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EDA(Electronic
Design Automation) FEWOR Finite
Element With Order Reduction

“fewer”

Abstract

This goal of this research is to develop
the first finite-element reduced-order simulation
platform for MNEMS systems, the FEWOR
((Finite With Order
pronounced as “fewer”), which is not only

Element Reduction,
capable of solving 3D grometries, but also is
expected to be about 100 to 1,000 times
efficient than the methods that are widely used
in the industries. The core technologies of this
platform are the Galerkin-based algorithm and

the Arnoldi-based algorithm, which are used to
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from FEM

approximations of multi-energy-domain MEMS

generate  low-order models

systems.

prototype

EDA

(couple)

governing equations

(transient analysis)



EDA FEWOR

FEWOR

(model order reduction,

MOR)
Arnoldi-based
[1][2]
(piecewise linear
method)[3]
Arnoldi
Galerkin-based
Karhunen-Loeve
Decomposition[4][5] (basis
function)

(meshing)
numerical model
[6][7][8] [9]
diffusion equation
3D
ou
Viu=a— 1
p (1)
u ( ) t
a
(1)
M=o+ [k Ju} = e 2)
mass matrix  stiffness matrix
[M]= j a[N] [N]dvol 3)
[K]=]_[B'[c]Bldvol (4)
natural coordinate Xy z
global coordinate & n ¢ 3)#4)
J' _ F(xy, z)dxdydz
(5)

=[.[.] Fen.¢)aldednac
(5)

Mel=[ [ ['aN T[N Jolaedmae )

[]=[ [ [ [BTlclB [3]dends @)

(6)(7) [C] [J]
Jacobian [B]
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o, o0& 0
_|ox 9y oz
[9]= o0 o o 8)
x v a
|0 0f 04 |
% oN, ON,
o5 0¢ g
| ON,  ON, ON,
Bl-D1SE 5 S ©)
% oN, ON,
o¢  og ¢ |
) Nn global
coordinate N1~Ns
A
g
5 3
6 7
| <
) A 4
2 ‘
3
global coordinate
N = 1/8(1- §)(1- n)(1- C) (10)
Ny = 1/8(1+&)(1- n)(1- &) (11)
N; = 1/8(1+5)(1+m)(1- ) (12)
N = 1/8(1- §)(1+n)(1- ) (13)
Ns = 1/8(1- §)(1- n)(1+C) (14)
Ne = 1/8(1+&)(1- m)(1+C) (15)
N; = 1/8(1+&(1+n)(1+) (16)
Ng = 1/8(1- &)(1+m)(1+C) (17)
b. Arnoldi
Arnoldi

“Vin 18
y=C'-G+D-v, (1%)
(18)

T(5)=C"A+sA"' +s’A” +..)b+D
e 19
=> ms‘+D (19)
k=0
m.=CT(A )b
(19) q Krylov
subspace

K,(A",b)=span{p,A'b--,A @B}  (20)

Arnoldi
q {v}eR Vq
(column) v}

u=A,-0+B, v,

. (1)
y=C, -0+D, v,
T
A,=V,/'AV, B =V'B
. (22)
C,=V,/C D =D
q
SPICE
[10][11]

(piecewise linear)

Arnoldi algorithm



(training
input)

Karhunen-Loeve Decomposition
(snapshot)
Karhunen-Loeve Decomposition

(basis function)

Karhunen-Loeve Decomposition

N
snapshots {Vn}

n=1,2,....N
tva} (%)
Vo (X, Y)
Vol snapshots
(f.9) =] f(9g(x)dQ
(v n>EﬁZN: Vo (X) snapshots
v )

(¢.9)
(@v))
= ([ 400w, 0], g, (x)cbe)
= IQ {[Q (v, (v, (x')>¢(x)dx}¢(x')dx' (24)

K(x, X")

K(%,X) = (Vo (V5 (X))

N T (25)
= DOV (9

R

Re = jQ k(x, X') ® dX (26)
(24)
((#.v0)?) = | {Ro}gldx = (Re, ) 27)
(23)
(eigenvalue)
Ro = 1¢ (28)
23) 4 (28)
Schmidt-Hilbert technique
P(X)
P =D Vi (X) (29)
(29) (28)
jgﬁivn(x)vl ()Y ¥, (X
n=1 k
=) v, (%) (30)
anak = ﬂ“an (31)
1 T 1 1 1
Coc = [, V2 (M)l (32)
C (symmetric)
(positive definite)
(eigenvector) (29)
D A >, >> A,
Gi>0rsny
{Vn} 9
{Vn}
(snapshot)
Karhunen-Loeve Decompositon
solver



solver Coventorware

Thermal actuator ( )
7] 5 MOR
k a ot order
T g(F,t) r
_k FEM 5 MOR
a=—( p c
pe thermal actuator

“ ) (Tip deflection)

k; %+ hT = f,(f,t) BoundaryS,t>0 (34)

T(F,t) = F(F) Region R, t=0 (35)
F(T) fi(r,t) S
K; S hy
S

’ thermal actuator (
Tecplot )
Simulation| Speed-up Error
time (sec) | factor (%)
MOR order =2|  <0.01 >2x10° 0.51
thermal actuator CCD MOR order=5| 0.01 2x10° 0.50
MOR order=10] 0.4 4x10° 0.50
thermal actuator FDM 18743.000 N/A
Geometrical dimensions Length(pum) To-
Length of hot arm (Ly) 200 14| AT fdbeeh B(mdemt )
Width of hot arm (W) 3 L, ATp fdee dio mde X
Length of cold arm (L) 160 f Lol > Thp ddiReti6H (FEM)
Width of cold arm (W,) 16 3 {
Gap (9) 3 e ® i
Length of flexure (L) 40 g6 | i i
Width of flexure (W) 3 F4r 3
Thickness (t) 2 2 ¢ i B
hermal actuator oxxxx ¥
t 0.0 1L 0 20 30 40 5 0 60 70
( ) Voltage (V)
3D solver FEM 5 MOR

thermal actuator tip deflection

3D
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