
 

ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURG

 

Com mal Model 
ster: 
y

 

Technology
eiburg
pact Electro-Ther
for a Microthru

A Case Stud
Evgenii B. Rudnyi

IMTEK–Institute for Microsystem 
Albert Ludwig University Fr



 

ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURG

 

E.B. Rud Page 2

 
Introduction

 

FW
pr

 

♦

 

D
a

 

 Site

  

.la /Micropyros/

 

r ints

  

.im de/simulation/

 

c

  

i@ k.de

 

o dgment

  

ss with all our 
er

  

ra told, PhD student.
as.fr

epr
tek.

t
imte

wle
ions 
s.
 Bech
nyi – AISEM tutorial, Trento 2003 

5 EU MicroPyros 
oject
eveloping a microthruster 

rray for nanosatellites.

Main
♦ www

Our P
♦ www

Conta
♦ rudny

Ackn
♦ Discu

partn
♦ Tama



 

ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURG

 

E.B. Rud Page 3

 
Introduction

 

Co

 

♦

 

M

 

♦

 

S

 

♦

 

E

 

♦

 

N

nyi – AISEM tutorial, Trento 2003 

ntents
icrothruster Array

imulation Strategy

lectro-Thermal Simulation

umerical Results



 

ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURG

 

E.B. Rud Page 4

 
othruster Array

 

Ov

 

♦

 

A
n

 

♦

 

S
a

 

♦

  

♦

  

♦

  

♦

 

D
a

 

♦

  

♦

 

mm
    

Nozzle part

Igniter part

Reservoir part

Seal part
nyi – AISEM tutorial, Trento 2003 

Micr

erview
 thruster is the crucial part of a 
anosatellite.
olid propellant microthruster 
rray:

High-energetic solid fuel,
No moving parts,
Manufactured from three 
wafers.

isadvantage: lack of restart 
bility.

May be compensated by 
manufacturing an array.
10x10 thrusters on a chip.

1,5



 

ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURG

 

E.B. Rud Page 5

 
othruster Array

 

4x
nyi – AISEM tutorial, Trento 2003 

Micr

4 Demo



 

ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURG

 

E.B. Rud Page 6

 
lation Strategy

 

Ke
Qu

 

♦

 

T

 

♦

  

♦

  

♦

  

♦

   

velop:

  

 optimal geometrical 
ig  the microthruster 
ay

  

in ent driving circuit 
p  it.
n for
,
tellig
erate
nyi – AISEM tutorial, Trento 2003 

Simu

y Engineering 
estions

o choose:
a wafer material (silicon, 
ceramics, or glass) and a 
technology to manufacture it,
a technology for the low-
temperature bonding of the 
wafers,
a solid fuel composition and a 
technology for its filling into 
mm square cavities,
a packaging technology.

♦ To de
♦ the

des
arr

♦ an 
to o



 

ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURG

 

E.B. Rud Page 7

 
lation Strategy

 

M
of

 

♦

 

E

 

♦

 

I
C

 

♦

 

M

 

♦

 

G

 

M

 

♦

 

G
s

 

♦

   

uestion: the array 
ation density:

  

w  can be 
ro sters to each other.

  

at agement is very 
o .

  

a e smallest width of 
 m hruster.

  

l o  reduction:

  

 p em in electro-
rm mulation.
 close
thru

 man
rtant
t is th
icrot
rder
robl
al si
nyi – AISEM tutorial, Trento 2003 

Simu

icrothruster Theory 
 Operation
lectro-Thermal Process

gnition and Sustained 
ombustion
embrane Rupture
as Dynamics

ain points
as dynamics part should be 

imple:
Possibilities to optimize the 
nozzle are limited.

♦ Key q
integr
♦ Ho

mic
♦ He

imp
♦ Wh

the
♦ Mode

♦ Key
the



 

ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURG

 

E.B. Rud Page 8

 
lation Strategy

 

So

 

Type

 

Ele ni ANSYS script

Film Mathematica
notebook

He ng ANSYS script

Th  b  Mathematica
notebook

Co ct C++
tion

 sus-

y the

ion
nyi – AISEM tutorial, Trento 2003 

Simu

ftware to develop
Name Short description

Thermo Simulating electro-thermal ig

Coef Estimating film coefficient

atTran Simulating heat transfer duri
tained combustion

rust Estimating impulse produced
microthruster

Gen Performing model order redu



 

ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURG

 

E.B. Rud Page 9

 
lation Strategy

 

Mo el Simulation
nyi – AISEM tutorial, Trento 2003 

Simu

del Reduction for System Lev



 

ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURG

 

E.B. Rud Page 10

 
al Simulation

 

Go

 

♦

 

T
m

  

 an important problem: 
er of IEEE papers on 
o- al simulations
therm
nyi – AISEM tutorial, Trento 2003 

Electro-Therm

al
o treat electrical and thermal 
odel as black boxes:

♦ Quite
numb
electr



 

ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURG

 

E.B. Rud Page 11

 
al Simulation

 

El
Pr

 

♦

 

H
e

 

♦

 

H

 

♦

 

L

∇∇∇∇ •

∇∇∇∇ •

Q =

le xwell and heat 
fe ations.
le isson and heat 
fe ations.
e istor and 

nu based heat 
fe
e t transfer.
d Ma
r equ
d Po
r equ
d res
um-

r.
d hea
nyi – AISEM tutorial, Trento 2003 

Electro-Therm

ectro-Thermal 
ocess

eat generation by means of 
lectrical current

, , 

eat transfer

umped resistor

 (  - resistor volume)

j 0= j σ∇ψ= Q j2

σ
----=

κ T∇( ) Q ρCp t∂
∂T

–+ 0=

I2R V⁄ V

♦ Coup
trans

♦ Coup
trans

♦ Lump
conti
trans

♦ Lump



ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURGE.B. Rud Page 12

al Simulation

Ho
Ge

s us to obtain after 
iscretization a system of 

w an act as a black 

an terials properties 
t r ivity bring forward 
r mic system (with 

ch g).

bu+=

y T

t( )
hich c

t ma
esist
 dyna
eatin

A T⋅

C ⋅=

)2R T(
nyi – AISEM tutorial, Trento 2003 

Electro-Therm

mogeneous Heat 
neration Rate

♦ Allow
semid
ODE 
box.

♦

♦
♦ Const

excep
a linea
small 

dT
dt
-------







u I=



ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURGE.B. Rud Page 13

al Simulation

Co
♦ E

b
h
m

♦ I
f

homogeneous heat 
ation hypothesis is not 
pr
e nd a lumped 
re tion of electric 
ts contribute to the 
t ation rate.
u at within each 
p ement the heat 
e  rate is 
o ous.
iate:
can fi
senta
 that 
gener
me th
ed el

ration
gene
nyi – AISEM tutorial, Trento 2003 

Electro-Therm

nclusions
lectro-thermal simulation can 
e can be easily linearized under 
omogeneous heat approxi-
ation.

t perfectly fits the framework 
or model reduction.

♦ If the 
gener
appro
♦ On

rep
par
hea

♦ Ass
lum
gen
hom



ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURGE.B. Rud Page 14

merical Results

2D
M
♦ C

♦ M
nyi – AISEM tutorial, Trento 2003 

Nu

 Axisymmetrical 
odel
ross-section:

esh with 1071 nodes (DoF).



ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURGE.B. Rud Page 15

merical Results

De  values

000

1.9
.3 6}
1

92, 
44e-6
nyi – AISEM tutorial, Trento 2003 

Nu

cay of the Hankel singular

0 200 400 600 800

-60

-50

-40

-30

-20

-10

0

order of Hankel singular value

lo
g 

of
 H

an
ke

l s
in

gu
la

r 
va

lu
e

Hsv = {1.595e02, 4.287e01, 1.16e01, 8.694, 
            7.16e-01, 3.264e-01, 5.975e-02, ... , 1



ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURGE.B. Rud Page 16

merical Results

Co
♦ C

♦

♦ M
♦

♦ A
♦

Gu
♦ B

s

di ternal nodes 

n sted to use the 
tr rmation for the 
m
S ded it for the 
in trix.
to c choice for the 
st F.

Te



  Fe

Fi 
 
 

Kei[ ] Kii[ ] 1– Kie[ ]–
ng in

sugge
ansfo
atrix.
 exten
g ma
mati
er Do

Ti
 =

Kee[ ]
nyi – AISEM tutorial, Trento 2003 

Nu

mparison
ontrol Theory:
Balanced Truncation 
Approximation,
oment Matching: 
Arnoldi Algorithm,

NSYS dynamic condensation:
Guyan method.

yan method
ased on Shur complement for 
tationary problem:

♦ Exclu

♦ Guya
same 
mass 

♦ ANSY
damp
♦ Au

ma

Kee Kei

Kie Kii

Kr[ ] =



ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURGE.B. Rud Page 17

merical Results

Co
♦ S

o
s

on of the full system and 
 reduced system for 
n od.

30

40

50

60

70
meth
nyi – AISEM tutorial, Trento 2003 

Nu

mparison
olution of the full system (1071 
rder) and of the reduced 
ystems for a single node.

♦ Soluti
of the
Guya

0 0.05 0.1 0.15 0.2 0.25 0.3

0

0

0

0

0

Full-scale model

Reduced model 7th order, via Arnoldi

Reduced model 7th order, via BTA

time in s

Reduced model 7th order, via Guyan



ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURGE.B. Rud Page 18

merical Results

Co
♦ T

a
n

ve error corresponding to 
ots during the initial 0.15 s.

2 0.06 0.08 0.1 0.12 0.14

sed reduction

BTA-based reduction

time in s

0.04

Arnoldi-ba
nyi – AISEM tutorial, Trento 2003 

Nu

mparison
ransfer function for the full 
nd reduced models for a single 
ode.

♦ Relati
the pl

0 0.0

-3

-2

-1

0

1

er
ro

r 
in

 %



ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURGE.B. Rud Page 19

merical Results

Co
♦ A

i
d

♦ I
s
s

♦ T
r

rror of the reduced model 
 the nodes in the case of 
rn ethod.

5
7
10

15
20

in s 0.04

system
order
oldi m

time

0.02
nyi – AISEM tutorial, Trento 2003 

Nu

mplete Output
rnoldi algorithm does not take 

nto account outputs (matrix ) 
uring model reduction.

t allows us to find a low dimen-
ional subspace for the whole 
tate vector .

his means that we can 
eproduce the complete output.

♦ The e
for all
the A

C

x X z εεεε+⋅=
0

1

2

3
MSRD in %



ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURGE.B. Rud Page 20

merical Results

Co
♦ D

b

♦ A
q
m
e

♦ C
e
s

tions to research
ri  - how to choose 
m n of the reduced 

.

to ect reduced 
al els to one another?

nc nonlinear term in 
pu ction.

om neous heat 
at
terion
ensio

 conn
 mod

e of 
t fun

oge
ion.
nyi – AISEM tutorial, Trento 2003 

Nu

nclusions
imension of thermal part can 
e substantially reduced.

rnoldi algorithm is working 
uite well and can be recom-
ended for the use in the case of 

lectro-thermal simulations.

ontrol theory methods are 
ven better but they are not 
caled to large systems.

Ques
♦ Stop c

the di
system

♦ How 
therm

♦ Influe
the in

♦ Nonh
gener



ALBERT-LUDWIGS-
UNIVERSITÄT FREIBURGE.B. Rud Page 21

ebMathematica
nyi – AISEM tutorial, Trento 2003 

w


	Compact Electro-Thermal Model for a Microthruster: A Case Study
	FW5 EU MicroPyros project
	Main Site
	Our Preprints
	Contact
	Acknowledgment
	Contents
	Overview
	4x4 Demo
	Key Engineering Questions
	Microthruster Theory of Operation
	Main points
	Software to develop
	Model Reduction for System Level Simulation
	Goal
	Electro-Thermal Process
	Homogeneous Heat Generation Rate
	Conclusions
	2D Axisymmetrical Model
	Decay of the Hankel singular values
	Comparison
	Guyan method
	Comparison
	Comparison
	Complete Output
	Conclusions
	Questions to research

