EFRAE KFE LA

ABSTRACT

ABSTRACT:

The permanent magnetic actuator (PMA) is characteristic of few parts, free
maintenance, high reliability and adaptability to the vacuum circuit breaker (VCB). It
has been used extensively in the middle-low-voltage switches from 10 to 35 kV but had
a small share of market compared with that of the spring actuator, and done nothing
especially for the high-voltage switches for years. The high-voltage PMA must be
driven by a larger startup current resulting in unwanted temperature and hard control, so
it is costly and impracticable. On the other hand, to study and develop the PMA
researchers depend on too much experience instead of a comprehensive theoretic
system.

Aiming at the above awkward situation, the dissertation dives into the theory,
design, simulation and experiment of the new PMA. The characteristics of actuators are
studied based on the mechanical and electromagnetic theories. They are then designed,
analyzed and modified though the computer-aided technologies and virtual simulation
technology. An advanced test and control system of HV switches is used to verify the
motion and electrical characteristics of the single-stable prototype. The dissertation
covers the following contents.

Firstly, a broad overview of the past and present of PMA at home and abroad is
given in the aspects of mechanical structures, permanent magnet materials and
placement, windings arrangement, power and control, mathematical physics, CAT and
test technologies. The long-trip, high-voltage and low-current PMA is of huge social
and economical values from its today and future.

Secondly, as a result of study on the electromagnetism of PMA, mathematical
models of three kinds of PMA are established, followed by how to solve them,
especially the fractal finite element method.

Thirdly, an equivalent magnetic circuit is set up for the bi-stable PMA. Then a new
method on the basis of spatial flux tubes is proposed to solve the emanative permeance,
The magnetic circuit’s influence on the retention is also analyzed. Two coupled
magnetic short-circuit rings are fixed in the opening gap, which are expressed by
mathematic models and simulated to prove a lower opening current and a higher

opening speed. The design is aiming at the high-voltage and long-trip PMA.



ABSTRACT

Finally, the initiative design of new single-stable PMA is to solve the closing
problem of high-voltage and long-trip one. For the purpose, three chapters from five to
seven in the dissertation focus on analysis of the magnetic circuit, design and simulation
of the structure and motion as well as the test of the physical prototype, a gap-variable
and self-locked single-stable PMA. The results prove that the design is practicable and
effective, and improves largely the starting ability when closing. However, it is pointed
out that the new PMA is creative but later modification is necessary for ficld use, not

only itself but also the test and control system.

KEYWORDS: permanent magnetic actuator; high voltage; long trip; electromagnetism,
co-simulation; test and control
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Fig.1-1 ABB bi-stable permanent magnetic actuator
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(2-17)
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!

2.14 FHEHH

HHTF RN RER, W 2-3, RAEALIE U Lame REIH 1, Fit
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Fig.2-3 Quadrate permanent magnetic actuator
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Fig.2-4 Racetrack permanent magnetic actuator
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1 004) o
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(0 164 d 104

wua ey

A=A, (2-20)
LoA_

(44 On
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A= Ay (2-21)

R (2-21) FpRFELR EBRY S BERASEAR.
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MkRty, EfETELERRD, FERKLRE. MAFRERAEELRER
PSR, DRCEBAGBEAE AR LR, AFEERUN
W, EmATEEERt.

S TR KR, B TENEETRE

B=p puH+uM, (2-22)

KH, H—KBEAETIE R NREHRE

B——k Btk TAE i B 35 A
u,— AR B R 3 %
M, —RIREACRE
LM E E, 5B=B 1, H=0, BILARBM, =B, /4,

FRA (2-22) BUERE, HEIKBERATERER, VxH =0, UWEEFZ

Vx B =VXM-5- (2-23)
My H,

M3 T FRIR % TR Ay

7 =ern

S ﬂ,

ARH, n—KBAENEINERBANRE.

WFERR KA N E B RE SR AT E, Bk e T X H &M
(2-25)
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222 BUEARZE
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ERTERAMBKEESZESERUSEEENEHAE, BTYEL
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ARILEFLAAKRE, AFRILENRERET MM BEN k. 8
T ERE LTI ER M HAFERAHED, BIEXFHEETERY
SIEFRITE. ARERTEE —MHARS, JEREEE, T8/,
FRERE, FA B E R AR R EERPY), RWHASHEIENE R
TUA TR B PR R S AT — e MR, BYATH BTSSR
B A E S FRL CIFS (Composite Iterated Function System) 01,

EH ¥ (BM.Barmsley) F1#E[ I} (S.Demko) 1985 EESIANTIEMREH AL,
S AREH ERKIEER SRR B LR RO —MF OB E 2, o LUHTHER
HAS AR, B

TS —MEREHRL FS R0, =12,..1), HAXRREHROR
FIFETRERH () MER G "RERBRERL FS PENMEH o ROTHE
B, KMETURTNY: o: R’ >R

blelHe Ak - @229
o |= i=l..,n -
y v ole d ] LS

B2 &A%

(x.
w{on = [xi—lJ’ m‘[xn]= xl) 1 =1,"-,n (2-27)
Yo Yia Yol \Ji
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WHERT (MELRFARML) i, BLERBELFME. EikmLl Ak
REFRERFRZRY T, FAREHTIAR E—RFIEHA, TEUHENRRY
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RXFERRE, TXAFUBERBRRERKE.
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Fig.2-5 Fractal mesh

TR AR R AT P RI5Y . 8 2-5 o BT84 g()F L& E I
BRATX L ABCD A#FIZRe — 5. X B EEX B WG T HLE g(x) Rkl 52
T HEELFAANMEN, —REBREME () LxPKEE, NEYNIEE: =
RERSFEEFEENTEE. AL XAE S ERBHFRL CIFS B il 2-5
B, AHEMAIEEME AD KEMHRITME, TUBERE —£FTERmRE
BHE pOR, pOMERRRER g(x). B Qo MLk gx) LMIIBA, Po R
8 p) LA MR AET R TR AHRE, S8 PQo, 118 ABPQ ERIMIK
B CHEAAREHEHESRBYRES IFS, #FRMERERRMBRSITHNE
B PoQoo RJGLA IFS, MRS F PoQo AFEERTT, B RBKERS FS, BR
FHRSIT, EAMRG|FHAREXRMRETHNE. XMEAERERRET

KA
CIFS: IFS, {R0,,i =12,..,n}—2L D5 IFS R0, j=12,..m}  (2-28)

HAHEERBREREIFS,. WEKPQ A f(x)=kc+1.

R W M E
w,. = i=l...,n -
vi ) Lo dy] L
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aal,.[ x J:[ GETe ] i=1,.n (2-30)
)4, U 40+ 1,

EE, 0 THE—ATH 1 RRBETFERERER IFS,, £/ THRERFS,
TR I MERER. B, Sk tHER, RERERBARANR (230) %
B, SRR FS, BRI AUFAIInE 2-5 & PoQo LA AHTR, T & i
S BHINE

RIEHEIENBEB RS IFS,. # IFS, BRI F PoQo BN IFS; MM TT,
PiQ MR AR, HRkFKHE. BFEHHXR: W

x) |7 O] cos@ sin@jx) (e .
17 = + =12, ... . (2-31)
w“(y} [0 q,][-sinﬂ cos@ \y} \ f; . "

P, P%—FIIMERTHAZ AN, %R S, 85475 %
. B, R (2300 F, o fHFHAL, B XAy HHAREE.

H%Ex,yﬁﬁ%%ﬁﬁﬁwﬂﬁﬁ,#éww=%%ﬁH.ﬁ¢
B0, 11 B0, | A IR R BRIV RTENKEE, HAEL o(0) RIER S 0
X, Kb, rTURTN - =r(0,e(r) . EIEE—HELHIER, SR
TER A TR R SO OB RN, LA,

B, T Sy, AT PoQy LI SFFFURBAIE] ABRQ KM, FiA# A

HISBEL BT FiR 5 3 TR
J

B 2-6 DR LH L SR R
Fig.2-6 Five-node fractal mesh
AEAFEERR TR PR TR EE, R XN tER, w26
FioR, IRIEETRFRE CIFS 2T 4L, #IRLRG R st B8 B 145 S TS .
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T, T F—BRARIMNELE L H AR A, 15 LB S ITH Pl M PIL A TFHE,
HE[AR ML g(x).

PUK RS BISh SRR S A o B, bk IS MBIHTER MRS HE 7 1 2,
IR T A R B ud , RS A RTTH B, CUE 2-7 B R TRk
FIFIE AR K AL B T Mg B 2-7,
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Fig.2-7 Example fractal mesh of permanent magnetic actuator

HANMREEERRHERWT:

x) [2/3 0 | x e .
IFS1: m,,.(y]=[0 2/3][37] +[f,] i=l..,n (2-32)

IFS2 X 1 0} cos@ sin@|fx . e 1.2 (2.33)
: o, |= =12, ... ,m -
@i y) [0 1] -sin@ cos@f\y) \f, =%

23 B HFER

KT T & WY FRER, KEXEAORFERFERES. STES
WA R, FIR & RSB RS FRE AR R LS. BERRTEHE
FEEERHABEABRESE, RAMMBBEXTHAMNER, FHKENR
WK a RS R ELE LR —AEIENITESRE. W, EshkEniEshde
B, WATEAAXTHBNEISTE. ERMIELIES, FIES B
W, ZERE, WHELTEIZEEAEHRBE. KB OR. AREHE. R4
SHEE. B, UBEE. REUAS, IMERFEAFREZRIN SRR
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. B REESSEENILE.
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Fig.2-8 Condenser discharge circuit

UC=iR+iﬂ
ds

i= _Cii_q.c_
4 dt (2-34)

d’x dx
Pn? =Fmag —Ff(x,-d—t)

LS AUARESACT))
T WS, RAHEREEEESE, WERK, ATRIEAHBAATSEE
R, MKREMEEENESRE, XEEAENTRTRINNEETRANE
g, RMXE5EMERRAIEA, MVMERS RIS ST RAFZN.
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v

B 2-9 KM E B
Fig.2-9 Velocity of PMA
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Fig.3-1 A typical bi-stable PMA
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Fig.3-2 Equivalent model of permanent magnet
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Fig.3-3 Equivalent magnetic circuit of bi-stable permanent magnetic actuator
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Fig.3-4 Equivalent magnetic circuit of bi-stable PMA (considering leakage)
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Fig.3-5 Flux of bi-stable PMA
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Fig.3-6 Force vector of bi-stable PMA
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Fig.3-7 Quarter section of bi-stable PMA
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Fig.3-8 Demagnetization curve and energy product of permanent magnet
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CAB 3-12 AT R MR A K BEYLH, Ynf] APDL B2R/-8id ANSYS %47
T & RS B AR B RE N, AP ARTEEE, —HEREK
WEROEE W AR d A, REKBRNEER A HAFR): F—HERFK
HERRAIPAAE d FURLRE A 78, (BB KM EE h, SREIRARES, #5
FE MK AT
R 3-1: TRKMEKEREIRREHFKBAESEER

Table 3-1: Retention and volume VS magnetization length

A (h=25mm) 8 7 6 5
BRFEH FN) 3169.0 2902.7 2652.5 2354.5
BB 1 0.916 0.837 0.743
AR V(mm’) 42725 36835 31102 25525
PEKR%S 2 1 0.862 0.730 0.597
V/F(mm’/N) 13.48 12.69 11.73 10.84
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Fig.3-13 Retention and volume VS magnetization length
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R 3-2: TRFIACHE R RERHR 5 1 FK B AR A

Table 3-2: Retention and volume VS height

h( A =6mm) 25 24 23 22
fR¥EH FON) 2652.5 2460.8 2285.2 2118.1
HERFE D 1 0.926 0.860 0.797
K BBk AR V(mm3) 31102 20858 28614 27370
JE) K% 1 0.96 0.92 0.88
V/F(mm3/N) 11.73 12.13 12.52 12.92
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Fig,3-15 Retention -volume ratio changing with height and magnetization length
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Fig. 4-1 Structure of bi-stable PMA with short circnit rings
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Fig. 4-2 Quarter model of bi-stable PMA with short circuit rings
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R BIA 8L

BRZEED M2 E A ERA I, RIEOMBY TR RS e

Al
B, = wyni, (4-1
B, =nB (4-2)
_dg, dB,S,cosé
&= y 7 (4-3)
ib=¢/R (4-4)
F= Blizl (4-5)
B (4-1)~(4-5), WREHRAEENTRYHRIAGRIE D%
S,1 . dijcos@  di cosf
Fen'un’ =i = —=ci—— (4-6)
dicosf 0059%—51 sinf)%? (47

BOAMRA LG i 5IR, BFEEHAML. 460=13G), Mdo =i 4,
Hep f’=1, i1'=% » WK 4-6)a] B A
4 dt
F = ciji{(cos f —i, f'sin f) (4-8)
HERARINM A BIES M. HP,
BAER (WIEREEAE):

AK = %J(%fj-)z =%Jf i (4-9)
HEA:

P=c¢sinf
{cz = lkg(d - w/2) + kg (d — )’ (410
AP =c,(sin f —sin f;) (4-11>
fo = Fli @) | (4-12)

BT B EEN T R RE LA S i, WE 44 FR, Bl
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W= EF}(d—wlz)dG: EF(d—w/Z)sinOdB

= _[ ciil(cos f i, f"sin f)(d - w/2)sin fi fit

= [ 4 (cos f ~i,f"sin ) "sin fit (413)
Hep, ¢=c(d-w/2),
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W =AK+AP (4-14)
BEHE

P P r = 1 12 . - .
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B, $=3000t.
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b 5 BB A FVIAR, P &=0.157; i HEIEGHET B, 1m=1.26x107;
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IR B RFELFERI

AABRKBESER D

A(@-15)PuxtitfEl kg, 4
i’ (cos f =i, f'sin ) f'sin f = J(F20i'+ fF 1) +cyil fcos f (4-16)
wE LS FRAE

¢ sin f cos f —¢ili f'sin fsin f = H'f' + i’ f" +¢, cos f (4-17)
i, =3000¢, BBl =3000, =0,

3000c,7, sin f cos f —3000¢,i” f'sin fsin f =9x10°Jf" + c, cos f (4-18)
BAHREBRERIHLE, RS RERAR 10, FRAESEKE
Ay" + Bx*(1-cos2y)y’ — Bxsin 2y + Ccos y =0 (4-19)

[ 4= 9x10° x ki(d —%w)2 +%k(d —wy =1225
1,1
1B=1.5x106xnzﬂ,znzSzlE(d—Ew)=7.535 (4-20)

C =10° x kg[(d - w)? +l(d-%w)] =1.224

L
SIHHIEER

z=)y (4-21)
T4 4 — W J5 FR AR (40 I AR
(V' =z
Y(r) =y, =0.157

, r.r_ .
z =¢(x,y,z)=;[58xsm2y-

1 (422)
2 1—cos2y

Bx“( )z —Ccos y]

[2(x%) = Yo
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A2 PHFE y, THTREEHE. D TREIZERSE ) >0, EBFE
HBER, EEFHEMN. B limdo/d|, =0, T do/de=if"=30007", FyLL
Yo=fo—20, By;=0.

FH Matlab Kk 6= 7). % BN AL PERIGI 9 ol 2 B BE R L i , 1R
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Gel' Geo

: Ge! +Gw
_ 0.26mu,d, x0.26714,(d, +2w)

" 0.2671,d, +0.26731,(d, +2w) (5-4)

_0.137u,(d} +2d,w)

- d +w

=4.51
LERUSATLIE TG-S E, B ZR R EEMALBPHKE.

_ G muyz
G, = ?f =2 (5-5)

In——
4,

T B TS B P T R B SR
F,=Hph, (5-6)
Hrh H KBRS, hy AKEASEE.
F, =IEIN . F, =(1—li)IN (5-7)
R ER TR E 54 RS
=0, +P, (5-8)
@, =FG, (5-9)

_ G, (G, +G)
Q”—(E+F;+F”)GM+GW+G, (5-16)

=F'G'

G,G,
d),—(F; +F; +FM)EM";—G:—+'G—g (5-11)
G, Gw

q)w—(f‘; +Fz +Fm)m (5-12)

W& MBI ZME N =14100A , KEEERFMA H, =8x10°A/m, WEZRH
#F'=18100A .
B EER, HRARETREEXES .
#s-1. TEES. BHS. TRETHESE

Table §-1: Calculation of working permeance, emanative permeance and main flux

8 (mm) 21 18 15 12 9 6 3

Gw (Mx/A) 8.9 104 12.5 15.6 20.8 312 62.3
Ge (Mx/A) 4.51 4.51 451 4.51 4.51 4.51 4.51
Gm (Mx/A) 188.3 1883 1883 1833 1883 1883 1883
G’ (Mx/A) 12.5 13.8 15.6 18.2 22.3 30.0 493
®m (10*Mx) 22.6 250 28.2 329 40.4 54.3 89.2
®e/Pm 0.34 0.30 0.27 0.22 0.18 0.13 0.07

A, HOBAN, MEEETHEDEMLFRA, RELSRA A, #
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Table 5-2: Calculation of leakage permeance and total flux

8 (mm) 21 18 15 12 9 6 3
Z=lm-8(cm) 0.6 0.9 1.2 1.5 1.8 2.1 2.4
Gi(Mx/A) 4,37 6.56 8.75 1094 1312 1531  17.50

@, (10'Mx) 0.79 1.77 3.15 4.92 7.08 9.65 12.6
@ (10°'Mx)* 23.39 26.77 31.35 37.82 4748 64.0 101.8

*O=0m+ ¢ (10°Mx)

M3 (5-5) ATEAEH, ZBEOMEE w FEERAN, KNS ML R
B G WTISINREEE, FERER A, TKEHIMNFEER 4 AEAK, I
FKHENMAHER, RERAEKESETE.

RIELERMAHETD, ZH6=3mmF, #HED=101.8x10"Mx , EHFEEP
R ERERA S =30cm?®, WG MBRN S ER X

B=%=3.4{T] (5-13)

B8R, KELTHEHHMENEENEE, REFERPMEENZEH N,
MELRZX—~ENTERN BERREHKRA, XAMMES B ITE S RMAE T REHL
HIEHI a8 KT R

5.3 kAR M IR S| h o ih

53.1 SKEHLARHRT

ZKHHF R SO0 2] sl R 51T (R ARk B B R, SRR 8 BB K{H S m
BB 8 =0; FIRTEEE R NI W RSB B I & . PTLKBENA BT e 52
DRI R D REE L TR MERER. KEIERIKD W hisa# L
Tk, MEESERIRIEDABAL, —HORKE TABKERNESE, 585
¥ B AR IR R AL,

B T BBk A R T DL RO S B = A ) i %5, B

F,=Hh, =IN, (5-14

Horb He Rk BERBFS, hen AKBEI R, No %530 5

PR AT LA R 4% R £ B bl A A B O Bh A i R
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Fig. 5-5 Magnetic energy and mechanical work during motion
RENHBEH R EESESE S, SBANMERKHRE, B hETY
RAEZN. HBSRE BB RINRS, R —BMORENREETE
RERAET. ATHEWMBRTSIHMORESNEE, €L dBETHEL, BE
WEBBK (5=6,) 5B (5=0) KT,
D SRGFREIMASKEERRME, Ws=5,. A LHBRLEHR %

oMK AEEMEL B 55 PEHT =06, Ny~ithsk, H—%&HZ OB.
IXRSHLEIARERE R
Ay, = [idy =Spy» ' (5-15)
5&'1’%%]%5=5,,, I=IWH{JEE%D
2) RERFEEAR IANE, BUTROHEHRES, AFSSBhs=6,8H5=0.
IXANILRR P R AR A A T SR MR A
Ang, = [ 13y =5 s (5-16)
ﬁq:'llfzjb%5=0 4 szﬂﬂ-ﬂgﬁ%a
3) HMERSEBIBTE AR IR
Ay =Sonc - (517
ODC 35 =0 By —i thik SHRH A i =f .

4) Hk, MR ETIEER, Y BB AR TR MBS S T ik f0H L,
T b & R A T BB P RO RE. BN

Aps, + A5, , =W + A, (5-18)
BEEEEREAXE, TTRTHE:
Soss+Smpc =W +Sopc (5-19)

A AN TUR S =6, Mo =0 Fi%2Z i@y -i &R MEEZR, B
134 = A IEER Sppp o
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ARBEAAGE BASHE S R R K, TER AL AT LUA R B TR A, WES =0
Hy - B BAEREL, WESs-6, XEMNMBU=AREIEAZ/AT.
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B 5-6 BB P
Fig. 5-6 Mechanical work if cores unsaturated
ZEHAERT, FURTI W ATRARIE S

1
W ="2'(I'//z"1'//1)

=-;—1N(d>2 o) (5-20)

- %(ﬂvr(q,, ~G,)

RF G, « G, HHHS=0M5=05,HHES.

R SR REEE R, KRG SRR T AR . WTRURER
SRR B ES, SR AR REZh Y, TGRS K R B) 3B B £k B ™
L pEshE L, ERTIHESKE.

B F iR FEE&EA D), ELiR

F(G.+G,)=0, (521>

#aR (5-10), BB KN S EM B

G,

G, +G: +G,

BRSEUBESBONESSBEHATIE, BTLURE EEFATIRER
YR, B EBBRER:

W=%(FMZG% -F,G,) (5-23)

KEHRN SHEBEL SR SUEMRR, ATMERG, . G, BERTX
v g eap ANl 2

g1 BT, AR BRI M — A IR R MK R A . 55—
AMERENR S BERER, RIESELENES.

F, =(F+F,+F,) (5-22)
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532 KEEHAEIRS] A

T KERETN, R bR E B TERNGESER. bF A
7= BB BT LA SR R 4% P 7= A OB 3, TR, BRATTAT LK AR B R 2
YE— A RS R AT

B 5-7 FRAMMMIESIKS =6 &5 =6 +A5 My —i ek . S 2T AS 1T
BAFELIHI) AW A ER OAB. XEERBIM SR 6, 1 F 8, + A5 FIFHIE A

F ATl FAKH:
F A8 =AW (5-24)
AW
| -
M E = A5 (5-25
¥
B
&1 [+
+A Aw/IA
5, ;
I
|
!
0 I
B 57 SR AHE
Fig. 5-7 Force of armature
HAS >0
aw
F=— -
15 (5-26)
ﬂﬁﬂ(sn)ﬂ(&%%i@@ﬂ%%%#%mﬁ%%ﬁ,
214G
qu 26 (5-27)
A% B H R,
S
G=G, -—6—— (5-28)
F=—v F; S g (5-29)

2
ﬁ(&m)¢.A%%ﬁii%%ﬁF%%ﬁ&ﬁ¢%fﬂo*ﬁ%ﬁ?ﬁ%
CRSBIRA, ZHA LB RS . 3 FABAHRN, KBS LN N TS
BREGPEME. B (529 WA, EABRIMBES, ShitmBgtmgREHE
BEERRBSFEX.
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BRI RE BT

T AR B BE KU, KUF— E BHBESK BRETS
K, SREHKREEAKR, FBEHANEHRS. B35 BTXASEENS
BRI PT A B FEOK RE SR OB RE . T T 223K A AR 250 A vt s TR Juidt
gt s, ﬁ?%ﬁ?%ﬁﬁﬁﬁﬁ%ﬁ@ﬁﬁ’]%ﬂm Ep

x107* ¥} (5-30)
(25) ﬂo c) =
TEXNANX (5-30) HSHEHEFREH, APRATEA G, HibkiEn
A em.
S TEARFEMEARmAT M.
S= ZX%n(dz —d?)=60(cm?) (5-31
271';10 \
ln
d]
27 27
#n ]nd 7w ln!g—ll.GG (5-32)
d, 7

LZRBHKEL =4.7(cm)
HEGMALBNKE z=] -m-5=27-§

iz )
s 27-8,. . . )
F= 628F [(25) 1166(—-—)] x10 (5-33)

R SEENE F ERACHBHE R AP T —ANER S, s ABER
ANESR 8 HRO—NMRTRERL
TERAZLEAR (5-33) KB HKEYLHA BER SE Fe.
#53: RELZRARAENERES Fo
Table 5-3: Force through empirical equation

8 (mm) 3 6 9 12 15 18 21
Feq(10°A) 1.34 1.52 1.59 1.63 1.66 1.68 1.69
Fe(N) 52283 6400 3194 1949 1292 893 644

MERTTUEH, ESRBAN, PritE8SMaM RS, WL
g, ZERAAMTESRAERER.

54 KN BEE N NEETE

AREENAG BRI B, (B AR & R KRR = K EES, REBES
MR AR Y, ERERSTRARSR, RAE SNSRI i
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FZBRE G FART

SWREAWIRE. BT AENMOSETLERL, BERISENZBAR
XSG S AT ST, B, EREEGER, BERK. BT TEE
RAEFRR M. ARIETE NS, —BCRHG R THE BN 3 BT
BEWH. SEEFEIKEREE, RERASHNRETRERR, B
RAXEXAETESRBENFERTH S, ATRENGSHERF. B, £
MHEWEREIE. ARTEEDRFRNAELEE, THESHARERS, it
BEENHR. ANSYS RHAINARAZ. AR FHERERITITRES
—, ARG, . BEE. Wk, EET K, RHITEYEREsHE,
FHEARABKILIE . BLEEIRE. TH, ANSYS BAREMIGE. REMS
MEBRENSAMBEESRE (GUD, 850U H RiFse i Sy
RBRSES, TARETERREEMATE.

ANSYS RASHEBRRMFMED, Kt BB eI Pro/E. UG ZH
CEREREIAN . MFEXHMTRKRENG, SHBERSMERRER, Bl
%R, EWETHZRFEAEETHRR, TEEALEREFESA, XD
BETHEDE NS REPHRE.

ANSYS MR P R EBRBRETE, EYBRNEFSEHER R E L M,
REHATRAR R, BRBFENLER, SSBEATRENERGA. XT
PREX AN, ANSYS R T —F il M FRMITHTITHEE, B ANSYS 3
¥ {Li%iHEE (Ansys Parameter Design Language. APDL). ‘& BLFIF 88— k4>
Pt RAFH LOG 0, MBS, HPARTUZRARS KEMT, MK
Kb TSR S EH 3 SRR SRS 8], 434K ANSYS i THE#I72F APDL
R, BUUETRMTEENREEITF APDL BF, BTEEBEAITHR
B ERB SR XHESRNEF CHERE, 22T LOG XHHHERAEE.

ANSYS Rt TR IEER, WANTEHER (GUD MaSEmAlt

(APDL). APDL EFE—TATHREFTRE B TER ST RESE TS 5L
ZETABUMTRAMBFES, AERLMTNERYA S AR ERT
AU, BEFHRATREEENER. TRURERNSTLERRE,
RSERAAL BT BB N M B E B MR . APDL RFE AR, 5
P EEr EXPEMTEESAMA A S, MR R, MR, 8.
UFEGEMAOLENRENESES. APDLEBEST BT REERTMINGEE,
FAmRTEGREH, AEREETR. THESSLEE. BiHE8FRit
HALE . APDL BF T LR RO ARIEE, 1 TextPad HATHE. AR
1 APDL Srf2inf2n A 5-7.
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Fig. 5-8 APDL programming flow diagram for force computation
RIEE 5-8 FinmiiiEE, o LA%GH APDL 2/, it ANSYS #fFi+ &
AN RS BRI KA AR 7, (ET X R MR S5 M AT PR R 947 .
% 5-4: FIF ANSYS {HFE I BB S Fs
Table 5-4: Force through ANSYS

& (mm) 3 6 9 12 i5 18 21
Fs 7397 4996 3189 2004 1324 906 628
F¢ 52283 6400 3194 1949 1292 893 644

Fs. 52 66573 179856 258309 288576 297900 293544 276948
R Fs RoFH ANSYS A8 BIMsh BB LRI RER A, HERX
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FRRI BB R R B IN =14100A , KBBABAN H =8x10°A/m , WS EHZ
KPESERE. i SNBED XA T4%6 8 DT4, H BH thekin & 5-9.
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Fig. 5-9 BH curve of cores
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B 5-10 ARENHELERDTE
Fig. 5-10 Forces through empirical equation and ANSYS

B 5-10 PERERELESH A ANSYS BEFEMFHANER AR (5-33)
BEIORA- SRR, BLXHTUAEY, FAZ2RAXTE AR KRN
MIRES, ESREXHEER, AREMMERAENRE. —HE, £H
TARBHAARSBEUEREK, H-FTERMTROHE TN, FBOKH
LB RN, SRMBEEARS—EiEK. B, 2RAXHEAT
SRBRRES T % 5.
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Fig. 5-11 Force and square gap

Fef B 5-10 FETRLE Y, BiRRAANRE, BEMIT ANSYS BRI HE
fR, FHRATDIREE SRR N TTRE K, B 511 B, EREEAH, &
BHESROTH L REARHRE, WSRO TIRR%ER. Bl
RN, LSEH 20mm B, BT ALY 628N, HSEEN 12mm B, BEES
FEE 2004N. TILSERE M, BTMBMGENE, BRRONSHAE, XX
M—AEEHMREERDHEEH TS, BABRERS, METRILR
HEIBE RN . F— &7 B AR R

5SEEMNGE

ARG KEIO MRS REEXERN 275KV RRE KR
[, SERXAERERBRT, ABKRABHER. B0 NS STME £
RIFETIR. T RIS KEIERN S, B THMNEER, ST
KIEA o4, T EHARSBRNEGEE . REXN KBNS IETT 4
¥, HELLRAXNEEA TS, XEARBROMELHETT S, KRiis
BB NSRRI R TESRR § =12mm £, N FEEBRAM BT
TE.

57



R TERFH AR

6 BRSNS SN EHE

6.13|8

METER AT A8, 5N BRI RS ERK, A MEERE
HSBRBRK, HEREETSEEEZREER. A, FIEKEBLEYE
RERGTERBXITEME, TESREENUUKE NS BYH RS
SRANSRET LM T EEE. —RASNESHME AN, BEHTX
HENRIRZN 12k B TS BRIR A7, 390 Ty HLH th 0 250 Bt B Sl B e 52 e
51 WEAREREERE-EMHRSHTH, AR ERRER. Z£K D
MRENEEIR S, dTESRCER, SRS EHMEEE—E, FtBRE
BSRFFEHANERTE 5 HEAE, NTEIRERZ ARZ LRSS MLBE
HEIR A, TR TR KBRS U R B AMSIINE B R AR S, B2 B
RIEE)—BATH, MR/ T #Es R BB, BBk G RMIER. B,
M FAICER B R AR AKBAUR U, S R RO 330 B 2% 3h 3K A 3T 30
. B, B&EEH “FE” MERZE, TLAWHHOHETE, WEASW
MENLR “FE” MAYH. LR, EEEMME, SHLEMEE, BT
Bl WTES BN 2 ATRENIF & EREH “FB”. Bk, €£5FHN6H,
TR 5 T 1B E— AR, SR RN B RRT .
ENMARZE T, THMEEHEHE, WERIM. MRN8, ETERILE
B EREE. BRAKEUIEHFASENR— MBIV EOEEEZS, WA
PR AR R R, BTURARZABNAOTERED, T EEREERK
tuEitt. Eibt, FIEFRATRAT EELOBAFR RO BN (X
BT GET ARG E, BlbFESHaRETNaHEL2—30.

6.2 HIH Z %igit

6.2.1 EEHELGRIT

BT, B E B ENES EEAL T, FEiEi SR
EA—ANFEb. ARVIMESNEERERRANERREINE. EHEIW
LR 2 B2 E X B ML R T,

B 6-1 HFHMRIZEN T A .

58



BREAKEIBMSHESHFEHE

6-1 HiE RS REE
Fig. 6-1 Mechanism diagram of new single-stable PMA

B 6-1 FEIE 4 MESHG, 6 MESR. KPEsia X asRs s gk
1. MEE CBIBURBITERME) O 2. H3EER 3 URRF 4, DI 4 KRR
s TREEENER, BHENAEEGERFER, RNE—WmoMhiie
B, HFEEXPHEH—BE, FENOBRPABREHEBERIREH, WE
BSR4 ELRERETHZR. 6 MERIBENEKL SR RNESIR
A SEISHUERGBZE B, SHSZNE NN C. Bk RATE H )
71 D, {AT SEMRFEENBIE E LR SHIRE 38 F.

EFHL T R RS LI TUE MBS, WAV MALE M E N
VLR B A, TOANE T RREME AR, BRI A R 6
K1, AREEMIGEFRENES). 3 THE 6-1 iR FEiLY, BhaE
gt AR A

F=3n-2F-F (6-1)

b, n ALK RIS SRR, P LA R EIN Py L BRI
H EEKA A S BB E B

F=3x4-2x5-1=t1 (6-2)
B AN AG R & B AESFTRESHRBEMESR, EMHERTHEN
B,

BT SR R R L BV AT B B B0 1 RO B B AR,

HEAE— R FEEOHEAMEE, —RUCERE— R, EZSRAEAE
EEHE. BXEEET. BRI TE % B R B AR R B,
EHEERL. BTEHMEAT - EERS, FUNTES o Mt (8
FEHLZR) RobLM, EEEHCRIEE K-

C? _nn=1) (6-3)
2
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(1> E&ECUZSIRIHER G0 E B R LR E

LEH USRI AR, BT DR ENREER-O. SRAA LR
RIARER, EEMLEEET SR AMNEFEL. SHMIFARTFRRE,
BB CDRA T il m 3tk b WRIEARS), o ®sh, NiE
BB Bl s b

(2) ZoEH

e FHEHN=ABHEZ AN TEEROLEMTR—-E&E, Bd=4O
B, @THETETBHEERARE, TEELH EHHERZHENR MY
FE RO

BB EEAST A EEACE LRSI R ENERERCE 6-2.
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Ble2 HMEBEFKELEL
Fig. 6-2 Mechanism analysis of new single-stable PMA

FARZRORMEHN, ATRRSHFERE—EEMRT RN 4, HETLE
TEEETUATHLA, BNLAR 0. BV 1. $2H 3 AT 4 A, EEBDL Pov Pun
Pyl Py BHHE. TRERL Pl P FERB=LEERTHE. RO
Pis BEMLTF=NMF 0. 1. 3 PRI NEEBRD Po M pso FEL L, RERY
SR Pao AT AT E, R P N F=AME4 1. 3. 4 PRIFEER
s Py M1 Poy H1EZE £, BiZESLRET P ItEETRMNEm, B 04 4
() MIBETTHE, PIRERNITA Pn BV 140 3 RO . KA RIFE
B AT 4 70 0 IR IE RO Pago AIB 6-2 HAT I, FEFEHELC Prys Pias
P I Py MU T — A FATINGFE, BRBTHANBIIRIEN.

RFEEROHRE, NEELEORaFME EREH%E, Hit,

FEHEERO Ve 6H:
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Ve =Veo =@y B, Fp (6-4)
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Ve =@ F3F, (6-5)
BT 1 AF5), B | EEA B EE R HSM. B
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=@, = Voo (6-7)
BT TRE |
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Fig. 6-3 Mechanism analysis of new single-stable PMA
£ 6-3 PEILIEAESIFMT, =AW DPLE 0. MehiESE 2 MEs4E

B 3. SLETEIRITT S, HISR 500 E f O Py R F R E FUHMEEH 1,
B 5 PRI E S L, HUSR S 3R E R B OB AL F AR B O Pago TOIHIRR M E]
BT R AAR B B RO Py ARE R EAE: — & Po MEALTF3EIT B Rk A5 10
PELE, “RIBREZOEEDAR S0 Py Py R4, B Filiid Py MK FLE

£,
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PR A BN B B Paso
BIEEERONEY, NF
Vozo =V =@, PPy (6-8)
R (67) A (6-8) AUBREHERADESHEEOANLE.
= ey (6-9)

" BBy x BBy
BT, AP BB, I B,P, SR L b AE DR SRS, T
B LRI AT, 7 CMB B BAUM R S B TS R 38

HXRFKR. LROBFHFTHVGRE ST LB RS2 RS, Bk
HIORR IS N e Al, BRI AT 0 IO AF LM A e LR Y BT B B S B

61



ERETBAFELFEMLT

BEK. BTSEERZIIETE—BITE, Flk Voo WVTER IR L E.

B OERIAES AT B, WRBEENEHM4N R AR T HER
KA, HAETENEHRMNAR., LEF, NTELENNENMHHET, &
EHESRRERERER (6-9) BB T EREE T ERB A HIE
PR, BTORBENOTEERAERE, B LS R F R K@nm
&, B &R SRR A A, MR BB BE MR SR
BESHER . THPBTUEENS MR GRS EE LB, bk
MR R, RERRERSNTERB UM B E#RE. E2ER
ETRFEAEKRHNAE, HEFBUNERROEE, AE—RTEEHAR
HNRREFERT, UETH#TKREOERMTTHE.

LR UG RS 8IS MBI DRI TR X R e, FTLME®
PRGBS HIERED, BREMHESHISHRGEEREN, REEE
RRELRLRERN & TR GHEsEEEHNGEEANEERS. &
MRAOUKZSHFERER . IHMMZAKRER, RADDEFELRE
ADAMS #1T.

6.2.2 HISIRFITIT

KA AR, TREHHTFSERERN. SFXBURSHAKR,
HRA AT AN REEAN BN RN, AN EERAHENLE, HR
REDELBRERORE. AERE, XN TFHREMBBERTX, KENAZES R
RS DR B AL HE RO E, WESHRENSH%
GERFERHSIE, UNENIRAR. TESWRAR, RAE8SR2HM
RBHRRMESE R, KBRS EEHEEEERBREE—E.
T ERKEKRBAMRE, dF SRS EREN—&, SHRENAERNA
A FBRHNH S Z AR R RSN, EARELEEES, shikil
WRAFHFERS, WHEH—EILAALE, EARMEOTARYE,
UK SR B AR RFE 1 BN AT LUK Bh 8 S B MR A, B4 IR B 44 45 B LA/ Y
RARFIEXETE, TREHRGEERENMEE T RBEREINRRE.

TR FAXMFAMAARD, SHEHEEIFERSRBEE—&, H
HR&EEEMAEITHNIES . Eik, SERFRBENAMATERT & BT
RORR, A EMEE, LDHEEUTAMFERAE, FRIERMARE
M 1) A FREFSHMRSFABENRNET 2 RMLE, WHRShTESH
BIFARFRSWMARK S, BHP LK KBS ENRARRDBLER
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Bk 2) ERLES, HHENSHHBIF, TUERmEREZES: 3) Bk
SE BN PUES SRS, EERRAERES; 4 SRR, BHES
DHEEE—E, LRMHEBLNISIBECHRE SR, YBEIALEH,
R RE .

AWRE 1. 2TRER, W LARA—MESNSRES BREBESIKE, 2
FPRS A RS L BRER S, BB RS R SBR A 21mm B, i ANSYS
ST EBIMSKEEMR AN 13N, EHEFEZETEHSEE, BHRE
SYREIN— M RAARTE S, MWSHESRD, RNEESREN, BRGHR
EHEHELHET. MENRENWESTh— M EERTW. EEHBRES

BRGHEAELSE, BTSRARENIEERT, FhRRREMEHIR
PiEsE. BEMEATHRER 3. 4 0K, FEXRAERIRTLIE, MH
B A REE S WL P B B A B — AR B 2 TR R

623 SEEHMBERI{ERIE

1 ¥Hr@od), 2R E, 3IEH (swing), 4 B, 5z (armature),
6 >4h(shaft), 7 733 % (opening spring). 8 S, 9 FRAEIR, 10 Ak,
11 R, 12 B0, 13 S84 G (ockpin), 14 FHEME,

15 1E3h3%, 16 7%, 17 80k (latch), 18 3T, 19 BrFss

B 64 FURBSKEIMEHER
Fig. 64 Structure model of new single-stable PMA
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Fig. 6-5 Structure model of swing
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Fig. 6-8 Co-simulation flow diagram of new single-stable PMA
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Fig. 6-9 Pre-processed model of new single-stable PMA
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Fig. 6-11 Displacements of armature and shaft under different pre-movement
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Fig. 6-12 Force VS gap
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Fig. 6-16 Velocity of armature, shaft and latch
P 6-17 7, 3Lk 1 ML 2 RIS BB . SRS
B AR B8GR5 . TIOHMIEE N A TS EHE A SERE
FI A Fr. RHIFELY Oms B, RRA—PMRERM, BRETHEERENRMES R
B EENBRECHEBHNT IR, RESEABENRAEFIRER

74



RS AKMIERS hEGH

HEIR&KGEE R DI MERZE.

150000 : _
~=1.arm 5 i
1] ~~2-shatt ]
N
J g
= 10000.0 | 1:
i I
® / |
2 ; !
o i
L 50000 /
! Py
..—-—'.—-—-‘,-——-!-—“' ] ‘;.
_—--F‘—FEAI: -------- --»---.-g.--- b
0.0

00 50 100 150 200 250 300 50
Time {mitlisec)

B 617 BB RUEHARE f 2%
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Fig. 6-19 Driving forces of shafts of old and new PMAs
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