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Overview

* Need for parametric model reduction

« Optimal H, controller for LMS concrete car benchmark

» The LBF acoustic aquarium

« Numerical improvements in Fraunhofer model reduction toolbox

 New theoretical results
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Need for parametric model reduction
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Need for parametric model reduction

e Fitting FE-models to measurements

» Treatment of non-linear boundary conditions
» Sensitivity analyses

» Model based controller design

« Simulation based design optimization

Whenever evaluating large FE-models
* must be repeated many times (e.g. optimization)

* is very expensive (e.g. frequency response)
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Optimal H , controller for

LMS concrete Car benchmark

[iITww| T e Bl
“ Smart -

Institut “ Structures .
Techno- und n a
Wirtschaftsmathematik

Fraunhofer

Slide 5



Optimal model based H , controller of LMS concrete car

Inputs:

steel plate ) )
piezo voltage & volume velocity of loudspeaker

St passengers heats

Optimization parameters:
Controller gains + Patch coordinates

FE Model:
multi-field, ~100.000 DOFs

23702 DOFs (displacement, pressure, voltage)
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Step 1: create reduced parametric model using Fraunhofer

reduction toolbox

model

o]
S d Y B steel plate
save file | Eoo ts and s’ ion D mak
APDL script | B oncreteCariconcreteCar ing
working directory | [0 ‘and Seftings it Datawnrt
results directory | [CDocuments and Settingsmity’ ation D] APDL script describing
Faalar parametric fully coupled
__macrociectory | P-wmorasisherets parameters v multi-field ANSYS ™ model
Ansys version | 10 T
o
Ansysproduct | [ansvs Acade'?ﬁ_'ﬁ_\ =l
TLAB toolbox
P AT MRT (Fraunhofer Call in baich mode feti
parameter type _ Toolbox) values E
tSpeaker load - [1] 1 0
vPatch osa [ © ! 2
Patch design _» 2 28 14 0
jPatch design = 2 ' 258 [1]
R - Setreducton ] e o a / ANSYS” full file
y with original
- 0 import and reduce S—I system matrices
® and row-dof
commponent ANSYS  model | label E assignment
= I Ao e £
e / Reduced P
- “tp i 93702 DOFs (displacement, pressure, voltage)
component / state space E
model and 0
father / info on /O 0
mother J channels ]
s0n 0
foarter Slpres Sl 0 Lew |
— model red
method =
nRed fRet 50 toISVD  folSchur  nExtra  maxfer  statCor = A(p) T + B(p) u
[0 [ 100 [ oo [ooom [tem3 [ 40 [ 2000 [ 1
- il y = C(p)z+ D(p)y
4 *
S T g
F h f EH sma“ L
raunnorer . ke 4
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How to generate a parametric reduced model with MRT

Read and modify

parameters

MATLAB toolbox

MRT (Fraunhofer
Model Reduction
Toolbox)

Set reduction

1. Write usual APDL
without solution p:

APDL script describing
parametric fully coupled

multi-field ANSYS® model

scrint

=101 %]

File Edit Wiew Insert Format Help

D= S & 6o] B

Call in batch mode

ANSYS®
multiphysics

write

L

ANSYS”® full file

parameters, with original
import and reduce < system matrices
ANSYS™ model / and row-dof
* assignment
Reduced
parametric
state space
model and
info on 1/0
channels
[ | HHH
[ [ H+H
ITWM
Fraunhofer Institut

Techno- und
Wirtschaftsmathematik

g'l"l'll'2'll'3'l'l4'l'5I'l'E'Il'T-"'II'B'I'IEI'I"IDI'I"I'I'II 2 13 14

asel,s,area, 500
nsla,=s,1 . .

en ancce,nocepOtENtial input/output nodes
asel,=s,area, , 60

nsla,=s,1 .

o, cathode, node f

nsel,s, loc, =, dDrlverUture InpUtS

nsel,r, loc, v, hMicro-sMicro, hMlicro+sMicro

nael,r, loc, x, wCavity/4-sMicro, wCavity/4+=2Micro

cin, mother , node

nsel,s, loc, =z, dDriver

nsel,r, loc, v, hMicro-sPi UFe-::p—a}rlalﬁneterS
nael,r, loc,®,3*wCavity/4-2Micro/3+wCavity/ 4+aMicro
ct, Tather, node

nsel,s, loc, z,dChild

nsel,r, loc, v, hMicro-sMicro, hMlicro+sMicro

nael,r, loc, x, wCavity/4-sMicro, wCavity/4+=2Micro

cin, daughter, node

nsel,s, loc, z,dChild

nsel,r, loc, v, hMicro-sMicro, hMlicro+sMicro

nael,r, loc, ®,3*wCavity/4-sMicro, 3+wCavity,/ 4+aMicro
Cin, Son, node

allsel,all

feot

ﬁ

| |

" For Help, press F1

Tz

=100C-108
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) Model Reduction Interface
i
z

=G d 0DV

=10l x|

How to generate a parametric reduce

APDL script describing )
parametric fully coupled Fol lentext

multi-field ANSYS® model

Read and modify
parameters

MATLAB toolbox

MRT (Fraunhofer Call in batch mode

Model Reduction
Toolbox)

ANSYS®
multiphysics

2. Change prameters er“e

\ 4 n Matlab GUI 3
Set reduction ANSYS full file
parameters, with original
import and reduce < system matrices
ANSYS® model / and row-dof
* assignment
Reduced
parametric
state space
model and
info on 1/0
channels

Fraunhofer Institut

Techno- und
Wirtschaftsmathematik

— enviranmert
zave file I l::lD-:u:uments and SettingznitviApplication Datamtprojectzlimscar mat

APDL zcript | D:'lmn:nrasﬁshare'l.sDﬂﬁsamplesWJ:n:nnn::reteCar'u:n:nnn::reteCar.inp

weorking directary I I(::'-Dn-:uments and Seftingz'itv\A pplication Datahm

results directary | |C:'-.D|:u:uments ahd SettingzsmitviApplication Datanrtmodels

macro directory I [ morasizhareizoftizamples \ConcreteCar

Anzys version | |11|;| -1

Ansys product | I.E.NSYS Academic Research j

— Pararameter S - -
pararmeter type nyer ‘tran‘sf‘n:nrm‘ o waEues E
fopesker ad -} 0Sdloct rameters 0
vPatch load » I 1 ]
iPatch design - ] ® 2814 ]
|Patch design ] ® 258 ]
showe constarts | % of polyhotnizl 4
p.A
. Set parameter ranges
— tiodal input
il Order of mterpg,Latlng
fnode & polynomial _ =IFx [ | B
— nodal output - - ‘
Selggl.podal Inputs E
daughter PRE= ]
father PRE= ]
mother PRES 0
20 PRES 0
daughter = ||PrES o | A
.8
— rmiadel reduction—
methiod S
hoose reducti parame:ters
nRed fRet /SEI CtolEVD tolSchur mExt maxiter statCor

[40 [ o0 4| 001 [ o000 | 1e013 | 40 2000 [

o
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} Model Reduct?zn interface

=10l x|

= 5 o ) v ) 3. Start reduction ~
N—~7 =
— enviranmert —
- zave file I l::lD-:u:uments and SettingznitviApplication Datamtprojectzlimscar mat
How to generate a parametrlc reduce _
APDL zcript | D:'lmn:nrasﬁshare'l.sDﬂﬁsamplesWJ:n:nnn::reteCar'u:n:nnn::reteCar.inp
weorking directary I I(::'-Dn-:uments and Seftingz'itv\A pplication Datahm
APDL script describing results directory | CDocuments and Settingsmitv\Application Datawntimodels
. parametric fully coupled . . . - g
Read and modify MMNAHE / ') 2t zamplesiconcy
2 and moc e ansys® mogatl VAP DL script is automatically medifiedi:aeconstecar
Anzys version | |11|;| -]
\ Ansys product | I.E.NSYS Acaderic Research j
MATLAB  toolbox ~ v ®
MRT (Fraunhqfer Call in batch mode ANSYS_ Pararameter
Model Reduction multiphysics patatmeter type order  transform values E
Toolbox) fSpeaker fioad o | | 1 | o
v Pt u llmad R [ 1 O 2
N —— ANSYS is gitomatically-called-in-hateh -
1= gl iy S 1A . EH o
Set reduction ANSYS full file
parameters, with original L rodal ingput
import and reduce < system matrices component okl E
ANSYS® model and row-dof "
* assignment I‘-"”':'dE jIFK jl 0 add
rodal output
pz(::r:(:rcijc |_ component lakel E
state space ANSYS model is automatically imported Sl pREs 0
model and
info on 1/0 and reduced to state space model mcther PRES 0
channels 20 PRES 0
\ / |dtmughter = ||PrES 3 | add
— rmiaclel reduction
==EEEE method Iredr-.ﬂeu:hatru:uniu: j
VM hRed fRet = tolSWD  tolSchur  rEstra master  statCor
Fraunhofer | .. . [a0 [ o0 [ oo1 [ ooool [ 1e-013 | 40 | 2000 [

Techno- und
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How to generate a parametric reduced model with MRT

APDL script describing

Read and modify parametric fully c®oupled
parameters > multi-field ANSYS ~ model

MATLAB toolbox \_{\

MRT (Fraunhofer Call in batch mode
Model Reduction
Toolbox)

Set reduction
parameters,

import and reduce <
ANSYS® model /

ANSYS®
multiphysics

write

L

ANSYS® full file
with original
system matrices
and row-dof
assignment

y
/ Reduceq /

gl e=lom] =% &

/ s g

This is repeated for
different automatically
chosen parameters
covering design space

B:[O] x A(p) z + B(p) u
Py = cz+D@)u

Fraunhofer
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How to get reduced models for new parameters ?

T * Needs another ANSYS license
] * Needs calculations taking minutes to hours
10" -3
1 by direct reduction 2 * Does not use reductions created before
8 ]
510 \ SNO !
“§ 1
£ 104 :—\R New reduced model is interpolated from
2 TN\ existing ones
10" 4 .
. * Without ANSYS
o « within fractions of a second
0% 03 s 0
' 0.4 y-coordinate of patch center [mm]
x-coordinate of patch center [mm]
-~ .Smart
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Step 2: Form optimal H2 controller

------

G(p) — iz, » Work done by colleague A. Wirsen
Noise=di | R » Weighting functions put emphasis on
ul | ol range from 20 to 200 Hz
—b{l-:]-q—wn‘:
* To be published at ECCM 2010 (also Paris)
Controller K |
Firewall - Steel Plate (0.895x0.65810%)
steel plate

Grid Uged for Interpolation

@
Admissible Region

@
® o .

piezo actuator loudspeaker o

1]
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TV o <
~ Smart -

Institut ,f_. Structures _"'
Techno- und ull ; - ™~

o

Wirtschaftsmathematik g

-

Fraunhofer

Slide 13



LBF acoustic aguarium
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LBF acoustic aquarium

steel-fram

« Matthias Kurch (Fraunhofer LBF-Darmstadt) provides
Ansys FE-model and measurements of “acoustic
aquarium” via Tiziana and me.

» Plans: Common paper on fitting damping and stiffness of
screw-rubber layer to measurements using parametric
reduced model. (LBF: M. Kurch, ITWM: J. Mohring,

ru : .
S. Lefteriu, A. Wirsen)
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LBF acoustic aquarium : aluminum-plate

» Dimensions: 300x280x2 mm?3 =]
e 3 X 2 actuators (Al, A2, A3)
» PIC 155 50x25x0.5

» 3 sensors (S1, S2, S3)

e PIC 155 10x10x0.1

With permission of M. Kurch (LBF)
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LBF acoustic aquarium: laser-scanning-vibrometer
* 99 measurement positions

» 3 measurements per excitation: microphone, vibrometer, piezo-sensor S2

» 298 frequency responses
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LBF acoustic aquarium: finite element model

* Aluminum-plate, steel-frame, rubber-layer:
SOLID186

» Actuators and sensors: SOLID226
e Air volume: FLUID30

» Measurement positions coincide with
nodes of FE-mesh

» 35537 nodes

Fraunhofer Institut

Techno- und
Wirtschaftsmathematik

With permission of M. Kurch (LBF)
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LBF acoustic aquarium: need for fitting parameters of screw-
rubber-layer

NOTBL SOLOTION ?AMSYS

ETRO-£55.515
TFRO=0
MCDE Rea l(pa 3:

RSYS=O

LMK =.005756
SMY =—4534
SMHE =4580

DEC 2 2009
18:26:53
PLOT NO. 1

—4534 —2509 —483.247 1542 3568
-3521 -1496 529.464 2535 4580

621,30 Hz 655,51 Hz

With permission of M. Kurch (LBF)
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Numerical improvements in Fraunhofer

model reduction toolbox
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Numerical improvements

Parallel version » Depending on number of parameters and order of polynomial
we have to build and reduce several 10 or 100 FE  models

 This can be done in parallel without any communication,
if enough cores and Ansys licenses are available

 Full parametric LMS car model takes about 45 min
(12 evaluations, 32 cores, 5 Ansys licenses)
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Numerical improvements

Efficient reduction of e Continuation of common work with Julian

thermal problems with « Goal: reduce EX= Ax+Bu, y=Cx
many inputs (area sources)

* Instead of standard moment matching, i.e. computing

V = orth[A‘lB, AEATB,(AE) A—lg,..}

form incomplete SVD of operator T without forming
matrix explicitly

TE= [A‘lB, AEATB,,(AE) A‘lB} £

U essential states to project on.
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New theoretical results on
parametric reduction via matrix

matching
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|ldea of matrix matching

FE-models for selected

S (E(P). A(P).B(PD.C(R)) - (E(R.) A(R,). B(P,).C(P,))
Independent reduction 1 l
Reduced models (E,A,él,él) (Ek,A(,Iék,ék)

-
-

Bring realizations close to first

one by solving gen. Sylvester (El, ,51, R ,(fl) Tk_lEka’Tk_lA<Tk 1Tk_1Bk’Cka
egns. for similarity transform ‘ A
Interpolate matrices A(p) = iZa),( p) A
o ’.Smarth o
Fraunhofer | .. . ’(._Stmctures -*’

Techno- und
Wirtschaftsmathematik
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Success of matrix matching

First resonance frequencies of rectangular plate

25

* Poles move correctly with
the parameters, even in
case of eigenvalue-
crossing

N
o
T

—
(&)
T

 FE-mesh may change
topology

resonance frequencies [Hz]
—
o
|

T

T

T

5 - —
0 lin. interpol.
o true model
0 | | 1 1 1
440 460 480 500 520 540 560
length of plate [mm)]
| [ HHH .
rw o
7 Smart 7
Fraunhofer | .. . o i rren ¥
Techno- und ¥ wpad

Wirtschaftsmathematik
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sSuccess Of matriX matChing First resonance frequencies of beam with 2 holes

T T T T I I

I @ lin.interpol. ||
600 0 quadr. interpol.
» Poles move correctly with @ true model
the parameters, even in 500
case of eigenvalue- gt
H wiin - - “r
CI’OSSIng %ﬁ“'ﬁ---ﬂ----q_.__ - |

B

o

o
T

 FE-mesh may change

resonance frequencies [Hz]

topology 3001 |
& -= -- -- - - -- - .- OR-,
c_ . r_ .. . T oy —— =y & -
200 i
100+ G - e - - i =— —— — — -
G- = — - e P NURU—— - — a
o FT————e———e—e——o—pfg—o—y9
0 2 4 6 8 10
distance of holes [mm]
mmEE _
dr f <
“f Smart “*
Fraunhofer | .. . "r'. g 8iune ? .
Techno- und 3 p =
Wirtschaftsmathematik Ay
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Choosing realizations optimal for interpolation

For illustration

Quality of interpolation
depends strongly on
chosen realization

Example 1

Consider linear interpolation of one-parametric class of
standard state space systems

>, =(A(p),B(p).C(p)): x=A(p)x+B(p)u,y=C(p)x, pO[0]]

Models are already reduced, i.e. typical state space
dimension < 100.

Assume >, => =(AB,C). Expectz, =2 =% .
Keep 2,, but replace realization of Ry equivalent one:
% =(XTAX,X'B,CX) with X=-I, ie. Z=(A-B,-C)

Linear interpolation of matrices yields nonsense:
Zys =0.5(A B,C)+05(A-B.—C)=(A0,0)
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Choosing realizations optimal for interpolation

For illustration

Quality of interpolation
depends strongly on
chosen realization

Example 2

Consider linear interpolation of one-parametric class of
standard state space systems

>, =(A(p),B(p).C(p)): x=A(p)x+B(p)u,y=C(p)x, pO[0]]

Models are already reduced, i.e. typical state space
dimension < 100.

a 0|1 0||1 O
Assume 5,=3,= 0 3 1o 1Mo 1 .ExpethOIS:ZO:;

Keep 2,, but replace realization of Ry equivalent one:

S = B0 , 01 , 01 Linear interp. is not minimal
0 a1 0)|1 O

o _([@+pr2 0 1/2 12112 1/2
05 0 (@+p)/2'|1U2 v2[|1U2 12

Institut
Techno- und
Wirtschaftsmathematik
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Fraunhofer A ar
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Choosing realizations optimal for interpolation

Known :

Interpolating transfer
functions works fine for s
away from poles

Idea: compare this
interpolation with transfer-
function of interpolated
matrices at “save” s

Difference can be estimated

H()=CM;B, M;=(sl-A)", i=12

H,(s) = (@~ p) Hy(s) + pH,(s), i.e withAB=B -B,

= (1- p)CM ,B,+p(C, +AC) (M, +AM ) (B, +AB)
H_(s) =(C, + pAC)(M, + pAM )(B, + pAB)

H,(9—H,(9)
= p(1- p)(C,AM AB + ACM AB + ACAM B,) +O(AB)

Fraunhofer

Institut
Techno- und
Wirtschaftsmathematik

A
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Choosing realizations optimal for interpolation

Idea: Minimize bound for J(X) = aHX‘lMlX - M0H2 + ,BHX‘lBl — BOH2 +ylcX -G,
difference over all equi-valent
realizations of 2,

For (almost) unitary X this is
(almost) equivalent to

minimizing I(X)=a M X = XM|" + BB, - XB,| +y|C.X -C)|
Claiming necessary cond. J'(X)[H]=0 OH
with Frobenius-norm leads to |Al=] Al =tr(A*A), |AB|=|BA|, |A| :HAH

generalized Sylvester

equation for X 5 . ; .
(aM;M, +yC/C ) X + X (aM M, + BB,B;)

- (MXM; +M;X M) = BBE; + /GG,

ITww| . T
. “* Smart &
Fraunhofer | .. . “ Structures .

Techno- und
Wirtschaftsmathematik
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Open gquestions

Stability « Assume 2, are stable . Are so the interpolated systems?
* Answered by Sanda
zpl. .sz
°s 2
2,7
® ®
Zp3 zp4
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Open gquestions

Unitarity * True error bound

J(X) =a| XM, X M|+ B|X B, =B +y|c.X -C)|
and the one used for finding optimal Transformation X
I(X) = a|[M,X = XM, | + B||B, = XB, | + y|C.X - Cy|
coincide only, if X is unitary .

* If some modes enter/leave with changing parameters,
then X might become singular

* Robust construction of X by claiming unitarity explicitly

* Answered by Sanda

. “* Smart &
Fraunhofer | .. . “ Structures .
Techno- und - -

Wirtschaftsmathematik
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Open gquestions

Influence of interpolation * global polynomial
scheme ? . : :
* piecewise polynomial
* spline

* Answered by Sanda

How to scale different i/o’s e under investigation
(e.g. pressures, voltages)

ITWM -.-f L )
“ Smart “*

Institut “ Structures .
Techno- und > ) - i
Wirtschaftsmathematik Y- ot

Fraunhofer
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To be continued by Sanda

e - -~

- Smart 7
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Introduction

It is demonstrated

* How to optimize a smart structures application modeled by ANSYS®
(e.g. optimal position of piezo patch on firewall)

» which requires many expensive evaluations (e.g. frequency responses)
* by parametric reduced models

e using our Model Reduction Toolbox for ANSYS®/ Matlab®

. “ Smart -
Fraunhofer | .. . ” Structures .

Techno- und
Wirtschaftsmathematik
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Sample problem: optimal patch position for concrete

93702 DOFs (displacement, presure, voltage)

steel plate

) Model Reduction Interface = ﬂl_?_(]
= [ £
— environment =
save file I E£\Documents and Settings\mitviApplication Datamrt\projectsimscar mat
APDL script | DPrmaorasishareisoftisamples\concreteCarizoncreteCar inp
working directory | IC:'Documents and SeftingsmitviApplication Data'mrt
results directory | [C:\Documents and Settings'mitv\Application f APDL script describing
Read and modify parametric fully coupled
i b 4 ®
macro directory | ‘morasishareis| Caramaleis Rt multi-field ANSYS“’ el
Ansys version | |11g
Ansys product | [aNSYS Acadenm -
ATLAB toolbox ®
MRT (Fraunhofer ANSYS
- Pararameter Model Reduction multiphysics
parameter type Toolbox)
fSpeaker load - 0 | 1 | 0
vPatch load = (I [ 1 | 2
iPatch design = 2 X | 2814 0
jPatch design  ~ 2 7 | 258 0
LR A Tetreuction ]°rer of pelynomial 4 ANSYS" ful file
parameters, y with original
— nodal input import and reduce & system matrices
component ANSYS® model | label E er“sjié?r\;gﬁr
janode *jlﬂ( =l o add 4§ i
— nodal output / Reduced /
parametric
component state space Ael E
daughter model and  J/PRES | 0
father infoon IO/ FRES 0
mother  f channels /™ PRES 0
s0n of PRES 1]
jdaughter > ||pRES = o add |
— model reduction
method ImdMechalronlc -]
nRed fRef s0 tolSYD  tolSchur  nBxra  maxiter €L =
| 40 | 100 | 001 | 00001 | 1e-013 | 40 | 200 |

A(p) x4+ B(p) u

C(p)z+ D(p) v

car

P

“* Smart “*
- -
. Structures .

s
5

'
-
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Sample problem: optimal patch positio

) Model Reduction Interface = ﬂl
S dn v steel plate
— environment
save file I E£\Documents and Settings\mitviApplication Datamrt\projectsimscar mat
APDL script | DPrmaorasishareisoftisamples\concreteCarizoncreteCar inp \
working directory | IC:'Documents and SeftingsmitviApplication Data'mrt \
results directory | [C:\Documents and Settings'mitv\Application f APDL script describing
Read and modify parametric fully coupled
i b 4 ®
macro directory | ‘morasishareis| Caramaleis Rt multi-field ANSYS“’ el
Ansys version | |11g
Ansys product | [aNSYS Acadenm -
ATLAB toolbox ®
MRT (Fraunhofer ANSYS
- Pararameter Model Reduction multiphysics :
parameter type Toolbox) A
fSpeaker load - 0 | 1 | 0 s
vPatch oad |l 0 | | 1 I 2 -
iPatch design = 2 X | 2814 0
jPatch design  ~ 2 7 | 258 0
LR A Tetreuction ]°rer of pelynomial 4 ANSYS" ful file
parameters, y with original
— nodal input import and reduce & system matrices
component ANSYS® model | label E er“sjié?r\;gﬁr
janode *le X =l o add 4§
— nodal output / pzf:r:g‘fgc / 93702 DOFs (displacement, pressure, voltage)
component state space A’d E
daughter modeland  J/PRES | 0
father infoon IO/ FRES 0
mother  f channels /™ PRES 0
s0N e— PRES 0
jdaughter > ||pRES = o add |
— model reduction
method ImdMechalronlc -]
nRed fRef s0 tolSYD  tolSchur  nExtra  maxtter r = A(p) T -+ B(p) U
| 40 | 100 | 001 | 00001 | 1e-013 | 40 | 200 |

C(p)z+ D(p) v

car

setup

a Wl
o

e

“* Smart “*
P g P o
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Sample problem: optimal patch position for concrete

) Model Reduction Interface = ﬂl_?_(]
S dn v ~ steel plate
— environment =
save file I E£\Documents and Settings\mitviApplication Datamrt\projectsimscar mat
APDL script | DPrmaorasishareisoftisamples\concreteCarizoncreteCar inp
working directory | IC:'Documents and SeftingsmitviApplication Data'mrt
results directory | [C:\Documents and Settings'mitv\Application f APDL script describing
Read and modify parametric fully coupled
i b 4 ®
macro directory | ‘morasishareis| Caramaleis Rt multi-field ANSYS“’ el /
Ansys version | |11g
Ansys product | [aNSYS Acadenm -
ATLAB toolbox ®
MRT (Fraunhofer ANSYS
- Pararameter Model Reduction multiphysics
parameter type Toolbox)
tSpeaker oad =l 0 | 0
vPatch oad |l 0 | | 2
iPatch design = 2 X | 2814 0
jPatch design  ~ 2 7 | 258 0
SESEan Bet reduction orden ot pobmichisl ] 4 ANSYS” full file
parameters, y with original
— nodal input import and reduce & system matrices
component ANSYS® model | label E er“sjié?r\;gﬁr
janode *dlﬂ( S0 add d
= | LN
— nodal output / pzf:r:g‘fgc / 93702 DOFs (displacement, pressure, voltage)
component / state space A’d €
daughter modeland  J/PRES | 0
father / infoon 110/ PRES 0
mother  f channels /™ PRES 0
s0n of PRES a
jdaughter > ||pRES = o add |
— model reduction
method ImdMechalronlc -]
nRed fRef s0 tolSYD  tolSchur  nExtra  maxtter r = A(p) T -+ B(p) U
| 40 | 100 | 001 | 00001 | 1e-013 | 40 | 200 |

C(p)z+ D(p) v

car

parametric
optimization

[P 4
wr

“* Smart “*
" Structures .

e
.
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Sample problem: optimal patch position for concrete

) Model Reduction Interface
=

— environment

save file | E:Documents and Settings

plication Datamrt'projectsimscar |

APDL script | brWoras‘sha@&&mpiesboncrae%r'concreteCar,inp

working directory | k:\Dchs and Settingsimitv\Application Datalmrt

results directory | C:

imorasisharets

uments and SettingsmitviApplication D

Read and modify
parameters

macro directory

Ansys version

APDL script describing
parametric fully coupled

EB] utfield ANSYS® model

110 /—3.
N

Ans'fsmduc;/ | [ansys academi

Reduced /

info on I/O
channels

M= \ parametric
\component / state space
model and
her /
motNr /'

/ ATLAB toolbox o
At MRT (Fraunhofer Y guXCall in batch mode ANSYS
—Pan ik Model Reduction » multiphysics
par type Toolbox) values E
f load - 0 | 1 | 0
vPat load - o | | 1 | 2
iPat design - ] £ l 2814 0
jPat design -l 2 L' 7 | 258 0
show corptants Bt reduction  Jraex of polynonisl 4 ANSYS" full file
‘ parameters, y with original
— hodal input import and reduce - system matrices
\ component ANSYS® model | isbel E er“sjié?r\;gﬁr
janode \ *;”FK =l o add

to

- parametric reduced Matlab

state space model

son \\ PRES
jdaughter \ > ||pRES
— model reduction \
method ImdMechalronlc -]
nRed fRef s0 tolSVD tolSchur nExtra maxiter
| 40 | 100 | 001 | 00001 | 1e-013 | 40 | 200 | 1

“ a’7n2 NNOFe/displacement, pressure, voltage)
rom multi-field Ansys model

steel plate

=
|

A(p) x4+ B(p) u

C(p)z+ D(p) v

car

P 4
P g iy

(]

£ Smal't e
- -
. Structures .
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Influence of patch position on efficiency

B00B00Ew &
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Influence of patch position on efficiency

_—

Associated normal displacement

of plate (firewall)

e ¢
A
hof “* Smart -°
Fraunhofer ... . ~ Structures
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Wirtschaftsmathematik
Slide 41



Influence of patch position on efficiency

E

=
=
=
=
=
1
]
=

Admissible patch positions

[ FHH )
T HH s
,
- smart *
Fraunhofer Institut o s tares #
Techno- und Lol gl
Wirtschaftsmathematik - <
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Influence of patch position on efficiency

pattern resembles the one
induced by loudspeaker

IV g
s s
hof “* Smart “*
Fraunhofer Institut ,r1 stilbtures .""'
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Wirtschaftsmathematik wevr =
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Influence of patch position on efficiency

Inefficient posit
pattern orthogonal” to the
one induced by loudspeaker

| | o .
L 4

| [ B . -

w g

hof “* Smart “*
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Need for parametric reduced model

SPL at driver's ear induced by ...

o ludspeaker. ANSYS (Ikgsd || ® IN general, patch position must be uniformly effective on a
loudspeaker, reduced (1 kg/sz)
whole frequency range

optimal piezo (1V)
""" optimal piezo, interpolated (1V)
used for interpolation (1V)

100§ 1 » Evaluating position requires computing frequency response
of transfer function loudspeaker =¥ driver’s ear

150

SPL[dB]

N » ANSYS® requires 160s for single frequency (Xeon 2.5 GHz)

=» We need reduced model

« Many different patch positions must be tried:
several local minima , Newton iteration about each minimum

1 1 1 1 1 1
20 40 a0 80 100 120 140

= We need parametric model which can be evaluated at new
positions without creating and reducing new ANSYS  ©
models

[ FH de g
“* Smart “*
Institut 'J‘I Structures _f'
Techno- und ull r - ™~
Wirtschaftsmathematik = =

Fraunhofer
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Parametric reduced model

it

-
Q
JF.'LLUJ

—
<
=
/

Lo

—_
[}
w

il

number of states

. Admissible region

0.05

0.2 0.25

03

0.35 .
04 O y-coordinate of patch center [mm]
x-coordinate of patch center [mm]
[ FHHH
T HH . T
“* Smart “*
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Techno- und o .
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Parametric reduced model

Multi-field Ansys model for parameters p, = (X;,Y,)

2 —
oy 1 (PMOD +sRED+KGD)E = Lp)w
E y = P(p1)¢
10"
8
5 10
5 create
g .7
o Admissible region
0.05 '
01 015 o3 o
P03 ga 0
' 0.4 y-coordinate of patch center [mm]
x-coordinate of patch center [mm]
s
] e e
- Smart “°
Fraunhofer Institut ol s iiures .,',f
Techno- und " ol
Wirtschaftsmathematik v %
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Parametric reduced model

number of states

oy i (M) +sRM1) + K@) & = Llpu
| = P(p1)¢§

e reduce

s state space model for parameters p, = (X,,Y;)

102=; s 5 — A(pl)x + B(pl)u

"y = C(p1)z + D(p1)u

E 04
D 7 -
0.05 _ :

0.25

03

0.35

x-coordinate of patch center [mm]

Fraunhofer Institut

Techno- und
Wirtschaftsmathematik
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Parametric reduced model

Multi-field Ansys model for parameters p, = (X,,Y)

2
105 f (s“M(p2) +sR(p2) + K(p2)) & = L(p2)u
E
? y = P(p2)¢
10" 3
g 10°
= |
3 create
6
o
£ 107~
=S *
-y
10~
0.4
10° '
0.05 _ '
| B S |
' 04 O y-coordinate of patch center [mm]
x-coordinate of patch center [mm]
[ HHH
[ HH e A
- Smart *
Fraunhofer ;i “ Structures
Techno- und o ol
Wirtschaftsmathematik ———r ~
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Parametric reduced model

number of states

s (s°M(p2) 4+ sR(p2) + K(p2)) € = L(p2)u
5 = P(p2)¢§

A reduce

s state space model for parameters p, = (X,,Y,)

vy t&=A(p2)z + B(p2)u

y = C(p2)x + D(p2)u

| % 0-4
0.1 '

0.15
0.2 0.25

0.05

03 0.35 0

x-coordinate of patch center [mm]

Fraunhofer Institut

Techno- und
Wirtschaftsmathematik

“* Smart -°

=T - o
. Structures .
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Parametric reduced model
Multi-field Ansys model for parameters pq = (X4,Yo)

R (s®M(po) + sR(po) + K(pg)) ¢ = L(po)u
03 ' . y = P(po)¢
10' reduce

: 10 state space model for parameters pg = (Xg,Yo)
; 10 S i | ¢ = A(pg)z + B(po)u
T . . y=C(po)z + D(po)u

025 43

0.35 .
04 O y-coordinate of patch center [mm]
x-coordinate of patch center [mm]
[ FHH
[ HHH . .
“ Smart -
Fraunhofer

Institut ,r_. Structures _"'f
Techno- und n b
Wirtschaftsmathematik
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Parametric reduced model

10 3

10 Reduced state space
) ; model for other
5 10 ¢ = A(p)x + B(p)u
g ] . .l y=C()z+ D(p)u

10" 4 ’

0.4
10"
0.05

02

0.25

03 o35 0 .

0.4 y-coordinate of patch center [mm]
x-coordinate of patch center [mm]
[ FHHH
T HH
- Smart 7

Fraunhofer .\t “ Structures .
Techno- und o - e
Wirtschaftsmathematik =% -
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Parametric reduced model

10 3
wf  TRY Teeutnor — | Reduced state space
: X

o x Mmodel for other
5 10 X &€= A(p)z + B(p)u
g ] . .l y=C()z+ D(p)u

10' - )

0.4
10°
0.05

02

0.25

03 o35 0 .

0.4 y-coordinate of patch center [mm]
x-coordinate of patch center [mm]
[ FHHH
T HH
“* Smart “*

Fraunhofer ;i “ Structures .
Techno- und o - e
Wirtschaftsmathematik =% -
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Parametric reduced model

1053 ¢ . Lt ‘

10 Reduced state space
o model for other
5 10 £ = A(p)z + B(p)u
g : y =C(p)z+ D(p)u
S E * e

o by interpolation ’

: 0.4
10°
0.05

0.25 0.3

0.35 .
04 O y-coordinate of patch center [mm]
x-coordinate of patch center [mm]
[ FHHH
T HH
“* Smart “*

Fraunhofer Institut o i rren ¥
Techno- und o .
Wirtschaftsmathematik =% -
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Challenge 1: reduction of multi-field FE models

» Consider multi-field Ansys model of concrete car for fixed parameter set

(32M+3R+K)§=Lu y=0C ff]
- LSmarth
Fraunhofer .. . ,r.'Stmctums . ,,

Techno- und
Wirtschaftsmathematik
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Challenge 1: reduction of multi-field FE models
» Consider multi-field Ansys model of concrete car for fixed parameter set

3
s§

* Built-in reduction schemes of Ansys and Matlab fail due to non-symmetric/singular
matrices or non-Rayleigh damping and size (~100.000 DOFs), respectively.

(32M+3R+K)§=Lu y=~0C_

Mpp Mp, O Rpp O O Kpp O O
0 0 O 0O 0/0 o\K}w Ko
singular non_Rayleigh damping non-symmetric

- 'mez«rtrr o

Fraunhofer ;¢ “ Structures .
Techno- und n a
Wirtschaftsmathematik
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Challenge 1: reduction of multi-field FE models

Solution

e Turn 2" order system into 1st order system

skx Ax + Bu xz[ﬁ] E=[I O] A:[O I] Bz{O]
Y Cx + Du s§ L

o “* Smart “*
Fraunhofer | .. . “ Structures .

Techno- und
Wirtschaftsmathematik
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Challenge 1: reduction of multi-field FE models

Solution

e Turn 2" order system into 1st order system

sEx Ax + Bu S | T O . O I |0
st mLk] m=low] =[S ] =)

 Turn to shift and invert form (largest eigenvalues correspond to those of original system
close to shift sy). With T = A —sE:

AsGr =x+Fu y=Czx with As=s—sg G=T'E F=7T"1'B

[iITwm] T e Bl
 Smart -

Institut “ Structures .
Techno- und n a
Wirtschaftsmathematik

Fraunhofer
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Challenge 1: reduction of multi-field FE models

Solution

e Turn 2" order system into 1st order system

sEx Ax + Bu S | T O . O I |0
st mLk] m=low] =[S ] =)

 Turn to shift and invert form (largest eigenvalues correspond to those of original system
close to shift sy). With T = A —sE:

AsGr =x+Fu y=Czx with As=s—sg G=T'E F=7T"1'B

 Project on nxk matrices V,W with W*V=I, k<<n from modal analysis or Arnoldi process
sGz=(1+50G)z+Fu y=Cz with G'=W*GV F=WF C'=CV

[iITwm] T e Bl
 Smart -

Institut “ Structures .
Techno- und n a
Wirtschaftsmathematik

Fraunhofer
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Challenge 1: reduction of multi-field FE models

Contribution by fellows

e Sanda: structure preserving reduction: Reduced model is again of 2"d order.

 Julian: hybrid reduction scheme for systems with many inputs and outputs combining
modal truncation and moment matching.

. “ Smart -
Fraunhofer | .. . ” Structures .

Techno- und
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Challenge 1: reduction of multi-field FE models

Contribution by fellows

e Sanda: structure preserving reduction: Reduced model is again of 2"d order.

 Julian: hybrid reduction scheme for systems with many inputs and outputs combining
modal truncation and moment matching.

J. Stoev and J. Mohring. Hybrid reduction of non-symmetric mimo systems. Submitted to
Systems & Control Letters (Status: second revision)

[iITwm] T e Bl

“ Smart -

Fraunhofer
Techno- und
Wirtschaftsmathematik

Institut - Structures -
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Challenge 2: interpolation of reduced state space m  odels

Polynomial interpolation

Polynomial interpolation of scalar function (example: 1 parameter x, 2"d order)
f(@) ~ f(0)+[-3f(0) + 4£(0.5) — f(1)] a+[2f(0) — 4f(0.5) 4+ 2f(0)] «*

8

T
true function
----- quadratic interpolation

.
s
e
---------

3l . = “* Smart -°
~\

_Structures .
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Challenge 2: interpolation of reduced state space m  odels

Polynomial interpolation

Polynomial interpolation of scalar function (example: 1 parameter x, 2"d order)

f(x) = f(0)+[-3f(0) + 4£(0.5) — f(1)] z+[2f(0) — 4£(0.5) + 2f(0)] =2

System matrices may be interpolated in exactly the same way:
A(z) =~ A(0) 4+ [-3A(0) +4A(0.5) — A(1)] z + [2A(0) — 4A(0.5) 4+ 24(0)] =2

Q

D(z) D(0) + [-3D(0) + D(0.5) — D(1)] =z + [2D(0) — 4D(0.5) + 2D(0)] 22

[iITwm] T e Bl
“* Bmart -

Institut “ Structures .
Techno- und n a
Wirtschaftsmathematik

Fraunhofer
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Challenge 2: interpolation of reduced state space m

How to choose realizations?

e Realizations >~ = (A, B,C,D)and ¥’ = (I AT, T~1B,CT, D)
have same transfer function H(s) =C (sl — A 'B+ D
l.e. they describe same system.

* Interpolating badly chosen realizations may completely fail:
Consider one-parametric family of single state SISO systems
S(+1)=(-1,1,1,0) =(-1)=(-1,-1,-1,0)

Realizations of same system (T=-1), but linear interpolation gives

odels

>(0) = (—1,0,0,0)

Institut
Techno- und
Wirtschaftsmathematik

Fraunhofer

" Smart

- -7
. Structures .
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Challenge 2: interpolation of reduced state spacem  od

Looking for way out

* Interpolate (unique) transfer function

amplitude [1]

10

els

Linear interpolation of transfer functions

original

interpolated
used for interpolation||

0.5 1 1.5
frequency [rad/s]
[ FHHH
[ FHH gty
~*  Smart _
Fraunhofer | .. . “ Structures .

Techno- und
Wirtschaftsmathematik

P
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Challenge 2: interpolation of reduced state space m  odels

Linear interpolation of transfer functions

Looking for way out 10 | original

""" interpolated
° |nter OI u nctlon used for interpolation| |

amplitude [1]

-1
10 :

0.5 1 1.5
frequency [rad/s]
[ [ P
[ FH o
- Smart 7
Fraunhofer it “ Structures .
Techno- und n ; - a
Wirtschaftsmathematik -er =
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Challenge 2: interpolation of reduced state space m  odels

Looking for way out

I First resonance frequencies of rectangular plate
25 T T T T T

* Interpolate ( unction

P

N
le]
T

—h
4]
T

oo
o
T

e Consider normal forms based on
sorted eigenvalues:

resonance frequencies [Hz]

5r .
)\1 0 lin. interpol.
A — . 2 true model
— . 0 | | | T T
)\ 440 460 480 500 520 540 560
n length of plate [mm)]
| FHHH
[ " .
) P Fo ! .
hof “* Smart
Fraunhofer Institut o Suritures =
Techno- und ull ; - ™~
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Challenge 2: interpolation of reduced state space m  odels

Looking for way out

I First resonance frequencies of rectangular plate
25 T T T T T

* Interpolate ( unction

—

N
le]
T

—h
4]
T

oo
o
T

e Consider normal forms based on
sorted eigenvalues:

resonance frequencies [Hz]

5r .
)\1 0 lin. interpol.
A — . 2 true model
— . 0 | | | T T
)\ 440 460 480 500 520 540 560
n length of plate [mm)]
| FHHH
[ . .
) P Fo ! »
hof “* Smart
Fraunhofer Institut o Suritures =
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Challenge 2: interpolation of reduced state space m  odels

Looking for way out

I First resonance frequencies of rectangular plate
. 25 T T T T T
* Interpolate ( unction
20 n
i
=
44}
2L
2 15 7
Q
=
o
g
3
- = 10 7
~
» Consi [ ased o 5
: g
—seotted eigenvalues: | |
)\1 0 lin. interpol.
A — . 2 true model
. 0 1 1 | I I
)\ 440 460 480 500 520 540 560
n length of plate [mm)]
| HHHH
[T HH ’ .
“* Smart
Fraunhofer | .. . o i rren ¥
Techno- und o .
Wirtschaftsmathematik =% =
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Challenge 2: interpolation of reduced state space m  odels

New approach
« Select arbitrary realization >(p) = (A, B, C, Dor first parameter as reference

« Choose realizations > (p') = (4, B’,C’, D) for other parameters as close as possible to
reference

ITww| . T
. “* Smart &
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Challenge 2: interpolation of reduced state space m  odels

New approach
« Select arbitrary realization >(p) = (A, B, C, Dor first parameter as reference

« Choose realizations > (p') = (4, B’,C’, D) for other parameters as close as possible to
reference

e Formally: find transform T minimizing

0y = alra a1 s - B 4o - o)

[iITwm] W Few
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Challenge 2: interpolation of reduced state space m  odels

New approach
« Select arbitrary realization >(p) = (A, B, C, Dor first parameter as reference

« Choose realizations > (p') = (4, B’,C’, D) for other parameters as close as possible to
reference

e Formally: find transform T minimizing
J(T) = « HTA _ A’THQ—I—ﬁ HTB _ B’HQ-M H(J _ C’TH2
leading to matrix equation for T

(A" A"+ 4C"C") T+T (¢ AA* + BBB*)—a (A'TA* + A"TA) = BB'B*+~C'C

[iITwm] W Few
“ Smart -

Institut “ Structures .
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Optimal patch positions for different frequency ran ges

plate (0.895x0.658m?)

used for interpolation

-ssimereginn

* ANSYS® model is created and reduced at 9 positions

* Reduced models are interpolated bilinearly

1/2

. ) 2
- Efficiency function &= Z ‘hpiezo (1) N (|cq<)‘ is evalutaed at
%inS%S%
50x50=2500 positions, which takes 100s altogether
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Optimal patch positions for different frequency ran

SPL[dB]

150

100¥

SPL at driver's ear induced by ...

o

loudspeaker, ANSYS (1kg/s)

loudspeaker, reduced (1 kg/sz)
optimal piezo (1V)

optimal piezo, interpolated (1V)
used for interpolation (1V)

ges

20 40 60 &80 100 120 140
frequency [Hz]
mmgE
ITWM .
~ Smart
Fraunhofer | .. . “ Structures .

Techno- und
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Optimal patch positions for different frequency ran ges

SPL at driver's ear induced by ...

150 i I i I
© |oudspeaker, ANSYS (1kg/s’)
= loudspeaker, reduced (1 kg/sz)
optimal piezo (1V)
""" optimal piezo, interpolated (1V)
o used for interpolation (1V)
0

SPL[dB]

Response to loudspeaker:
f - Independent of patch position
- counterchecked with ANSYS®

0 | v \ | | | | |
20 40 60 80 100 120 140

frequency [Hz]
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Optimal patch positions for different frequency ran ges

SPL at driver's ear induced by ...

150 | T i I i I
© |oudspeaker, ANSYS (1kg/s’)
= loudspeaker, reduced (1 kg/sz)
optimal piezo (1V)
""" optimal piezo, interpolated (1V)
o used for interpolation (1V)
5 /]

SPL[dB]

\ - __ Response to patch

VA __-in 9 positions where ANSYS® models

20 40 60 frequei(c);y| were created and reduced
- difference > 20dB
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Optimal patch positions for different frequency ran ges

SPL at driver's ear induced by ...
150 | | I I I I

© |oudspeaker, ANSYS (1kg/s’)

= loudspeaker, reduced (1 kg/sz)
optimal piezo (1V)

""" optimal piezo, interpolated (1V)

used for interpolation (1V)

N eALLL

effective at 50Hz computed
—~ forinterpolated reduced model
(small effort)

SPL[dB]

20 40 60
frequency [Hz]
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instead of Conclusion:
Request for collaboration

Are there fellows interested in optimizing their smart
structures design with MRT, possibly at Kaiserslautern?
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