
yany
文本框
申合彪,赵朝会,陆海玲,庞亮.
不对称磁障对IPMSM电磁振动噪声的影响分析.
电机与控制应用,2021,48(10):71.



书书书

!"!#!$%!#""

!"#$%!

!"#$

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

!!

!"#$

" "#"$%#&%#'#

!%&'"#$

" "#"$%#&%$(

()*+

"

,-.

$$(()%&!

/

!

01234

!

2356789:;<=>?@AB

'

CDE

$$(*+%&!

/

!

F1

!

GH

!

23567<=I<J

(

<K<LIM@

'

!"#$%"

&'()(

&$'()*+,-./

!"#

!!

$%&

!!

'()

!!

*

!

+

!

!"#$%& #'%&

"

!"

!"#$%#&#

!!

0

!

1

!

NOPQRSTUVOW9XYZ[\]^89:;<=

$,-./.&

_`a@>23bcde

fghO<=<9?@ABi4jklm>no

!

pRq

+) 01,-./.

723Or

!

stuvw<=xyz

VOW9X{|<=><9}z~���I?@AB�-��

!

O�fguVOW9X{|O<=?@AB

>lm

'

����fgu89<=�6<9K�>��

(

����

!

b�Uz~�YI�����f�YO

�%>����6<9K���f�

'

st�L{|z~���

!

Oh����fg

'

� ¡¢q£s?@

AB�-��

!

 ¡�%<=�L?@m¤I<9AB

'

{¥¦§

!

TUVOW9X>¨©5Yª«¬Z[

<=>_`a@b­VE®¯<=°±_`

!

²Ei4h³´�><9K

!

µ¶·O¤��¸>?@m¤

!

µ

¹<=>?@AB

!

¨©º»¼-½¾

'

234

!

5678$9:&;

"

!"#$%

"

<=>./

"

&$?

"

@A./

"

'()*

BC.DE

! 2.+'$!!

FGHIJ

! 3!!

FKLE

! $*)+%*4'#$"#"$&$#%##)$%#*

567! $#8$"$))9:;<=8"#"$8#&(

*+,-./0/12&+2-34+5412*/.6647805(,9+4705:,880481+

;-457816,9+4705<0=8,701+>10/412&'()(

!"#$"%&'()!!*"+,-.()./'!!01"('2'34!!5+$60'(34

$/<>66?6@A?:<BC7<=?ADE7D::C7DE! />=DE>=7F7=DG7HD7I:CJ7BK! />=DE>=7"#$+#*! L>7D=&

!!*=/78,57" ,D <MCC:DBC:J:=C<>:J6D C:5M<7DEB6CNM:C7OO?:6@7DB:C76CO:C;=D:DB;=ED:BJKD<>C6D6MJ;6B6C

$,-./.& PK=JK;;:BC7<;:B>65! B>:C:7JD65:B=7?:5 JBM5K6D B>:7D@?M:D<:6D :?:<BC6;=ED:B7<I7PC=B76D D67J:6@B>:

;6B6C8Q6CB>7JC:=J6D! B=07DE=+) 01,-./.=JB>:C:J:=C<> 6PG:<B! B>::?:<BC6;=ED:B7<@7:?5 @7D7B::?:;:DB;65:?

=D5 B>:I7PC=B76D D67J:<6MO?7DE;65:?6@B>:6C7E7D=?;6B6C=D5 B>:;6B6CR7B> =JK;;:BC7<;=ED:B7<P=CC7:CJBCM<BMC:

=C::JB=P?7J>:582>::@@:<BJ6@B>:=JK;;:BC7<;=ED:B7<P=CC7:CJBCM<BMC:6D B>:I7PC=B76D D67J:6@B>:;6B6C=C:

<6;O=C:5 =D5 =D=?KS:582>:6C5:C=D5 @C:NM:D<K<>=C=<B:C7JB7<J6@B>:C=57=?:?:<BC6;=ED:B7<@6C<:R=I:6@B>:

O:C;=D:DB;=ED:B;6B6C=C:=D=?KS:5 B>:6C:B7<=??K! =D5 B>:C=57=?:?:<BC6;=ED:B7<@6C<:R=I:=BB>:=7CE=O 7J

5:<6;O6J:5 PKMJ7DEB>:@7D7B::?:;:DB;:B>65 =D5 BR6%57;:DJ76D=?Q6MC7:C5:<6;O6J7B76D ;:B>6582>:@7D7B::?:;:DB

;65:?6@B>:JB=B6CJBCM<BMC:7J:JB=P?7J>:5 =D5 7BJ;65=?=D=?KJ7J7J<=CC7:5 6MB82>:D B>:I7PC=B76D D67J:<6MO?7DE

;65:?7JPM7?B6D B>:J7;M?=B76D O?=B@6C;B66PB=7D B>:I7PC=B76D C:JO6DJ:=D5 :?:<BC6;=ED:B7<D67J:6@B>:;6B6CJB=B6C8

2>:C:JM?BJJ>6RB>=B! =?B>6ME> B>:5:J7ED ;:B>65 6@=JK;;:BC7<;=ED:B7<P=CC7:C<=D C:5M<:B>:B6CNM:C7OO?:6@B>:

;6B6C=D5 56:JD6BJ=<C7@7<:B>:6MBOMBB6CNM:6@B>:;6B6C! 7BR7??E:D:C=B:6B>:C@C:NM:D<K;M?B7O?7:5 :?:<BC6;=ED:B7<

@6C<:=D5 7D<C:=J:B>:I7PC=B76D C:JO6DJ:6@B>:<6CC:JO6D57DE@C:NM:D<KO67DBJ! =D5 5:B:C76C=B:B>:I7PC=B76D D67J:6@

B>:;6B6C! R>7<> J>6M?5 P:<6DJ75:C:5 <6;OC:>:DJ7I:?K7D B>:5:J7ED8

?4. @18A/" 0+748018B486,+4+76,9+47/.+5C81+13/61718$&'()(&# ,/.66478056,9+4705=,88048#

20+0744-464+7,+,-./0/# 4-457816,9+470521854# 61A,-,+,-./0/# D0=8,701++10/4

%$)%



!"#$%!

!"#$

!"!#!$%!#""

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

#!

,

!

-

\]^89:;<=

$,-./.&

·¿À¦Á

^<=

!

VÂyz89_`

!

ÃÄz9Å_`

!

Æ

ÇhyzÈ¹>É�ÊË

!

ÈÌ>Í�

!

ÎÏ¤U

À<@ÐÑ

(

ÒU<J

(

ÓÔÕÖ

'

«×

,-./.

:ØÙz¿¹>_`a@ÚÛÜ_`>Ý¸

!

Æ

ÞEßà<=><9?@IAB

!

Vá-RSâ

ËãäÌ>åæçè

'

éê

!

23Z[

,-./.

>

_`a@

!

ë)ìí<=><9?@IABî7

hï¬ðñ>òã2356

'

óSô

!

õ\ö÷

)NOÆ

"

ø56ùu¹ú23

'

89<=Z[ÛÜ_`ë)_`a@>5Y

òãûü�LýÜ

)$*

(

�LÛþÿ!Ü

)"*

(

_L

¦"þÿ!Ü

)+*

(

_L#6f$

)'*

(

9%&'

)4*

(

!

Ý¸)*+p,-<=>É�ÊË

'

./

)*

T

)*

TUðñ_L091>5Y2ìí<=>

�6<9K�

!

34O�ðñQ5<=><9A

BB67-§ðñ5Y>zÍï

'

./

)&*

8±

u�LÛ9&:>5Y2Z[�LÛ;<=]>

<9K>?

!

b­ðñu&:@AÇZAÍ¥B

%CD

'

./

)(*

NO

,-./.!

TU_Lö¦"

�þÿ!Ü>5YEFG<��<9K>?

!

Z

[<=?@AB

'

p�ðñ5Yª«zÍH34

Z[�6<9K>?2EF?@AB

!

²°±_

`:Ø*zV:IË>Z[

!

Ç�<=>É�Ê

ËJZ

'

éê

!

z÷)�KLRk\]^89<=>

ðñ5Y

%%%

M¬B%ðñ<=_`a@>P

>

!

N¬,-<=>É�ÊËVZ[

'

./

)$#*

O�fguMè_L#6f${|xVOW9X

{|

"

kðñ5YJ><=ï¬

'

{¥¦§

!

T

UVOW9X{|VÂzÍEFuÛÜ_`I_

`�@

!

ÃEµ¹<=>°±_`

'

./

)$$*

8

±uRkÿ!9X{|¤UÀ

,-./.!

34ðñ

ÿ!9X>OPQRÇ<=>89_`x9Å_

`SþR�>TË

!

�×8U-î°±_`¢*

?

!

b­Z[u_`a@

'

./

)$"*

NO\]^

<=8±�LÜVVOW

(

_L9XVOW

"

k

ðñ5Y

!

�)*zÍZ[_`�@

!

B%<=>

¨©ãä

'

²ÆSVOW9X>ðñ5Y¹WR

Xp_`a@

(

ÛÜ_`7ðñPY

!

�¿Z"

'

×89<=><9?@ABòã[<=>_`a

@I�6<9K�@ßà

)$+*

!

\.]^VOW9

X>5Y�Z[_`a@

(

,-<=É�ÊË>

_`J

!

O<=>�6<9K�

(

<9?@AB>

lm

'

$!

./.012

\.pRq

*

%

+*

Ü\]^

U

�89:;

<=723Or

!

7

$

7vw<=ab"7

!

<=

c\QRd¦

$

ef

!

7

"

7<=_L{|Tg

VOW9Xfh7

'

ij<=QRst<=>z

~� ¡fg��

!

k¶l·OW<mno

!

O<

=��<9fg

'

M

#E

&;NOPQ

QRpW QR?

É�

901 +)

q�_r

9$C+;7D

T

$

&

+ ###

ÜR

9

%R

+*9*

q�<m

93 *#

�Lö�

9;; "(#

�L\�

9;; $&)

��sË

9;; $8$

t'sË

9;; &&

7

$!

<=ab"fh7

!!

7

"

;

!

vw<=9XsË

0

$

7

+ ;;!

us

v%wx9XsË

0

$

!

<=_L[�J

"

yfz

î­{;|OW

!

�×Ç_L�J

"

yfi4>

_`·}&:R�><TË

!

�×Z[_L~�

-î_`>�@

'

7

+

79XsË

0

$

I_`�

@�ñ�ç7

'

�p�±��

0

$

>µ¶_`�

@����

'

½¾%����no

!

�g9Xs

Ë

0

$

7

) ;;'

#8#E

RS&$?TU./

ij�����úY

!

(UÀ�Lt'\¦

%")%



!"!#!$%!#""

!"#$%!

!"#$

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

7

"!

VOW9X<=ab"fh7

7

+!

9XsËI_`�@�ñ�|

">�6<9KÊË7

7

C

8

$

"

!

#

$9

"

C

:

9

"

B

&

#

9

"

C

"

!

#

$$&

^;

"7

C

7�6<9KÊË

#9

C

(9

B

f�O¤<=

��93ÊË>�6I�6fú

#

!

#

7¡G9�

�

!

!

#

V

'

!

W

$#

T

)

#

[À��93ÊË>�6fú

�¹À�6fú

!

���h�6fú>¢5�

'

_L899}��93ÊË

9

X

"

!

I�L<

��¤9}����>93ÊË

9

/

"

"

yf�¶

zî<=��93ÊË

!

éê^

$$&

�¦f7

)$'*

"

7

C

8

$

"

!

#

$9

X

"

;

9

/

"

&

"

8

$

"

!

#

9

"

X

"

;

$

"

!

#

9

"

/

"

;

$

!

#

9

X

"

9

/

"

$"&

!!

<=89��9Êx<��¤��9Ê7h

O¤>9@�x��9�>���¦f7

9

X

"

8

<

X

#

"

$+&

9

/

"

8

<

/

#

"

$'&

^;

"<

X

7899}��9@�

#<

/

7�L<�

�¤9@�

#

#

"

7(Í��9�

' <

X

(<

/

I#

"

�

¦f7

)$'*

<

X

8

$

=

X

<

=

X

>

;

<6J=

X

$?

$

:

%

@& $4&

<

/

8

$

!

$

=

/

<

!

!=

J

A

&

<6J$=

/

?

$

:

!%

@

;

&

!

!=

/

& $*&

#

"

8

#

#

;

$

!

B

Y

8

$

#

B

S

<6JB

S

*

$

!!B

Y

8

$!"!+!,

$)&

^;

"<

=

X

X

;

7

=

X

�89 �9@�>?

#=

X

78

99} ��R

!

¹�7

"B

Z

$$B

V

#!$!"!,&#?

7<=%OR

#

$7_L=¡TË

#

%7�Lc�

<mT��

#@

7º<

#<

!

!=

J

A

&

7<�<mi4> 

�9@�>?

#=

/

7<��¤9} ��R

!

¹�

7

*B

/

Z

$$B

/

V

#![$!["!,&#

!7<�¢z<m

 ��R

!

¹�7

*B

!

Z

$$B

!

V

#![$!["!,&!

h£

O?¦f ��R

!

¤

(

¥¦§f�¦f �<m

)¤¨<m

(

¥¨<m

#

&

!

!=

/

79@�©·T

#

#

#

7��¢*9�

#B

Y

7Û ��R

#

#

B

Y

7��

B

Y

�Û �9�>?

#*

7<=�LÜR

'

Þ^

$+&\

^

$)&

ª«^

$"&

�¬­±899

}x<��¤9}��LÛ¦"i4>òã��

7

$=

X

[=

/

&?!

��7

$=

X

[$&7

$

!7

$

7<=c��

�

'

ijê®¯°±\.e23Ø=><9K�

�R

=

Úh��´R

7!

d¦

"

ef

'

M

!E

8$$VWXY&Z[\$V]^RS

&$?_`abc

=

/

_L899} ��R

=

X

$ + 4 ) ( $$ $+

$

#9#

*9"

*9"

$"9'

$"9'

$&9*

$&9*

"'9&

"'9&

+#9$#

+#9$#

+*9$"

+*9$"

'"9$'

T

4

$&9#

$"9"

"'9"

*9'

+#9'

#9*

+*9*

*9&

'"9&

$"9$#

'&9$#

$&9$"

4'9$"

"'9$'

)

$&9#

"'9"

$"9"

+#9'

*9'

+*9*

#9*

'"9&

*9&

'&9$#

$"9$#

4'9$"

$&9$"

*#9$'

T

$$

+*9#

+#9"

'"9"

"'9'

'&9'

$&9*

4'9*

$"9&

*#9&

*9$#

**9$#

#9$"

)"9$"

*9$'

$+

+*9#

'"9"

+#9"

'&9'

"'9'

4'9*

$&9*

*#9&

$"9&

**9$#

*9$#

)"9$"

#9$"

)&9$'

#8!E

&;&$<=>./

ijst>vw<=IOW9X<=>z~

�fg��

!

 ¡�%hO¤><=¥±²�º

%+)%



!"#$%!

!"#$

!"!#!$%!#""

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

°±_`d7

'

ef

'

7

'!

<=°±_`O�7

[7

'

�³

!

<=_`�@[

$"84!

Z[7

)8'!!

×­VÂ´z®¯°±_`

!

ÃÞ¢*_

`µ¹uµ

$ ]+;'

�¶TUVOW9X>5

Y8Uu<=>É�ÊË

!

zÍZ[u_`�@

'

7

4

·±uTUVOW9XQ5<=>9K

|f¸7

!

�p�±vw<=9K|f¸7yz

¹$ï­G<¹$7

*!

ÆI<=>%R)O¤

>

'

ºTUVOW9X{|º9}>¹$ïÞ»

¼

!

VOW9X{|i4uV¢½9¾K

!

<=¿

�G<R�<9Kfú

'

7

4!

<=9K|f¸O�7

g<=���ÀÁÂ�(7�6<9K�>

ÃÄÂ|

'

[Q.�³�6<9K)�Àº<x

G<�ñ>ÅR

!

7

*

7¹$ïf¸<=�6<

9KÊË>º<

T

G<f¸Æ7

'

Oh��Çr

�����f����6<9KÊË>G<Iº

< �fúd7

)

ef

'

[7

)

Èdfg

!

�pÉÊ<=�6<9K

f¸®¯I¦

"

>�gRe

'

­

$#!#7

$

&($*!

"7

$

&($$"!'7

$

&

fú>?¿¹

!

f�7

"8+4*

W

$#

4

(

"8)+*

W

$#

4

('8"4$

W

$#

'

]9;

"

'

[À

$#!#7

$

&

7Ëm

7

*!

�6<9KÊËºGf¸

7

)!

vw<=�6<9KÊË�����f�7

fú

!

XEÇ<=�Li4Á�bVEßà<=

><9?@xAB

'

<9?@ABI<9K�G

<��>

'

�5Ì��

!

Ì�G<�6<9K�

ßà>?@AB�p��

!

RÍX»�ÎG<�

R�À

&

�>fúÏ�

'

?�Îh>)ª«

$#!

$"7

$

&

>>?7

$ (($ ]9;

"

���À

$*!"7

$

&

fú

>>?

!

²)êfú��7

#

�Ðz�¬O<=

?@ABi4Ñ¹lm

'

7

&!

VOW9X<=�6<9KÊË�����f�7

[7

&

fg³

!$#!$"7

$

&($*!"7

$

&

<9Kf

ú>?f�7

(#)84 ]9;

"

("8)#)

W

$#

4

]9;

"

·�

%')%



!"!#!$%!#""

!"#$%!

!"#$

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

Àvw<=��

!

ÒÓO¤>fú>?JZ>Ë

7

4'8'!($!'

[À_L9X>VOW{|

!

ß

àu>?¿�>ÔR�c�´�<9Kfú

'

h

;

$$!$"7

$

&

·¿Àvw<=7Õµ¶<9Kf

ú

!

>?7

$ #4&8' ]9;

"

'

[ê�¶VOW>_

L{|Ç<=i4uV¢½9¾K

!

¿�G<R

�<9Kfú

!

ÆI<=9K|¹$ï>�ñf

g{¥)Ö->

'

"!

3412

º<=�6<9K���I<=×z��(

ÀëØóº

!

ÞßàÙ?Êr

)$4*

'

ÆVÂEi4

¿¹><9AÚ

!

ÃEO<=>~�ÛÜi4V

�lm

!

éê34O<={|���� ¡

!

2f

g<=×z��Ý7Ñã

'

[À<=><9?@

ABòã)[���>�6<9K(U�<=�

LÛyi4>

!

?@>É4y=òã)�L

!

��

¢zO�L��>lm

'

×­\.TU>VOW

{|)�_L���'@

!

bVElm�L��

>×z��

'

éê

!

\.TU©ÞâË¿Ì>z

~�YO<=�L{|���� ¡fg

!

7

(

7<=�Lt'Ò���?�Ú×z��

'

7

(!

<=�L{|��?�7

[¦

"

fg�³

!

vw<=>�6<9K�

�7<=c���>ßR´

'

Iz~���fg

�%>×z��O�

!

�ÉÊvw<=>�6<

9KI�L[���×z��·à¿�

!

éê<

=VEÉ4Ù?

'

º<=TUVOW9X{|

º

!

{-Q"<9K�����f��³

!

VOW

{|i4><9Kfú��VÂyz<=c��

�>ßR´

!

:ºÃ¿�ÔR´

!

ÆÞµ¶<=�

���6<9K��I�L��×z��Øó>

á�

!

µ¹<=É4Ù?>âã

'

+!

567812

stvw<=IVOW9X{|<=>?@

m¤��

!

ÞQ. ¡�%>�º<�ñ>�6

<9K¶±%

+F

�L��Û�

!

¨�µäåæ

Úä�¨]

'

��%<==ç¦"?@¶rË�

è�|d7

$#

ef

'

7

$#!

<=?@¶rË�è7

[7

$#

�³

!$$&

vw<=>?@¶rË>

?f��

+##(*##((##($ "##($ 4##($ &## Ŝ
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"#"#/

)$#*!

617

!

vt

!

wex

!

ä

/KV

I

)

�µ­ÇwFu

ÉyUµEFIJGH

)d*/

UµTEF

!"#$&

$)%" +$/

)$$*!

khl

!

vlt

!

vz{

/KV

W

$9

jTuUµ±²

��KLwx

)d*/

UµTEF

!"#$+$+%" (&/

))))))))))))))))))))))))))))))))))))))))))))

!

9:;

+#

<

$

) * *!

s||

!

}_

!

~,ñ

!

ä

/

(fT±²E��XR

�TU��A���IJ

)d*/

T;ab1D

!

"#$(!*#$$#%" $*$/

) + *!V]Q!HKFC!CFJ/-<5R53M<A51 D57A2B72GAB2@2N

EP551%3BB5@5D8GA1=8@3G1=7A32G 62A2BEN51 OLA<5

E3GM@53GD5BA5B) d*/F??? -B8GE87A32GE2G 2̂R5B

?@57AB2G37E!"#$*!",$$"%" ())(/

) ( *!

^�

!

)�7

!

6�t

/

@�¬�¯F±²>w&

��R�TUIJ"#

)d*/

¡,TU;<1D

!

"#$*!**$$(%" '"/

) ) *!

��

!

��

!

^��

!

ä

/

(fOy«�IJX@�

��`U¯FGH

)d*/

TUOIJÌ?

!"#$$!*,

$$#%" *)/

) & *!

���

!

��

!

pt�

!

ä

/

(f

W-9%HY.

X`T

U��¯FGH

)d*/

TUOIJÌ?

! "#$+!

+$)%" (/

) , *!

s�

!

s�

!

^��

/

@���¯F9±Öµ��

CDTUIJ"#

)d*/

T�.F�

!"#$'!+$$(%"

+/

) ' *!

6(�

!

`éd

/

:hÖµ¨H�zIJ>?

)d*/

hiUµµj

!"#$'!*'$(%" $$&/

)$#*!

9�

!

`a�

/

���ÿ2?X:hµjTUíþ

jj>?

)d*/

hiUµµj

!"#$*!**$*%" ),/

)$$*!

�d,

/

:hFµCDEFGHwx

'

sj�H�

)W*/

��

"

���{�1

!"#$#/

)$"*!

pt�

!

s�í

!

 b�

!

ä

/

(f!N��¡JX

Oy«�IJ�n>?

)d*/

TUOIJ1D

!

"#$"!$)$)%" $*/

))))))))))))))))))))))))))))))))))))))))))))

!

9:;

&)

<

$

)$**!

s¢

!

�£¤

!

p¥¦

!

ä

/

e§¹�TU«�§ë

H�ab¨Þ

)d*/

¡,TU;<1D

!"#$&!*&

$"+%" &*#+/

)$+*!

]©K

!

ª«/

!

¬­ç

!

ä

/

e§¹�JuTUT

§®Fwx

)d*/

T;ab1D

!"#$&!*"$"*%" $)/

)$(*!.09!;]XH/\@87S%O2b65A<21 2N315GA3N378A32G 8G1

138MG2E3E2N8OG2B68@G23E5E2=B75E2NP5B68G5GA

68MG5AELG7<B2G2=E687<3G5EN2B5@57AB37D5<37@5E

)d*/F???-B8GE87A32GE2G FG1=EAB38@?@57AB2G37E!

"#$+!)$$$#%" ((*,/

&*,&




