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Dynamic and static characteristics analysis of air-gap magnetic
field of a large displacement angular vibrator

Tang Bo'* ,He Wen’

(1. Institute of Industry and Trade Measurement Technique, China Jiliang University, Hangzhou 310018, China;
2. Zhejiang Province Key Laboratory of Advanced Manufacturing Technology, Zhejiang University, Hangzhou 310027, China)

Abstract: Aiming at the issues of the uneven air-gap magnetic field and the high wave distortion under the condition of a large angular
displacement output of the motor-driven angular vibrator, a novel large displacement angular vibrator with the magnetic circuit of the
radial magnetic flux is proposed. The dynamic and static characteristics in the air-gap magnetic field are analyzed and optimized. Based
on the equivalent magnetization intensity method (EMIM ), an analytical expression of the air-gap magnetic flux density (MFD) is
established in the polar coordinate system, and the effectiveness of the method is verified by the finite element method ( FEM). The
effects of the thickness of permanent magnet (PM) , the sector angle of PM and the thickness of the air-gap on the static air-gap magnetic
field are also analyzed. The dynamic characteristics of the air-gap magnetic field are simulated by the transient finite element method at
different frequencies such as 0.01, 0.1 and 1 Hz when the outer magnet ring is fixed but the PM and inner magnet core are rotated. The
influence of the relative movement between the magnetic circuits on air-gap MFD is quantitatively investigated. Finally, the optimized
parameters of the magnetic circuit are applied to the large displacement angular vibrator, and the test results show that the actual average
MFD and its distribution are consistent with the theoretical results. The method has great significances to the theoretical analysis and
optimization design of the radial magnetic flux magnetic circuit of angular vibrators.
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Fig. 1 Radial magnetic flux magnet circuit
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Fig.2 Radial magnetic flux cross-section

AD, BRI E X #EE Ty @, + AD, itk
FIRFAMEEI F IR HL BNy
" d(D, + AD,
e =— z % (8)

K s R RSN

T S8 3 A% Fi T 7 S R B 9 A () A2 i o7
B SRR R Z; |, W S g B DR v 3 3 A
IR -



398 %Nk ¥ W %38 %
=3 (%) (9) TSR 4 B
Aot i, WENEER E O, 6, J i A ERIBLER

7L B
4 BSSEEEAS T

RAERE 1 PR3l 15 A% 1] B T 6 R ) — X 7 G A4
% RS A5 B X R , B U A% BRI 7 70 A1 X B
V14 PR 45 1 8, DAL 0k ] BB o — 25 DD 5 s [ B 2 T <t
WA AR . DL— BRI S SMIGER X 1 B
P S BRES , LARR L SO 7 3~ AR A 4 13 9
BUBRAR B DIGE R 5 G P 22 1) T 2 I3 S A1)
4.1 FERHEALSEEERHIRIE

DT YR S AR AR R 1R S B R 5 E A
SERMUER PR AT S 4, 5 S Ml ROGIE AT X . %
JEFISRARLE AL AT L, SR A [R) R4 3% 45 ) Rl 1k 41
BESEL, PRI FLEE R ANTE 3 R

[ - - - SRR R
0.8F — ALk

=
o

TN 35 2B/ T
=

S
~

0'30 1‘0 2‘0 3‘0 4‘0 5‘0 6;) 7‘0 82) 9‘0 1(‘)0
FA TR A E/(°)
B3 PRIy i A 9 J8E ) A
Fig.3 Distribution of MFD in the two methods

Hi P 3 AT L, S5 il A 5 BE VR 5 A BROCIE SR g 153 1)
P8 B S VL 58 JBE A A — BRI e R A B 2
S 5%, H R IE AR A B T B R AT

SR FH A8l Al 5 125 X e 2 0 3% P K R AR RE JEE LK
Tl A o T 43 0I5 72 A = B SR 5 B2 ) 4 A1 R
FRPEAT IR R0 , S B 6 BOK R A T LA 2 B0 B
SHARMSE
4.2 kEEIEEERR 0

SBRREFAR A T K BE A R BERE , 7K R R SR 7 1) 5
JE B R BRIV 58 FE RN o K B B IE A0 A0S
BRI B AN 1) 25 1F T, 38 BBOK AR RE E g 20,25 Al
30 mm 3 RN ACHEA T HAS BE , SRAS B 54

=07 ‘ 7
@ — KRR RS20 mm
o6 — — JKEEEEAE25 mm
% — = Kt A )30 mm

O 3 I P P P L 1 P PR 1 | - | - | I——
“0 10 20 30 40 50 60 70 80 90 100
SRR ()

Pl 4 AT 3 Tl AV B Ay B o B2
Fig.4 Distribution of the air-gap MFD under
different thickness of PM

F ] 4 ] L A R R e R e A R g 1
JOITTIT S84 558, SR T 18 A B 7 o A U 56 14, B o
Je KGN, B TR BEAR B AR TR 5 s S Y, Bk
TS A R AR TR R T A 388 i A BR i 5 E  HU: S TR
FISFH B A HE I T B e BEL AT 1) 24 4t S L i 1Y
HAH
4.3 kEERE AN

A 1 BIfR oh & AR R AT R 0 3l B A A TR
AR 357 A [ 1] (4 9K Bl 9, L R A 3K B 1 R Ak
AP TT AR RS . DR K A A% B
B2k ELEAR I 23K, 25K ) 18 Bk 8 1 38 b 2 2E 55 <
WG G L B, TR 7K R R Bt T 3 /IR B R 3 11 5%
We) A7 B AT ST o 6 ARG A5 B R AU R B AN 1 2%
P, B G A 19 B3 TE A 43 51 100°120° F1 140° 3
FRAS[R) I DLREA T 43 A7 6T B, 3 545 28] 1 A B A 1 i 38
SYARINE 5 iR

o8-
/; \_\
- ' \
07 1 — 1000
. I - — i R120° 'y
o6l ! — - — S J140° o
= . (I
2 l | v
®osl . o1 U
= I Loy
I o
04F | 1 \
03 1 1 1 1

-80 —éO —;10 —I20 0 2I0 40 60 80
BB U E/(°)
KIS ALK B A B TE A I B G B i B2 A1
Fig.5 Distribution of the air-gap MFD under

different sector angle of PM



4 34 J&

W A RO AR SN G 1 UG S S R T 899

& 5 AL , 73R 1A B T £ K, A8 300340 50 il R 1y 5
JE T BRI TE , X 1 Bl 52 2 ) f RS i K o 7 S BUK
AR RS R st B 1 36 2 st B it %) 0 12 8% 0 2 Pl 9K B
FIEBEIT 4 0 £ B 0 S AR S R A, e il Fe i AR R T Bk
BRASKIM B A o
4.4 SEEEHFN

SRRl Bk 2h & DL RE R e 4 i E 2L i, <
BRURE G R B Rl d L 40 0%, O L HE AR 4 J3 T 1
FUK BRI BE AR AR (454, 20 B U BRI 10
12 A1 14 mm 3 FpIEBLSEL T B4R HT , 2R A S B R SN 5
FE AR S RAE 6 FiR o

o

— B0 mm
= — ABi12 mm

—- = 5 Bi14 mm

TGN S B/ T
=4

o

2010 20 30 40 50 60 70 80 90 100
FR TG B IEA(C°)

P 6 AN T B JRE E 11 Bt i i i J3E
Fig.6  Distribution of the air-gap MFD under
different thickness of air-gap

M6 Rl LUt AR5 R /N X6 S 5t JEE
RO, T ARAT R B B R 5 B2, 7 19 L 32 2l Bk A
AR, SCBRJEE BB N, SR T =B 2 52 ) 2l ] 5
JE R BRI, 73 SN 2V A B2 25 16, Sl Pl 5 [ R ik 2 [
it 2 P BA — 5 9 2 2 A1 i

5 djlu\_\. Tﬁiﬁfﬂ‘ﬁ'

RS BRRE S 50 o] S0, e ds sl BB Y B R A0 %
R AR ) B3 R T 1 D 2 4 BB P 0368 o 40 %)
TR T PR & K s s AR . T R K
PR a0 22K, O IR ER S BRGS0 LA R AN
& HRE b M A [ 5 AN Sl T R R A P A S R
¥ g B Se et v o0 B Bl i bl 7 58, DT {6 A5 e 5 2 Pl
RN Bz ST, S W e 24 55 e i ) VB Bk )y 77358
W RARS G ARG . RS THES#E3H
Ve R BR IR A 5 A T AR X Bl %S B G SR 5 3 )
Mo KR , B 15 e % 20 Bl s R A F8 R 2. 6 rad (150°)
BRI N 13 rad/s, YEH 0.01.0. 1 Fl 1 Hz 3 MR
ST AT, 0 A BT PR3 SR KA AL 2.6 rad

(150°) izl .1 Hz 413 5 A KA 13 rad/s 32805,
LA 77 10 S S B s 3l 7 1], 3 e T 174 JE 30
1/72JA1381 374 JEISUT 1 JEUIS5 4 AN TR] I 200 Xk 7 14 e i
LR A I DL AT IR AR N 7 ~ 9 BroR 95

+
én% o
T SR B/ T TSR SR EB/T
17989 1.798 7
l1.599 1 l 1.598 9
13992 13991
11994 11993
9.996 1x10- 9.994 810"
7.997 9x10° 7.996 710"
5.999 8x10-! 5.998 6x10°
4.001 6x10-1 4.000 5%10-1
2.003 4x107 2,002 5%107
5272 6x10* 4389 5%10
(@)t=25s (b)t=50s
W N 5RE BIT IR SR EBIT
1.798 5 1.798 6
.15987 Il.5988
13989 13990
1199 1 1.1992
9,993 3x107! 9.994 1x107!
7.995 4x107! 7.996 0x107!
5.997 4x107! L59979 x107!
.39994 x107! 3.999 8x107!
2.001 4x107! |2001s 107
3.4218x107* 3.6959x107
(©)t=75s (d)1=100s

70,01 H AR 20 BRI 3
Fig.7 Distribution of MFD under different

time at 0.01 Hz

Tk 3R E BT TSR R EBIT

17972 1.796 9

l 15977 . 1597 4
1398 1 13980
1.198 5 1.198 3
9.989 7x107" 0.986 7x107!
7.994 0x107! 7.989 5x107!
5.998 4x107! 5.996 5x107!
4.002 7107 4.0012x107!

.2.007 1x107! 2.004 6x107!

1.144 1x107* 3.108 8x107*
(@)t=25s (b)t=5s
TSR ISR EBIT TSR PSSR EBIT

1.796 3
l 1.596 8
1.3973

11978
9.982 4x107!
7.987 13107
5.991 8x107!
 3.996 6x107!

2 0013x107"!
5044 8x107*

(d)t=10s

1.7957
l 1.596 3
1.396 9

11975
9.981 0x107!
7.987 1x107!
5.993 2x107!
3.999 3x107!

.2.005 4x107!
1.147 2x10°
()t=75s
K8 0.1 Hz H}AS W] Hh 2 6 T S I 58 i
Fig.8 Distribution of MFD under different

time at 0.1 Hz

HIE 7 ~9 Al UL,0. 01 Haz 53 si b ATEBE A ED,
TEA [) IR 2 1 g% N T S 17 588 JEE 73 A 56 A PR 5 — B
0.1 HzAfiA< i b AR f ol B i B g i 1 — 4, (4
XHEATISRASE/IN | HE 77 B T U0 T T 5 e JB o7 i T2 ) 52 )
WAL/ T 1 Ha S5 A b A 3 LR, 7E 0. 25 Al
0.75 sy 2ROz & b B T REAR AR L, i e BT



900 oA M x M H38 %
IR 3R BT IR ISR BT
22242 1.868 9 .
l1-9773 1.661 4 —0s——025s —-=05s --- 0755 -=1s
17303 14539 0.8F -
14834 ¥y 1.246 4 N
12365 | A 1.0389
9.8952x1070 (N 83142x107
74259x107 6.2393x107! —
4.956 6x107 4.164 4x107! R
.2A4s72x10’l .z 089 6x107! =
1.791 0x107 1.468 4x107 I
(a)1=025s (b)1=05s %
=
H N3 BT R 3R BE BT
20325 18315
ll,8069 lmle
1.5813 14248 03 ) ) ) ) . ) , , , ,
13556 12215 -
TG T 0 10 20 30 40 50 60 70 80 90 100
9.043 51071 8.148 3x1071 SRR FE/°)
6.787 1x107! 6.115 0x107 (c) 1 Hz
4.530 7x107! 4.0818x107!
lz,z74 4x107! 20485 x107! N
1.799 2x10° 15222 1073 K10 R[EHRZ S S RGO 5%
©1=075s @1=1s Fig. 10  Distribution of MFD under different frequency

PIO 1 Haz AN ] I 20 % B 1 SR v 5t o
Fig.9 Distribution of MFD under different time at 1 Hz

(133 AL AN [ I 220 R XS 328 3055 A P T e o 5 J3E A1 e
2R

N Y 2B A AR X B Sl B R 1 S PR 5
FEJE, L 0.01,0. 1 F1 1 Hz 3 DA BRI Z], A
()07 b B0 A A5 AN 10 FIR

Og=— —25§ —==50§ ====75g === 100 s

3 L L L L L L L L L '
0 10 20 30 40 50 60 70 80 90 100
A TR A BE/(°)

(a) 0.01 Hz

08k —0s— —"2.55 SESISISIEEEE

75s----10s

0.7

0.6,

TN 3 B/ T

0.5

0.4 F

0.3

0 10 20 30 40 S50 60 70 80 90 100
i TR /()
(6)0.1 Hz

A1 10 BT UL,0.01 A1 0. 1 Hz 438 5 A [l i 20K,
WL JER I 5 B AT B AR AT 5 76 1 Hz SR 8 b, R
B % 1 8 52 A AN T A, A i 4R 5 A R AR b
T IR O E /4 R0 3/4 JE I 20, AR R JER N 5
JE 53 A7 RS A B B, BB 29 50 M e K 7 12
JEL I AN 1 B 22, A A JR N 5 43 S 2k AR b
Zo BIBCET UL, SR FH A A [ 5 R B i R R R P R
TS IR B e 2 2 P 0% e B 0 T Bl B AR R O R AR
JERN R T e S BB 1 Hez MR S, 277 AR R
AR5

25 TR, 248N A [ 5 AS B T 7K 44 F 0 P 0 TS 2
O Bl AR R SR AR R o o SR R R g v R 3
SYRRBERE R, IRTRE 5 i 2 sh i I R B,
UER T3l A A 3R 30 6 R B I TR Ok BB IR Y
SR IR F MBS | PN 20 0 7 il R 3 A3 8y DR AR 0 8
SR G S e sh el 1R 452 3, vl L A IR Bh & 10 e fE
SR ZAN T ) B  N , IR P RE 3 R 1 5 S
SBRE—3.

6 KA MiRENESEREA NI

FTF IR e R R s A FE AT
AFENIEAL G 1 KA RS S P 3h 5 R B 45 4 T 8] 11
FR o
Sk T IR FH R A RS A 41 8h 5 A4 1) 3 e 1 <
W T SR IO 5 P85 e A 1 00, 0 A O R 6 P 1 A R
K BST-100 i 8974 Xof A Bt 0 Je 1 5 88 a4 7900 3K, 71
PP A7 B U B D7 BB 5O S — AT, AR
i SRRV 588 JE T B (B S A 1 12 B/ o



54 J&

W A RO AR SN G 1 UG S S R T 901

BI1L BEBRE

Magnetic circuit structure

Fig. 11

— R
X ALE

o
0
T

X%X*X%XXXXX*XX*

¥ *

X X
X X

TR SE B/ T
(=
=2
T

=]
S
T

02F

10 20 30 40 50 60 70 80 90 100

o BB L/ (%)
P12 B T 58 B2 A
Fig. 12 Distribution of air-gap MFD

HITET 12 AT UL, PR (L i 2 Ak £ pth 2 5 B AT 26
LR I A R H, S B RN 3R Dy 0. 712 T, 15
YIRE R R S 0. 789 T, S I AR A AR T 2R 8 70 Hr 46
SRR T KA P s TR T b A7 AR AR ) i S 5
PR AR PR E RE S O LA RS 5 B B 7E I 22, b
BEBGIE 1 FIS T A R A IR TE
RO RO 1) 30 5 2 M O P R4S #f FiR 2
A, IS PR 3 R RS s Bl i ROE R 2
JE et 2% T AR sh & & i BT R  An g
L, 7E0.01.0. 1 A1 1 Hz 3 AMA A b3Sl e KA oL
# 2.6 rad(150°) Flfie KM L 13 rad/s W A8 P
REEMALE MK 1 R, AR 1P LA S, 7
0.01.,0. 1 I 1 Hz 3 A AT 1, SR A ALK Sl %
S EhlE )z 3l AR BT R BB/ 0. 12% , SE 3
TR G 4 A LR R T KB ASIE M (100°) IFHEE
REFEARAY F i R AR A IR S L AR R 5K
®1 TRAMELLBOHBMBRERAEE
Table 1 The waveform distortion of output

angular displacement at different frequency point

Wit fafiE Fn e/ ﬁl@@
(rad - s7") KEPE/ %
0.01 2.61(149.6°) 0.16 0.02
0.1 2.62(150.2°) 1.64 0.02
1 2.07(118.7°) 13.01 0.12

- T

EES LIRS A IR B 5 BTG AN 1) T R

PR I P S FLOR B R8T, i ) 7 — oA 1) 1 5 4

RO RSN & , X ARG sh i S R AT A

oA, LASGE UGS 3 A W35 23l 2 A ik 3l 65

H R RS IR R BRI EOR . 45800 .

1) BT S RO A 5 B 1 ST R AR AR 2R BB i

IO i B AT 2R Ha 7R T REER LT SR EVERES RS

UBRRERN IR B ) AR, JF 3l i A BROTIE SR iE 1% 05 Tk

AR, S IR Sl 6 A% 1) R0 R B 2 AR L AL B2 T 3k

fidt o

2) FEA RIS R b, ARG B I8 1 AN Sl T A R 1A T Ay

65 B B e e 5l Pl 5 g e v o 2 Sl I, 1 % ) AR R 32 B

5 | R B SR R B 3 A AN X, IS IR 1 1 41 3 65

WP L, S R T — e ) A A AL SK S i e

Jie e sl Vel [R) 2042 2l i fife R J7 58, mT SE B AR 3R 3l 65 i b K

PRI P LAY H

3) FHLAL IS BIRE R S BON T RAL RS M IR 3l 65 42 1]

LA S PRI ST AR AT L, S A

KW, P BA I o0 A a3, S P32 i J vy 3 B

0.712 T, - REENSREE N 0. 789 T, Bk 1 Fig I

Hrét R IEw

sExH

[ 1] 1ISO 16063-2006 Methods for calibration of vibration and
shock transducers [ S]. Geneva: ISO Copyright Office,
2006.

[2] GB/T 204852010 #ig 5h 5wt f& AR KL HE Jr ik [ S ]
AL R E bR AL, 2010.

ISO 20485--2010 Methods for calibration of vibration and
shock transducers [ S]. Beijing: Standards Press of
China, 2010.

(3] B, e, 26, % HI5DRLEFER B

LA G [T] AR 4, 2014, 35 (7).
1482-1488.
BEN Y Y, YANG X L, LI Q, et al. Damping strapdown
inertial navigation system aided by gravity [ J]. Chinese
Journal of Scientific Instrument, 2014, 35 (7).
1482-1488.

(4] IREE, BWK, REK, S Bk )2 e g
PSS S SRR [T ] (XA AR 2=, 2015,
36(2) : 394-400.

XUM]J, LIXF, WUTF, et al. Structure design and
experiment study for MHD gyroscope [ J].
Journal of Scientific Instrument, 2015, 36 (2): 394-

Chinese



902 & A x ¥ $38 &
400. distribution in brushless permanent magnet dc motors,
[5] PR KBEMIEIENREBIE[T]. MBS part IV Magnetic field on load [J]. TEEE Transactions
TR, 1986(4) ; 7-14. on Magnetics, 1993, 29(1) . 152-158.
LANG X Y. Experimental study of the precision angular [14] HE W, WANG C Y, YU M, et al. Closed-double-
vibrator [ J ].  Aviation Precision Manufacturing magnetic  circuit  for a  long-stroke  horizontal
Technology, 1986(4) ; 7-14. electromagnetic vibration exciter [ J]. IEEE Transactions
[ 6] SCHLAAK H J. Excitation of low-frequency rotational on Magnetics, 2013, 49(8) . 4865-4872.
vibration [ J]. Journal of Low Frequency Noise and [15] HE W, ZHANG X F, WANG C Y, et al. A long-stroke
Vibration, 1993, 12(4) . 123-127. horizontal electromagnetic vibrator for ultralow-frequency
[ 7] pesees, BUZEVE, HRWTEE. mAm A IR sh il s i & vibration calibration [ J]. Measurement Science and
FHEHEARI]. B EMEER AR 2R, 2013, 21(6): Technology, 2014, 25(8) : 85901-85906.
840-844. [16] BIDDLECOMBE C S, SIMKIN J, JAY A P. Transient

(8]

(9]

[10]

(11]

[12]

[13]

XUE J F, ZHAO W Q, SHAO X H. Design and key
technology of high frequency angular vibration excitation
source [ J]. Journal of Chinese Inertial Technology,
2013, 21(6) : 840-844.

SR, ARV, BB MRS Mg AR A R
S LBCHEOAR [T]. Ml dlE AR, 2014 (11) .
64-67.

XUE J F, ZHAO W Q, SHAO X H. Key technology of
cub-structure angular

electromagnetic  high-frequency

vibrator [ J]. Aeronautical Manufacturing Technology,
2014(11) ; 64-67.

GU Q, GAO H. Air gap field for PM electrical machines[ J].
Electrical Machines and Power Systems, 1985, 10(5-6) :
459-470.

ZHU Z Q, HOWE D, BOLTE E, et al. Instantaneous
magnetic field distribution in brushless permanent magnet
Part 1. [J]. IEEE
Transactions on Magnetics, 1993, 29(1) . 124-135.
ZHU Z O, HOWE D.

distribution in brushless permanent magnet dc motors,

dc motors, Open-circuit field

Instantaneous magnetic field

part II; Armature-reaction field [ J]. IEEE Transactions
on Magnetics, 1993, 29(1) . 136-142.
ZHU Z Q, HOWE D.

distribution in brushless permanent magnet dc motors,

Instantaneous magnetic field

part II1; Effect of Stator Slotting [ J]. IEEE Transactions
on Magnetics, 1993, 29(1) . 143-151.
ZHU Z Q, HOWE D. Instantaneous magnetic field

electromagnetic analysis coupled to electric circuits and
motion [ J]. IEEE Transactions on Magnetics, 1998,
34(5): 3182-3185.

1EE®IT
HHER

. E-mail ; tang-bo001 @ 163. com

Tang Bo received his B. Sc. degree in 2008 from Zhejiang
Sci-Tech University, and his M. Sc.
Zhejiang University of Technology, and his Ph. D. degree in

FE,2008 AT TR 2=k 1e = &
2EAE, 2011 AEF VT Tolb K2 ARG A0 124
fL,2015 4F TR 5 345 1220, B
LR R 2E RO, S B 5 1 A Bk B

/

.-
=

degree in 2011 from

2015 from Zhejiang University. He is currently a Lecturer in
China Jiliang University. His main research interest is angular
vibration calibration technology.

T8 (I IRAE ) , 1997 48 T VLR %
G AL, WL A AU L AR 27 B
B LA SO, ST 1] D R IR
TR EOR ARSI SRR o
E-mail ; hewens@ zju. edu. cn

He Wen ( Corresponding author) received
his Ph. D. degree in 1997 from Zhejiang University. Now, he is
a Professor and a doctoral supervisor in Zhejiang University. His
main research interests include precision vibration measurement

technology, vibration testing and control technology.



