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Abstract

IPMSMs (Interior Permanent Magnet Synchronous Motors) are widely used for many industrial applications.

However, IPMSMs cause large noise and vibration due to torque ripple and radial force. In this paper, simultaneous

suppression control of 6th order radial force and 6th order torque ripple is proposed. Firstly, simple modelling of

6th radial force is proposed based on flux-linkage. From this simple modelling, d-axis harmonic current which can

suppress 6th order radial force is derived. Secondly, the analysis of the proposed simple 6th radial force model shows

that d-axis current can suppress 6th radial force and g-axis current do not cause 6th radial force on no-load condition.

Finally, simulations and experiments on no-load condition are performed to show the verification of simultaneous

suppression control of 6th order radial force and 6th order torque ripple.
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Fig. 1.

000000000000000000000®0000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000 igp=0
00000000000000000000000000
00000000000000000000000000
0000000000000000000000000
2. 00000000
0000000000000000000000000
00000000000000000000000000
000000 JSOLOO JMAGOOOOOOO0O00000O
000000000000000000000000000
02010 00000000000000000000 U
00000000000 ¢,() 00 (1)0000

Pu(t)

bu(t) = PN (1)

0000PO0DOOMIOOO00000000O00Ow0
UD0D0000000000000UD000000000
00000000000000000000 Be(t)d Be(t)
000000000000000000000 B,.(¢)00
000000000 (2)0000

du(t) = /Br(t)dS (2)

000000000000000U0000000000
000 F,00 (3)0000

B (t)*
Fu(t) =
(t) 200
000000000 SO0000000000000000
000000000000000 SO0000000000
00000000000000000 (2)03)00000
0 @)0(()0000

ds (3)

(4)

O

relationship between radial force and natural frequency(12S18P concentrated winding

B%(¢
Pt = s (5)
gooobooboboooboobooooboboboooboobooo
ooooboooooobooooboobbenbOOOO
D0C000000000000 (9)0()00000000

(6)0000

V(0
Fu(0) = 5 05 ](DQ)NQ

1
A= g SPINE (™)

0(6)00000000000000000000000

0000000000000000000000

0220 0000000000 000000000

000 UDDOO0 %, 000000 UDOOOO ¢

00000000000000UOO000 w00

Pu(0) = hum (0) + Yui(0) (8)

00000000000000012P18S0000 IPMSM
0000000000000000 UO00000 um(8)
000 (9000000

= Ay (0) (6)

Yum (0) = Y1m €080 + P5m cos 50 + Y7, cos 76 (9)

gboooboboooobooooboooboooboboog
O000vsmOyr, 000000000 OO00DOO0OOO0
gbooooboooooobobooobooboob udg
oooobOoooooooIiPMSMODOOOOOD 10
gbooooboboboooooboboooooboboon
O Fonoloaa DO OO00000D0DO Teeoe 1O0O0O0O0OOO
60 000D D0 Féinoload cos 600 Te.cog sin6d DO O O OO OO
Ubdbd0o0oobobooon Lgboooon KO 4,500
000 1A000DOOO0ODOOOoOoOoDboboOoooo
3. dO0000ODODOO0O0ODOOoOoOoDooOoooD
dO000000000 dap 00 dan = Las cos(60 — O46) O
00000de000 UVWOOOO0000 cgvooon
O00o0o0ooo0oooouoU0oOO ¢, 000 (10)0
goo
Yui
Pui
Ywi

UvwW
= qu

LdIdG COS(69 — 9d6):|

2/6



o1 IpMSMOOOOO

Table 1. Parameters of IPMSM % t.2 } F‘r6‘(F‘EA}) T
b t | Fro d del 1
turn number N 20 g9 L B ‘pr"?ifoiﬁiiig; ................ ]
a pair of poles P 6 3 . 1
teeth area S [m?] | 4.13 x 10~* é 0.6 Ko
b1 [MWD] 36.2 o ]
Vs [MWD] 0.811 g 03 =4 .
Y7 [mMWD] -0.114 g 0 L— \/ ‘ - L, x ]
IS
K[Nm/A] 0.262 -1.2 -0.8 -0.4 0
Lg[mH] 0.866 Ty [B]
TG:cog [Nm] -0.579
Fomorona[N] 0332 02 I,00000000000000 (64 =0)
noloa .
/4 Lalis c08(50 — ) + \/§ Laas cos(70 — fc) Z 0.6
6 6 —
= \/%Ldld(i COS(50 — 046 + %ﬂ') + \/%Ld[dﬁ COS(79 — 046 — %7‘(‘) h:g
\/%Ldlds COS(50 — 046 + %ﬂ') + \/%LdIdG COS(?@ — 046 — %7‘(‘) § X X X X x X X X X X X X
(10) g 0.3
0D00UO0D0OD ¥.(9) 00 (11)0O00o 0
ys)
Yy (0) =t1m cos @ g
1 g o
—|—w5mcos50+\/deIdgcos(E)Q—Qd@) -0.8 -0.4 0 0.4 0.8
6 T [A]
g6
1
+ Y7m cos 76 + \/deIdG cos(760 — 046) (11)
6 (a) I,s 000000000000 (646 =0)
00000 (11)00 () 000000000 FeOOOO = 0.6
oooo .
M~
3]
mA
Frg = w12 {(1/15m + t7m) cos 66 8 x x x
IS
o 0.3
1 Y
+ 2\/%[4,1[616 COS(69 — 0d6)} (12) 0
4
[0) F i
1 )
K := 1/11mA\/de (13) © 0 ‘ w w
6 0 60 120 180
U000K,sOOL,00000000000000000 8y [deg]
000000000000 0000D00O00oOoOoooo
0000000000006 =0 [deg) 000 Iy 000 (b) 6,6 000000000000 (Iy6 =0.5)
000000000000O0O0O0O0O0O0O0O0O0O00000 03 boooooo
0020000I,=00000000000000000
0000000000000l 00000000000 Iesin(60 — 0,) D0 ODDDDdODODDODODODODOOOO
000000000000 00000000I, =000 000000000000000¢,(0)00000000
0000000000000000000000000n (1490000

00000000000000000000000000

000 (4)0()0000000000000000000 Zf _wa[ 0 ]
00000000000000000000000000 U T T | L Te sin(60 — O46)
0000000000000 0852000000 1000 Pui

0K«OODODDODODO0.866 [N/AJODOODOOOOODDO

¢ IN/A] —\/%quqg cos(50 — Oq46) + \/%quqs cos(70 — Oq46)
0000IL000000000000000000000
O0o0o0000 = —\/%quqe cos(56 — 046 + 27) + \/quLﬂs cos(76 — O46 — 27)
4 qO0000000000000O0OOOOOO —v%%@m%@mw@+gm+v€u@mmwmww—gm
04110 I, 000 000000 dg O0dg, = (14)

3/6



300000000000000000000U0000
0 4,(0)000 (150000

Y (0) =11m cos O

+ Y5m cos 50 — \/%quqg cos(56 — O46)

+ Y7m cos 70 + \/%quqg cos(76 — 046) (15)

00000 (1500 (6000000000 FeOOOO
00000 (160000

’lplmA

I = 2

{(¢5m+w7m)c0369} (16)
O (le)0000O00000O0O0O0O00ooooooooo
Jo0d00oOobO0d00oO0oOO0o00oooooOoooooOoon
0000000000000 0D00O0,=0[degl0OO0O
I,s00000000 I,e=05[A]000060,00000
goddddooooooo 3goooo sooboqboon
Jo0od0oO0obo0ooooboooOoobooooobooOoon
gOooood

5. 00000000 DO0O0OO0ODbDOoOoOoOOboOoa

0000000000 =0000000 (17 )000O0O

T(0) = Kvign(0)+P(La—Lq)ian(0)ign(0)+Teog(0) (17)

dg0000000000000000000000000
0000000000d000000000000000
0000000000000000000000 Tee(9) OO
0 (180000

To6(0) = Kyign(0) + To:cog sin 60 (18)

00000000000000000000000000
00¢00D0D00000000000000000000
000000000000000000000d¢0000
00000000000000000000000000
0000000000000000

0000000000000000000000000
00000000000000000000000000
0000000000 ¢0000000000000 I,
00 (1990000

T6:cog
I = ——228 19
q6 K, ( )

0000000000007 =221[A]0000

000000000000000000000000 (20)
0000 i, =000000000 Feneesa 100000
00000 (130000000000

o FG:noload

Koo (20)

Tgs =

OO00OO0O0O0O0OD00O0D0D0Ie=-0446 [A]OOOO
gooobooboboboobooboooooboboooonog

00000000040000040000000000
00000000000000000000000000
00000000000000 Fe,O0O0OD0000000
000000 NJOOOOOODO000000 Tee 000
0000000000000 Nml0OOO0OO0000000
0000000000000000000000000
0000000000000000000000 96 (%00
00000099 [% 00000000000 4(b)04(h) 0
00000000000000000000000000
00000030 (0]0000000000007,6000
00000000 4()04() 0000000000000
0ooooo

6. 0 O
00000000000000000000000000
00000000000000000000000000
000000000000000000000000000
00000000000000000000000000
000000000000005mmO000000000
0ooooooooo
000000500000000037 pmO00000
0000000000025 H 000000000000
250 Hz0OOOODO00000000000000000
00000000000000000000000000
00000 O00000000000000000000
00000000000000000

0 5(b)05th)0000000000000000000
00000000000000000000000 5(c)0
51)000000000000000000000000
0000000000000 5()05¢) 00 5G305(1) 0
000000000000000000000d0000
00000000000000000000000000
00000 5h)05k 0000000000000000
00000000000000000000000000
000000000000000000 5(b)05(e)000
00000000000000000000000000
00000000000000000000000000
0o0ooooo
0000000000000000000000000
00000000000000000000000000
0 00000000000000000000000
00000000000000

7.0 O
0000000000000000000000000
00000000000000000000000000
000000000000000000000000000
00qO0000000000000000 4e=0000
00000qO00000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000

4/6



.6 .5
2 —
.5 & .4
- 1 = [
= E 0.4 5
PRI - o -3
I o .3 =
et 5 9 2
q -1 Q 2 b .
3 o . o
193] Al =}
-2 - 1 o 1
id ‘ g
-3 L L NS S— 0 L L L L L L 0 L L L L L L
0 180 360 6 12 6 12
electric angle [deg] electric order[] electric order[]
(a) ig4,7q (w/0 control) (b) Tye (w/o control) (¢) Fre (w/o control)
.6 .5
2 —
=z
.5 = .4
o 0 VANVAN WA /\ = g 0.3
5] o .3 “
g & 02
s -1 Y 2 a .
5 o . 9]
9] + =}
-2 - 1 o -1
id — g
-3 = 0 0
0 180 360 6 12 6 12
electric angle [deg] electric order[] electric order/[]
(d) iq,iq (with Fre control) (e) Ty (with Frg control) (f) Fre (with Fyre control)
0.6 0.5
0.5 g 0.4
= £ 3
& z 0.4 o
= y 0.3
b [
IS ¢ 0.3
o 2 ¢}
I o ~ 0.2
| 3 0.2 o)
9]
o + =}
0.1 g 0.1
£
0 0
0 180 360 6 12 6 12
electric angle [deg] electric order/[] electric order[]
(g) id,%q (with The control) (h) The (with Tyg control) (i) Fre (with The control)
0.6 0.5
0.5 Z o4
z E 8
= E 0.4 3]
= 5 0.3
£ [
IS} ¢ 0.3
o 2, ¢}
o o A 0.2
E 5 0.2 D
9]
o Al =}
0.1 o 0.1
£
0 0

electric angle [deg]

() id,iq (with Fye,Tpe control)

6

12

electric order|[]

(k) Tye (with Fre,Tyg control)

04 DOOOODDO

Fig. 4.

gbobooooboobooobobooooboobooooboo
gboooooboooooboboooobooogooboo
goooooon
vboboobobooboobooooobooboooobg
gboooobooobooboboooobooogooboo
O00ip#00000000000O0OC0O0OCOODOO
gbobooooboboooboobobooobooboboo
gooboogopoooogoooobo

good

010 T. Hattori, K. Narita, Y. Sakashita, T. Yamada, K.
Hanaoka, and K. Akatsu: “Modeling Method of Vibra-
tion Analysis Model for Permanent Magnet Motor”, IEE

g

040

6 12

electric order|[]

(1) Fre (with Fye,Tye control)

Simulation results

of Japan Technical Meeting Record, MAG-10-38, No. 26,
pp. 61-66, 2010(in Japanese).

Tao Sun, Ji-Min Kim, Geun-Ho Lee, Jung-Pyo Hong,
Myung-Ryul Choi: ”Effect of Pole and Slot Combination
on Noise and Vibration in Permanent Magnet Synchronous
Motor,” Magnetics, IEEE Transactions on , vol.47, no.5,
pp.1038-1041, May 2011

T. Kobayashi, Y. Takeda, M. Sanada, and S. Morimoto:
“Vibration Reduction of IPMSM with Concentrated Wind-
ing by Making Holes”, T.IEEJapan, Vol. 124-D, No. 2,
pp. 202-207, 2004(in Japanese).

Y. Asano, Y. Honda, Y. Takeda, and S. Morimoto: “Re-
duction of Vibration on Concentrated Winding Perma-
nent Magnet Synchronous Motors with Considering Radial
Stress.”, T.IEEJapan, Vol. 121-D, No. 11, pp. 1185-1191,
2001 (in Japanese).

R. Takahata, S. Wakui, K. Miyata, K. Noma, and M.
Senoo:  “Study on Reduction in Vibrations of Concen-
trated Winding Permanent Magnet Synchronous Motor by

5/6



A]

[

current

[A]

current

current [A]

[A]

current

060

oo

08o

g90O

70
60

2

[mm/s

50

40

30
20

10

|
—
acceleration

0 180

electric angle [deg]

(a) ig4,7q (w/0 control)

70 :

12

electric order[]

(b) ap (w/o control)

%)

60

[mm/s

50

VAWAWANAANA

40

AVAOATAGEIR

30

20

10

1
—
acceleration

0 180 360 6

electric angle [deg]

(d) iq,iq (with Fre control)

12

electric order[]

(e) ap (with Fr¢ control)

70
60

2

50

40

30
20

10

acceleration [mm/s

0 II

6

electric angle [deg]

(g) id,%q (with The control)

70

12

electric order[]

(h) ag (with The control)

2]

60

[mm/s

50
40

30

20

10

acceleration

6

electric angle

[deg]

() id,iq (with Fye,Tpe control)

)
Fig. 5.

Skew Effects of Rotor”, T.IEEJapan, Vol. 132-D, No. 2,
pp. 278-287, 2012(in Japanese).

H. Yashiro and H. Takada: “Reduction of a Radial Elec-
tromagnetic Oscillating Force of an Electrical Motor by
Superposing a High Order Current”, Transactions of the
Japan Society of Mechanical Engineers. C, Vol. 72, No.
715, pp. 723-728, 2006(in Japanese).

E. Zeze, K. Akatsu: “Vibration improvement by current
hysteresis control for PM motor”, JIASC2012, pp. I11-149—
152 (2012)(in Japanese)

Z.Q. Zhu, et al: ” Analytical modeling and finite-element
computation of radial vibration force in fractional-slot
permanent-magnet brushless machines.” Industry Appli-
cations, IEEE Transactions on 46.5 (2010): 1908-1918.
Divandari, M.; Dadpour, A.; , ”Radial force and torque
ripple optimization for acoustic noise reduction of SRM
drives via fuzzy logic control,” Industry Applications (IN-
DUSCON), 2010 9th IEEE/IAS International Conference
on , vol., no., pp.1-6, 810 Nov. 2010

. [

12

electric order[]

(k) ap (with Fyg,Tpe control)

oooo

U
0 100

0110

0120

0130

~ 14
2]
~
> 12
£
— 10
o
o 8
-
° 6
v
8 4
g 2
0
©
| .o A m
6 12
electric order[]
(¢) ar (w/o control)
« 14
N
> 12
5
— 10
5 s
-
5 6
G
it 4
3
& ’ I
©
0
6 12
electric order[]
(f) ar (with Fy¢ control)
~ 14
2
> 12
£
= 10
o
o 8
-
5 6
o
9 4
3
5 2
©
0
6 12
electric order[]
(i) ar (with The control)
~ 14
2]
~
> 12
£
= 10
=
o 8
-
o6
I
8 4
3
° e N
©
0

6 12

electric order[]

(1) ar (with Fyre, Tpe control)

Experimental results

T. Miyakawa: “EV 0000000000000000000
oooooooor,00o0o0oooooooon, 2012-12-21.
M. Kanematsu, T. Miyajima, H. Fujimoto, Y. Hori,
T. Enomoto, M. Kanayama, T. Miyakawa, and K. Yoshi-
moto: “Radial Force Control of IPMSM Considering Mag-
netic Flux Distribution On No-Load Condition”, IEE
of Japan Technical Meeting report, VT, No. 7, 2012(in
Japanese).

M. Kanematsu, T. Miyajima, H. Fujimoto, Y. Hori,
T. Enomoto, M. Kanayama, T. Miyakawa, and K. Yoshi-
moto: “Base Study on Radial Force Reduction with d-
axis Current Considering Magnetic Flux Distribution”, JI-
ASC2012, pp. 11I-215-218 (2012)(in Japanese)

F. Ishibashi, S. Noda, S. Yanase, and T. Sasaki: “Magne-
tostriction and Motor Vibration”, T.IEEJapan, Vol. 123-
A, No.6, pp. 569-573, 2003(in Japanese).

6/6



