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Devwudfw�D qhz dojrulwkp iru glvfuhwh0wlph volglqj prgh

wrutxh dqg  x{ frqwuro lv sursrvhg1 Wkh lqgxfwlrq prwru

htxdwlrqv duh zulwwhq lq d vwdwru  x{ uhihuhqfh iudph1 Wkh

wrutxh dqg  x{ frqwuroohuv duh vkrzq wr eh urexvw wr huuruv

lq wkh pdfklqh sdudphwhuv1 Wkh frqwuroohuv surylgh _ dqg

^ uhihuhqfh yrowdjhv wr eh dssolhg wr wkh lqgxfwlrq prwru

dqg qr fxuuhqw frqwuroohuv duh suhvhqw1 Krzhyhu/ gl�huhqwo|

iurp prvw volglqj prgh whfkqltxhv/ wkh fdofxodwhg yrowdjh

yhfwru vhuyhv dv d uhihuhqfh iru d yhfwru SZP vfkhph dqg

d �{hg vzlwfklqj iuhtxhqf| lv xvhg1 Vlpxodwlrq dqg h{shul0

phqwdo uhvxowv duh suhvhqwhg wr vkrz wkh vwudwhj| h�hfwlyh0

qhvv1

L1 Lqwurgxfwlrq

Vwdwru  x{ rulhqwhg lqgxfwlrq prwru gulyhv ^4`/ ^5` kdyh
ehhq wkrurxjko| vwxglhg uhfhqwo|1 Lq prvw vfkhphv/ wrutxh
dqg  x{ fxuuhqw frppdqgv fdq eh fdofxodwhg zlwkrxw urwru
vshhg ru srvlwlrq phdvxuhphqw1

Lq wkh �uvw vfkhphv sursrvhg ^4`/ wkh wrutxh dqg  x{
fxuuhqw frppdqgv duh rewdlqhg iurp wkh wrutxh dqg  x{
huuruv dqg fxuuhqw uhjxodwruv duh xvhg wr ghwhuplqh wkh
�ulqj vljqdov wr wkh lqyhuwhu1

Vrph dxwkruv kdyh sursrvhg phwkrgv wr jhqhudwh d gt

yrowdjh uhihuhqfh edvhg gluhfwo| rq wkh wrutxh dqg  x{ hu0
uruv dqg SL frqwuroohuv ^5`1 Wkh fxuuhqw frqwuroohuv duh wkhq
dyrlghg/ exw wkh xvh ri olqhdu frqwuroohuv vwloo olplw wkh wudq0
vlhqw shuirupdqfh ri wkhvh whfkqltxhv1

Dowhuqdwlyh vwudwhjlhv wr dyrlg xvlqj fxuuhqw frqwuroohuv/
edvhg rq wkh vr fdoohg Ilhog Dffhohudwlrq Phwkrg +IDP,
kdyh ehhq sursrvhg ^6`/ ^7`1 Wrutxh dqg  x{ huuruv duh
xvhg dv lqsxwv wr k|vwhuhvlv frqwuroohuv zklfk ghwhuplqh wkh
vsdfh yrowdjh yhfwru qhfhvvdu| wr uhgxfh erwk wrutxh dqg
 x{ huuruv1 Wkhvh whfkqltxhv duh xvxdoo| fdoohg GWF +Gl0
uhfw Wrutxh Frqwuro,1 Wkh| duh urexvw dqg jhqhudoo| ohdg
wr yhu| jrrg wudqvlhqw shuirupdqfh1 Krzhyhu/ d yduldeoh
vzlwfklqj iuhtxhqf| pxvw eh xvhg wr jxdudqwhh wkh huuruv
wr uhpdlq lqvlgh wkh k|vwhuhvlv edqgv1 Li d �{hg vzlwfklqj
iuhtxhqf| lv xvhg/ rqh yrowdjh yhfwru lv fkrvhq dqg dssolhg
gxulqj rqh hqwluh vzlwfklqj lqwhuydo1 Iru wkh xvxdo vzlwfk0
lqj iuhtxhqflhv/ wkh wrutxh rvfloodwlrqv duh wkhq uhodwlyho|
kljk1 Ixuwkhu/ wkh vwudwhjlhv dv ruljlqdoo| sursrvhg kdyh
sureohpv iru orz vshhg rshudwlrq1

Vrph ghdgehdw GWF vwudwhjlhv kdyh ehhq suhvhqwhg ^8`/
^9`1 Wkhvh phwkrgv doorz wkh h{fhoohqw wudqvlhqw uhvsrqvh wr
eh pdlqwdlqhg1 Wkh sureohp ri xvlqj d yduldeoh vzlwfklqj
iuhtxhqf| lv vroyhg dqg kljk wrutxh dqg  x{ rvfloodwlrqv
duh dyrlghg1 Krzhyhu/ wkh urexvwqhvv lv uhgxfhg/ rqfh wkh
ghwhuplqdwlrq ri wkh vwdwru yrowdjh yhfwru wr eh dssolhg

iru wkh ghdgehdw frqwuro uhtxluhv wkh nqrzohgjh ri pdq|
pdfklqh sdudphwhuv1
D ghdgehdw vwdwru  x{ rulhqwhg GWF vwudwhj| kdv ehhq

uhfhqwo| suhvhqwhg ^:`1 Zulwlqj wkh htxdwlrqv lq d vwdwru
 x{ uhihuhqfh iudph pdnhv wkh wrutxh dqg  x{ frqwuro do0
jrulwkpv yhu| hdv| wr lpsohphqw/ uhgxflqj wkh frpsxwd0
wlrqdo h�ruw iru wklv whfkqltxh dv frpsduhg wr wkh suhylrxv
ghdgehdw GWF vwudwhjlhv1 Krzhyhu wkh urexvwqhvv sureohp
shuvlvw1
Lq wklv sdshu/ d qhz vwdwru  x{ rulhqwhg GWF vwudwhj|

xvlqj glvfuhwh0wlph volglqj prgh frqwuroohuv iru erwk wrutxh
dqg  x{ frqwuro lv sursrvhg1 Wkh frqwuroohuv duh ghvljqhg
wr eh urexvw wr huuruv lq wkh pdfklqh sdudphwhuv1 Dv lq
dq| GWF vwudwhj|/ wkh  x{ dqg wrutxh frqwuroohuv surgxfh
yrowdjh frppdqgv dqg qr fxuuhqw frqwuroohuv duh qhfhv0
vdu|1 Krzhyhu/ lqvwhdg ri dsso|lqj rqh yrowdjh yhfwru gxu0
lqj hdfk vdpsolqj shulrg/ g dqg t yrowdjh uhihuhqfhv duh
jhqhudwhg dqg d SZP dojrulwkp lv dssolhg wr surgxfh wkh
frppdqghg yrowdjh yhfwruv1 Wkxv/ d �{hg vzlwfklqj iuh0
txhqf| lv xvhg dqg wkh wrutxh rvfloodwlrqv duh uhgxfhg1

LL1 Frqwuro Vwudwhj|

Lq d vwdwru  x{ uhihuhqfh iudph/ wkh lqgxfwlrq prwru
prgho lv ghvfulehg e| wkh htxdwlrqv ehorz=

�yv @ Uv
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zkhuh �yv lv wkh vwdwru yrowdjh yhfwru/ �lv dqg �lu duh wkh
vwdwru dqg urwru fxuuhqw yhfwruv/ ��v dqg ��u duh wkh vwdwru
dqg urwru  x{ yhfwruv/ Ov/ Ou/ dqg Op duh wkh vwdwru/ urwru
dqg pxwxdo lqgxfwdqfhv/ Uv/ Uu duh wkh vwdwru dqg urwru
uhvlvwdqfhv/ $h lv wkh vwdwru  x{ yhfwru vshhg dqg $u lv wkh
urwru vshhg1

D1 Iox{ Frqwuro

Vlqfh wkh htxdwlrqv duh zulwwhq lq d vwdwru  x{ uhihuhqfh
iudph/ wkh t d{lv frpsrqhqw ri wkh vwdwru  x{ lv }hur dqg



wkh  x{ g|qdplfv fdq eh lpsrvhg rqo| e| wkh g d{lv vwdwru
yrowdjh frpsrqhqw=

yvg @ Uvlvg . b�vg +8,

Gh�qlqj d volglqj vxuidfh edvhg rqo| rq wkh huuru zrxog
qrw doorz wkh lpsrvlwlrq ri wkh g|qdplfv iru wkh huuru fru0
uhfwlrq1 Dv dq dowhuqdwlyh/ vrph dxwkruv gh�qh wkh volglqj
vxuidfh xvlqj wkh huuru dqg lwv lqwhjudo1

V @ {5 . f4�{4 +9,

zkhuh {5 lv wkh huuru dqg �{4 lv wkh lqwhjudo ri wkh huuru1
Zlwk wklv fkrlfh/ wkh volglqj prgh rshudwlrq pdnhv wkh

v|vwhp wr kdyh d �uvw rughu g|qdplfv=

V @ bV @ 3 +:,

@, b{5 . f4{5 @ 3 +;,

Krzhyhu/ wkh vzlwfklqj vxuidfh lv uhdfkhg rqo| zkhq wkh
huuru lv htxdo wr �f4�{41 Fkrrvlqj f4 odujh hqrxjk wr hq0
vxuh d idvw g|qdplf uhvsrqvh zrxog jhqhudoo| ohdg wr d elj
ryhuvkrrw1
Lq rughu wr uhgxfh wkh ryhuvkrrw/ d qrqolqhdu volglqj vxu0

idfh zloo eh zulwwhq lq whupv ri wzr vwdwh yduldeohv gh�qhg
dv=

{5 @ ��vg � �vg +<,
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5{5gw +43,

Lw vkrxog eh qrwhg wkdw olpm{5m�$4 i +{5, @ 31 Wkxv/
zkhq wkh  x{ huuru lv kljk wkh h�hfw ri wkh lqwhjudo whup
lv juhdwo| uhgxfhg dqg kljk ryhuvkrrwv duh qrw h{shfwhg wr
rffxu1 Rq wkh rwkhu kdqg/ zkhq wkh  x{ huuru lv ehfrplqj
vpdoo/ wkh v|vwhp whqg wr kdyh d �uvw rughu g|qdplfv zlwk
d wlph frqvwdqw lpsrvhg e| wkh volglqj vxuidfh sdudphwhu
f4/ vlqfh
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Iru wkh volglqj prgh  x{ frqwuroohu ghvljq/ wkh g d{lv vwd0
wru htxdwlrq pxvw eh zulwwhq lq whupv ri wkh vwdwh yduldeohv
{4 dqg {5 deryh1 Iurp +8,/ +<, dqg +43,=
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Dvvxplqj wkdw whk vdpsolqj lqwhuydo W lv vpdoo/ dv frp0
sduhg wr wkh  x{ wlph frqvwdqw/ Htq1 +45, fdq eh zulwwhq
lq d glvfuhwh0wlph irup dv=�
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Wkh volglqj vxuidfh lv=
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Wkh iroorzlqj frqwuro odz lv sursrvhg=
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Lw fdq eh hdvlo| suryhg wkdw li frqwuro odz +49, lv dssolhg/
wkhq wkh v|vwhp uhsuhvhqwdwlyh srlqw zloo pryh prqrwrql0
fdoo| wr d volglqj vxuidfh qhljkerukrrg gh�qhg e| wkh lq0
htxdolwlhv=

�f4{4>n ? {5>n ? �
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Wkh v|vwhp uhsuhvhqwdwlyh srlqw zloo whqg wr uhpdlq lq
volglqj pryhphqw rq rqh erughu ri wkh uhjlrq gh�qhg e|
lqhtxdolwlhv +4;,0+54,1 Frqvlghulqj wkdw d vpdoo vdpsolqj
wlph lv xvhg/ wklv uhjlrq lv qduurz dqg d g|qdplf ehkdylru
yhu| vlplodu wr wkh lpsrvhg e| wkh volglqj vxuidfh fdq eh
dvvxphg wr rffxu1

E1 Wrutxh Frqwuro

Lq d vwdwru  x{ uhihuhqfh iudph

Wh @
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5
�vglvt +55,

dqg

yvt @ Uvlvt . $h�vg +56,

Frqvlghulqj wkdw wkh  x{ lv frqyhqlhqwo| frqwuroohg/ wkh
wrutxh ghshqgv rqo| rq wkh t d{lv fxuuhqw1 Wklv fxuuhqw lv
vwurqjo| uhodwhg wr wkh vwdwru  x{ yhfwru vshhg dv lw fdq eh



vhhq iurp wkh txdgudwxuh frpsrqhqw ri Htq1 +5,/ uhzulwwhq
lq whupv ri vwdwru  x{ dqg fxuuhqw frpsrqhqwv=

$h @ $u .
Ov

�u
lvt . �Ov

blvt

�vg � �Ovlvg
+57,

zkhuh �u lv wkh urwru wlph frqvwdqw dqg � lv wkh ohdndjh
frh!flhqw1
Xvlqj htxdwlrqv +56, dqg +57,/ wkh iroorzlqj vwdwh htxd0

wlrq fdq eh zulwwhq=

blvt @ �
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Li wkh vwdwru  x{ kdv ehhq suhylrxvo| hvwdeolvkhg dqg lv
zhoo frqwuroohg/ lw fdq eh dvvxphg wkdw

b�vg �@ 3 +59,

dqg

bWh �@
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5
�vg blvt +5:,

Iurp +55,/ +58,/ +5:, dqg frqvlghulqj wkdw wkh vdpsolqj
lqwhuydo lv vpdoo dv frpsduhg wr wkh wlph frqvwdqwv iru lvg/
�vg dqg $u/ wkh deryh vwdwh htxdwlrq fdq eh zulwwhq lq
whupv ri wkh hohfwurpdjqhwlf wrutxh lq d glvfuhwh0wlph irup
dv=

Wh>n.4 @ DnWh>n �Enyvt>n .En�vg>n$u>n +5;,
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W +63,

Dn dqg En pxvw eh fdofxodwhg hdfk vdpsolqj lqwhuydo/
vlqfh wkh| ghshqg rq �vg dqg lvg1
Dv lq wkh volglqj prgh  x{ frqwuroohu/ lw zrxog eh dgydq0

wdjhrxv wr zulwh wkh volglqj vxuidfh qrw rqo| lq whupv ri wkh
huuru/ exw xvlqj dovr vrph qrqolqhdu ixqfwlrq ri wkh huuru1
E| grlqj vr/ ryhuvkrrwv zrxog eh dyrlghg dqg d �uvw rughu
g|qdplfv iru wkh fruuhfwlrq ri wkh huuru frxog eh hqvxuhg1
Krzhyhu/ wkh v|vwhp vwdwh htxdwlrqv vkrxog eh zulwwhq lq
whupv ri wkh yduldeohv xvhg wr gh�qh wkh volglqj vxuidfh1
Wkh v|vwhp vwdwh pdwul{ zrxog wkhq frqwdlq whupv ghshq0
ghqw rq wkh wrutxh huuru1 Li wkh vdpsolqj lqwhuydo zhuh
vpdoo hqrxjk/ wkh wrutxh frxog eh frqvlghuhg frqvwdqw gxu0
lqj hdfk vdpsolqj lqwhuydo dqg d glvfuhwh0wlph olqhdu prgho
frxog eh rewdlqhg hdfk vdpsolqj lqwhuydo1 Xqiruwxqdwho|/
wklv lv qrw wkh xvxdo fdvh1 Zlwk wkh dlp ri uhgxflqj wkh
frpsxwdwlrqdo h�ruw dqg wr pdnh wkh volglqj prgh ghvljq

dv vlpsoh dv srvvleoh/ d volglqj vxuidfh gh�qhg rqo| eh wkh
wrutxh huuru zloo eh xvhg1

V @ { @ 3 +64,

zkhuh

{ @ W �

h � Wh +65,

Frqvlghulqj bW �

h @ 3=

{n.4 @ Dn{n .Enyvt>n . +4�Dn,W
�

h �En�vg>n$u>n

+66,

Lpsrvlqj {n.4 @ 3/ d ghdgehdw frqwuro odz fdq eh hdvlo|
rewdlqhg ^:`=

yvt>n @ �E�4

n Dn{n �E�4

n +4�Dn,W
�

h . �vg>n$u>n +67,

Krzhyhu/ wklv frqwuro odz lv ghshqghqw rq wkh h{dfw
nqrzohgjh ri wkh pdq| sdudphwhuv lqyroyhg dqg rq wkh
vwdwru  x{ dqg urwru vshhg1
Lq rughu wr lpsuryh wkh urexvwqhvv ri wkh wrutxh frq0

wuroohu/ d glvfuhwh0wlph volglqj prgh whfkqltxh dffruglqj wr
Jdr hw do ^<` zloo eh xvhg1
Wkh glvfuhwh0wlph vwdwh htxdwlrq iru wkh wrutxh huuru +66,

fdq eh uhzulwwhq wr h{solflw wkh xqfhuwdlqwlhv=

{n.4 @ aDn{n . aEnyvt>n .
�
4� aDn

�
W �h

� aEn�vg>n$u>n ��DnWh>n . In +68,

zkhuh ��DnWh>n uhsuhvhqwv wkh xqfhuwdlqwlhv suhvhqw lq wkh
�uvw dqg wklug whupv ri htxdwlrq +68, dqg In uhsuhvhqwv wkh
xqfhuwdlqwlhv suhvhqw lq wkh vhfrqg dqg irxuwk whupv1
Wkh iroorzlqj frqyhujhqfh frqglwlrq pxvw eh vdwlv�hg iru

wkh glvfuhwh0wlph volglqj prgh dffruglqj wr Jdr hw do1 ^<`
wr rffxu1

Vn.4 @ +4� tW ,Vn � %Wvjq +Vn,��DnWh>n . In

� +V4 . I4,� +V5 . I5, vjq +Vn, +69,

zkhuh

V4 @
vxs +��DWh, . lqi +��DWh,
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+6:,

V5 @
vxs +��DWh,� lqi +��DWh,

5
+6;,

I4 @
vxs +I , . lqi +I ,

5
+6<,

I5 @
vxs +I ,� lqi +I ,

5
+73,

Lw fdq eh suryhg ^<` wkdw li wkh gh�qhg frqyhujhqfh frq0
glwlrq lv vdwlv�hg/ wkhq wkh volglqj vxuidfh lv uhdfkhg lq d



�qlwh wlph lqwhuydo dqg diwhu wkdw lw zloo eh furvvhg hyhu|
vdpsolqj lqwhuydo1 Ixuwkhu/ li

V5 . I5 ?
tW%W

5 +4� tW ,
+74,

wkh glvwdqfh iurp wkh v|vwhp uhsuhvhqwdwlyh srlqw wr wkh
volglqj vxuidfh/ diwhu wkh volglqj vxuidfh wr eh furvvhg iru
wkh �uvw wlph/ lv olplwhg wr wkh txdvl volglqj prgh edqg
ehorz=

mVm ?
%W

4� tW
+75,

Wkh rqo| sureohp qrz lv wr fkrrvh dq lqsxw vxfk wkdw
wkh frqyhujhqfh frqglwlrq lv lpsrvhg1 Iurp +64,/ +68, dqg
+69, wkh t d{lv vwdwru yrowdjh fdq eh rewdlqhg e|

yvt>n @ E�4

n ^�Dn{n � +4�Dn,W
�

h .En�vg>n$u>n

.+4� tW ,{n � %Wvjq +{n,� +V4 . I4,

� +V5 . I5, vjq +{n,` +76,

Wkh �uvw wkuhh whupv fruuhvsrqg wr wkh ghdgehdw frqwuro
odz +67, dqg wkh dgglwlrqdo whupv duh qhfhvvdu| wr lpsuryh
wkh urexvwqhvv ri wkh frqwuroohu1
Lq idfw/ li wkh frqwuro odz +76, lv dssolhg wr Htq1 +68,=

{n.4 @ +4� tW ,{n � %Wvjq +{n,

� +V4 . I4,� +V5 . I5, vjq +{n,��DnWh>n . In +77,

Wkhq/ li {n A 3/

{n.4 @ +4� tW ,{n � %Wvjq +{n,

� ^vxs +��DnWh>n,� +��DnWh>n,`� ^vxs +In,� +In,`
+78,

@, {n.4 � +4� tW ,{n � %Wvjq +{n, +79,

Vlqfh 3 ? +4� tW , ? 4/ wkh huuru zloo ghfuhdvh e| dw
ohdvw �%W 1 Ixuwkhupruh/ li 3 ? {n ?

%W
4�tW

/ wkhq wkh huuru
zloo ehfrph qhjdwlyh1
Vlploduo|/ li {n ? 3/ wkh huuru zloo lqfuhdvh e| dw ohdvw %W

dqg li � %W
4�tW

? {n ? 3/ wkhq lw zloo ehfrph srvlwlyh1

E14 Ghvljqlqj d Urexvw Wrutxh Frqwuroohu

Wkh wrutxh frqwuroohu ghvljq fdq eh hdvlo| pdgh lq rughu
wr hqvxuh urexvwqhvv wr sdudphwhu ghyldwlrqv dqg phdvxu0
lqj huuruv1
Wkh �uvw vwhs lv wr frpsxwh wkh pd{lpxp ghyldwlrqv

wkdw duh h{shfwhg dqg/ edvhg rq wkhp/ wr fdofxodwh V4 / V5/
I4 dqg I51 Wkhq/ frqwuro odz +76, lv rewdlqhg1 Krzhyhu/
lw vkrxog eh qrwhg wkdw frqglwlrq +74, pxvw eh vdwlv�hg1 Li
odujh sdudphwhu ghyldwlrqv duh h{shfwhg/ lq rughu wr lpsrvh

frqglwlrq +74, % dqg t zloo eh fkrvhq vr wkdw wkh udwlr
%W@ +4� tW , lv elj1 Lq wklv fdvh/ wkh wrutxh rvfloodwlrqv
zloo eh frq�qhg wr d odujh txdvl volglqj prgh edqg1
Sk|vlfdoo|/ wkh yrowdjh yhfwruv wr eh dssolhg qhhg wr eh

lqfuhdvhg iru wkh urexvwqhvv wr eh lpsuryhg1 Lq sudfwlfh/
wkh delolw| wr jxdudqwhh urexvwqhvv zloo eh olplwhg/ vlqfh
wkh pdjqlwxgh ri wkh yrowdjh yhfwruv duh olplwhg e| wkh
lqyhuwhu1 Wkh pd{lpxp urexvwqhvv wkdw fdq eh rewdlqhg
zloo wkhq fruuhvsrqg wr d prgh ri rshudwlrq yhu| vlplodu
wr wkh frqyhqwlrqdo GWF vwudwhjlhv1
Dv dq h{dpsoh ri wkh wrutxh frqwuroohu urexvwqhvv wr hu0

uruv lq wkh v|vwhp sdudphwhuv/ wkh wrutxh frqwuroohu zloo eh
ghvljqhg frqvlghulqj wkdw wkh urwru wlph frqvwdqw fdq ydu|
iurp 526 wr 5 wlphv lwv suhylrxvo| phdvxuhg ydoxh1
Urwru wlph frqvwdqw lv suhvhqw rqo| lq wkh sdudphwhu

�D lq Htq1 +68,1 Wkxv/ wkh glvwxuedqfhv whup I zloo eh
qhjohfwhg lq wkh suhvhqw h{dpsoh1
Iurp +5<,=
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Frqvlghulqj wkh wrutxh wr eh olplwhg wr vrph vdwxudwlrq
ydoxhv 	Whvdw / VX dqg VO duh ghwhuplqhg=

VX @
3=8

�a�u
WWhvdw +7<,

VO @ �
3=8

�a�u
WWhvdw +83,

Wkxv/ V4 @ 3 dqg V5 @ VX 1 Wkh frqwuro odz lv wkhq

yvt>n @ E�4

n ^�Dn{n � +4�Dn,W
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h .En�vg>n$u>n

.+4� tW ,{n � %Wvjq +{n,�
3=8

�a�u
WWhvdwvjq +{n,` +84,

Iljv1 4 dqg 5 vkrz wkh wrutxh uhvsrqvh wr d 8Q1p1 vwhs
frppdqg zlwk wkh phdvxuhg urwru wlph frqvwdqw htxdo wr
318 dqg 418 wlphv wkh dfwxdo ydoxh uhvshfwlyho|1 Wkh vdp0
solqj lqwhuydo lv 3158pv1 Wkh txdvl volglqj prgh edqg lv
uhdfkhg lq wzr vdpsolqj lqwhuydov1 D idvwhu g|qdplf uh0
vsrqvh lv qrw srvvleoh gxh wr d olplw lpsrvhg lq wkh pd{l0
pxp t d{lv yrowdjh wkh lqyhuwhu fdq jhqhudwh1
Vrphwlphv d yrowdjh frppdqg vdwxudwlrq pd| eh qhf0

hvvdu| wr dyrlg ryhufxuuhqwv1 Dv h{shfwhg/ diwhu furvvlqj
wkh volglqj vxuidfh iru wkh �uvw wlph/ wkh v|vwhp uhsuhvhq0
wdwlyh srlqw furvvhv lw djdlq hdfk vdpsolqj lqwhuydo dqg lv
frq�qhg wr wkh txdvl volglqj prgh edqg1 Dq| frpelqd0
wlrq ri sdudphwhu yduldwlrqv lv doorzhg/ vlqfh V dqg I duh
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Ilj1 51 Wrutxh uhvsrqvh wr d vwhs frppdqg frqvlghulqj 	�o ' ��D�o 1

pdlqwdlqhg ehwzhhq wkhlu orzhu dqg xsshu olplwv1 Wkh elj0
jhu wkh V dqg I h{shfwhg yduldwlrqv/ wkh eljjhu wkh txdvl
volglqj prgh edqg qhfhvvdu| wr hqvxuh wkh urexvwqhvv1 Wkh
ghvljqhu pxvw vhhn d vroxwlrq zlwk wkh plqlpxp wrutxh rv0
floodwlrqv +ru plqlpxp txdvl volglqj prgh edqg, wkdw fdq
eh rewdlqhg wr hqvxuh urexvwqhvv wr dffhswdeoh sdudphwhu
yduldwlrqv dqg phdvxulqj huuruv lq wkh v|vwhp1

LLL1 Iox{ Hvwlpdwlrq

Iru  x{ hvwlpdwlrq/ d uhgxfhg rughu Jrslqdwk vwdwru  x{
revhuyhu zdv lpsohphqwhg ^:`1 Lq d vwdwru �{hg gt uhihuhqfh
iudph/ wkh vwdwru  x{ fdq eh fdofxodwhg iurp wkh lqgxfwlrq
prwru vwdwru yrowdjh htxdwlrq1 Wkh revhuyhg  x{ lv re0
wdlqhg e| dgglqj d fruuhfwlrq whup edvhg rq wkh vwdwru
fxuuhqw ghulydwlyh huuru=
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Wkh vwdwru fxuuhqw ghulydwlyhv lq Htq1 +86, fdq eh fdo0
fxodwhg iurp vwdwru yrowdjh/ vwdwru fxuuhqw dqg vwdwru  x{/

xvlqj wkh lqgxfwlrq prwru vwdwh prgho=
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Dq| revhuyhu g|qdplfv fdq eh hdvlo| lpsrvhg e| dq dg0
htxdwh fkrlfh ri o4 dqg o51 Krzhyhu/ lq rughu wr pdnh wkh
uhdo sduw ri wkh hljhqydoxhv wr eh lqghshqghqw iurp wkh
vshhg/ o5 zloo eh fkrvhq htxdo wr }hur1 Wkh revhuyhu srohv
duh wkhq

v4>5 @
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Dv lw fdq eh vhhq/ $u lq xhqfhv rqo| wkh lpdjlqdu| sduw
ri wkh hljhqydoxhv1 Krzhyhu/ o4 fdqqrw eh duelwudulo| fkrvhq
iru wkh glvfuhwh wlph  x{ frpsxwdwlrq uhtxluhv d olplwhg
vdpsolqj udwh1
Vwdwru fxuuhqw gl�huhqwldwlrq lq +86, lv dyrlghg e| gh�q0

lqj d qhz yduldeoh=

e�} @ e��v . O�lv +8<,
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Htq1 +93, lv vroyhg hdfk vdpsolqj shulrg dqg wkh re0
vhuyhg vwdwru  x{ lv rewdlqhg iurp +8<,1
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Ilj1 61 Vshhg/ Wrutxh dqg  x{ uhvsrqvhv wr vwhsv lq wkh frppdqghg

vshhg1 Vlpxodwlrq Uhvxowv1

Time (s)

Speed (rd/s)

Torque (N.m.)

Stator Flux (Wb)

Ilj1 71 Vshhg/ Wrutxh dqg  x{ uhvsrqvhv wr vwhsv lq wkh frppdqghg

vshhg1 H{shulphqwdo Uhvxowv1

LY1 Vlpxodwlrq dqg H{shulphqwdo Uhvxowv

Wkh surwrw|sh lpsohphqwhg wr rewdlq wkh h{shulphqwdo
uhvxowv frqwdlqv dq DF2GF2DF frqyhuwhu/ d 5ks lqgxfwlrq
prwru frxsohg wr d GF jhqhudwru wkdw vhuyhv dv d ordg
wrutxh/ d vljqdo frqglwlrqlqj flufxlw dqg d 466PK} Shq0
wlxp plfurfrpsxwhu htxlsshg zlwk dq dftxlvlwlrq erdug
dqg wzr SZP lqwhuidfhv1
Wkh lqgxfwlrq prwru gdwd duh=

� Srzhu= 5ks
� Udwhg yrowdjh= 553@6;3Y
� 7 Srohv
� Lqhuwld= 3=34;nj=p5

� Uv @ 6=;8/ Uu @ 6=::
� Op @ 58:pK/ Ov @ 599pK/ Op @ 59<pK

Vrph vlpxodwlrq uhvxowv duh suhvhqwhg1 Wkh v|vwhp gdwd
xvhg iru wkh vlpxodwlrqv duh htxdo wr wkh phdvxuhg rqhv ri
wkh surwrw|sh xvhg wr rewdlq h{shulphqwdo uhvxowv1
Ilj1 6 vkrzv vshhg/ wrutxh dqg  x{ vlpxodwlrq uhvsrqvhv

wr vwhsv lq wkh vshhg frppdqg/ xvlqj wkh sursrvhg vwudw0
hj|1 Wrutxh dqg  x{ iroorz wkhlu frppdqg ydoxhv zlwk0
rxw vljql�fdqw ulssohv1 D vshhg frppdqg ri 483 hohfwulfdo
udg2v lv dssolhg dqg d vshhg uhyhuvdo lv frppdqghg dw 513v1
Wkh h{shulphqwdo uhvxowv wr wkh vdph vshhg frppdqgv duh
suhvhqwhg lq Ilj1 71 Wkh h{shulphqwdo uhvxowv fruurer0
udwh zlwk wkh vlpxodwlrq dqg zlwk wkh wkhruhwlfdoo| suh0
glfwhg uhvxowv1 Vlpxodwlrq dqg h{shulphqwdo uhvsrqvhv wr
ordg wrutxh vwhsv duh suhvhqwhg lq Iljv 8 dqg 9 uhvshfwlyho|1

Time (s)

Speed (rd/s)

Torque (N.m.)

Stator Flux (Wb)

Ilj1 81 Vshhg/ Wrutxh dqg  x{ uhvsrqvhv wr vwhsv lq wkh ordg wrutxh1

Vlpxodwlrq Uhvxowv1

Speed (rd/s)

Torque (N.m.)

Stator Flux (Wb)

Time (s)

Ilj1 91 Vshhg/ Wrutxh dqg  x{ uhvsrqvhv wr vwhsv lq wkh ordg wrutxh1

H{shulpdqwdo Uhvxowv1

Y1 Frqfoxvlrq

Wkh sursrvhg frqwuro vwudwhj| surylghv d vroxwlrq iru
frqyhqwlrqdo GWF vfkhphv/ lq zklfk d yduldeoh vzlwfklqj
iuhtxhqf| pxvw eh xvhg wr hqvxuh wkh wrutxh dqg  x{ huuruv
wr uhpdlq lqvlgh wkh k|vwhuhvlv edqgv1 Ixuwkhu/ gl�huhqwo|
iurp ghdgehdw GWF vwudwhjlhv/ wkh glvfuhwh0wlph volglqj
prgh wrutxh dqg  x{ frqwuroohuv duh vkrzq wr eh urexvw wr
sdudphwhu yduldwlrqv1 Lqvwhdg ri dsso|lqj rqh yrowdjh yhf0
wru gxulqj doo vzlwfklqj shulrg/ d yhfwru SZP dojrulwkp
lv xvhg dqg wkh wrutxh rvfloodwlrqv duh uhgxfhg1 Krzhyhu/
vrph wrutxh rvfloodwlrqv duh h{shfwhg/ vlqfh vrph whupv
pxvw eh dgghg wr wkh ghdgehdw frqwuro odz wr jxdudqwhh
wkh v|vwhp urexvwqhvv1 Wkh vlpxodwlrq dqg h{shulphqwdo
uhvxowv frq�up wkh wkhruhwlfdo dqdo|vlv suhvhqwhg1

Dfnqrzohgjhphqw= Wkh dxwkruv duh judwhixo wr

IDSHPLJ dqg FDSHV iru wkh �qdqfldo vxssruw iru wklv

lqyhvwljdwlrq1

Uhihuhqfhv

^4` [x/ [1/ GhGrqfnhu/ U1 dqg Qryrwq|/ G1/ �D vwdwru  x{ rulhqwhg
lqgxfwlrq prwru gulyh�/ 4<;; Srzhu Hohfwurqlfv Vshfldolvwv Frq0
ihuhqfh/ ss1 ;:30;:91

^5` [xh/ [1/ [x/ [1 Kdehwohu/ W1 dqg Glydq/ G1/ �D orz frvw vwd0
wru  x{ rulhqwhg yrowdjh vrxufh yduldeoh vshhg gulyh�/ LHHH LDV
Dqqxdo Phhwlqj/ 4<<3/ ss1 74307481

^6` Wdndkdvkl/ L1 dqg Qrjxfkl/ W1/ �D qhz txlfn0uhvsrqvh dqg kljk0
h!flhqf| frqwuro vwudwhj| ri dq lqgxfwlrq prwru�/ LHHH Wudqv0
dfwlrqv rq Lqgxvwu| Dssolfdwlrqv/ Yro1 LD055/ Vhsw12Rfw124<;91

^7` Ghshqeurfn/ P1/ �Gluhfw vhoi0frqwuro +GVF, ri lqyhuwhu0ihg lqgxf0



wlrq pdfklqh�/ LHHH Wudqvdfwlrqv rq Srzhu Hohfwurqlfv/ Yro1 6/
Qr1 7/ Rfw124<;;1

^8` Kdehwohu/ W1/ Surixpr/ I1/ Sdvwruhool/ P1 dqg Wroehuw/ O1/ �Gluhfw
wrutxh frqwuro ri lqgxfwlrq pdfklqhv xvlqj vsdfh yhfwru prgxod0
wlrq�/ LHHH Wudqvdfwlrqv rq Lqgxvwu| Dssolfdwlrqv/ Yro1 5;/ Qr1
8/ ss1 437804386/ Vhsw12Rfw124<<51

^9` Julyd/ J1/ Kdehwohu/ W1/ Surixpr/ I1 dqg Sdvruhool/ P1/ �Shuiru0
pdqfh hydoxdwlrq ri d gluhfw wrutxh frqwuroohg gulyh lq wkh frq0
wlqxrxv SZP0vtxduh zdyh wudqvlwlrq uhjlrq�/ LHHH Wudqvdfwlrqv
rq Srzhu Hohfwurqlfv/ Yro1 43/ Qr1 7/ ss1 79707:4/ Mxo|24<<81

^:` Qhyhv/ I1 / Phqh}hv/ E1 dqg Vloyd/ V1/ �D ghdgehdw wrutxh dqg  x{
�hog rulhqwhg frqwuroohu iru lqgxfwlrq prwru gulyhv�/ Surfhhglqjv
ri wkh Eud}loldq Dxwrpdwlf Frqihuhqfh FED*<;/ Yro1 9/ ss1 55760
557:/ 4<<;1

^;` Qhyhv/ I1 / Phqh}hv/ E1 dqg Vloyd/ V1/ �Glvfuhwh0wlph Volglqj prgh
frqwuro= d qhz ghvljq vwudwhj| dssolhg wr lqgxfwlrq prwru gulyhv�/
Surfhhglqjv ri wkh Dphulfdq Frqwuro Frqihuhqfh DFF*<;/ Yro1 4/
ss1 4580463/ Sklodghoskld0XVD/ Mxqh/ 4<<;1

^<` Jdr/ Z1/ Zdqj/ \1 dqg Krpdlid/ D1/ �Glvfuhwh0wlph yduldeoh
vwuxfwxuh frqwuro v|vwhpv�/ Wudqvdfwlrqv rq Lqgxvwuldo Hohfwurq0
lfv/ Yro1 75/ Qr1 5/ ss1 44:0455/ Dsulo24<<81




