COMSOL Minicourse: Electromagnetism

Matous Lorenc
lorenc@humusoft.cz




N0 COMSOL

Agenda

Motivation

1.

(V]
(-
O
4+
L)
5
k=
w
©
i)
Q
(-
Qo
(48]
-
@)
S
1
O
k)
L
g—
@)
Q
(@R
@)
(@)
w

2

-Frequency Fields

Static and Low

3

ields

Frequency F

High-

4

Magnetohydrodynamic experiment



Why 'S'im.u'l.é'te "E\ectromagnetié‘ Fields?

v Lo d "

.
-t

-J e i ey .



N0 COMSOL

VXE=0B/ot
Motivation 9B
| (7, &
= EM fields are omnipresent yet mainly 1
invisible \ ) E

= Wide spectrum of applications in
different fields

= Often coupled with other ]+(?3_D
t

phenomena
— Heat (_\

— Force effects

— Chemistry




Scope of Electromagnetic Simulations
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RF Module
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Model Key
Characteristics
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Relaxacni konstanta materidlu musi byt brdna v potaz s ohledem na celkovy
pozorovaci ¢as. Hloubka vniku zase s ohledem na celkovou velikost objektu.
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When It’s Not a Matter of Wavelength

Electric Discharge

e Streamer and corona
discharges

* Surface charge calculation

* Solid dielectrics

* Electricarcs

Plasma

* Electric discharges, induction

and microwave coupled plasma

* Low pressure and low

temperature plasma

Semiconductors

* Transport equation for electron
and hole concentration

* Conventional drift and diffusion
model, density gradient model,
Schrédinger(-Poisson) equation
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Static and Low-Frequency Fields
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Electric Fields Interfaces

Electrostatics

* Dielectrics

* Electric potential
distribution

* Electrostatic force
calculation

Electric Currents

e Conductive and

displacement currents

* (Capacitive and resistive

effects

* Loss tangents

Magnetic and Electric Fields

e Voltage-driven sources
(terminals)

e RLC coils

e Capacitive coupling

Electric Circuits

e Coupling of lumped systems
and finite element models

* Import and export of SPICE
netlists
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Magnetic Fields Interfaces

Magnetic Fields

* Current-driven sources
(coils)

* Induced currents

* Nonlinear magnetic
materials

Magnetic Fields,
No Currents

Permanent magnets
Magnetic force calculation
Iron loss

Magnetic Fields,
Currents Only

Magnetic fields from
currents in vacuum
Source sweep with
initialization study
Inductance matrix

Rotating Machinery, Magnetics

e Electric motors and
generators

* (Not only) Rotating domain

e Torque, forces and loss
calculation
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Capacitive Devices: Electrostatics

= Solves for electric fields in insulators

= Governing equation omits the term for conductivity — dielectrics are
viewed as perfect insulators and conducting domains in the model are
substituted by boundary conditions — Terminal, Electric Potential or
Ground

= Serves to simulate capacitors, insulators, HVDC systems...

—V(ereoVV) = py

= Compute local electric fields, capacitance, electrostatic forces and
resulting displacement/deformation
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DEMO: Capacitor
Optimization

= Finding optimal capacitor
composition to reach target
capacitance of 100 pF with two
materials at hand

— Zirconia (€ = 20)

— Titanium Dioxide (& = 85)

m Flectrostatics interface combined
with parameter optimization study
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with parameter optimization study
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Resistive Devices: Electric Currents

= The Electric Currents interface combines the electrostatic fields and
stationary currents

— This is valid only in case of time-varying input — for stationary problems —V(aVV) = Q
insulators are ignored and conducting currents prevail v
= Assumes negligible magnetic field effects |7<017V n 0 s VV)) —0
T A, \€Tr €0 — v
— (For stationary problems) there is no need for ambient domain — only Jat

conductors suffice
— Skin and proximity effects are ignored —V((0 + jwerg))VV) = Q,

= For transient simulations relaxation constant is a key material
characteristic
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DEMO: Force Sensing

Resistor
= Range 20g—-6kg

" |ncreasing pressure on the PET casing T
closes a cavity between silver traces
and a conductive ink decreasing the
sensor resistance

= Coupling Solid Mechanics and Electric

Current interfaces to calculate the G |
. Q4. ¥
PET deformation and get the contact N/
pressure between the ink and the e X
traces e
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DEMO: Force Sensing

Resistor
= Range 20g—-6kg

" |ncreasing pressure on the PET casing
closes a cavity between silver traces
and a conductive ink decreasing the

sensor resistance

= Coupling Solid Mechanics and Electric
Current interfaces to calculate the
PET deformation and get the contact
pressure between the ink and the

traces
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Inductive Devices: Magnetic Fields
= Magnetic Fields

Stationary VX (ug'VXA—M) =] B=VxA
. JA 4 oA
Transient O-E-FVX(MO VxA) =], E:—E
Harmonic (jwo — w?eg)A+ VX (ug'Vx A) =], E=—-jwA iggnede

Insulation

= Compute local electric and magnetic fields, taking resistive and
inductive effects into account

= Other formulations

— No Currents (Magnetostatics)
Output
— Currents Only (Inductance matrix calculation) -

— And Electric Fields (Capacitive effects, RLC coils)

Magnetic
Insulation



High-Frequency Fields
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RF Simulations: Model Characteristics

"
ok
>
= Object size ~ wavelength e S
Electrical -T_/
= Ambient domain limitations (FEM) \? e
— Sampling theorem (A/5) : \ ; <
— 10X X 10A X 10A (MAX) y P
\
= Alternatively:

— Discontinuous Galerkin (dG-FEM)

Up to 10’s of millions of degrees of freedom (DOF)
— Boundary Element Method (BEM)

Open domains and scattering problems

— Ray tracing (Ray Optics Module)

* Wave propagation on distances several orders larger than
wavelength (mm vs. km)
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RF Module: Boundary Conditions

Basic Advanced
Excitation Lumped port Port (analytic, numeric, numeric TEM)
Absorption Scattering BC (SBC 15%) SBC (2"9), perfectly matched layer (PML)
Conducting layer Perfect electric conductor (PEC) Transition BC, impedance BC

= Port variability — coaxial feed, geometrically defined, numeric, lumped...
= | umped capacitive, inductive and resistive elements
= Qver 95 % of prototyped devices can be simulated using these boundary conditions
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DEMO: FEM to BEM
Coupling

= Patch antenna near field calculated
using classic FEM interface

= Coupled with BEM to observe wave
propagation outside the ambient
domain into an infinite void

= Electric field vector coupled through
Multiphysics interface

— Electric Field Coupling
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