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4bsrracr Tfm pupw ,m esents the uecurare (/tSIQ’H of ea’a’m
current blci/\t’ hused  on . 2-D Galerkin-FEM  and
Wpwind-FEM. For the f'urQ( pecler ' number, the
pgr/bnnanws of u/{/\ current brake can. be accurately
analyzed "with respect o' the u/uun DV using 2-D

Galerkin-FEM. The equnalent magnet stack width of eddy |

current brake um/ the nonlinear anadVsis 1s used 1o muccm’
the analvsis’ accuracy, The HH'H/IH of the analyvyiy. wm:’n Iy
el zfzed bl crmrpmmx; 0 rhe m,m rimental ones

current brake, ((HH{LH\( ~diffision
equanon Galerkin-FEM. (/mmd FEA :

1. Introduumn
The speed of the passenger

cnerease ol speed, the

There arc some t\pu of hmkc- n the hlL,h \pcul

train: disk brake. eddy current hI..lI\t. and regenerative :
| brake. In these brake svstems: de\f current brake uses
the principle that mo\mw umduutmv material 1n the

magnetic field generates the rudrdauon force [1].
In the d design of eddy current brake. the prediction

' Ofthe perf ormdmc based on accurate analysis method
is very important [2]-[3). The performance of eddy
- Current brake can be predicted by analyzing traveling
When the problem s
analyzed by Galerkin FE M. 1t is well known that

field problem.

unnecessary oscillation will be upeu[ed for the large

(cell Peclet number (2 =6vh, in-which v s the

velocity, o is the conductivity, 1 is the permeability
'tutraaonal elemcm equanon (2)1s derived by

and 'i"1s the Llnmemm lentrth n T.hL_ d]I‘eCUOﬂ of

" 'motion).

A pﬂ‘mlb]f way o overcome the 05c1]]at10n
Upwind-FEM suggested ' by Zienkiewicz [4] and

Chnsne {51 in 1D problem. However! in' case of
PErl‘ormanLc calculation such as torce calculation in il

the alrgap. the dlrlueme between the results from

_brakL and rail [7].

"direct convergence method,
technique that proceeds by suuume]w solving a

: ;- ‘7 ')'\ﬁ | {] i
s s beer Imcar system of equations (B=yll) starting with an |

ncreased by IhL development of du,lwn and control
'technoIO(r\ With  the
decelerau(m of the train must hL ‘guarantee lor the
| passenger s seeurity, ' '

s e i T]_ Al 04]
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Gl erkm FE\1 and Upw ind- FEM is mslg:mtu.am
In'this paper, the performances of eddy currem i
brake have been Ld]LLlldlt‘d with the key ‘Parameter

'suchias speed by using Galerkin-FEM and Upwind
i e BNy
calculated by field variable with vector potential in
order to compensare the flux fringing Lifcct due to the

The requivalent’ magnet stack width | is

difference between the stack widths of eddyCurrént |
The conductivity of the rail 1s
compemattd to consider the transverse edge effect in
the rail (6]. Non- linear analysis s puformed by usmu:
simple  iterative

estimated value. The validity of'the analysis results by
Galerkin- FI,M and  Upwind-FEM s achicved by
comparing lhc ucpenma,nml results: g,

2. _Prnblem Furmu!ation and Anal'_vsis Models -

A. Pr {)/’J/wn [ 0 mu.ﬂ'unun
The governing equation for "D imlte e]emem

- analysis) in o traveling magnetic field problem, js

C\]J[l.‘S‘SLd as follows;

:—J” ‘o U‘C—il (1).
ik .

e [l

cl',ac“.

W hu Als thc 7~ duecmondl rnas_rn:m_ vector potentlal.ﬁ"

s the e\utms_ current densm ‘o 1s the u:mducm 1ty.

L6018 the permuablln) and ¢, 1s the x: dlreurlondl_'
velocity of the DC- -magnet. | '
After applying the weighted residuzl method with

!\;: fx ey il J
e s B

v [

it e St e A
e [ilmiEL s
| ) ' ittt i o '

W
e




The lmea: mterpolahon tunctlon N, and upwmd
mtu‘polatzon tumtlon L, for tcnaoonal Llement are
,un en by I :

1\.1, —._Z(l + gl fjl.!]}_ i ; (3)
1. H e ¥ H 4| i
L,-::{(i T MEN =g, )
i uhere a . . ; .. i .
f( = 3{1 el 4 _ (5)
P:quauon 3 ( dnd 5)are obtamed by using the

normalized u,Ltam,Ie in the local coordinates system
of Fig. I(b). In (6) the parameter o 1S upwmdmﬂ

tautor and it was given by HL]]‘]IICh (3]

8

Py bl - v
((—u)lll(w) S—_ e RG]
' 2 Pe '
fitil whelre, L e i
s it Evlr cr il LR s 7y

- The parameter P is called the cell peclet number,

hc parameter h s the element size in v-direction, It 15

~well known that solutions oscillate between the
adjacent nodes 1n lhc case: lhal the ceil )u!d number
1S OVEr IWO. :

Y

(a) Cartesian coordinate

'J\Tl
P 1 P
il i
P‘ -1_ P7
L 4

by Local coordinate i
“hRigs b Coordinate transformauon
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B.. Analysis M(Jde/

Fig. 2 shows the eddy current brake for thc analysis.
The magneto-motive-force (MMF) is 12000 AT

Dirichlet boundary condltlons are c¢hoser on four

‘boundary sides. The DC-magnet moves at constant

speed along the x-direction. This model is analyzed
by three methods including Upwind-FEM. Non-linear
analysis 1s used to increase the analysis. aceuracy and

‘the analysis results are compar:.d to the experiment
results. The mmal esmnated value of permeability S
1000+ -hxl() (H/m) matenals S40C and S137 are
used for B-H curve data ot the core and the rail of the :
nonlinear analysms respectively. “

In the 2D analysis mode] conmdermu the eddv ;

current, all currents exist in' the 7 dlrutum only

Consequently, the conductivity  of the rail s

compensated to consider the transverse edge ¢ Ich[.m

- the rail. Ihc cnmpensatea umduumt\ IS 1_.()1-\:10“

\mho;m; i

° “\/Ierhod L (;‘1 mI\m FEM mth triangle element

-® Method 2: Galerkin-FEM with quadrilateral element
 Upwi nd FEM with L]Lmdl'lalual clement.

° Method

5. fqunal'mr ‘u[uunc{rc Smu’x Widil _ ;
In the eddy current brake s system. 3D analvsis 1s
necessary for the accurate analysis results because of |

the fringing eftect due to the ditferent stuck widths

between the eddy current brake and the ruil. However, il
2D analysis 1s much casier and faster than IDanalvsis
~in modeling and compulation time. C onsequently. the
“equivalent magnetic stack \\1drh 1s caleulated by field

- variable with vector potential in order to compensale
. the flux hmum, etfect and obtain more accurate 2D

analysis results. The flux ® per siack width and stor ed

energy W, In thL duuap are L\pI‘LS‘: IL‘spc_CIl\Li} as

tollous
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' 1he analysis model ca LLlldlCd by method |
and method 3 _rcspuuuly

‘method 2/

} | f(jH dBKU  '  . _ |  '_(9j

I\B_

'\\ here S IS lhe m.iuner dIEcl B 18 1he flux densmf of
magnet. V is the whole leI]]LHt of the analvala modtl i

'The equivalent stack width of thL dey current

brake can be calculated as equation (. b
_.HI_\W =(gd—" )/(-2 ”’2,; ’,w”:’.)_. . -. Il i . (10) .
.wherc g is the muhamcal alwap lemzth and ! is the

il pole ;enyh

jmalvsh Results dlld DlsLlleIOl]

SFrgg 3 (a).(b) and (o) show: [hL Hm dlblllbLlllUH ot

muhod 2

appear in the rail part 'in case of triangle element
applying method | and quadnlakml element applying
but these loops' disappear in case of
tetragonial clement applying method 3. ' niflhl

(bl \/kthod 2

(C) \Iulhod 3
.FlL B l ]U.\ \.Jsuahunon of the anal\sn model’
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Mhe dlstortmn of flux

- Fig. 4 (a} and (b) shdw. the  flux densm”
distributions m the center of the airgap at the velocity |
of 300 (km/h) in the eddy current brake by method 1

and method 3 respectively. The difference of flux
_density dl\U’]bLITIOI’lb n the airgap betwan the results

by‘ method 1.

(mll:rkaFM and method |3

il pwmd FF\1 alt msnumhuant for tht. idr;__e peclet

number

B. Fm ce Por iurman( e

FIL 5 {a) and (b) show thc magncm forces of cdd\' _
current brake according to the vanation of 111»_

velocity by Upwind-FEM and Galerkin- EEMI

magnetic forces can be ¢a leulated by Maxwell Btrux '

Tensor method. It i observed that' the Upwind- FENM

and Galerkin-FEM give good agreement | \\nh the

e*(perlmcntal data in Fig. 5.

Fig. 6 and table I show the e\pu nmntdl u|u1pmm
and the specification'of the eddy current braké systen
rupu_m cly. The equipment 1s designed to the rotary
type for the high velocity. This equipment s
composed i)f""[]\\\]]ttl load cell and, clu[mmwnu

roughly. Diameter ot ﬂvv\ha.el s 88SImm|and it
turned by four 10hp motors. Three o ad cells are tsed
to measure attraction and retardation [Hree,

o ey T .3 L]

DISTANCE (m]
)(lalerl\m FI M (Nfuhod L}

S FLUN DENSITY [ 1]

TR e oa
i DISTANMCE [m] |

(by Upwind-FEM (Method 3)

Pw 4. Flu‘( density dlsmbutmns in the: LCI‘![E‘I of’ airgap oty

*lu dey current hrdke
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Retardation Force[kN]

~Attraction Force[kN]

- — Upwind-FEM (method 3) |
.- Galerkin-FEM (method 1) | ]
i

0054f- ] .| W Experimental Data . [
o+ i ; : ‘
0 30 100 152 200 250 300
Velocity[km/h]

(a) Retadation force -

L pivind-FEM (method 3)
) (mlrrk:n YTM (me!!md ?y )

f
il
|
i

R UL
for s UL LHUTE
o eee]

50 e Y s TR . - )

th(l.('i[‘“\m"hf
(h) Attraction force
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(b) Floor view
Fig. 6. Experimental equipment

it 1. Takahashi, N.. Kawai, b AkihuShi..K

TABLEI
....Specification of the eddy current brake system
Values 28

 Electromagnet-pole width 0.065 [m]
Electromagnet length 0.12 [m]
Slot height 0.07 (m]
Slot width 0.09 [m]
Ailrgap length 0.01 [m]

Magneto-Motive Force
Current density

12,000 [AT]

4.5 [A/mm’]

Coil resistance 5.5 (R ]
Coil cross-section 1[mm?]
Rated voltage 50 [v]

i Inductance . ey

4. Cnnclusron -
[n this paper, the performdnces of eddy. current

brake have been accurately dl’lleZEd with ;L:pc‘p[ to
. _U)wmd FENiand !
. Galerkin-F EM. In order to obtain the accurate design -

the , velocity . by lusing

parameters. equivalent  magnetic | stack  width,

‘compensated conductivity and nonlinear analysis are
applied. As the results. for the large peclet number, .
the pu_rtonnancm of eddy current brake can be.
accurately analyzed by using 2-D Galerkin-FEM.
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