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Ce este metoda elementului finit?

INGINERIE MATEMATICA

METODA ELEMENTULUI FINIT — MEF

FINITE ELEMENT METHOD - FEM
FINITE ELEMENT ANALYSIS — FEA

o

> Metoda numerica de calcul

» Obtinerea unei solutii aproximative
pentru ecuatii cu derivate sau derivate
partiale ce sunt inlocuite cu ecuatii
algebrice
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-~ probleme; a acelei solutii:.care este cea mai buna in raport:cu un:criteriu predefinit.. -
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Optimizare

Alegerea variabilelor de
proiectare

Formularea constrangerilor

Formularea functiei obiectiv

Fixarea limitelor de variatie

Alegerea algoritmului de f:_;' 5 -

e optimizare S

= Obtinerea solutiei
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INGINERIE MATEMATICA
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Cum lucreaza metoda elementului finit?

- Divizarea domeniului de studiu in subdomenii numite elermente finite

- Inlocuirea ecuatiei ce caracterizeaza intraga structura cu ecuatii ce
caracterizeaza fiecare element

- Obtinerea solutiei globale pe baza rezultatelor obtinute pentru fiecare element

Noduri
Grade de libertate

Uy 27

X
! < 26
1

30 |25

Elemente finite

- elemente finite fara suprapuneri

- noduri— asigura interactiunea intre elemente (fiecare are 2 grade de libertate)

- frontierele intre elemente — trebuie sa asigure continuitatea

Vel O ety Te—— @




Cum lucreaza metoda elementului finit?

vectorul deplasarilor nodale totale

vectorul fortelor nodale totale

Deplasari cunoscute (nule) Deplasari necunosctite
Forte necunoscute (reactiuni) Forte cunosctite (F)




Cum lucreaza metoda elementului finit?

atert
tF = [K]-{uj

Cauza {F} Caracteristici de Efect {U}
material [K]

Deformare Forta Modul de elasticitate, Deplasare
elestica rigiditate

Analiza termica Sursa de caldura Conductivitate termica Temperatura

Electromagnetism Sarcina (electrica Permeabilitate Potential magnetic
sau magnetica) magnetica




Structura geometrica Metoda diferentelor finite Metoda elementelor finite




Metoda diferentelor finite Metoda elementelor finite

- da o aproximare a ecuatiei - da o aproximare a ecuatiei
diferentiale IN PUNCTE diferentiale PE PORTIUNI
(pointwise) (piecewise)

- forme simple, sarcini constante, - forme complexe, sarcini variabile,
materiale cu proprietati liniare materiale cu proprietati neliniare

- reteaua acopera mai bine
domeniul de studiu (elemente de
tip parabolic)

In MEF variatia necunoscutei in interiorul

1, elementului este parte a procesului de rezolvare
in timp ce in MDF sunt calculate numai valorile
nodale

lemmlle} &9 e — Tl W




Cum lucreaza metoda elementului finit?

PASUL 1

Divizarea domeniului de studiu in elemente
finite

Elemente ini Parabolice Cubice

Unidimensionale ./"'—“\. .f’"_—'\.

Bidimensionale




Cum lucreaza metoda elementului finit?

PASUL 1
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Cum lucreaza metoda elementului finit?

PASUL 2

Definirea functiei de interpolare (de aproximare)

/4

D

‘Modeleaza” variatia necunoscutei in INTERIORUL
elementului (oef mai adesea esle M/I’LJD/O/EUI’I/O/I'YL, uneor derie

” |:.)
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Cum lucreaza metoda elementului finit?

PASUL 2

Definirea functiei de interpolare (de aproximare)

Functia reala . . : :
Polinom liniar Polinom patratic Polinom cubic

m— N [\~
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Cum lucreaza metoda elementului finit?

PASUL 3

Stabilirea ecuatiei matriciale ce exprima proprietatile
fiecarui element

3= G Y,
3 _L[If[x y,z,U, : dedydz+'Ug(x y,z)dS

ox oy oz

Functionala - exprimare matematica in forma
integrala a energiei potentiale a unui sistem
caracterizat de un anumit fenomen

Vel O 1 T W




Cum lucreaza metoda elementului finit?

PASUL 3

Metode de rezolvare a functionalei:

a. Metoda directa (aplicabila numai in cazul problemelor simple)

b. Metoda variationalt —principiul minimizarii energiei potentiale a
sistemului

c. Metoda reziduurilor ponderate (metoda Galerkin) — calculeaza DIRECT
ecuatiile fiecarui element finit prin inlocuirea ecuatiei diferentiale cu un
polinom algebric de aproximatie dupa care “se lucreaza” asupra erorii
reziduale

Vel O 1 T W




Cum lucreaza metoda elementului finit?

PASUL 3

Metoda variationala — esenta metodei consta in faptul ca minimizarea
functionalei furnizeaza modelul diferential al acestuia, adica ecuatia
diferentiala satisfacuta de marimea de stare

Minimizarea functionalei presupune un sistem de ecuatii dat de :

Sy

care conduce la un sistem algebric liniar de forma:

[M,] = [U]-[M,]

unde M, si M, sunt matrici complet determinate care depind numai de
geometria domeniului de studiu.

Vel O 1 T W




Cum lucreaza metoda elementului finit?

PASUL 3

Camp electromagnetic nestationar:

3= {U DdE - i HdBJ +(JA-pV )}dxdydz

D¢




Cum lucreaza metoda elementului finit?

PASUL 4

Asamblarea ecuatiilor matriciale individuale intr-un
sistem ce descrie proprietatile globale

6
/1.0 e5
| \.. )
2 3

[ . | e ety | — !




Cum lucreaza metoda elementului finit?

PASUL 5

Impunerea conditiilor de frontiera

1. Condlitii tip Dirichlet — se cunoaste si impune valoarea necunoscutei pe
frontiera (liniile de camp sunt paralele cu frontiera)

2. Conditii tip Neumann - se cunoaste valoarea derivatei necunoscutei pe
frontiera (liniile de camp sunt perpendiculare pe frontiera)




Cum lucreaza metoda elementului finit?

PASUL 6

Rezolvarea sistemului de ecuatii — determinarea
necunoscutei in noduri




Cum lucreaza metoda elementului finit?

PASUL 7

Rezolvari post procesare pentru determinarea
marimilor asociate







» Ce este metoda elementului finit

» Cum lucreaza metoda elementului finit

» Scurta istorie a dezvoltarii metodei

» Domenii de aplicatie

» Pachete de programe comerciale




Scurta istorie

1942-1943

Alexander Hrennikoff si Richard Courant publica
primele lucrari in care apare notiunea de divizare a unui
domeniu continuu in sub-domenii discrete, denumite
generic ELEMENTE

Hrennikoff - foloseste o structura tip grilaj

Richard Courant foloseste pentru prima data elemente

triunghiulare si principiul energiei potentiale minime
(studiul problemei St. Venant)

Vo) O T —y Tee— W




Scurta istorie

J. Greenstadt

—divizeaza domeniul de studii in subdomenii
INTERCONECTATE si descrie o procedura prin care
functia necunoscuta este echivalata cu o serie de functii ce
caracterizeaza fiecare “celula”.

- aloca functii de aproximare pentru fiecare
celula si folosind principiul variational “leaga® ecuatiile

tuturor celulelor.

Vo) O T —y Tee— W




Scurta istorie

Ray Clough

—introduce termenul de “element finit”.




Scurta istorie

Zienkiewicz si Cheung

—arata ca MEF este aplicabila TUTUROR
problemelor de camp ce pot fi modelate intr-o forma
variationala

- in 1967 publica prima carte consacrata MEF




Scurta istorie

anii 1960

Specialisti NASA impreuna cu compania MSC Software
(MacNeal & Schwendler Corp.) dezvolta PRIMUL cod sursa

NASTRAN pentru analiza structurala a aeronavelor




Scurta istorie

dupa 1970

Apar primele pachete comerciale de software dedicat
analizei MEF : Abaqus, Adina, Ansys, Sap




Aplicatii

l. Analize de tip structural

v’ Calculul solicitarilor in diverse structuri, bare cu zabrele,
etc

v' Calculul deformarilor in diverse structuri

v Calculul vibratiilor




Aplicatii

ll. Analize non-structurale

v’ Transfer de caldura

v’ Curgerea fluidelor inclusiv infiltratii in medii poroase

v' Calculul campului electric si magnetic




Aplicatii




Aplicatii
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Pachete de programe comerciale

https://www.altair.com/flux/

Altair Flux® Overview  Capabililes ~ New Features  Resources
2, CEDRAT
// design solutions for
electrical engineering
Gallery

@ Flux 12 New features

by CEDRAT

m Enter your 3D geometry more efficiently

del,

A new powerful 3D ic ic

3D modeling constructs remains fully parameterized
Improved impaort process

Get access to all the import in one package

» Compute 3D Eddy-currents faster
Reduced solving time with symmetries and periodicities in 3D
Fully automatic magnetic and electric loop cuts set-up

IS electrom qgnetism oot ettt et oot

w Evaluate Joule losses accurately

Fast luation of AC skin & proximity losses in coils in 2D and 3D
Innovative auto-adaptive mesh of the skin depth in 2D Steady
state AC

* can \puri termice
= Go multiphysics: consider now vibration and thermal aspects in your design
LMS Virtual Lab Flux coupled to external CFD software (Star-CCM+® or Fluent)
MSELHE&!({M Extended magneto-thermal capabilities in Flux
STAR-CCM+ An improved connection to LMS Virtual.Lab and MSC Nastran for vibro-acoustics

o probleme cuplate e e

Fast table extraction towards system level tools
Co-simulation with LMS Imagine.Lab Amesim™ for linear actuation

= Go further in your electric machine design

Versi u nea 12.2 Accounting for demagnetization of permanent magnets

Automated generation of Efficiency maps
Hysteresis current control of 3-phase electric machines

More than 450 materials now available in the database
New non-linear electric behaviour of materials

Manager

.. and discover the performance of Flux 12 through a complete set of new examples!
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s*fenomene optice;

s*multiphysics

Careers  Academic  Customer Portal  Resource Library £ «

P . Search
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ANSYS Maxwell ATCLES

software for the design and analysis of electric motors, actuators,

h Mawell, you can precisely characterize the nonlinear,

ANSYS Maxwellis the industry
sensors, transformers and other electramagnetic and electramechanical devices. Wi

lectromagnetic
BROCHURES

rents and their effects an the drive circuit and control system design. By leveraging Maxwells

seamlessly linking them Lo the integrated circuit and systems simulation technology, you can

transient motion of electromechanical co

WHITE papens
advaneed electromagnetic feld salvers
understand the performance of electramechanical systems fong before building a prototype in hardware. This virtual electromagnetic lsb gives  WEBINARS

Pachete de programe comerciale

CONTACT

- WWW.ansys.com

Electric Motors

Engineers who design electric machines need simulation tools that can be employed for quick, accurate product development, By employing finite
element methods carly in the design process, they can accelerate development and achieve higher machine efficiencies using less material, which reduces
costs. Furthermore, to achieve an optimal motor design demands a full multiphysics analysis workflow. Assuming that the machine will remain in the
intended operating range can lead to poor design choices, redesign late in the development cycle or product failure. ANSYS' electric machine design flow

provides a complete virtual prototyping laberatory for machine design and development

Examples

Advanced Design of Electric Machines
Using the ANSYS Electric Machine
Desian Toolkit - Application Brief

AC Motor Drive Using Cosimulation - Multiphysies Design Flow for Flectric

Electronic Machine Design Electrical Drive Modeling through a
i Application Brief Motors

Methodology: A y s System
Approach - Application Brief

Approach - White Paper




A\3

infolytica

corporation

MotorSolve BLDC

Sync. Reluctance; IPM; Surface
Mounted; Bread-loaf; Spoke; Inset;
Motor or Generator mode.

MotorSolve SRM

Templates for both interior and
exterior types.

Pachete de programe comerciale

** camp electromagnetic

- www.infolytica.com

+» analiza termala

gj infalytica

corporation

MOTORSOLVE PRODUCT FAMILY

PRODUCTS ~ APPLICATIONS ~
= OVERVIEW

# FEATURES

QPTIONS

[3 BROCHURE

© VIDEQ DEMO

MotorSolve DCM

Brushes; PMDC; Series; Shunt;
Universal; more.

MotorSolve IM

Interior and exterior rotors; All

X TRIAL EDITION

(# CONTACT SALES

standard bar shapes; All standard
wound configurations.

hﬂ‘!ﬂ

MotorSolve Thermal

Simulates the impact of heating and
applied cooling on the motor's

0 EXE=3 EED

SUPPORT ~ COMPARY ~ NEWS ~

MagNet v7

2070 ELEC TROMAGH!

ELD SMULATION SOFTWARE

WORKFLOW
L)
Simlink
VHDLAMS
2 s
Semnudataon
v
SAT. ONF, provt, Impert moded Optimization
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Inventor, CATIA
L * OptiNet
futomatent
L T, =3
Net Otisization

Thermi
Trermal Smuistiers '

CONTALT US

m f v o

My



Pachete de programe comerciale
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*¢* mecanica structurala

s dinamica fluidelor

¢ anliza termica

+* anliza vibratiilor

s probleme cuplate

2
DS SOLIDWORKS

Pachete de programe comerciale

Home > Products > Simulation > Solutions

SIMULATION

PRODUCTS INDUSTRIES HOW TO BUY SUPPORT

Enter Search Term Q Login Contact Us Global Sites Company Info

Raise the quality of your products, and reduce costs for
live prototypes and testing by easily subjecting your designs

to real-world conditions.

Solutions Capabilities

Downloads Academia What's New

SOLIDWORKS Simulation Solutions

Enable every designer and engineer to simulate and analyze design
performance with fast, easy-to-use SOLIDWORKS Simulation CAD-
embedded analysis solutions. You can quickly and easily employ advanced
simulation techniques to optimize performance while you design

with capabilities that cut down on costly prototypes, eliminate rework and
delays, and save you time and development costs.

» Get a Simulation Product Demo

Featured Solutions

Structural Analysis

Validate product performance and safety
factors using finite element analysis (FEA)
to perform structural simulation.

Fatigue Analysis

Predict component fatigue failures by
examining repeated or randem load
cycles.

Motion Analysis

Evaluate mechanical performance
through operational movements using
rigid bedy motion analysis.

COMMUNITY RESOURCE CENTER

- www.solidworks.com

Videos Matrices

techniques to optimize performance while you design

Thermal Analysis
Calculate temperatures and heat transfer within
and between components.

Vibration Analysis
Examine how vibrating or unstable modes can
shorten eguipment life to eliminate failures,

Fluid Flow Analysis

Simulate fluid (either liquid or gas) passing
through or around an object and investigate the
impact to improve product perfermance.

HVAC Analysis

Optimize heating, ventilating, and
air conditioning systems guickly
and easily.

Structural Optimization
Optimize a design to mest defined
strength-to-weight, frequency, or
stiffness performance.

Electronic Cooling
Optimize heat dissipation and the
selection of electronic devices.

CUSTOMERS




JMAG-Designer

¢ baza de date cu
modele de masini
electrice

s* camp electromagnetic
s* camp termic

<& ° ° .

+* analiza vibroacustica

s* multiphysiscs

Pachete de programe comerciale

- www.jmag-international.com

JMAG-Express

IMAG-Express is a tool to support motor design.
Template based, conceptual design can be carried out with it. It can also easily link with JMAG-Designer for detailed desigi

It can export motor models (JMAG-RT models) at any stage, allowing SILS and HILS to be done.

Functions

2B Freely define geometry templates

o Templates for PMSMs, induction motors, brush motors, and universal motors have all been prepared.
o You can add geometries created in JMAG-Designer as templates.

o Use JIMAG-Designer for brush motors and universal motors.

national.com/products/catalog_download/



NH CONMSOL

- www.comsol.com

Pachete de programe comerciale

COMSOL Multiphysics®

COMSOL Server™
<& o
“*m tructural
* ecanica structuraia
ELECTRICAL MECHANICAL uiD CHEMICAL MULTIPURPOSE NTERFACING
(S o AC/DC Heat Transfer CFD Chemical Reaction Optimization Livelink” Livelink™
“’ acustlcq Module Module Module Engineering Module Module for MATLAB® for Excel®
RF Structural Mixer Batteries & Material CAD Import Design
* = & 3 3 @ Module Mechanics Module Maodule Fuel Cells Module Library Module Module
o him
+* INginerie cnimica
Wave Optics Nonlinear Structural Microfluidics Electrodeposition Particle Tracing ECAD Import LiveLink™
Module Materials Module Module Module Module Module for SOLIDWORKS®
¢ transfer de cald f '
() rqns er e Cq urq Ray Optics Geomechanics Subsurface Flow Corrosion LiveLink™ LiveLink™ for
Module Module Module Module for Inventor® AutoCAD®
R/ O MEMS Fatigue Pipe Flow Electrochemistry LiveLink™ for LiveLink™ for
‘Q’ electr0| I lagnetls‘ I l Module Module Module Module Revit® PTC® Creo®Parametric™
Plasma Multibody Dynamics Molecular Flow LiveLink™ for LiveLink™ for
‘0’ Module Module Module PTC® Pro/ENGINEER® solid Edge®
»*antene
Semiconductor Acoustics File Import fer
Module Module CATIA® V5

*** plasma

s»*stiinta pamantului (geofizica, curgerea fluidelor pe si sub pamant, magnetism

terestru)

< specializat in analize multiphysics
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MSC

mecanica structurala

acustica

analiza termica
transfer de caldura

zgomot, vibratii

Software

Simulate More

MSC

Pachete de programe comerciale

- www.mscsoftware.com

+18556727638 | Signin | ContactUs | [Searcn

Simulating Reality, Delivering Certainty

PRODUCTS SERVICES & TRAINING PARTNERS RESOURCES
Applications Industries
Acoustics Aerospace
Composites Automotive
Crash & Safety Consumer Products
Design Optimization Defense C
Fatigue and Durability ~ Elecironics
Multibody Dynamics Energy

Multidiscipline
Noise & Vibration
Nonlinear Analysis
Process Automation
Rotor Dynamics
SPDM

Structural Analysis
Systems & Confrols
Thermal Analysis

Heavy Equipment
Ise MSC software products to complement and reinforce the
you cover in your courses, making those topics more
and relevant for your students. Numerous courses around the world
# you in the areas of Mechanical, Aerospace, Civil, Nuclear, & Bio

Machinery
Medical

Motorsports

Fecmning ated fields — are being enhanced through the computational and
Rail f our software, such as:
Shipbuilding

dinamica rotatiei

specializat in analize multiphysics

tress & Strain, Exp
Robotics, Des:
Acoustics, Pa

echanics, Com

le Design, Aircraft Design, Ship Design, Computational

University Newsletters
Keep infermed on the Latest MSC's University program news by opting-in to receive them right
to your email box

| am very happy with the benefits my students & | drive from using Adams
in our coursework and research. MSC has been very willing to work with
me to help me achieve my goals for incorporating simulation into our
engineering curriculum

Prof. Dan Negruf, Maschinenbau Professor

T Wisconsi

n

ity O

Academia Offer

Our academic software offerings are intentionally simple yet scalable, targeted yet flexible —
with similar products bundled together to help maximize your simulation capability while
minimizing your cost and administrative work. Each of our 3 university software bundles is
network-icensed via a consistent set of "User Packs" designed to meet each university
customer's specific objective:

« 1 for individual use (primarily for personal research);

Share this page

Teach with Adams*

Prepare future engineering
professionals for success

© Learn How

’d Students,
Professors, |

Schools
Discover, Leamn

and Connect
through the new
MSC Academic
Learning Center

LEARN HOW

Resources

Academic Bundles

T Academic Software FEA
Bundle Datasheet

"5 Academic Software Mofion
Bundle Datasheel
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AD |\ N\ A - www.adina.com

( A D I N A > Custom Search E
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** mecanica structurala

A UTOMATIC

* o o . D Now with...

+» dinamica fluidelor 'YNAMIC P

+ : < I NCREMENTAL p

** analiza termica N oninear Interface
A_NALYSIS

** transfer de caldura

back play next

s analize multiphysics (interactiune

ﬂUid'StrUCtura; analiza termo- The Comprehensive Finite Element System for
; Structures *Thermal «CFD «EM « FSI « TMC « Multiphysics
mecanica)

ADINA 9.3.3 has been released

ADINA R&D, Inc. was founded in 1986 by Dr. K.). Bathe, a teacher and researcher, and associates. The exclusive
mission of the company is the development of the ADINA System for linear and nonlinear finite element analysis of

solids and structures, heat transfer, CFD and electromagnetics. ADINA also offers a comprehensive array of
multiphysics capabilities including fluid-structure interaction and thermo-mechanical coupling. Some of the
nonlinear structural analysis capabilities of ADINA are offered as Solution 601/701 of NX Nastran by Siemens PLM
Software.




Pachete de programe comerciale - consideratii

. Pachete de programe de uz general

- Pot rezolva mai multe tipuri de probleme
- Li se pot adauga module pentru alte tipuri de probleme

- Nu cer cunostinte speciale de hardware sau programare software

- Costul initial de dezvoltare este mare
- Sunt mai putin eficiente iar unele module pot fi de prisos

- Nu exista acces la algoritmul de programare (eventuale erori sau
nevoi de modificare pot fi facute numai de catre firma
producatoare)
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Pachete de programe comerciale - consideratii

Il. Pachete de programe specializate

- Programele sunt mici si cu costuri de dezvoltare reduse
- Nu necesita computere puternice

- Sunt eficiente fiind dedicate rezolvarii unui singur tip de problema

- Pot rezolva un singur tip de problema

- Mai multe probleme......mai multe programe




Principil fundamentale In
Metoda Elementului Finit

Scurt rezumat

—

"\ Dep._ Elec. Machines FEM with FLUX







Esenta metodei consta
transformarea domeniului continuu
intr-o suma de i di




In interiorul elementelor actioneaza
functia de interpolare, care este o
functie polinomiala ce inlocuieste
ecuatia diferentiala care modeleaza

fenomenul fizic (a doua aproximare).

Cu cat ordinul functiei polinomiale
este mai mare

!

cu atat solutia obtinuta este mai
exacta






|
Asamblarea si rezolvarea ecuatiilor

matriciale prin metode o




Tehnici de utilizare a programului
FLUX 2D pentru analiza campului

in structura convertoarelor
electromecanice

(I) Z

| jp2, Dep. Elec. Machines 2020-2021 FEM with FLUX |




Metoda elementului finit

> Metoda numerica de calcul

> Divizarea domeniului de calcul in elemente geometrice simple
(elemente finite) caracterizate de prezenta unor puncte speciale
(noduri)

> Fiecare element este caracterizat de o functie de stare ce
reprezinta o combinatie a valorilor din noduri (functie de
interpolare)

» Solutia globala se obtine prin asamblarea ecuatiilor nodale ale
elementelor




Element finit triunghiular

O
O %
O © o o
Element finit parabolic
de ordinul IT
O O
Element finit rectangular

de ordinul I

A@‘

I




Tipuri de elemente finite

1D

Beams




Ecuatiile lui Maxwell

— 0B : . :
rotE = e —legea inductiei electromagnetice
— — 0B o .
rotH =J +E — legea circuitului magnetic
divD = p, — legea fluxului electric
kdivgzo —legea fluxului magnetic

B - inductia magnetica

D - inductia campului electric

H - intensitatea campului magnetic
E - intensitatea campului electric
J - densitate de curent

Pv - densitatea de volum a sarcinii
electrice



Ecuatiile de material

ol o
TR
= ap)
T| ol

|
|l
A
o
(1|

gy - permitivitate electrica
1, = permeabilitate magnetica

— 1 - conductivitate electrica

A@‘

l




Marimi de calcul

B=rotA ; A- potential magnetic vector

H=-grad P ; P - potential magnetic scalar

— O0A : :
E +F =—gradV ; V — potential electric scalar




TIPURI DE ANALIZA

— MAGNETOSTATICA

— MAGNETODINAMICA




Analiza magnetostatica

 Curent constant
- Componente geometrice statice
» Lipsa circuitului electric echivalent

A@‘

l




MAGNETOSTATICA

Functionare la curent constant, corpuri imobile

() REZULTATE )

L Inductie
) rotH =J Camp magnetic
diV B — O Forte

Cuplu

electromagnetic




Analiza magnhetodinamica

» Cuplare camp - circuit

* Miscare rotativa - liniara

A@‘

l




MAGNETODINAMICA

Functionare la curent sinusoidal

f _ (o) REZULTATE )
rotE =—— Inductie

ot Camp magnetic

Jrot ﬁ = 3 Forte

Cuplu
electromagnetic

divg =0 Curenti, tensiuni,
y inductante

Puteri




Analiza tranzitorie

» Cuplaj camp - circuit plus ecuatii de
miscare

+ Variatie in timp a marimilor electrice
(tensiuni, curenti, etfc.)

* Rezolvare in pasi de timp (Time-step
resolution)

f@‘

l




TRANZITORIU

Functionare la curent sinusoidal cu luarea in considerare a starii de
miscare

- parametru de calcul: timpul

@ )

Inductie

Camp magnetic
Forte

Cuplu
electromagnetic

Curenti, tensiuni,
inductante

@ Puteri )




Analiza magnetostatica

» Alimentare infasurare statorica (pentru un
moment fixat al variatiei sinusoidale a
sistemului de curenti)

- Absenta reactiei rotorului (situatie
echivalenta cu functionarea la sincronism)

ﬁ

A@‘
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Analiza magnetodinamica

» Cuplarea circuitului magnetic cu
circuitul electric al masinii

- Simularea rotirii rotorului la o
anumita turatie

- Posibilitatea obtinerii curbei M=f(s)
prin rezolvari parametrice la valori
impuse ale turatiei

f@‘

\




Analiza tranzitorie

» Cuplarea circuitului magnetic cu
circuitul electric si ecuatiile de
miscare mecanica ale masinii

* Modelarea in timp a unui regim
tranzitoriu (pornire, franare)

* Vizualizarea variatiei marimilor
electrice (tensiuni, curenti)




D
~\

Tehnici de utilizare a programului
FLUX 2D pentru analiza campului
in structura convertoarelor

electromecanice
(IT)
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Etape de analiza

PRE-PROCESARE

IT. REZOLVARE




Pre-procesare

Definirea domeniului de studiu %
Constructia geometriei E@

Divizarea domeniului in elemente

finitede studiu I:@
Alocarea proprietatilor de material si
a conditiilor de frontiera j \




Constructia geometriei

puncte, linii

?
OPTIONS
Quit
Zoom

Reset
Move

1 Restore

2 sSave

3 Parameters

4 Points

5 Lines

6 Regions

7 Mesh generator




Constructia geometriei

suprafete

OPTIONS
Quit
Zoom
Reset
Move

1 Add

2 Delete
3 Modify
4 See

5 Flot




ealizare structura de discretizare

mesh asistat - insertie noduri

?
OPTIONS
Quit
Zoom
Reset
Move

1 Initial nodes
2 Subdivide

3 Lock line

4 Unlock line

6 Plot



Structura de elemente finite

a

COPTIONS

Z00m
Reset
Move

Paint

Number
Dizjoin
Display

5hell reverse
Flot

Refuse

== s LS T T S

Reocept

in green




Alocare proprietati de material

-curba de magnetizate circuit magnetic-

5
Material ST2011 Property 1iso_ MU Model scalar_splin
derniere intervention effectuee le 26/07/99 19:23:20 par PCUSER ouit
B (Tesla)
1 pick
2 Mod abscissa max
3 Modify

4 Plot




Conditii de frontiera

-conditii Dirichlet-

Boundary condition type

) EREAF
Quit
Zoom
Move

o =153




Circuit electric

=|C

2

________ 3TOPR
OFTIONS

Restore

S

Describe
Save
Elot
Print
Value
Analyse

Surse dg|alimentare Parti frontale stator Parti utile stator Colivie rotorica

-1 W g e




Rezolvare

* Metoda Newton- Raphson

* Metoda algoritmului progresiv

se aplica pentru situatiile cu
saturatie ridicata

A@‘
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Post-procesare




Post-procesare

- harta spectrala a inductiei -

$~ FLUX2D - PostPro_2D - [MAS28R_4]

4 Fle Edt View Geometry Physics Results Computation Supports Parameters Window Help
( FHRE?EDB R wDIEE R ZAEESR BRBCLS RRBB
+ AN a Q Geometry [MA‘SJBHJ]'
+ A 74 ,ﬁj
- A 25 File
n" 63 K MAS26R_4
ol [ -
+ ) vacuum Ship: 0,01 Pos (deg): OPhase (Deg): 0
+*,
- A Z6 <
n' 64 "
¢
+ ¢ vacuum Display
[Flux densityl in Tesla
- A Z2 s..
n" 65
vl & - Bourlrd v;c:::; — I
™ Q vacuum ﬁ ath vectors ound conditions
S A Z73 Isovalues Color shade | Reg vectors |
n’ 6 " |
v B Scale [=
+ @ vacuum 509,678 6 / 189,582E 3
S A 724 189582€-3 / 378,655€ 3
n® 67 378 B55E-3 / 567, 726E-3
v - 567,728E-3 / 756,801E-3
756.801E-3 / 945 .874E-3
+ & vacuum 945 874E-3 /1,134
- A STATOR 113471324
n" 68 1.324 /1512
w 1512/1,702
+ ¢y FLU_Me0C 11,:;53ng //12,?;
'y / g
./ Shell regions 208 /2269
“* Pinpoint regions 2,269/ 2,458
+ P Cicu 2458/ 2647
= §§= Parameters 2647 /2836
+ = Slip 2836 /3025
- $ Supports
HH Grids
Groups
@* Paths
- Q Analysis
+ 2D_Curves
3D_Curves 3
< >

C} New Microso. .. > 4 ; EN ® Jep



i

3
3
3
3
3

2,056
1,851
1,645

1,44

1,235

1,03
§24,977E

£19,702E
414,428E

.
o
o

824,977E-3
414 ,428E-3

Grid_1 {<mm?

-14,993

C3D 2

Flux density / Magnitude ()

T RTHHi 4040
Y ¥
T

R,

Y of Grid_1 {(mm) 35,89

N

Post-procesare
- harta spectrala a inductiei - distributie 3D




Post-procesare

- distributia densitatii de curent in crestaturi -

distributie 3D

C3D 1




Post-procesare

- curba inductiei in intrefier si continutul in armonici -

Full cycle / Normal

]
-

Tesla
1—
053 ﬂ CURVEC2D 2
—] A [{i Flux density / Normal component
= ‘ Ee s
= g U Phise (Deg): 0
-05—

mm
| | | | | | | | | | |
0 50 100
(E-3) Tesla
750—]
500— SPECTRUM Spectr 1
— From 2D 2
] Fundamental 7,168E-3
250—
0 ] ] ] ] | | ] | ] ] |




Post-procesare

- curba cuplu-alunecare, M=f(s) -

Newton.m
50—
40—
30— CURVE C2D 1
] Torque / Moment
gl Slip
_| STATOR ;
20— Phase (Deg): 0
10—

0,25 05 0,75




Post-procesare

- variatia curent-alunecare -

(E3) Ampere (rms)

. CURVE C2D 3

Current / rms value
0,5— Slip

R3

= Phase (Deg): 0

0,25 05 0,75




GEOMETRIE

Strategie, mod de abordare

FEM with FLUX

2020-2021
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\> Analiza 2D sau 3D?

« Daca exista un numar infinit de sectiuni transversale
iIdentice de-a lungul unei axei

mm———)  gnaliza 2D

» Daca nu exista nici macar o axa de-a lungul careia sa
existe simetria sectiunilor transversale

I analiza 3D

-y . nllE



a

\ Analiza 2D sau cu simetrie in jurul unei axe
(axisymmetric)?

R/

real object 2D plane geometry

Caracteristici:
- Cel putin 0 axa de simetrie

- Reprezentarea geometrica este un plan perpendicular pe
directia axei de simetrie

- Calculul marimilor globale ia in consideratie adancimea
obiectului studiat (dimensiunea dupa cea de a treia coordonata)

'S B - S



4
\  Analiza 2D sau cu simetrie in jurul unei axe
(axisymmetric)?

Zz

. I
)Hx |
.--'—J—--
T | SR

real object 2D axisymmetric geometry

Caracteristici:
- Exista o simetrie de rotatie in jurul unei axe

- Axa de revolutie trebuie sa fie obligatoriu verticala si trebuie
sa treaca prin originea sistemului de coordonate

- Acest tip de analiza este o abordare 2D ce furnizeaza insa
rezultatele unei evaluari 3D

'S B - S



Obiectul de studiu consta in:

- 2 magneti permanenti in
opozitie

- 2 juguri magnetice

\5 Analiza 2D sau 3D?

/
H

Exista un camp magnetic
semnificativ ce iese in afara
dispozitivului (flux de dispersie la
capete) —analiza 3D

18y

Obiectul de studiu consta in:
- 2 electromagneti
- 2 juguri magnetice

i\y

Campul magnetic se concentreaza in
circuitul magnetic — analiza 2D
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. \) Definirea limitelor domeniului de studiu

MEF are nevoie (in mod obligatoriu) de precizarea conditiilor de
frontiera pe frontierele exterioare (metoda nu poate fi aplicata
daca domeniul de studiu este deschis)

Adeseori este necesara determinarea unei solutii a campului
electromagnetic in afara structurii fizice analizate (in mediul
exterior)

'S B .l



\) Definirea limitelor domeniului de studiu

1. Metoda trunchierii — consta in inchiderea domeniului de studiu cu
o frontiera suficient de indepartata de dispozitivul studiat astfel incat
sa nu interactioneze cu acesta (cutie umpluta cu aer in care se

plaseaza dispozitivul studiat).

Dezavantaj — creste numarul de elemente si rezulta un timp de calcul
mai lung si o putere de calcul mai mare

'S B .l



\} Definirea limitelor domeniului de studiu

2. Metoda ,,infinite box” — se creeaza o ,cutie” printr-o
procedura speciala proprie programului Flux.

- Pentru analiza 2D acest ,infinite box” este format din doua
discuri suprapuse ambele avand centrul in originea sistemului de
coordonate.

0@

Domeniul de studiu ,Infinite box” Reprezentare completa

'S B - S
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' \ 5 Micsorarea domeniului de studiu

Daca domeniul de studiu poate fi descompus in componente
simetrice atunci se poate face o analiza a unui domeniu redus.

Avantaje:
- simplificarea procedurii de realizare a geometriei,
- diminuarea numarului de elemente
- reducerea timpului de calcul
- reducerea marimii fisierului




Studiu de caz 1

A

= R &

Domeniul de studiu poate fi redus in subdomenii reprezentative
daca exista axe de simetrie.






U Studiu de caz 2

Pentru micsorarea domeniului de studiu este necesara existenta,
in planul 2D, a cel putin unei axe de simetrie

Conditii pentru studiul de caz:

- Numarul de crestaturi statorice si rotorice sa fie par;

- Structura circuitului magnetic sa fie simetrica dupa axa de
simetrie.

Simetria poate fi identica sau ,in oglinda”.

Daca structura domeniului de studiu o permite, acesta poate fi
micsorat la jumatate, o treime, o patrime, etc.

'S B .l



\5 Studiu de caz 2

Avantaje:
- simplificarea procedurii de realizare a geometriei;
- diminuarea numarului de elemente;

- reducerea timpului de calcul;

- reducerea marimii fisierului.

'S B Ll



Principii

% Dep. Elec. Machines

2020-2021

FEM with FLUX




Element finit

Triunghi Patrulater

Ordinul I

3-noduri 4-noduri

. — - —-—@

§ e
Ordinul I1 [l \
—eo—> B

6-noduri 8-noduri

Functie de interpolare

Linear function

Quadratic function




Generator automat de mesh
- genereaza NUMAI triunghiuri

CTYTAAK]
N AN
Generator asistat de mesh > "gg"
- genereaza ATAT triunghiuri CAT SI

patrulatere




Generarea automata a /mes/-ului

- Foloseste nodurile de pe linii

- Pentru generare automata se foloseste algoritmul Delaunay

Algoritmul Delaunay creeaza elemente
triunghiulare pornind de la nodurile
plasate pe linii si incercdnd sa creeze
triunghiuri echilaterale. Intotdeauna se
porneste de la frontierele exterioare
catre interior.

discretizarea
frontierei de
céatre
utilizator

triunghi in curs de
constructie

front curent — 7




Generarea automata a mes/rului

Subdivizarea aritmetica introduce
noduri ce imparte fiecare linie intr-un
numar de segmente egale (numarul
este impus de utilizator)

Subdivizarea geometrica introduce
noduri distantate inegal; la un capat al
liniei divizate se realizeaza o densitate
mai mare care scade catre celalalt
capat al liniei (densitatea este dictata
de utilizator prin intermediul unui
coeficient).

subdivizare aritmetica
/

Fat
—

= =
b Tt

.. L
subdivizare
geometrica {

AN

0—e—o=e

o S

Noduri create prin dihotomie




y

- In cazul triunghiurilor, unghiul cel mai ascutit trebuie sa fie mai mare de 15°

- In cazul patrulaterelor, unghiul cel mai ascutit trebuie sa fie mai mare de 20° iar
raportul 77 sa fie mai mic decét 5.

“  triunghiuri- _|| “ patrulaterej‘
x\

L/I<5 a > 20°




Reguli de urmat pentru un /zesh val

Elemente finite
bine
proportionate
(ideal:
triunghiuri
echilaterale si
patrate)

Mesh-ul nu
trebuie sa fie
mai fin decat
este necesar

Mesh-ul se
adapteaza la
rezultatele ce se
doresc a fi
obtinute




Partea dinspre
p intrefier a dintelui
’i-'% . rotoric
De .regula, in zonele PSR
de interes se

realizeaza un mesh B s e
s

Ay

mai dens, iar in rest IR SR

!
i‘ l" 'k*j‘.d "!"ILTLQ- = f‘:"

NGB

mesh-ul poate fi
mai rar. In acest fel
se limiteaza
numarul global de
elemente si noduri. .
"-mﬁ-at

AT R
fﬁﬁ“" *\ P

ax
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FEM Pre-processmg

Managementul materialelor

- Baza de materiale -

2020-2021 FEM with FLUX
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o FEcuatiile lui Maxwell

B e T o T S S S ¢

H ¥ U 8 O U ¥ ¥ % Y VY

» FEcuatiile de material

Material

Ecuatia de material

Caracteristica de
material

magnetic

B=yp

: permeabilitate
magnetica [H/m]

dielectric

D

€: permitivitate
electrica [F/m]

conductor

o: conductivitate
electrica [Q'm™!]




Materiale liniare &= Materiale neliniare

Materiale cu proprietati de histerezis

Marimile ce pot determina modificarea proprietatilor

ertal:—frecventa, temperatura
s’




Materiale izotrope

- Comportarea materialului, din punct de vedere

VIIEPENIIENTA de directia de

 magnetic

A
LG CUHEFELL COLEFELUY |
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Materiale anizotrope

- Comportarea materialului, din punct de vedere

ote ) DA




Medium Permeability p [H/m] Relative permeability p/p,

Metglas 1.26 10000007
Iron (99.95% pure Fe
annealed in H)
Mu-metal 6.3x1072 50000011
Cobalt-Iron (high
permeability strip material)

0.25 200000181

2.3x1072 1800021

Permalloy 1.0x10°2 80001

Iron (99.8% pure) 6.3x1073 5000181
Electrical steel 5.0x1073 400002
Ferrite (manganese zinc) >8.0x10™* 640 (or more)
Ferrite (nickel zinc) 2.0x107 - 8.0x107* 16-640
Carbon Steel 1.26x107* 100012

Nickel 1.26x107# - 7.54x107* 10089 — 600
Neodymium magnet 1.32x10°® 1.050131
Platinum 1.256970x107° 1.000265
Aluminum 1.256665%1076 1.000022
Wood 1.25663760%107° 1.000000431161
Air 1.25663753x1076 1.00000037 (711
Concrete (dry) 1081

Vacuum w4x1077 (u) 1, exactly[l®l
Teflon 1.2567x10600 1.0000
Sapphire 1.2566368x107° 0.99999976
Copper 1.256629x10°° 0.999994
Water 1.256627x107° 0.999992

Superconductors 0 0




asymptote line
of slope oy

>
/ )
first magnetization

curve

asymptote line
r———_ of slope o




Materiale cu histerezis

Materiale magnetice dure Materiale magnetice moi

Narrow hysteresis
Retains a large loop implies a small
fraction of the amount of dissipated
saturation field energy in repeatedly
when driving Saturation reversing the
field removed magnetization magnetization

M
Magnetization

Desirable for permanent The area of the Desirable for transformer ‘
magnets and magnetic hysteresis loop is and motor cores to minimize

recording and memory related to the the energy dissipation with

devices. amount of energy the alternating fields associated

dissipation upon with AC electrical applications.
reversal of the field. ‘




Aproximare liniara

Fenomenul de saturatie NU este luat in consideratie!

Modelul matematic este reprezentat de o linie dreapta.
Relatia matematica corespunzatoare este:
B(H) = popr-H

Caracteristica B=f(H) este o dreapta:

Straight line of
Lo [ slope H [A/m]




Curba de saturatie analitica

Fenomenul de saturatie este luat in consideratie!

Mathematical ~ This model 1s comprised of a straight line and an arc tangent curve.
model . . . .
The corresponding mathematical formula is written as:

B(H)ZpﬂH+%arctg(7n(u‘_1)u"HJ
T 27

where:
e |1, is the magnetic permeability of vacuum; =4 7107 [H/m]
e 11, is the initial relative magnetic permeability of the material (at the origin)

¢ J; is the magnetic polarization at saturation [T]

The shape of this B(H) model is given in the figure below.

Asymptote line:

Straight line of |1p
Uy slope




Curba analitica+ ajustarea arcului de saturatie

Fenomenul de saturatie este luat in consideratie!

Mathematical
model

This model consists, like the previous one. of a combination of a straight line
and a curve. A coefficient allows for the adjustment of the knee shape in order
to better approximate the experimental curve.

The corresponding mathematical formula is written as follows:

H.+1-y (H.+1D'-4H.(1-2)

BE) =i, H 1= 2(1-a)

p-1

B

with |Ha=p H

where:

* L1, is the magnetic permeability of vacuum : =4 107 [H/m]

* 11 is the initial relative magnetic permeability of the material (at the origin)
» J; is the magnetic polarization at saturation [T]

® ais the adjustment coefficient of the B(H) curve knee (0 <a < 0.5)
The smaller the coefficient, the sharper the knee is.

The shape of this B(H) model is given in the figure below.




Curba de saturatie tip ,,spline”

Fenomenul de saturatie este luat in consideratie!

Mathematical ~ The model 1s constructed in the following manner:
model s cntry of experimental B, H values

e mnterpolation by a spline function

The shape of the B(H) curve is given in the figure below.

A B[T]




If B sinusoid ...

If H sinusoid ...

B

H

\B

—

H

=

... = H non-sinusoid

... = B non-sinusoid




Magneti permanenti

AINiCo 1
24%Co Hy

f
\, ;
Sm-Co_ "'AINlCn 'r
7'\; a 40%Co § .
e o

;e “"Ferrite {Ba}}:* i :

HIkA/m] 800 600 400 200




Aproximare liniara

Mathematical
model

In the direction of magnetization the model 15 a straight line.

The corresponding mathematical formula is written as follows:

BH)=p,n H+B,

where:

* 1, 1s the magnetic permeability of vacuum. p0=4 n10-7 [H/m]

o 11 1s the relative magnetic permeability (recoil line slope)
® B, is the remanent flux density [T]

The shape of the B(H) dependence 1s given in the figure below.

Straight line of
ug U slope

+BI[T]
B,




Curba de demagnetizare (B, si H,)

Mathematical  In the direction of magnetization the model is a combination of a straight
madel line and an arc tangent curve.

The corresponding mathematical formula is written:

BME)=p, (H+H,)+(B, _HHt)[mtg["(ur-1)M(H+HE]]/mg(“(u.—l}uoPLJ]

2B, 2B,

where:

® 1, is the magnetic permeability of vacuum: po=4 n10-7 [H/m]
e 1, is the relative magnetic permeability of material (for H=H,)
® B; is the remanent flux density [T]

® H. is the coercive field strength [A/m]

asymptote
) =—==-=-£0f 1 slope
The shape of the B(H) H B:
dependence in the direction of
magnetization is given in the
opposite figure. H [A/m]




Curba de demagnetizare+arc ajustabil

Mathematical
model

In the direction of magnetization the model is a combination of a strai

ght

line and an arc tangent curve. A coefficient adjusts the shape of the curve

knee for a better approximation of the experimental curve

The corresponding mathematical formula is written:

[B(H)=p, (H+H,)+ (B, —p,H_) CoefB, / CoefB, | (for H+He > 0)

with CoefBr=[Ha+1—J(Ha +1)2—4Ha(1—a)] and [Ha=p (H+H,)

-1

B:

CoefB_, =(Ha0 +1-(Ha, +1) —4Han(]—a)] and |Ha

o

H-1

:l'lDH:—

B:

where:
® 1, is the magnetic permeability of vacuum; po= 4 m10-7 [H/m]
s 1 is the relative magnetic permeability of material (for H = H)
* B;is the remanent flux density [T]
* H. is the coercive field strength [A/m]
* a is the knee adjustment coefficient (a > 0 ; a #1)

The smaller the coefficient, the sharper the knee is.

The shape of the B(H)
dependence in the direction of
magnetization is given in the
opposite figure.
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Curba de demagnetizare tip ,,spline”

Mathematical  In the direction of magnetization the model 1s constructed in the following
madel manner:

» entry of experimental B, H values
o interpolation by a spline function

The shape of the B(H) dependence
in the direction of magnetization 1s
given in the opposite figure.
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 Directii de magnetizare
\

Directia de magnetizare a magnetului permanent
este definita in mod separat in program (etapa de
alocare a proprietatilor de material).

In planul XOY, exista urmatoarele posibilitati de
alocare a directiilor de magnetizare.

—
Q)
-
Orthoradial Orthoradial

positive negative positive negative

Unidirectional




Magnetic Electric and dielectric Thermal properties
properties properties

Appl ication . b Rel. Angle Resistiv. ~ Resistiv.  Therma  Specific ~ Coef. of  Emissiv
peritivit  of diel. ity ity tang. 1 heat convect ity
ty loss normal source conduct ion
source ivity
£=}

Electrothermal coupling
Dielectrothermal coupling

Magnetothermal coupling
i {-1
i t=]
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Lista proprietatilor fizice
\

Physical property isofropic anisotropic
Real relative permeability: p, [1_iseo_MU] | [2_ani_MU]
Complex relative permeability: p_ [F_Cmplx MU]
Relative permeability depending on T: p, [E_MU(T)]

Remanent flux densit}r;: B, [E_Magnet.]*
Electric resistivity: p [3_iseo RHO]

Real relative permittivity: &, [6_isc_EPS]
Dielectric loss angle: tan g(5) [8_Tg delta]
Thermal conductivity: k [ _iso K]
Specitic heat: pC, [B_RoOcp]




Lista de comenzi
\

Model name Command

Isotropic property Anisotropic property

Constant [1_scalar_cst] [2_tensor_cst]

Complex constant [M_cmplx_const]

Constant * exponential [E_const(T)]

Constant + Gaussian [7_gauss+ecst]

Analytic saturation curve with bend [H_B(H)_a_scal] [I_B(H)_a_tens]
adjustment

Analytic saturation curve without bend [B_scal_a_sat] [C_tensor_a_sat]
adjustment

Spling saturation curves [9_scalar_splin] [A_tensor_splin]

Straight line [3_scalar_lin] [4 tensor lin]

Exponential [5_scalar_exp] [6_tensor_exp]

Exponential + Gaussian [B_gauss+exp]

Parabola + straight line [K_lso_parabola] [L_Ani_parabola]

Analytic saturation * exponential [F_sat_a(T)]
[J_B(H.T)]

Superconductivity [R_Supra]

User sub-program [D_user_funct]

Nodal value [G_Nodal values]
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- ecuatiile circuitului electric sunt introduse &
! in mod direct in algoritmul de rezolvare a !
problemei de camp.
- ecuatiile campului magnetic SI ale
circuitului electric sunt rezolvate SIMULTAN.

Beneficii: i
- se poate introduce sistemul de alimentare it
(retea sau circuit electronic);
- curentul este prezent in conductoare (spre i
deosebire de analiza magnetostatica unde curentul
nu este individualizat pe fiecare conductor). \
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Introducere

Descrierea
componentelor

ANALIZA CIRCUITELOR ELECTRICE

Un circuit electric poate contine mai multe tipuri de componente

precum:

= Componente uzuale ca: surse (de tensiune sau curent),
componente pasive (rezistente, bobine, condensatoare),
semiconductoare (diode, tiristoare, GTO), intrerupatoare...

= Componente specifice analizei de tip cuplaj circuit-camp:
conductoare solide sau bobine (cu mai multe spire)

Componentele sunt caracterizate si descrise de comportarea lor
electrica.

» |n cazul componentelor uzuale este vorba despre caracteristica
tensiune-curent, adica relatia dintre tensiunea la bornele
componentei si curentul ce parcurge acea componenta

= In cazul componentelor specifice este vorba despre ecuatia
diferentiala ce leaga potentialul magnetic, potentialul electric,
curentul si tensiunea
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Descrierea unui
circuit electric
(definitii):

Ecuatia circuitului
electric

ANALIZA CIRCUITELOR ELECTRICE

Structura unui circuit electric este formata dintr-un ansamblu de

noduri si laturi ce contin componente electrice.

= Un nod este un punct din circuit unde se intersecteaza doua
sau mai multe laturi.

= Circuitul electric contine doua sau mai multe laturi ce formeaza
o bucla inchisa (nu se pot analiza circuite deschise)

Ecuatiile ce descriu circuitele electrice se bazeaza pe legile lui

Kirchoff.

= Legea |: suma curentilor ce intra intr-un nod este egala cu
suma curentilor ce ies din acel nod

» | egea ll: Suma algebrica a tensiunilor intr-o bucla de circuit
este zero.
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TIPURI DE CONDUCTOARE

1. Conductoare cu mai multe spire (,,stranded
conductors”)

Din punct de vedere fizic, componenta ,,stranded conductor” contine unul sau

mai multe conductoare elementare. Diametrul conductorului este mai mic decat

adancimea de patrundere astfel incat densitatea de curent este practic constanta

in toata sectiunea conductorului.

Din punct de vedere fizic, componenta ,,solid conductor” este un conductor gros

in care se manifesta curentii turbionari. Adancimea de patrundere are o valoare
comparabila sau mai mica decat sectiunea conductorului iar densitatea de

curent NU este uniforma pe toata sectiunea transversala a conductorului.
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1. Stranded
conductors

2. Solid
conductors

i

N
N
(AN
WY
Y 1
In interiorul componentei ,,stranded conductor” valoarea adancimii de \! ,:f
pitrundere este mult mai mare decit sectiunea transversala a conductoarelor. 8 H
In acest caz, curentul indus in conductor este neglijabil in comparatie cu cel nh 3
. - . 4 . . . . ~ A . +§ i
furnizat de sursa de curent, daca acesta exista. Distributia spatiala a cAmpuluif@§ im
magnetic nu este influentata de curentii indusi ceea ce permite o decuplare Jlf.f\-,
partiala a ecuatiilor cAmpului magnetic respectiv electric. EAW
Densitatea de curent poate fi considerata constanta in toata sectiunea TR
. Y]
conductorului N
RN
A
el
| ;1 iy |
In interiorul componentei ,,solid conductor” apare un cuplaj intre campul o
magnetic si cel electric; apar curenti turbionari. it
Densitatea de curent rezulta din sumarea densitatii curentilor datorati sursei :ilh .
de alimentare (daca aceasta exista) si densitatea curentilor indusi. i \
Tensiunea la bornele componentei ,,solid conductor” rezulta din tensiunea ’ -,‘-,'.;'\\
aplicata dar si din efectul cAmpului magnetic de CA asupra conductorului. £ ’\
N
| ] I !
| | T
f o
\



TIPURI DE CONDUCTOARE

In analiza ce implica cuplajul camp-circuit

conductoarele sunt configurate DE DOUA ORI:

- In circuitul electric sub forma de componente
electrice (,stranded conductor” sau ,solid

conductor”)

In domeniul de studiu cu elemente finite sub
forma de regiuni (tip ,stranded conductor”
sau ,,non-meshed coils” pentru 3D)




— R —_
e R e

———

o e £ R P ot

——

i (I

CONDUCTOARE CU MAI MULTE SPIRE (STRANDED CONDUCTORS)

Stranded
conductor:
relation U, I, @

Resistance

RarRd ¥ (1 ! ! ' YA !

The basic relation linking the current I. the voltage U and the flux @ is given
below.

The current flowing through a stranded conductor component is the current I
flowing through each strand (turn) of the correspondent coil.

The voltage at the terminals of a stranded conductor component is the voltage
U at the terminals of the modelled assembly of the coil strands.

~R 10+ 32
Ut =R.-I(t)+ "

where:

* R 15 the resistance of the coil ﬁ

o @ is the flux embraced by the U L
assembly of the coil strands %;}

The resistance R of a stranded component is egual to the resistanee of the coil
strands assembly:

R=nPRiama= 11-(p-f’/ ! Setrand)

The cross section of a strand 1s equal to:
Sstrand = F-Stégion /0 15 the cross-section of a strand .

with :
material resistivity
length of a strand, viz. the depth of the modeled device in 2D

space factor (0 <F < 1)
(area of the surface filled by the strands / area of the modeled
region surface)
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CONDUCTOARE COMPACTE (SOLID CONDUCTORS)

g

Solid The basic relation linking the current I, the voltage U and the flux @ 1s given
conductor: below.

relation U, I, @

...-"f:'-

s
—

—
:
>

The current flowing through a solid conductor component 1s the total current
I flowing through the correspondent solid conductor region of the finite
element domain.

o

e

S - :-\._,..'.

A

The voltage at the terminals of a solid cmlductoﬁ' component is the voltage U
between the front and the back faces of the modeled solid conductor region.

\
i ‘_!’:‘i.'
)

dd
T _
U(t)=R.I(t) + ~

where:

e R is the resistance of the conductor

o @ 15 the flux embraced by the conductor




Current source: A current source is an ideal current source defined by the function current -

definition tume I(t) that depends on the physical application, as presented in the table
below.

Application Function I(t) Description in FLUX

Stedy state AC predefmec_l(;l +o) Rums value: (I)g = ( 1/'/ V2 J I
1= Phase: ©

Transient ;l rztf)iu:ed by the user: Formula: I (1) = ...

Voltage source: A voltage source is an ideal voltage source defined by the function voltage -

definition time U(t) that depends on the physical application, as presented in the table
below.

Application Dependence U(t) Description in FLUX

redefined: Rms value: (U),s =11 S2)u
Stedy state AC %(t}=Ug L+ e) (U)ex [ /f ) 0

Phase: ©

Transient El; g;le:d by the user. Formula: U (1) = ...

Concerning The formula that sets the time dependence on the current or on the voltage in
formulas a transient application is a varying one, that comprises:

» constants and varying parameters

» functions (operators, usual mathematical functions. varying functions. ...)
Example:

* I(t)=1Ipsin (.t+o)

s U(t) = Uy trapez (t. Ty, Ty, T3)




Utilization

Characteristic

The passive components are used in the Stedy state AC Magnetic and the
Magnetic Transient applications,

The current-voltage characteristic for each of these different components 1s
mentioned again in the table below.

Component

Current-voltage
characteristic

Characteristic
quantity

Initial value

resistor

U(t) = R I(t)

R 1s the value of the
resistance in (1n Q)

coil

d
U(t)=L EI@

L 1s the value of the coil
inductance (in H)

Initial current
I(t=0)

capacitor

d
I(t)=C EU“)

C 1s the value of the
capacitance (in F)

Initial voltage
U (t=0)

where:

e U(t) 1s the voltage at the terminals of the component (in V)

e I(t) 1s the current flowing through the component (in A)




Utilization

Overview

1 a2l 3 s B

CONDUCTOARE

The semi-conductor components switch. diode. thyristor, and GTO are
available only in transient applications.

In fact, it deals with the commanded components, and their state (on, off) is
time dependent.

In a general way the semi-conductor components are defined by:
® a current-voltage characteristic

* 3 command mode
Diodes, thyristors and GTOs use the same models for their current-voltage
characteristic. Two models are available for this characteristic: the Ron-Roff

model and the Exponential model. These two models are deseribed in the
following paragraph (§ 3.3.7).

The semi-conductors components are presented in the table below.

Model for the current-voltage Command mode

Component . Y P
characteristic ignition extinction

Switch Ron-Roff controlled controlled

Diode Ron-Roff / Exponential natural natural

Thyristor Ron-Roff / Exponential controlled natural

GTO Ron-Roff / Exponential controlled natural or

controlled




e R B et .

Diode: behavior

The behavior of a diode. as well
as the diode operation. can be
deduced from the current-
voltage characteristic:

In = £ (Ub).
This characteristic 1s represented
on the figure on the right.




Linear It is often easier to consider the diode in an approximate manner. Hence the
approximation  simple models in the table below are proposed.

Nl Iof e R
D

-

07V Up

3) “

The model The simplest model proposed in FLUX for a diode is called the Ron-Roff
Ron-Roff of model. It relates to model 2 in the table above.
FLUX
The necessary quantities to define the Ip = f (Ub) characteristic by this model
are:

¢ the on state resistance Ron : the value of this resistance should be low
enough, generally of the order of 0.1 Q

e the off state resistance Roff ; the value of this resistance must be large
enough, generally of the order of 10.000 O

To represent a diode using model 4, 1t is necessary to juxtapose a FLUX
component diode and a voltage source.
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DIODE MODELUL - cu reprezentare exponentiala

The parameters necessary for the definition of a diode using this model are
represented in the figure below.

These are:

e the knee forward voltage:
Vo (1n V)

e the extrinsic resistance:
Rs (1n Q)
(or bulk resistance)

Is (in A) =1 Ve

e the saturation current: /

Typical values for these three parameters are proposed by default :

Vee=07V BRs=010Q Is=10°A

e =ThC TRy
__,..-/:' S - - o

-

e
—
T —
F.‘Q

P

A

l‘ g
| '@

b
e E -

T

'.-_'_":-'
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Command
signal

Crenel function

Switch example

The command mode is a dependence f{t) that can be a function:
o defined by the user (formula)

e crenel

The crenel function is a function that defines a crenel. It is presented in the
figure below.

o T is the pertod

® Ton is the twn on time

o Toff 1s the turn off time

The Switch component is a semi-conductor component controlled at the
opening and at the closing. independent of the condition at its terminals.

An example of the R(t) characteristic of a switch is presented in the figure
below.

o T is the period R
* Ton is the turn on time R.x

o Toff 15 the turn off time

* Ron 1s the on state resistance

o Roff is the off state resistance
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Brush-segment

Utilization

Brush-segment:

characteristics

e ny L '

ONENTA ,LAMELA COLECTOR-PERIE”

The brush-segment component is a switch describing the electrical contact
between a segment of the commutator segment and the brush in a D.C.
machine.

This component is used in transient applications and requires the use of
kinematic coupling.

The brush-segment component is characterized by five parameters:

e the on state resistance Ron in Ohms

e the off state resistance Roff in Ohms

s the angular position of the commutator segment with respeet to the brush
position Bpes in degrees

e the brush opening angle Bbru in degrees

e the opening angle of the commutator segment Bbar in degrees

Cpening angle of the

brush & brugh

Peasition of the bar with respact 1o
Brush : the brush at zero degrees & o,

Opening angle of the
laar &




R-PERIE”

Brush-segment: (Conductance of brush-segment component (negative 8pos).
aperation

-8 pos"']"j'o

The brush-segment component is m full conduction whenever the mechanical
angle of the rotor (Bmec) 1s opposite to the angular position of the commutator
segment with respect the brush (6pos).

Thus, we have conduction of the brush-segment starting from Bmec = - Bpos

Description of a To define the commutator of an electrical machine that includes N brushes

commutator and M commutator segments, it is necessary to connect each brush to the M
commutator segments. Thus, it is necessary to create N*M brush-segments
components.
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Colivia de
veverita

COMPONENTA ,,COLIVIE DE VEVERITA”

Este ansamblul de bare scurt-circuitate la capete de
inele, respectiv infasurarea rotorica a motoarelor
asincrone in scurt-circuit.

Aceasta componenta reprezinta, de fapt, o macro-
componenta.

Utilizare

Aceasta componenta este disponibila in aplicatiile
magneto-dinamice si tranzitorii.
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COMPONENTA ,,COLIVIE DE VEVERITA”

Squirrel cage:  The electrical circuit of a squirrel cage contains the following components:

the electrical

circuit
components

e a solid conductor for each rotor bar

e a resistor and a coil between either end of each of the conductors in order to
simulate the end ring.

These pieces of mformation are represented in the figure below.

Front end Back end

Bars of the rotor

resistor + coil
representing the front end ring
between two bars

¥ X

Rson: M Leon M

resistor + coil
representing the back end ring
between two bars

If N is the number of the bars of the squirrel cage. the electrical circuit
contains N solid conductors. 2N resistors and 2N coils,




COMPONENTA ,,COLIVIE DE VEVERITA”

Circuitul electric al unei infasurari in scurt-circuit se poate inchide in doua feluri dupa cum
geometria masinii este reprezentata partial sau total.

Tipul de inchidere (,,closing type) a coliviei de veverita este legat de conditiile de frontiera
alocate frontierelor ce corespund domeniului de studiu cu elemente finite.

» ,cyceling closing” — corespunde situatiei cind este reprezentat intregul motor sau daca
sectiunea considerata este simetrica fata de regiunile adiacente (adica in domeniul de
studiu este reprezentat un numar par de poli);
wanticycling closing” — daca portiunea reprezentata este fizic asimetrica fata de regiunile
adiacente (cand se reprezinta un numar impar de poli).




Cyclic closing
entire motor. symmetry (even number of poles)

-——- R
{ N-2
-
pattern I
- J--

Anticyelic closing
antisymmetry (odd number of poles pairs)

N-2
pattern [

Macrocomponenta ,,squirrel cage” este definita de patru parametri:
Numarul de bare N; trebuie sa coincida cu numarul de bare reprezentat in geometrie.
Rezistenta R a partii din inelul de scurtcircuitare dintre doua bare alaturate.
Inductanta L a partii din inelul de scurtcircuitare dintre doua bare alaturate
Tipul de simetrie




ANALIZA CU CUPLAJ CAMP-CIRCUIT

Proiectele ce includ cuplaj camp-circuit se
realizeazd in acelasi mod cu analizele din
magnetostatica la care se adaugd inca doua
proceduri suplimentare:

[ o [ e

Realizarea schemei electrice Modulul: Circuit

1 Descrierea partiala a componentelor
electrice

Importarea circuitului electric in proiect Modulul: Pre-procesor (Physical
properties)

Corelarea regiunilor domeniului de studiu
cu componentele electrice din schema
electrica

Caracterizarea completa a
componentelor circuitului electric
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Operatii in
modulul
,,Circuit”

Operatii in
modulul
.Physical
Properties”

ANALIZA CU CUPLAJ CAMP-CIRCUIT

Se constituie (,,deseneaza”) schema electrica si se salveaza ca fisier
individual.

Se definesc caracteristicile (valorile) componentelor pasive:
rezistente, inductante si capacitati.

Se realizeaza corelatia intre regiunile specifice din domeniul de studiu cu
componentele circuitului electric. Componentele de circuit sunt
reprezentate de doua ori:

a) Odata in circuitul electric ca ,stranded conductor” sau ,solid conductor”.
b) A doua oara, in domeniul de studiu, ca regiuni tip ,stranded conductor”
sau ,solid conductor”.

Utilizatorul trebuie sa coreleze cele doua tipuri de reprezentari (circuit —
geometrie).

Componentele de tipul surse de tensiune sau curent, precum si cele
specifice (semiconductoare, componente specifice masinilor electrice) sunt
descrise in ,Physical properties”.




SENSUL DE PARCURGERE A COMPONENTELOR

Orientation To orient the components, we will note the presence of a

reference: sigh  mark - square symbol. on one of the points of the

convention components (excepting the macro-component, squirrel
cage, that has a single point).

By convention:
e the voltage U at the terminals of a component 1s given in
function of the two potentials by the relationship:
U = Vhot point — Vcold point
e the current flowing through a component 1s positive
when it enters via the hot point
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SENS
Orientation of
sources

Example

DE PARCURGERE

R sam !

A COMPONENTELOR

The orientation of sources defines the direction of the current through the
electrical circuit.

Voltage source (with U > 0): the current exits via the hot point

_,._U =0 With the convention:

ni: :; o generator : U>0andI>0
I e receptor : U>0andI <0 (FLUX 2D)

Current source (with I > 0): the current enters via the hot point
With the convention:
e generator : [>0and U>0
o receptor 1> 0and U< 0 (FLUX 2D)

Note:

+ In FLUX 2D the convention receptor is used for the components assembly (generator and
Teceptor).

e In FLUX 3D, the convention receptor 1s used for the assembly of the receptor components.
Concerning the generator components: the current through the voltage source, as well as
the voltage in a current source, is not computed.

Two circuit examples. with voltage source and with current source. are shown
in the figure below.

Circuit with Circuit with
voltage source current source
I1 =0
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ENSUL DE PARCURGERE A OMPONELOR

Orientation of  The orientation of the conductor components in the electrical circuit
the conductors  defines the direction of the current in the related regions of the finite element

(2D) domain.

In the conducting regions of the finite element domain the current is normal

to the plane of the figure.

Conductor positively oriented

s

A

g

|

X

Z
I positive:
the current flows from the back
to the front of the figure

Conductor negatively oriented

d

el

e

Z
I negative:
the current flows from the front
to the back of the figure
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MODELAREA BOBINELOR - 2D axisymmetric

Modeling of a The circular coil 1s represented:
circular coil
(axisymmetric
domain)

e in the 2D axisymmetric finite elements domain by a region of stranded
conductor type

e in the electrical circuit by a component of stranded conductor type

The different diagrams (real device. finite elements domain and electrical
circuit) are represented in the figure below.

Coil |

2D axisymmetric finite

. Electrical circuit
elements domain

Real device




In the electrical circuit, the resistance R and the inductance L correspond to
the front and back parts of the conductor (end turns. ...) that are not modeled
in the finite elements domain.

Region Region

ot 1

Back part

i i

1)

\ Coil sections
out in

2D plane
\ £ ™~ finite elements domain

UL Uz
-— -
o VW
o I 5
-—

UV

Electrical circuit
Uy=Ug+Up+ UL

Device

Important note:

If two components are considered to model the out and in coil sections. the
two stranded conductors must be oriented in opposite directions in order that
the currents in the in and out finite elements regions be opposed.




EXAMPLE 1 : a coil

N magnetic core
] coil
Modelling § @

Electrical diagram
2 possibilities

Real diagram

Flux lines
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EXAMPLE 2 :
A coil with symmetries in the plane

1200 turns = M
200 V rms

}\\ Section of a cail
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CONECTAREA CIRCUITELOR

A connected circuit 1s a circuit in which there is a path between any two
nodes.

If the circuit 1s unconnected (not allowing passage from any node to any other
node by a path) one must add connections.

These connections bear no influence on the results.

Unconnected circuit Connected circuit

Two circuits Addition of a connection to obtain
one electrical circuit
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CONEXIUNEA-A —SURSE DE TENSIUNE
Surse de tensiune Metoda de analiza ce descrie ecuatia corespunzatoare it
conectate in circuitului electric nu permite reprezentarea conexiunii ;",'
triunghi triunghi in conexiunea reala ._I'!l‘
Solutie Problema se rezolva prin eliminarea uneia dintre surse. ;",l'.\\}‘
Acest lucru va determina potentiale corecte in punctele b
a, b si c. t "&
In analiza 2D, curentii prin cele doua surse ramase NU : 1;_‘-;.";
sunt reali dar bilantul de puteri este corect. '\

Schema reala Schema echivalenta :1-;
A NU se utiliza in FLUX _ A se utiliza in FLUX B\
MU | B 1T H 1Y Fisdits B 1

LAY - ) , B _ |
i W il f W il E' | Wi fof !
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CONEXIUNEA- Y —SURSE DE CURENT

Surse de curent Metoda de analiza ce descrie ecuatia corespunzatoare
conectate in stea circuitului electric nu permite reprezentarea conexiunii
stea in forma reala

Solutie Problema se rezolva prin eliminarea uneia dintre surse.
In analiza 2D, tensiunile celor doua surse NU sunt reale
dar bilantul de puteri este corect.

In analiza 3D, tensiunile din cele doua surse Nu sunt
calculate

Schema reala Schema echivalenta
A NU se utiliza in FLUX Se utiliza in FLUX



. el

il

i GRS BN ) AT
'IH\' B R m\ - i %}%

PROCEDURI DE LUCRU
CHARACTERIZATION

3 CIRFLU

Description of circuits [DESCRIBE]

® Characterization : [DEFINE]

- resistor

- inductor

- capacitor

- on state and off state resistance
of switch

- squirrel cage

- diode

- thyristor

-GTO

Validation of the circuit [VALID]
Creation of the data base *.CIP [ANALYZE]

PROPHY

Links regions to circuit components

Characterization :
- coil (number of turns, resistance)
- source (models, values)
- command of switches

- initial voltage of capacitances

ee [

MODPRO

Possible to change the electric circuit
Possible to modify the values
(but not the models)
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Components

Defined during the construction
of the electric circuit

Defined during the coupling
of the electric circuit to the regions

Squirrel cage

Mumber of bars

Resistance of the portion of the
end ring between two bars (&)
Inductance of the pottion of the
end ring between two bars (L)
Type of symmetry

Resistance of the portion of the end ring
hetween two bars (&)

Inductance of the portion of the end ring
hetween two bars (L)

Slip

Capacitor

Capacitance (F)

Capacitance (F)
Initial potential at= 0 (V)

Coil conductor

Identifying name

Murmber of turns
Resistance of the coupled FE region (£2)
Region

Solid conductor

Identifying narme

Region

Diode

0N state resistance ()
OFF state resistance ()

ON state resistance ()
OFF state resistance ()

Inductor

Inductance {(H)

Inductance (H)




P

I

ON state resistance (G2)
OFF state resistance {©2)

ON state registance (2)
OFF state resistance {(22)
Turn an time (s)

Turn off time (s)

Feriod (s)

Resistor

Resistance (Q)

Resistance (Q)

Current source

Identifying name

Model, values (1)

Voltage source

Identifying name

Model, values (V)

Thyristor

On state resistance (Q2)
OFF state resistance (1)

OM state resistance ()

OFF state resistance (£2)

Feriod ()

Turn on time ()

Trigger duration time {s)

Maximum reverse hreakdown voltage (V)

ON state resistance {(2)
OFF state resistance (&)

ON state resistance (&)

QFF state resistance (Q)

Feriod (s)

Turn an time (s)

Trigger duration time (s)

Maximum reverse breakdown valtage (V)
Turn off time ()
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DEFINIREA PROBLEME!

Introducere

Modulul cinematic permite studiul deplasarii partilor mobile a
unui dispozitiv datorita fortelor mecanice (elasticitate, frecare
gravitatie...) sau/si fortelor electromagnetice (generate de
magneti permanenti sau bobine parcurse de curent).

Practic, in aceasta situatie, este vorba despre un cuplaj
magneto-mecanic.

Acest tip de abordare este util pentru studiul modelului
numeric al unor dispozitive precum masinile electrice,
electrovalvele, contactoare electromagnetice, etc.




In modulul de analiza 2D, studiul'miscarii se poate face astfel:

»_pentru miseare de transiatie NUMAI de-a lungul axei Y

> pentru miscare de,rotatie NUMAI in jurul axei Z

Displacement [] mobile

(with : i compressible

re-meshing)

Tehnica folosita in programul FLUXgste cea dev,deplasare cu refacere a mesh-
ului”, ceea ce presupune; N MOD OBLIGATORIU,ea partea fixa este separata
de partea mobila printr-o zona de aer.




in consideratie atat fenomenul
iscare. Fenomenul electro-magnetic este
caracterizat de ecuatiile lui.Maxwell iarecuatiile de miscare corespund translatiei
si rotatiei.

Ecuatiile
campului
electromagnetic

Ecuatiile miscarii —

de translatie
unde: m=masa corpului aflat in miscare; y=coordonata

spatiala; a=acceleratia; F,=forta electromagnetica; F =forta
mecanica rezistenta.

%6 — .
ﬁzzMext m— J0 = Mgy — M,

Ecuatiile miscarii
de rotatie

unde: J=momentul de inertie al corpului aflat in miscare de
rotatie; @=coordonata unghiulara; ©=acceleratia unghiulara;
M, ,=cuplul electromagnetic; M,=cuplul rezistent.




Rezolvarea unei probleme de ¢u pla; Cinemé"t'ic\urmeazé 0 procedura in patru pasi.
Pentru fiecare pas in"parte, mai intaj este rezolvata problema electromagnetica si

apoi cea cinematica.

Rezolvarea ecuatiilor lui Maxwell si determinarea fortei sau cuplului
electromagnetic ce actioneaza asupra partii mobile pentru o anumita pozitie a
acesteia fata de partea fixa.

Rezolvarea ecuatiilor de miscare; calcularea acceleratiei si vitezei partii
mobile pe durata unui pas de timp; determinarea noii pozitii a partii
mobile pentru urmatorul pas de timp.

Mutarea partii mobile pe noua pozitie si (daca este necesar)
refacerea structurii de discretizare (mesh) a zonei de aer.

Reintoarcerea la pasul 1 pentru urmatorul ciclu de
calcul (corespunzator urmatorului pas de timp.

Forta satr¢uplul mecanic ce actioneaza asupra partii

mobile reprezinta valori de intrare, furnizate de catre
“utilizator.

>
\—IDJ ™~



4.2.2. Re-meshing techniques: general presentation

Introduction

Motion (in 3D)

Motion (in 2D)

The displacement of the moving part determines the modification of the
geometry of the modeled device. Consequently, the computation domain must
be re-meshed at each time step.

In fact, the re-meshing 15 necessary if there 15 an atr area (known as compressible)
between the fixed part and the moving part. If the parts slip one compared to the
other (and if there is no air area between the two). the re-meshing is not necessary.
The different techniques of motion treatment (from a geometry and mesh
point of view) are presented summarily 1 this paragraph and are detailed m
the following paragraphs.

The different situations are gathered in the table below.

Displacement in a compressible air area

Translation Rotation Technique

separation of fixed / mobile and
compressible part

re-meshing of the compressible area

non-conforming mesh authonzed at
the level of the dissociation surfaces

Sliding motion along a shiding surface

Translation Rotation Techmaque

separation of fixed and mobile part

non-conforming mesh authorized at
the level of the shiding surfaces

The dafferent situations are gathered in the table below.

Translation displacement with translating air gap

re-meshing of the compressible area

specific constraints on the mesh
for the compressible area

Rotation displacement with rotating air gap

re-meshing of the compressible area

specific constraints on the mesh
for the compressible area




4.2.5. Geometry and mesh / with translating air gap (2D)

Introduction Thus paragraph deals with translation motion with translating air gap in 2D.

Geometric From a geometric point of view, the compressible air area 1s cut out m two
point of view distinct regions (see figure below):

» two lateral bands on both sides of the moving part

» two zones above and below the moving part

| Translating air gap

] fixed -
[ mobile | Upper area

(known as displacement zome)

7} compressible

| Lower area
{known as displacement zone)

Mesh From a mesh point of view, the compressible air area 1s meshed in a different
point of view way 1 the two distinct regions (see figure below):

» triangular elements 1 the lateral bands (translating air gap)

» quadrangular elements in the upper and lower areas

Some mesh rules:

» only one layer of triangular elements
(lateral band)

» the same number of quadrangular | Quadrangular
elements 1n the length direction elements
(upper / lower areas)

Trangular elements

Technigue used The technique used consists in re-meshing the compressible area.
With regard to the compressible area:
» the elements of the lateral bands (translating air gap) are rebuilt
» the elements of the upper and lower areas are: erther distorted or
transferred, according to the criteria presented in the table below.

if small displacement of the moving part | if great displacement of the moving part
{lower than the half height of an element) | (higher than the half height of an element)

Removed elements
-J"Ti E_T; Flattened elements Ay 1 Iﬁ_

... the ~ the
elements . elements .
are

_ are
distorted tramsfared

: +— Widened elements 1 L Added elements




GEOMETRIA S STRUCTURA DE DISCRETIZARE
(MESH) PENTRU MISCARE CIRCULARA.

Geometrie

Procedura

Din punct de vedere geometric, intre partea fixa si partea mobila
(stator-rotor) trebuie sa existe o banda de aer — ,compressible area” —
ale carei frontiere reprezinta doua cercuri concentrice.

—— Rotating air gap

[ mobile T
i~ 7| compressible i e

Din punctul de vedere al structurii de discretizare (mesh), aceasta
zona contine UN SIGUR STRAT de elemente triunghiulare — ,rotating
air gap”.

Tnangular elements

Procedura consta in refacerea structurii de discretizare in zona
compresibila de aer (in intrefier).




DESCRIEREA PROBLEMEFIN

Definirea partii fixe, a
partii mobile si a
zonei de aer -
compresibila.

FLUX™

\11

Definirea tipului de
miscare: translatie
sau rotatie.

Definirea
caracteristicilor
cinematice: masa
sau momentul de
inertie a partii mobile;
marimea fortei sau a
cuplului rezistent,
etc.




,,MECHANICALSE{’

Definitie ,Mechanical set” reprezinta un set de regiuni (ce poate ingloba si
bobine) care au aceleasi caracteristici de ,miscare”: fixe, mobile sau
compresibile.

Un ,,mechanical set” de tipul Include regiuni ce corespund

fix partilor fixe

in miscare partilor mobile

compresibil regiunii de aer in care partea mobila se
deplaseaza

Pentru a descrie ,miscarea” in domeniul de studiu, regiunile cu acelasi

Procedura tip de ,deplasare” (fix mobil sau compresibil) TREBUIE ALOCATE
unui ,mechanical set”.

= Translatie de-a lungul axei Y
Tipul de

deplasare = Rotatie in jurul axei Z




4.3.4. Translation with translating air gap (2D)

Introduction

Example:
presentation

Assignment of
regions

Restriction

Mechanical
Stops

Design rule

This paragraph deals with translation motion with translating air gap 1 2D.

The example, presented 1n this paragraph. 1s drawn from Tutorial “2D
Translating Motion™. Tt deals with a cylindrical electromagnet with conical air
gap.

The assignment of regions m mechanical sets 1s done 1n the followimng way:

+ mobile mechanical set: Symmetry
- the core avis
- the “internal™ air area

— “External” air

— “Internal” air
» fived mechanical set: Upperair - Core
- the magnetic circuit area
- the coil

- the “external™ air area

Translating _
alr gap

* compressible mechanical set:
- the upper air area
- area
(known as displacement zone) é/
- the lower air area ' |
(known as displacement zone) |
- the translating air gap

Lower air

[Jfizxe [ ]mobile

Any contact between the moving part (the core) and the fixed part (the
magnetic circut) is not allowed.

For translating motion the user must make sure that contact between the fixed
and moving parts will not occur.

To overcome the problem of contact, it is possible to define mechanical
stops 1n order to prevent motion within certain areas.

The translating air gap is located at the interface between the fixed and the
moving parts. If the mesh of these regions 1s locally refined. 1t will impose a
number of nodes on the external lines of the translating air gap; it can be then
difficult to adjust the mesh in the translating air gap (See following blocks).

Translating
air gap

To overcome mesh constraints related to the external |
parts, usually it 15 best to built an independent :
translating air gap between the moving and the fixed
parts.

Supplementary
y 7 band




Kinematic coupling: principles FLUK™ 0.30

Additional
mesh rules

Displacement at
constant
velocity: mesh
advices

Besides the usual mesh rules, some additional rules must be respected for the
mesh of the compressible air area:

# The translating air gap should contain only one laver of tnangular
elements in 1ts thickness. and these elements should have a shape as close as
possible to an equilateral triangle.

» The displacement areas (two distinct areas) should be meshed with
quadrangular elements. There must be the same number of elements across
the width of the displacement areas.

When the moving part moves at a constant velocity. the translating air gap
should be meshed evenly, depending on the displacement at each time step.
The mesh of the translating air gap 1s thus identical at each time step, one
node replacing another node.

In this way, we avoid possible mesh noise that can be reflected in the

computation of the global quantities: force, etc.

Thus. one should adjust the mesh on the translating air gap according to the
following rules:

 adjust the number of nodes on the edges of the translating air gap so that the
size of the triangle’s edge cormresponds to the displacement of the mobile
part over a time step:
Ad=v-At
where:
- Ad is the value of the triangle’s edge,
- v 15 the displacement velocity
- At 1s the value of the time step

» modify the thickness of the translating air gap so that the triangles are
equilateral:

h=4+3/2-ad

where:
- h s the triangle height
- Ad is the value of the triangle’s edge.




Stator
slots

Rotor air area —/ | ‘- Stator air area

L Rotating air gap

Stator
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REGULI DE REALIZARE A
STRUCTURII DE DI

o

= Zona de intrefier (shanume ,compresible area®) trebuie sa aiba un singur strat de
elemente finite triunghiulare, iar acestea trebuie sa fie cat mai apropiate de un
triunghi echilateral.

Cand tipul de analiza presupunestudiul functionarii la viteza.constanta, intrefierul
imp ales pentru analiza

punctul de vedere a nodurilor;

,cad” unele peste a

Recommended
meshing

Non-
recommended
meshing
(inhomogeneous
density of nodes
along the two
circumferences)




REGULI DE REALIZARE A
STRUCTURII DE DI

Realizarea structurii de discretizare din intrefiebar trebui s& urmeze cateva reguli:

a) Numarul de noduri de pe cele doua frentiere ale intrefierului trebuie ales in asa
fel incat marimea laturii triunghiului sa cotespunda deplasarii determinate de
pasul de timp ales.

unde: r-6 — valoarea laturii triunghiului ce» e sprijina p
v - viteza unghiulara \
At — pasul de timp




CARACTERISTICICINEMATICE

Pentru ca ecuatia cinematica sa poata firezolvata este.necesara definirea marimilor
specifice cinematice atat pentraspartea mobil (rotor) cat si pentru sarcina cuplata la

axul masinii. N\
— Mechanical

— Finite element domain ]
F; coupling

Fixed part Coupled
load

Compressible
air area

Marimile specifice cinematice sunt:

» Masa sau momentul de inertieatat pentru partea mobila cat si pentru sarcina);

» Forta sau cuplul rezistent ce actiongaza asupra-partii mobile respectiv asupra
sarcinii;

» Conditiile initiale: pozitia initiala si vitezatitiala a partiiunobile.

Forta sau cuplul rezistent pot fi exprimat prin formule-predefinite pentru frecare si
elasticitate (,spring” force and torque).




Predefined
formulas (1)

Predefined
formulas (2)

Varying
formula (3D)

The force or the resistive torque can be described by the intermediary of a
predefined formula of friction force or torque type.

(1) Friction force or torgue

Translation Fotation

E=f,+f ¥ I[[=f,+f -6

E=xf+ff v2f, ¥ |L=xf+f-6 +f-6 |m3iD

For 3D: the signs in the equation are defined m the followng way:
- if speed is positive (¥ oué > 0) : the + sign is replaced by the + sign

- ifspeedisnegative (y ous = 0 - the % signis replaced by the - sign

The three coefficients fo, fi and f. are as follows:

=+ f;° constant friction coefficient. independent of speed
(in N or N.m)

+ fy: viscous friction coefficient. function of speed
(in N.s/m or in N.m s/degrees)

+ f;: friction coefficient, function of speed to the second power
(in N.s*'m? or in N.m.s*/degrees?)

Caution: If there are symmetries and periodicities:
# In 2D: the coefficients f;. and f; nmst be defined for the part of the device represented. The
forces or torques are computed for the part of the device represented.

# In 3D: the coefficients fy. f; and f; noust be defined for the entire device, even if 1t is not
represented entirely. The forces or torques are computed for the entire device.

The force or the resistive torque can be described by the intermediary of a
predefined formula of return force or torque type.

(2) Return force or torque (spring)

Translation Fotation

F=k(v-v,) T, =k(8-8;)

The coefficient k 1s the stiffness (or torsion) constant of the spring
(1n N'm or N.m/degree).

The force or the resistive torque can be described by the intermediary of a
varying formula (in 3Dj).

A varving formula 1s a formula function of kinematic parameters_ such as
position, speed. acceleration of the mechamical set considered: or a function of
other mechanical sets; or a function of any varyving parameters.




MODULE CINEMATICE

Pachetul de programe FLUX permite trei tipuri de a\r‘i‘ali\z\a cinematica:

.
N,
N

N

| | Functionare Functionare
Multi-static la viteza in cuplaj cu

constanta sarcina

Modul de abordare este diferitpentru fiecare in parte. |

\\\

K

R




MODELUL MULTI-STATIC

» In analiza de tip multi-stati 2 obila NU se deplaseaza.
Calculul campului electrom ' i iverse pozitii relative ale
partii mobile fata de partea fixa.

tiile lui Maxwell) iar

re. Modelul este echivalent cu unul




MODELUL ,,FUNCTIONARE LA
VITEZA CONSTANTA”

Acest model presupune deplasarea>cu viteza constanta a pé.rt,ii mobile fata de
partea fixa.

Calculul caAmpului electromagnetic Se. realizeaza pentru fiecare pas de timp
ludndu-se in considerare s :
corespunzator vitezei impus

rezolvare, ecuatiile

rezolvarea ecuatiilor Jui Maxwell’sg considera’eampul magnetic variabil in timp
(6/6t +0).

Pentru rezolvare se foloseste ca parametrinintermediar timpul sau pozitia.




MODELUL ,,FUNCTIONARE IN
CUPLAJ CU SARCINA”

In acest tip de analiza, partea

Doar pe acest tip de analiza'se practica cuplajul magneto-mecanic, adica sunt

rezolvate si problemele de camp.electromagnetic si cele de miscare. Analiza se
realizeaza in modululransient M '

Pentru rezolvare se foloseste caparametru intermediar timpul sau pozitia.




4.4.2. Post-processing quantities: translation motion (2D)

Introduction

Kinematic
variables

Computed
physical
guantities

This paragraph deals with physical quantities computed for translation motion
with translating air gap i 2D.

The list of kinematic vaniables used for solving are given in the table below.

Kinematic variable Name Unit
Linear position: v Position m

Linear speed: ¥ Velocity m's

Linear acceleration: ¥ - m/s?

The list of physical quantities computed in the post-processing module are
given in the table below.

Quantity Name i Explanation

Electromagnetic force: Fem Magnetic force

Friction force: Fy

- . Resistive force
(relative to coefficient f;)

Friction force - Fi

; . Friction force
(relative to coefficient f;)

Spring return force: Fg Spring force

Force

Total resistant force: F; Force (pounds)

Mechanical power: Py, Mechanical power

Reminder of
the solved
mechanical
equation

Imle'lﬂlll' note

The solved mechanical equation for translation motion 1s:

where:

* m 15 the mass

» Fem 1s the electromagnetic force
s Fris the resistant force

When there are symmetries and periodicities, the forces are computed for the
part of the device represented.




4.4.3. Post-processing quantities: rotation motion (2D)

Introduction This paragraph deals with physical quantities computed for rotation motion
with rotating air gap i 2D.

Kinematic The list of kinematic variables used for solving are given in the table below.
variables

Kinematic variable Name Unit
Angular position: 8 Position degree

Angular speed: Velocity degree/s

Angular acceleration: 6 - degree/s?

Computed The list of physical quantities computed in the post-processing module are

physical given in the table below.
quantities

Quantity Name Unit | Explanation
Electromagnetic torque: Iy Magnetic torque N.m
Friction torque: Iy
(relative to coefficient f;)
Friction torque: I
(relative to coefficient f;)
Spring retum torque: Ty Spring torgque N.m
Torque N.m
Foot-
pound

5

Mechamcal power: Py Mechanical power Watt

Resistive torgue N.m

Friction torque N.m

Total resistant torque: [, Torgue
{foot-pounds)

Reminder of The solved mechanical equation for rotation motion 1s:
the solved
mechanical
equation
where:
* J 15 the moment of mertia
* Tem 15 the electromagnetic torque

* I'r is the resistant torque

Important note  When there are symmetnies and periodicities, the torques are computed for the
part of the device represented.
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