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LiveLink™ propojeni

LiveLink™ pro CAD modelare

— Oboustranna integrace s CAD software

LiveLink™ for Excel®

— Vlymeéna dat, automatizace simulace, tvorba reportd

LiveLink™ for MATLAB®

LiveLink™ for Simulink®
COMSOL

Multiphysics®

wmCCoOMSOL




Symbidza mezi produkty The Mathworks a COMSOL Multiphysics

= COMSOL Multiphysics

— PDE Toolbox -> FEMLAB -> COMSOL Multiphysics / Server / Compiler
— LiveLink for MATLAB & LivelLink for SIMULINK

= MATLAB

— Data pre/postprocessing
* Signal Processing, Image Processing
— PIna kontrola nad nastavenim modelu
*  MATLAB Script skrz COMSOL API
—  Externi funkce a algoritmy

* Global Optimization, Optimization Toolbox

= SIMULINK
— Systémova integrace
— Pokrocilé algoritmy fizeni
— Zpracovani signalu

*  DSP System Toolbox

wmCCoOMSOL
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LiveLink™ for MATLAB®

= Rozsifeni FEM software COMSOL
Multiphysics® o skriptovaci jazyk a prostredi
MATLAB®

= Aplikace
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Predzpracovani vstupnich dat:
experimentalni a obrazova data

Dalsi zpracovani a analyza vysledkt FEM
simulaci

Pristup do niterni struktury modelu

Rozsifeni multifyzikalnich modeld o externi
algoritmy jako je Monte Carlo nebo
geneticke algoritmy

Export redukovanych modell pro digital
twin apod.




OMSOL
Multiphysics

ruktura propojeni
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,Odemceni” funkci

= |ivelLink for MATLAB

N Z d ] 1 t Add-in Libraries General
a a n I C e S y Application Builder Allow batch jobs

Application Libraries Allow running methods
v. . . Client Server Allow running applications
- P rl | n Sta I a Cl Ernail [] Allow external processes
::,1; Allow external libraries: | No -
— f 1 1 k M General Allow external MATLAB @ functions: | No =
V Preferences > LivelLink Connections ecce e (Mo
Graphics and Plot Windows Enforce security restrictions Yes
Era‘phics Toolbars [] Allow access to system propertie! Ask
/ V4 V4 o Elp .
H P | t h f k . X [] &llow changes to the runtime system
OVO e n I ex e r n I C u n C I a p rO Ce S u :::::SCOHHECHOHS File system access: | Temporary and application files ~
Model Builder [] Allow access to network sockets
Multicore and Cluster Computing [] Allow control of the network authentication method

= Deklarace funkce v globalnich proménnych o e e g et

[] Allow access to runtime security settings
Physics Builder

Quick Access Toolbar
Remote Computing

Results
Security
Show Maore Options
Updates
| Factory Settings
‘ Factory Settings for All | | Import... | | Export... oK | Cancel
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Funkcionality

= Rozhrani pro propojeni COMSOL Multiphysics a COMSOL Server s MATLAB

— MATLAB jako skriptovaci ndstroj pro vytvareni, ovladani a spousténi COMSOL modeld

« Homogenizace modelu, spousténi modelu ve smycce, posprocessing a analyza dat

— Implementace externich MATLAB funkci pri reseni FEM modelu

* Materidlové a obrazové funkce, optimalizacni algoritmy

= Podporované verze (pro COMSOL 5.6)
— Starsi verze bez technické podpory
— 2020b
— 2021a

wmCCoOMSOL




Ukladani a struktura m-file

= Kompletni FEM model Ize exportovat jako m-file ( a dalsi *.m, *.java.. )
Fi|E" Home Definitions Geometry

[ New Ctrl+N

= knihovna prikaz(“ =

= Open Ctrl+0Q

= Compact History -> zacisténi zdrojového souboru ,

[ Application Libraries

Q Save Ctrl+5

= Kontrola nad celym modelem: od parametrd, pres resice, po vysledky & swes

rﬁ' Revert to Saved
il Compact History
COMSOL Multiphysics Server 4
Help 4
T Licensed and Used Products
Preferences
0 Exit

Multifyzikalni ,Compact Ulozit jak m-file

model v COMSOL History (*.m)
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Spousténi modelu ve
smycce: chemicky reaktor

= Simulace periodickych a
homogenizovanych déjd u ¢asove
zavislych problému

= Homogenizace probiha kazdych 30
minut

=  PocateCni podminkou nové iterace
jsou zprumerované vysledky
predchoziho kroku

wmCCoOMSOL
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Surface: (mollm3)




Import/Export z/do
MATLAB: tepelna
konvekce v dlouhém
potrubi

= SkuteCnou geometrii je dlouhd
trubice

Temperature (K), section 1
= \lypoclet proudéniv 1/6 trubice

= \ystup segmentu i je pouzit jako
vstup segmentu i+1

Temperature (K), section 3 Temperature (K), section 6
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MATLAB funkce v COMSOL Multiphysics

Nutné odemknout externi funkce a procesy

Globalni definice
— Po importu se vola stejné jako standardni interni funkce
— Pro nenulové derivace je potreba definovat vlastni soubor s df(x)
— Funkce bézi externé v MATLAB, pro COMSOL se chova jako black box

m-soubor i mph-soubor musi byt viditelné pro COMSOL i MATLAB

Pouziti nativnich MATLAB funkci (std), vlastnich funkci (,mojefunkce.m®) a LiveLink funkci
(mphinterp)

wmCCoOMSOL




Pouziti MATLAB
materialovych funkci:
termoska

= \lypocet teplotniho pole v termosce

= \yuziti externich funkci pro definici:

— Teplotné zavislych materialovych
vlastnosti: tepelné vodivosti
izolacni pény a koeficientd
prestupu tepla pro prirozenou
konvekci podél svislé stény

wmCCoOMSOL
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Externi optimaliza¢ni algoritmy

= COMSOL

— (Bez)gradientni metody soucasti
Optimization Module

o g i
S S A
e LN

Parametric Optimu B logical ptimu '

— Rozmérova, tvarova a topologicka
optimalizace

A

= MATLAB ‘
— (Global) Optimization Toolbox
— Genetické algoritmy

— Monte Carlo

— Uzavreni modelu do smycky

wmCCoOMSOL




Jak pripravit nejlepsi palacinky?

= QOptimalizace procesu smazeni palaCinek
pomoci numerického modelu

= Zobecnéni pro tvrdnouci tenké vrstvy —
vyroba displeju, solarnich ¢lankda,
zakladovych desek atp.

" Fyzikalni model v COMSOL + optimalizace v
MATLAB

wmCOMSOL




Zmuchlana anténa

= Dipdl nanoanténa s rezonancni frekvenci
okolo 500 THz

-
o

o
©

= Vyuziti genetickych algoritmu pro vytvoreni
antény s idealni vyzarovaci charakteristikou
a nejnizsimi ztratami

Antenna Response (norm)
(=) =
S o

0.2

200 300 400 2 500 2 600 700
Frequency (THz)
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Elektricka trouba

= Regulator vykonu

" Trouba je ovladana diskréetnimi hodnotami na vstupu

= Fyzikalni model nastaveny v COMSOL spousteny a
ovladany v MATLAB

= Nacitani .mph souboru, predavani parametru a vysledkd,
VVkreSlOVénl’ graf& Surface: Temperature (K)

550

250
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UzZivatelska rozhrani

= COMSOL nabizi spoustu forem, jak vytvorit aplikaci, nebo GUI

= Application Builder
— COMSOL Server™
— COMSOL Compiler™
— Nebo s COMSOL Desktop

= MATLAB® Za pouziti COMSOL AP|
—  GUIDE _ (zaloZené na jazyce Java®)

— App Designer

= LiveLink™ for Simulink®

®
= Excel
®
= Java
_
W COMSOL MATLAB and Simuink are registered trademarks of The MathWorks, Inc. Microsoft and Excel are either registered trademarks or trademarks of Microsoft

Corporation in the United States and/or other countries. Oracle and Java are registered trademarks of Oracle and/or its affiliates.
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LiveLink™ for Simulink”

= Unikatni spojeni mezi FEM software
a Simulink:

—  Systémova integrace
—  Pokrocilé algoritmy fizeni
— Moderni nastroje pro zpracovani
signald
— Digitalni dvojce
= Pozadavky
— MATLAB 2021a & Simulink

— COMSOL Multiphysics 5.6 &
LiveLink for Simulink

W COMSOL

Multiphysics
5.6 with
Simulink

Vypocet uhlové rychlosti ze
Simulink




Kosimulace

=  Nastavte FEM model v COMSOL
Multiphysics

=  Exportujte kosimulacni soubor do
Simulink

"

" |ntegrujte jeden Ci vice COMSOL
blockl v Simulink schématu

= Spustte simulaci v Simulink

= Pracujte dale s vysledky v MATLAB,
Simulink nebo COMSOL
Multiphysics

Rizeni napdjeciho proudu v
Simulink k zajisténi stabilniho
vykonu a teplotniho
managementu bateriového

wmCOMSOL paCku




Integrujte FEM model
primo do Simulink

v

= Simulink nabizi reSeni pouze v
Casove domeéneé

—  Casové zavisly COMSOL model

—  Statické reseni

= Stavove bloky Jraim

—  Exportujte redukovany moael
(ROM) z COMSOL Multiphysics

e

—  Exportujte kompletni model ve
formé stavovych blok( z COMSOL

Multiphysics

= Statické modely jako LUT

wmCCoOMSOL
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Redukce radu modelu (ROM)

= Stavové bloky
— Exportujte redukovany model (ROM) z COMSOL Multiphysics ) x = Ax+ Bu D
' ' X / : y=Cx+ Du
— Exportujte kompletni model ve forme stavovych bloku z

COMSOL Multiphysics

= Model
— Linedrni model stavl
, _ ) 5 . Ex = Ax+ Bu
— Vysledkem redukce je pouhych napr. 5-20 stavu > Cx+ D D
= Cx+ Du
— Plnohodnotny model ma az miliony stavt (DOF) Y
= Slouzi pro
— Systémovou analyzu E o )
u+Du+Ku = L

— Navrh rizeni

— Vykonovou optimalizaci

wmCCoOMSOL




Redukce radu modelu (ROM)

Model Builder v

- = ST E| =X -

4 %% heatldcond_reduced.mph (root) {Model}
4 () Global Definitions
Fi Parameters 1 {default)
2% Default Model Inputs {eminpt]
=) Materials

4 (o) Reduced-Order Modeling
% Global Reduced Model Inputs 1 {grmi1}
W Tirme Dependent, Modal Reduced-Crder M

4 — Component 1 (comp 1) {comp 1}
= Definitions
:;2\ Geometry 1 {geom}
sza Materials
[0 Heat Transfer in Solids (ht) {hi}
B Solid 1 {solid 7}
B |nitial Values 1 {init7}
%« Thermal Insulation 1 {ins 1}

|

Temperature 1 ftemp 1}
— Out-of-Plane Heat Flux 1 {ophfi}
—= Heat Flux 1 {hf7}
[ /s Mesh 1 {mesh1)

4 ~db Study 1 {std 1}
& Step 1: Time Dependent {tims}
[ |'|'|-|. Solver Configurations

4 ~dy Study 2 {std2}

Ii.l‘ Step 1: Eigenvalue {eigv)
I [P, Solver Configurations

4 ~db Study 3 {std3}
[ |'|'|-|. Solver Configurations
[ -‘_=r; lob Configurations

[

@, Results
[ #£ Datasets
[ &8 Derived Values
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Settings
Wiodel Reduction
= Compute (¥ Update Solution

Label: Meodel Reduction

~ Model Reduction Settings

Method: Modal

Training study: Study 2 {std2}
Defined by study step: Eigenvalue {eigv}
Compute: Always

Unreduced model study: Study 1 {std1}

Defined by study step: Time Dependent {time}

Reduced-order model: Tirme Dependent, Modal Reduced-Order Model 1 (rom1) {rom1 =

Ensure reconstruction capability

Store reduced matrices

¥ Model Control Inputs

13
Reduced model input
Global reduced model inputs (T0)

* Outputs
kE

Variable Expression
outd compl.point]
out] compl.point2

Use | Training expression

# 373

Description
Point Probe 1
Point Probe 2
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Redukce radu modelu (ROM)

MR = mphreduction{model, 'roml”,

‘out’, {'MA' 'MB® 'A' 'B' 'C' 'D' 'Mc' 'x@'})

Tret = 293,15;

T8 = 373;

input = T@-Tref;

func = @(t,x) MR.MA*X + MR.MB*input';

opt = odeset('mass', MR.Mc, 'Jacobian', MR.MA,
X0 = zeros(size(MR.MA,1),1);

[t,x2] = ode23s(func,©:8.5:188,x6,0pt);

y2t = MR.C*x2";

y28 = MR.C*MR.x@;

¥2 = y2t+y20;

wmCCoOMSOL
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Redukce radu modelu (ROM)

b& heatld_reduced_sim - Simulink

SIMULATION

L] Open =~ Stop Time | 100 (at k
a Do = 4 © b %
MNew e v Signal Hoin: e Step Run Step Data M
~ = Print - Table H@ Fast Restart Back « - Forward Inspector

FILE LIBRARY SIMULATE REV! TS
bl heatld_reduced_sim ]
¢ 8
2 | @ |[Palneatrd_reduced_sim - g
- =
3 @
= & %
g

3

=

[Tref TrefJ7>+ >D

= gEs

O TO

p > Ex = Ax+ Bu
gl y=Cx+ Du
Tref

-5

&
Ready 264% auto{ode23t)

W COMSOL

4 Scope

File Tools View Simulation Help

@- @I @

=-|a- Q- F &

Sample based T=100.000




Navrh rizeni: PID lazeni

4\ PID Tuner - Step Plot: Reference tracking

FID TUMER

Plant: Type: PI ~  Domain: « » = E
Slower Response Time (seconds) Faster 2335 CQ @
sys™¥ Form: |Parallel ~ Reset sh Export
Q Inspect (G Opti d Add Plot = 04325 D = p o Eo
P ptions 5 - Transient Behauk Robust esign  Parameters _

PLANT CONTROLLER DESIGN TUNING TOOLS RESULTS |
5 | Step Plot: Reference tracking 0 |
g \
=
&
E Step Plot: Reference tracking M@ A

Amplitude

0 | | | |

Tuned response sys |

0 20 40 60 80
Time (seconds)

100 120 140

Controller Parameters: Kp = 6.903, Ki = OP_SBBJ
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Controller Parameters

Tuned
Kp £.9033
Ki 0.28875
Kd n/a
TF na
Performance and Robustness

Tuned
Rize time 19.9 seconds
Settling time 103 seconds
Cwvershoot 3.5 %
Peak 1.34

Gain margin

7.81 dB @ 0.157 rad/=

Phase margin

43.2 deg @ 0.0857 rad/s

Closed-loop stability

Stable
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Modely

Teplotneé rizeny aktuator

— Joulovo teplo a tepelna deformace

Inverzni kyvadlo
— Multibody

Ubytek kapacity

— Bateriovy Clanek

Teplotni management baterie

— Elektrochemie a teplotni analyza

Elektromagneticka brzda

— Staticka elektromagneticka pole

W COMSOL
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V4

Teplotné fizeny
aktuator

COMSOL MODEL
<4 Teplotni deformace

4] Voltage =

) File Tools View Simulation Help ¥ o_s-‘

G- BOP@® - a-0-F & 0.75}

07

] H 0.65
Tip displacement Nl
0.55F

05F

N
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04r
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0.35
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03
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02
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01l
0.05F

T s T T Sy IR M |

. . . L
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Voltage

Ready Sample based Offset=0  T=0.0001

VSTUPNI PARAMETR KONTROLNi PARAMETR
Napéti Deformace hrotu aktudtoru
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Inverzni kyvadlo

VSTUPNI PARAMETR
Sila pusobici na vozik

PID(z}
)t PID(z} [«
é‘ PID(z} (o

==

:

wmCCoOMSOL
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COMSOL MODEL
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NNy
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Ubytek kapacity

baterie

COMSOL MODEL
Baterie

//>:4|

.
H>0 ™

W COMSOL

u E_cell

J Valtage

4 Current

Eile TJools View Simulation Help

@-BOP®| - a- 0 F B

VSTUPNI PARAMETR
Proud

Ready Sample based |Offset=0 T=58000.000

4| power - a x 4| Voltage — [m] X
File Tools View Simulation Help o File Tools View Simulation Help o
8- e0r® > a- 0 F & - 40r® - a- 0 F&

Sample based  Offset=0 T=7980.000

Ready Sample based | Offset=0 T=8000.000 Ready

KONTROLNI PARAMETR
Napéti; limitni napéti béhem napdjeni, vybijeni pfi konstantnim vykonu



Teplotni management
baterie

VSTUPNI PARAMETR
Proud
COMSOL MODEL
— - RozloZeni teploty
> I# I+Ib2.E_cell+Ib3.E_cell . > [7
Current Voltage ( }
3 lap, emp3 >
Temperature <L ()
[E_celTHIb3.E_cell))*2) . » ) 1267 . ;
124
Power 129
12 -
11.8|
— Pliz) &—{ ") Ej
11.2
180 101: :
v I ‘ T 10.6
. ‘ 10.2
10+
t; 2[‘)0 4[‘)0 6(;0 8(;0
Time (s)
0 rd
KONTROLNI PARAMETR

Napéti, vykon
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Magneticka brzda

VSTUPNI PARAMETR

COMSOL MODEL
Uhlovd rychlost Proudovd hustota
4| Scope - O >
File Tools View Simulation Help k]

@-BOP® - a-EH-Fl&

© | =

-a\ma|T°ass1 lzz|—

KONTROLNI PARAMETR
Kroutici moment

Ready Sample based | T=20.000
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Nase vlastni digitalni dvojce



Time=0s

Zakladni kucharka

= Meérfeniaimport experimentalnich
dat

= \/ytvoreni vérohodného
multifyzikalniho modelu

—  Prirozena/nucena konvekce a
radiace

= Zjednoduseni multifyzikalniho

modelu :
¥ Reference Data
- Odebranl VZdUChOVe domeny Reference data source:
& Interpolation function
— Nahrazeni okrajovymi Reference function
p . g Interpolation 10 (int10) E
podminkami
i  Parameters
- Pa ra meter EStl matlon 0 " Parameter name | Initial value Scale Lower bound Upper bound
hte v |44 1 1 70

mCoOMSOLL 2nn 1000 2000 3000 4000 5000
s




* Model Reduction Settings 63 T T

A o . —¥—Reduced order model
~ 62.9 = = Neredukovany 1
Training study: Eigenvalues | |31
Defined by study step: Automatic v
Compute: Always -
Unreduced model study: Monreduced hd Ej
Defined by study step: Time Dependent LARE

4 n 4 4 Reduced-order model: Time Dependent, Modal Reduced-Order Model 1 (rom1) v
Za a I u C a r a Ensure reconstruction capability

[ Store reduced matrices

= \ytvoreni redukovaného modelu . | | .
0 20 40 60 80 100

—  Studie vlastnich cisel Podet vlastnich gisel

= |mport matic z COMSOL do MATLAB %0
70 |
— State-space &
. State-space )
— Descriptor State-space —50} —hic
©
3 —— State-Space
S 40T Descriptor State-Space |1
o (<))
Ex = Ax + Bu = 30
y =Cx+ Du 20
model=mphload ("Hew.mph") ; fNacteni soukoru 10 ! ! ! ! *
ME=mphreduction (model, 'roml','out', {'Mc" 'MAR' "ME' 'A' "B' "C" 'D" "rO'l}):; 0 2000 4000 6000 8000 10000 12000

% vytahnuti matic ze systemu H S _S CaS S
 Tyeenmens e Descriptor State-Space [s]
func=# (t,x) MR.MA*x+MR.MB#input';%¥ vypoctova rowvnice

opt=cdeset ("maszsz"' ,HR.Mc', 'Jacokian' MR.MA, 'statcs','on'):

x0=zeros(size(ME.MA,1),1);

[t,x2]=0de23s (func, 0:0.05:900,x0,0pt)

yv2t=MR.C*x2"';

v20=MR,C*MR.x0;

y2=y2t+y20;

wmCOMSOL




—0.001631s + 0.00562
¥ 5+ 0.00161 " [:]

Dopravni zpozdéni

=, ’
| Ze n | Prenosova funkce

= Ziskani prenosové funkce [

sal- 4

= Lazeni PID controlleru pomoci
prenosové funkce systému

[~ —

e

| s 050030, 0045 )i 47
HI1 00 1E316+0.008 2000 0011 weo{ 4 4261

51100010085 0.00727415°+0.2452.0002504) wapl- 2155

- .
e n -
7
£
Block Parameters: PID Controller] X 0 . -
PID 1dof (mask) (link)
This block implements continuous- and discrate-time PID control algorithms and includk ich as dup, Gastal
external reset, and signal tracking. You can tune the PID gains automatically using the Tune...’ button (requires Simuiink Control . L | | | 1
Design). o 1000 2000 000 o ) ) )
Gas 5]
Controller: |FID ~| Fom: |parallel -
Time domain: Discrete-time settings
® Continuous-time Step Plot: Reference tracking oM@ QE
sample time (-1 for inherited): -1 12
O Discrete-time T T T
uned respanse
& ETE
rertip N 1 < e
S 1N
Main | Initialization ~ Output Saturaion  DataTypes  State Attributes
Controller parameters 0.8 T
Source: |internal -
proportional (P): [0.391 B} £ 06 —
=
Integral (1): [0.001. B} %
Derivative (D): [-5.84633686673602 0] ‘; 0.4 4
Use filtered derivative
Filter coefficient (N): [0.00495721058288111 Al
0.2 b
Automated tuning
Select tuning method: | Transfer Function Based (PID Tuner App) =] [ Tune... |
0 4
Enable zero-crossing detection
02 I I I I I
0 1000 2000 3000 4000 5000 6000
Aoply [TElCecor)
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Schéma s maticemi z redukovaného systému

wmCCoOMSOL

35

» PID(s)

1>0.

Y _V Y

16




Schéma s kosimula¢nim blokem

Pow
« » (]
Power
PID(s) »
35 >+ > 0. > COMSOL
Pozadovana teplota
Settings -x COMSOL Cosimulation "
»
Cosimulation for Simulink »-
[[= Export
Label:  Cosimulation for Simulink 1 5 97315 i D
~ Filename Temperature
Filename:  thermal_actuator_lisimulink Browse... 16 | Maximalni vykon Kelvin
¥ Inputs
"
Parameter name | Initial value Unit

DV (Appliedv = 5 \ []

+EVveH

I» Block Parameters

~ Qutputs + - %~ : »
[

Expression Unit Name Temp
-comp1.ppb1 m Disp
maxop1(T) Max temp

N =

Expression:
MName:

wmCCoOMSOL




w

(=]
—_
(o))

w
s
T

w
N

w
o

—— Rizeni celého modelu |
— Rizeni redukovaného systému

Kosimulace vs
Redukovany model

= Kosimulace

Teplota [°C]
n n n
= [=}] 2]
[+}]

N
N
~

260 460- 660 860 1000 0 200 400 600 800
— Snazsi implementace Cas [s] Cas [s]

—  Flexibilni reseni validni pro Siroké Metoda Cas
spektrum vstupd

Co-simulace 15 min 19 sec

nN
o

o

1000

=  Redukovany model

i Import matic 2 sec
— Radoveé rychlejsi simulacni Casy

e Redenivredlném case

— MozZnost exportu mimo
MATLAB/Simulink

wmCCoOMSOL




