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Device and System Level Simulation
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= How to make a model at system level from that at device level?
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Compact Modeling: Transistor Compact Model
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Figure from J. Lienemann, E. B. Rudnyi and J. G. Korvink. MST MEMS model
order reduction: Requirements and Benchmarks. Linear Algebra and its

Applications, v. 415, N 2-3, p. 469-498, 2006. cﬂnFEm



Compact Thermal Models

Topology RC network |Parametrization Parametrized
=

Device
» | compact model

= | ooks understandable — but how to do it in practice?

Figure from the book “Fast Simulation of Electro-Thermal MEMS: Efficient Dynamic
4 Compact Models.” Springer, 2006. cnnFEm



Comparison: Electrical vs. Thermal

Electrical flow Heat flow
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= Thermal phenomena are much more distributed, it is hard to lump
them.

Figure from the book “Fast Simulation of Electro-Thermal MEMS: Efficient Dynamic
Compact Models.” Springer, 2006.
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Model Order Reduction

Relatively new technology:
= |t is not mode superposition;
= [t is not Guyan reduction;

_ Approximation
= |t Is not CMS. of Large-Scale
Dynamical Systems

Solid mathematical background: ~
= Approximation of large scale -I I I
dynamic systems
o _ Athanasios C. Antoulas
= Dynamic simulation:

» Harmonic or transient simulation

Industry application level:
= Linear dynamic systems

7 CADFEM



Linear Model Order Reduction

Modei drder' |

s {Linear Dynamic }

Dimension Reduction
of Large-Scale Systems

System, ODEs

Control Theory / Moment Matching )
BTA. HNA. SPA via Krylov subspaces. Low-rank
O(N3) Iterative, based on Grammian,
_ _/ \Umatrix vector product./ SVD-Krylov

\
one-side double-side
Arnoldi process Lancsoz algorithm
ﬁ\AOR for ANSYSJ
: CADFEM




I Model Reduction as Projection

= Projection onto low- EX+ Kx=Bu
dimensional subspace

B+ -I=
X=VzZ+¢

I V'EVz+V'KVz=V'Bu
= How to find -I+.I=.I
subspace?
= Mode

superposition is
not the best way
to do it.
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Hankel Singular Values

= Dynamic system in the state- X = AX+ BU 1
space form: H(s)=C(sI-A) B
y = CX
= Lyapunov equations to

determine controllability and AP + PAT +BBT —0
observability Grammians:

ATo+o4+Cctc=0

= Hankel singular values (HSV):

= square root from eingenvalues
for product of Grammians.

O'i:m
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Global Error Estimate

= |nfinity norm . | Nomakzed singuas vaues of Cross Grammian X
Hs) = (), =
= max  abs(H(s)— H(s))
= Global error for a reduced model a

of dimension k

H©)~ (), <
20441 t...10,)

= Model reduction success 20!
depends on the decay of HSV.

= L oglO[HSV(i)] vs. its number.
= From Antoulas review.

1 CADFEM



Implicit Moment Matching

= Padé approximation
= Matching first moments for the

transfer function H (S) — aE+K =il B

Ex+ Kx =Bu

NH. —_—
£ Kb o
COMPITATIONA A
g! MWATHLMAT]

0

Krylov-subspace methods for reduced-order modeling

in circuit simulation 0 .
Robad W. Freund |
Norohoios, [avod Trofmalngin Aowie J-525, AN Mimwiow drvene, Misrey BV, Aim Bty (OWPAIN M e m S S
3 — .
D e i i i s red i,red 0
- 0
-y 1 ek caman levobves e meenial sobwkos of ey Wapeacale, s, o poerd sedl ma

m; =m; oq, L=0,...,7

= |Implicit Moment Matching: so=0
= via Krylov Subspace

V =span {S(K_IE,K_lb)}
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Second Order Systems

MX + Ex+ KX = Bu
y =CX

defaul
_1 S

Ignore the damping
matrix during MOR:
roportional Dampin

Semsors awd Matervals, VoL 19, No. 3 (2007) 149-164
MY Tokvo SIAM ). SOl COMPUT ) 20006 Soclety for Industrial and Applied Mathomntics
i Vol 26, No 5, pp. 1692-1709

Transform to 1st Use Second Order
order system. ARnoldi.

S &M O0672

DIMENSION REDUCTION OF LARGE-SCALE SECOND-ORDER

; ; . ; DYNAMICAL SYSTEMS VIA A SECOND-ORDER ARNOLDI
Parametric Order Reduction of Proportionally METHOD"

Damped Second-Order Systems SONGTORAKIY AR VKRGS

Rudy Eid’. Behnam Salimbahrami, Bons Lohmann,

y 7o 5 Abstract. A stroctuse-preserving dimension reduction algorithm for large-scale second-order
Evgenn B. Rudnyy® and Jan G. Korvink®

dyvuamical systems is presented. 1t is o projection method based on a second-order Keviov subspace,

) A\ socond-order Arnoldi (SOAR) meothod is usod to gonernte an orthonormal basis of the projection
Inssitae of Ausomaric Conrrol. Teckmical University of Munich

Boltzmanasty 15, 85748 Guclung. Genmiany
"Instirure for Microsvstemn Technology (IMTEK), University of Fretburg
THO8S Freibanz. Gerany

subspace. The reduced system not only preserves the second-order stracture but also has the sanm
order of approximation as the standard Arnoldi-based Krylov subspace method via linearkzation
I'he superior numerical propertios of the SOAR-based method are demonstrated by examples from
structurnl dynamics and microclectromechanical systoms

(Receivad October 25, 2006, accepesd Fetmary 22, 2007)

13 Key words!  oodey rediction, second-oodes systems. proportiosal damping. moment marching
second-order Krylov sulspaces



Error Indicator

= Key question :

What is a suitable order of the reduced error estimate:
. a way to automate MOR
system for a desired accuracy? (ST \
|
engl
13 ” ' U
* “Rule of thumb”: r = 30-50 ‘h_ﬁ“"}
_ _ System of Reduced
= Proposed engineering approach:  ODEs | IMOR Syste(r)nDoé
r<<mnm S
= comparison of reduced systems of order
randr+1

Error indicators for fully automatic
extraction of heat-transfer macromodels

for MEMS

Timpmm Beehiold, Evgmii B Endnyi and Jon G Korvink

PATEE, Uniwrniiy af Fredareg, Cecrges-Kehlzr Ak 108, TOL] Fredurg, Cerary
Bt bachiokdiFim ik de

Recened 14 June 3004, in fiml form 15 Oelober 2000

Fublished 1 Diecamber 3100
14 [ T P I - L TR T AT -RE L cnnFEm



I Convergence of Relative Error

True error: E (s) = HE)-H. () Main result:
H() A
|E,(s) ~ E”(S)I
Error indicator: Er (s) = ‘H (8)—H r+1(5)‘
H.(s)

—T %
100r __ rue error E. %

_ — Error indicator E;

102 rad/s !
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System order
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Nonlinear Input

R=R(T)=R,-(1+aT + T +..)

l Nonlinear input

¢.T+K T=F-QLT)=F-

U *(t)
R(T)

0 100 200 300 400 500
Temperature (°C)

Input function does not
participate in MOR 250
T ; T T * 5 2% 4
V' CV:z2+V KV.z=V F-Q(t,V -z) | ¥
© 150
~
l C_ontrol temperature is a i 160
Slngle nOde temperature TN E 50 — Full-scale model (73 955DOF)
— — Reduced model order 10
_ o * . 0 |
O.T) =0Ty 1) =0 -2) | S —

Time (s)
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Information on ModelReduction.com

7~ Madel Reduction - Windaws Internel Explorer , e _IQIS(I
K-~ e httm-//modsiredction com ModeRedhctory/ #i o xflcooor P
Danel Bearbesitan Anskhit  Faverlten Extlas 2

W 4 e Model Reduction | | Zov Bl -y St SEdse ¥

Discussion group for model reduction: hitp://groups googie.com/group/mordansys. You can subscribe on-line or by sanding a dummy e-mail to mor4dansys-
subscribe roups.com

Book Fast Simulation of Electro-Thermal MEMS: Efficient Dynamic Compact Modeis. Book at Amazon or Springer.

Home  Model Reduction Applications Teaching MOR for ANSYS |
IMOR Home Linear  Second Order Parametric Weakly Nonlinear Nonlinear |

Model Order Reduction

Model reduction or model order reduction is a mathematical theory to find a low-dimensional approximation for a system of ordinary
differential equations (ODEs), The main idea is that a high-dimensional state vector is actually belongs to a low-dimensional subspace
as shown in Fig. 1.

x=Vz+¢

Fig. 1. Idea of a low-dimensional subspace.
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I MOR for ANSYS: hiip://ModelReduction.com

i Simulink,
ANSY'S Model T.Bechtold Simplorer, VerilogA,

E.B. Rudnyi
J.G. Korvink

Fast Simulation R
of Electro-Thermal
MEMS

Efficient Dynamic

Compact Models ] ]
{Small dlmensmnaﬂ
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MX +EX+Kx=BuU [inear Dynamic .
{ y = Cx Sysin, OIDEs MOR Algorithm

Current version 2.5
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http://modelreduction.com/

Implicit Moment Matching

20

Take matrix and vector
corresponding to a given
expansion point.

Compute the orthogonal basis by
the Arnoldi process.

Project the original system on this
basis.

One can prove that this way the
reduced model matches k
moments.

59 =0 P=A'E r=4p
V = span {S(A_IE,A_IZ?)}
V = Span{raprapzra' . 'Pk_lr}

= Multiple inputs:
= Block Krylov Subspace,;
= Block Arnoldi;
= Superposition Arnoldi.

CADFEM



Treating Matrix Inverse

21

The Arnoldi process requires
matrix vector product.

Yet, we have a matrix inverse.

Instead solve a system of linear
equations.

This is the biggest computational
cost:

= Number of vectors x time for
linear solve.

Direct solver has strong
advantage.

41
Vl-_|_1 —A EVZ-

41
U =A u

Au; g =y,

CADFEM



MOR for ANSYS Timing: MOR as Fast Solver

= Reduced model of dimension 30

Dimension, nnz MOR Time
DoFs /ANSYS
static
4267 20 861 1.4
11 445 93 781 1.8
20 360 265 113 1.7
79171 2215638 1.5
152 943 5 887290 2.2
180 597 7 004 750 1.9
375 801 15 039 875 1.7
22

rmld a parametnzed FE model

with parameaters k and r'Cp

suggested
approach

-----------

conventional
a_pproach
o s Wl e ===
i "
P

. L]
model order reduction | :

i

: time integration '
v |pf the full-scale FE model| !4
i

time integration r
of the reduced model | »

]

avaluate the objective
function

COMvErgence criterium
fulfilled?

YES

i
PP \--——'] pCYeympmppmpymp—

___________

change parameter
values
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Chip and its Model in Workbench
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= Two power MOSFET transistors

The example is from T. Hauck, I. Schmadlak, L. Voss, E. B. Rudnyi. Electro-Thermal Simulation of Multi-channel Power
Devices: From Workbench to Simplorer by means of Model Reduction. NAFEMS, Seminar: Multi-Disciplinary
Simulations - The Future of Virtual Product Development, 2009
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Import Reduced Model in Simplorer

= Simplorer supports state space model
X

State-Space Model |Output { Display |

Narme: I 1 [~ Show Narme
—Maodel Type
icEditor - [merlot - Comparison - Schematlc] @ 7 Formulation €Y Formulzton ! 5 Formulaton ! Mon-Conzeryative
Simplorer Circuit  Tools  Window  Help
s Model Parameters———————————— Terminal Reference Zrefi Spedification
Design Settings. .. Ly PAEE OR| 0D XEERF
Mo, of States: 20 ' ore [ | Use Defalt
| subCircuit B Add SUbCircuit Mo of Termnak: [T & Common _
f . \ Zref Value
Solution Setup 4 Add Simulink Compornent. .. Domsn [Therma =] © lrdlperdiet
Import SOB File. ., Add MathCad Compornent. ..
Optimetrics Analysis » Maxwell Component ’ SRR iy
» . [¥latrix Seurce
Restlts Add RMyprt Dynamic Component. . . . I¥atrix Type |Ful Matrix - C Fle [ORERE]
<E 302
230 Dyvnamic Componeant r sC 30
7o o= Enter [atn | J Fopllate
1l Ater [V
Design Properties Add PExprt Static Comporent. .. SIC 30l J
Add Mechanical Comporent. .. [ View Matrix Viewer
Edit MNotes Add Icepak Component. .. 1 [ 2 [ 3 [ a [ s T 6 [ 7 [ 8 [ o [ 1w af
Il 11.1-151.735 87.3392 -162.362 287,321 -192.17 -847.086 967,458 -1232.45 1557 -1707.0
- f " Add State Space Comporent., . |2.]65.7112 |-38.2071 71,1535 -126.621184.86  377.842 -437.748 555.168 688,629 756.255 |
% Output Dialog... Crl+Shift+0 3.]-68.5743/51.501 |-97 7755 174.649 -117 418 -532.244 626,688 -759.235954.741 -1045.2
|4.1137.854 -80.1538 152,173 -274.455 184,648 849,275 -1020,16 1290.08 -1544.87| 1690 8¢
[5.]-87.5295/50.8984 |-96.6314 174.281 |-117.732 -545.759 662,196 |-840,011 100165 -1095.8
[6.]-291.907 169,726 |-322.228/581.161 |-392.59 -1911.15 2447.59 |-3134.33/3645.66 |-3935.5
[7.1239.556 -139.462264.771 |-477 532(322.586 165254 -231395/3116.9 |-3609.52(3844.27
l8.]-254.551 148,005 |-260,992/506.786 |-342,349 -1753.76 2561.84 |-3712 54/4533.35 |-4854.4
9. hd
4| | >

K | Abbrechen |
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Thermal Impedance and Comparison with ANSYS

= ANSYS: about 300 000 DoFs, Reduced model: 30 DoFs

= The difference is less than 1%
= Timing: 60 timesteps is about 30 min in ANSYS

Comparison

P1

Ansoft LLC
20.00 Curve Info
— ans, T
Imported
" THMA.T
10.00 —
T
s
=
1.00
0.10 o R T o R R R R R
1.00E-005 1.00&-004 1.00€-003 W.Tooé-imlz 1 00E-001 1'008+000 1/00E+001
ime |s
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Thermal Runaway

= Transistor is considered as temperature dependent Ryg,,
= The VHDL-AMS model

LIBRARY IEEE:
USE IEEE.ELECTRICAL_SYSTEMS.ALL:
USE IEEE.THERMAL_SYSTEMS.ALL:
D
P ENTITY RDS_MODEL IS
T PORT ( QUANTITY RDS1 : RESISTANCE := 0.035:
N N QUANTITY 10 : IN TEMPERATURE := 298.0:
| QUANTITY KC1 : REAL ‘= 0.35e-3:
DC QUANTITY CTRL: REAL ‘= 0.0
TERMINAL th1 : thermal;
* 5 TERMINAL p,m : ELECTRICAL);
' END ENTITY RDS_MODEL:
ARCHITECTURE behav OF RDS_MODEL IS
QUANTITY v ACROSS i THROUGH p TO m:
QUANTITY t_val ACROSS h THROUGH th1 TO thermal_ref:
ol BEGIN
— IF (CTRL <= 0.0) USE
i == 0.0
h ==0.0:
ELSE
v == i"(RDS1+KC1*(t_val-t0));
h == -i*v;
END USE:

END ARCHITECTURE behav;

26 CADFEM



I Transient Turn-on of an Automotive Light-Bulb

27
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Transient Turn-on of an Automotive Light-Bulb

3 lamps

1 lamp

Hli
/

2 Iamps \

©10.00

2000

© 30.00

" 40.00

© 50.00

550.00
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Voith Hydro VOITH

MOR for ANSYS In
turbine dynamics

= Felix Lippold / Dr. Bjoérn Hubner
= Voith Hydro Holding

ANSYS Conference & 27. CADFEM Users Meeting, 18 - 20
November 2009, Congress Center Leipzig.



Voith Hydro VOITH

Modelling
Acoustic-structure coupling

Finite-Element model used in harmonic analysis
Linear-elastic SOLID elements for runner structure.
Acoustic FLUID elements for surrounding water.
Complex load vectors for rotating pressure fields.

MOR for ANSYS in turbine dynamics | CADFEM2009 | Felix Lippold | 2009-11-19 | 30


//euro1/HDH/HYDRO/home/10/bjoern.huebner/Praesentationen/MOR4ANSYS/GMA_Workshop_2007/FT_runner_press.avi

Voith Hydro VOITH

Modelling
Coupled acoustic-structure equations

Equations of motion

s JE L SR

Formally equivalent to

M-X+E-Xx+K-x=Db-q(t)

But:
non-symmetric matrices
non-proportional damping matrix
fluid damping E, only for impedance boundaries

MOR for ANSYS in turbine dynamics | CADFEM2009 | Felix Lippold | 2009-11-19 | 31



Voith Hydro

Results
No damping

Axial displacement@centre trailing edge — no damping

Node_112438 UZ: Amplitude Spectra / noIMPD / noDMPR

Displacement UZ [mm]

107
s w Ansys
ReduDim 100
n
2]
10! | e
] bt A
10°k W 2 & a ]
a " ags
a" u
a’i
- "
10? a
1073 20 a0 60 80

Frequency [Hz]

Amplitude spectrum (Dim=100)

100

10°

Node 112438 UZ: Rel. Deviation f. Ansys / nolMPD / noDMPR

101

102

107

Relative Deviation [-]

104

103

10

20 30 40

Frequency [Hz]

50 60

Deviation related to ANSYS results

MOR for ANSYS in turbine dynamics | CADFEM2009 | Felix Lippold | 2009-11-19 | 32
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Voith Hydro

Results

Verification of reduced order method

Pressure distribution on runner for f = 40 Hz

REAL part of pressure
solution
Deviation < 0.2%

Ansys (90 000 DOFs)

IMAG part of pressure
solution
Deviation < 0.2%

Reduced (Dim=100)

MOR for ANSYS in turbine dynamics | CADFEM2009 | Felix Lippold | 2009-11-19 | 33



Hard Disk Drive Actuator/Suspension System

= Michael R Hatch, Vibration Simulation Using MATLAB and ANSYS

(- ML Hatch, Conmlting hathen =10

&) v & htp:/ erhoon com (doverdoads. htm| vl % I P~

B BMR. Hatch, Conguting Medharical l ‘ g oy o Sele e Exrasv 7

Michael R. UHatch

Services « Mike Haron ~ Mike's Boox ~ Downroans «~ Conrtact Mixe « Homs

Vibration Si 8
MATLAB
I ANSYS

DOWNLOADS

All computer files available for
download from this web site
are zZipped into one file
(hatch.zip). These files are & MATCHZIP
meant as 2 companion to Mike
Hatch's book Vibration DOCUMENTATION
Simulation Using MATLAB and
. In order to unzip this
file you must use an unzip
utility such as WinZip.

Hatch.zip was last updated on
March 16, 2002.

Although the documentation is included in readme.m in
the zip file, it is also available for viewing by click'ng on
the text link to the right. The accompanying ) }
provides a description of all files included in the 2zip
S S AR e Before you can download the zip file, you must have read
all legal information associated with the program.
Consequently, when you click on natcH 2w you will be
forwarded to the legal page. Please follow the instructions
provided on that page.

1y shwywy_amed)

MICHAEL R. HATCH
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Model Reduction

35

3352 elements
7344 nodes
21227 equation

400 frequencies takes about 12
min

STEP1

MOR takes only 3 s =

T0=0=

Comparison for head AMPLO X
= ANSYS
= MOR 30
= MOR 80

Sum| PID

&

KD=1e-005

MEGT

53]

MNEG
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Comparison

) hl:
10 |
— ANSYS
— MOR30
ol — MORS8O0 |7
10-5 |
Q
©
=
= 107 F
£
<
10-7 |
107k
107 '
10°

Frequency
CADFEM
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Relative difference (blue modal80 — green MOR80)

Relative Difference

37
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Information on ModelReduction.com

= Applications of Model Reduction - Windows Internet Explorer - ||:||&
@O ~ I&. http: //modelreduction.com/Applications/ j |*__}| |X| IGoogle |,0 v|

Datel  Bearbeiten  Ansicht  Favoriten Extras 7

v [ v ™ v rSeitev (OiExtrasvy 7

-

* E'Z% & Applications of Model Reduction | |

G

Discussion group for model reduction: http://groups.google.com/group/mordansys. You can subscribe on-line or by sending a dummy e-mail to mor4ansys-
subscribe@googlegroups.com.

Book Fast Simulation of Electro-Thermal MEMS: Efficient Dynamic Compact Models. Book at Amazon or Springer.

Home IModel Reduction Applications Teaching MOR for ANSYS
Apps Home [Thermal |Diffusion [Structural |Piezoelectric |[Electromechanical [Thermomechanical |Acoustics

Applications of Model Reduction

In this section, different case studies from different physical domains are presented. Mostly, model reduction has been done with MOR

for ANSYS at IMTEK when original model has been developed in ANSYS®. However, it is worthy of noting that results by themselves
are general, that is, this can be done for models developed with any software.

Navigation

a8 CADFEM



Content

= CADFEM

= System level simulation and
compact modeling

= Model order reduction

= Case studies with MOR for
ANSYS

www.msnbc.msn.com/id/12409082/

= Experience with MUMPS solver

9 CADFEM



History of solvers in MOR for ANSYS

= MUMPS

@ o) I:(htlp:,’,’WWW.netlib.orgfuik,’peopIefJackDongarrafIa—sw.html

- Fortran 90 — Actlvatlon barrler Datei Bearbeiten Ansicht Favoriten Exras ?

L,j 4}3 @ FREELY AVAILABLE SOFTWARE FOR
Scal APACK BSD yes X X X X M/P
] . Trilinos/Pliris LGPL yes X X X | X M
= TAUCS — symmetric matrices SPARSE | License | Support | Red | Complex | 77 | = | & |53 | D=
DIRECT
= UMFPACK — unsymmetric SOLVERS : : :
. DSCPACK ? yes X X X M
mautrices HSL Own | wves | X | X | X X
MFACT ? ves X X X | M
MUMPS PD ves X X X | X X| M
PSPASES ? ves X X [ X M
Quern PD ves X X | X |[X
= 2006 — HPC-EUROPA ATSE = = < <
H SPOOLES PD ? X X X X | M
= SGI Origin 3800 (teras) —— TR Bvea B B B B T
. TAUCS Own yes | X X X X
= Micro-FEM bone models — TSR T
. UMFPACK LGPL ves X X X X
= Bert van Rietbergen o — T T < <
PRECONDITIONERS License Support Real | Complex 77 c c++ | Seq Dist
BPKIT ves
. MLD2P4 BSD ves
= 2007 — MUMPS in MOR for MSPAI LGPL | ves
PARPRE ves
ANSYS SOV =
Trilions ML LGPL ves
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Voith Hydro Timing

= 2 x quad-core Intel X5560 (Nehalem) with 48 GB under Windows
= Shared memory

nNnz dim nnz dim
K 91627731 1292663 K 99934728 1495341
M 31982656 1292663 M 35774706 1495341

27.7 Gb memory 20.1 Gb memory

» Factorization is 287 s Factorization is 243 s

250 vectors is 1500 s 200 vectors is 1300 s
= 6 S pro vector = 6.5 S pro vector

a CADFEM



How MUMPS is used in MOR for ANSYS

= Shared memory (serial)
= No parallel

Linux and Windows versions (Visual C + Intel Fortran on Windows)
= Used to have an Altix version
= [ntel MKL BLAS
= Used to work with ATLAS

= Two versions:
= 32-bit integers
= 64-bit integers

= Mostly in-core, sometimes out-of-core

= Symmetric positive definite, symmetric indefinite, unsymmetric
matrices

4 CADFEM



Sharing Experience

= Oberwolfach Model Reduction Benchmark Collection
= http://portal.uni-freiburg.de/imteksimulation/downloads/benchmark
» Trabecular Bone Micro-Finite Element Models

= http://MatrixProgramming.com

= Compiling MUMPS under Microsoft Visual Studio and Intel Fortran with
GNU Make

= Sample code in C++ to run MUMPS

= Working with Microsoft Visual Studio
= Distribution the code with manifests
= -02 does not turn safe iterators off ( SECURE_SCL=0)
= 32-bit code has some problems with memory fragmentation
= Using a tree to assemble a matrix

43 CADFEM



Conclusion
= Model Order Reduction is a nice extension for a FEM application
= Model Order Reduction needs a direct solver

= MUMPS plays an important role in MOR

4 CADFEM



