<« AF+=E> Journal of The Korean Magnetics Society, Volume 6, Number 2, April 1996

o|1=E
o423l Foh st A 7] 2t
0[714]
whoj s A 7] geat
(19959 749 13 Hk2, 19964 59 10 HITE4AE uke)

AE7)eh el 7 ¥%—ﬁ'~% 77\% A7 7171

MER FESTPE Y

Holut E25 BA4717] H3je] 2
zoleh. AR Fitasde ol 8T A AL hyor
AAS) B2, 2 5 2ol 4%54 Aozt WAl SN el sle oY e
EdlamAE ol gdte] T AAY WS Faln ole B Apez AL FHE
Bl 4317k 2otsd % o PASHE oA o) WstekS ol gate] MRS Faki
Aol & e s Fol7] Ashod WEzELE F2 of

dos 349 4 LA A At Ao RS
7 a0 WAHE 73 }% g
Wy 7 WA

ot A4S o] ghove ¥ BFolME
Agoz NG Azt vimated 1 F44E FH A,

I.M 2 13

Aste] chel Al 4ol

Facde MY A0S TPAAG 2D TR A Zol AESHE A4S
A7) Z1A) A v mA 4R e ST 4 glo
o =& fRsralE ol 8jed HAAA A wyel A

EEsL, Polut BEaE olE A
= ogE]7hA] Wy ol
2 B RN
uhdlol o, sl ou o
uholch, AFRlel x¥8H
it &
Nedd S sabH g ol H83sle] A7) 7)A e
A A gk}, A2 g o] AFE 98] SlA 2l S La o)t g dlod AR5

Akt W o g A4E Aol AL HAZ))
e}, A E2 e A
FolA 324 sl ez A4
stod A BeL vl AZEa, fallro]me] MEjE

Holut 3% &2 4 9l 83 4% A4 o))

AAE A o 2= 2 F7A] o] 7R el A
AlEe] gowl, 2 F de} AHgsE Wyo i Mg
SR b oy W] o)k w gy ey e
24-8-7% (Maxwell Stress Tensor) 2 Aelsl: g
AAY wee] R oz A=HE Fahs ydloln 74}
WAL, Eallo] W7 dolikg wl Lalsl ozl
Wateke o] 83te] AAYL ol wolc}, 2ol 3
A FAlel o] F 7o) Hgsloi A glont F7 A%
2t 2l o] &3k ol et Qeh!Y AEQle) 2
T FAME Fee s Fol7] flste] =p7)wlel e

€ F& olgde] A YL sty Yome o Y
o AAteolu} Bz AL Ar|WHZRIAHS o| L3}
= o] folzlr}

wel B mfofli s WA Sana) sl S 3
A fhe s el A M e el AL ol galo] Alata)
= uh-g Alakgie}

of W AAHE A W FoA 3309 AoE
slmstel Aloke el A A4S ARt

I. 3R REtR40HA
HAAFE FAD 339 AAgel A 4

(DolA A5 A7 el T8l H AL o] Lslo) Falat
u] 41(2) 9} ol X,

B=V xA )
V xv(V xA)=] (2)

37|, v : A7 | A g (m/H)
A A (2)ol NoHA FARFE AFRSE e
Galerkin¥]¢ #&3lxw AAZAL tidsted Aad [
S13 FE3 (F)& oAdskal ohe A3t e,

[S]{AY={(F} (3)

- 106 —



KATFEES AU LN EL 0] 58 35349 DA A4 — B - ol dE - )74

. ™X=2 ALt

& Aol AR Aatol ALEslo] & ) gey
3 A9yl 7l eelol dleked date).

1. RSy
A9 A f e A%ds Jo A= B

o83} 72o] EAH,

o o}l

—

F=TxB [N/m] (4)

op

d AAE AL A (4) 9 2alzx A o] 8
A=k 2} %OM Af7t B2A e gl Ay
AR 4 gieh webs A (5) 9} Aol *451— L
T &St MU ey ARTE ASEE
Fog Aejstr g olzigl i S8 4 3ok

7lo
(=%
#.2
g
o
=

ik
;0

F={Fa = §Pas (6)

9 Aol 344 Sakasdel 2
SAGNA A 85k 13 HAGEE AL Ee o
Al ns 2ze) g sold AW e 2 ek A
e} £A o guiel e S A7 AAREA S dpe
2 ihro] g@eln

B =B,z +B,y+ B>z ©9)
n = n,gc\ + nyﬁz\ + nzé\ (8)

AN, /(o +H+ k) =1

N -
2 2R, n, ne 0 x, y, 24EE FAYY )5

A (5)ell g sted A2jstad chg-) 2o,

— 107 —

B =-L [ (B, + B+ Bm)(BS + B, +B2)]
Ho
- L (BAB+BY(nE+n) +n2) (9
Ho

& 4ol WEt 3 AF & & AAl g4olAe Hu A
9] = ASSh MU gAY Foz gHAL,

AF =P AS (10)

®

F =) AR (11)

o Aol A A g 2ol HE o) Foz A o7
Aie A Az gaiivold e HE AR 24

o}7) 4 A& A} (18] A7 e 2elde) Holz
7 AN AL EE

73':?(_@3_6_&
oy 0z
A, O0A JA,
+ 5 (5 -
i 0z ox
+ 524 A, (12)
a dy

o 3ol ZHEACL

2. 7AtelY

AL A S ALz sl WAL A4
B wpgoleh sba Wg] pB nelselS o) pPatos
o WA Fyi Axwl A3 oAl Wel WEare Ak
SozH 78 & g

Jop—A (13)
op

Nz A4ENES o8
Aol )ahod TheA]

@ AxE ANezs fa

sz M (14)
Ap



— 108 —

sk ol AlAbsheleh, vt o] Abge sk ¥

Wsted oA F Falof s A3t ApE A e W
ol wheb Azte] zfol7} gholub whaol Qlck. 4l (13)%
A7 ol o et ANHz Fals) A
$ A4 ooz olgfq HHES FRY & AUsh

Arbae) 1A A o2 Wi kg3 ek,
w=|[ [ B-aHav (15)

o714 B A wsolx He AbA|9] Al7lelx AEA|
£:8ol|A] o}l o] A3} Fho] FH G 4 glrt

1 B
W=‘f;7d

—1x X

~ 4B ] (16)

thal o] A2 338l Sakasnel
chgt 2ol

A g ol &5t

W:—ZI—Z{A}T[K]{A} (17)

Ro-iyt

{A} [K1{A} (18)

o3, 01714 K 42 & cha3) o] Helab,

[S]
K= ——
[K] 36,0 V° (19

olx, 3xdolA & Fel v, y, 2 442 thgat 3hom,

A 12 {{A} [S]{A}} (209

1 e ({AT[S]{A}

F1: —_— - s e
! 72 Z 3y { v } (21)

_ 1 0 (LAY [STHA}
: 72 T oz { \% } (22)
Zrow, o7 A Algial g xo] AF Vel Alsjad Sef #v]

gha2}7] 85 2| Volume 6, Number 2,  April 1996

Wy WV o (23)

ox i1 6x; 0x

oSy S (24)

ox -1 0x; Ox

0x;

o A2 wbyo g et o) W 7 = gaskel i
A Aol A o 1olx 287 o4& A& 0
o] s},

A(20) ~ (22)% ol &stod dAH L A A% 3
S b Al AA Hetn e ead AT vE
asel Ao *0o] Hrh, wpebs] ) 2al-g2 ol 412}
7ol A Aol A7k aael AAHE Hpsto FA7}
A AAEE 78 5 9ok

Py

Fig 1. Integration plane of tetrahedral element
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Fig 2. Coaxial dipole
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Table 1. Force comparison of magnetic dipole

Analytic Sol.
F, —0.2539 N

Virtual Maxwell

—-0.2544 N —0.2544 N
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Table [I. Force comparison of solenoid

Axisymetric 3-dimensional 3-dimensional

# of element Maxwell  Virtual [# of element Maxwell  Virtual

276 -8.979N —8.979 N P76 X 3 x 100 —9.0026 N —9.0246 N
414 -9.173N —9.173N {14 x 3% 100 —9.1992 N -9.1110 N
463 -9526 N —9.526 N }463x 3 x 100 —9.7042 N —9.5217 N
573 -9.429N —9.429 N 573 x 3 X 100 —9.6608 N —9.4289 N
651 -9.527 N —9.527 N 51 x 3 x 100 —9.7493 N —9.5413 N
720 -9.750 N —9.750 N 720 x 3 X 100 —9.8649 N —=9.7242 N
750 -9.843N —9.843 N /50 x 3 100 —9.9121 N ~9.7903 N
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Fig 5. Comparison of force density
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Fig 6. Comparison of clocuo-magacsic force

Fig 6. Comparison of electro-magnetic force
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Electromagnetic Force Calculation

Using Magnetic Vector Potentials in 3-D Problems
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Electric machines such as motors which have moving parts are designed for producing mechanical force or
torque. The accurate calculations of electromagnetic force and torque are important in the design these machines,
Electromagnetic force calculation method using the results of Finite Element Method(FEM) has been presented
variously in 2-D problems, Typically the Maxwell’s Stress Tensor method and the method of virtual work are used,
The former calculates forces by integrating the surface force densities which can be expressed in terms of Maxwell
Stress Tensor(MST), and the latter by differentiating the electromagnetic energy with respect to the virtual dis-
placement of rigid bodies of interest. In the problems including current source, magnetic vector potentials(MVP)
have mostly been used as unknown variables for field analysis by a numerical method; e. g. FEM. This paper,
thus, introduces the two both methods using MVP in 3-D case. To verify the usefulness of presented methods, a
solenoid model is chosen and analyzed by 3-D and axisymmetric FEM. It is found that the force calculation results
are in good agreement for several mesh schemes.
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