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RESEARCH ON THE DESIGN AND APPLICATION OF
NEW MAGNETIC SPRINGS

ABSTRACT

Springs are a widely used basic component that plays an
important role in various fields. However, the commonly used springs at
present are mostly mechanical spiral structures and metal plates, whose
working life is greatly affected by cyclic stress, and long-term failure is
inevitable. This problem cannot be effectively solved through materials,
manufacturing processes, and other entry points. In view of this situation,
a new type of maglev spring is designed and developed in this paper. Its
elastic force comes from the mutual repulsion of permanent magnets and
1s assisted by eddy current damping for vibration reduction. It belongs to
non-contact force transmission and can effectively resist fatigue damage.

Firstly, a new magnetic float spring structure with a pair of ring
permanent magnets was proposed. A simplified elastic model was
established using the rare earth permanent magnet NdFeb as the material,
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and the magnetic field distribution of the space permanent magnet was
deduced according to the Biot-Savart law. According to the empirical
formula, the expression of magnetic field force between annular permanent
magnets is derived. A simulation model is established, and the repulsive
force between a pair of circular permanent magnets varies with position
according to Maxwell equations. The prototype was processed and the
elasticity experiment was carried out to obtain the change law of the true
elasticity with the position. The comprehensive analysis of the results
showed that the change law of the magnetic field force between permanent
magnets with the position was obtained.

Secondly, the damping ratio experiment of maglev spring is
carried out to verify the influence of eddy current damping on the vibration
reduction effect. According to the test method of the low speed automobile
cylinder vibration absorber bench, one end of the fixed maglev spring is
placed on a six-degree-of-freedom vibration table, and the sinusoidal
excitation is performed on it. The acceleration transmission curve is drawn,
and the damping ratio is calculated. By comparing the two sets of data with
or without eddy current, it can be seen that eddy current damping has a
good effect on damping vibration.

Subsequently, the concept of applying maglev spring to
automobile chassis was proposed. A small unmanned vehicle model is
designed with, maglev spring instead of suspension spring. Process the

v



LRI R A A i8S

physical prototype and conduct on-site test drives . The vibration damping
performance of maglev spring is tested by different roads and obstacles,
and an improved human comfort evaluation method is proposed. The
results show that maglev spring can provide the required support force and
maintain driving comfort to a certain extent. Moreover, the driving noise is
low, which is in line with contemporary people's pursuit of spiritual
comfort.

Finally, optimization directions of maglev spring in the future
were proposed. An optimization method based on Halbach array was
proposed, and a simulation model was established to compare the spatial
magnetic field distribution law when the number of magnetic rings was 1,
4 and 8. The results showed that Halbach array had a higher spatial
magnetic induction intensity than a single magnetic ring in a single
direction, but the number of magnetic rings in the array would affect the
maximum value and distribution of magnetic induction intensity. Multiple
magnetic ring array has a greater improvement than a single magnetic ring.
Therefore, the optimization method based on Halbach array has research
value.

Zhang Zhitao (mechanical)
Supervised by Xu Manman
KEY WORDS: maglev spring, permanent magnet, eddy current damping,

integration, automotive suspension
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1.019167 1.00356 101.5552
0.6 1.01514 1.002747 101.2359 102.52112
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0.8

1.3

1.6

2.5

3.2

6.3

10

1.0214
1.10114
1.021366
1.025169
1.070718
1.0215
1.02111
1.019762
1.019117
1.018951
1.021614
1.019012
1.019679
1.119757
1.015948
1.081793
1.052488
1.23014
1.149602
1.19794
1.000899
1.012534
1.013698
1.044309
1.030112
1.020235
1.018898
1.0886
1.052125
1.021286
1.020639
1.026482
1.010425
1.027156
1.018116
1.019693
1.022068
1.021667

1.003548
1.053233
1.003265
1.008195
1.009619
1.002988
1.002892
1.002881
1.0031
1.004805
1.003024
1.003831
1.003274
1.003614
1.004078
1.001795
1.001512
1.034172
0.969341
1.139683
1.006989
1.007659
1.003116
1.007049
0.998878
1.007969
1.025857
1.025369
1.089802
1.001165
1.000098
1.008892
1.006368
1.012978
1.006895
1.000125
1.004831
1.002043

101.7789
104.5486
101.8042
101.6836
106.0517
101.8457
101.8165
101.6833
101.5968
101.4078
106.749
101.5123
101.6351
111.5725
101.1822
107.9855
105.0899
118.9493
118.5962
105.1117
99.39523
100.4838
101.0549
103.6999
103.1269
101.2169
99.32164
106.1667
96.54277
102.0098
102.0539
101.7435
100.4031
101.3996
101.1144
101.9566
101.7154
101.9584

103.17983

101.78183

103.25119

104.90664

104.75252

114.21906

100.31131

102.68124

100.67702

101.93572

100.97239

101.87679

AT A MR I A 5 10 T P A% = gt 2 L T 1 3-12.
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0 2 4 6 8 10
116 T T T T T T T T T T T 116
- [ ] -
] N\ —e AR M
[ —0—
112 4 || KB Qs
110 A [ 4110
R 108 | - 108
il | 1
X 106 | - 106
B 104 1 4 104
] oo™ e ]
o\ /| I
102 @[\ \ o e 102
| ] | / ) -
1 [ A | 4 o ]
L e L
100 N1 ) 4 100
/ \ \ y i
98 o e w , a 98

T T T T T T T T T T T
0 2 4 6 8 10

i (Hz)
P 3-12 i o A 3ot 2R 00k 2k

EH P T 2R, T A S AE AN TR R A (10 o o A 3 SRS 1 54 5 11 52 T 6
N, IR TN R .. HRSIRE SRR ISR LR S
PRES /N 1-5 D 5 128 B (3-2) TS A SR ST S
fAIIRE B Eb 23 A 1.8454, 0.9060.

AR SO 25 AT H DL R 4518

(1) T3 55 BH JE P 7E 5 A 544 B0 100 1% 0 T L 3 B 5 4 B8 1 47 00 K
103.69% 7% 45 o

(2) G BELAS Ik FE A% 3 R ORI , ReE R B RE Y L #e bR
ETER
3.6 RENEE

ARFEATTERR T MR PR S AT . REVLIN TR L R St Lk K B8
LLagh . 250, BEVE SR SRR B AR A, 7EE RS LB
T IR R ER, T I ESE, 55 M7 A Y I ) A 5256 173
PR R I THRAR 2 5 B0 AT AR IR 22 o TTRGTT P 1A PHLJE L SE B8R W, HER
BRI A B R, A PR 0 L TCH A B JE LK 103.69% /2 44
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BAT HLOFHENH

41 3|5

KT SR A P B R b, BT N SRR, I T AL
TSI N ZEAT B A, ot L AT S i, B2 B AN [ 03 s R e S A 75 0
ETENZE DA = RS [ T3 AT B b, PSR P PPN Fi b R i A7 BOIRS
42 WLFHREERTAE LN

AR RRRIE 5T HORET7 55 B T S DR — AL T B, R L e 15 B
R TR MR i 30 R SCHRE AR (M Y, 1 HH — K LRI 300 Dy SR I TE N
o HENERL LT JIAFE

(1) SEffa s, BRI R0, A KSR, rESHE1T 8 /MLl E.

(2) BB AL RLIT BB SR SRR, I LA SR N IR B BT 303

(3)  HUANRBENIES T, A B EL RG]

(4)  BEAFET AL 4] Al FEATLAZ ], T 5 T 58 8 AR R PR AP T S 3 360°
Jieks, TR U TR RE RS, AN ZE T ST 5 1 PR . SR M e i
SEIIRE

(5)  H PLC SeBepLEm], &bl e, SRt ie izt a
FARAE A2 3 5 2
42.1 EiELE

FESE AN SEBAE], 5 A REARN BT B8, R&WE T NERL
H7 %, 1E Solidworks B4 £l = 4ERE AL 40 R ] 4-1 FTR

4-1 T NG =4y
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HAE B LT L5 4Lk

(L sk AMETXANEHIELRNE RN, RS ARG &M E,
o3 A AR 20 1480mm A1 2200mm 1) BEZ2BY 5 A fe,  HIA LK)y 660mm
A1 430mm PIREZE 2 ERHES, T 4-2 Fos.

K 4-2 H56 & K ALHE LS
i E N E 6 N NI ) 2 S T 25 0], a6 &M 2 ] PUAtgiER:,
THE 4-3 iR, RS SRS FATE RSN 15Smm IR, $eTtaeZikig, flif

S i .

4-3 fldERE S
(2) =HlG: TAEMREEA Bl 2%, . B3, EiIRS3,
S FBEIEN T 6, WK 4-4 Fik:

4-4 &
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(3)  Ferpl: TNFENENSRIET AR L, A fe i pl b i
PRI, T RATE 5 B 1) rh Lo lod S B 2% 5 — MR AR FE L AR R LA
il o b (R A TS S AT SEEITE N R (R0 % TR DO RE o B TRI LA =4 P DL & 45

4-5 ) ALy
01: ¥eBHMl; 02: WAFEFHE: 03: fAlREHL
(4)  FeBHR: TNV P REPERT, Mt 7 SR SERE, B
TR T iR ARON R L, P R T AU e ] AE B N R B, =
YER LT K 4-6.

4-6 Fe BN
01: JERPFEREL: 02: WLV, 03: R
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(5) it bR RANG R IT MU RES, LA R, 20
NEMEERERTC, W EANFEENMVEETANFELEEG, EiBREEH
IR RER AT AL TR, ORI

(6) fZfil4H: PLC 2 RS HIAL TN GIZM & T 52 i i il
EITHEN, B EERET 5 WARBERNLR R .

(7). RYHER: TANFESFRAEZRBEAESE, BN Imm, BREZIE
HANERIT BB E, WK 4-7 o

&l 4-7 ELAVN RO
Rl PLC yofh i bl S HoAt i g8 oA ORI AE Y, BT LT I

4-8 o

4-8 PRIYHEZL

4.2.2 HEHLHME
S EEARIMEC G, e T BANFRBANL PLC #6171 )
fRIIR F AL AR 7 B 9 5 SR, FENLEIN TANEERC . Ay skl IR L e VA &
fRe, e — i R E — RN EIRET, HAEXTH % B — LA B AR I
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&, HERIRET 5 AL AR AR I S L S ) A IR e BN IR, RRORHL
ER RN TR B E . AL T & 4-9,

K 4-9 L NFFENL

Horp.

0l: REVFHA%E; 02: FBHANL; 03: HIBH: 04: KL 05: HER; 06: %
S
4.3 T AZESHMIR

NERFPEH L, AEIRB) SR v FAE — Ve R, A HRE) ) S B 32 EEHL
PTIRBN AN J5 0] s TR BN RS A AR5 0 3 2 iR Bl 5 FE AR toE o« A
AFEEHEARFENEA R, AEZIZ, 5T S #5650
HAELT, NS E B TR M2 200, mA RS TR EA RN TE 4-
10551,

K 4-1 NS B ARE

NS E GHAD A 5% (Hz)

ARk 30~80
JA 5 4
Jit 50 16~30
FH 50~200
KPR 300~400
FIR 100~260
wyilia 60

I8 & 4t 3~8
B 1~3
(5] 20

NEHPFEIE AT IR 4~5Hz, NARG AL I IERIR AR, b R
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N 8Hz, MfEh 2~12 Hz, ki 17~25Hz. AAAICHE N IFARLE T R R 45,
ifi i B R LA AR A 3~8Hz I R A LR . KIUk,  3~8Hz /& AMRMfERAR . R
I S0 AR AT AR, ZESRE N 60~90HZ I ARER LR, NSRBI 5),
MR 5 AN B KSS), Fkth Ah, 3 ELIREN A RO, 1E 4~8 Hz AbE —
LRI, BPSE—ILRIER, IR, O T RER I R 7E 10 Hz [
A ARG, BISE LR, & IE R, SHE L R G RS
BKR. ERFIRINT, o2/~ E R E 0k, M IRINEZ EEG LY
AP B8,

(D ANENIBEESZ BRI AIE R, X0 BTt 7. AT
A o R R B, — AN S AR IS, BRI 2 B X R RS R I A T 2
£

(2)  RENIRIEINR B — €L, N BIAET &, B M« IR
IR, X “AEFIGEE 7. XFEGL T “AREFIE” AR — Pl B R R,
T RIS R BN A5 B — TR, FEEcA 7 AR AR R

(3)  IRBRIESE— DI, 1K BN FERIFLRE, N HREN 1ot st b« A A7 s
AR CIETTIR 7. N 5 B RS, AR OB RSE, TT EA AR
Lo XYL, HRBN IR 8 E A RGN ThREE IR~ 52 25 m,
FEIRIE A RGO AR HABT) e = AR, AR AR . AR AR AR
A5 WHRIFERE %55 B IR B SR UFIX S A= B M IR S T Y, PRBNE I LS 4
P (] Pk &2

(4)  IRBNAISRFEARLEIG N, Rt R 7 (B ARBRE 7. i far
BT, PRET A OFE ARFRRI RN, AR IR AT . X R AR
B AEIRZ 3 H ARG R AR AN A, BMERENF 1L A R R 5
431 EWHE

NI S AL TN R TARIRES, B4 e e N2 BN
01, 02, 03, Hrh 01 f7 T-HAESRTE T 77 CREMZRERIR, Kk 5 BRI
MR AR ) 02 AL TREFEFAEE 15 (A s sdR), 03 A T Bk L,
BN E R B W T 4-10.
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K 4-10 Iz B R S K

kT NZE DIAN [ () B AT B AEAN [R] B R 1 b, 0 % 1 1 A Y () i, 7E
R 3 AN R BB AR N AR IS, ARSI . PR JRESEIATX . A
S0V B WS AR O R B L TG PR R | BEAG R, TR RIS B T I R
AR R R, HARARE N T 4-11 Fs.

LIETE R
LS S
(%ﬁ%@<%ﬁﬂ=4mww TR
S
BERS Y IE A EL (mm) : 30/40/50 ki
)

K 4-11 6| A 2

SIS E T =ME EREGE T, 0N 30mm. 40mm. 50mm, EEFPGE
Wik =M 7=, T E 4-12~4-14,

P

¢

TN

4

7

&

11

] 4-12 Sk 51
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ENE

¢
A B
¢
&

@¢wmwm@%mm

/i) |I

ETNE m |

\:>j:mm ............

[ 4-14 48 G 4 51

TP T P R 8 B SR A A I DN T O B AMS BEI BEHT, BT s — A 1

T S, CRIE LS P8 AR A B O e I — s BE RS T AR HEDY), JeAb, 12

s M YA, BB A, FFESLIRRIE R ESKR, WK 4-15 A
N, Fedr Cads (b)) 295 N E TE B AR R TE B

(a) (b)
K] 4-15 i8Sz
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B SR AX A S HOL T 3 4-2,

42 WA SR
B RS I155 H/E
JUSH N A HWT-901B USB-485
= MR IR WT-VB01 USB-485
1000-300-30
N2kl p i i 1000-350-40
1000-400-50

[ B B XA ZEAT BT IR 5 T ARRIE , 1974 4 1SO #i5E T EBrtrik
1S02631, B ( NMAZRSZ 4 S IRANTFNFERT ): T 1997 AT — Rk . A
S EBRbRUEEATAEIE, T 1996 4 KA GB/T4970, B (VR4 FIPEREHL I NAT 3
WG 7)) OO, HAE R IR, EERFHIREADIRE CRERR) — 0%
7N FE R R RPN B N AR IR B 1) s RSP B AR T A PR A el ik, 3 A 7
ARSI BE X T M ay s BIMBERE L gy - FZARBAL 1T K 4-16 B

T2,

MRS

P S AR T

4-16 NARAAZE 2 YA Y
ERE SCT NRAME L R IR = AL B PRRTEETS o PR AR ST AN AN SC 4 T DA
Lo E I = RhdIR sl o NARNS PR AR AN R B A% 336 A DT B A AN [R] P BBURR B, T 3% 4-

RIS R NCEVAR I ETE )Y eSSk A GHIEE VI e
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2R 4-3 RS R BB A e EORN A

(DAL AR DRl LIS LIV

X Wy 1.00

Vs Wy 1.00

B S BT Z Wy, 1.00
Ty w, 0.63

Ty w, 0.40

7, W, 0.20

Xp w, 0.80

AR TS Vb Wy 0.50
Zp Wy 0.40

Xf Wy 0.25

< P Vs Wi 0.25
Zg Wi 0.40

R, AR e S 3T Ak B3R BN o RS . BRI R B RE S 255

BT
( 0.5(0.5Hz < f < 2Hz)

g(ZHZ < f <4Hz)

wi(f) 5 1(4Hz < f < 12.5H2)

(12 SHz < f < 80Hz)

f
{1(0 SHz < f < 2Hz)
)

wal2 a1z < £ < 80HZ)

1(0 SHz < f < 8Hz)

we(f) (8Hz < f < 80Hz)

1(0.5Hz < f < 1Hz)
We(f){ (1Hz < f < 80Hz)

f
AN, ZEPENIRSAHE R B S mIIN, 1SO2631-1:1997(E)b Al 1 [ bR U iE 31

BT e E R I

(1 RAEBxs. yso 273X ZNHIIRSD, Hoeg oy PIASKPAl T (1 b ine
REIN k=1.4.

(2) PR PIRIER 85 18 s ys ze =AM HHIAIHRS)

(3)  SEBEKPHIE X, yp PT AR T ACE Rl Mgy AAEE, BRI R
BN k=1.4.
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R RIARAEANSCRRA Y AR TV SEANBUINEE J5E 48 5 ARAE ) b 2 BA R A
PP 2 5

(1 JEPMZEE: R IAF I a ()38 A N AR TN e How () 8
2%, 13EIMABUINIE FE (8] Pi A ay, (t), FRARRIIE B T RE T B (4-1D) 15
2.

a, = [%fOT a, (t)? dt]E (4-1)
(2)  HiEsr bk Xra(@)BATH0E 2T, 193 DRI R Ga(f). H
e X T ARAE AT R A (4-2) 183,

ay = [fye W(H)?Ga(f) df]E (4-2)
(3)  RIBERS Ly, T H R0 (4-3) 153,
Law = 20lg (C;_W) (4-3)

Hrb, ag AZHINEELITIR, —Mag = 107°m/s?. =Ml S AnAUnE
JER TR E R B R (4-4) 183,

@y = [(14a,,)? + (L4ay,)" + (@) (4-4)
IR B 28 7 AR A AN S A IR 2 R AR 2 sz e e 2 N D3 ) 3 LR sz, SR
ANFEI ST YR SRR S AR S 2 5, DRI TR B e & & R NIBUE, —

BRI Z 5 FRHAN TR R IL TR 4-4,
K 4-4 NMEEMEZ 5Ly Ma,, Z IR R

s B2 ¥ 7 A a,, SANBIREL g AR E A
/NF0.315 110 WA ANET &
0.315~0.63 110~116 H— LG IE

0.5~1.0 114~120 AR &
0.8~1.6 118~124 ANEF i
1.25~2.5 112~128 IRANET &
KT 20 126 WRHAET &

W THAEAF S I o FE 359 75 AR B BRI ks HEL - 2 75 e 4 W e 25 N B 1
FPENE . BRULZ AL, 1S02631-1:1997(E)VARAERLE T IIAUINE BE 4 IR TJ7 HAEAE %
BOVFO bR . BB R B ARG B A ik et 5| RS 1 v WAL 2R R B0 AR [R5
SEIT R BIPPN J7 i, BRSNS Ems17®), tEARWT.
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1
DVDzz[foTa,,,(t)‘*dt]/4 (4-5)
ARG 2% (GREMIR) — PRI TTE, FFRIESEPREN, T

T BUHAH
4.3.2 KIIE
(L @SRRI
FE 3 B T AR OO o i = A A, R 4417
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4-17 Yy = FhHES] 77 50
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PR SIS TR AE T N R IR A 01, 02 Ab % B =R a5 Beas, 7EMR 4 03
ALV E I AL A, T ] 4-18.

I

(a) (b (e)
K 4-18 felkasfy B E K
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B LR (1182) MK A S 60 80 #%/%y, Jil
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B HIA B & T 01 AR, Bk n] W it — BT K T s B,
WETF R VE T L2 60 40 RS FEA — i R R (8 55 .
434 LR

Xf b ERA F LR SR ER g R, B LR Sk

(1 EERATHE N

e X0 S P AR AT B 0 R 1O BRI, ARG EoRFE, 014 02 P R A7 7E
BB IZEE, 02 SHIZJLTALT 01 fUR T, HE TR S, HE =

ANMEPRHTIIME, X AR LT 3R 4-14.
K 4-14 P T ER N E

RN E (%) BN E (%) PN E (%)
40 i 46.32747 67.52231 77.80069
T 25.63897 56.92766 10.21998
50 A 40.15659 68.90445 74.91589
T 15.87173 36.48195 44.34367
80 $ 39.56166 67.97811 74.77458
T 28.62107 37.07939 -3.81785

RIS, BEVF SR I SRS DRI R, JCIHAESRSI R AL T7 i . (H 2
TENR B I8 P 77 T AR 72, 2 B R IR T o o T Ui UK, T P9k /) 52 A8 A 5 e
T8 B2 I ROR

FEF LR F ARG G R &, R BRI 40 B/,

e B NARIRSZ R A ARG, SRR R ARG, HAR LA
THOLE N “ANEFE”. WS, W IRIRTE AR AR, To N ZEAEIX LA
LT e TR AT BTSRRI

(2) BRI

T AFEHES . RS HEESY, T NEREARERI . FEEE AR,
TG B B T IR BN AL AL 1 B S5 /E B s 55, FL 28— SUR ik R I — e A e i
1117 B AT ) v JE SR T A SR Tt R e 35 . (B4R H € B2, T DAL FE IR
A BT T — ERIEBCNIL S, B 02 S & RAKT 01 &, X —BHIRa IR
ETREIRE . UL SR AE M SRS AR TS A B RIVERE, FEHI S5 RS
fie BT R] A, AR S M IR TT G KR

4.5 KRB

A A TR SR A TN T BN o B T N TR RS SR AR,
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£ 55 HFHREMMRI

51 515

ASCEAT I RETF S AMA R EAR A 226mm, SAKZH 305mm, S EZA
30kg. HRAEHHENRIEAE R EAT AR, R RIREE 1 TAE LB K B4R N
65mm, I EF7RE R KN 102mm, TV ZE &S00 e 5 55 1Y 26 Bl A i K20 A
140mm, 37/ T REFF 305 RFIO), itk ] DR S S AR, (5 B T R AR,
Moot HAR AR A A T &R
5.2 Halbach P&51{& 91

Halbach 51— R LS 7, 78 TRE BATUERAR, AR AR B
HIRRAR T AL B R IR, LAYSD TRE AR o 1979 4F, SXFHRFIR AR 7 R Bk A5 4 P 5%
%% Klaus Halbach fift FL ¥ IR SRS A, £ — RAIS0HEE, BATEMR
U041y Halbach”Rii#k . Halbach FEFIZGHITERLEIF S ks B H A AL L
R RE TG E] T Z AR . RN A QSIS SR AR
Beit. BURHE A, X T Halbach FFFI7ER{RA S0 E B AR BT AT
Fgr, AR PR,

Halbach FEAIZRARGIR SR ES A, NI 5-1 B, AR SR HEAA Fe 7 17 e
3T, HHE BT & ESL 5 A -

NS 27T\ S =/ ]

P 5-1 Halbach F AR
SEBR AR A, 7K AR N S B kI e 5 5 B LA S A1 S 4 = 5 P ) 5 M A
HAa e DASEEL B AR B IR 5% 0 A, DRI TR B W R E N 45°5 90°,
T SRR B B 780507 W 9 — A 051, WA 5-2 1 (a). (b). (e).
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(c)
Kl 5-2 REARFES H WA A

(a)

* 5-3 fik 112
Kl Cady (b) @ M2 R RE S AR & 8], (¢). (d) 4 Halbach [
FIREAA TG I BN R 2, REELIE] 5-3 1 JLZEAS LT &N, Halbach [ 1) A5 i Jek
LA AERE— 10, B BRI SRR A5 S AR B LOO), A A5 3 1) AU B b — N
5, o ARSI E R A HE 21 45 8 TG AR AL 9K T Halbach B 4
PR ) ARTANTPTASE I e . RKK MIE SRS B S8 24 BT 7T R
FRIOT, WK AR T A 0 PR P o ABCIAC A AN R P Ok B T T T £ ()~ TR 7T
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¥ Halbach B2 fHE 30 5 BTN 5 AOKBEAR , BEALSR R E 73 )1~ Ja»
e & 1] fHxoz VAR 73K 73«

W= [, . ——"22cos(By + B, — 6)dS, dS, (5-1)

12 2mpg 12
T o A K AR T 285 0 A [R A8 T P 7K B AR 1) B2 25 2 1 5 e Bl T 7 1) ) %
s Brs B3 AN Jo SxBETT R A o AR IRATTR H i DAL a8kt A7 1t
S AR A — N AKRBARTE T SAPR R N RN, N R TR IE
dA = dW + fdg (5-2)
Hrp, dARSNBINEREE: dW NSRRI & fdg A ITh. BT
IKWEARTCAN S 7e G, [RlitkdA = 0, WHEASdAW = — fdg, WHETIfR:

aw ow
f= a0 - o9 (5-3)
R E3t (5-1) XzeRM S, a8 zi5 71
E = —z—Z = Jfs5, 72 sin(By + B, — 30)dS; dS, (5-4)

%%%%ﬂ%ﬁﬁ%,W&z—gﬁf{,9=%°,wﬁﬁﬂ%ﬁﬁ:

F=t2

TTlo

5.3 Halbach BEFILIL T R

R4 Halbach [ 1 ) 53 SR AN, $/8 HH RG34 25 1) Halbach FEBILAL T 56,
FRERN A M2, — R ALy 90° WIRESIZ5H, HAk
B2 77 LT & 54

Lds, ds, (5-5)

18213

= sin30dS, dS, =22 [

152 13 U

| 5-4Halbach [ 51|17
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B (a) 7 Halbach FEFIFERETT TAIRALIE, (b) A=4ERIFLIE, IXFEH7erE
77 T AT DU bR 7 2E A A AE AR T @ 5 Bt AN S i 3 1) R £ b, BT 20 DR 4
FERLTT 1A AR AR I o

54 (AEDHR
AN I RE AN B2 5o B A W REVE RE , W BRI NEUN 1. 4. 8 MR AL IHEAT
ST, 1E Maxwell AN 5-5 % (a). (b)y (¢) Firo

(a) (b (c)
5-5 = PR R
W E A S AR SRRV R — 2 WE PR AT A B 4.725 X 1073 m?,
WEFRE S 10mm, FRATELIR b7 Smm AR 1E BLAR T 1)L 23 A 16 vl Asont
te, WRES5-6 3 (a). (b). (¢) Fim.

Calculator Expressions Plot 1 1M Ansys

/fh‘\

(a)

Calculator Expressions Plot 1 . Aasys
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alculator Expressions Plot 1

(c)
Kl 5-6 EAZTT ML A

EREF . (b (o) RIR BN EOY 1. 4. 8 FIBAL. & R i
MY 1L 4L 8 BB AL K758 5 73 7519 90mT. 350mT. 280mT, Hitbw] i
HAS RGO 22 137 75 () T S S 58 P88 B v, EUXS BU T SRS PRI A R KA
The B RoRBEIAN O Z , FLRES o0 A M QAR 22, 1T SR AR IR 3 o A U
EME—, BEIRTIARBCRIS 55 KA 52 S AN S R Il i, DRtk 22 /N ER B ) ) T 22
L AT HL .

5.5 KRB

A FEAKHE Halbach 41 (1) B 14 SERERION, $2 1 GV 53 S AE AR AT BE AL
J71f). %} Halbach [ 4R 5 5 IR AR BEAT 105 BN L, SRR WIAE R —T7
7] I~ Halbach B b SN ER BT B8 o (19 2 AT RE IR L 5 P, AHL R B B B 23 5
NI J S 54 5 1 ¢ v AL 43 A
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FoE BgEGRE

6.1 E45

AR NG SL RN, B vt R A SEIRERIL, £ S TR N A R
A —E B H A ARG LK BB AR Bt 1 — Mog AL G 3 5,
TR GENUG SR as 4l R, S —M e ik, J&TAranfe
71, RO TR LRSS, b2 AL B s # . pAMAR. AR
A3 AT R R I F B R B TP AR S a S S AR 4% . TR
M FEZTAEARUR

(1) FRH—Flogr R 1 K BESR BS54, RS ERB O ATRE, 5t B P 7K B
PRI AR AR 5 KRR, e EARIA 5 K BEAR AR 12 3 B e KPR . T8 T7 %
AT, BESHTT S, S = EROR, SRIGFSEME R I TS AR

(2) PR S50 s, MK PIREER B DY Smm-45mm JEF I, #
IRV, 0T EEARAE A7 EAEANEARAE, 15 Hh =35 £E /K Wh A4k 1) PR 5 0T v
g T 8, AR A g R, SO R AT RERE B B AL, K
IR, H S R A AE — € I R TS

(3)  JFJEmLF e LEsEgs, MNT 1Hz (R IRIRIT 4G, XL
T AT IR G2 AR, RN BN S RS o MRS 2 AT S e 5 A 3
HIF L2k, DL f i /A E TR RELJE LE o X PEEAT AR AN IR 254 24 1 P 4L
HH0e AT 0 S A ] PELAG IS BEAR S R O BOR WL, REG IR UR T Fefbie =
HIPEH

(4)  SRHEGFHREAIR TSR BN AT %, BN X ks 7)
K SRR BUEHUE B kiR, B AR LB LR s, BL PLC seiler
RO, € 7 58 a il N2 4R RAN —ZE ], SRIWARHESE 5 I T & ZAF
RN

(5) TN G, R A L SR B e N TR AE AN R (T 3 E
2y, W 2R AE T NI AR IR A A% S AR PR R TE N ZEAEAT B ARSI 1 00
R FHRALNAAET 38 BE VAN AR b A T AR SR AR T 3 PE o SRS H AT 39 5 M 95 9%
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ENIhRet S, JRHAESRSIRFICLRE 71, AN TEHRS) H 7 AR g 28, E %
FR IR T B TR R U, 4139 )9 /I B A S 3 S 3 2 R A TR O . TR
RN 40 B%/5r ), @B B ARz BT A ARG, BhINRE
PRIEHE N “F—AREE”, HARJUARBIE N “AREE”, GRS “REAR
G, HRMGTESIR DR AT, 2 R R R I D RE S AR B T 2
R

(6)  #EH Halbach FEFI M S MAREAY , A4 AR R SR BEIT S03E J Fe J5 1) o i3 fy
HARTIN S Halbach [ SRR KRG AU, 45 SRR WIAE 8 —TJ7 1) b Halbach [
LU BANTEIA FL A B8 oy 1) 25 B S 7 i B2, L 271 T P K0 o S Ve T J 7 5 52 )
E BRI
6.2 RE

AR SCBLTE R Y E  s AT AR AL T —FioHr i LR, H pR T s A
FMEE H S BER )RR, Rt EFAE L TAL:

(1) HAEN LRG3 AR RIE R BOR, 18R SR H A RS J7
I TR AR5 8 A A2 85 K K380 7, 3R 4 L i Bl 3 4 4k 48
AWTFE, DL Halbach B 51 A A ) 55 — AR 34 55

(2> H AT AR B T AR PR RE LA, e dLIR KT 80°C I ik
R, AR FE R A5 R A 18 1 4 8 22 B AL AT BG #AE R R AN — B
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