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Abstract : The modeling method , computer-aided modeling tools, multi-domain modd libraries, and coupling
different 9mulators are discussed from methodologic point of view. The dectricd network concept is intro-

duced in the smulation of different domain sysems, in which equivaent circuits are goplied to physca quanti-
ties between different domain sysems. The building of component mode libraries is consdered because it is
very important for the sysem modeling and smulation. The multi-termina port eements can be introduced
and described by linear and nonlinear differentia equations. In addition, the order reduction problem, model
optimization methods, reated dmulation tools and the coupling between smulators are anayzed.
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1 Introduction

Intermsof current dateof-theart, VL SI dedgn
environments have reeched a sgnificant levd of refine
ment, corregponding desgn environments for micro-
dectromechanicd sysems (MEMS) are dill in ther
infancy , with much work remaning to be done. Smu-
lation gpproachesof M EM S nmodly indude thefinite d-
ement method (FEM) and boundary dement method
(BEM) and = forth. In addition, other esentid conr
ponentsin the MEM S desgn flow ill require addition-
d rexarch. The sygem levd smulation of MEM S may
be benefited from the ao-integration of the VL SI and
MEMS desgn environments. MEMS are characterized
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by the interaction of components operation on diff erent
physcd domans. The andyss of such conplex sys
tems requires the noddling and dmulation of dngle
components as wdl as the overdl sygsem dmuation.
Two generd methods exig for sysem smulation at
present :

® Coupling of gecid dmulators for different
physca domainsor different abstraction levels.

® Modelling of the different components with
a common modelling gpproach suitable for a power-
ful sysem smulator.

In this paper , we consgder the connection of
two methods. M EMS and other microsystems may
be congdered as multi-domain syssem which con-
tains mechanical , electronic, thermal , optical and
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fluidic problems. The component level smulation
must be conddered very scrutinizingly and coupled
together from the systems point of view. In this
way , a very complicate desgn flow is needed for
MEMS. Furthermore, because of the heterogene-
ity and complexity of diferent cmponent , Smula
tionof MEMS can’ t be made by a sngle Smula
tor. The diagrammatic drawing of modeling and
smulation for MEMSis shown in Fig. 11,
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Fg.1 Diagrammatic drawing of modding and smula
tion for MEMS.
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In practice, it isvery difficult for usto build a
MEMS smulator in which different physcal do-
main problems could be modeled. The basc g-
proach to smulating complex MEM S12%! js:

® partitioning the system into subsystems or
components,

® modelling the behavior of components,

® dmulation of the entire system by the cou-
pling between s mulators.

The practicability of this gpproach dependson
the sdection of the most gppropriate modeling
method and choice of the 9 mulator for each level of
abstraction or each physca domain. In thispaper ,
the moddling method, computer-aided modelling
tools, multi-domain model libraries, and coupling
different Smulators are developed from methodolo-

gy point . The éectrica network concept ( for

example, Kirchhoff’ s network modd) is intro-
duced in the smulation of different domain system
in which equivaent circuits are gpplied to physcal
guantities between different domain sysem, for
example, dectromechanical and thermo-eectrical
converson.
micromachining resonator/ filters, micromachining
accelerometer , micromachining gyro etc. are giv-
en. The building of component modd libraries is
conddered because it is very important for the mod-
eling and mulation of system. The multi-termina
port elements can be introduced and described by
the linear and nonlinear differentia equations. In
addition , the order reduction problem , modd opti-

Some examples such as micropump ,

mization methods, related smulation tools and the
coupling between s mulators are andyzed.

2 Hectromechanica converson and
genera Kirchhoff’ s network the-
ory

Many systems which have different physcad
contents may be described by the same forma dif-
ferential equation, they are referred to as* dmilar
system”. Usdng the dmilarity , we may apply e
quivalent circuit to lve the behavior of microme-
chanica syssem. Table 1 shows the mechanical-to-
electrical corregpondence in the current analogy.

Table 1 Mechanicd-to-dectricd corregpondence
in the current analogy

Hectrica variable

Mechanical variable

Damping, ¢ Redgance, R
Siffness’, k* Capaditance, C
Mass, m Inductance, L
Force, f Voltage, V
Veocity, v Current , |

The micromechanical resonator and its equiva
lent circuit!®! are shownin Fig. 2.
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(a) Schematic of the champed champed beam microme-
chanica resonator
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(b) Equivaent circuit for the micromechaica resonator

Fig.2 Schematic of the chanpedchamped beam mi-

cromechanical reoonator and itsequivalent circuit

A two-renator micromechanical filter and its
equivaent circtit'®”! are shown in Fig. 3.
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Fg.3 Pergective view schematic of the two-reonator
micromechaical filter and its equivaent circuit

Blectrica circuits are often modeled as net-
works. The network concept is not restricted to
the electrical domain. This concept may be gener-
alized to other phydscal domains like mechanics or
fluidics. There are ome basc requirements which

have to befulfilled by the systemsto be moddled as
networks:

a) Networks condst of elements (compo-
nents) and links between them.

b) Two kindsof quantities (variables) in vari-
ous physcd domains: flow quantities (electrica
currents or mechanica forces) , difference quanti-
ties (electrica voltagesor fluidic pressures) .

c) A link isanidea eement : the same differ-
ence quantity at each point , no lossof aflow quanr
tity through it. The mathematicd mode of the
network structureisa directed graph : the branches
are related to the elements, the nodes are related to
the links.

d) The dlements are usually described as two-
poles or multi-termina elements.

€ The relation between flow and difference
guantities is mostly given as implicit equations or
differential equations, depending only on the ter-
mina quantities and, possbly , interna sates.

f) Two conservation laws:

- the sum of al difference quantities between
nodes along each mesh in the network graph is ze-
ro,

- the sum of dl flow quantities into each node
is zero.

Two-terminal element o>»"1—o
~_
d
f P
J2 _q
Multi-terminal element ad, f io .
d, dy
General Kirchhoff™s law:
d, d, 0— —-—o
NV WV o Lo

—————

DAL

7 I

f :flow quantity; d :difference quantity
Fg.4 Concept of generd Kirchhoff’ s network
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This network is referred to as genera Kirch-
hoff’ s network and its concept is described in Fg.
4. The network mode of micropump based genera
Kirchhoff’ s Network concept is shown in Fig.5.
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Fig.5 Network modd of micropump

Sarting with the geometrical structure of the
microsystem , a manua decompostion into subsys
temsor components is carried out. By further re-
finement of the partitioning in each physcal do-
main - often in a hierarchicad manner - the entire
system may be decomposed into a lot of relatively
smple basc elements. Mogtly, it ispossble to de
scribe these dements mathematically in an ana yti-
ca form and with explicit geometrical dimensons
and materia parameters. For example, the multi-
termina behaviora modd!*! of a beam segment is
shownin Fig. 6. The beam is used in many mi-
cromechanical devices such as micro-sensr, micro
accelerometer , M EM S switch , and micromechani-
ca gyro, etc. When the beam is analyzed by means
of multi-termina gpproach , it may be discomposed
into many segments with smaller length L. and if
the length of beam is smal enough, it may be de-
<cribed by the following equation ,

Mr” + Dr' + Sr = E , (1)
where vector r contains digplacement w and rotar
tional angle @ in al three gatial directions x, y
and z. Vector E comprises externa trandational
force F and torque T. M, D, and S are the
mass, damping, and stiff ness matrices of the beam
sgment , regectively. Force and torque are flow
guantities, digplacement and rotation angle are dif-

ference quantities afecting both ends , of the
element.
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Fg.6 Multi-termind behaviora modd of a beam seg
ment

This decompodtion approach seems to be sup-
ported in a very natural way by the general Kirch-
hoff’ s network concept. The origina system must
possess the basc properties of the network mod-
eling approach , eyecidly the distinction between
flow and difference quantities and the existence of
conservation laws. This approach ds has some
limitations related to the partitioning procedure and
the gpplicability of general Kirchhoff’ s network in
genera , for example, the inhomogeneity for geom-
etry of device, fidd and coupled field problem and
L on.

Geometrical ) Simulator-internal

<3.

Compornent ) Reduced system
matrices

@.

System model ) Behavioral model

Fig.7 Sepsin reduced-order mod generation

In genera , the microsyssem may be decom-
posed into the basc eements with known and ytical
model. But ome times, this goproach can’ t be
used. The discretization of the partid differential
equations may be gpplied s that in ordinary differ-
ential equations or differential-algebraic equations
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the number of equation are very large. Inthisstu
ation, order reduction gpproach should be gpplied
in order to obtain an eement model with order re-
ducing equations. The number of equation is de-
creased in this gmplified model on condition that
the error resulting in order reduction may be ac-
ceptable.
(such asANSYS) have goecia dgorithmsfor order
reduction and export the reduced model equations.
In this way , a postprocesr is necessary to gener-
ate a syssem-level moded in one of the well estab-
lished modd description languages or as a pure C
language code. Stepsin reduced-order model gener-
ation are shown in Fig.7.

In practical approach, some dmulators

3 Hement modd libraries

Hement model libraries are an essential part of
the MEMS desgn flow. These libraries comprise
badc element model s and more complicated compo-
nent modds. All the models were derived either
anaytically , i. e. usng equations from textbooks,
or numericaly, i. e. usng measured data or FEM
results and approximation agorithms to formulate
the model equations. Partia library elementsin the
MEMS desgn include:

* Mechanicd components: eagtic beam,
gear, rigid plates, flexible plate and shell
etc.

* Hectro- mechanica components: longitudi-
na comb sructures, curved comb struc

tures, lateral comb structures, eectrodes
and beam with eectrode etc.

* Huidic components: diffuser, nozzle,
channdls, reservoir, transducer, mem-
brane and piezo dement etc.

* Magnetic components: ferromagnetic sec
tion (nonlinear) , ferromagnetic section
(linear) , air gap with force efect and
variable width, air ggp with congtant
width and sources of magnetomotive force
etc.

* QOpticd ocomponents:

lasers, detectors,

thin lenses, beam
Plitters, optical waveguide and fiber
emitters and receivers etc.

mirrors, polarizer ,

In thelibrary , al components are described by
multi-terminal modular or sgn icon which contains
basc phydcal efect and terminal sgna type (for
example, flow and difference quantities) .

4 Optimization and Smulator cou
pling

The optimization is necessary to determine
model parameters and to improve the performance
of the dmulation system. A framework of modular
optimization program is shown in Fg. 8.
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Fg.8 Program frame of modular optimization

The following optimization agorithms are
available at present : quad Newton method, conju-
gate gradient algorithm , Powell agorithm, Nelder
Mead smplex algorithm and smulated annealing
algorithm.

The dmulation of MEMS should be based on
desgn of modularized programs which include
many modules such as model generation, smula
These
modules comprise many functions implemented by
dmulators such as ANAYS, ELDO, Saber and

tion, error calculation and optimization.
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MATLAB/ Smulink. C language interface is used
to couple different dmulator which models the
MEMS device in the different physcal domain.
The information exchange between two <ftware
processs is supported by different mechanisms:
coupling viafiles, pipes, sockets, or shared memo-
ry. There are osme protocol layers to redize phys-
cdly and logicadly the data trander between ft-
ware programs. The direct handling of protoool
oftware iscumbersome and i s supported by power-
ful ooftware packages such as CORBA!®! (Common
Object Request Broker Architecture) , PVM (Par-
ald Virtua Machine) , MPI (Message Passing In-
terface) , Java RM | (Remote Method Invocation) |,
COM/DCOM (Distributed Common Object Mod-
e).

5 Concluson

MEMS and other microsysems can be re-

ferred to as a multi-domain system. In this paper ,
the moddling method, computer-aided modelling
tools, multi-domain model libraries, and coupling
between different dmulators are discussed from
methodology point. The general Kirchhoff’ s net-
works concept is introduced in the smulation of
different domain system in which equivalent cir-
cuits are gpplied to physca quantities between dif-
ferent physcal domain systsems. The order reduc
tion problem of differential equations, mode opti-
mization methods, related s mulation tools and the
ocoupling between dmulators are anadyzed. The
smulation and modelling of MEMS has been dis
cused in afew words. In the future, many works
such as mode libraries (linear , nonlinear) , order
reduction of dynamic systems, coupled field prob-
lem should be done. Furthermore, the smulated
optimization systems based LAN or Internet may
be developed, © that an available smulation plat-
form could be provided.
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