Contents

1

INEFOAUCTION ..o 1
1.1 MEMS, Compact Modeling and Model Order Reduction ................... 2
1.2 MEMS and Electro-thermal Simulation ............ccccoeeevvevieeveevieieennenns 4
1.3 Thematic OULINE .....ccccceeviieiieiieieeseeie et 5
Dynamic Electro-thermal Simulation of Microsystems............c.ccccveee. 7
2.1 Overview of Coupled Electro-thermal and
Thermo-electric Effects ........coccvvviiiiieiiiiiieieeie e 8
2.2 Joule Heating in MICIOSYSLEIMS ......ceevverueeviriieerenreereeseeeeeeeereesnesaeennens 10
2.3 Physical Model — Heat Transfer Equation ..........ccccocveeveeniiinvennennen. 13
2.4 Decoupling the Heat Transfer Equation from
Other Physical DOMAINS ........ccceecveeviieiiieiieiie st 15
2.5 Solving the Heat Transfer Partial Differential Equation ..................... 17
22T R T 0= = 1 o I 18
252 Analytical SOIULIONS ......ccocviririireireere s 18
253 Numerical Methods ..........cccveireinnineee s 19
2.6 Dynamic Compact Thermal Modeling .........ccccceeevveriieneeniiiieenieenenn 21
2.6.1 RC Ladder ApProach ........cceoveerinninninscsesee s 21
2.6.2 Modal APProaches ........cccveeriieninereesieseseee e 23
2.6.3 Model Order REAUCLION ........coevveeriiririirnicieeeese s 24
2.7 SUMIMATY .eeeovieiieiiieeiieeetieeteereeecteeseeeseesteessaeesseessaeesaesseessseesssesssesssees 28
Overview of Linear Model Order Reduction ..........ccccovveennieninnnnnns 31
3.1 Control Theory Methods .........ccccceevierieniiiiiieeieeiee e 31
3.1.1 Balanced Truncation ApproXimation ..........ccccceeeeevvivrereeneerenne 32
3.1.2 Singular Perturbation ApproXimation ..........cccceeeviereereeerrereens 35
3.1.3 Hankel Norm ApproxXimation .........cccceeeereniereeneereeressesesseseenes 35
3.1.4 Comparison of Methods ..........ccccvevvienivincrerrreccere e 36
3.2 Krylov Subspace Methods ........ccccecveviieeieeniieniieiee e 36
3.21 Lanczos AlQOrthm ....cceeececececeeeces e 39
3.2.2 ArNOIdi PrOCESS .....ccveveiireetinieinie e 41

3.2.3 Arnoldi VErsUS LanCzos .........cooccveieeieiieee e 43



~

Contents
3.3 Guyan Reduction .........cceeceeieriiiieiieiieie et 45
3.3.1 Static Matrix Condensation .........cccccceeeerenereereenieneeeenene e 45
3.3.2 Dynamic Matrix Condensation .........c.cccoeeereeneeneirieeneeens 46
3.4 SUMIMATY ..eovvieiieiiiieieenie sttt ettt ettt e stte e bt ebaesbeesaeesateesaeesaneenbeas 48
Selected Model Reduction SOFtWAIe ..o 51
4.1 SLICOT LIDIATY ..oovvieiiiieieiieieeieeie st eeeeeeae e eevesseesesseessesseensesseennes 51
4.2 MOR for ANSYS — Model Order Reduction for ANSYS ................. 53
4.3 Using Package Post4MOR and Mathlink Interface to
SLICOT in MathematiCa ..........cceevveveerienieeeieieeienieeeenie e sie e seeeenenes 57
44 SUIMIMATY ..eeieiieiiieiieenieenteetteste et e stteeteesteesaeebeesabeesseesabeenbeesaseeseennes 59
Application of Model Reduction to Electro-thermal MEMS.................. 61
5.1 MEMS Case StUICS ...c.eevervieieriierieiieienie ettt eee e e e eae e eenesseesnenns 62
5.1.1 Pyrotechnical MiCrothruster ... 62
5.1.2 Tunable Optical Filter ... 65
5.1.3 Microhotplate Gas SENSOK .........ccccveereierienenieneseeniesesee e 67
5.2 Preparation for Automatic Model Order Reduction ........c...ccoceveeueeene 70
5.3 Model Reduction of Thermal MEMS via the Arnoldi Algorithm ....... 74
5.3.1 Approximation of the Complete OQULPUL ..........ccccervririeerieeennn 81
5.3.2 Reduction of Systemswith Nonlinear Input Functions............. 82
5.3.3 System-Level SImulation ..........cccocoveineinenneineeseseeeee 84
5.3.4 Computational EffiCienCy ........cccooveerernennennereseneeeee 86
5.4  Arnoldi versus Guyan versus Control Theory Methods ..................... 88
5.5 Inverse Thermal Problem via Model Order Reduction ....................... 91
5.6 SUMMATY .eovviiiiiieiieiieeieeee ettt ettt ettt sttesabeeaeesebeenaeenaseens 96
Advanced DeVelopMENT ..........ccooeiiiiiniienee e 97
6.1 Error Indicators for Heat-transfer Macromodeling of MEMS ............ 97
6.1.1 Convergence of REatiVe EITor .........ccceviviinninnincireeees 99
6.1.2 Convergence of Hankel Singular VAUEs ..........ccccceveeereennnne, 107
6.1.3 Sequential Model Order ReduCtion ..........coccveineenieicnincnines 112
6.1.4 Advantages and Disadvantages of the Proposed Strategies ..... 115
6.2 Order Reduction of Interconnected Thermal MEMS Models ............. 116
6.2.1 MicCrohotplate Array .....cccccveeerierenirerenereeess s 118
6.2.2 BIOCK AMNOIAi .....eoeeeeeee e 120
6.2.3 Coupling of Reduced Order Models via Substructuring .......... 127
6.2.4 Coupling of Reduced Order Modelsin the Generd Case ........ 131
6.2.5 Overview of Proposed SIrategies ........coccveereeerieerenereneneens 137
6.3 Latest Results in Model Reduction ...........cccceevveviieienieieniecieieceenene 137
6.3.1 Parametric Model REAUCLION ........ccovvevieirierieriecneeseens 138
6.3.2 Model Reduction for Second-Order Systems ........cccoeeeveenennes 140
6.3.3 Nonlinear Model RedUCLION .........ccoveerieirieirienicnceseens 140
6.4 SUMIMATY ..eoovieiieiiiieiieeieeitesie ettt e et e eteebeeseaesbeestbesbeesaesseenaeesnses 141
] (=] ] 1= PSS 143
APPENAIX 1. b 157
8.1 MOR fOr ANSYS oottt 157

8.1.1 BaSICTREOMY ..ot e 158



8.2

8.3

Contents Xi

8.1.2 Preparing ANSY STIlES ..o 159
8.1.3 Performing Model RedUCLION ..........ccvvevriiininnieeeeee 162
8.1.4 Advanced OPLioNS .......cccoeereirieerieirieesiesesese e 163
8.1.5 Running MOR for ANSY S: SUMMANY ......ccooeverenenienenienenienens 164
8.1.6 REFEIENCES ...ooviieeiiireieee e e 165
POSEAMOR ... 166
8.2.1 DYNaMICSYSLEM ...c.ovvieeviieiiieiesieiesiees et 166
8.2.2 SIMUIatiONRESUIL ..o 169
8.2.3 Functionsfor Transient and Harmonic Simulation .................. 172
Mathlink interface to SLICOT ......ccooeiiiinieiinee e 173
8.3.1 How to Compilethe Interface .........coovvveineineineiseeee 174
8.3.2 How to Usethe INterface ........ccccvvvveveinninece e 174
8.3.3 HOW to Call SLICOT ..cooieiieiricrieeresee et 175
................................................................................................................. 177



