White Rose

k(:,)) Research Online

"#$%&
(
) Y+, +-+  + + 1#%#%0 - 1 23 *
4 * *5 * 67 3 4 28 9:4:1
6'9 68 * 5666 5 6 544; %#$<2

%%:II

* 1% %> 56 #%#% #>$&=%$>

58 1 * 4 *

ﬁ \\Eﬁ’/ University of
UNIVERSITY OF LEEDS S Sheffield



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1109/TIE.2020.2975479
https://eprints.whiterose.ac.uk/id/eprint/162705/
https://eprints.whiterose.ac.uk/

((( 75$16$&7,216 21 ,1'8675,$/ (/(&7521,&6

+\EULG '& %XV &DSDFLWRU
6WUDWHJ\ 8VLQJ ,QWHUQDO
(IWHUQDO %OHHGHU IRU 6XU
3060 EDVHG (9 3RZHUWUDLQV L

&KDR *8&@dnt Member, IEEE < L K X Senidt Member, IEEE :HQ]KHQ /L -LQTLX *D
-L QJ O L\@nileX IEEE + XL T L Q SenidrqMember, IEEE -LDQNDQJ <DQJ

Abstract 2 :KHQ HOHFWULF YHKLFOHV (9V HQFRXQWHU.DQ1752'8&7,21

HPHUJHQF\ WKH YROWDJH RI WKH '& EXV DGR FWKRY LLQ%\/\MEQVLF DGYDQWDJHV
VXUIDFH PRXQWHG SHUPDQHQW PDJQHW V\ RO P 0

63060 EDVHG SRZHUWUDLQ UHTXLUHV WR gﬁ?ﬁg W«ﬁ.BV\X?RPSDFW VWUXFW
DV SRVVLEOH ,Q RUGHU WR HoLFEH H UP QY G@ﬁ%W%QﬁQWDa%JQ

VIQWKHVL]H WKH DGYDQWINOIH KDWRH EH{H R £ LGH Q\pD R HWHES QL B «
ZLQGLQJ EDVHG DQG H[WHUQDO EOHHGKU ED@HG7IGHVAKRSRMWRI\ RI D W\SLFD

WHFKQLTXHV WKLV SDSHU SURSRVHVSDRK\XONERGLVEYRMHPE LV VKRZQ LQ )LJ

VWUDWHJI\ ZKLFK FDQ DFKLHYH ILYH VHEGRREWRH HPYPWULFDO DQG PHRWKIIPQLF D
PLQLPXP VDFULILFH RUWKHEDDMHEHZHLIK R%U
L

HU\ N H XVHG WR VW
(9 GULYHV )RU WKH SXUSRVH RI HYDOXD, \ Jﬁma%@U&&ﬁ%%H%BFDQ OLIW WKH

RI WKH QHZ PHWKRG WKH LQGLYLGXDO E®H
PRGHOOHG DQG DQDO\]JHG DW ILuvw WKHQORMKWRPAMRIGHALAWR WKH KLIK RQH
GLVFKDUJH PHWKRG LV GHYHORSHG Z86FK FFRROYWDUWY Wz2RH GLUHFW FXUUHQ\

VHTXHQWLDO SURFHGXUHV EOHHGLQJ UNGWWRYDWEQSHWUJQAHIMW $& SRZHU GU
SUREHVY KDV WR EM LPSOHPHOWHG SRGIE Witk Bl da oy, FRQQHFWLQY Wi
FRQGLWLRQ %XW FRQFHUQLQJ WKDW Wé@%%@M%WWUG IRU - SURWHFV
DW WKH PRPHQW ZKHQ WKH PDFKLQH M) E wMKH - LQYHUWHU QH

PD[LPXP VSHHG WKUHH GLIIHUHQW BLEVEKBUIAXHP@REHWVWRZHU VXUJH DEVRUS\
LQFOXGLQJ IX00 SRZHU SDUWLDO SRZPRHFKRQLEDAHGEHWWE DY HIGIDU ER[ WKDW LV

GLVFKDUJH PRGHV DUH GHYHORSHG 7KW §HRIMRYHG LRI FRKIDFOKWFK GLITHUHQWL!
WHFKQLTXHV DUH YHULILHG E\ H[SHU}KRHOMYR IXEKMK RBUY\WWHP RQFH DQ HPF

FRQGXFWHG RQ D WKUHH SKDVH 63060 G{{Lyhl & WMWHEPWHRJRRGH zLoOO EH WULJJH
(ov WKH EUHDNHU ZLOO EH WULSSHG LPPHG
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ERWK WKH SDVVHQJHUV DQG WKH UGNVFKKDWIH Y@ ORF IRVU\G U9 WRR B YRQBW U |
HOHFWULFDO VKRFN ULVNV WKH R BHFRXYHV WK VB ISP FRXMIRIGH © R/O W/ B DI WJ
GURS WR WKH VDIH OHYHO 9 WKW OH¥WYVRPOHEHVMF DEUDNLY LWRUTXH V
ZRUVW DFFRUGLQJ WR WKH 8QLWH GYRIDWLIRIG WKKILIFHVH BRIZX VBWYR Q@ HEHF WV
5 > @ XVH Rl WKLV GLVFKDUJH DSSURDFK
7UDGLWLRQDOO\ UHIHUULQJ WR WKHK ID\S SOISFHIUW & B R 8 RR/IH VU HIJ HQ BU DGV | & HE X
EUDNLQJ LQ > @ > @ D G\QDPLF EUDWULDQW H1\UBXIOWL BB PBB@® VBERGVR | WKH PDFK
VZLWFK DQG D EOHHGLQJ UHVLVWREOPFSGHY FDUBRIOMD HEBRW RFWIKHHY B X W K H
FDSDFLWRU WR GLVVLSDWH WKH UHPVLEOPX® MRAUUN B R IGWKHKDOHH GMKIHV L
FDSDFLWRU YROWDJH 3H[WHUQDO FGUEXHW ®IRFFKDUWHE WRKMKHDPHWRRGV |
FRQWUDVW ZLWK WKH UHJHQHUDWLYH E@DNLIQH GBYH® D\SKSH BRRZKH W/ \Q@VXK H V
FXUUHQW OHYHOV Rl WKH EUDNLQJ BMMU¥VWRRH WKRX®L0/ EG YHLIW IZKL\O R | WKKR
UHVLVWDQFH LV VXSSRVHG WR EHIVBBBPLWR D/MWL WK M E B HHG b U UB-DPKHIBN VRV |
TXLFNHVW GLVFKDUJH $V D UHVXOW\VWKRA SDUD PQGHINLDQE RIQWREHG ZL
EOHHGLQJ FLUFXLW DUH KXJH VDFUEDSDRBUIW\ KIR MRFS/MD EWQR-DWY EDHD 1B PFEFOWRWH G
RI WKH GULYH V\VWHP JUHDWO\ 3UDZFRALICAD OW\LW KB ZRYWMHGGRREQVYUGB®GQJ W
UHVLVWRUV DUH XVXDOO\ DGRSWHGFR\KWFK$EIERRWK UNRFAK ZWR B LIQLJ EBVWG
GLVVLSDWLRQ YHORFLW\ FRPSDFW WKH V\VWHP SDUDPHWHUV KD
,Q DGGLWLRQ WR WKH H[WHUQDO E®HHEBW BDBEHG |8 UV DKIFHI H& R QY VU IDGHHIL Q.
VHYHUDO XS WR GDWH VWXGLHV KDWBE6SUGYVHQW HEKEUPRBKQER ZDOIGIL@HV F
ZLQGLQJ EDVHG GLVFKDUJH DSSURDHKBYDWZKSPIDQRQIRU WRNH[WHBEEBDO E
DGYDQWDJH RI WKH PDFKLQH Z LKFOLHW W WV [N WD RKLHH WIRQ G LD/ VULFSMIWWHL WH O\ O
UHVLGXDO HQHUJ\ LQ WKH IRUP RI IGHVWKRQUJIH WHFKOLTX@ VIKUWHG WHKRHD Q\
NLQG RI EOHHGLQJ PHWKRG FDQ EHGHIWFHWRUR]IHG/ PN HJR/G HQWBUBDDOBHGHU
FLUFXLW GLVFKDUJH  ZKLFK LV DO\GR \OF X\RWH GV RIS U K ULLAD W R K WE RAGKYHH QW FIJV V
DSSOLFDWLRQV > @ > @ $V IRU WHKWKAR® GLKQHQE DMM & HRPIDWEKD GHVLIQ SU|
PHWKRG IRU (9 SRZHUWUDLQV WKH RFKDLWHYRQ MWK HPHRBER VL WLHD G QWA R U J H
LPPHGLDWHO\ WULJJHU D SURWHFWDRQ VPHRTXH @WICD W 3SDQWR/II HMAKHUQDO ¢
WUDQVLVWRUV LQ WKH SRZHU L QYHIGDAOHR U LQWKAPH BE VIWIKH VWHFK RROE GHY PH C
dg D[LV FXUUHQWY DUH LQMHFWHG LdQ B[R WU B BIRKN Q B NWRF WR R/Q YIDS/S K R DVF W R
RSHUDWH QRUPDOO\ ,Qq P[l@/ FQG UM@E' EMMKVLQJ D FRQVWDQW EUDNLQJ F
FRQWUROOHG WR VW B HLQV]H HI W U] H QRRBIZ KK I0) bl 60 K\H
LV VHW DV D ODUJH FRQVWDQW WKOWAKHRUBV® BRGKEH @ ROWXVUWURWIHD QL]
WKLV NLQG RI VWUDWHJI\ ZLOO O RMH LI WH.IDFO, CAKIH@DW K| H . QUIKML P I FKIDFKAY P D
VSHHG LV KKH WK WKOIER W Y RDKH WKIQ @LQHGWRO HfIWHUQDO EOHHGHU EDVHC
OLQH EDFN HOHFWURPRWLYH IRUFH GQb)VRULEHYV WWKRHBVARASRHVWRHHEXWI\ GLVV
FDSDFLWRU ZLOO JHW UHFKDUJHG WROWBIHRYHVPHNRWHY¥RBSRPKHEG KWWK Wt
YROWDJH DSSURDFKHV JHUR ,Q RUGHBEWMIRQVRD YWKWKENVVEWYREHH B HWKRYPD
LPSURYHG GLVFKDUJH PHWKRGYV ED VHEP R bEFKWKHWKREY IRUDIQRCREROYHEW FF
UHJXODWLRQ LV SURSRVHG LQ wKHWMXAMN HOoUAKERR ?dvg\%'éﬁ'_vl?&@ OXVL
OLWHUDWXUH > @ SRLQWV RXW WKDW WKH SHUIRUPDQFH RI WKH
ZLQGLQJ EDVHG GLVFKDUJH DOJRULWKPV B SkELIREFI NS DRHE® VRCW K H
VI\VWHP SDUDPHWHUV HJ URWRU LQHUWLD DQG SWVWHF"DIH FXUUHQW
DQG DOWKRXJK WKH RSWLPL]HG DOJRWKILWKPFUMO Z4 O® BQ B O\ Ha WkpHy R HF KD C
EHHQ VXFFHVVIXOO\ DSSOLHG WR WRWVHKOFFWIHVDHWKBG L YKY Qz RK/MH FXUUHQ
SDUDPHWHUV DUH VXLWDEOH IRU GHEKDYUFH WKH %85 ¥ W KHDRYHW BB O\
VXLWDEOH IRU WKH RWKHU V\VWHPV BPRLULQ KB K FRRELHY Y WP Wity Wi WL J|
JURXQG D SDUWLFXODU EXV FDSD $LYF XYW £RROGy RFFX
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GHYHORSHG IRU WKH 3060 GULYHYV '-cﬁahw%ﬁ §HW\9VR N

VIVWHP VDIH FXUUHQW +RZHYHU Elv\/g/ JP ] FKDH
SUREOHPV IRU WKLV VWUDWHJ\ )LU K F §/ZI
UHVLVWDQFH RQ WKH GLVFKDUJH,BK & N@N\H’R Pg N F RO H B
SUDFWLFH WKH YHKLFOH SURSXOVLRRyRBWRY A b ¥ Q0 EOER iy WK
VPDOO UHVLVWDQFH IRU WKH VDQFHEY R Y HEGUY WK P RE U @06 XFWD O
WKH UHVLVWDQFH LV VPDOOHU WBHH (Gl WKRGHEAP YRR OROW'D R 0
HITHFWLYH WR PHHW WKH IDVW GLVFKDUJH UHTXLUHPHQW UHSUHVHOWLQJ
WKDW WKH GLVFKDUJH FDSDFLWYHV OLPLWHG 6HFRQGO\ WKH YROWD
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L ODFWLYH &RF$$PWGLHQWV$FWLYH &RPSRQH™ "~ 7$%/(
' i * in 3060 '5,9( 6<67(0 3$5$0(7(56
C:S 3DUDPHWHU 9DOXH 8QL\
U, Ls R, - Rb? VWDWRU ZLQG@R. QJ UHVLVWDQFH
. 3060 JQUHH@F QXPEHU RI BROH SDLUV
E dg D[LV LQAXEWDQFH P+
PRPHQW Rl LQHUWLD NJ P
yLJ (TXLYDOHQW FLUFXLWV DQG PHFE®GQW SHUPDQHQW PDJQHW IOX[ OLQNDJH :E
FDVHV E 5XQQLQJ FDVHV '& EXV YRQWDJH 9
VDIH WKRRH ZRUNLQJ FXUUHQW
_ ) UDWHG PD[LRXP VSHHG UDG V
A.Mechanism and BR for Standstill Cases WKUHVKR&® G VSHHG UDG V
) YROWDJHCERQVWDQW
KHQ DQ LQLWLDWLYH GLVFKDUJH UHTXLUHG GLVFKDUJH WLPH Vv |
VSHHG RI JHUR QR UHVLGXDO HQHKU. ‘¢ exv FDSODFLWRU ) RQ
WKH '& EXV FDSDFLWRU YROWDJH _. . e
7KHUHIRUH WKH 3060 DQG LQYHUWHRUWKLM 14 WK H R B R LYY KAERHL B H @/ |

FDSDFLWRU DQG WKH EOHHGHU FwiRX KW \P BioL #'MWW@WWWWE?E)QHFFQ
FDSDFLWRU DQG WKH EOHHGHUWHERIGYWIXWYWRW bV v RPPHP

UHVLVWDQFH FDSDFLWDQFH 5& QHW VR WKH; LlléD.OSuNcLPH FDSDFLWRU
YROWDGXULQJ GLVFKDUJH LV UHSUHVHQWHG DV .

~ Sac ORUHRYHU DFFRUGLQJ WR > D@ BMKH
U =Uy € DSSUR] LPDWHG DV
ZKHWE LV WKH LQLWLDO EXV YROWDJH ZKLFKLH RXWSXW RI

ROV WK
WKH '& '& ERRVVC EWQWHHV\FI-H)LSSDFLW H Ez y
FDSDFLWRU $VVXPLQJ WKDW WKH uI g(&%'g\’b%%éng
VDIH '& EXV YROW DY H @GlH (GHERE M/
UHTXL%HG %5 FODQ gH q(,;%eUIEGYHG DV ¢ GHO LQ SDSHU > T@ RIWEH E|
VXUIDFH PRXQWHG 306G HBEOBI0EHG DV IR
R §—— T.= p (.S P i
¢ 9%, $QG WKH UHDO WLPH PDFKLQH VSHHG FD
KHQ GHVLJQLQJ D ZRXQG EUDNLQJ UHVLVWRU DsBliw IURP LWV
UHVLVWDQFH WKH FXUUHQW FDUU\LQJ FDSDFLW\"LVIJDQRWKHU FUXFLDO
SDUDPHWHU WKDW GHWHUPLQHV WKAKHEHHLY LYWKHG LA R WWHOLY MK/ KS H
'XULQJ WKH GLVFKDUJH SQRWHKDW @QHRHEV RWY Wi HUJ\ UDORBQ EH QWRULWWH(

EH GLVVLSDWHG LV JIRC, .5 JC.p , 3uU,t
-~ U, =
sz_CUdc SUsafe de J R,"‘ R
+HQFH WKH URRW PHDQ VTXDiwktts L5 6 78 NIF WKy G HEXIOHWHW H R DQG WK
9'5 FDQ EH H[SUHVVHG DV
i > Jc
bRMS — Rt @dczé eP ¢ it
t GR+ R
B.Mechanism and BR for Running Cases 6LQF HIWHIBWULHQFHY D GRZQZDUG WUHC

| DQ HPHUJHQF\ KDSSHQV ZKHQ WK M MR-EW B IWXR Y RIQOWKIHEBDPGH FRQWL
WKH NLQHWLF HQHUJ\ Rl WKH 3060 BRWHRIYWOWP EDZF @A &MUWKHGHR KB W

VWRUHG LQ WKH EXV FDSDFLWRU VKRXOG EH H[SHQ%% EE WKH %5 ,Q

WKH SURFHVV RI HQHUJ\ FRQVXPSWLRQ WMt FED UYW)¥ DV D
JHQHUDWRU LQGXFLQJ D FRQWLQXRXVO\ GHFUHDVL EBFEN (0) WKDW LV
UHODWHG WKH PDFKLQH VSHHG $V YAV IRQQY IJI*UU'\P\Md—N PRO9YHYFWKH
WULJJHUV WKH LQKHUHQW SURWHFW'LWBﬁleJZEWRNWk'—@N GRZQ FRQWURO
VLIQDOV DSSOLHG WR DOO RI WKH WURQ&LVWRUVRUKHYHBY, SWKH VL[
IUHH ZKHHOLQJ GLRGHV FDQQRW EH VHDOH®&UR?PR FRQVWLWXWLQJ DQ
XQFRQWUROOHG UHFWLILHU 85 7KH EDFNW@W@{%@WOO
EH UHFWLILHG E\ WKH 85 FKDUJLQJ WKH%EDS FLWR QG “JHBHUDWLQJ
WKH EOHHGL QK BWUSDI\OWH V W KU R X J KW R i m DG v Cep

,Q RUGHU WR UHGXFH WKH DQDO\WLFD O EFRPBOIN RW\ ZD @ KD IBKIHR S b UIRWMS H H

DVVXPSWLRQ WKDW WKH HIITHFWV RIHQKH P DER E QN GH\G XFRWMD RFHO D MK M/ KHHO H
FDSDFLWRU FDSDFLWDQFH FDQ EH LFQSDAGMRD EXW ROV B UWKHPHIODHWL® HQ
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UHVLWWDQFH

FXUUHQMWs OHYHO $ U L R C
PLQLPXP G&DPHWHU PP T T -|- Ry
U L R -
UHTXLUHG OHQJIWK P c s
FDOFXODWHG PDVV . A
- : : UDWLRQ
3% ‘ ‘ ‘ g :ic: d D[LV F KiUUHQW
=g i d d i L] FRQWUR ROOHU
-] 0 1 i ™ 'Sqrtlr |q dis L :
= 0 [+ &RPPRQO\ XVHG | § ndrefuqref 5
2 | | iP QJ URWRU { R 8 HWGRER QWUROO
'L D P HIWRRJ S——— R &er  UHIHUHQ Rt V S Hil G
yLJ 5HODWLRQVKLS EHWZHHQ FRQGXRWIRQJ)LJ %ORFN GLDJUDP RI WKH SURSRVHG K\EULG
FDSDFLW\

EOHHGHU FLUFXLWV EXW DOVR VGKIH WUD

Q=3 . &, +CU, U WKH YHFWRU FRQWURO DOJRULWKPV ELC

safe g D[LV FXUUHQW LQMHFWLRQ DUH QHHG

Q Kinetic energy Q Electrical energy V L J Q D O V 0 R U H R Y H U D S U RRJ U D P

7KHQ WKH 506 GLVFKDUJH FXUUHQWVIENOHFW WKH ZRUNLQJ PRGH RI WKH V\\
_ Q, SRUWYV FRQQHFWHG DQG WKH 3060 GULY

lhrms = RIR T GRXEOH FORVHG ORRS UHJXODWLRQ VW

VR+R ¢ QRUPDO RSHUDWLR Q V&R HVIKHI i B MRFH F

C.Evaluation of Size and Weight Sacrifice EH VHW WR GLIIHUHQW OHYHOV IRU Wk

,Q RUGHU WR LPSOHPHQW DQ LQM&‘%‘S\\? lURPR é%ﬁ%R WR W pD LPXP DW

SURSHUWLHV RI WKH %5 D 3060 GULYH .W—HDd o %?/vvﬁ'v‘ﬁv M HFHX\TVFV,VGHg
SDUDPHWHUV LQ 7DEOH , LV VWXGLH éL% 'I_:?I W Lﬁ’o}&)éﬁ PV{?R/V\(/
RE R EDH R Us%ﬁ% Nig ]

FRPPRQ PDWHULDOV XVHG IRU PDNLQJ SWHFL doo e

WKH DOOR\ RI FRSSHU &X DQG QLFN HPXOH'WLR P&BNHQ[?Q%XEJ'OJRULWKPV D
627%1 ZKRVH UHWLVWLY LPAD Q & GHQV)@W\)VL 0 ER

RQGLWERQ ZKHQ DQ DFWLYH «
n NJ PDV DQ H[DPSOH WKH PLQLPXP ZLUH AWHUTLYV

VHOHFWHG EDVHG RQ WKH UHODV‘dLR“QJENQDS)fEFHfWEIHpQSQdWIKCHargG_MEEhOQLDPHWHU
DQG WKH FXUUHQW,FDVUW\QQULJIDSDFLWRHQ GHVLJQLQJ WKH K\EULG GLVFKDU

i = d + ds FRQGLWLRQ DW ZKLRK R Q0 MWKH @ D[S

ca

7DEOH ,, VKRZV WKH SURSHUWLHV RP QXH QFH GVx WR WRHFRRYE&HWRE® )RU
SDUW ZKHQ WKH UHTXLUHG GLVAKD VYKL O SRZHY WY DM WK RQWE & QRW
VHHQ WKDW WKH SDUDPHWHUV GHVLYYWNE®WkIJLWEMKHRKXYEHG S PRIK ODWIRR QD B
VSHHG VKRXOG EH VHW DV WKH PD[LWKkEP RBOXXPDAPAFKXQWYSHHGRPWEH DV
VWDQGVWLOO VLWXDWLRQV 7KHQ WPR&4D wR VMK WK i DIOH wW i iy VR WY P1OD U Rt
UHTXLUHPHQW DOWKRXJK WKH UH T 2HRQF3@& v N/ wr ik FFQ LEYHRFPPAFXODWHG E
WKH Gl RHWHKWH FRQGXFWRU LVI, LW P2DDEY WMWD&EH JRik% 5
P ZHLJKLQJ DURXQG NI +R¥YHRQWUDYMN ZdK WKH LQGLYLGXDC
HQRUPRXV UHVLVWRU LV XQZHOFRPH VTG RV HZ K KLBEDNDBQ & W RNWKIIKH LV <
YHKLFOH ZHLJKW JUHDWO\ VR LQ SUDRWLHRWWHHWERZEXYVSREQYW RIHYREG %
UHVLVWRUV DUH XVXDOO\ XVHG E XV WrdHO 8 D PMKIRSY 19 WRFPHY Y LRIoOWHKHE HHHE D«
v dg D[LV FXUUHQWYVY WUDQVIRUPHGGURP V
2YHUDOO WKH (9V DUH SODFLQJ DXKMWKHEHPRHORWKH Uy EH XFkPQo IHDWXUH
GLVFKDUJH VWUDWHJILHY FKDUDFWH G E W& W IGpW HE KQ L Xk DLV MY He B VYIS

VL]H DQG ZHLJKW WR DGRSW WKB[BYHFHIHWHQFH FXUUHQ)
YROWDJH VXUJH SKHQRPHQRQ DV ORQJ O
53326(I+<%5yll ,6&+$5*(7(&+1,48( VPDOO 7KH UHDVRQ LV DV |ROCFFDDH WK

yLJ LOOXVWUDWHY WKH EORFN G \55 VRI-?‘ 7®(j(RUL\'\/I
GLVFKDUJH VWUDWHJ\ &RPSDUHG E E UQDC
VI\VWHP LV FRPSRVHG RI QRW RQO\ E lﬁ l? g\é
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7$%I(,, PDFKLQH ZLQGLQJV QHHGV WR EH XWL
3523(57.(6 2) %I/((, 1" 5(6.6725 FXUUHQWY LQ WKH PDFKLQH LV H[@GHFWH
3’:|\\//LL‘\’%VX,§"("?LFB‘H”RSHU 9DOXH QLYW WKH VIVWHP VIRJHZKX B K VEK\R X 06 Q R W
FXUUHQWa@HYHO $ SRWHQWLDO ULVNV LQFOXGLQJ WKHUPD
PLQLPXP Gd&DPHWHU PP WR WKH VIVWHP GXULQJ WKH ZKROH GLV
UHTXLUH[G OHQJWK P idref des+iqreB des:| ax B P
FDOFXODWHG PDVV NJ

7KH®exdes LV FDOFXODWHG E\

JUHDWO\ WKH LQVWDQWDQHRXV EOHHGLQJ SRZHYQRI VKR %5 ZLOO YKRRW
XS DQG WKH VKRUW SHULRG EOHHGLQJC UQ/HHA(W%_BXOG v P VY WK R

(7(( SUHYHQWLQJ WKH FDSDFLWRthY\BQMV%%HFthIE\ﬁQMVItQXRXV
JURZWK %DVHG RQ WKHVB[LD B R HUMD BU-JH

FXUUHQW WKDW FDQ HQVXUH WKH\,{La’I:_lSVHFE{/QG QLVT/RQ,U%JSHB WRIT X edPHRHQW L
QHHGHG $FFRUGLQJgWHRLV XU HQWVIKRU GHVLJIQ pt U,

igetdzes ZLWKMLIQRXOG WUDFN WKH IROORZLQJ ORFXV

= 0 S es $QG WKH OHQJWK LV
qref Bdes
pt,

f q) s
ZKHidkthes LV WKH QBPDWEXBUHQW IRU GHVLJQ
SOWKRXJO[WKHXUUHQW LQ WKH P gﬁh@ g/ H
UHPDLQ DW WKH UHIHUHQEFH OHYHOI? dﬂﬁ Rl |_K81 1G\?& v LQ%GWKMRU
VWDEOH VWDWH DW WKH EHIJLQQLQJ LQVWDQWnNR3-G | Ak KI5UJH WKH UHDO YD
I WKKHLY FXUUHQW FDQ VWLOO EH LQIOXH FHG E\ WKH XRWLHQW

WKH LOLWLDO FDSDFLWRU YROWDJH BQ&'& %%Wb%QFPWKH]H&DF%CP r!i'\ﬂ? 'iav"\\/vUH‘
RI WKH EXi\ FXFOW EHQHVF X UUH Q Wi GU.(QJH‘%W?)F\ HYRRS O VK Ry 060 GULYH Viv
d—l\ ,FFW,KSHHC§URSHUWLHV RI WKH GHVL

PUYERHZLAK ROy WKH

)LJ LV DSSUR[LPiPWIQOR HITKD VW RJ

WKHD[LY FXUUHQW WR WUDFH WKH WD i
GLDPHWHBUHDVHYV WR PP |y GURGE W

U
R =—%— WR P ,PSRUWDQWO\ WKH ZHLJK

et Bes— l[ ULHQFHYV D VLJ LILFDQW GHFOLQH I
b &RQGXFWRU GHVLJQ FRQVLGHULQJ /SYMB]d"O%Q WKH K\EULG GLV
$VVXPH WKDW GXULQJ GLVFKDUJH ¥ 6d"WWDCQLV\I\kLDSVP%/dGWRHVE6mHGHU
H[WHU Q D OQdsQeHAHAMIML VV WKH HQHUJ\ FRQVX
E\ WKH PDFKLQH 206 L@iJ M & KH 7K H B Discharge Modes and Control Algorithms

WKH 506 GLVFKiRdkildRFXWUH DS LV $IWHU DGRSWLQJ WKH DERYH PHQWLR
Qo e GLVFKDUJH WRSRORJ\ WKH (9 SRZHUWL

Iy gorms = ,/ DELOLW\ WR UHJXODWH WKH EXV WROWD

Rt ZLWKLQ ILYH VHFRQGV ZKHQ WKH HPHUJ

ibecvs LV YLWDO WR WKH FRQGXFWRU &L DAHWHE ORGLWHRIW K iRA HW K %Bw LV
ZKRVH UHVLVWDQFH KDV EHHQ GHH LG H\GF KD UIFH L\ QU RECHNWWE BDWMGWR/H PRP
WKH VLIH DQG ZHLJKW RI WKH EOHH@RY FUHBXKWW K RXFKHRW SRV E OH Q F
iberus VKRXOG EH PLQLPDO &RQVHTXHRYQP\GAKWHQICWKHIQDRHWNKRHI WKH (9 SI
%5Qoexdes LV VXSSRVHG WR EH WKH QRBBHVOH WRU MGKHL WU RPIH) WKH LMQYHUW
FRQGLWLRQ ,Q WKLV FDVH WKH EfHROWW &R HEHES I VIFRSRIBIHWA X B U MWy wRrR
VWDMeHN¥ DigQee DQG HYHQ WKH ZLQG
G’LE‘DF?(DSURJZHH%GD\:F"Y(LDDU%:F;ZRHGU GLVFKDUJH SDUW FDQ EH DEVHQWYV 7KU}l
%OHHGHU EDEHBV H @ RRQG WKH FRUUHVSRQGLQJ FRQ
GLVFKDUJH PREHYHORSHG LQ WKLV VHFWLRQ DV LQ )L

1 D )XOO SRZHU GLVFKDUJH PRGH
‘KHQ DQ DFWLYH GLVFKDUJH LV UHTXH
J wS . 6KXWW|QJ RIPD[LPXP YDOXH ERWK WKH LQWHUQDO
S e R I VLIQDOYV  HWHUQDO EOHHGHU FLUFXLWV DUH QHH
'wfs/l'rsws | ® HQHUJ\ ,Q WKLV FDVH WKH K\EULG V
&RQWLQXRXYV 5 DGYDQWDJH RI LWV RZQ GLVFKDUJH FI
PHDVXQBEHQY o GLVFKDUJH HAXXIRE QR QVHTXHQNIL VW K H
GLVFKDUJH ighXDQIBRQRWNQ WKH PDFKLQH
yLJ 'LVFKDUJH PRGHV DQG FRQWURO DOJRERWXP®\ ZLWK WKH FDOFXODWHG SDUDPH
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&DSDFLWRU YROWDJH SX

"LVFKDUJHMD]DUGRXV YROW®DH YROWDJH
rUHTXHVW UHJLRQ UHJLRQ
e )le LHUNHQLQJ LPSDFW Us
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B 9%3 &ﬂ—&ated 7]
L U T = e, &= &
( T J Sn
E/ WLPH V
yLJ 7KHRUHWLFDO '& EXV FDSDFLW RWMRDWYJH
% - XQGHU GLIIHUHQW FRQWURO PRGHV
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)LJ $SSUR[L.PDW|.-1G 3060 SKDVRU GLDJURIP RISH:ub&/EbJ BV 8RH RURW 1S Q =S g+Qg
dq diszlqreB des B ' Rstr Ro+&
® = >

q’d dIS IB S q dis P

,W LV H[SHFWHG WKDW WKH '& ExZ/KEI@J DYBEOWD I H e LOGIUHIWRUH  V
GRZQUWR/RRQ E\ WKH XVH RI WKH Eﬁ@ \)53 FW
UHPRYLQJ WKH HOHFWULFDO VKRFN K 4 \q VPR RHIERTWIR@SH
ZLOO FRQWLQXH WR LPSOHPHQW WKH GLVFKDUJH=B)JIREEWKPY XQWLO WKH
EXV YROWDJH DUULYHV DW ]JHUR 6LPLODU WR WKH IXOO SRZHU GLVFKDU

E 3DUWLDO SRZHU GLVFKDUJH PRGHROWDJH JHWV GRZQ WR JHUR ZLOO WKH

‘KH@n LV OR ZdEXWKKLQKHU WKD QF W HHRUWQHEDVHG GLVFKDUJH PRGH
WKUHKRBGRZ ZKLFK RQO\ WKH H[WHUYQRO HoBXWWNVDED B &V SHMERR KK 7 K R DGF C
WKH EXV YROWDJH GRZQ WR 9 ZLWW{W® Q &v W R&d MONH Z WEWQY VVDRQRGQHH G
%5 KDYH WR EH DGRSWHG IRU GLVFKBUVHKDW ZH 00 JERUN VRHEGH I BVd DX vw WK

WHK DL[V FXUUHQW LQ WKH PDFKLQHTRBP® B HFR Y W KH ILYH VHFRQG GLVFK!

)LUVWO\ WKH IDVW GLVFKDUJH UH TR RARY W EQG/DWL\NKL;.&L@X\)O(/RRO
WEH[LV GLVFKDUJH FXUUHQW VKRXOG EH FRQWUR%H DV

_J .S =

m dc

p ftr

BHFRQGO\ DV LV LOOXVWUDWHG M %@ A WLD?
WRJHWKHU ZLWK WKH EXV FDSDFLWR IT|_| &,’E
WKDW ZRUNV DV D JHQHUDWRU 6 La)XF H Y 0\
WKH ORDG FDQ EH IXUWKHU DSSUR]

7KHQ LJQRULQJ WKH PXWXDO LQGXE JH
LQ D SHUPDQHQW PDJQHW JHQHUDY ()5

DSSUR[LPDWHG SKDVIXAJII}XQ,CED]UIEMFWIQ(BF) X B'JS"IF J%RXQG Wi

q D[LV UHEFRWQQBHSUHVHQWLQJ WKH 5&&8"5@%%@%"‘”“ E[RIX[\Q—G.DUJQFFRU

s DQ&E DU DMEEH[LV FXUUHG®UW YWIKM

Iq mls

YROWDJH VDWEH FXUUHQWL@MECHL WREKLQY ¢ =y, HES v C.p
7KHQ ZH FDQ REWDLQ WKDW ‘ J R+ R
. C | R ZKH@ U VKRXOG EHJQHVR WK EH Gt
=J E FR3R, =/ = nigeas | Ry WKD‘%V dc o F@Q
[
%BHWZHHR WXGGHQHUJ\ GLVVLGPWHGGE\ ZLQGLQJIV Ysue Ryt R,
%5 FDQ EH UHSUHVHQWHG DV e 5 C
Qe FPQ ER ° Ve, RHEs YO iy
Qn=3 IR t=1Rg JR+ R
® U ‘KH@n & p» WKH 3VKXWWLQJ RII” VLIQDC
Q= 326 DSSOLHG WR WKH LQYHUWHU
R )L GHPRQVWUDWHV WKH WKHRUHWLF
ZKH@H Qin Q $FFRUGLQJ WR XIEHU WKH WKUHH GLITHUHQW GLHAFKDU.

ZKH& "&wea WKH UHTXLUHG GlLVEKD W BYUYKRMOUL]HG DV IROORZV ‘KHQ
PDFKLQH ZLOO VDWLVI\ WKH IROORZQYy ¥BQRIWWER QF K D&l J HW KO-5 DQUHW DMWIRWPH L
IOX[ ZHDNHQL@ DENUBEBXQWHQW LV DQRW
WKDW PDNHV WKH EDFN (0) RIUWKH PDF
UHVXOWLQJ LQ 9%3 7KHUHIRUH WKH EX
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'DWD FROOHME SPrp FLUF FLUFXL\)LJ (ISHULPHQWDO UHVXOWYV RI WKHKHIRSRVHG
- - - HPHUJHQF\ RFFXUV DW WKH VSHHG RI DQBG V I

D PDFKLQH VSHHG E g ID[EKDRXIBIUHQWYV F %5 FXU
. EUDNLQJ WRUTXH G (QHUJ\ GLVVLSDWWYG E\ %5 D

st . WKH GLIJLWDO FRQWUROOHU 7KH '& EX\
‘urrcnl | YROWDJH WUDQVGXFHU /9 3

sensor § Capoct — J)LUVWO\ DVVXPH DQ DFWLYH GLVFKDU.
g I PRWRU \8Sdd HONLW KLY PRPHQW WKH V\VW
o ¥ B . IXOO0 SRZHU GLVFKDUJH PRIGH QDEIG/ WK

USB 1o J E L
naass 1 _board 8 UHIHUHQFH FXUUHQWV FDQ EH FDOFXOD
~J — UHVSHFWLYHO\ 2YHUDOO )LJ D LOO

YROWDJH GURSV WR WKH VDIH OHYHO
E VOLIJKWO\ VKRUWHU WKDQ V 7KLV KDS

YLJ 7HVW EHQFK D &LUFXLW GL D JRHDPW EWé-lFLWthCQNd—d/HEr&QSRUHG ZKHQ HVWDEOLV
EH FRQFOXGHG WKDW WKH SURSRVF

VKDUS GHFUHDVH LPPHGLDWHO\ D|W@LWW|®LU%WWI@I§UVUUDNHVWUPLIHLIVH'W:\'WL
HYHQ ZKHQ WKH LQ&WLDO K@ MK H TREBEW b MARIYU LVWLFY LQWHUHVWL®LO\ W

YROWDJH LV GHWHUPIZRHG BAKW KL PR %%H H '& EXV YROWDJH DUULY
LQLWLDO VSHHG LV WKH ODUJHU WEKKy E%WFK%H%)@Q/\Q%M HLPSDFW
GLVFKDUJH PRPHQW  ,Q WKHRU\ WKHUBKYQY RS W KH NG AT ,

GURS WR JHUR IRU ERWK WKH IXO® S\WRM%@ML BB o $RAH UvKIHY E K% B Udr O\
PRGHV LQ WKH VDIH YROWDJH UHJLB&3 %% W HiuMyR B VN Y FRRYI H Rotb MK w K F

EOHHGHU EDVHG GLVFKDUJH PRGH EZKLEKWRD RZPEQOUHBXY WKLY WR Wi
UHVHDUFK EHFDXVH WKH YROWDJH VIGRFEIN EL VN W KO Y & HKRUH B LEL QILNHB o G
DERXW V ZKHQ WKH EXV YROWDJH LV

9 (8(5,0(17$/9(5,),8$7,216 KLIK FXUUHQW OHYHO 'XH WR WKH FUR

([ISHULPHQWY DUH FRQGXFWHG RQ BDNRUWHKX Gt DAMHVGREBEWU ARRVH[SHULHQFH
SDUDPHWHUV DUH FRQVLVWHQW ZMWWIKQFLEMY H K HRH[K HW\L FG-HIIOR[Q N FORU HH
GLDJUDP DQG HTXLSPHQW DUH VKRER®WQQXRXVOD GBPGHDEHYV EHFDXVH RI
UHVSHFWLYHO\ 7KH ZLQGLQJ UHYVLVKRYYF W KD VEKH EHDIKHO®WOH GEXEWUH QW
GLUHFWO\ FRQQHFWLQJ VWHHO ZRK HF XUWK QW JKMXRSVVWRYDWRXRWU UHVEDUIL
$ '& SRZHU VXSSO\ LV DYDLODEOH DWDXVH G GE L QWKHD @ QLW G RZRIWWDJH R
PRGXOH ,30 OLWVXELVKL 30 5/$ GLMAKDXWHG %6V FKUHHQW ZLOO EH GRPL
YROWDJH VRXUFH LQYHUWHU ZLWK MKMQHMVIDQGHQB\ORIQHDM®) QRXQZDUG WU
WKLQ ILOP FDSDFLWRUV '+) '$:1&$3 WR U)T XHJ HVF RRQHIBWNGEE XWU D IHQKY WIKGIG L F T
LQ SDUDOOHO WR FRPSRVH WKH W B UETXOH FIODSDFFXCOMRUL RQ RH WM B GVRM UH D\
YHULI\ WKH HITHFWLYHQHVV RI W & HGGHYWHQ HDGWRBNDBVRVWDQFH DDQG -
UKHRFKRUG RI ZKLFK UHVLVWDQFH LERMH E®DDGMAQCLQEVWRHVSHFWLYHO\ |
FXUUHQW OHYHO $ IXQFWLRQ DV WWMW#®%B 7KH SURSRVHG GLVFKDUJH
PRGHV DQG FRQWURO DOJRULWKPV DUH LPBQEPHQWHBHRIFW WKH H[SHULP
706 ) FRQWUROOHU ERDUG +BPUJFQUY HRORVE X YW (DWMR UVKH VSHHG RI
+1& /7 WKDW DUH FRQQHFWHG WHRV:SHFWDYHOXVH@ WRHVH FDVHV WKH
PHDVXUH WKH PDFKLQH SKDVH FXUHPRWORAHEX U Q) JV[H VWKL K KOH JW KK U U H (
PRWRWI[LY DQG %5 FXUUHQWY DUH FD MXMWDWWG DQBQEHFR $G MG \ESHFWLYHO
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yLJ ([SHULPHQWDO UHVXOWYV RI WKHISHW®&S )LJ (ISHULPHQWDO UHVXOWYVY RI WKH BBQRSRVH
HPHUJHQF\ RFFXUV DW WKH VSHHG Rl DQBGHPHUJHQF\ RFFXUV DW WKH VSHHG RI DQBG V I
PDFKLQH VSHHG H qD[ENDRXBUHQWY F %5PDFKLQH VSHHG H JLD[ENDRXBWUHQWY F %5 FXU
EUDNLQJ WRUTXH G (QHUJ\ GLVVLSDWWG E\ EUDNLQJ WRUTXH G (QHUJ\ GLVVLSDWWG E\ %5 D

JHWV GRZQ WR WKH VDIH OHYHO DW7RERXWSSHYO VGENFEKRWHHVEHUELREBNLY I W
V. 6LPLODU WR WKH H[WUHPH VOW EWH HGKIHQ WHKUHUEPOWVY RIPAMOD G LYHW®RL Q L G
WKH URWDWLQJ VSHHG LV DERXW WKHGWsHEHKGFEHAH®GHUONWL RAKDRWWVKERZH
WKUHVKROG $V IRU WKH GHVF@BYUY B KU HRMER QBHRIVNK LW Krtk B LW PRROFCSHRUD WE!
FXUUHQWY FDQ WUDFN WKH UHIHUHQFH YDQUHM @HO® WX HORQP KR YD W KIHQ EX M
YROWDJH LV KLJK HQRXJK 7KH %5 FXIXB@WRLR )LIiVv URDXRBHOEVOUHYLQDOO\
D VXGGHQ LQFUHDVH DW WKH VWDNWW RV IGA-¥HE HYIHU I\ $ DV-ZHO G LEMILRDWHCG
LW HQWHUV LQWR WKH OLQHDU GWHHROVL FRR@QN ¥PIHGREO\ WHIH P O5F KLQGIXYMOWED. Q J°
WKDW DERXW - HQHUJ\ LV FRQVXBIHG LEDWEHPUHHNGNLUQ B L § € M DW ¥ HZGKR @ HW K D W
- LV GLVVLSDWHG E\ WKH PDFKLQWHRUOQELRWWKRQ WIKFK LROUHP PO RWXDWHYV .
KHDW 7KH 9'5 LQ )LJ D JHWYV VPDOWRIAHWKDWXK WKO®W O&RW.JEH DIQRUHG 7
EHFDXVH WKH LQLWLDO VSHHG KDV |RRWWHIQQ D RADW FEXW WK B HHLAAF KADRU EHH |
SHULRG VHHV OLWWOH FKDQJH :KHOGW H HFVRd WR B WHWS/HHHEG ELV WD GVNH G\QL
dgD[LV GLVFKDUJH FXUUHQWY DUHVLPD®R®SU WH HOBM M FKUWH@W 1RWDEO\
2EYLRXVO\ WKH EUDNLQJ WRUTXHWM. Q[BIHULHBFHY VEDOWHE WKDQIWKDPPHGL
LQ )LJ F LQGLFDWLQJ WKDW WKGILGENB K DN JiH SWHRTHHAAMW Ei i FIRFAND/E X KILUGHH
PRUH PRGHVW GHFOLQHV DV WKH EXV YROWDJH GHFUI
)LJ GHPRQVWUDWHYV WKH H[SHUWRKQWIP QLD iBVXDEK DIOKINQAG WRKH DV ZHOO
GLVFKDUJH UHTXHVW DWkYHSQDBWUWRKHKMSBH® MMKUHH SKDVH JHQHUDWRU |
EOHHGHU EDVHG GLVFKDUJH PHWKR® 8WKBUH.QOPURDOWHVYSHFIZKGQ WKH E
GHVLIJQHG FXUUHQWYV WKDW DUH LQNGKHWN® AW WK W RHAKRQUHU HERWMYV L C
LQGXFHG YROWDJH ZLOO JHQHUDWH GRW HRLEQW LFQOURMAQ W IWWKKU RXX KWKHOHV 8 R Q \
yLJ D VKRZV WKDW LW LV QHDUOB5 >V@EH(RNY MMKHEXWRKROMWMHIHVW WK
DUULYHV DW WKH VDIH OHYHO EXW Wkik \§RBADHD GLY/EKOIN i WH AFHR © 6 YRAWIW G
: RIl LQ HDFK HOHFWULFDO SHULRG &RQV

r
-
®
!l

TT 1T III!‘lIIII!

IIII#IIII
oO- .
-
<o

1111 IIIITIIIIi

_.:»N iy >
Neg
: Ll IR LeRYe LLLgYe F o L L =N s eive. ]
D G =E : : : : - : : : : ]
yLJ ([SHULPHQWDO UHVXOWV RI WKHkKMW@sS fWLPH > VvV eLYye- . . - - 4
HPHUJHQF\ RFFXUV DW WKH VSHHG RI DQBG
PDFKLQH VSHHG H qLD[ENDRXBUHQWY F %5)LJ ([SHULPHQWDO UHVXOWYV RI WKH BQRSRVH

EUDNLQJ WRUTXH G (QHUJ\ GLVVLSDWWG E\ HPHUJHQF\ RFFXUV DW WKH VSHHG RI JHUR
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WKH WKUHH SKDVH FXUUHQWV I-ILlQH«M;RFV\ﬁRH(R@WH_F@EWWMRWEWILWC@WS
IUDPH ODUJH IOXFWXDWLRQV ZLOO, E?H 3 /\{DYl-Pé oV Q4 JY &ETD(LH@FPSUR
)XUWKHU WKH RXWSXW EUDNLQJ BMR U To|b Wb M0 I Xobios F G bR PO MORH (v
|OXFWXDQW DV LQ )LJ F 3060 &RQGLWLRQ ORQLWRULQJ IRUEEE9 $SSO|
*LYHQ WKDW WKH GLVFKDUJH LV UHT%9PREhicHa [§EpkRC pD RRLQ S
VSHHG LV JHUR WKH H[SHULPHQWBEO-UfV%Q@WV¥ DUH VKRZQ LQr)bdc - EExrwrct
EXV YROWDJH FDQ GURS WR JHUR ZLW KWRYU TXERFRWWUROWRI ZKUFKQRGMD @MIQH® V\Q|
WKH YROWDJH EDODQFH WLPH LV UHD(gg)V\’ R/! YFBQWDHQ EXfite EAvR IPIaaiohsL_PQ E H
HQVXUHG $00 RI WKH HQHUJ\ VWRUHgG LQ, WKH FRSDFLWRURERXW o n s
ZLOO EH FRQVXPHG E\ WKH %5 3(IILFLHQF\ ,PSURYHPHQW RI 6ZLWFKHG )OX[ 30
2YHUDOO DFFRUGLQJ WR WKH H[SHULQP’\WQWBGOUJIHW@W $OU \DREBERERYspictip
IXOO0 SRZHU GLVFKDUJH DOJRULWKP, SHKHT BYﬁ\R/ng?\ﬁp%zéﬁD%wRﬁgquob ‘é,"QQDRE
DOJRULWKP DQG WKH EOHHGHU EDVHG®RGL 5B ¥ DdblH L HDUO J RUPIRWY KFP | uadHva 5H
SURYHQ WR EH DEOH WR DFKLHYH |DV W HEY P yEKDW I GHGHIRMOLUFY FHEE THeAiRoLe
IRU WKH WHVWHG V\VWHP FRPSO\LQJ 'L“Ggsgyw]kﬂg}gphg‘é@swﬁ%%%WF\&NLWQHMW‘ >
8QLWHG 1DWLRQ 9HKLFOH 5HJXODWLRQ5(V&|_(P5]DWLRQ ZLWRI)@KJ K HBMHGL QU656 D0RU (OH
9HKLFOH &RQVLGHULQJ WIEEIE "WAn¥acds &H\FOH'
9 81&/86,21 N Indus:r;ilQE‘I]ectrgnlcs YR*O &KHQ . - 0oy DQG .
7KLV SDSHU SURSRVHV D QRYHO FRgFDEID IHV(BUUH\KFLK@D(D* M/UJ]\\IRU 3060 U
GLVFKDUJH VWUDWHJI\ EDVHG RQ WKI—|| E @ A ) regEct
H[WHUQDO EOHHGHU FLUFXLWV WR Eﬁ"\fgﬁ‘ cbDY Wp SI,:)(@(Q M;QD
UHTXLUHPHQW ZLWKRXW JUHDWO\ VDFUI:lkh.EdJIQJDWd(HRWFJM@ G HO
IRU 3060 EDVHG (9 SRZHUWUDLQV LQ HB’H@ WOFW -DQ %
$Q DFFXUDWH PRGHO IRU WKHE® 1Q %XV &35,0
EOHHGHU EDVHG GLVFKDUJH PHWKRG AQ? ;5&5/;@ T 5@5 ' &%’L\&(‘p‘%
HYDOXDWH WKH %5 VL]H DQG ZHLIKW DEHLILSFSH H[S O DouEk (}éuw
QHFHVVDU\ WR GHYHORS WKH VXSHU#_I@QHWPEGJILGWGR_Q/FH@[QLBBHFWFR-IFFPI( \LL‘IR)QHIRU (X
7KH FRPELQHG GLVFKDUJH VWUDW @?W%FRQWULQ
DGYDQWDJHV RI WKH WUDGLWLRQDO Z} %W SOMAzkcas
GLVFKDUJH VFKHPHV LV GHWDLOBGO) @OQV)O‘QWUBDV%H HU)d_d.lJ‘é\N(ﬂ\/ W K W DRW H Y -
%5 UHVLVWDQFH LV GHVLJQHG EDVHYG(SFR QW%\%L@;WJD-NFDHJ%%(;RBQJ*WL u &RQMC
FRQGLWLRQ DQG WKH DGYDQWDJIBV R %qg';f
GLVFKDUJH DSSURDFK DUH DQDO\]HGEQSWJF o9t ?Q‘ULE‘&WE ﬁgf"iﬂ?{‘@y%qi k¢
GLIIHUHQW PDFKLQH VWDWHV DW >W@EH/LPRPHQWI Rl /HPHURHLD B GHoaw Lk 25|
RFFXUUHQFH WKUHH GLIIHUHQW GLVFEKDURHR 6PRIGHPVIR U X OIDF & R IZILEHBNER XV H V
SDUWLDO SRZHU DQG EOHHGHU EDVHquiﬁ%?v\?h'c"b')@’\@'awﬁ%”'ﬁoﬁ@’lﬁﬁ’\‘ﬁé\ﬁ%I:'b':)QJ
FRQWURO DOJRULWKPV DUH JLYHQ . 4 ) . 6KHOQ 6KL DQG < +XDC
7KH H[SHULPHQWY DUH FDUULHG RXWU%QQGU@M@MVMWS&@WWHWH@@W@E@<
YHULI\LQJ WKDW WKH QRYHO GLVFKDUUINH W METRE Fiec@dnics VRH | | HERV L Y BIS
&RQVHTXHQWO\ WKH SURSRVHG %5 SBUDPH U GHV ¥e W aR
WKH GLITHUHQW FRQWURO PRGHYV FDQ%@Qﬁ'é/\/gl@H) M&@%&%ﬁa@&i@”
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