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$EVWUDFW −− 3HUIRUPDQFHV RI WKH FRQWUROOHG DFWLYH PDJQHWLF EHDULQJV� FDQ EH VXIILFLHQWO\ LPSURYHG ZLWK WKH

H[DFW NQRZOHGJH RI WKH EHDULQJ IRUFH LQ WKH HQWLUH RSHUDWLQJ UDQJH� 7KHUHIRUH WKH PDJQHWLF IRUFH FDOFXODWLRQ

RI WKH ODERUDWRU\ LPSOHPHQWDWLRQ RI D UDGLDO PDJQHWLF EHDULQJ� XVLQJ �' ILQLWH HOHPHQW PHWKRG LV SUHVHQWHG LQ

WKH SDSHU� 7ZR PHWKRGV IRU WKH IRUFH FDOFXODWLRQ DUH XVHG� ZKHUH ERWK� L�H� WKH 0D[ZHOO
V VWUHVV WHQVRU PHWKRG

DQG WKH YLUWXDO ZRUN PHWKRG� JLYH YHU\ FORVH UHVXOWV� 7KH YHULILFDWLRQ RI WKH EHDULQJ IRUFH FDOFXODWLRQ LV

SHUIRUPHG WKURXJK WKH FRPSDULVRQ ZLWK PHDVXUHPHQWV� 2EWDLQHG UHVXOWV PDNH LW SRVVLEOH WR SHUIRUP D UREXVW

FRQWURO GHVLJQ LQ WKH HQWLUH RSHUDWLQJ UDQJH�

,QWURGXFWLRQ

$FWLYH PDJQHWLF EHDULQJV DUH WHFKQLFDO DSSOLFDWLRQV RI VWDEOH URWRU OHYLWDWLRQ EDVHG RQ FRQWUROOHG

HOHFWUR−PDJQHWLF FLUFXLWV >�@� 7ZR HOHFWURPDJQHWV RQ WKH RSSRVLWH VLGHV RI WKH IHUURPDJQHWLF URWRU SXOO
WKH URWRU LQ WKH RSSRVLWH GLUHFWLRQ� $V VXFK D V\VWHP LV XQVWDEOH� D URWRU SRVLWLRQ FRQWURO LV UHTXLUHG WR

VWDELOL]H LW� 'XH WR WKHLU QRQ�FRQWDFW RSHUDWLRQ� DFWLYH PDJQHWLF EHDULQJV RIIHU VLJQLILFDQW DGYDQWDJHV�

+LJKHU VSHHG� QR IULFWLRQ� QR OXEULFDWLRQ� SUHFLVH SRVLWLRQ FRQWURO DQG DFWLYH YLEUDWLRQ GDPSLQJ PDNH

WKHP SDUWLFXODUO\ DSSURSULDWH IRU KLJK−VSHHG URWDWLQJ PDFKLQHV� 7KH PHQWLRQHG SHUIRUPDQFHV FDQ EH
VXIILFLHQWO\ LPSURYHG ZLWK WKH H[DFW NQRZOHGJH RI WKH EHDULQJ IRUFH LQ WKH HQWLUH RSHUDWLQJ UDQJH� ,I

ZH ZDQW WR FRQVLGHU DOVR UHOHYDQW DQG SRVVLEOH XQFHUWDLQWLHV� ZH KDYH WR SHUIRUP WKH ILQLWH HOHPHQW

PHWKRG �)(0� IRU WKH IRUFH FDOFXODWLRQ >�@�

,Q WKLV ZRUN� WKH PDJQHWLF IRUFH FDOFXODWLRQ RI WKH ODERUDWRU\ LPSOHPHQWDWLRQ RI D UDGLDO PDJQHWLF

EHDULQJ LV SUHVHQWHG� 7KH EHDULQJ IRUFH LV D QRQ�OLQHDU IXQFWLRQ RI WKH FXUUHQWV DQG WKH URWRU SRVLWLRQ�

WKHUHIRUH WKH GLIIHUHQWLDO GULYLQJ PRGH LV SHUIRUPHG� )XUWKHUPRUH� WKH )(0 SURFHGXUH IRU WKH IRUFH

GHWHUPLQDWLRQ LV GHVFULEHG XVLQJ D QRQ�FRPPHUFLDO SURJUDPPLQJ HQYLURQPHQW GHVFULEHG LQ >�@� 7KH

EHDULQJ IRUFH LV GHWHUPLQHG E\ XVLQJ WKH 0D[ZHOO
V VWUHVV WHQVRU PHWKRG DQG WKH YLUWXDO ZRUN PHWKRG�

7KHUH LV QR HVVHQWLDO GLIIHUHQFH EHWZHHQ UHVXOWV REWDLQHG E\ ERWK PHWKRGV� $OVR WKH GDWD ILWWLQJ RI WKH

DLU JDS LV FRQVLGHUHG LQ WKH IRUFH FDOFXODWLRQ� 7KH GHVFULEHG SURFHGXUH IRU WKH EHDULQJ IRUFH FDOFXODWLRQ

LV YHULILHG E\ PHDVXUHPHQWV� ZKLFK JLYHV YHU\ JRRG DJUHHPHQW EHWZHHQ FDOFXODWHG DQG PHDVXUHG

IRUFH� 2EWDLQHG UHVXOWV GHWHUPLQH WKH EHDULQJ IRUFH LQ WKH HQWLUH RSHUDWLQJ UDQJH DQG PDNH LW SRVVLEOH

WR SHUIRUP D UREXVW FRQWURO GHVLJQ ZKLFK ZLOO EH DSSOLHG LQ WKH QH[W VWHS RI GHYHORSPHQW�

/DERUDWRU\�,PSOHPHQWDWLRQ�RI�$FWLYH�0DJQHWLF�%HDULQJV

7KH GLVFXVVHG V\VWHP RI DFWLYH PDJQHWLF EHDULQJV LV SUHVHQWHG LQ )LJ� �D�� ,W LV KLJKO\ VLPSOLILHG�

FRQVLVWLQJ RI D SDLU RI UDGLDO PDJQHWLF EHDULQJV SODFHG DW RQH HQG RI WKH VKDIW DQG D EDOO EHDULQJ SODFHG

DW WKH RWKHU HQG� (DFK RI WKH PDJQHWLF EHDULQJ LV XVHG WR VWDELOL]H WKH VKDIW PRYHPHQW RQO\ LQ RQH

GLUHFWLRQ� 7KH URWRU DQG WKH IRXU−SROH VWDWRU DUH PDGH RXW RI ODPLQDWHG VWHHO� ZKLOH ZLQGLQJV DUH

FRQQHFWHG DQG VXSSOLHG LQ VXFK D ZD\ WKDW WKH\ FDQ EH FRQVLGHUHG DV WZR �KRUVH−VKRH�
HOHFWURPDJQHWV� 7KH JHRPHWU\ DQG GDWD DUH SUHVHQWHG LQ )LJ� �E� DQG LQ 7DEOH ��



,Q WKH PDWKHPDWLFDO PRGHOLQJ RI WKH UDGLDO PDJQHWLF EHDULQJ WKH URWDWLRQ RI WKH URWRU DQG WKH QRQ�

OLQHDU LURQ SURSHUWLHV DUH QHJOHFWHG� ZKLOH ZLQGLQJV RI DOO HOHFWURPDJQHWV DUH DVVXPHG WR EH LGHDO DQG

LGHQWLFDO� ,Q HTXDWLRQ ��� WKH QRQ�OLQHDU GHSHQGHQFH RI WKH UHVXOWDQW HOHFWURPDJQHWLF IRUFH F RQ WKH

FXUUHQWV RI ERWK HOHFWURPDJQHWV i1 DQG i2 DQG WKH URWRU SRVLWLRQ y LV H[SUHVVHG� δ GHQRWHV WKH QRPLQDO

DLU JDS� k UHSUHVHQWV WKH PDWHULDO DQG JHRPHWULFDO SURSHUWLHV� :LWK WKH LQWURGXFWLRQ RI WKH GLIIHUHQWLDO

GULYLQJ PRGH ���� D ELDV FXUUHQW i0 LV RSHUDWLQJ WKH ZLQGLQJ RI ERWK HOHFWURPDJQHWV� )RUFH FRQWURO LV

SHUIRUPHG E\ VXSHUSRVLQJ D FRQWURO FXUUHQW i∆ WR WKH ZLQGLQJ RI RQH HOHFWURPDJQHW DQG VXEWUDFWLQJ LW LQ

WKH ZLQGLQJ RI RWKHU RQH� ZKHUH i∆ ≤ i0� ,Q VSLWH RI FRQVWDQW ORVVHV GXH WR WKH ELDV FXUUHQW WKH FKRVHQ
GULYLQJ PRGH LV MXVWLILHG� VLQFH WKH IRUFH−FXUUHQW GHSHQGHQFH EHFRPHV OLQHDU IRU VPDOO URWRU

GLVSODFHPHQWV� ,I ZH ZDQW WR FRQVLGHU WKH LQIOXHQFH RI QRQ�OLQHDU LURQ SURSHUWLHV� ORFDO VDWXUDWLRQ DQG

PDJQHWLF IOX[ OHDNDJH� ZH KDYH WR XVH )(0�EDVHG QXPHULFDO FDOFXODWLRQV�
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Fig. 1. a) Laboratory implementation of active magnetic bearings, b) geometry of the radial magnetic bearing.

Table 1. Data of the radial magnetic bearing

GDWD SDUDPHWHU YDOXH

VKDIW UDGLXV rVK >PP@ ����

URWRU UDGLXV rU >PP@ �����

VWDWRU UDGLXV rV >PP@ �����

\RNH LQQHU UDGLXV r\L >PP@ �����

\RNH RXWHU UDGLXV r\R >PP@ �����

SROH ZLGWK dS >PP@ �����

EHDULQJ OHQJWK l >PP@ �����

DQJOH EHWZHHQ WZR SROHV �α >UDG@ π��
QXPEHU RI WXUQV SHU SROH N�� ��

ELDV FXUUHQW i0 >$@ ���



)RUFH�&DOFXODWLRQ

,Q WKLV VHFWLRQ WKH SURFHGXUH IRU FDOFXODWLQJ WKH IRUFH RI WKH UDGLDO PDJQHWLF EHDULQJ LV SUHVHQWHG� 7KH

)(0�EDVHG FDOFXODWLRQ LV LPSOHPHQWHG LQ WKH SURJUDPPLQJ HQYLURQPHQW� ZKLFK LV GHVFULEHG LQ >�@�

7KH FDOFXODWLRQ IRU WKH FKRVHQ SRLQWV �i∆� y� LV FDUULHG RXW LQ IRXU VWHSV�

• Step 1:7DVN GHILQLWLRQ� 7KH EHDULQJ JHRPHWU\� WKH PDWHULDO� WKH FXUUHQW GHQVLWLHV� DQG WKH ERXQGDU\
FRQGLWLRQV DUH SDUDPHWULFDOO\ GHILQHG�

• Step 2:7KH LQLWLDO GLVFUHWL]DWLRQ RI WKH PRGHO LV SHUIRUPHG� $Q a priori HUURU HVWLPDWRU LV XVHG�
ZKHUH WKH ODUJHVW DOORZHG HOHPHQW HGJH LV H[SOLFLWO\ GHILQHG LQ WKH DLU JDS UHJLRQ� ,Q WKLV ZD\ YHU\ ILQH

GLVFUHWL]DWLRQ RI WKH UHJLRQ LV DFKLHYHG DYRLGLQJ a posterioriPHVK DGDSWDWLRQ� ZKLFK UHGXFHV WKH

FDOFXODWLRQ WLPH E\ ���� ,Q )LJV� �D�E�� WKH EHDULQJ PHVK DQG WKH DLU JDS PHVK DUH VKRZQ�

• Step 3:7KH QRQ�OLQHDU VROXWLRQ RI WKH PDJQHWLF YHFWRU SRWHQWLDO A LV REWDLQHG E\ PHDQV RI �'

FDOFXODWLRQ EDVHG RQ WKH )(0� 7KH SUREOHP LV IRUPXODWHG E\ 3RLVVRQ
V HTXDWLRQ ���� ZKHUH ν
UHSUHVHQWV WKH PDJQHWLF UHOXFWDQFH� J LV WKH DSSOLHG FXUUHQW GHQVLW\� DQG ∇ LV +DPLOWRQ
V GLIIHUHQWLDO

RSHUDWRU� 7KH VROXWLRQ� L�H� WKH PDJQHWLF ILHOG GLVWULEXWLRQ LV SUHVHQWHG LQ )LJ� �F��

( ) -ù −=∇⋅∇ ν ���

 a)           b)       c)

Fig. 2. a) Mesh of the whole bearing, b) mesh of the air gap, c) magnetic field distribution (L∆=1A, \=0.1mm).

• Step 4:7KH UDGLDO EHDULQJ IRUFH LV GHWHUPLQHG E\ WZR PHWKRGV� )LUVW E\ WKH 0D[ZHOO
V VWUHVV WHQVRU

PHWKRG� IROORZLQJ HTXDWLRQ ���� B\ DQG B[ DUH QRUPDO DQG WDQJHQWLDO IOX[ GHQVLWLHV LQ WKH DLU JDS� µ0 LV

WKH SHUPHDELOLW\ RI YDFXXP� DQG l LV WKH D[LDO EHDULQJ OHQJWK� 7KH LQWHJUDWLRQ LV SHUIRUPHG RYHU WKH

FRQWRXU C SODFHG LQ WKH PLGGOH RI WKH DLU JDS� 7KH IRUFH LV FDOFXODWHG DOVR E\ WKH YLUWXDO ZRUN PHWKRG�

GHVFULEHG E\ HTXDWLRQ ���� ZKHUH ∆WFR LV WKH FR�HQHUJ\ GLIIHUHQFH� DQG y LV WKH URWRU SRVLWLRQ�

( )∫ −=
&

[\ GV%%
O

) ��

�
�µ

���

\

:

\

:
)

FRFR

∆
∆

≈
∂

∂
= ���



5HVXOWV

'XH WR WKH PDQXIDFWXUHG URWRU VWHHO VKHHWV WKH PDJQHWLF DFWLYH DLU JDS LV ELJJHU WKDQ WKH JHRPHWULF DLU

JDS� 7KHUHIRUH� GDWD ILWWLQJ ZDV FRQVLGHUHG LQ WKH IRUFH FDOFXODWLRQ� ,Q RXU FDVH WKH DLU JDS ZDV

LQFUHDVHG IURP ���PP WR �����PP� ,Q WKH )(0 SURFHGXUH WKH URWRU UDGLXV ZDV YDULHG XQWLO WKH

FDOFXODWLRQ DJUHHG ZLWK WKH PHDVXUHG YDOXH IRU WKH W\SLFDO FDVH �i∆  �$� y  �PP�� 6LQFH UHVXOWV RI WKH

FDOFXODWLRQ LQ DOO RWKHU SRLQWV RI WKH RSHUDWLQJ UDQJH DJUHHG ZLWK PHDVXUHPHQWV �)LJ �D�� WKLV DSSURDFK

FDQ EH DFFHSWHG� 7KH LQFUHDVH LQ WKH DLU JDS IRU �����PP FDQ EH FRPSDUHG ZLWK WKH ILQGLQJV RI DXWKRUV

LQ >�@� 5HVXOWV RI WKH )(0�EDVHG EHDULQJ IRUFH FDOFXODWLRQ DUH SUHVHQWHG LQ )LJ� �E�� 7KH EHDULQJ IRUFH

ZDV GHWHUPLQHG E\ XVLQJ WKH 0D[ZHOO
V VWUHVV WHQVRU PHWKRG DQG WKH YLUWXDO ZRUN PHWKRG� 7KH UHODWLYH

GLIIHUHQFH EHWZHHQ UHVXOWV REWDLQHG E\ ERWK PHWKRGV ZDV EHORZ ���� LQ WKH HQWLUH RSHUDWLQJ UDQJH�

7KLV UHVXOW LV H[SHFWHG GXH WR WKH ILQH GLVFUHWL]DWLRQ RI WKH LQWHJUDWLRQ UHJLRQ� ZKHQ XVLQJ WKH

0D[ZHOO
V VWUHVV WHQVRU� 7KHUHIRUH LW LV EHWWHU WR XVH WKH 0D[ZHOO
V VWUHVV WHQVRU PHWKRG IRU WKH

PDJQHWLF EHDULQJ IRUFH FDOFXODWLRQ� EHFDXVH LW WDNHV OHVV FDOFXODWLRQ WLPH�
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Fig. 3. a) Data fitting of the FEM-based force calculation, b) results of the FEM-based force calculation )(L∆, \).

&RQFOXVLRQ

$Q DQDO\VLV RI WKH ODERUDWRU\ LPSOHPHQWDWLRQ RI WKH UDGLDO PDJQHWLF EHDULQJ LV SUHVHQWHG LQ WKH SDSHU�

7KH EHDULQJ IRUFH LV GHWHUPLQHG E\ )(0�EDVHG FDOFXODWLRQV XVLQJ WKH 0D[ZHOO
V VWUHVV WHQVRU PHWKRG

DQG WKH YLUWXDO ZRUN PHWKRG� 6LQFH UHVXOWV RI ERWK PHWKRGV SUDFWLFDOO\ GR QRW GLIIHU� LW LV EHWWHU WR XVH

WKH 0D[ZHOO
V VWUHVV WHQVRU PHWKRG� 7R XSGDWH WKH PRGHO XQFHUWDLQWLHV WKH GDWD ILWWLQJ LV SHUIRUPHG�

7KH YHULILFDWLRQ RI WKH IRUFH FDOFXODWLRQ LV SHUIRUPHG E\ PHDVXUHPHQWV� 2EWDLQHG UHVXOWV GHWHUPLQH WKH

EHDULQJ IRUFH LQ WKH HQWLUH RSHUDWLQJ UDQJH LQFOXGLQJ RQO\ UHOHYDQW DQG SRVVLEOH PRGHO XQFHUWDLQWLHV�

7KLV PDNHV LW SRVVLEOH WR SHUIRUP D UREXVW FRQWURO GHVLJQ LQ WKH HQWLUH RSHUDWLQJ UDQJH�
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