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D Kljk Wrutxh Ghqvlw| PHPV Pdjqhwlf Lqgxfwlrq Pdfklqh

K1 Nù�vhu- +kxunrvhuCplw1hgx,/ I1 Furv--/ P1 J1 Doohq--/ dqg M1 K1 Odqj-

-Plfurv|vwhpv Whfkqrorj| Oderudwrulhv/ Oderudwru| iru Hohfwurpdjqhwlf dqg Hohfwurqlf V|vwhpv/
Pdvvdfkxvhwwv Lqvwlwxwh ri Whfkqrorj|/ Fdpeulgjh/ PD 3546</ XVD

--Plfurhohfwurqlfv Uhvhdufk Fhqwhu/ Jhrujld Lqvwlwxwh ri Whfkqrorj|/ Dwodqwd/ JD 63665/ XVD

DEVWUDFW

Prvw plfur0vfdoh hohfwulf dqg pdjqhwlf pdfklqhv ghyho0

rshg ryhu wkh odvw ghfdgh odfn wkh wrutxh dqg srzhu

ghqvlw| wr vxssruw pdq| sudfwlfdo dssolfdwlrqv1 Wkh

plfur0vfdoh pdjqhwlf lqgxfwlrq pdfklqh uhsruwhg khuh

dwwhpswv wr wudqvfhqg wklv sudfwlfdolw| eduulhu e| r�hu0
lqj d wrutxh ghqvlw| h{fhhglqj 48( ri wkdw h{klelwhg e|

pdfur0vfdoh pdjqhwlf pdfklqhv1 Wkh h{shulphqwdo pdj0

qhwlf lqgxfwlrq prwru ghvfulehg khuh lv d wzr0skdvh sod0

qdu prwru ideulfdwhg iurp hohfwursodwhg QlIh dqg Fx1

Lw lv dssur{lpdwho| ; pp lq gldphwhu/ lqfoxglqj hqg0

wxuqv/ dqg 5 pp wklfn1 Lwv urwru lv vxvshqghg deryh lwv
vwdwru rq whwkhuv/ ru vsulqjv/ vr dv wr shuplw dffxudwh

wrutxh phdvxuhphqwv1 Wkh urwru0vwdwru dlu jds lv ds0

sur{lpdwho| 8 �p1 Zlwk d edodqfhg skdvh h{flwdwlrq ri
518 D shdn/ wkh prwru surgxfhv d wrutxh ri 415 �Qp1
Wkhuhiruh/ li wkh skdvh h{flwdwlrq lv udlvhg wr 46 D shdn/
zklfk kdv ehhq dfklhyhg h{shulphqwdoo|/ d wrutxh ri 6517
�Qp lv h{shfwhg/ fruuhvsrqglqj wr d wrutxh ghqvlw| ryhu
655 Qp2p61

Nh|zrugv= Srzhu PHPV/ Lqgxfwlrq Pdfklqh/ Hohf0
wursodwlqj1

4 LQWURGXFWLRQ

Wklv sdshu ghvfulehv d kljk0wrutxh0ghqvlw| plfur0vfdoh
pdjqhwlf lqgxfwlrq prwru1 Wkh ghylfh lv d sodqdu wzr0
skdvh prwru ideulfdwhg iurp hohfwursodwhg QlIh dqg Fx>
QlIh lv xvhg iru wkh pdjqhwlf fruh dqg Fx lv xvhg iru wkh
frqgxfwlqj zlqglqjv1 Lw lv ghvljqhg iru xvh zlwklq plfur
wxuerpdfklqhu| ^4`1 Wklv sdshu ehjlqv zlwk d uhylhz ri
wkh prgholqj dqg ghvljq ri wkh prwru1 Qh{w/ lw ghvfulehv
wkh ideulfdwlrq ri wkh prwru lq ghwdlo1 Ilqdoo|/ lw suhvhqwv
wkh lqlwldo phdvxuhphqwv ri prwru wrutxh dqg zlqglqj
dpsdflw|1

5 JHRPHWU\ ) DQDO\VLV

Iru ideulfdwlrq vlpsolflw| dqg frpsdwlelolw| zlwk plfur
wxuerpdfklqhu|/ wkh lqgxfwlrq pdfklqh vwxglhg khuh lv
sodqdu/ dv vkrzq lq Iljxuh 41 Wkh urwru vwdqgv mxvw
deryh wkh vwdwru/ vxssruwhg e| dlu ehdulqjv ^4`1 Wkh
vwdwru fduulhv wzr skdvhv/ hdfk zlwk rqh frqgxfwru shu
vorw1 Irxu vorwv duh doorfdwhg shu sroh sdlu/ dqg wkh

skdvhv duh glvsodfhg iurp hdfk rwkhu e| rqh vorw vr dv
wr eh pdjqhwlfdoo| ruwkrjrqdo1
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Iljxuh 4= Urwru dqg vwdwru ri d w|slfdo PHPV pdjqhwlf
lqgxfwlrq pdfklqh +hqg0wxuqv duh qrw vkrzq,1

Wkh d{ldo v|pphwu| ri wkh pdjqhwlf lqgxfwlrq pd0
fklqh vlpsol�hv lwv prgholqj e| doorzlqj d pdsslqj ri
hdfk flufxodu furvv0vhfwlrq dw d jlyhq udglxv lqwr Fduwh0
vldq frruglqdwhv/ dv vkrzq lq Iljxuh 51 Prgholqj wkhq
surfhhgv e| ghyhorslqj d 5G erxqgdu| od|hu vroxwlrq
ri Pd{zhoo*v Htxdwlrqv iru wkh urwru/ dqg d pdjqhwlf
flufxlw iru wkh vwdwru1

Iljxuh 6 vkrzv d furvv0vhfwlrq ri wkh urwru1 Pdj0
qhwlf �hogv zlwklq wkh urwru reh| wkh htxdwlrqv ri pdj0
qhwlf gl�xvlrq lq xqlirup prylqj pdwhuldov1 Iroorzlqj
^5`/ wkh| duh ghwhuplqhg iurp wkhvh htxdwlrqv dvvxplqj
wkdw wkh| ydqlvk rq wkh xsshu0prvw dlu vxuidfh lq Ilj0
xuh 6/ dqg wkdw wkh| duh h{sdqghg lq d Irxulhu Vhulhv dw
wkh vxuidfh ri wkh vwdwru1 D vhsdudwh ghwhuplqdwlrq lv
fduulhg rxw iru hdfk prgh lq wkh h{sdqvlrq1

Wkh vwdwru lv vsdwldoo| qrq0xqlirup/ zlwk ihdwxuhv
vxfk dv srohv/ vorwv/ dqg zlqglqjv1 Khqfh/ wkh vwdwru lv
prvw hdvlo| prghohg xvlqj pdjqhwlf flufxlwv1 Iljxuh 7
vkrzv wkh pdjqhwlf flufxlw xvhg khuh1 Wkh uhoxfwdqfhv
lq wkh flufxlw duh edvhg rq wkh jhrphwu| dqg shupdelolw|
ri wkh QlIh vwdwru fruh/ dv ideulfdwhg1

Wr frpsohwh wkh prgho ri wkh pdjqhwlf lqgxfwlrq
pdfklqh/ wkh pdjqhwlf flufxlw prgho ri wkh vwdwru pxvw
eh mrlqhg wr wkh glvwulexwhg prgho ri wkh urwru dw wkh lq0
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Iljxuh 6= Wkh jhrphwu| dqg surshuwlhv ri wkh pxowlod|0
huhg urwru1 Wkh wrs dlu od|hu h{whqgv wr lq�qlw|1

whuidfh ehwzhhq wkh dlu jds dqg wkh vwdwru1 Wr gr vr/ wkh
oxpshg wdqjhqwldo pdjqhwlf �hog dqg wkh oxpshg qru0
pdo pdjqhwlf  x{ ghqvlw| +�40�7, lq wkh vwdwru flufxlw
duh glvwulexwhg ryhu wkhlu uhvshfwlyh uhjlrqv1 Wkh uh0
vxowlqj glvwulexwhg �hogv duh h{sdqghg lq Irxulhu Vhulhv
dorqj wkh lqwhuidfh1 Wkhvh vhulhv duh wkhq frxsohg prgh0
e|0prgh wr wkh urwru prgho/ |lhoglqj d frpsohwh prgho
ri wkh pdfklqh zklfk fdq eh dqdo|}hg iru doo pdjqhwlf
�hogv zlwklq wkh pdfklqh1 Kdylqj ghwhuplqhg wkh �hogv
zlwklq wkh pdfklqh/ lw lv wkhq srvvleoh wr ghwhuplqh wkh
orvvhv lq wkh frqgxfwruv ri wkh pdfklqh/ dqg wkh wrutxh
dqg d{ldo irufh zklfk dfw rq wkh urwru dw d jlyhq ud0
glxv1 Khuh/ wkh wrutxh dqg irufh duh fdofxodwhg xvlqj
wkh Pd{zhoo Vwuhvv Whqvru ^5`1 Ilqdoo|/ wkhvh txdqwlwlhv
duh lqwhjudwhg ryhu wkh pdfklqh udglxv wr rewdlq wkhlu
wrwdov1

Wkh dqdo|vlv ri wkh frxsohg urwru dqg vwdwru prghov
lv lpsohphqwhg lq d PDWODE2F surjudp1 Wkh sur0
judp wdnhv jhrphwu| dqg pdwhuldo surshuwlhv dv lqsxwv/
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Iljxuh 7= Pdjqhwlf flufxlw ri wkh vwdwru1

dqg surylghv urwru wrutxh dqg d{ldo irufh/ dqg frqgxfwru
orvvhv dv rxwsxwv ^7`1 Wkh dffxudf| ri wklv surjudp kdv
ehhq yhul�hg wkurxjk frpsdulvrq zlwk pdjqhwlf �qlwh0
hohphqw dqdo|vlv/ dqg lwv zruvw0fdvh huuruv duh w|slfdoo|
ohvv wkdq d ihz shufhqw ^7`1

Xvlqj wkh surjudp d �uvw0jhqhudwlrq prwru kdv ehhq
ghvljqhg1 Lwv jhrphwu| dqg glphqvlrqv duh vkrzq lq
Iljxuh 41 Wklv prwru kdv ehhq ideulfdwhg dv glvfxvvhg
lq Vhfwlrq 6/ dqg whvwhg dv glvfxvvhg lq Vhfwlrq 71

6 IDEULFDWLRQ

Wkh sulpdu| fkdoohqjh lq ideulfdwlqj d plfurpdfklqhg
pdjqhwlf lqgxfwlrq pdfklqh lv lqwhuvshuvlqj dqg vwdfn0
lqj wklfn pxowl0od|hu frqgxfwruv dqg odujh yroxphv ri
pdjqhwlf pdwhuldo wr irup lwv vwdwru1 Wr phhw wklv fkdo0
ohqjh/ zh kdyh xvhg d Plfur0Proglqj/ dqg Hohfwursodwlqj
+PLPH, surfhvv1 Lq rughu wr ideulfdwh wdoo hohfwursodwhg
vwuxfwxuhv/ wklfn skrwrvhqvlwlyh VX0; sro|phu lv xvhg iru
wkh progv1 Wklv qhjdwlyh skrwrvhqvlwlyh hsr{| shuplwv
wkh ideulfdwlrq ri kljk dvshfw udwlr progv ^6`1 Xvlqj
vxfk progv/ wkh ideulfdwlrq ri d wzr0frlo vwdwru rffxuv
lq wkuhh glvwlqfw skdvhv/ dv vkrzq Iljxuh 8= +d, ideulfd0
wlrq ri wkh �uvw ohyho ri Fx zlqglqjv dqg QlIh fruh/ +e,
ideulfdwlrq ri wkh vhfrqg ohyho ri Fx zlqglqj dqg QlIh
fruh dqg +f, ideulfdwlrq ri wkh QlIh sroh idfhv1

First 
Level

(a) First Level (b) First and Second 
Levels

Second 
Level

(c) Complete Device

Third
LevelNiFe Cu

SU-8 Ti/Cu/Ti

Iljxuh 8= Jhqhudo ideulfdwlrq surfhvv iru wkh wzr0
zlqglqj vwdwru1

Wkh ideulfdwlrq surfhvv vwduwv zlwk d 4 pp wklfn
QlIh vxevwudwh zklfk srvvhvvhv wkh dssursuldwh pdj0
qhwlf surshuwlhv iru pdfklqh rshudwlrq1 Qh{w/ wkh PLPH
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Iljxuh 9= Ideulfdwlrq surfhvv iru wkh �uvw vwdwru ohyho1

surfhvv lv dssolhg wr ideulfdwh wkh �uvw0ohyho zlqglqj dqg
fruh1 D 58 �p lqvxodwlrq od|hu ri hsr{| lv wkhq vsxq/
furvv0olqnhg dqg fxuhg rq wrs ri wkh vxevwudwh1 Wkh
hsr{| lv sdwwhuqhg dqg Fx lv hohfwursodwhg lq rughu wr
irup d zlqglqj +Ilj 9 +d,/+e,,1 Wkh hsr{| prog durxqg
wkh zlqglqjv dv zhoo dv wkh lqvxodwlrq od|hu dw wkh irrw ri
wkh Fx vwuxfwxuh lv uhpryhg e| sodvpd hwfk +Ilj 9 +f,,1
D wklfn od|hu ri hsr{| lv wkhq vsxq rq wrs ri wkh �uvw
zlqglqj +Ilj 9 +g,,1 Wkh hsr{| shuplwv sodqdul}dwlrq ri
wkh vxuidfh deryh wkh suh0h{lvwlqj Fx zlqglqjv1 Odwhu/
wkh hsr{| lv sdwwhuqhg e| frqyhqwlrqdo skrwrolwkrjud0
sk| lq rughu wr fuhdwh d prog iru wkh QlIh srohv +Ilj 9
+h,,1 Dw wklv srlqw/ wkh Fx zlqglqj lv frpsohwho| hp0
ehgghg lq wkh hsr{|1 Qh{w/ QlIh lv hohfwursodwhg lq wkh
fdylwlhv lq wkh hsr{| prog1 Ilqdoo|/ wkh xsshu vxuidfh ri
wkh vwuxfwxuh lv odsshg dqg srolvkhg +Ilj 9 +i,,1 Lq ru0
ghu wr irup wkh ixoo vwdwru vkrzq lq Iljxuh 8/ wklv PLPH
surfhvv lv uhshdwhg iru wkh vhfrqg ohyho/ dqg djdlq lq d
vlpsohu pdqqhu iru wkh wklug ohyho1

Iljxuh : vkrzv d VHP ri wkh wzr zlqglqjv vxuurxqg0
lqj wkh QlIh srohv1 Khuh/ wkh hsr{| kdv ehhq sduwldoo|

Iljxuh := Ilqlvkhg vwdwru1

Pin

Rotor

Stator

Epoxy Tether

NiFe Cu SU-8

Iljxuh ;= Vfkhpdwlf furvv0vhfwlrq ri wkh whwkhuhg prwru

uhpryhg vr wkdw wkh zlqglqj vwuxfwxuh pd| eh fohduo|
revhuyhg1 Wkh wrwdo khljkw ri wkh ghylfh/ h{foxglqj wkh
vxevwudwh/ lv dssur{lpdwho| 833 �p1

Wkh ideulfdwlrq ri wkh urwru lv frqvlghudeo| vlpsohu
vlqfh lw frqvlvwv rqo| ri d QlIh glvn zlwk d wklq od|hu
ri hohfwursodwhg Fx dw wkh dlujds1 Iru wkh pdfklqh uh0
sruwhg khuh/ wkh urwruv duh hqfdsvxodwhg lq VX0; hsr{|
dqg vxvshqghg deryh wkh vwdwru zlwk VX0; hsr{| whwk0
huv1 D sdfndjh zdv ideulfdwhg lq rughu wr dffrpprgdwh
wkh lqwhjudwlrq ri wkh urwru dqg wkh vwdwru1 Doljqphqw
krohv rq erwk glhv doorz frqwuro ri wkh uhodwlyh rulhqwd0
wlrq ri wkh urwru dqg wkh vwdwru xvlqj orfdwru slqv/ dv
vkrzq lq Iljxuh ;1

7 H[SHULPHQWV

Wzr0skdvh srzhu hohfwurqlfv kdyh ehhq exlow wr gholyhu d
edodqfhg h{flwdwlrq +xs wr 53 D dqg 433 nK}, lq txdgud0
wxuh wkurxjk wkh wzr zlqglqjv lq wkh vwdwru1 D wrutxh0
uhyhuvdo vzlwfk zklfk vzdsv wkh skdvh h{flwdwlrqv kdv
ehhq lpsohphqwhg wr vzlwfk wkh gluhfwlrq ri wkh dssolhg
wrutxh/ dw iuhtxhqflhv idu orzhu wkdq wkh lqsxw hohfwul0
fdo iuhtxhqf|1 E| shulrglfdoo| uhyhuvlqj wkh wrutxh/ wkh
phfkdqlfdo uhvrqdqfh ri wkh urwru dqg whwkhuv fdq eh
h{flwhg1 Wkh uhvsrqvh ri wklv uhvrqdqfh dv d ixqfwlrq ri
wrutxh uhyhuvdo iuhtxhqf| fdq eh xvhg wr ghwhuplqh wkh
urwru wrutxh1

D w|slfdo whwkhu uhvrqdqfh uhvsrqvh lv vkrzq lq Ilj0
xuh <1 Wkh �jxuh glvsod|v wkh shdn d}lpxwkdo gh hfwlrq
ri wkh urwru dw lwv rxwhu udglxv ri 5 pp dv d ixqfwlrq ri
wkh phfkdqlfdo wrutxh uhyhuvdo iuhtxhqf|1 Iru wkh gdwd
vkrzq lq Iljxuh </ wkh shdn vwdwru skdvh fxuuhqw dp0
solwxgh lv 518 D/ dqg lwv hohfwulfdo iuhtxhqf| lv 63 nK}1
Lq dgglwlrq/ wkh �jxuh vkrzv d vrolg vhfrqg0rughu uhvr0
qdqfh fxuyh wkdw lv �w wr wkh gdwd1 Wklv fxuyh lv edvhg
rq dq lqhuwld fdofxodwhg iurp wkh urwru glphqvlrqv dqg
ghqvlw|1 Lw lv dovr edvhg rq d frpelqdwlrq ri wrutxh dp0
solwxgh/ whwkhu vwl�qhvv dqg ylvfrxv gdpslqj frh!flhqw
wkdw |lhogv wkh ehvw �w wr wkh gdwd1 Lq wklv zd|/ wrutxh
lv h{wudfwhg iurp wkh gdwd1
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Iljxuh <= Phfkdqlfdo uhvrqdqfh ri wkh whwkhuhg urwru1

Wkh surfhvv ri wrutxh h{wudfwlrq lv uhshdwhg iru vhy0
hudo h{shulphqwv/ ryhu zklfk wkh dpsolwxgh ri wkh vwd0
wru fxuuhqwv uhpdlqv frqvwdqw dv wkh hohfwulfdo iuhtxhqf|
ydulhv1 Wkh h{wudfwhg wrutxh lv glvsod|hg dv d ixqfwlrq
ri hohfwulfdo vwdwru iuhtxhqf| lq Iljxuh 431 Dgglwlrqdoo|/
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Iljxuh 43= Prgho dqg h{shulphqwdo wrutxh dv d ixqfwlrq
ri hohfwulfdo iuhtxhqf|1

wkh �jxuh vkrzv d wrutxh suhglfwlrq iurp wkh dqdo|vlv
surjudp ghvfulehg lq Vhfwlrq 51 Wkh txdolw| ri wkh �w
ydolgdwhv wkh prgho ghvfulehg lq Vhfwlrq 5/ dqg ghwdlohg
lq ^7`1

Lq vhsdudwh h{shulphqwv/ d vwdwru zdv h{flwhg vdiho|
dqg frqwlqxrxvo| zlwk shdn fxuuhqwv xs wr 46 D zlwk0
rxw gdpdjh1 Wklv fruuhvsrqgv wr d fxuuhqw ghqvlw| ri
pruh wkdq 43< D2p5/ zklfk juhdwo| h{fhhgv wkh fxuuhqw
ghqvlw| lq pdfur0vfdoh pdjqhwlf pdfklqhv1 Ixuwkhu/ wklv
fxuuhqw ohyho grhv qrw fdxvh pdjqhwlf vdwxudwlrq1 Wkhuh0
iruh/ zh h{shfw wkdw wkh pdfklqh lv fdsdeoh ri surgxflqj
xs wr +46@5=8,5�4=5 �Qp/ ru 6517 �Qp> wkh dvvrfldwhg
wrutxh ghqvlw| lv derxw 655 Qp2p61 Wklv lv derxw 48(
ri wkh wrutxh ghqvlw| surgxfhg e| d pdfur0vfdoh lqgxf0
wlrq prwru1 Xqiruwxqdwho|/ wklv wrutxh frxog qrw eh
ghprqvwudwhg ehfdxvh wkh hsr{| whwkhuv zhuh lqfdsdeoh

ri vxssruwlqj wkh fruuhvsrqglqj d{ldo irufh1

8 VXPPDU\ DQG FRQFOXVLRQV

Wklv sdshu suhvhqwv wkh ghvljq/ ideulfdwlrq dqg whvwlqj
ri d plfur0vfdoh pdjqhwlf lqgxfwlrq prwru1 Ideulfdwlrq
lv edvhg rq wkh hohfwursodwlqj ri QlIh fruhv dqg Fx frq0
gxfwruv/ zlwk VX0; hsr{| vhuylqj dv erwk wkh progv dqg
lqvxodwruv1 Wkh h{shulphqwdo prwru kdv d 7 pp udglxv/
lqfoxglqj hqg0wxuqv/ dqg d 5 pp d{ldo ohqjwk1 Zkhq
h{flwhg zlwk 518 D vwdwru fxuuhqwv lw surgxfhv d wrutxh
ri 415 �Qp1 Wklv phdvxuhg wrutxh frpsduhv zhoo wr wkh
prghohg wrutxh/ wkhuhe| ydolgdwlqj wkh prghov uhsruwhg
lq ^7`1

Lw lv nqrzq wkdw wkh h{shulphqwdo prwru fdq rshu0
dwh vdiho|/ dqg lq wkh devhqfh ri pdjqhwlf vdwxudwlrq/
zlwk 46 D shdn vwdwru fxuuhqwv1 Lq wklv fdvh/ wkh prwru
zrxog surgxfh d wrutxh ri 6517 �Qp/ wkhuhe| dfklhylqj
d wrutxh ghqvlw| ri 655 Qp2p61 Wklv lv frpsdudeoh wr
zkdw fdq eh dfklhyhg e| frpprq pdfur0vfdoh pdjqhwlf
prwruv1

9 DFNQRZOHGJPHQWV

Wklv zrun lv vxssruwhg e| DUR judqw GDDJ880<;040
35<5/ Gu1 Wkrpdv O1 Groljdovnl/ vflhqwl�f r!fhu1 Wkh
dxwkruv zlvk wr wkdqn Surihvvru Ghqq| Iuhhpdq dw PLW
iru xvh ri wkh plfurylvlrq v|vwhp rq zklfk wkh gh hf0
wlrq2wrutxh phdvxuhphqwv zhuh pdgh1

UHIHUHQFHV

^4` Hsvwhlq/ D1 K1/ hw do1/ �Srzhu PHPV dqg Plfur0

hqjlqhv�/ LHHH Frqi1 Vrolg Vwdwh dqg Dfwxdwruv/
Mxqh 4<<:

^5` Phofkhu/ M1 U1/ �Frqwlqxxp Hohfwurphfkdqlfv�/ Wd0
eoh 91814/ ss1 9145/ PLW Suhvv/ 4<;4

^6` Ghvsrqw/ P/ hw1 do1/ �Kljk0Dvshfw0Udwlr/ Xowudwklfn/
Qhjdwlyh0Wrqh Qhdu0XY Skrwruhvlvw iru PHPV�/
Surf1 ri LHHH 43wk Dqqxdo Lqwhuqdwlrqdo Zrunvkrs
rq PHPV/ Qdjr|d/ Mdsdq/ ss1 84;0855/ 4<<:1
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