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2KF %QPVTQNNGT YKVJ 4QNN /Q
HQT 2PGWOCVKECNN[ #EVWCV
%QPVTQN #TE S5WURGPUK

. KLVEXOODK HREKDSKPBEONLIIOL $EG .DC

DQG +LVKDPXGGLQ -DPDO>
9HKLFOH &RQWURO DQG %LRPHFKDC
IRU 9HKLFOH 5HVHDUFK DQG 'HYHO

8QLYHUVLWL 7HNQLNDO 0ODOD\VLI
+DQJ 7XDK -D\D 'XULDQ 7XQJJI
( PDLONKLVEXOODK#XWHP I

( PDLAODX]L DKPDG#XWHP HC

'HSW RI OHFK (QJ )DFXOW\ R
8QLYHUVLWL 3HUWDKDQDQ 1DVLRQD
HP 6XQJDL %HVL . XDOD /XPSX
( PDLQXONLIIOL#XSQP HG.

)DEFXOW\ RI OHFKDQLFDO (Q
8QLYHUVLWL 7THNQRORJL 0DC

870 6NXGDL -RKRU 0DO

(PDLO KLVKDPM#INP XW

#DUVTCEV

7KLV FKDSWHU SUHVHQWY D VXHAFBYVVARQWWPROGRH QWD WL BQ HX
DFWXDWHG DFWLYH UROO FRQWWRKOVYR X6 B\ RRQD\Q & WHH 8 HLUQ FEH
JRU WKH VLPXODWLRQ PRGHO DKId®RQ@ WHRI¥F R PRGHO KDKLEO L
VXEV\WVWHPV WR VWXG\ YHKLFOH BNQDPL B IEHHKDLYR ® UL \L QG IOWDL Y
YHKLFOH PRGHO LV WKHQ YDOLGDW®W H® HNSHUPLHPOWD M®D 6 OS HUVLLRGHIC
EDVHG RQ WKH GULYHU LQSXW T7ZRPWWKHHV VRV HHHIKLLGFIO BKGIH)D P L F
SHUIRUPHG IRU WKH SXUSRVH Rl PR@®HG YNGLHID WIHR/QV @IRH G
FKDQJH WHVW 7KH UHVXOWV RKDPWGWMRHYB®KDBDMRIRQ RMK\R K HVP F
IROORZ WKH EHKDYLRU RI D UHOB MHKREO H @ LIWFKNV DY HSR\ODCE F-
VXVSHQVLRQ V\WVWHP LV WKHQ GHXHGR®HGHRQF OH HP RB®IOQ G\ ¥
XQZDQWHG YHKLFOH PRWLRQV GXULQJ FRUQHULGH FERGH XYRIQW
UDWH YHUWLFDO DFFHOHUDWLRQ Rl WKH ERG\ DQGXERGI\RKHDY F
WKH $5& V\VWHP LV 3, FRQWUROFRILRR ORRS PRAH GHE UVHMWHP
LPSOHPHQWHG RQ DQ LQVWUXPHQWHG H[SHULPHQWDOFYHKLFO!
DFWXDWRUV DUH LQVWDOOHG LKQ WSHOH BN O Y Bl UVD\IH®@ WIOR\Q 2\
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UHVXOWYV RI WKH VWXG\ VKRZV VWKDWUWRKWXYHR ERVBEO ARQY W U
LPSURYH WKH G\QDPLFV SHUIRUPDQFH RI WKH YHKLFOH GXULQJ
PDQHXYHUV FRPSDUHG WR D SDVNRYBOWHRKEHOQGRWW® HHPKDW WK
UROO PRPHQW UHMHFWLRQ ORRS LV DEOH WR IXUWKHU LPSURY
IRU WKH $5& V\VWHP

+PVTQFWEVKQP

3," FRQWUROOHU LV WKH PRVW GRBXOWDHG | HE GEOH NS B R DMMIR DQ (
DOJRULWKP LV VLPSOH EXW LWWD®R G SRYLR Y PD[@ FI® GHYWLMRH Y |
G\QDPLF FKDUDFWHULVWLFV RI DROORIAHVV B CAIR@W URO BRQ WV KD
HOHPHQWY QDPHO\ SURSRUWLRQDO LQWHJUDO DQG GHULYDWL
SODFHG RQ WKH PDUNHW LQ DQG KDV UHPDLQHG WKH PRVW
FRQWURO XQWLO WRGD\ $UDNL $ VXUYH\ SHUIRUPHG LQ
WKDQ RI WKH FRQWUROOHUV XVHG LQ SUR PH\GY DLEYEIXQYFWEL -
YHUVLRQV RI WKH 3," FROWDROOHU 7DNDWVX

7KH XVH RI HOHFWURQLF FRQWURO V\VWHRY UMSPROHDQ & HRLBE
\HDUV HOHFWURQLF RQWURO V\VWHBW FDHKLEB HND VAION UHR XVQK
UHVSRQVLEOH IRU VPRRWK ULRMH FRQXLWRIOF D@MWURMR AMIUDE BVNLL Q
DQG LJQLWLRQ WLPLQJ 7KH VXFFHVVPRDWBROBPKQWIWDR® R
VIVWHPV KDYH EHHQ ZLGHO\ UHSRUW HRGU LK)Q WLKQHH ORLRAEHAUUDREX U<H\C

<XDQ\KIMQDO % XVWDHPW@WH YHKLFOH DLU FRQGLWLRQLQJ F
HW DO FOXWFK FROWDRO :DQHW DO EUDNH FRQWUWBRWOD6OXJLVI

+DVKHPL '"HKMRDGL =KDHMW DO DFWLYH VWHHULQH WR@DWURO

<DAW DO SRZHU VWHHULQJ FRQWORO GORYHWBUDLQ FRQ
OLQJ]KMW DO :HHW DO ;XHW DO WKURWWOH FRIQWDBO 6KRXE
7DOIW DO &RWHIRDO DQG VXVSHQVLRQ FRWWLUWR G KBH®DBO

D $KPBW DOE +DQDIL H W$ TDOND

2YHU WKH ODVW WZR GHFDGHV QWDWR R XW\ \DV¥ WRWY H RAK DWXWR/P R R/
KDYH EHHQ GHYHORSHG DQG SXWQWRQF&PBWIUFXDO UX WILHKLL] DO
&RQWURO 9'& DQG (OHFWURQLF §¥WDEH P\ WD 3 HREMPRP H68HU\ D
DWWUDFWLQJ UHVHDUFK HIIRUWV IURP ERWK DFDGWPLFVFRPP
ODPPDU DQG .RHQLJ OF&DQQ ORNKLDPDU P@IRYEH

7KH PDLQ JRDOV RI DFWLYH FKDVVLV FRQWURO LQFOXGH
PDQHXYHUDELOLW\ DQG SDVVHQ JGYWHERM RBUWW YH DS HFR.Q G OW ILRQLY

. JOLWHG E\ DGYDQFHG HOHFWURQLF WHFKKRORIA FRIDAMMURIO | MU
KDYH EHHQ GHYHORSHG VXFK DV WRDBWQBQ FREWURID WWHMHR
FRQWURO HWOFRQM®WQWLORFN EUDNLQHW\DWHPD RDIEYHHUBOO FR(
VXVSHQVLRQ V\VWHP DQG RWKHUHW FRKQW MWORK\V LN | ISROUMY RIQWW |
GHYHORSPHQW RI D SQHXPDWLFDOO\ DFWXDWH®\\D¥MWR YH UUR
SDVVHQJHU YHKLFOHV 7KH SURSRVHG $5& V\WWHP LV XVHG WR
UROO DQG YHUWLFDO ERG\ PRAWEBR @V HQ PMKRI WHKH I O HQL QZ WWHKH O |
GULYHU

www.intechopen.com



$5& VIVWHP LV D FODVV Rl HOBFWURIQ MPOGO\QFVRAWY UVROWHEB $0OV
VXVSHQVLRQ KDV EHHQ ZLGHO\ WWRG WK IRWVE B BEFE HDU HP RR/F X V |
ULGH FRPIRUW ZLWK RQO\ IHZ SDSHUV :LW®ON IDFO/DD QIERHD GG D G
DO $\DWV DOE VWXG\LQJ KRZ DQ DFWLYH VXVSHQVLRQ V\VWI
KDQGOLQJ ,W LV ZHOO NQRZQURRDWQ YWKLEREJWWRGVQWR DI[L
VXEMHFWHG WR VWHHULQJ ZKHHO LQSXW GXH WR WKH ZHLJKW
ZKHHOV B6RPH FRQWURO VWUDW HiJ EMW QRSURTER VH\GWW RVFR Q¥ H O
ZHLJKW WUDQVIHU XVLQJ DFWLY HXGREWH DFOR Q WERIQ GV WX] P VBH'J\

'LQSHQJ DQG 'XDQ VSHHG GHSHQGHQW JDLQ VFKHGXOLQ
ODUWLQ UROO DQJOH DQ® IURIGIODRRP BB BRER QW URWW D W H

FRQWUROOHU RSWLPL]HG ZLWK JHQHWLF DOJRULWKP 'X DQG 'l
\DZ UDWH DQG VLGH VOLS DQJOH IHHGEDFN FRQWURO B6RUQLRW

,Q WKLV VWXG\ $5& V\VWHP LV GHYWHO RS HIN KX EQW LR XNAVIVHP
EHWZHHQ ORZHU DUPV DQG YHKLFOH ERG\ 7KH $38R S RMHIEPFIRQ V
WKH FRPELQDWLRQ RI 3," EDVHG R{HIG BPIRAPNH GF\W Q WHUIMRHDF W IQRSQ UE
IRUZDUG FRQWURO )HHGEDFN FRQWUROCERWG\WXKHGYWRD Q@ GQER GN\HU
PRWLRQV ZKLOH WKH IHHG IRUZD UG GREHVWR O KQ 4AMQAQWHGE 8 LW
GXULQJ VWHHULQJ LQSXW PDQHXYHUV 7KH IRIFFHYWURBGWRKHE B
XVHG DV WKH WDUJHW IRUFHV EWMWKM\MXRIPXQLW RI SQHXP

7KH XVH Rl SQHXPDWLF DFWXDWRU IRU DQ DFWLYB UR OO WIRQH
QHZ FRQFHSW DQG KDV QRW EHHQ WKRURXJHKOV\N VEIOR WM GJ DIKHH
DFWLYH VXVSHQVLRQ DSSOLFDWLRQ DOWKRXJK WKHK\RMDKHIUV H Y
DFWXDWLRQ V\WWHPV VXFK DV K\GRD®XDQW IVAMWRH PS (THKXP B VLG V
WKHLU SRZHU WR ZHLJKW UDWLR ZKLFK LV EHWWHU WKDQ K\G
VLPSOH V\WVWHP DQG FRPSDUDWL¥YMOD®RZ 7TARRV & L\6PGRXQWD J+
SQHXPDWLF V\WWHP LV WKH XQZDQWHG QRQOLQHWULMQGEHFL
VSULQJLQJ HIIHEFWVHRM DOU BLRKHU DQG +XUPX]OX 'XH
GLIILFXOWLHV HDUO\ XVH RI SQHYXRDHGL VR FWOPBWRIU D SBMV. FO
UHTXLUHG RQO\ SRVLWLRQLQJ RWHW KXW ZRB XHQ®V RIKWKID VW LG |
UHVHDUFKHUV KDYH SURSRVHG YDQXRXVODSER@WERKYV WKR FSRY
DFWXDWRUV %HQ 'RY DQG 6DHDFEXGHDQHVHMYDQJ ,W LV VKRZQ
WKDW WKH FRPSDUDWLYH DGYDQWDJHV [HPGD®&IH | VRX.WL HE WRH U
DQG DOVR D FKDOOHQJLQJ SUREOHPV LQ FRQWUROOHU GHVL
SHUIRUPDQFH LQ WHUPV RI SRVLWLRQ DQG IRUFH FRQWUROV

7KH SURSRVHG FRQWURO VWUDWHJI\ LV RSWLPL]HXGOMRYHKLFGHJ
PRGHO 7KH IXOO YHKLFOH PRGHDFORQYVLEWWRGHO2DPQYGBEBK '2) Y
KDQGOLQJ PRGHO FRXSOHG ZLWK &ROUSDH)K WVRAOH PRGHO FOKH E
VWXG\ WKH EHKDYLRU RI YHKIQOH DQGODYPMUHNILLFD OORIQUH W GR Q V
DQG GULYHU LQSXWV &DOVSDQ WIHUM RP RGH/O FID\S MHEPLSOO RN H GV RS
EHKDYLRU RI D UHDO WLUH EHWWHU WKPRGEKORHWOD® O0DJLF IRU

%HVLGH WKH SURSRVHG FRQWUR®HVD/WKRY XRIHW RIO\WR WK B B8 WHRL
SURSRVHG FRQWURO VWUXFWXUBSORPHWKH G5RQVDVWBI®LIG\D WK G
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PRGHO DV ZHOO DV RQ D UHDO BWKWKMHH FRWW.IWVRPROMRRQ ®HY H
YDOLGDWHG PRGHO DUH UHDG\ WR FEH ZLLR\SKO K P HIQ W H & HLOD RS UFDRFQ
QHHG OHVV ILQH WXQLQJ ZRUNWFRU PRIGH G XYUSRMVGD RILREK DQ L
H[SHULPHQWDO YHKLFOH KDV EHB\YIECHYB®WREBAO XEDQJ DZRDW\S |
WHVW QDPHO\ VWHS VWHHU DQG GRKEIRH PHD® K WFLKDIQ WHK MV H § WWZ
H[SHULPHQWDO YHKLFOH 7KH GDWD REWDLQHG IURP WKH URE
EHQFKPDUNV RI WKH  '2) IXOO YHKLFOH PRGHO

7KLV FKDSWHU LV RUJDQL]JHG DV IROORZV 7KH ILUVWHZHFWLRQ
Rl VRPH UHODWHG ZRUNV [ROORZHDG ER @D \RKMPKCHVLFRY IGBOL
PRGHO ZLWK &DOVSDQ W\UH PRGHO7KH) WHKLHI & HFHREVEL R/ ® FIVDLVR @
SURSRVHG FRQWUROOHU VWUXFWXUH IRU WKH $K58 VHMWXIORV V7 RH
YDOLGDWLRQ RI WKH IXO0 YHKLFOHHPRI®MO/ RXUYNHKH EPRU G\ QL
SHUIRUPDQFH RQ VLPXODWLRQ VWXGLHV DQG HIGS$IE RNDWHDR W
DUH SUHVHQWHG LQ WKH ILIWK DQG WKH V IF[W/IKR QHFRVQ\R QL Q\H W9
FRQFOXVLRQV

(WNN 8GIJKENG /QFGNKPI YKV %CNURCP 6KTG /QFGN

7KH 1XO0O YHKLFOH PRGHO RI W KHGSIMH QQHW KLWKV WXIG \FRRQ V L\
VSUXQJ PDVV YHKLFOH ERG\ FRQQMFWWHG \BR G RXW UHBWUSHMHD W
'2) VIVWHP DV VKRZQ LQ )LIJXUH 7KH VSUXQJHPDQ® LV DBORHWI
WR SLWFK UROO DQG \DZ DV ZHPDOD\D PWRHG D\OS O QR BHOIRD YIHUXG
7KH XQVSUXQJ PDVVHV DUH DO ORZHGN K R HERXHOFAM W R UW/K F D\OSOU
(DFK ZKHHO LV DOVR DOORZHG WR QW WH \B DR QU RIQUWAY DK HW M\G
VWHHU

JIQFGNKPI #UUWORVKQPU

6RPH Rl WKH PRGHOLQJ DVVXPSWWRKGY BRBAVL\GHIGIGRIZY WKKN YF
LV OXPSHG LQWR D VLQJOH PDVVWXKKLFSWULXQUHRBVVYHGHUR @YD
IRUFH LV LJQRUHG DQG WKH ZRWR WHOIWUWMWEN FRQ@RLEG BQW OR
WKH ERG\ FHQWHU RI JUDYLW\ 7WHKH/ XSSNQV LFRIDW HHWZXNB S U X
DUH PRGHOHG DV SDVVLYH YLVFRXV GDBEBEBOVQDQGHVBEVYWQDH HO
SDVVLYH VWDELOL]HU EDU DQGHERGAG OHKHEYBKWR CDHJ H HPHDILQV J
WLPHV DQG WKH IRXU WLUHV &HYHRX Q® \GX FIRGUWDIFOH X YW K LK {
WLOW DQJOH RI WKH VXVSHQVLRRL W\VW & FRWR EWHE Y HUW HF D O

YHUWLFDO EHKDYLRU LV UHSUHVHQWHG DV D WK®HODWHBUWIL.Q D |
ORQJLWXGLQDO EHKDYLRUV DUH UHSUHVHQWHG FZRGHO&IEON B DQ
FRQVWDQW UDWLR DQG WKH HIIHFW Rl VWHHULQJ LQHUWLD LV Q

8GJKENG 4KFG /QFGN
7KH YHKLFOH ULGH PRGHO LV UMWUBIIRPVHEYWRQ\WDWWYV RI) Y\WVLQJO!
FDU ERG\ FRQQHFWHG WR IRXU XQVRBROXQU LRIBEWW HWVH O U RCGHAVWO B Q)
ZKHHOV DW HDFK FRUQHU RI WKH YHKLFOH BRB\ STRHF K IIX® U F
ZKLOH WKH XQVSUXQJ PDVVHV D WO\l ZH MW RV R HBRSOHFMH W R UMKLHF D/
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7KH VXVSHQVLRQV EHWZHHQ WKH VSUIXWQIHYDIVYHDRREGHKOQHUESUBRQ J
YLVFRXV GDPSHUV DQG VSULQJ HH\WO BRHORPNRG H&HGHD WYX HPWOH OL
ZLWKRXW GDPSLQJ )RU VLPSODRLMO\HDOOH DWV¥XPHEGWRE8 VPD
PRGHO ZDV XVHG E\ ,NHQDJD

mTN,
F wr

yLJ $'2) IXOO YHKLFOH ULGH DQG KDQGOLQJ PRGHO

5HIHUULQJ WR )LIJXUH WKH IRUFH EDODQFH RQ VSUXQJ PDVV L

)IO )IU )UO )UU )SIO)SIU )SUO)SUU I:)V=V

ZKHUH
)io VXVSHQVLRQ IRUFH DW IURQW OHIW FRUQHU
)iu VXVSHQVLRQ IRUFH DW IURQW ULJKW FRUQHU
)Juo VXVSHQVLRQ IRUFH DW UHDU OHIW FRUQHU
)uu VXVSHQVLRQ IRUFH DW UHDU ULJKW FRUQHU
Py VSUXQJ PDVV ZHLJKW

=y VSUXQJ PDVV DFFHOHUDWLR® DW ERG\ FHQWUH RI

)siosiVsudsuu SQHXPDWLF DFWXDWRU IRUFHV DW IURQW OHI!
UHDU ULJKW FRUQHUV UHVSHFWLYHO\
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7KH VXVSHQVLRQ IRUFH DW HDFK FRUQHU RI WKH YHKLFOH L\
SURGXFHG E\ VXVSHQVLRQ FRPSRQHQWYV OMPHUWD \| RASRH QOV | RUK

IROORZLQJV

ZKHUH

10
(V]
uu
uo
(RV)
10
uu
uo

EEELEL LS

Jio - = k0 = & o= ko T W

Jiv - wxiIu = w & w xiu T w

Juo - WF Vo = o & LWF vo = Lo

Juu - BUXUU = ow & oWxuu T wwu

IURQW OHIW VXVSHQVLRQ VSULQJ VWLIIQHVV
IURQW ULJKW VXVSHQVLRQ VSULQJ VWLIIQHVV
UHDU ULJKW VXVSHQVLRQ VSULQJ VWLIIQHVYV
UHDU OHIW VXVSHQVLRQ VSULQJ VWLIIQHVYV
IURQW ULJKW VXVSHQVLRQ GDPSLQJ

IURQW OHIW VXVSHQVLRQ GDPSLQJ

UHDU ULJKW VXVSHQVLRQ GDPSLQJ

UHDU OHIW VXVSHQVLRQ GDPSLQJ

IURQW ULJKW XQVSUXQJ PDVV GLVSODFHPHQW
I[IURQW OHIW XQVSUXQJ PDVV GLVSODFHPHQW
UHDU ULJKW XQVSUXQJ PDVV GLVSODFHPHQW
UHDU OHIW XQVSUXQJ PDVV GLVSODFHPHQW
I[URQW ULJKW XQVSUXQJ PDVV YHORFLW\
I[URQW OHIW XQVSUXQJ PDVV YHORFLW\

UHDU ULJKW XQVSUXQJ PDVV YHORFLW\

UHDU OHIW XQVSUXQJ PDVV YHORFLW\

7KH VSUXQJ PDVV SRVLWLRQ DW HDFK FRUQHWFBQWHK H[Q G HWR/

JLYHQ E\
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,W LV DVVXPHG WKDW DOO D@IOHVBEHHARFRVDOO WKHUHIRUH

= v =v Q7 ZM
=w =v OTF ZM
= wo =v QT ZM
= w v Q7 ZM

ZKHUH

GLVWDQFH EHWZHHQ [URQW JRIDWH ML FRIHV S Q & QFIH B)MM
GLVWDQFH EHWZHHQ UHDU RUDWHRNLVFOWXDRQ @ FUQWH
WUDFN ZLGWK

SLWFK DQJOH DW ERG\ FHQWUH RI JUDYLW\
UROO DQJOH DW ERG\ FHQWUH RI JUDYLW\

IURQW OHIW VSUXQJ PDVV GLVSODFHPHQW

N ININOO

NO
WU I[JURQW ULJKW VSUXQJ PDVV GLVSODFHPHQW

U\D UHDU OHIW VSUXQJ PDVV GLVSODFHPHQW

= wu UHDU ULJKW VSUXQJ PDVV GLVSODFHPHQW

%\ VXEVWLWXWLQJ (T DQG RWWVGHLUARPBPIWLY BWVEBNKIQFRUQHL

DQG WKH UHVXOWLQJ HTXDWLRQV DUH WKHQ VXEVWLWXWHG L
REWDLQHG

P\Fv -Vl - WEV &y & yEvy QL v Q% vy
Q&vi QW - VFXIO&VI=XI0O: -VFXIU

&VI=X IUVEXUO& WXUO- VEXUU& XU U
)SI10)SIU)SUO SUU

ZKHUH
T SLWFK UDWH DW ERG\ FHQWUH RI JUDYLW\
=y VSUXQJ PDVV GLVSODFHPHQW DW ERG\ FHQWUH RI .
=y VSUXQJ PDVV YHORFLW\ DW ERG\ FHQWUH RI JUDYL"
v VSULQJ VWLIIQHVV RI JURQW VXVSHQVLRQ
v U VSULQJ VWLIIQHVV RI.YbPWuY XVSHQVLRQ
& | & 10 & u GDPSLQJ FRQVWDQW Rl IURQW VXVSHQVLRQ
& u & vo& uu GDPSLQJ FRQVWDQW RI UHDU VXVSHQVLRQ
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6LPLODUO\ PRPHQW EDODQFH HTDVDRMEIQREQ WRIDOHE MHIUHL ¥ IHYGH R D \S5

AN\ ?@Q- vi @ v,V %Q&w L y=y G . vi . vy

Q &vi @&y Q. =x109&vi=x10Q. =Xx1U

P&y=w @ v uo & v uo @ v wu & v w
)SIO)sSI@® )sudsu@

aM 2 WM Z &y &GM Z., = o

L&y = xo Z. vi=xu Z &y =x 1y
&= o Z-vmw L& wu

Z. uv= vo

Z Z
)sio)suo  )sSIuU)Ssuu

ZKHUH

T SLWFK DFFHOHUDWLRQ DW ERG\ FHQWUH RI JUDYLW
/ UROO DFFHOHUDWLRQ DW ERG\ FHQWUH RI JUDYLW\

UROO D[LV PRPHQW RI LQHUWLD

[
SLWFK D[LV PRPHQW RI LQHUWLD

"\

%\ SHUIRUPLQJ IRUFH EDODQFH DQDO\VLVZIDQW WKKDMIXRQY KBl

REWDLQHG

I:)X: KO * VI :V &VI :V Q \ T Q&VI T Z VIM
Z8‘\/IA4 VI 'W: KO &VI:XO 'W:LD )SIO

P&, T Z.yM

Pe=xu - wsv &= Q-
L&M . W xu
Pi= 0o - vvv &vv @ v

Z&‘VJM B/ 'W: WO

VIT XU W W )SIU

Q& T zZ. M
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ZKHUH

=X 1U IURQW ULJKW XQVSUXQJ PDVV DFFHOHUDWLRQ

= IURQW OHIW XQVSUXQJ PDVV DFFHOHUDWLRQ

=XU U UHDU ULJKW XQVSUXQJ PDVV DFFHOHUDWLRQ

= VO UHDU OHIW XQVSUXQJ PDVV DFFHOHUDWLRQ

=Ulu = W = uw = UpURDG SURILOHV DW IURQW OHIW IURQ

OHIW W\DRG UBINSUHFWLYHO\

8GJKENG *CPFNKPI /QFGN

7KH KDQGOLQJ PRGHO HPSOR\HG) L\Q WWKHF B0 YKRZY DQ YRJXUH

LQWR DFFRXQW WKUHH GHJUHHV RI IUHHGRPQ R O RKH WHKLFD
PRWLRQV DV ZHOO DW\®PZ RAWIGHIJUHH RI IUHHGRP BWHRQRRW K H
HDFK WLUH ,Q YHKLFOH KDQGOW®RDW RMGKHD Y HWLEWD D LV XPRIGLQJ |
7KH YHKLFOH H[SHULHQFHY PRWLRQ[DV PQX WKK-HD QORIQN B QG GALKQHD (
DQJXODU PRWLRQV RI \DZ D DRXQ G K\HK A RAVHILRML EQOVKH KRUL]JRQW
FKDUDFWHUL]HG E\ WKH ORQJLWXGLQDO P\Q®® QB WH\WDHF WE K HOM

DQG WKH YHORFLWLHV LQ OR@WLRXG ICHYRWEG @B WSHFDL & O H

o

|'-r

___I -

yLJ $ '2) YHKLFOH
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$FFHOHUDWLRQ LRQRDORWQ LVWXGLQBG DV
Y D YU
%\ VXPPLQJ DOO W IDHLM UFRIQZJLY XGLQDO DFFHOHUDWLRQ FDQ EF

)ioF RV )10V L@Q ) uF RV ),V LQ ) o ) uu
I:)W

6LPLODUO\ DFFHOHUDWYRY IGHIQQWE UDO

¥ Q Yyu

%\ VXPPLQJ DOO WKH IRUFHV IUD O DWHHOBUBWIHFQVER Q EMD @/HHI L C
)\|oF RV )[IOV L@ )\IUF RV )[IUV LQ )\uo )\UU
PW

ZKHUM L RQPH GHQRWH WKH WLUH IRUFHV LQ WHE ORQHEWKRQ
UHVSHFWLYHO\ ZLWR GAKDWQGHJ URIMLUHY DQGLRGGEAPWLQJ OH

O RU ULJWWUHY 7KH VWHHULQJ A @XHH\DY GBQRMENGQ FEWHY WKH
WRWDO YHKLFOH PDVV 7KH OR@ODH XEQ¥ bW BBQODHW R B WD LHK

E\ LQWHJUNWIQ¥ RKH\ FDQ EH XVHG WR REWDLQ WKHAVLGH VO
7KXV WKH VOLS DQJOH RI IURQW DQG UHDU WLUHV DUH IRXQG C

wod Y

© Y
DQG
Y QU
., WD®" Q,
© % ¢

ZKHU:H| DQ&,DUH WKH VLGH VOLS DQJOHV DW IURRIWOBQG UHDU W
DUH WKH GLVWDQFH EHWZHHQ IURQW DQG UHDU WLUH WR WKH E
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7R FDOFXODWH WKH ORQIJLWX@SRIHQYWLBI REIJIWWNXEH LYHDOR F R
GHULYHG 7KH IURQW DQG UHDU ORQJLWXGLQDO YHORFLW\ FRPES

YZ[| 9WIF R[V

ZKHUH WKH VSHHG RI WKH I[URQW WLUH LV

9, 4 ¥ QU Y
7KH UHDU ORQJLWXGLQDO YHORFLW\ FRPSRQHQW LV
Y,u 9wF RN,

ZKHUH WKH VSHHG RI WKH UHDU WLUH LV

9%uy Y QU Y
7TKHQ WKH ORQJLWXGLQDO VOLS UDWLR RI IURQW WLUH
YZ[I 2|52

65, XQGHU EUDNLQJ FRQGLWLRQV
Z[I

7KH ORQJLWXGLQDO VOLS UDWLR RI UHDU WLUH LV

YZ[U Zusz

65, XQGHU EUDNLQJ FRQGLWLRQV

Z[U

ZKHUWl DQGDUH DQJXODU YHORFLWLHV RI UHDU DG LWRQYWHWLU
ZKHHO UDIGHXA®DZ PRWLRQ LV DOVR GHSHQ)C%LI-MQWH\QL@WKHON)LDH I

RQ WKH VHOI DOLJQLQJ PF@P]H@RAW\X/LQSJHR}@WBBKEWLUH

Z Z Z Z Z
U —>=)1cFRE =) 1vFRE — ) (uo— ) uu — ) uo/L@
7]

Z
— )Vl @)\uo @) wuu Q)udFRE Q) \(WFRE Q) 10VLQ
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ZKHUHLY WKH PRPHQW RI LQHUWLD DURXQG WKH SHRGE YHUH URC
PXFK RQ WKH ORQJLWXGLQDO DQIGQ P VRIQWD ON B A F Y IDKILUIDML R R & \

UROO DQG SLWFK WKH VSUXQXPDWR EHQRRGHGE ENUHG LQ GHW
HITHFWV RI KDQGOLQJ RQ SLWHRK PQGRZRQD PRWLRQV DV WK

7 P.FD MP,JFN M E,

v

PFP TPJFN T E

V\

ZKHUMHLV WKH KHLJKW RI WKH VSUXQJ PDVV FHQWHUY RIKBUDYL

JUDYLWDWLRQDO ON/FAHOMHD@®Y LIRWHDIGH GDPSLQJ DQG VWLIIQHV

UROO DQG SLWFK UHVSHFWLYHO\ VBHXRPFADRDWY RIRMQMHYGVLD R
D[LV DUH GHQMDQIERUEWVSHFWLYHO\

5KORNKHKGF %CNURCP 6KTG /QFGN

7LUH PRGHO FRQVLGHUHG LQ WKQ VDV WEHIAF UL ERHBSIW O] RARGDHN
&DOVSDQ PRGHO LV DEOH WR GMMRUEBH WEH EHEDYYRQJIRYFHQD
LQFOHPHQW GULYLQJ FRQGLWLRQV \AKHFK IR\ ERWDNLGH VB K FHUO
RWKHU GULYLQJ UHODWHKMWRBBUDWIKRIQQORQIGMXGLQDO DQG OI
JHQHUDWHG E\ D WLUH DUH D IXQFWLRQ RI RMKW KHO WS WDH) UGHID D\Y
WKH URDG 7KH SUHYLRXV WKHRUHW HRD O GG H YOHHDRES WHRQ BV \F RS €
KLJKO\ QRQ OLQHDU FRPSRVLWH PBRNH VDY WDOIXD FWLRWY FRRQYHQL
VDWXUDWLRQ OWRFREWRLQ D FRPSRVLWH IRUFH ZLWK DQ\ QRUPI]
IULFWLRQ YD®XHWO6LQIKH SRO\QRPLDO H[SUHVVLRQ RI WKH VL

SUHVHQWHG E\
), &V &V /s‘/

A, &V &V &V

ZKHU& & &DQ&DUH FRQVWDQW SDUDPHWHUV ILIHG WBRRAWKH VSFH
SDWFK OHQJWKY DUH FDOFXODWHG XVLQJ WKH IROORZLQJ WZR

)1)=7
7Z 78

DS
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ZKHUBDIBY WKH WLUH FRQW DF RYPWHAKM DFWUHDG ZLIGWEB WDLQIGH

SUHVVXUH)-; KOL@&W DUH WLUH FRQWDFW SDWFK FRQVWDQWYV 7Kl
VWLIIQHVYV FRWOQEGELHEWSYHFWLYHO\ DUH D IXQFWLRQ RI WLUH F
QRUPDO ORDG RI WKH WLUH DV H[SUHVVHG DV IROORZYV

§ :

v — % $), )|

DS @ $
F s 887

ZKHUH WKH WDOXHKVWRE&6 )=DUH VWLIIQHVYV FRQVWDQWY 7KHQ V
FDOFXODWLRQ EHFRPHYV

DS gV .
.y WD) . —
SRR R .:

'KHUBLY D WLUH ORQJLWXGD QDIOJNOLGISLI QMR PRQBO FRHIILFL
IULFWLRQ DQG KDV D YDOXH RI IRU Q R UPRIDG URFDEG ER/Q B QW L |

IRU LF\ URDG FRQGLWLRQV *LD\MRUDWKHR G RIX\@RPLRQ \OD
ORQJLWXGLQDO VWLIIQHVV WK H RERIUMNXELEB0OMUFUDOD DB G
UHVROYLQJ WKH FRPSRVLWH | RUH HD Q G VOR Q/XW X GE& B D/@ VO D) UD

)\ | V. ,WDQ
Ay ., wbm ..6

<,J

), A
Ay ., wDm ..6

/IDWHUDO IRUFH KDV DQ DGGLWLRQDO FRPSRQMHQLWKGIXWH PARRS M/ HC
DV D OLQHDU HIIHFW 8QGHU VLJQLILFDQW PDQHXYHULQJ FR
ORQJLWXGLQDO VOLS WKH IRUPRHD ERRQYH UUHRMWW R QD YIDRPAER Q Q R
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WKLV FULWHULRQ WKH ORQJLWXGRRGDI MVEL DQYHK VI kK RHD LISAL AR
ODWHUDO VWLIIQHVYV FRHIILFLHRQWUDLWV VY HRQ@ OGN | WMXHHGFR\HW K HL & !

. .. .y ..AVLD 6 FRY

P P . ,NVLD 6 FRW

%QPVTQNNGT S5VTWEVWTG QH 2PGWOCVKECNN[ #EVWCVC
#EVKXG 4QNN % QPVTQN 5WURGPUKQP 5[UVGO

7KH SURSRVHG FRQWUROOHU VWUXFWXUH FRQVLVWV RI LQQHU
ZHLJKW WUDQVIHU DQG RXWHU ORRS FRQWURUSRQVWWR & XD BN
VWHHULQJ ZKHHO LQSXW IURP WKH GULYHWLR® LYSXWDGE H ERXS\T
LQQHU DQG RXWHU ORRS FRQWUROOHUV WKDW EOHQG WKH LQ
RXWHU ORRS FRQWUROOHU SWRDIWGHVRW R W HM GHK IF RGHWKUROH ER
DQG URWDWLRQDO YLEUDWLRQV LQSXWHD QB WWHHUL@HUZRRRGS
SURYLGHV WKH ZHLJKW WUD QW KDW URHM.HRWMDLLRYY/ FRRDEUAGBY H O
GLVWULEXWLRQ GXULQJ YHKLFOH PDQHXYHUVKRE® SQRBRVHEG FI

Foa >
F rfl yA
Z, ref PID T - T E
# B o
Fort
" - p
Mg; Fpﬂ' -t -
@ raf + FID - 7

Fy o >t FaiC a_,'l'

L

Frrs =

Decoupling Walidated 14-DOF
Transformation Ride and Handling Model
T
F

F

!
ot

Roll Moment
Rejection Contral

)L 7KH SURSRVHG FRQWURO VWUXFWXUH IRU DUF V\VWHP

7TKH RXWSXWV RI WKH RXWHU ORRS FRQW}J—RBEGUEIRO(I—PF(H-I—IUWLF[

DQG PRPHQW WR VOMDEIZ®&HMHUROBHY DQG PRPHQWY DUH WKHC

WDUJHW IRUFHV RI WKH IRXU SQHXPDWLF DFWXDWRUV SURG)
'LVWULEXWLRQ RI WKH IRUFHVY DQG PRPHQWYVY LQWR WDINUUWYW IR
SHUIRUPHG XVLQJ GHFRXSOLQJ WUDRKMNIRXMBXMRQ RV X&K\H/ VGHHAF
WUDQVIRUPDWLRQ VXEV\VWHP QDPHO\ WKH WDUJHW IRQFHV RI \
VXEWUDFWHG ZLWK WKH UHOHYDQW RXXWGSRKWEHIW RPR WSKUIHR & R RHH
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WDUJHW IRUFHV RI WKH IRXU SQHXPDWLF DFWXDWRUV 'HFR
UHTXLUHYVY DQ XQGHUVWDQGLQJ RI WKH V\VWHP7 GHQBPXEYDIOMH QW
IRUFH DQG PRPHQW IRU KHDYH HSLYH® PQG UROO FDQ EH G

)1 )sio)siu )suo)suu

07 Jsi® )si®@ )su® )su@

M Slgi Sll%@_i SUgi SUgi

ZKHUK 10si10 subsy®PYH WKH SQHXPDWLF IRUFHV SURGXFHG E\

LQ IURQW OHIW [|URQW ULJKW UHDU OHIW QQWKHHDLV LR KW K
YHKLFOH LQSXW FRPHV I URP VWHHULQJ ZKHHO WKH SLWFK PRP]I
DQG FDQ EH UHDUUDQJHGKIH) IRDWBELQRUPDW DV

a 0 a) (0]
« Sl()))
a)] WO « »

« » » Gg P

OrW «@ o Q Q> S
« »

OuW, Z z y4 75 <5V

< - m,Y9sul,

JRU D OLQHDU V\VWHP&RIL&EHT XDWKRQVUX0OO URZ UDQN WKHQ WK
ULJKW L@YWWXVK WKBW PP 7KH ULJKW LQYHUVH FDQ EBH FRPSHX
& && 7KXV WKH LQYHUVH UHODWLRQVKLSHRI BYXDWLRQ :

a Q (0]
< 9 0 Q Q z?
(o]
)sio « »
« »

e €O @ Q@ 221,

« >; «O
« T»

a

©

O

«) » >

« SUP «Q P
« » 3wt

Gep <0 O Q@ z20u

»

€9 @ Q@ 7z

O

,Q WKH RXWHU ORRS FRQWUROOHU 3, FRQWURO LWHADSSOLHG
GLVSODFHPHQW DQG ERG\ UROOQWQRODHWKRILQREO PRRISQAVR UH
LV GHVFULEHG DV IROORZV GXUIZQO & RURBKF}M DDVYEKEBDO IRU
FRUQHULQJ IRUFH DW WKH ERG\ FHQWHU Rl JUDYLW\ 7KH FRUQ
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WKH UROO FHQWHU FDXVLQJ WKH ERG\ FHQWHU RI JUDYLW\ WF
6KLIWLQJ WKH ERG\ FHQWHU Rl JUDYLW\ FDXVHV D ZHLJKW WL
RXWVLGH ZKHHOVE B @WHKIH @QUQWDQFH EHWZHHQ ERG\ FHQWHU
FHOQWHU UROO PRPHQW LV GHILQHG E\

0, O0DE

7KH WZR SQHXPDWLF DFWXDWRUV LQVWDBOORGXEEG RXWVQEHRHX?
IRUFHV WR FDQFHO RXW WKH XQZDQWHG UROO PRPHQWYV ZKHU
DFWXDWRUV LQ LQVLGH ZKHHO¥ DRIHFMHMWR W QU R F3)XQW XPFDONCL P
FRUQHU IRU FRXQWHU FORFNZIMWEHMWRHI® IDQJ ZKHHO LQSXW L

0 \D E
) SIU) SUbY=—
z DQE SIO ) SUO

‘KHUHDV SQHXPDWLF IRUFH WR FDQFHO RXW UROO PRPHQW LG
ZKHHO LQSXW FDQ EH GHILQHG DV

0 \DE
) SUO) SIO ——
z DQJ SIU ) SUU

ZKHUH

)sioWDUJHW IRUFH RI SQHXPDWLF V\VGXHPM ® WE\I URQMWUOMHRW SFRR Q

WDUJHW IRUFH RI SQHXPDWLF V\VWHKXFHNE BIRQWW W JKRRR

FRQWUROOHU
oWDUJHW IRUFH RI SQHXPDWLF V\ V\FHHFG [EW LWQHPHUU OHR W SF RRI QY

WDUJHW IRUFH RI SQHXPDWLF V\VWHP DW\ WHIH W LORRS |
FRQWUROOHU

)Siu

)su

)suu

7KH LGHDO WDUJHW IRUFHV IRU HDFK SQHXPDWLF DFWXDWRU D
E\ RXWHU ORRS FRQWUROOHU VXEWUDFWHG ZLWKLYQHWBRRISFV
FROQOWUROOHU DV WKH IROORZLQJ

)sio )sio)sio
)siu)siu)siu
)suo)suo)suo

)SUU)SUU)SUU
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)L 5ROO ORPHQW *HQHUDWHG E\ /IDWHUDO )RUFH

8CNKFCVKQP QH &1( 4KFG CPF *CPFNKPI /QFGN

7R YHULI\ WKH IXO0 YHKLFOH ULGH DQG KDQGOLQJ PRGHO H]J
XVLQJ DQ LQVWUXPHQWHG H[SHEMWLHR@VDWR Y HE& HFOW K H KLNWUVY HL F
DQG KDQGOLQJ PRGHO XVLQJ YLVXRE® SDHWEKQQLWXH EWUHLPE RI V.
UHVXOWV ZLWK H[SHULPHQWDO BR@®L WV R@N WKHOVOPMW LRGSRV
GHILQHG DV WKH FRPSDULVRQ RI PRGHO\WSHUIRKRDBRUEZLW
YDOLGDWLRQ LV QRW PHDQW DV ILWWLQJ WKH VLPXODWHG GD'
JDLQLQJ FRQILGHQFH WKDW WKH YHKLFOH KD Q @&/®HQB HKLIPYX.ARDUWR.
WKH VLPXODWHG YHKLFOH 7KH WHVW GDWD DUH DCHMR/XRMG WF
WKH YHKLFOH PRGHO DUH UHDVRQDEOHGDWLREQHN® OFE HP FEGIH
GHWHUPLQLQJ WKH DFFHSWD ELO MW\DRIL B WLRF®HO WHAL\GY VARRWP HG H \
RU VXEMHFWLYHO\ XVLQJ YLVXDO WHFKQLTXHYV

+PUVTWOGPVGF 'ZRGTKOGPVCN 8GJKENG
7KH GDWD DFTXLVLWLRQ V\WWHPWK$6H|LSHUQRWQ\WD®E GY HRMFFROH \
H[SHULPHQWDO GDWD IURP WKH UHDO YHKLFOH UHDFWLRQ WR
WHUPV Rl ODWHUDO DFFHOHUDWLRQ ERG\ YOHUBM FD @ KIHF F#H-60X\UH
VHYHUDO W\SHV RI WUDQV G XF HUYHWVRPK \I M UV MR @ H DV X U HD K H
DQG XQVSUXQJ PDVV DFFHOHUDWLURR® DG HDHKRPRIWHUU WW UPLH L
YHUWLFDO DQG ORQJLWXGLQDOFBRMHOHRDWUR ® VWD W VW KIHH UELRQG\
DQG WUL D[LDO J\URVFRSHV IRUH WIQH3 \DROUDWEWELWRK BROW L
086<&6 V\VWHP ,QWHJUDWHG OHDVXUHPHQW DQG &RQWURO ,08&
2Q0LQH )$026 VRIWZDUH DV WKH UHDO WLPH ®&DWQ BWYRAHMY/ LV
HDVH WKH GDWD FROOHFWLR @6 TKMGL QN QNDFOOD W RRQ KRIl BBH U L P
FDQ EH VHHQ LQ )LJXUH
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)LJ , QVWUXPHQWHG H[SHULPHQWDO YHKLFOH

1

8CNKFCVKQP 2TQEGFWTGU

7KH G\QDPLF UHVSRQVH FKDU D FRAGHUL WWKIDAW RQ FDO X 8 K L\ DOZHURH V S |
DFFHOHUDWLRQ VOLS DQJOH EQ® M EMK YW OUWE IDVQHEG URVOLA JU BISH |
WKURXJK VHYHUDO KDQGOLQJ WHVW SURFHGXU DWW H FRDQ\J N W H
'/& WHVW 6WHS VWHHU WHVW QVLHQWHQBWSR Q/\RH VRV X & K KV LY H
VWHHULQJ ZKHHO LQSXW ,Q WKLV VWXG\ VWHS VWHHU WHVWV
ZLVH DW NP K 2Q WKH RWKHU KD Q& WGRWKEXVH ® D/QRI HFXDQX B
KROGLQJ Rl WKH YHKLFOH GXULQJ FUDVK DYRLGB QFHDYQVWWLV
IRU WKH GRXEOH ODQH FKDQJH WHVW

IQFGN 8CNKFCVKQP 4GUWNVU
,Q H[SHULPHQWDO ZRUNV DOO WKH H[SHUWMRRQEHID Y%S>OMWDHIHE B R
ORZ SDVV ILOWHU ZLWK WKH FXW RIl TUHTXHRBWRWKH ]PHOVXW I
VWHHULQJ DQJOH IURP WKH VWHHULQJ ZKHH® X6IQW RKR QDPRBEWHIDG
WKH VLPXODWLRQ PRGHO WLUH SDUDPHWHG DDEGREHMIIKXQOHG ||
7KH UHVXOWYV RI PRGHO YHULILFDWLRQ IRU GHJUHHV V!
LQ )LIXUH WR
J)LIXUH VKRZV WKH VWHHULQJ ZKHHO LQSXW EHSOHHQ WRKIDW KW
WUHQGY EHWZHHQ VLPXODWLRQGUDHWIX ®OWNM D Q BRHN\S HMILLPALHOD@W DAL
HUURU 7KH VPDOO GLIIHUHQFH LROPMWLRQVRQK HHSWHUHHMH YWD C
GXH WR WKH VLPSOLILFDWLRQ LIQQY HAIHWOH WBK@ DR LHWF VPR GH OD Q
ZHUH FRPSOHWHO\ LIQRUHG ,QSODRW DWKIHP &RUWL DR O REDH L Q
YHUWLFDO DQG UROO UHVSRQXBDWILRMPRRCHOERAGKLFEOMLPRG\ L
EH ULJLG ,W FDQ EH DQRWKHEHVRKHFERBN GHH[LEWQRW\VADRQ LQI
HITHFWV RI WKH YHKLFOH ERG\
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,Q WHUPV RI \DZ UDWH ODWHUDO DFFHOHUDWLRQ DQG ERG\ UF
TXLWH JRRG FRPSDULVRQV GXUISED WK B W @HWIOD DVWIHXOWL\VQLIH YW H
VWHDG\ VWDWH SKDVH DV VKRZQ LQ )LIXUHWKHWIRJR QB&O W3 DKM\

VKRZ VDWLVI\LQJ FRPSDULVRQ ZLWHK (RQKHVWDOQ VE WY RI)W DR F
WUDQVLHQW DQG VWHDG\ VWDWH SKDVHV DV VKRZQ LQ )LIXUHV

W FDQ DOVR EH QRWHG WKDW WKH VOWXH GIJOHUWUR M RDPVCH B R

VOLIJKWO\ KLIJKHU WKDQ WKH VOLBKMHQVOPXGDWDRREWDU ¥H BXIQERL
WLUHV DV FDQ EH VHHQ LQ )LIBOUHWR WRQB IDFWKMWKDW LW LV |

GULYHU WR PDLQWDLQ D FRQVWDQW VSHHG GWUL\) D © B R HXMWHLP
WKDW WKH YHKLFOH LV PRYLQJ RQ D IODW URPW GYWLYJIJREWHS

WKDW WKH URDG SURILOHV RI WHVW ILHOG FRQFWYXWURY RXUHRX
GHYLDWLRQ RQ VOLS DQJOH UHVSRQVH RI WKH WLUHYV

step steer
180 T T )

—.\n—;‘ T
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steering angle (degree)

L L L 1
¢} 1 2 3 4 5 6
time (sec)
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1 Il
7 8 9 10
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0

T T
005 ===experiment | |
-0

-0.15+-
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0.3

5 I I 1 I
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time {sec)
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60LS DQJOH DW WKH

5
time (sec)

IURQW OHIW WLUH

10

GHJ VWHS VWHHU DW

IRU

GHJ VWHS vWwW

N P
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front right
T

goe |
D B PN S e e B
time (sec)
JLI  60LS DQJOH UHVSRQWRH DW GHR QW WS MMHWUUHY | NP K
vos rear right
;| ; o
o 1 2I ? ! time5(sec) ° é é e
)LJ 60LS DQJOH DW WKH UHDU ULJKW WLUH IRU GHJ VWH
- rear‘left | , |
time (sec)
)LJ 60LS DQJOH DW WKH UHDU OHIW WLUH IRU GHJ VWHS Vv

7KH UHVXOWYV RI

GRXEOH ODQH FKDWIUWHWHW GCQ@WIDFDWEB WKBV

UHVXOWY DJUHH ZLWK D UHODWZ®H@ YIRXK® HDW FXWRF\ DM ¥YXUH
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WKH PHDVXUHG VWHHULQJ ZKHHO LQSXW IURP GRXEOH ODQH F
XVHG DV WKH LQSXW IRU WKH VLPXODWLBRQWHRIDHO D FG HVOHIWDW
ERG\ UROO DQJOH LW LV FOHXOWN\ FWRWVKI®\VILRPXO@RIV WK BH DV
PLQRU GLIIHUHQFH LQ PDJQLWXGH WWR VKRZKH LRL QRIX BHVIH UH ¢
PDJQLWXGH DQG VPDOO IOXFWXDWLRQ RFFXUUHG RQ WKH PH
IOH[LELOLW)\ ZKLFK ZDV LJQRUHGE QO Q7 WH HP MR M ODLWIIHRIH PRIG L Q
EHWZHHQ PHDVXUHG DQG VLPXODWHGES GDWOQ K DRI DKHR PERHG H
DVVXPSWLRQV QDPHO\ WKH HIIHAKWLVV RARPGWHWROOLEQRUHGA LQ
PRGHO

,Q WHUPV RI WLUH VLGH VOLS DQJOHV DWKH DWIRREG F RRJ UHLAPDX\® DF
H[SHULPHQWDO GDWD DV FDQ EH$OWRY W Q/ ) PLODHNWRWWRKH YDOL
REWDLQHG IURP VWHS VWHHU WHVW WKHHY®HSLP 8 QWD O HOB\WR D
KLJKHU WKDQ WKH VOLS DQJOH GDWD REXVDLIQM\GI RWRW KWK B H\DLLF
$JDLQ WKLV LV GXH WR WKH GLIILFXOW\ RI WKH GULXEQHWR PD
ODQH FKDQJH PDQHXYHU $VVXPSWLR@ KB YHRKPOMWLRQRRGO.DF
URDG GXULQJ GRXEOH ODQH FKDQJH RO QWHWXRHIHDW ID]@ VIRY YSHUD F¥
URDG LUUHJXODULWLHV Rl WKH WHVW ILHOG PD\ FDXVH WKH F
KDQGOLQJ WHVW $VVXPSWLRQ RI QHJOHKFHNVERYWIE HOLWHNHQLQR:
GRZQ WKH PDJQLWXGH RI WLUH WLEB VOV @YYV OHR P §DWLHGK OVR V
GDWD

2YHUDOO LW FDQ EH FRQFOXGHG WKDW WKH WUHQGV EHWZHH
GDWD DUH KDYLQJ JRRG DJUHHPHQW ZLWK DFFHSWDEOH HUUR
UHGXFHG E\ ILQH WXQLQJ RI ERWK YHKLFOH DQG WLUH SDUDPH
ZRUNV FDQ EH DYRLGHG VLQFH L@ MRGHWRIROW RIURFHRWNHIEQ R/R BHKID |
WKH WUHQG RI WKH PRGHO UHV&®RBQRH WKWH PREGH O VU M\K$R Q/\UHH
VLPLODU ZLWK WKH PHDVXUHG UHVSRQVH ZLWK DWFHABY EHOWDG
WKDW WKH PRGHO LV YDOLG 7K MWD LG DVRIDG! R @ BW DR DL 2 OWHEKH W
FRQWUROOHU VWUXFWXUH Rl WKRAVSE5RQ/\VWHP LQ WKH QH[W

i ) . double lane change |

30
20
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1]
10| 4

-20} 4

steering angle (degree)

-30

-40

- 1 1 1 1
%00 2 4 6 8 10
time (sec)

)LJ 6WHHU DQJOH LQSXW IRKDQJMNH KD@RXEGIKHW ODQH F
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