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W COMSOL

COMSOL

Fully Integrated
Software Suite

= Multiphysics simulation, from
building geometry to results
analysis, via a streamlined
physics-based modeling
workflow

= Application Builder
= Model Manager
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v & sync_edrive_mon2Sdfull3d.mph (root)
> () Global Definitions

> € Synchronous Electric Drive 2D (comp 2d)
v [ Synchronous Electric Drive 3D (comp3d)

> = Definitions
> Geometry 2

> Materials

> 7 Moving Mesh
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22 Electric Field Transformation 1
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Mixed Formulation Boundary 1
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Periodic Conditions
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i Periodic Condition 1
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Magnetic Flux Conservation 1
Zero Magnetic Scalar Potential 1

Gauge Fixing for A-field 1
% Gauge Fixing for A, Psi Constraint 1
Nonlinear Magnetic Core 1
Monlinear Magnetic Core 2
Thin Low Permeability Gap 1
Magnet Array 1
Magnet Array 2
Arkkio Torque Calculation 1
Phase Apos
Phase Cneg
i | Phase Bpos
> %5 Hairpin Circuit (Full3D) (cir3d)

> /A Meshes

> = Study 1: Full Transient Analysis (Mon2.5D)
>~ Study 2 Full Transient Analysis (Full3D)
v B Results
i Datasets
| Views

>
>
>
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> 2% Derived Values

>

A1+ Denka Bink Timinn And Barninn

2= Variables + [ Import
Pi H
feo Functions ~ cpLivelink ~ +
Parameters Build Add
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Coordinate system:
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Typical COMSOL Usage in the HTS Community

Select Physics

v ¥ AC/DC
> J%_ Electric Fields and Currents
v @ Magnetic Fields, No Currents
f Magnetic Fields, No Currents (mfnc)
mh Magnetic Fields, No Currents, Boundary Elements (mfncbe)
v k’f Electromagnetic Fields
2 Magnetic Fields (mf)

v F Vector Formulations
PN . .

Built-in Physics Interfaces

» H-formulation (mfh)
» A-formulation (mf)
= ¢ —formulation (mfnc)

= Several more...

J.=0CE

E=p(VXH- je)OH:-VVm
V.-B=0

Vxe=-98B

Manual Coupling of Built-in PI

= Use two or more of built-in
interfaces and couplein
boundaries to obtain H-¢, A- ¢,
T-A, etc.

“straightforward”

?d

0= / weak ds5
Q

g—‘2'+da—“+v-1“:f

Equation-based Interfaces

Coefficient-form
General form

Weak form

“‘innovative but nerdy”
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My Topic Today: Further Power Tools Uncovered

O

Modify Built-in Eqns.

Less need to reinvent the
wheel, concentrate on
your innovation.

O

Record Methods

Design reusable model
methods to avoid
repetitive settings work
in one model.

O

Add-ins

Publish code snips to be

re-used in several models.

O

Physics Builder

Design your own tailor-
made physics interfaces
that everybody can use
and plug them into
COMSOL.
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Select Physics

N Built-in Interfaces

» }, Electric Fields and Currents
v b Magnetic Fields, Mo Currents
0 Magnetic Fields, No Currents (mfnc)
mh Magnetic Fields, No Currents, Boundary Elements (mfncbe)
v ¥ Electromagnetic Fields
N Magnetic Fields (mf)
v F Vector Formulations
¥ Magnetic and Electric Fields (mef)
n Maagnetic Field Formulation (mfh)
@ Magnetic Fields, Currents Only (mfco)
> Electromagnetic Heating
v =5 Electromagnetics and Mechanics
@ Rotating Machinery, Magnetic (rmm)
> (@ Rotating Machinery, Magnetic-Structure Interaction
> * Electromechanics
> X Piezoelectricity
%= Electrostriction
=" Ferroelectroelasticity
£% Magnetostriction
"~ Magnetomechanics
4 Piezoresistivity
> Electromagnetics and Fluids

Advantages Recent News

= Well-established and
maintained technology

» (mfco) Biot-Savart
formulation

* (mfncbe) Boundary

) (GBI PAGEE 25l Elements formulation

new features

» Time-periodic FEM

= Easy coupling with any sl

other existing
technology

Etc...
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| N"Ee R »o- [Eg| Fme N & - superconducting_wire_H_vs_HPhi_vs_TA_RESET.mph - COMN
Home  Definitions Geometry Sketch  Materials Physics Mesh  Study Results Developer
Model Builder ~ & | Settings ~ % Graphics Convergence Plot 1
- | mEI-B~- S~ ¥~ Magnetic Scalar Potential D aa@-@iilrer(E@-@-BHE| ==
= 1 I I
ype filter text &
— Label: Magnetic Scalar Potential Discontinu = 0.6 |m
v @ superconducting_wire_H_vs_HPhi_vs_TA_RESET.mph (ro. 0.57]
> {0} Global Definitions ~ Boundary Selection 0.4
~ 9 Component 1 (comp} ’ i
5 = Definitions Selection: ~ Manual - 0.3
> 2] Geometry 1 a 0.27]
> 1 Materials B - 017 Flux discontinuity
> ¥ Magnetic Field Formulation (H-Form) (mff) I ' i H ¢
v f¥ Magnetic Field Formulation 2 (H-PHI) (mfh2) e oy Ir
@ Faraday’s Law 1 - -0.17
- i 3 4
o Magnetic Gauss’ Law 1 0.2 Magnetic field: ,
H = Magnetic Insulation 1 . Magnetic flux density:
28 Initial Values 1 0.3 mincHx 2 '
@ Faraday's Law 2 1> Override and Contribution 0.47] Ho mfncHy mfh2.Hx*mu0_const
= Magnetic Field 1 ; 3 ; -0.57] 0 mfh2 Hy*mu0_const
v & Magnetic Fields, No Currents (H-PHI) (mfic) S Eq)uEim : 0.6 mfnc.Hz Y = .
E Magnetic Flux Conservation 1 Show equation assuming: - T = T T
B Magnetic Insulation 1 ' -1 05 o
¢ 2B Initial Values 1 Study 1 (mfh, H-Form), Time Dependent P| t3
P i1 Di pa— = (0]
. . — Magnetic Scalar Potential Discontinuity 1 Vm.up ~Vm.down = Ym.d X
» Activate 2 or more physics ® Mogrotic AuxDansity 1 ||| e aaa-i (@ alo-as
£ Magnetic Scalar Potential 1 ~ Magnetic Scalar Potential Discontinuit )
. . R > F¥ Magnetic Field Formulation 3 (H-A, Domain-co 9 ¥ Time=0.01s Surface
= Define domains of validity > ff Magnetic Fields (H-A, Domain-coupled) () | Magnetic scalar potential discontinuity: m
5 ." Magnetic Field Formulation 4 (mfh4) Vind 10%(1-exp(-t/tau)) A 0.05
> fF Magnetic Fields 2 (mf2) m e 22 Goa
1 + Multiphysics
= Couple atinterfaces oy 20 003
> & Study 1 (mfh, H-Form) 1g 902
. . . > Study 2 (mfh + mfnc, H-PHI) 0.01
u Enjoy many bU | |t'|n featu reS, > Study 3 (mfh + mf, H-A Domain-coupled) 16 0
. . o, > Study 4 (mfh + mf, H-A bnd coupled)
e.g. discontinuities, > @ Resuts 14 001
M . . -0.02
constitutive relations, solver 2o
defaults 10 -0.04
-0.05

-0.1 -0.05 0
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Magnetic flux density norm (T) a
T T T T T T T T xlo?
2F —
e om—eE T 112
1.8
4110
1.6
B 18
ot =
_ 1.4l o o B
I I ° E oo w SmFUT le
Manual Coupling .
z
®
c -
Results i .
x
£ —
-é sl — (-0.1,0) H-Form. 12
5 ’ — (-0.09, 0) H-Form.
1~
= Proven success in many publications = T Lo, O form.
0.6F ¢ (-0.1,0) H-®-Form. 10
& (-0.09, 0) H-®-Form.
= Research topics are: o (:0.15, 0) H-®-Form.
0.4F + (-0.1,0) H-A Domain coupled | -2
— : + (-0.09, 0) H-A Domain coupled
Order of shape function ol + (0.15.0) H.ADomain coupled
_ o (-0.1,0) H-A (bnd coupled) 1-4
Accuracy vs. speed O (-0.09, 0) H-A (bnd coupled)
) . ol - o (-0.15, 0) H-A (bnd coupled)
— Domain- or boundary coupling | , , , , , , ‘ , ‘ , 1-6
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time (s)
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Select Physics

> ~= Fluid Flow °
b Heat Transfer Equatlon-Based I nterfaces
> I+ Optics
> @ Plasma
> = Radio Frequency
> : Semiconductor
» 27 Structural Mechanics
v AU Mathematics
v AU PDE Interfaces Pros Cons
Lu Coefficient Form PDE (c)
4u General Form PDE (g} = Full control for testing No default units
Lu Wave Form PDE (wahw)
Jss Weak Form PDE (w) = Textbook notation Simple solver defaults
) PDE, Boundary Elements (pdebe)
» 2u Lower Dimensions No constitutive relations
i ODE and DAE Interfaces
@ Optimization and Sensitivity Basic boundary

Classical PDEs

| Moving Interface
# Deformed Mesh
= Wall Distance (wd)

- Mathematical Particle Tracing (pt)
+- Curvilinear Coordinates (cc)

conditions

VOW W W WV
i)
]

Reuse is “nerdy”
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Equation-Based
Modeling

= Used in many publications
= Access to weak form

= 3D, 2D, 1D entities

Settings

General Form PDE

Label: General Form PDE 1
Domain Selection
Qverride and Contribution

~ Equation

Show equation assuming:

Study 1, Time Dependent

92 d _
eaa—t';+daa—':+v-1"—f

u= [ul, UZ]T
_18 &
V=lgzr3,!

v Conservative Flux

-UTx
-uly
-u2x
-u2y

¥ Source Term

1
1

* Damping or Mass Coefficient

1 s/fm*> 0
da
0 s/m® 1

» Mass Coefficient
0 s*/m* 0

€3
0 s2/m? 0

1/m

1/m

1/m?

1/m?

Label:

Weak Form PDE 1

v Domain Selection

Selection: All domains

Override and Contribution

+ Equation

Show eguation assuming:

0= / weak 05
0

* Weak Expressions

weak

-test{uwoFux-test(uy)*uy+1[m*-2]*test(u)
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Example: Magnetodynamic H- ¢ Formulation [1]

Second, we implemented the H-¢ formulation with Faraday’s

law in nonconducting domains, such that the equations are given ¢r sz 0
) 9(V-B)=0
i fﬂ ( b+ 2B, 9(V-B)
- AuVeg \ ) \
In Qf.-_' : F:J'_i =0 U (5) Y Y
. = _9pH
In€l,: V x(pV x H) b= weak term strong form
We refer to this case as the magnetodynamic H—¢ formulation
(H-¢/D). ) o ) ) * Weak Contribution
The weak equations for this formulation are given by
a _ : Weak expression:
ﬁ# Qc Vé-Ved 1 ‘/1: nxE-Vodl'=0 (6) mul_const*d{-phir,t)*test(-phir)+mul_const*d{-phiz,t)*test{-phiz)
f PV x H-V x HdQ + — 5 ,;f H-HdO
e ot
—]ﬁxE-I:Idl‘zﬂ. (7
=

Ee

[1] A. Arsenault, B. de Sousa Alves, G. Giard , and F. Sirois , «Magnetodynamic H-¢ Formulation for Improving the Convergence and Speed of Numerical
Simulations of Superconducting Materials”, IEEE Trans. Appl. Supercond., Vol. 33, No. 7, 2023. https.//doi.org/10.1109/TASC.2023.3293449
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| @ mfh_mfnc_mod_tuned.mph - COMSOL Multiphysics

Geometry  Sketch  Materials Physics Mesh  Study Results Developer

Model Builder - * | Settings 1
- sEIvEl-E- ¥~ Equation View L@~ |8-@- 5.
i 1 1 1 1
~ @ mfh_mfnc_mod_tuned.mph (root} Label: Equation View |5 0.08 "
> Y Global Definitions
v 9 Component 1 (comp1) ~ Study
> = Definitions
> D Geometry 1 Show equation view assuming: 0.067]
> & Materials No study v
> M Magnetic Field Formulation (mfh)
> 1 Weak Form PDE (w) Variables N
v & Magnetic Fields, No Currents (mfnc) X 0.04
v 2B Magnetic Flux Conservation 1 i Shape Functions
M ® ® Q 3 Equation View Wi .
— 5 ~ Wieak Expressions
0 I y u I I n » © Magnetic Insulation 1 0.027]
> B Initial Values 1 » i
Y v @ Magnetic Flux Conservation 2 Vs e b
E 5l Equation View mfne.d*(-mfnc.BxEtest(Vmy)-mfinc.By*test(Vmy)) 2 ] [ ”
q u a I 0 n S » & Magnetic Scalar Potential 1 A 07
5 Equation View
5 Multiphysics
> /A Mesh 1 4 :
I > o Study 1 mfh + weak -0.02
> Study 2 mfh + mfnc_mod
1 > & Result L o =bw
= Use ¢ —formulation (mfnc) @ e vord
. ~ Constraints TN
instead of weak form
Constraint Constraint force Shape
| -0.06"|
= Change weak term only » v Weak Expressions
" -0.08
= Enjoy all the goodies of - Weak expression
H EF H | mfnc.d*(-d(mfnc.Bx ti*test(Vmx)-d(mfnc.By,t)*test{Vm -0.17
built-in formulation | A (-d(minc Bxt)test(Vmq)-d(mfc By, test(Vmy) o
-0.127]
T T T T
-0.08 -0.06 -0.04 -0.02
Messages Progress Log External Process

1B L 8 - - A A =R - - R N B A
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No

Direct solver Check error estimate Auto 56

Advanced Reuse sparsity pattern off on 61

. . . Fully Coupled Jacobian Update minimal once per time-step 53

M Od Ify B u I It- I n Fully Coupled Max. No of iterations 4 15 38
E q u a ti 0 n S Fully Coupled  Tolerance factor 1 0.2 38
Time stepping Steps taken by solver free strict 36

- Compare compute time Time stepping Error estimation Include algebraic Exclude algebraic 36
— PDE Version: 36s Direct solver ‘Change from MUMPS to PARDISO PARDISO 20

— Modified mfnc: 56 s (+55%)

= The PDE version uses less
robust solver defaults; need to
change those, too.



Do | really need to change
10 settings manually, again? (8



W COMSOL

@ INBUHE >

Home  Definitions

' Data Access

. Test Application
Application r 22
Builder

Application

Record Method

= COMSOL allows to record
GUI operations as code
from its Java® API

= LI T mfh_mfnc_method.mph - COMSOL Multiphysics -
Geometry  Sketch  Materials  Physics Mesh  Study Results
=~ New Method (N — > o r-_. \ ju |
' &5 E ) ent o6 &f6
-+ Record Method =
Method Run Run Update Add-in  Refresh  Clear Compare Compare
Call = Method = Method Call = Forms Libraries Add-ins Add-ins with Saved
Create Methods Method Calls Run Methods Forms Add-ins Compare

// Modify weak form to Magnetodynamic Phi

model. component(“compl™).physics("mfnc").feature("mfcl").featurelnfo("info™)

.set{"root.compl.mfnc.mfcl.weak$l”, new String[]{"mfnc.d*(-d(mfnc.Bx,t)*test(Vmx)-d(mfnc.By,t)*test(Vmy))", "2"});
model. component(“compl™).physics("mfnc").feature("mfc2").featurelnfo("info™)

.set{"root.compl.mfnc.mfc2.weak$l”, new String[]{"mfnc.d*(-d(mfnc.Bx,t)*test(Vmx)-d(mfnc.By,t)*test(Vmy))", "2"1);

// Set Solver to PDE defaults
model.sol("s0l13") . feature("t1").feature("dDef").set("errorchk”, false);
model.sol("s0l3").feature("t1").feature("aDef").set("cachepattern”, false);
model.sol("s0l3").feature("t1").feature("fcl”).set("jtech”, "minimal™);
model.sol("s0l3").feature("t1").feature("fcl")}.set("maxiter”, 4);
model.sol("s0l3") . feature("t1").feature("fcl").set("ntolfact”, 1);
model.so0l("s013").feature("t1"}.set("tstepshdf", "free");
model.s0l("s013").feature("t1"}.set("estrat™, "include™);

)

13"
model.sol("s0l3").feature("t1").feature("dDef").set("linsolver”, "pardiso™);

// Rename Physics and Study

model . component (" compl™).physics("mfnc").label("Magnetic Fields, No Currents, modified");

model . study("std2").label("Study 2 mfh + mfnc_mod™);



|
Model Builder

— t = T -

4
4
4
4

v @& mih_mfnc_method.mph (roof)
v (1) Global Definitions
P Parameters 1
P Parameters 2
P Parameters 3
Fi Parameters 4 Confirm
P Parameters 5
@& Default Model Inputs

s Materials 'e Modify (mfnc) to Magnetodynamic Phi Formulation and activate
MethOd Ca I I L"?I Set Magnetostatic Phi V' low-level solver defaults?

L’@ Set Magnetodynamic Phi
Component 1 (compT)

the Model Builder tree. Geometry 1

i Materials

. N Magnetic Field Formulation (m

= Methods can be refined to & Woak Form PDE (u) (mi
detect existing feature % Magnetic Fields, No Currents (mfnc)
nodes. " Multiphysics

A Mesh 1

Study 1 mfh + weak

Study 2 mfh + mfnc

Results

v 9
= Embed method calls into > = Definitions ves Mo
>
>
>
>
>

5 W

WOW N
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Can | reuse methods in other files? (9
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Add Ins

= Make methods and forms
reusable in other models.

= Load Add-in from library.

= Make sure that the Add-in
is robust!

~ @ mfh_minc_method.mph (root)
v & Global Definitions
i Parameters 1
P Parameters 2

i Parameters 3
P Parameters 4

i Parameters 5
Default Model Inputs
= Materials
™ Magnetodynamic Add-In
Component 1 (compT)
= Definitions
Geometry 1
= Materials
n Magnetic Field Formulation (mfh)
Jif Weak Form PDE (w)
2 Magnetic Fields, No Currents (mfinc)
*. Multiphysics

«

vvveved

> "ot Study 1 mfh + weak
> g5 Study 2 mfh + mfnc
> {® Results

@ IO A e = o RN -
Home Definitions Geometry Sketch  Materials Physics Mesh  Study Results
A " Data Access ~ New Method L»% :|
= >
L » Test Application & Record Method
Application Method Run
Builder call « Method ~
Application Create Methods Method Calls Run Methods
Model Builder - % Settings
— T =t~ vy Sl ¥ Farm 1

Magnetodynamic H-Phi Add-In

Set Magnetodynamic ai(V “B)=0
t

Set Magnetostatic V-B=0

Developer

.
[®)
- +
Settings Update
Form~ Forms

Forms

~ R || Graphics

mfh_mfnc_method.mph - COMSC

—

1=

Show
Dialog +

— =
Add-ins Add-in
S Libraries

~
efresh
dd-ins

Probe Plot 1

Add-ins

Convergence Plot 1

- 8-

CR

0.05

0.04

0.037]

0.027]

0.017]

-

-0.017]

-0.027]

-0.037

-0.047

T
-0.08

T
-0.06

T
-0.04



But what if | want to do a 3D model?
Rewrite the Add-In? (8
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Physics Builder

= Build your own physics
interfaces, and use them
just like standard COMSOL

physics.

O R

Home  Definitions Geometry  Materials  Physics  Mesh  Study  Results

New
Model
— | have never seen
Model Wizard g
that button! (8
» 3 Preferences
Blank Model
=tEl
Physics > Application Builder
Client-Server
»  Computing
> Email
Physics Builder i I(:Eltlizsmetry
» Graphics
> Help
> Libraries
»  Livelink Connections
Mesh

> Model Builder
Model Manager
~  Physics Builder
Editor
Comments and Documentation
Physics Builder Manager

Developer

Physics Builder
Enable Physics Builder

Enableit! &®
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Home  Physics Interface
Select Physics

v 5 Recently Used
i \Weak Form PDE (w)
Lu General Form PDE (g)
v ¥ AC/DC
> ®_ Electric Fields and Currents

v 20 HTS Workgroup Formulations
* Magnetodynamic Phi Formulation (mfnct)

AF

> 2 Magnetic Fields, No Currents
> +'! Electromagnetic Fields
> 3 Electromagnetic Heating
>
>
>

Physics Builder

{.‘:. Electromagnetics and Mechanics
£ Electromagnetics and Fluids

. . 3=, Particle Tracing
= Physics appear in the 9 Electrical Circuit (cir)

regular Select Physics dialog ") Acoustics

=} Chemical Species Transport

Il Electrochemistry
- Fluid Flow
Heat Transfer
{* Optics
@ Plasma
= Radio Frequency
: Semiconductor

WOWOW W W W W



Definition of weak
form in textbook
notation.

Works in all
permitted space
dimensions, including
extra dimensions.

Default domain and
boundary conditions.

Default solver
settings.

Default Plot groups.
Version history.

Compilation.

Tryit! &

PHYSICS BUILDER - AN INTEGRATED DEVELOPMENT PLATFORM

Home  Physics Interface Magnetic Flux Conservation, Dynamic

Physics Builder
- =t | =

v =tv Sl v

w -‘ w
ype filter text C

b MagnetoDynamicPhi.mphphb (root)
ﬂ]]] External Resources
Building Blocks
v ] Magnetodynamic Phi Formulation (MagnetodynamicPhiFormu
@ Developer Comments
-2 Dependent Variable Declaration 1 (magneticscalarpotentic
v B Magnetic Flux Conservation, Dynamic (MagneticFluxConse
@ Developer Comments
wiw Dependent Variable Definition 1 (magneticscalarpoter
> ~» User Input 1 (par.mur)
[+ Weak Form Eguation 1 (weakT)
» .=| Variable Declaration 1 (H)
> .=| Variable Declaration 2 (B)
Au Equation Display 1 (eqd1)
> 'mw Magnetic Scalar Potential (MagneticScalarPotential)
> ww Magnetic Insulation (Magneticinsulation)
v [ Result Defaults 1 (pdefl)
> [l MSP (pg2)
Au Equation Display 1 (eqd1)
> @ Study/Solver Defaults 1 (ssugl)
@ Comments 2
> [fg Definitions Library
== Migration

> ma

W

¥ * Settings

¥ *  Physics Builder Man
Weak Form Equation Physics Builder Manager

¥ Integrand =

I> Version Control
timeDerivative(-murmu0_const-Vphi)-test(-Vphi)

Expression: Archive Browser
Filter:
¥ Selection v "[T Development Files
_ 2 MagnetoDynamicPhi.n
Selection: From parent - HE Archives
Output entities: Selected entities -

v Preferences

Use volume factor in axial symmetry or for nonorthonormal system

[] Assume constant volume factor

> Advanced

I> Version History

> Compilation
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Take Home Messages

O O O O

Modify Built-in Eqns Record Methods Add-ins Physics Builder
Less need to reinvent the Design reusable model Publish methods and Design your own tailor-
wheel, concentrate on methods to avoid user interfaces to be re- made physics interfaces

your innovation. repetitive settings work used in several models. that everybody can use
in one model. and plug them into
COMSOL.

Enjoy the next level of Multiphysics Modeling using user-defined formulations.
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Resources

11 h course: Modeling with Partial Differential Equations in COMSOL Multiphysics®
Model Methods
Add Ins

Physics Builder



https://www.comsol.com/support/learning-center/article/45321
https://www.comsol.com/search?s=%22Model%20Methods%22
https://www.comsol.com/search?s=%22Add-INs%22
https://www.comsol.com/search?s=%22physics+builder%22

Who has the first question or comment?





http://www.comsol.com/contact
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