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Dynamic Characteristic Analysis of Linear DC Motor by
3D EMCN Considering Input Voltage
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Abstract — In order to design the Linear DC Motor (LDM) with improved characteristics, transient and steady state
analysis are required. Furthermore, 3D analysis is also needed to analyze the precise characteristics like thrust, time
harmonics. This paper deals with the transient and dynamic characteristic analysis of LDM by coupling of external
circuit and motion equation using 3D Equivalent Magnetic Circuit Network Method (EMCN). For the three dimensional
analysis of electric machine, EMCN is very effective method that ensures high accuracy similar to FEM and short
computation time. Also, The modeling by EMCN easily allows the mover to move with respect to the stator at each
time step, and the spatial moving step is determined by the solution of the mechanical motion equation and the computed
electromagnetic thrust. The results are compared with experimental ones to clarify the usefulness and verify the accuracy

of the proposed method.
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Table 1. Specification of system and major dimension
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Fig. 1 Structure of double side moving coil type LLDM

O 234 dY 32 % A
Fig. 2 Electric circuit and connection

a i I— —
g
) va | — —
o}
SV B S— —

a-b — —
A — i
;‘:: b-c . —
or e e B
c-a L — —_ —
n 1RN 2&n0 can o0 FAan 1

a3 3 34 vio|E2l 73 24
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Fig. 4. Structure of equivalent magnet circuit network

hoolEA B4 % GFANEFY A AL wuF
e AguA gaw ERIT)
Bz sael 39gel e APazs Hudx F7F

N3 #4714 AAe AR Ads 349 57
Agzde FA B

o7 2ol gl A%T A7) Fel NAYH 5
ety 243 A% A5zAoR FH AABANE
T ek

3 AWWAAe 2FS A FANLRRY wdY T8
54% Tele A H499) 4 A B A0S
A s,

of AltE 2 @A) AR AR Aole] AT AR
§ A4S AN F5 AN

3.1 S7tA7Isl = of 2

311 718 WA

QurAe A7 Bl A5e ArNAT Q59 sma

ssh Ao A9 ACEE A4 g 2ok 39 4E
golel AR (1,7, 00 Wotel x, 3, 23 F BE HFWA 8
22 THE SAA/0EE deAt GFANE I
oz ARH ez ouel PFEFE 19 4b)sh 2ol
248 (7, D% (i,j—1,Hez Aztselng.

2 wgoze A& ASURE G Lol AN +

31t}
Quiiin = Puin(Uije — Uirr i) 1
D yij-1.h = Pyiji-1.o (Uije — Uijmrx + Eijm14) (2
Doiin = Paijw(Uije — Uijrs1) (3
Buiin = Putiin ! Sxtiin (4)
Byij-1.0 = Pyij—1.0/ Sxii-1» (5)
Baiin = Puijow ! Saijn ©)
A7, Uiiee BH (G 7,0 9 A1kl sidsls 2R 9
#ol®l, Pyij—1.0 & Syij-1n s y3F F A Abolg
Hulelast WRHeln E,,_, & ATANRL Er olFA
ALY 71A eIt [1-6].
Hujdzes 249 28 FE2E LDMY ¢ A¥7]9

282 Q4¢ AJHUARZ FAG oY, 7 849 Ay &
W, #22H 19 40 YEd xyz 4 $goz
o % @A Abolo) a4 WHALE ANY & U} [69,11]

A23



3.12 71X AN

g FAMol 18 Ab)et Fol yrge g
adg3 AFEE 7 22dA yirges
A7hsE AAGe s 2ol depd £ ek

H PpARRL

Eyiin = —ﬁlﬁi‘ *Yii-1,k (7)
M(x)= 2 [cos azn—cosit’_;)n”]sin "Zx (8)

A71M, Mx)e F7ANY AGeXLE ZER Ao,
gt GF AN Apolg Aololn, p A%, ne nEAAF
g vehdth B,& ARALUECII, v, 8 JTFAA
3 QA9 23ubE oot}

olEa A4 & A9 AF B2X= JggolmE g A
g3 A/ BEE A (9% 2o vEd £ ld. AF &
FERH AFH B ARE EAY F* 71AE E(n= 4
(103 2o olFx PMFEY ZF QiAo 7z
2 (1) 2ol d& & Ak

Kx)= 2 [ cos 22E _ cog (& alnn']sm e 9)

E@ = [(1)ax

2NT annm (p—a)nx
o [ cos — cos ]
_ nr p )
= 2 s (10
X sin n;x(l—cos(nkx))

Eiivie Ex) /| m ap

o714 NI 71R8oa k = g/r oW, »n& 123 A%

oltt. m& olEA ALY yIF¥ saxF
22 gz yad 5 v

¢ o E(x=

313 Asdde 74 A FAHxH N

OKJ

ol4el sAozRE ANA 7 2adAY HrlAxs, 7]
AFoziy 334 A4/ HRTE FASADG. A4
g Qele) @ BRHAN A& KEYF| Lol

#a

A%e] A£2AL olgalel 219 49 (5,7, AN 2 By
ene A&e) F& Fad £4¢ AW £4 (2% 2

lo

&
o A% WANE A& F7F Aok

(Pati-rintPaiint Pyii—int
Pyijnt Patije-0+ Paiin) Uijn—

Puic1.inUi-1:0~ PuijnUt+rn—
(12)
Poii-twUGi—1n—PuisoUiivin—

Poiit-0UG -0 Pais0UGjinrn

= Pyij-1.0Ewi-1.0~ PuiinEuin

Trans. KIEE. Vol. 518, No. 2, FEB. 2002

£ A
9 e
=
=2

ze 3
[P] an{U} nxlz{F}nxl (13)

(Uye 3929 B2,
2E x ]

AN, [Ple #HAuds A5,
(F}e 7598@EN4 98 2 J7AN
Q22

A% 2ol FHE suds AF WG [Pl Bgwrt
nQ A% nxpoAABeln, (Ule BH A9 Yoo
wA WMol gk As 2ol FHY 4 139 AL

o AAZAEL Bold W oAEHY A7) 2% ARG
& ool 1B AR AP oRRE AYFY 7 F2 A
$3 AHYTE AP

54 dHA aFHE 179 olFel wt ot ALY
o (P& AAAHER olF GAnTY g4 AEY AA
& 349 HAY A% 2 AR Aol A AL BYE
7HAAES. ol B & FHSI] 98 £ EMCNelA=
GPAN L AJLEE AN 42 BAHS 249 A
% glol A28 R vz FHS A4S FYa4A @
o

I8 5% olgAY ol§g T
9 Ao oERY o] Fo] 1y DE o)|EA B 2x B
g gt 23 FAN FEY Boite ITAN s
BEE Mx) & M) (=M(x—xy))2 " AAvict upy
o 4 (13)9 AuAEAS 94 s FPsHA dot

ASEE WEHE Ygh

32 E54 4 o2

19 62 54 48 £3ysy] AF A AAL A
2 UErd Aelth
TEA M AL I WAL &5 WAL d&
I Zdon A 9F AL 34 vlo|EY FFLE oA
stgom FatE uyaA Fkernz 5 WA g Ha)
Froga) = 02 AR HL).

Bré M(x) < M(x)
=
£ K x
g —~
£,

=)
=

a8 5 olso wE XEEE BiE
Fig. 5 Variation of magnetization distribution in permanent
magnet with rotation angle

SOOI RGO o MY NENETI SSH o4 63



BB ERNEE 51B% 2% 2002% 28

Data 212
(L2 mY, 25 =2,
2 e e

v
ZFI| P2 EF H o
(I=V/R)

7
[ 3DEMCN A ]
P 1
1= ols 2R o)A A N
(S=5+48) L 1 |
A

33 6 54 siMe =M
Fig. 6 Flow chart for dynamic analysis

V= IR+LdI-|-NBvl (14)
fi=ma,~+ k/Ui+road (15
A7IA, Ve d"EAY[(V], L AR [A]l R: A [2],

o] F5AY] £ [mf sec], by EHAF
[TVL/SeC ] fload TE]- [N]

it BAFE [N, B ol 54 BAREY AL LR [ T]o|t),

AFAY olFA(IF PATINE v Aynid A
A 3 9HG wlaTZel Bae] ol SAT olFe AlFa
£ ARRE AYdH 528 U 4 na Fhe A
4AH9) &E9} BAH $EF AL, v2TRY ol
FALE AUSA 71BN ARsE APl 27 Y
HAF9 GTANY VAP ezRE 3449 57 A7) 52wy
of e e Fakol, £F WANH SEE HAo] DA
e 4 (169 dstel maTie] Ag AHe HEsh Yo

gre aTae Bue A4 S8 A aDd o8 7

2+ A

P = vt + 2ai(x; — xi_y) (16)

” —kaxi\/ (kax)Z-:/Lm(ZXf,-Ax-Fmv,-_lz) an

@, old] wAFHgAM HAF oF) L= FHH spE
TE naF0A "é"és}q 2 (AN sty At w &
TRrol guE AHe £5E 54T 5 £E9 ¢
AE Aol BARFEE v]AaTFz7H o|BALE A F $
=3

v; = a; At + Vi1, D=1t — L (18)

el AR goE MR oA FAL W Austo2A
Ao mE Hade $H AR 4714 gH el =43

4g Sestch
33 F4 A
ol E7e) o] Fo] ug
= 63_,] u&z{-)])qg
o]

A7 e
0% UBR 4 (195 2o,

Fo= 3 A7 = 3 J2SY BRI

Fy= 310 = 3 J9S9 B LY

F,=10 19
ANA, J2,SP 1P = 2 a4e zuwe AFAR W
A g AFwgoze dojojw, L olEx AN TAF

£ 24 o

1 HS4 s Ao

411 M e

S AN A% 29 7% 2ol AVA WAL ol§
stel olBA AM ¥ A% FFAY 5 IRL A
9. E, o) 5A VA =Y A= FAe ANAPem =
As S 22RYE @ 37 24¢ 19 89 29 7
A ZAL 2Y A= RS DEs 25 B Gl

Fatgon, A4 B

a8 7 354 6y z2d
Fig. 7 Analysis model for static characteristic



¥

a8 8 e4RYE ¥ FAEY

Fig. 8 Mesh generation and boundary condition

04+

z-axis {mm]

By [T]
<

-0.5

-1
200
100

s-axis [mm] 20 40 x-axis [mm]

z-axis [mm] 20 x-axis [mm]

(c) Bz Mg
a7 9 330AMe Z wEgozef X&HAUTr ME

Fig. 9 Flux density distribution of each components at

412 iAo A¥

I¢g 9711¢ 3D EMCNE ol £3ld A EAaiAS
2HE Z&d FFNAMe AELE EX 9 49

EA

75 de

tilo
o

nejgt 3R SR B 2ol 2fst MY HRES

Trans. KIEE. Vol. 51B, No. 2, FEB. 2002

sof
B TEIREN N P L R 3 Sy \ § 1 A
40} e BTN P P s e
SHRANNA ISR “’f’?m.aa\«éxx,w::“‘
i \I:h ¥ e ‘?,."u,\\,'@‘xuvlv.f /&é
~ 3ol N1t F 4 A | }' 1 .
A [
2 ; 4
8 1} Yoo
= 3 i
A 20f 1%
A f:: :
-/Nge“‘.n AR A
10} IR AR OB |} 5§ ; ﬁ}««m
T 722 R IR RRN R NN
e LR RANES eI Fir £ d ) e
o BT A AN NS St s 0 1 14\ s NS
a \ ! ; )

a 20 40 60 20 100
x-axis fmm]}

a2 10 RSz e HWEEZ(x- yHH)
Fig. 10 The plot of flux density vectors

100 =4

J —KE _*\%
90 - . ./* cee L TRNg
80-: . » . e ey

70 - ./§'< LR

2 ] L
ny /" e pEmen N
107 X  Experiment R
*T e e s 1m0 10 s

Electrical angle [deg.]
a8 11 ™7 Ztoll g Fo| M5

Fig. 11 Variation of thrust with electrical angle

g
ot oo
— -lN’
o ®
rlo
m
E oX
01)14
N, o
o 2
noo
&
i ]
+~ w L
3 &
— E
w
3 o
3 o
o %

[sich
oA
o
1 rl

o 0B oo W
o
>

@ 2
ol
-

)

a9 128 F54 M2 987 A5t oI5 A4 3
¥ % GTANe 632 Y FHoE =N adolr, 1
¥ 13% A4 mdel aa BRE % FA=AL Uud A
o, ol5AY ojFe cEmoz JTAMe AHEE
JFe 9%02 oFdE Ao ARG



ERPEREE 51B% 2% 2002F 2R

PM moving direction

il e—

DU S S g A Lk
. | e 7, i 5
e Zutundi DO S G & 2 3 P . &

a3 12 S5d sy 22

Fig. 12 Analysis model for dynamic characteristic

I 13 222HE ¥ FAEH

Fig. 13 Mesh generation and boundary condition

422 S54 sliMaq

34 wolZek 7Fol o8 FEHE F2A JF aUy )
LDM #E AHeojre % AF FPEH 52 48 _ 300
Ak ®rIAS AhRA AT sAAY ST Aol o 200

o8 Aol A7 AL 108(VISH Hof AHE H 144[V] s frn] p x-ais [mm]

g mo £ 2 Ay AHENTY 2L AN BPBL B3

2. 32 15 2 FAolA yustel Z2Eel XNSUE HE
Id 14¢ 15% dF AH 13Ald W 5 2 =Y 49 Fig. 15 y-direction spatial flux density distribution in coil center

A4 yIE AFYE ARE dehINT B3AAE 9

AswEel BEA PR AR FH2 ety 2

FAAAE Adl ke Fedk dehde @ & Aok 2

#E7} 100mm]Y @ ayBEAN 12 R A= o
olg¥ A&xUEe] WEHEEE 19 160 Yehiich ol

o
el

e B

Pt

EIE R
6 - R

Y1708 7 QY AQel me AAS 50dHe) F
=4 A4A7E Yehd olth 19 17¢ A4 WY 108[V) o]
oM Az] mE 2yl AFE vehd Relm, 1Y 18
7 Q" Agl U@ o
ol AFe AHE AL YA A% @
Aol e F4g 74 BEolY, HrldHe
Aygeel B9sIA Fohse Fgel uBde & %

o N,
2
I
I
ox.
fllo
<
o
%)

Mo
9
)
=L
il

y-axisfran]

it

U b
ki
!ﬁ’ﬂ e

Aot ; mas\::‘:w‘s I e
a7 199 202 A|7te] W3lo] wE ol F Ao A wWAElE

FET £59 FolE Y HY HE vug Rolth AY ok m T 4 & o TR

o] 108[V]l¥ w A dHAe £xE o 1.80[m/seclol 2, xaxis [mm)

144(v1Y @ 9F 240 [m/seclE Age] FNFFezA £27t
%7]'§:}% OE.} “l"‘ %‘\q 23 20“ 76]}5})\01'51101] E%ﬂ% ‘IHQ] o] a2 16 II‘Q‘?——JEQ' t—"—IE'iE—;‘T';(X'yr‘AD:I)
232 APANE NuE RO HA ARl o 2H 9 Al - - o

axe wolnh Fig. 16 The plot of flux density vectors

66



15 ; :
1A i
104 /N
— /'/
< 51
g 1 =' ‘
L 0 - e
E _
= : s H
O 54 6M . ;
& , —°— Phase a
04\ S ; — Phase b
1Y — Phase ¢
-15 .' 1 ——
0.00 001 002 003 004 005 00
Time [sec]

2t el MFe M

17 AlZhof] e
Fig. 17 Variation of each phase current according to time

150

120

1
90

60

]
30
|

BEMF [V]

— 108 [V]
144 [V]

0.06

0

T T T T T
0.00  0.01 003 004 005
Time [sec]
O3 18 Al2tol| wE HAT|Meel Wl

Fig. 18 Variation of back EMF vs. time

900
800 14 r }
700 |
600 i
{
|

T
0.02

108 [V]
144 [V]

500 -
400
300
2ooi
100

0 .
0.00

Thrust [N]

0.02 003 0.04
Time [sec]
I 19 A[Zbofl B FHo| g5t
Fig. 19 Variation of thrust vs. time

1 .
0.01 0.05 0.08

5.4 8

EE
ol
hu
<
rO

%-E%ﬂﬂk-¢ﬂﬂ“ 71
571 A7 32y

Trans. KIEE. Vol. 51B, No. 2, FEB. 2002

2.5 :
1 :
— 204 f
[&] e —— ]
() 4
1721
B 15
2z ]
§ 1.0
g B
0.5 -
~— 108{V]
: ; 144 V]
0.0 —— T T
000 001 002 003 004 005 006
Time [sec]
R 20 AlZol| whE HTel v
Fig. 20 Variation of velocity vs. time
x 2. Mz o]B2Xx|e] MAMNE] T vjI

Table 2 Comparison of analysis and experimental velocity in
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