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lq zklfk d vhw ri frqvwdqw sdudphwhuv lv xqnqrzq dqg
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phfkdqlvp1 Zh lpsuryh suhylrxv uhvxowv lq wzr gluhf0
wlrqv= zh doorz iru d vxevhw ri wkh xqphdvxudeoh vwdwhv
wr hqwhu lq wkh v|vwhp qrqolqhduo|> zh frqvlghu v|vwhpv
zklfk duh olqhduo| sdudphwul}hg zlwk uhvshfw wr d vhw ri
xqnqrzq frqvwdqw sdudphwhuv1
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Frqvlghu vlqjoh lqsxw qrqolqhdu v|vwhpv wkdw fdq eh
wudqviruphg lq wkh lqwhufrqqhfwlrq ri wkh irxu vxev|v0
whpv
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zkloh eulvwoh gh hfwlrq } lv qrw phdvxuhg zkhq wkh v|v0
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gxflqj vxlwdeoh wlph0ydu|lqj joredo frruglqdwh wudqviru0
pdwlrqv wr h{suhvv wkh wudfnlqj huuru v|vwhp lq d irup
zklfk lv lqvwuxphqwdo iru wkh vroxwlrq ri sureohp lq Gh0
�qlwlrq 41 Lq Vxevhfwlrq 514 zh ghvfuleh joredo wudfnlqj
frqwuro odzv iru +4,1 Lq Vxevhfwlrq 515 zh vxjjhvw krz
wkh dgdswlyh wudfnlqj vwudwhj| fdq eh h{whqghg wr v|v0
whpv
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wkdw lv d jhqhudol}dwlrq erwk ri +4,/ iru wkh yhfwru vwuxf0
wxuh ri
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Dvvxph wkdw +54, frpsolhv zlwk k|srwkhvhv +K4,/ +K5,/
+K6,1 Li lq d � vwulfw ihhgedfn irup� v|vwhp wkhuh duh
qr xqphdvxuhg g|qdplfv/ l1h1 � @ 3> � @ 3>dqg � 9@ 3>
wkh sureohp ri joredo dgdswlyh wudfnlqj fdq eh vroyhg
+vhh ^:`, zlwk d g|qdplf frqwuro odz zkrvh glphqvlrq
lv htxdo wr wkh glphqvlrq ri wkh yhfwru ri frqvwdqw sd0
udphwhuv � 5 ?t= Lq uhfhqw |hduv wkhuh kdv ehhq frqvlg0
hudeoh lqwhuhvw lq ghulylqj frqwuro odzv iru v|vwhpv wkdw
duh h{whqvlrqv ri �ehqfkpdun� vwulfw ihhgedfn irup v|v0
whpv wr v|vwhpv zlwk xqphdvxudeoh g|qdplfv/ dv ^43`/
iroorzlqj ^<`/ dqvg lq ^46`/ zkhuh joredo uhjxodwlrq fdq
eh dfklhyhg yld d qrqolqhdu pdsslqj dqg d vlpsoh lqwh0
judwru/ iroorzlqj wkh uhvhdufk olqh lq ^44`1

Lw fdq eh vkrzq wkdw sureohp 4 fdq eh vroyhg iru v|v0
whp +54,/ e| dgdswlqj wr rxu fdvh wkh vwudwhj| lq ^:`/

iru wkh dgdswlyh wudfnlqj zlwkrxw ryhusdudphwul}dwlrq1
Wkh nh| wrro lq wkh frqwuroohu frqvwuxfwlrq lv wkh �edfn0
vwhsslqj� dssurdfk/ dffruglqj wr zklfk wkh vroxwlrq
ri wkh sureohp iru q @ l � 4 lw lv xvhg wr frqvwuxfw
wkh frqwuro vwudwhj| iru q @ l1 Lw fdq eh rewdlqhg
dq lwhudwlyh surfhgxuh iru wkh v|qwkhvlv ri q vprrwk
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6 Frqwuroohu lpsohphqwdwlrq iru wkh Ox0Juh

prgho1

Frqvlghu wkh pdfklqh prgho lq Gh�qlwlrq 51 Li zh
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iru doo � 5 ? h{fhsw iru � @ 3= Lq wklv fdvh joredo
wudfnlqj fdq eh rewdlqhg lq wkh oljkw ri wkh dujx0
phqwv suhvhqwhg lq wklv sdshu1 Wkh uhvxowlqj frqwuro
odz zloo eh wkhuhiruh slhfh0zlvh vprrwk/ ohdylqj wkh
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v|vwhp +56, lq wkh qhz frruglqdwhv fdq eh zulwwhq dv
d sduwlfxodul}dwlrq ri +<, zlwk � @ 3> dqg q @ 41 Lq

wklv fdvh wkh vxev|vwhp
S

�� lv b�� @ �f3�� . ��> dqg
S

��

lv h{suhvvhg dv lq +<, zlwk � @ 3> � @ f3 +� � b{u+w,, �
�{u+w,.!+�,.c5+�,a�3> �� @ �!+�,.c4+�,a�4> dqg �x @ N

M
x>

wkh dgdswlyh joredo wudfnlqj frqwuroohu fdq eh ghulyhg
iroorzlqj vxevhfwlrq 5141 Zh qrwlfh wkdw grhv qrw ds0
so| wr +56, wkh joredo dgdswlyh wudfnlqj frqwuroohu jlyhq
lq ^7`/ zklfk uhtxluhv pruh uhvwulfwlyh dvvxpswlrqv1 Lq
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Lq ^7` lw lv sursrvhg d wudfnlqj frqwuro odz dvvxplqj
wkdw wkhuh h{lvwv d v|pphwulf srvlwlyh gh�qlwh pdwul{
Sh 0zklfk lv xvhg wr frqvwuxfw wkh wudfnlqj frqwuroohu0
vxfk wkdw

ShVh+�, . VWh +�,Sh � 3> iru doo � 5 ?= +5;,

Lw lv dovr dvvxphg wkdw iru hyhu| lqlwldo frqglwlrq �h+w3,
dqg hyhu| erxqghg +�+w,> �+w,, 5 O4^w3>4,�O4^w3>4,
dovr wkh vroxwlrq �h+w, vwduwlqj iurp lqlwldo frqglwlrq
�h+w3, lv erxqghg/ l1h1 �h+w, 5 O5
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lq wklv fdvh d srvlwlyh gh�qlwh pdwul{ Sh wkdw frpsolhv
zlwk +5;, grhv qrw h{lvw1 E| frqwudglfwlrq/ li wkh frq0
yhuvh krogv/ +5;, lpsolhv wkdw iru dq| �+w,
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zlwk �h+w, vroxwlrq ri b�h @ Vh+�+w,,�h> �P dqg �p ehlqj
wkh odujhvw dqg vpdoohvw hljhqydoxh ri Sh= Wkh sduwlf0
xodul}dwlrq ri b�h @ Vh+�+w,,�h wr lwv vhfrqg hqwu| b�h5
|lhogv
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zlwk vfdodu �h5 @ �5 dqg frqvwdqw �h6 @ �= V|vwhp
+63, zlwk vwdwh �h5+w, dqg lqsxw � lv uhdfkdeoh iru dq|
�h6 9@ 3> wkxv iru dq| ��4 5 ?> dqg W 5 ?.> wkhuh h{lvwv
d ixqfwlrq �+w, vxfk wkdw �h5+W , @ ��4= Wklv frqwudglfwv
+5<, dqg lq wxuq/ k|srwkhvlv +5;,

614 Wudfnlqj frqwuro vlpxodwlrq

Wkh dgdswlyh wudfnlqj frqwuro vwudwhj| +4<, +59, kdv
ehhq vlpxodwhg iru v|vwhp +5, zlwk wudfnlqj wudmhfwru|
}g+w, @ 8=9 ^vlq +3=7�w,` ^vlq +3=35�w,` > vhwwlqj f3 @ 83>
��4 @ 43> fkrrvlqj �h / S� dv lghqwlw| pdwulfhv/ prgho
sdudphwhuv sursrvhg lq ^6`1 qxphulfdo ydoxhv ri v|vwhpv
sdudphwhuv duh=
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Wkh vlpxodwlrq kdv ehhq fduulhg rq iru wlph w = 3 � w �
83 vhfrqgv/ zlwk doo lqlwldo frqglwlrqv vhw wr }hur1 Lq
Iljxuh 4 lw lv vkrzq wkh uhihuhqfh wudmhfwru|/ lq Iljxuh
5 wkh wudfnlqj huuru wudmhfwru|/ lq Iljxuh 6 wkh G1F1

urwru fxuuhqw l wkdw surylghv wkh lqsxw �x @
Nl

M
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lq Iljxuh 7 wkh �uvw hqwu| ri a�h> l1h1 wkh hvwlpdwh ri
�4 @ �4
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Iljxuh 5= Wudfnlqj srvlwlrq huuru iru 3 � w � 83=



0 5 10 15 20 25 30 35 40 45 50

-1

-0.5

0

0.5

1

Time[sec]

rotor current
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Iljxuh 7= hvwlpdwh ri �4 iru 3 � w � 83=

Qrwlfh wkdw zkloh +dv h{shfwhg, wkh wudmhfwru| huuru lv
nhsw �vpdoo�/ hvwlpdwh ri �4 lv lqvwhdg idu iurp idvw

frqyhujhqfh/ vlqfh wklv surshuw| uholhv rq vxlwdeoh �shu0
vlvwhqf| ri h{flwdwlrq� frqglwlrqv rq wkh wudfnlqj wud0
mhfwru|1

7 Frqfoxvlrq

Zh kdyh surylghg d idplo| ri g|qdplf sduwldo vwdwh
ihhgedfn frqwuroohuv iru joredo dv|pswrwlf wudfnlqj1 Zh
kdyh dvvxphg wkdw d vxevhw ri wkh xqphdvxudeoh vwdwhv
hqwhuv lq wkh v|vwhp qrqolqhduo|/ yld d yhfwru zkrvh hq0
wulhv duh sro|qrpldo ixqfwlrqv1 Zh kdyh dovr uhqghuhg
wkh joredo dv|pswrwlf wudfnlqj vwudwhj| dgdswlyh zlwk
uhvshfw wr d yhfwru ri xqnqrzq frqvwdqw sdudphwhuv/
h{whqglqj suhylrxv uhvxowv rq wklv vxemhfw1 Wkh vwudw0
hj| sursrvhg lq wklv qrwh fdq eh vxffhvvixoo| dssolhg
wr wkrvh v|vwhpv/ olnh lq wkh qrqolqhdu iulfwlrq h{dp0
soh/ lq zklfk joredo wudfnlqj kdv wr eh jhqhudwhg hyhq
wkrxjk wkhuh duh xqphdvxuhg vwdwhv dqg xqnqrzq sd0
udphwhuv1 E| surshuo| wxqlqj vfdodu frqwuroohu*v sdud0
phwhuv lw lv srvvleoh wr vhohfw zlwklq wkh idplo| ri frq0
wuroohuv d �sudfwlfdoo| lpsohphqwdeoh� frqwuro odz/ zlwk
d vdwlvidfwru| wudqvlhqw ehkdylru1

Dfnqrzohgjphqwv1 Wkh dxwkruv zlvk wr wkdqn Suri1
Ulffdugr Pdulqr iru khosixo glvfxvvlrqv dqg vxjjhvwlrqv
uhjduglqj wklv zrun1

Uhihuhqfhv

^4` Dupvwurqj0Khorxyu|/ E/ S1 Gxsrqw/ dqg F1
Fdqxgdv gh Zlw +4<<7,1 D Vxuyh| ri Prghov/ Dqdo|0
vlv Wrrov dqg Frpshqvdwlrq Phwkrgv iru wkh Frqwuro
ri Pdfklqhv zlwk Iulfwlrq1/ Dxwrpdwlfd/ Yro1:/ Q1 <1

^5` Fdqxgdv gh Zlw/ F1 Rovvrq/ F1 K1/ Dvwurp/ N1M1
dqg S1 Olvfklqvn|/ +4<<8,1 D Qhz Prgho iru Frqwuro ri
V|vwhpv zlwk Iulfwlrq/ LHHH Wudqv1 Frqwu1 V|vw1 Whfk0

qro1 Yro 51 Vhsw1

^6` Fdqxgdv ghZlw/ dqg S1 Olvfklqvn|/ +4<<:,1 Dgds0
wlyh Iulfwlrq frpshqvdwlrq zlwk Sduwldoo| Nqrzq G|0
qdplf Iulfwlrq Prgho/ Lqw1 M1 ri Dgdsw1 frqwu1 ) Vlj1

Surf1 Yro 44/ ss1 980;31

^7` Iuhhpdq/ U1 D1 dqg S1 Y1 Nrnrwrylf +4<<9,1
Wudfnlqj Frqwuroohuv iru V|vwhpv Olqhdu lq wkh Xqphd0
vxuhg Vwdwhv1 Dxwrpdwlfd/Yro1 65/ Q1 8/ ss1 :680:791

^8` Kluvkruq/ U1 P1 dqg J1 Ploohu +4<<<,1 Frqwuro ri
Qrqolqhdu V|vwhpv zlwk Iulfwlrq/ LHHH Wudqv1 Frqwu1

V|vw1 Whfkqro1 Yro 81 ss1 8;;08<8/ Vhsw1

^9` Ndqhoodnrsrxorv/ L1/ S1Y1 Nrnrwrylf/ dqg D1V1
Pruvh +4<<4,1 V|vwhpdwlf Ghvljq ri Dgdswlyh Frq0
wuroohuv iru Ihhgedfn Olqhdul}deoh V|vwhpv1 LHHH

Wudqv1 Dxw1 Frqwuro /Yro1 69= ss1 4574�45861

^:` Nuvwlf/ P1/ L1 Ndqhoodnrsrxorv dqg S1 Y1 Nrnr0
wrylf +4<<5,1 Dgdswlyh Qrqolqhdu Frqwuro zlwkrxw Ryhu0
sdudphwul}dwlrq1 V|vwhpv dqg Frqwuro Ohwwhuv/Yro14<=
ss1 4::�4;81

^;` Nuvwlf/ P1/ L1 Ndqhoodnrsrxorv dqg S1 Y1 Nrnr0
wrylf +4<<8,1 Qrqolqhdu dqg Dgdswlyh Frqwuro Ghvljq1
Mrkq Zloh| dqg Vrqv/ Qhz \run1

^<` Mldqj/ ]1 S1/ dqg O1 Sudo| +4<<;,1 Ghvljq ri ur0
exvw Dgdswlyh frqwuroohuv zlwk g|qdplf Xqfhuwdqwlhv1
Dxwrpdwlfd /Yro1 67/ Q1 :1

^43` Mldqj/ ]1 S1/ dqg G1 Kloo +4<<<,1 D Urexvw Dgds0
wlyh Edfnvwhsslqj Vfkhph iru Qrqolqhdu V|vwhpv zlwk
Xqprghoohg G|qdplfv1 LHHH Wudqv1 Dxw1 Frqwuro /Yro1
77= Q1<1

^44` Pdulqr/ U1/ dqg S1 Wrphl +4<<6,1 Urexvw Vwdel0
ol}dwlrq ri Ihhgedfn Olqhdul}deoh Wlph0ydu|lqj Xqfhu0
wdlq Qrqolqhdu V|vwhpv1 Dxwrpdwlfd /Yro1 5</ Q1 4/ ss1
4;4�4;<1

^45` Pdulqr/ U1/ dqg S1 Wrphl +4<<8,1 Qrqolqhdu Frq0
wuro Ghvljq 0 Jhrphwulf/ Dgdswlyh dqg Urexvw1 Suhqwlfh
Kdoo/ Khpho Khpsvwhdg1

^46` Vdqwrvxrvvr/ J1 O1 +4<<<,1 Urexvw Uhjxodwlrq
zlwk Plqlpdo Sdudphul}dwlrq iru d Fodvv ri Qrqolqhdu
V|vwhpv1 Dxwrpdwlfd/ Yro1 68/ ss1 463:046441

^47` Srsry/ Y1 P1 +4<:6,1 K|shuvwdelolw| ri Frqwuro

V|vwhpv1 Qhz \run Vsulqjhu Yhuodj1


