRQGLWLRQV.

5 Conclusions

TKLV VWXG\ SURSRVHG D QRYHO S-MPC-MCA, ZKLFK LQWHJUDWHV
WKH G\QDPLF UHVSRQVH RI WKH KXPDQ YHVWLEXODU V\VWHP ZLWK
WKH NLQHPDWLF PRGHO RI D VL[-DRF SWHZDUW SODWIRUP. WLWKLQ
WKH VLPXODWRU¶V RSHUDWLQJ HQYHORSH, DFFXUDWH DQG UDSLG
WUDFNLQJ RI KLJK-G\QDPLF PDQRHXYUHV LV DFKLHYHG WKURXJK
WKH MPC-MCA ZLWK COTC. BH\RQG WKH RSHUDWLRQDO
HQYHORSH, RSWLPDO WUDFNLQJ LV HQVXUHG E\ VZLWFKLQJ
WR WKH MPC-MCA ZLWKRXW COTC, WKHUHE\ SUHVHUYLQJ
ILGHOLW\ XQGHU FRQGLWLRQV WKDW ZRXOG RWKHUZLVH FRPSURPLVH
IHDVLELOLW\.

TKH SURSRVHG DOJRULWKP ZDV HYDOXDWHG XQGHU
UHSUHVHQWDWLYH UPRT VFHQDULRV, ZLWK SHUIRUPDQFH
EHQFKPDUNHG DJDLQVW CWF- DQG MPC-EDVHG MCAV.
RHVXOWV FRQILUP WKDW ZKLOH MPC-EDVHG MCA FRQVLVWHQWO\
RXWSHUIRUPV CWF E\ UHGXFLQJ PRWLRQ SHUFHSWLRQ HUURUV,
LWV SHUIRUPDQFH UHPDLQV FRQVWUDLQHG E\ WHUPLQDO VWDWH
IHDVLELOLW\ LVVXHV. B\ FRQWUDVW, WKH S-MPC DSSURDFK
G\QDPLFDOO\ VZLWFKHV EHWZHHQ FRQWUROOHUV LQ UHDO WLPH,
DFKLHYLQJ VXSHULRU FRQYHUJHQFH, KLJKHU VWDELOLW\, DQG JUHDWHU
DGDSWDELOLW\. OYHUDOO, WKH S-MPC-MCA GHPRQVWUDWHV
H[FHOOHQW VLPXODWLRQ SHUIRUPDQFH XQGHU ERWK QRPLQDO DQG
RYHUORDGHG UPRT FRQGLWLRQV, RIIHULQJ D SURPLVLQJ VROXWLRQ
IRU QH[W-JHQHUDWLRQ KLJK-ILGHOLW\ IOLJKW VLPXODWRUV.
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