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Chapter 1

Introduction

FEMM is a suite of programs for solving low frequency elentegnetic problems on two-dimensional
planar and axisymmetric domains. The program currentlyesies linear/nonlinear magneto-
static problems, linear/nonlinear time harmonic magnetablems, linear electrostatic problems,
and steady-state heat flow problems.

FEMM is divided into three parts:

¢ Interactive shellfemm.exe ). This program is a Multiple Document Interface pre-preoes
and a post-processor for the various types of problemsddaly&EMM. It contains a CAD-
like interface for laying out the geometry of the problem ®dwlved and for defining ma-
terial properties and boundary conditions. Autocad DXFsfdan be imported to facilitate
the analysis of existing geometries. Field solutions cadibglayed in the form of contour
and density plots. The program also allows the user to ingpedield at arbitrary points, as
well as evaluate a number of different integrals and ploiowar quantities of interest along
user-defined contours.

e triangle.exe . Triangle breaks down the solution region into a large nunobériangles,
a vital part of the finite element process. This program watemr by Jonathan Shewchuk
and is available at www.cs.cmu.edu/ quake/triangle .html

e Solvers fkern.exe  for magneticsbelasolv  for electrostatics)hsolv  for heat flow prob-
lems; andtsolv  for current flow problems.. Each solver takes a set of datatfilat describe
problem and solves the relevant partial differential eigmatto obtain values for the desired
field throughout the solution domain.

The Lua scripting language is integrated into the intevacthell. Unlike previous versions of
FEMM (i.e. v3.4 and lower), only one instance of Lua is running at any ime. This single
instance of Lua can both build and analyze a geometry and&eathe post-processing results,
simplifying the creation of various sorts of “batch” runs.

In addition, all edit boxes in the user interface are pargeldua, allowing equations or mathe-
matical expressions to be entered into any edit box in lieamiimerical value. In any edit box in
FEMM, a selected piece of text can be evaluated by Lua viaegeh on the right mouse button
menu.

The purpose of this document is to give a brief explanatiothefkind of problems solved by
FEMM and to provide a fairly detailed documentation of thegrams’ use.
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1.1 Overview

The goal of this section is to give the user a brief descnptibthe problems that FEMM solves.
This information is not really crucial if you are not partiatly interested in the approach that
FEMM takes to formulating the problems. You can skip mosOoekrview but take a look at
Section[1.B. This section contains some important poirdbmut assigning enough boundary
conditions to get a solvable problem.

Some familiarity with electromagnetism and Maxwell’s efijoias is assumed, since a review of
this material is beyond the scope of this manual. Howeveratithor has found several references
that have proved useful in understanding the derivationsahdgtion of Maxwell’s equations in
various situations. A very good introductory-level text foagnetic and electrostatic problems is
Plonus’'sApplied electromagnetidd]. A good intermediate-level review of Maxwell’s equatg
as well as a useful analogy of magnetism to similar problematier disciplines is contained
in Hoole’s Computer-aided analysis and design of electromagneticds{2]. For an advanced
treatment, the reader has no recourse but to refer to JaskSkassical electrodynamids]. For
thermal problems, the author has found Whitd&sat and mass tranfgd] and Haberman'€le-
mentary applied partial differential equatioif§] to be useful in understanding the derivation and
solution of steady-state temperature problems.

1.2 Relevant Partial Differential Equations

FEMM addresses some limiting cases of Maxwell's equatidhg. magnetics problems addressed
are those that can be consided as “low frequency problemsjhich displacment currents can be
ignored. Displacement currents are typically relevant &gnetics problems only at radio frequen-
cies. In a similar vein, the electrostatics solver considiee converse case in which only the elec-
tric field is considered and the magnetic field is neglectdeMM also solves 2D/axysymmetric
steady-state heat conduction problems. This heat comiuygtoblem is mathematically very sim-
ilar to the solution of electrostatic problems.

1.2.1 Magnetostatic Problems

Magnetostatic problems are problems in which the fieldsiare-invariant. In this case, tHesld
intensity(H) andflux densityB) must obey:

OxH=1J (1.1)
0-B=0 1.2)

subject to a constitutive relationship betwdeandH for each material:
B=pH (1.3)

If a material is nonlinearg.g. saturating iron or alnico magnets), the permeabijiti actually a
function ofB:

M=y (1.4)



FEMM goes about finding a field that satisfies {1[1)4(1.3) vimagnetic vector potentialp-
proach. Flux density is written in terms of the vector pa@nA, as:

B=0OxA (1.5)

Now, this definition ofB always satisfies (1.2). Thei, (I..1) can be rewritten as:

1
Ox | —=0OxA|=1J (1.6)
(u(B) )
For a linear isotropic material (and assuming the Coulomiygdl- A= 0), eq. [(1.6) reduces to:
_I11 PA=J (1.7)

FEMM retains the form of (116), so that magnetostatic protsevith a nonlineaB-H relationship
can be solved.

In the general 3-D casé, is a vector with three components. However, in the 2-D plamar
axisymmetric cases, two of these three components areleaving just the component in the “out
of the page” direction.

The advantage of using the vector potential formulatiorné &ll the conditions to be satis-
fied have been combined into a single equatiorA i$ found,B andH can then be deduced by
differentiatingA. The form of [1.6), an elliptic partial differential equati, arises in the study of
many different types of engineering phenomenon. There Emga number of tools that have been
developed over the years to solve this particular problem.

1.2.2 Time-Harmonic Magnetic Problems

If the magnetic field is time-varying, eddy currents can bduged in materials with a non-zero
conductivity. Several other Maxwell’s equations relatedhe electric field distribution must also
be accommodated. Denoting takectric field intensityasE and thecurrent densityasJ, E andJ
obey the constitutive relationship:

J=oE (1.8)

The induced electric field then obeys:

0B
OxE=—2 (1.9)

Substituting the vector potential form of B infa (11.9) yisid
OxE=-0OxA (1.10)
In the case of 2-D problems, (1]110) can be integrated to yield
E=-A—0V (1.11)
and the constitutive relationship, (IL.8) employed to yield
J=—0A—ollV (1.12)
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Substituting into[(116) yields the partial differentialuggion:

0 x <$D X A) = —0A+ Jgrc— oV (1.13)
whereJgc represents the applied currents sources. MYigerm is an additional voltage gradient
that, in 2-D problems, is constant over a conducting bodyMWMEuUses this voltage gradient in
some harmonic problems to enforce constraints on the duragned by conductive regions.

FEMM considers[(1.13) for the case in which the field is oatiiig at one fixed frequency. For
this case, @hasor transformatiofR] yields a steady-state equation that is solved for theldnae
and phase oA. This transformation is:

A= Refa(cosut + j sinut) =] = Re[ae"!] (1.14)

in whichais a complex number. Substituting into (11.13) and dividingthe complex exponential
term yields the equation that FEMM actually solves for hanimnanagnetic problems:

1 . “
Ox | ———0Oxa) =—jwoa+ Jsc —ollV 1.15
(ueff(B) ) : > (1.15)

in which Js,c represents the phasor transform of the applied currentesur

Strictly speaking, the permeability should be constant for harmonic problems. However,
FEMM retains a nonlinear relationship in the harmonic folation, allowing the program to ap-
proximate the effects of saturation on the phase and amdpliai the fundamental of the field
distribution. The form of the BH curve is not exactly the saamsan the DC case. Instead, “effec-
tive permeability”pe 1 is selected to give the correct amplitude of the fundamearadponent of
the waveform under sinusoidal excitation. There are a numbsubtleties to the nonlinear time
harmonic formulation—this formulation is addressed in endetail in Appendix A.4.

FEMM also allows for the inclusion of complex and frequenigpendent permeability in time
harmonic problems. These features allow the program to hrodeerials with thin laminations
and approximately model hysteresis effects.

1.2.3 Electrostatic Problems

Electrostatic problems consider the behavior of electeicl fintensityE, and electric flux density
(alternatively electric displacemenb), There are two conditions that these quantities must obey.
The first condition is the differential form of Gauss’ Law, ih says that the flux out of any closed
volume is equal to the charge contained within the volume:

O0-D=p (1.16)
wherep represents charge density. The second is the differentia 6f Ampere’s loop law:

OxE=0 (1.17)

Displacement and field intensity are also related to onehameia the constitutive relationship:
D=¢E (1.18)
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whereg is the electrical permittivity. Although some electrogtaproblems might have a nonlinear
constitutive relationship betwedhandE, the program only considers linear problems.

To simplify the computation of fields which satisfy these d@iions, the program employs the
electric scalar potential/, defined by its relation t& as:

E=-0V (1.19)

Because of the vector identifyx (0 = O for any scalag), Ampere’s loop law is automatically
satisfied. Substituting into Gauss’ Law and applying thestituttive relationship yields the second-
order partial differential equation:

—e0%V =p (1.20)

which applies over regions of homogeneausThe program solve$ (1.20) for voltaiyeover a
user-defined domain with user-defined sources and boundadjtons.

1.2.4 Heat Flow Problems

The heat flow problems address by FEMM are essentially stetadg heat conduction problems.
These probelms are represented by a temperature gra@i@malogous to the field intensitig,
for electrostatic problems), and heat flux dendttfanalogous to electric flux densit, for elec-
trostatic problems).

The heat flux density must obey Gauss’ Law, which says thahéa flux out of any closed
volume is equal to the heat generation within the volume.léguaus to the electrostatic problem,
this law is represented in differential form as:

O0-F=q (1.21)
whereq represents volume heat generation.

Temperature gradient and heat flux density are also relatexhé another via the constitutive
relationship:

F=kG (1.22)
wherek is the thermal conductivity. Thermal conductivity is oft@meak function of temperature.
FEMM allows for the variation of conductivity as an arbilydunction of temperature.

Ultimately, one is generally interested in discerning theaperature[T, rather than the heat
flux density or temperature gradient. Temperature is rél¢he temperature gradie, by:
G=-0T (1.23)
Substituting[(1.213) into Gauss’ Law and applying the cdnttie relationship yields the second-
order partial differential equation:
—-0-(kOT) =q (1.24)

FEMM solves[(1.24) for temperatufieover a user-defined domain with user-defined heat sources
and boundary conditions.
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1.2.5 Current Flow Problems

The current flow problems solved by FEMM are essentially gaksctrostatic problems in which
the magnetic field terms in Maxwell’s equations can be négtebut in which the displacement
current terms (neglected in magnetostatic and eddy cuprebtems) are relevant.

Again restating Maxwell’s Equations, the electric and n&tgnfields must obey:

OxH=J+D (1.25)
0-B=0 (1.26)
OxE=-B (1.27)
O-D=p (1.28)
subject to the constitutive relations:
J=o0oE (1.29)
D=c¢E (1.30)

The divergence of (1.25) can be taken to yield:
O-(OxH)=0-J+0-D (1.31)
By application of a standard vector identity, the left-haiak of [1.31) is zero, leading to:
0.J+0-D=0 (1.32)
As before, we can assume an electric poteriathat is related to field intensitf, by:
E=—0V (1.33)

Because the flux densitB, is assumed to be negligibly small, (11.26) and (1..27) areblyi satis-
fied by this choice of potential.

If a phasor transformation is again assumed, wherein difgation with respect to time is
replaced by multiplication byw, the definition of voltage can be substituted irto (1.32)ieddy

~0-((0+ jwe) V) =0 (1.34)

If it is assumed that the material properties are piece-es#inuous, things can be simplified
slightly to:
—(0+jwe) 0V =0 (1.35)

FEMM solves[(1.3b) to analyze current flow problems.
Eq. (1.35) also applies for the solution of DC current flowkgeons. At zero frequency, the
term associated with electrical permittivity vanisheayiag:

—o0V =0 (1.36)

By simply specifing a zero frequency, this formulation selC current flow problems in a con-
sistent fashion.
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1.3 Boundary Conditions

Some discussion of boundary conditions is necessary sdhbaiser will be sure to define an
adequate number of boundary conditions to guarantee aeisimution.

1.3.1 Magnetic and Electrostatic BCs

Boundary conditions for magnetic and electrostatic proisieome in five varieties:

e Dirichlet. In this type of boundary condition, the value of poten#habr V is explicitly
defined on the boundarg.g. A= 0. The most common use of Dirichlet-type boundary
conditions in magnetic problems is to defide= 0 along a boundary to keep magnetic flux
from crossing the boundary. In electrostatic problemsichbiet conditions are used to fix
the voltage of a surface in the problem domain.

e Neumann This boundary condition specifies the normal derivativeatential along the
boundary. In magnetic problems, the homogeneous Neumamudhoy conditiongA/on =
0 is defined along a boundary to force flux to pass the boundaxeatly a 96 angle to the
boundary. This sort of boundary condition is consistenhwit interface with a very highly
permeable metal.

e Robin The Robin boundary condition is sort of a mix between Diettand Neumann,
prescribing a relationship between the valuéand its normal derivative at the boundary.
An example of this boundary condition is:

% +CcA=0

on
This boundary condition is most often in FEMM to define “impade boundary conditions”
that allow a bounded domain to mimic the behavior of an undedrregion. In the context
of heat flow problems, this boundary condition can be intgat as a convection boundary
condition. In heat flow problems, radiation boundary caondi are linearized about the
solution from the last iteration. The linearized form of tlagliation boundary condition is

also a Robin boundary condition.

e Periodic A periodic boundary conditions joins two boundaries togethin this type of
boundary condition, the boundary values on correspondoigtp of the two boundaries
are set equal to one another.

¢ AntiperiodicThe antiperiodic boundary condition also joins to gethey bsundaries. How-
ever, the boundary values are made to be of equal magnitudgpasite sign.

If no boundary conditions are explicitly defined, each bamdefaults to a homogeneous
Neumann boundary condition. However, a non-derivativenidamny condition must be defined
somewhere (or the potential must be defined at one referemioé ip the domain) so that the
problem has a unique solution.

For axisymmetric magnetic problem’s= 0 is enforced on the line= 0. In this case, a valid
solution can be obtained without explicitly defining any bdary conditions, as long as part of the
boundary of the problem lies alomg= 0. This is not the case for electrostatic problems, however.
For electrostatic problems, it is valid to have a solutiothvai non-zero potential alorrg= 0.
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1.3.2 Heat Flow BCs

There are six types of boundary conditions for heat flow prots:

e Fixed Temperaturd@he temperature along the boundary is set to a prescribed.val

e Heat FluxThe heat fluxf, across a boundary is prescribed. This boundary conditarbe

represented mathematically as:

oT
k—+f = 1.37
6n+ 0 (1.37)

wheren represents the direction normal to the boundary.

e ConvectionConvection occurs if the boundary is cooled by a fluid flow. sThoundary
condition can be represented as:

kg—-lr;-l—h(T ~To)=0 (1.38)

whereh is the “heat transfer coefficient” ang is the ambient cooling fluid temperature.
e RadiationHeat flux via radiation can be described mathematically as:

aT 4 4
wherebetais the emissivity of the surface (a dimensionless value eetwd and 1) ankly

is the Stefan-Boltzmann constant.

0 (1.39)

e Periodic A periodic boundary conditions joins two boundaries togethin this type of
boundary condition, the boundary values on correspondmgtp of the two boundaries
are set equal to one another.

e AntiperiodicThe antiperiodic boundary condition also joins to gethey bsundaries. How-
ever, the boundary values are made to be of equal magnitudgpasite sign.

If no boundary conditions are explicitly defined, each bargdiefaults an insulated condition
(i.e. no heat flux across the boundary). However, a non-derivatedary condition must be
defined somewhere (or the potential must be defined at onenefe point in the domain) so that
the problem has a unique solution.

1.4 Finite Element Analysis

Although the differential equations of interest appeaatieély compact, it is typically very diffi-
cult to get closed-form solutions for all but the simplesbigetries. This is where finite element
analysis comes in. The idea of finite elements is to break tblkl@m down into a large number
regions, each with a simple geometeyd.triangles). For example, Figure 1.1 shows a map of the
Massachusetts broken down into triangles. Over these simgions, the “true” solution for the
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Figure 1.1: Triangulation of Massachusetts

desired potential is approximated by a very simple functlbenough small regions are used, the
approximate potential closely matches the exact solution.

The advantage of breaking the domain down into a number off steaents is that the prob-
lem becomes transformed from a small but difficult to solabpem into a big but relatively easy
to solve problem. Through the process of discretizatomeali algebra problem is formed with
perhaps tens of thousands of unknowns. However, algorighss that allow the resulting linear
algebra problem to be solved, usually in a short amount c#.tim

Specifically, FEMM discretizes the problem domain usingrigular elements. Over each
element, the solution is approximated by a linear intepmiaof the values of potential at the
three vertices of the triangle. The linear algebra problerformed by minimizing a measure

of the error between the exact differential equation andatygoximate differential equation as
written in terms of the linear trial functions.
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Chapter 2

Interactive Shell

The FEMM Interactive Shell is currently broken into six nragections:

e Magnetics Preprocessor

Electrostatics Preprocessor

Heat Flow Preprocessor

e Magnetics Postprocessor

e Electrostatics Postprocessor
e Heat Flow Postprocessor

This section of the manual explains the functionality oftresection in detail.

2.1 DXF Import/Export

A common aspect of all preprocessor modes is DXF Import/BExpeor interfacing with CAD
programs and other finite element packages, femm supp@rtsnghort and export of the Auto-
CAD dxf file format. Specifically, the dxf interpreter in fenwas written to the dxf revision 13
standards. Only 2D dxf files can be imported in a meaningfyl wa

To import a dxf file, selecimport DXF off of the File menu. A dialog will appear after the
file is seleted asking for a tolerance. This tolerance is thgimum distance between two points
at which the program considers two points to be the same. &faailt value is usually sufficient.
For some files, however, the tolerance needs to be increeeechéde a larger number) to import
the file correctly. FEMM does not understand all the possifigs that can be included in a dxf
file; instead, it simply strips out the commands involvedwdtawing lines, circles, and arcs. All
other information is simply ignored.

Generally, dxf import is a useful feature. It allows the usedraw an initial geometry using
their favorite CAD package. Once the geometry is laid out, deometry can be imported into
femm and detailed for materials properties and boundarglitions.

Do not despair if femm takes a while to import dxf files (esp#gilarge dxf files). The reason
that femm can take a long time to import dxf files is that a lotofsistency checking must be
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performed to turn the dxf file into a valid finite element gedme For example, large dxf files
might take up to a minute or two to import.

The current femm geometry can be exported in dxf format bgcsielg theExport DXF option
off of theFile menu in any preprocessor window. The dxf files generated fesnm can then be
imported into CAD programs to aid in the mechanical detgitvfi a finalized design, or imported
into other finite element or boundary element programs.

2.2 Magnetics Preprocessor

The preprocessor is used for drawing the problems geom@fining materials, and defining
boundary conditions. A new instance of the preprocessobeatreated by selectirfgle|New
off of the main menu and then selecting “Magnetics Problemrtfthe list of problem types which
then appears.

Drawing a valid geometry usually consists of four (thoughmecessarily sequential) tasks:

e Drawing the endpoints of the lines and arc segments that oyakedrawing.
e Connecting the endpoints with either line segments or agmseats

e Adding “Block Label” markers into each section of the modetefine material properties
and mesh sizing for each section.

e Specifying boundary conditions on the outer edges of thengéxy.

This section will describe exactly how one goes about parilog these tasks and creating a prob-
lem that can be solved.

2.2.1 Preprocessor Drawing Modes

The key to using the preprocessor is that the preprocesabways in one of five modes: thoint
mode, theSegmenimode,Arc Segmentnode, theBlockmode, or theGroupmode. The first four
of these modes correspond to the four types of entities #fatalthe problems geometry: nodes
that define all corners in the solution geometry, line segmand arc segments that connect the
nodes to form boundaries and interfaces, and block labatsitnote what material properties and
mesh size are associated with each solution region. Wheprépeocessor is in a one of the first
four drawing modes, editing operations take place only uperselected type of entity. The fifth
mode, the group mode, is meant to glue different objectshegénto parts so that entire parts can
be manipulated more easily.

One can switch between drawing modes by clicking the ap@tgbutton on the Drawing
Mode potion of the toolbar. This section of the toolbar istgied in Figurd 2J1. The buttons

[o Z=]O]&]

Figure 2.1: Drawing Mode toolbar buttons.

correspond to Point, Line Segment, Arc Segment, Block Ladetl Group modes respectively.
The default drawing mode when the program begins is the Poble.
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2.2.2 Keyboard and Mouse Commands

Although most of the tasks that need to be performed areadlailzia the toolbar, some important
functions are invoked only through the use of “hot keys”. Ansoary of these keys and their
associated functions is contained in Tdblé 2.1.

Likewise, specific functions are associated with mouseohuttput. The user employs the
mouse to create new object, select obects that have alregaydoeated, and inquire about object
properties. Table 2.2 is a summary of the mouse button ctitikiss.

2.2.3 View Manipulation

Generally, the user needs to size or move the view of the pnogkeometry displayed on the screen.
Most of the view manipulation commands are available viddng on the preprocessor toolbar.
The functionality of can generally also be accessed via Wen Manipulation Keys’ listed in

Table[2.1. The View Manipulation toolbar buttons are pietlin Figurd Z.2. The meaning of the

lpl@|s] #]ele]=

Figure 2.2: View Manipulation toolbar buttons.

View Manipulation toobar buttons are:

e The arrows on the toolbar correspond to moving the view indihection of the arrow ap-
proximately /2 of the current screen width.

e The “blank page” button scales the screen to the smallestldesview that displays the
entire problem geometry.

e The “+” and “-” buttons zoom the current view in and out, respely.

e The “page with magnifying glass” button allows the view tado®@med in on a user-specified
part of the screen. To use this tool, first push the toolbaiobhutThen, move the mouse
pointer to one of the desired corners of the “new” view. Prasd hold the left mouse
button. Drag the mouse pointer to the opposite diagonalecarhthe desired “new” view.
Last, release the left mouse button. The view will zoom in teimdow that best fits the
user’s desired window.

Some infrequently used view commands are also availabl@rby as options off of th&oom
selection of the main menu. This menu contains all of the jaations available from the toolbar
buttons, plus the optioriéeyboard , Status Bar , andToolbar .

TheKeyboard selection allows the user to zoom in to a window in which thedew’s corners
are explicitly specified by the user via keyboard entry of theners’ coordinates. When this
selection is chosen, a dialog pops up prompting for the ioeatof the window corners. Enter
the desired window coordinates and hit “OK”. The view wilethzoom to the smallest possible
window that bounds the desired window corners. Typicalis view manipulation is only done
as a new drawing is begun, to initially size the view windovedmvenient boundaries.
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| Point Mode Keys |
| Key | Function |
Space | Edit the properties of selected point(s)

Tab Display dialog for the numerical entry of coordinates foreavpoint
Escape Unselect all points

Delete | Delete selected points

| Line/Arc Segment Mode Keys |
| Key | Function |
Space | Edit the properties of selected segment(s)
Escape| Unselect all segments and line starting points
Delete | Delete selected segment(s)

| Block Label Mode Keys |
| Key | Function |
Space | Edit the properties of selected block labels(s)

Tab Display dialog for the numerical entry of coordinates foremmabel
Escape Unselect all block labels

Delete | Delete selected block label(s)

| Group Mode Keys |

| Key | Function |
Space | Edit group assignment of the selected objects
Escape Unselect all

Delete | Delete selected block label(s)

| View Manipulation Keys |
| Key | Function |
Left Arrow | Pan left

Right Arrow | Pan right

Up Arrow Pan up

Down Arrow | Pan down
Page Up Zoomin

Page Down | Zoom out
Home Zoom “natural”

Table 2.1: Magnetics Preprocessor hot keys
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| Point Mode |
| Action | Function |

Left Button Click Create a new point at the current mouse pointer location
Right Button Click Select the nearest point
Right Button DbIClick| Display coordinates of the nearest point

| Line/Arc Segment Mode |
| Action | Function |

Left Button Click Select a start/end point for a new segment
Right Button Click Select the nearest line/arc segment
Right Button DblClick| Display length of the nearest arc/line segment

| Block Label Mode |
| Action | Function

Left Button Click Create a new block label at the current mouse pointer latatio
Right Button Click Select the nearest block label
Right Button DblClick| Display coordinates of the nearest block label

| Group Mode |
| Action | Function |
| Right Button Click| Select the group associated with the nearest object

Table 2.2: Magnetics Preprocessor Mouse button actions

The Status Bar selection can be used to hide or show the one-line statust ltlae #ottom
of the femm window. Generally, it is desirable for the tooslb@abe displayed, since the current
location of the mouse pointer is displayed on the status line

The Toolbar selection can be used to hide or show the toolbar buttons.tddibar is not
fundamentally necessary to running femm, because anytisglamn the toolbar is also available
via selections off of the main menu. If more space on the scigelesired, this option can be
chosen to hide the toolbar. Selecting it a second time wiisthe toolbar again. It may be useful
to note that the toolbar can be undocked from the main scregmade to “float” at a user-defined
location on screen. This is done by pushing the left mous®ibatown on an area of the toolbar
that is not actually a button, and then dragging the toolbaistdesired location. The toolbar can
be docked again by moving it back to its original position.

2.2.4 Grid Manipulation

To aid in drawing your geometry, a useful tool is the Grid. \Whige grid is on, a grid of light blue
pixels will be displayed on the screen. The spacing betweiehppints can be specified by the
user, and the mouse pointer can be made to “snap” to the tlpsepoint.

The easiest way to manipulate the grid is through the useldeoGtrid Manipulation toolbar
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buttons. These buttons are pictured in Fidureé 2.3. Themeft button in Figuré 213 shows and

flsriﬂl
=<1 . HF.

Figure 2.3: Grid Manipulation toolbar buttons.

hides the grid. The default is that the button is pushed iawéhg the current grid. The second
button, with an icon of an arrow pointing to a grid point, ig tlsnap to grid” button. When this
button is pushed in, the location of the mouse pointer isdedrto the nearest grid point location.
By default, the “snap to grid” button is not pressed. The tFgiost button brings up the Grid
Properties dialog. This dialog is shown in Figlrel 2.4.

Gnd Properties |
Gnd Size 025
Coordinates  |artesian j
Carcel |

Figure 2.4: Grid Properties dialog.

The Grid Properties dialog has an edit box for the user toréhéedesired grid sizing. When
the box appears, the number in this edit box is the curredtgijze. The edit box also contains
a drop list that allows the user to select between CartesidnPalar coordinates. If Cartesian
is selected, points are specified by their (X,y) coordinfdes planar problem, or by their (r,z)
coordinates for an axisymmetric problem. If Polar is s@dcpoints are specified by an angle and
a radial distance from the origin. The default is Cartes@ordinates.

2.2.5 Edit

Several useful tasks can be performed viagtie menu off of the main menu.

Perhaps the most frequently used is thelo command. Choosing this selection undoes the
last addition or deletion that the user has made to the nedetmetry.

For selecting many objects quickly, ti$elect Group command is useful. This command
allows the user to select objects of the current type lociat@th arbitrary rectangular box. When
this command is selected, move the mouse pointer to onerooirtiee region that is to be selected.
Press and hold the left mouse button. Then, drag the mousg¢epao the opposite diagonal
corner of the region. A red box will appear, outlining theioggto be selected. When the desired
region has been specified, release the left mouse buttonbpdtts of the current type completely
contained within the box will become selected.

Any objects that are currently selected can be moved, copiedasted. To move or copy
selected objects, simply choose the corresponding seteati of the main menu’&dit menu. A
dialog will appear prompting for an amount of displacemermtation.
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2.2.6 Problem Definition

The definition of problem type is specified by choosing Engblem selection off of the main
menu. Selecting this option brings up the Problem Definitlimiog, shown in Figure 2.5

Problem Definition X |

Problem Type Flanar |

Length Units Inches hd

Frequency [Hz] |0
Drepth 1

Solver Precision  |1e-003

kin Angle a0

Cammett

Add comments here.

] Cancel

Figure 2.5: Problem Definition dialog.

The first selection is theroblem Type drop list. This drop box allows the user to choose from
a 2-D planar problem (thBlanar selection), or an axisymmetric problem (tAgisymmetric
selection).

Next is theLength Units  drop list. This box identifies what unit is associated with timen-
sions prescribed in the model's geometry. Currently, tregm@m supports inches, millimeters,
centimeters, meters, mils, aptheters.

The first edit box in the dialog iBrequency (Hz) . For a magnetostatic problem, the user
should choose a frequency of zero. If the frequency is noo;zbe program will perform a
harmonic analysis, in which all field quantities are ostitig at this prescribed frequency. The
default frequency is zero.

The second edit box is tHeepth specification. If a Planar problem is selected, this edit box
becomes enabled. This value is the length of the geomethgeifiimto the page” direction. This
value is used for scaling integral results in the post prame.g. force, inductance, etc.) to the
appropriate length. The units of the Depth selection ares#imee as the selected length units. For
files imported from version 3.2, the Depth is chosen so thatdigpth equals 1 meter, since in
version 3.2, all results from planar problems ar e reporardchpeter.
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The third edit box is th&olver Precision edit box. The number in this edit box specifies
the stopping criteria for the linear solver. The linear &lgeproblem could be represented by:

Mx=b

whereM is a square matriXy is a vector, anc is a vector of unknowns to be determined. The
solver precision value determines the maximum allowableevéor ||b — Mx||/||b||. The default
value is 10°8.

The fourth edit box is labelelflin Angle . The entry in this box is used as a constraint in
the Triangle meshing program. Triangle adds points to thehn@ ensure that no angles smaller
than the specified angle occur. If the minimum angle is 20gfeks or smaller, the triangulation
algorithm is theoretically guaranteed to terminate (assgmfinite precision arithmetic — Triangle
may fail to terminate if you run out of precision). In praetjdhe algorithm often succeeds for
minimum angles up to 33.8 degrees. For highly refined medimsgever, it may be necessary
to reduce the minimum angle to well below 20 to avoid problessociated with insufficient
floating-point precision. The edit box will accept valuesiren 1 and 33.8 degrees.

Lastly, there is an option&lommentedit box. The user can enter in a few lines of text that give
a brief description of the problem that is being solved. Téigseful if the user is running several
small variations on a given geometry. The comment can theusked to identify the relevant
features for a particular geometry.

2.2.7 Definition of Properties

To make a solvable problem definition, the user must idebtiiyndary conditions, block materials
properties, and so on. The different types of propertiesiddffor a given problem are defined via
theProperties  selection off of the main menu.

When theProperties  selection is chosen, a drop menu appears that has seleftiolis-
terials, Boundary, Point, and Circuits. When any one oféhssections is chosen, the dialog
pictured in Figuré 216 appears. This dialog is the managea fmarticular type of properties. All

Property Definition

|' Froperty Mame

&dd Property

Delete Property

t odify Property

Figure 2.6: Property Definition dialog box

currently defined properties are displayed in Bneperty Name drop list at the top of the dia-
log. At the beginning of a new model definition, the box will blank, since no properties have
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yet been defined. Pushing tiAdd Property button allows the user to define a new property
type. TheDelete Property  button removes the definition of the property currently iewin the
Property Name box. TheModify Property  button allows the user to view and edit the property
currently selected in theroperty Name box. Specifics for defining the various property types are
addressed in the following subsections.

In general, a number of these edit boxes prompt the user tbrreal and imaginary compo-
nents for entered values. If the problem you are defining ignmatostatic (zero frequency), enter
the desired value in the box for the real component, and laaezo in the box for the imaginary
component. The reason that femm uses this formalism is @irohtrelatively smooth transition
from static to time-harmonic problems. Consider the deéinibf the Phasor transformatiomn
Eq.[1.14. The phasor transformation assumes that all fidlebsascillate in time at a frequence
of w. The phasor transformation takes the cosine part of the\ialee and represents it as the real
part of a complex number. The imaginary part represents thgnitude of the sine component,
9(° out of phase. Note what happens as the frequency goes to zero:

lim (aye cOSWt — ajm SinWt) = are (2.1)
w—0
Therefore, the magnetostatio € 0) values are just described by the real part the specifieglexm
number.

Point Properties

If a new point property is added or an existing point propentydified, theNodal Property
dialog box appears. This dialog box is pictured in Figuré 2.7

The first selection is th8lameedit box. The default name is “New Point Property,” but this
name should be changed to something that describes theryrties you are defining.

Next are edit boxes for defining the vector potentfglat a given point, or prescribing a point
current,J, at a given point. The two definitions are mutually exclusiiéerefore, if there is a
nonzero value thé box, the program assumes that a point current is being defd#gerwise, it
is assumed that a point vector potential is being defined.

There is an edit box for vector point vector potentfal A can be defined as a complex value,
if desired. The units oA are Weber/Meter. TypicallyA needs to be defined as some particular
values (usually zero) at some point in the solution domairpfoblems with derivative boundary
conditions on all sides. This is the typical use of definingoapvector potential.

Lastly, there is an edit box for the definition of a point cuttd. The units for the point current
are in Amperes. The value dfcan be defined as complex, if desired.

Boundary Properties

The Boundary Property  dialog box is used to specify the properties of line segmentarc
segments that are to be boundaries of the solution domainenvVilhnew boundary property is
added or an existing property modified, tBeundary Property  dialog pictured in Figuré 2|8
appears.

The first selection in the dialog is titNameof the property. The default name is “New Bound-
ary,” but you should change this name to something more igigiserof the boundary that is being
defined.
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Modal Property X

Mame I Mew Poink Property

¥ Specified Patential Property
™ Point Current Property

—Specified Yector Pokential, Wwh)m
| 0

—Poink Current, Amps

||:|

(] 4 Zancel

Figure 2.7: Nodal Property dialog.

The next selection is thRC Type drop list. This specifies the boundary condition type. Cur-
rently, FEMM supports the following types of boundaries:

e Prescribed A With this type of boundary condition, the vector potentisl,is prescribed
along a given boundary. This boundary condition can be usgdescribe the flux passing
normal to a boundary, since the normal flux is equal to theaatgl derivative ofA along
the boundary. The form foA along the boundary is specified via the paramefgtsAy,

Ao and@ in the Prescribed A parameters box. If the problem is planar, the parameters
correspond to the formula: .
A= (Ao+Awx+Agy)e'? (2.2)

If the problem type is axisymmetric, the parameters cooedfo:

A= (Ag+Asr +Ayz)el® (2.3)

e Small Skin Depth  This boundary condition denotes an interface with a mdtstibject
to eddy currents at high enough frequencies such that tinedgiith in the material is very
small. A good discussion of the derivation of this type of bdary condition is contained in
[2]. The result is a Robin boundary condition with compleeffizgients of the form:

A [1+]\ .
T (T) A=0 (2.4)
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Boundary Property |

.................................

M ame Zero k.
Cancel
BEC Type |Prescribed &, |
— Small zkin depth parameters — Prezcrbed & parameters
i relative [U
Al] I
o, kM5/m 0 A‘l 0
—Mixed BC parameters
.. -IE"-E 1]
Ch coefficient |
C, coefficient |0 1'.6 deg |0

Figure 2.8: Boundary Property dialog.

where then denotes the direction of the outward normal to the boundadyadenotes the
skin depth of the material at the frequency of interest. e depth,d is defined as:

| 2
5=\ oo (2.5)

wherey, ando are the relative permeability and conductivity of the ttkimsdepth eddy cur-
rent material. These parameters are defined by specifyamglo in theSmall skin depth
parameters box in the dialog. At zero frequency, this boundary condititegenerates to
0A/dn = 0 (because skin depth goes to infinity).

Mixed This denotes a boundary condition of the form:

1 \0A
— | == +CA+C1=0 2.6
(Mm)0n+° e 9
The parameters for this class of boundary condition arefspea theMixed BC parameters
box in the dialog. By the choice of coefficients, this bourydamdition can either be a Robin
or a Neumann boundary condition. There are two main useslbtlundary condition:

1. By carefully selecting theg coefficient and specifying; = 0, this boundary condi-
tion can be applied to the outer boundary of your geometrypfraimate an up-
bounded solution region. For more information on open bawhgroblems, refer to
AppendixA.3.
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2. The Mixed boundary condition can used to set the field sitgrH, that flows parallel
to a boundary. This is done by settingto zero, anct; to the desired value dfl in
units of Amp/Meter. Note that this boundary condition casodbe used to prescribe
0A/on = 0 at the boundary. However, this is unnecessary-therdler triangle finite
elements give 8A/dn = 0 boundary condition by default.

e Strategic Dual Image This is sort of an “experimental” boundary condition thatavk
found useful for my own purposes from time to time. This baanydcondition mimics
an “open” boundary by solving the problem twice: once withanlegeneous Dirichlet
boundary condition on the SDI boundary, and once with a h@anmegus Neumann condition
on the SDI boundary. The results from each run are then aséragget the open boundary
result. This boundary condition should only be applied ® d¢hter boundary of a circular
domain in 2-D planar problems. Through a method-of-imaggaraent, it can be shown
that this approach yields the correct open-boundary résuttroblems with no ironi(e just
currents or linear magnets with unit permeability in theuoh region).

e Periodic  This type of boundary condition is applied to either two segts or two arcs to
force the magnetic vector potential to be identical alorghdaoundary. This sort of bound-
ary is useful in exploiting the symmetry inherent in somelpems to reduce the size of
the domain which must be modeled. The domain merely needspeitodic, as opposed to
obeying more restrictivA = 0 ordA/dn = 0 line of symmetry conditions. Another useful ap-
plication of periodic boundary conditions is for the modglof “open boundary” problems,
as discussed in Appendix A.8.3. Often, a periodic boundargade up of several different
line or arc segments. A different periodic condition mustieéned for each section of the
boundary, since each periodic BC can only be applied to adireac and a corresponding
line or arc on the remote periodic boundary.

e Antiperiodic The antiperiodic boundary condition is applied in a similay as the peri-
odic boundary condition, but its effect is to force two boands to be the negative of one
another. This type of boundary is also typically used to cedilhe domain which must be
modeled,e.g. so that an electric machine might be modeled for the purpotesfinite
element analysis with just one pole.

Materials Properties

TheBlock Property  dialog box is used to specify the properties to be associatitdblock la-
bels. The properties specified in this dialog have to do viiéhnbaterial that the block is composed
of, as well as some attributes about how the material is métter (laminated). When a new
material property is added or an existing property modifiedBlock Property  dialog pictured
in Figure[2.9 appears.

As with Point and Boundary properties, the first step is toosleoa descriptive name for the
material that is being described. Enter it in fitemeedit box in lieu of “New Material.”

Next decide whether the material will have a linear or nadinB-H curve by selecting the
appropriate entry in thB-H Curve drop list.

If Linear B-H Relationship was selected from the drop list, the next groupLoikar
Material Properties parameters will become enabled. FEMM allows you to spedifemrnt
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Block Property

Biir

Linear B-H Relationship |_

Figure 2.9: Block Property dialog.
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relative permeabilities in the vertical and horizontakdiions (i for the x- or horizontal direction,
andpy for the y- or vertical direction).

There are also boxes fagny and@,y, which denote the hysteresis lag angle corresponding to
each direction, to be used in cases in which linear mater@pgrties have been specified. A
simple, but surprisingly effective, model for hysteresishiarmonic problems is to assume that
hysteresis creates a constant phase lag between B and ld thdépendent of frequency. This is
exactly the same as assuming that hysteresis loop has aticallshape. Since the hysteresis loop
is not exactly elliptical, the perceived hysteresis anglevary somewhat for different amplitudes
of excitation. The hysteresis angle is typically not a patnthat appears on manufacturer's
data sheets; you have to identify it yourself from a freqyesweep on a toroidal coil with a core
composed of the material of interest. For most laminatezlstehe hysteresis angle lies betwe&n 0
and 20 [6]. This same reference also has a very good discussioreafdtivation and application
of the fixed phase lag model of hysteresis.

If Nonlinear B-H Curve  was selected from the drop list, tNenlinear Material Properties
parameter group becomes enabled. To enter in points on yélcBve, hit theEdit B-H Curve
button. When the button is pushed a dialog appears thatalow to enter in B-H data (see Fig-
ure[2.10. The information to be entered in these dialogstiallysobtained by picking points off of

B-H Curve Data |
B-H Curve for:
4-19 Steel
B, Teszla H. &mpdm
0.000000 (| |0.000000 =
0.300000 39.788750
0.200000 F9.577500
1.120000 153155000
1.320000 218.310000
1.460000 795 F7R000  —
1.540000 1531550000
1.618750 3376.667000
1.740000 lI F957. 750000 lI

Flat B-H Curve

Log Plot B-H Curve

FRead B-H pointz fram text file

] Cancel

Figure 2.10: B-H data entry dialog.

manufacturer’s data sheets. For obvious reasons, you migesttbe same number of points in the
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“B” (flux density) column as in the “H” (field intensity) colum To define a nonlinear material,
you must enteat leastthree points, and you should enter ten or fifteen to get a good fi

After you are done entering in your B-H data points, it is adj@btea to view the B-H curve to
see that it looks like it is “supposed” to. This is done by pneg thePlot B-H Curve button or
theLog Plot B-H Curve button on the B-H data dialog. You should see a B-H curve tialtd
something like the curve pictured in Figlre 2.11. The borahé plot represent the locations of

-
B, Tezla

I:l 1 I I I I 1
1] 1000 2000 3000 4000 aooo Gooo

H, Amptieter
Figure 2.11: Sample B-H curve plot.

the entered B-H points, and the line represents a cubicesgénived from the entered data. Since
FEMM interpolates between your B-H points using cubic sggint is possible to get a bad curve
if you haven't entered an adequate number of points. “Wel1 curves can result if you have
entered too few points around relatively sudden changdsei®tH curve. Femm “takes care of”
bad B-H datai(e. B-H data that would result in a cubic spline fit that is not $&rgalued) by
repeatedly smoothing the B-H data using a three-point ngpauerage filter until a fit is obtained
that is single-valued. This approach is robust in the semaeit always yields a single-valued
curve, but the result might be a poor match to the original Bath. Adding more data points in
the sections of the curve where the curvature is high helpnonate the need for smoothing.

It may also be important to note that FEMM extrapolates lityeaff the end of your B-H
curve if the program encounters flux density/field intenktyels that are out of the range of the
values that you have entered. This extrapolation may makmtterial look more permeable than
it “really” is at high flux densities. You have to be carefuld@nter enough B-H values to get an
accurate solution in highly saturated structures so theaptbgram is interpolating between your
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entered data points, rather than extrapolating.

Also in the nonlinear parameters box is a parameigkax For nonlinear problems, the hys-
teresis lag is assumed to be proportional to the effectivengability. At the highest effective
permeability, the hysteresis angle is assumed to reachaitxgmal value ofp,max This idea can be

represented by the formula:
B
(pn(B) = <Ueff( )) Phmax (2-7)
He f f,max

The next entry in the dialog islc. If the material is a permanent magnet, you should enter
the magnet’s coercivity here in units of Amperes per metdrer@ are some subtleties involved
in defining permanent magnet properties (especially nealipermanent magnets). Please refer
to the AppendiX_A.lL for a more thorough discussion of the nfindeof permanent magnets in
FEMM.

The next entry represends the source current density in the block. The "source ctiden-
sity” denotes the currentin the block at DC. At frequenciggothan DC in a region with non-zero
conductivity, eddy currents will be induced which will clggnthe total current density so that it
is no longer equal to the source current density. Use "difoaiperties” to impose a value for the
total current carried in a region with eddy currents. Sowragent density can be complex valued,
if desired.

The o edit box denotes the electrical conductivity of the matendhe block. This value is
generally only used in time-harmonic (eddy current) protde The units for conductivity are 0
Seymens/Meter (equivalent to%@ « Meterg —1). For reference, copper at room temperature has
a conductivity of 58 MS/m; a good silicon steel for motor laations might have a conductivity of
as low as 2 MS/m. Commodity-grade transformer laminatioaswore like 9 MS/m. You should
note that conductivity generally has a strong dependence tgmperature, so you should choose
your values of conductivity keeping this caveat in mind.

The last set of properties is tlhamination and Wire Type  section. If the material is lami-
nated, the drop list in this section is used to denote thetmein which the material is laminated.

If the material is meant to represent a bulk wound coil, thagpdist specifies the sort of wire from
which the coil is constructed.

The various selections in this list are illustrated in F&@12 Currently, the laminations are

Y

Laminaled in plane Laminated parallel to ¥ Laminated parallel o X

Figure 2.12: Different lamination orientation options.
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constrained to run along a particular axis.

If some sort of laminated construction is selected in thepdist, the lamination thickness
and fill factor edit boxes become enabled. The laminatiocktiess, fill factor, and lamination
orientation parameters are used to implement a bulk modeinohated material. The result of
this model is that one can account for laminations with heste and eddy currents in harmonic
problems. For magnetostatic problems, one can approxithateffects of nonlinear laminations
without the necessity of modeling the individual laminagscseparately. This bulk lamination
model is discussed in more detail in the Appendix (Sedtidl) A.

Thedam edit box represents the thickness of the laminations ugetthitype of material. If
the material is not laminated, enter O in this edit box. Othee, enter the thickness pfst the iron
part (not the iron plus the insulation) in this edit box in unitsoillimeters.

Associated with the lamination thickness edit box is lthe fill factor edit box. This is
the fraction of the core that is filled with iron. For exampfeyou had a lamination in which the
iron was 12.8 mils thick, and the insulation bewteen lamamest was 1.2 mils thick, the fill factor

would be: 128
Fill Factor= ——=~__ —0.914
ll Factor=7=-—55 =09

If a wire type is selected, th&trand dia. and/or Number of strands edit boxes become
enabled. If theMlagnet wire or Square wire types are selected, it is understood that there is can
only be one strand, and tidumber of strands edit box is disabled. The wire’s diameter (or
width) is then entered in thgtrand dia.  edit box. For stranded and Litz wire, one enters the
number of strands and the strand diameter. Currently, anlgowith a single strand gauge are
supported.

If a wire type is specified, the material property can be agpto a “bulk” coil region each
individual turn need not be modeled. In DC problems, theltesull automatically be adjusted
for the implied fill factor. For AC problems, the the fill factes taken into account, and AC
proximity and skin effect losses are taken into account ¥fiecgve complex permeability and
conductivity that are automatically computed for the wouegion.

Materials Library

Since one kind of material might be needed in several difteneodels, FEMM has a built-in li-
brary of Block Property definitions. The user can access aaimtain this library through the
Properties | Materials Library selection off of the main menu. When this option is se-
lected, theMaterials Library dialog pictured in Figure 2.13 appears. This dialog allogubker
to exchange Block Property definitions between the curredehand the materials library via a
drag-and-drop interface.

A number of different options are available via a mouse lutight-click when the cursor is
located on top of a material or folder. Materials can be editg double-clicking on the desired
material.

Material from other material libraries or models can be in@d by selecting the “Import
Materials” option from the right-button menu that appeabewthe pointer is over the root-level
folder of either the Library or Model materials lists.

The materials library should be located in the same dirgasrthe FEMM executable files,
under the filenammlibrary.dat . If you move the materials library, femm will not be able todfin
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Figure 2.13: Materials Library dialog.

Circuit Properties

The purpose of the circuit properties is to allow the usepi@yaconstraints on the current flowing
in one or more blocks. Circuits can be defined as either "[etalr "series” connected.

If "parallel” is selected, the current is split between aljions marked with that circuit property
on the basis of impedance ( current is split such that thageltirop is the same across all sections
connected in parallel). Only solid conductors can be coteakio parallel.

If "series” is selected, the specified current is appliedaoheblock labeled with that circuit
property. In addition, blocks that are labeled with a seciesuit property can also be assigned a
number of turns, such that the region is treated as a strazaetlictor in which the total current is
the series circuit current times the number of turns in tiggore The number of turns for a region
is prescribed as a block label property for the region ofrgge All stranded coils must be defined
as series-connected (because each turn is connectedeogstin the other turns in series). Note
that the number of turns assigned to a block label can beraitbesitive or a negative number. The
sign on the number of turns indicated the direction of curflew associated with a positive-valued
circuit current.

For magnetostatic problems, one could alternatively appdpurce current density over the
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conductor of interest and achieve similar results. For edualsent problems, however, the “circuit”
properties are much more useful-they allow the user to déimeurrent directly, and they allow
the user to assign a particular connectivity to variousaegof the geometry. This information is
used to obtain impedance, flux linkage, etc., in a relatipalyless way in the postprocessor.

By applying circuit properties, one can also enforce cotiviég in eddy current problems.
By default, all objects in eddy current problems are “shibttegether at infinity’—that is, there
is nothing to stop induced currents from returning in othestions of the domain that might not
be intended to be physically connected. By applying a paratinnected circuit with a zero net
current density constraint to each physical “part” in thergetry, the connectivity of each part is
enforced and all is forced to be conserved inside the parttefest.

The dialog for entering circuit properties is pictured igie 2. 14.

Circuit Property |

Marme I circuik

Circuit Current, &mps

| 1

i~ Parallel

¥ Series

oK, I Zancel

Figure 2.14: Circuit Property dialog

2.2.8 Exterior Region

One often desires to solve problems on an unbounded dompperAliX A.3.B describes an easy-
to-implement conformal mapping method for representingiaimounded domain in a 2D planar
finite element analysis. Essentially, one models two diske-fepresents the solution region of
interest and contains all of the items of interest, arounttiwbne desires to determine the mag-
netic field. The second disk represents the region extesiting first disk. If periodic boundary
conditions are employed to link the edges of the two disksaiit be shown (see Appendix A.B.3)
that the result is exactly equivalent to solving for the fégldlan unbounded domain.

One would also like to apply the same approach to model urdeaiaxisymmetric problems,
as well as unbounded planar problems. Unfortunately, tHeitk&ransformation is a bit more
complicated for axisymmetric problems. In this case, thengability of the external region has
to vary based on distance from the center of the externadmeayid the outer radius of the external
region. The approach is described in detailin [20]. FEMMoaudtically implements the variation
of permeability in the exterior region, but a bit more infaton must be collected to perform
the permeability grading required in the external regiorhisTis where the “External Region”
parameters come in—these are the parameters that the progeals to define the permeabilities
of elements in the external region for “unbounded” axisyrtriog@roblems.
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Specifically, there are three parametes that are collentégei dialog that appears when the
user selects the External Region properties. These are:

e Center of Exterior Region The location along the z-axis of the axisymmetric problem
where the center of the block representing the externabnegilocated.

e Radius of Exterior Region Radius of the sphere representing the exterior region.

e Radius of Interior Region Radious of the spehre representing the interior regien (

the region in which the items of interest are located).

To finish defining the axisymmetric external region, Bieck located in an external
region check box must be selected in any block labels that are ld@atbe region that is desired
to be the axisymmetric external region.

2.2.9 Analysis Tasks

Meshing the model, analyzing the model, and viewing thelteane most easily performed by the
toolbar buttons pictured in Figure 2]15

|~E§T|‘c:?b|

Figure 2.15: Toolbar buttons for starting analysis tasks.

The first of these buttons (with the “yellow mesh” icon) ruhe mesh generator. The solver
actually automatically calls the mesh generator to make that the mesh is up to date, so you
neverhaveto call the mesher from within femm. However, it is almost aj& important to get
a look at the mesh and see that it “looks right.” When the mesteration button is pressed,
the mesher is called. While the mesher is running, an enbgléa “triangle” will appear on
the Windows taskbar. After the geometry is triangulated, fthite element mesh is loaded into
memory and displayed underneath the defined nodes, segmedisiock labels as a set of yellow
lines.

If you have a very large model, just keeping all of the mesbrimiation in core can take up
a significant amount of memory. If you are about to analyzerg ks&ge problem, it might be a
good idea to choose thdesh | Purge Mesh option off of the main menu. When this option is
selected, the mesh is removed from memory, and the memaryt thecupied is freed for other
uses.

The second button, with the “hand-crank” icon, executestieer,fkern.exe . Before fkern
is actually run, the Triangle is called to make sure the meslpito date. Then, fkern is called.
When fkern runs, it opens up a console window to display statformation to the user. How-
ever, fkern requires no user interaction while it is runniddé¢hen fkern is finished analyzing your
problem, the console window will disappear. The time tharfkrequires is highly dependent
on the problem being solved. Solution times can range fr@® flean a second to several hours,
depending upon the size and complexity of the problem. Gdlgelinear magnetostatic problems
take the least amount of time. Harmonic problems take $lighore time, because the answer is
in terms of complex numbers. The complex numbers effegtiselible the number of unknowns
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as compared to a magnetostatic problem with the same meshsldWwest problems to analyze
are nonlinear time-harmonic problems, since multiple sgsive approximation iterations must be
used to converge on the final solution. However, nonlineablems almost never take more than
10 iterations. Later iterations in nonlinear problems aneally are quite fast compared to the first
iteration or two because the later iterations can be imgal with an approximate solution that is
very close to the “actual” solution.

For users who have a technical interest in what is “under duathin fkern, some details are
provided in the Appendix (Sectidn 6).

The *“big magnifying glass” icon is used to display the resuit a postprocessing window
once the analysis is finished. A detailed description of tlagmetics postprocessor addressed in
Sectior 2.B.

2.3 Magnetics Postprocessor

The the magnetics postprocessing functionality of femnseiuto view solutions generated by the
fkern solver. A magnetics postprocessor window can be openeerdyHoading some previously
run analyses viéile|Open onthe main menu, or by pressing the “big magnifying glassiiftom
within a preprocessor window to view a newly generated smutMagnetics postprocessor data
files stored on disk have thans prefix.

2.3.1 Postprocessor modes

Similar to the preprocessor, the postprocessor alwaysatggein one of three modes, depending
upon the task to be performed. These modes are:

¢ Point Values Modén this mode, the user can click on various points in the smiutegion.
Local field values are then listed in tREMM Output window.

e Contour ModeThis mode allows the user to define arbitrary contours in thati®n region.
Once a contour is defined, plots of field quantities can beuwred along the contour, and
various line integrals can be evaluated along the contour.

e Block ModeThe Block Mode lets the user define a subdomain in the soluéigion. Once
the block has been defined, a variety of area and volume aitegan be taken over the
defined subdomain. Integrals include stored energy (irasheet), various kinds of losses,
total current in the block, and so on.

The current postprocessor mode is controlled via the Amaly®de toolbar buttons, shown
in Figure[2.16. The buttons denote, respectively, Poini&imode, Contour Mode, and Block

| o | ] :|
Figure 2.16: Analysis Mode toolbar buttons

Mode. The depressed button denotes the current mode. Theldefode when postprocessor
starts is Point Values mode.
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2.3.2 View and Grid Manipulation

The aspects of the current view and of the current grid anglaged via the use of toolbar buttons.
The view is manipulated by the following toolbar buttonsdine grid settings are manipulated by

lpl@|s] #]ele]=

Figure 2.17: View Manipulation toolbar buttons.

these grid manipulation toolbar buttons: The grid and vieanipulation work in exactly the same

flsriﬂl
=<1 . HF.

Figure 2.18: Grid Manipulation toolbar buttons.

fashion as these same features in the preprocessor. R&ectiori 2.2.4 for a detailed description
of grid manipulation, and to Sectidn 2.2.3 for view manipigia.

2.3.3 Keyboard Commands

Unlike the preprocessor, postprocessor is not very depemhekeyboard commands.

In the Point Values mode, there is only one relevant keyptaghis mode, the Tab key allows
the user to enter the coordinates of a specific point. Aftercthordinates of a point are entered,
the field values at that point are displayed in B&IM Output window.

In the Contours, there are four relevant keys. Pressing sicafe key wipes out any current
contour or block definition. Pressing the Delete removesastepoint added to the current contour
or block edge. Pressing the Shift key allows the user to thenldst segment in the prescribed
contour from a straight line into an arc. A dialog pops upratte key is pressed that prompts for
attributes of the the desired arc. Last, pressing the Tab &lbgws the user to numerically enter
the coordinates of a point to be included in the current aamto

In the Block mode, the Escape and Delete keys have the saméidafas in Contours mode.
In the Block mode, the Tab key does not do anything, sinceaatitp on the contour must also be
Points defining the model’'s geometry.

2.3.4 Mouse Actions

In contrast, the operation of the postprocessor is verytdgr® upon input from the mouse.

In the Point Values mode, a Left Button Click is used to diggdlald values at the current
mouse location. If Snap to Grid is enabled, values are digplat the closes grid point instead.

In the Contours mode, mouse clicks are used to define the worAd_eft Button Click adds
the closest Point in the model’'s geometry. Via a Right Buf@ick, the current mouse pointer
location is added to the contour. A contour appears as amecdbh the screen.

Blocks are defined in Block mode in a fashion very similar te way in which contours are
defined. A block is defined by by drawing a contour around tlggoreof interest. The contour
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appears as a green line on the postprocessor screen. Whamdthef the contour meet, the block
is defined. All elements enclosed by the contour (all eles#at form the block) then turn green
in the postprocessor window.

A Left Button Click attempts to add the nearest Point in thputrgeometry to the Block’s con-
tour. However, a block can only be defined along line and agmsats from the input geometry.
Each node on the boundary of the block must be selected im torderm the Block boundary. In
Block mode, the Right mouse button has no function.

2.3.5 Miscellaneous Useful View Commands

There are some additional entries on the postproc&&sermenu that might be useful to you from
time to time. These are:

e Smoothing By default, a smoothing algorithm is applied to the flux dgnsblution. Be-
cause first-order triangles are used as trial functions éator potential, the resulting flux
density and field intensity distributions are piece-wisestant in each element. The smooth-
ing algorithm uses a nearest neighbor interpolation toioliteearB andH distributions over
each element. The smoothed solution generally looks bett¢éhe screen, and somewhat
increases the accuracy BfandH near the vertices of each element. However, if you want
to toggle smoothing, this can be done by selectingStheothing option.

e Show Points Especially when making graphics for reports, presentafietc, it may be
desirable to hide the small boxes on the screen that denptg imode points. Th&how
Points option allows the user to toggle whether or not the input {soéme shown.

e ToolBar Use this toggle to hide and show the floating toolbar.

e Point Props Use this toggle to hide and show the floating dialog box usetisiolay point
property information.

2.3.6 Contour Plot

One of the most useful ways to get a subjective feel for a nagminite element solution is by
plotting the “flux lines.” These are the streamlines alongaltflux flows in the finite element
geometry. Where flux lines are close together, the flux derssltigh. In FEMM'’s vector potential
formulation, flux lines are simply plots of the level contswf the vector potentiak, in planar
problems, or level contours of A in axisymmetric problems.

For harmonic problems, the contours are a little more suBtleas both real and imaginary
components. In this case, postprocessor allows the usdottagntours of either the real or the
imaginary part ofA. Real contours appear black, and Imaginary contours apsegey.

By default, a set of 19 flux lines are plotted when a solutianitgally loaded into postproces-
sor. The number and type of flux lines to be plotted can beealtasing the Contours Plot icon in
the Graph Mode section of the toolbar (see Figurel|2.19. ThrtdDio Plot icon is the icon with the
black contours. When this button is pressed, a dialog popallgwing the choice of the number
of contours (between 4 and 100 are allowed), and which cositowplot (either real, imaginary, or
none).
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Figure 2.19: Graph Mode toolbar buttons.

] 4]

Figure 2.20: Line Plot, Integration, and Circuit Resultslbar buttons

In the contour plot dialog, a check box is also present titfadubw stress tensor mask”. If this
box is checked, the contour lines associated with the laggéd Stress Tensor integration are
also displayed, by default as orange flux lines.

2.3.7 Density Plot

Density plots are also a useful way to get a quick feel for the dlensity in various parts of the
model. A density plot can be displayed by pressing the mitddteon in the Graph Mode section
of the toolbar (see Figuie 2]19). A dialog the pops up thatnadithe user to turn density plotting
on. The user can choose to plot flux density, field intensitguorent density. If the solution is to
a harmonic problem, the user can choose to plot either theitogg or just the real or imaginary
part of these quantities.

The flux density at each point is classified into one of twemtytours distributed evenly be-
tween either the minimum and maximum flux densities or upecified bounds.

2.3.8 Vector Plots

A good way of getting a feel for the direction and magnitudéhef field is with plots of the field
vectors. With this type of plot arrows are plotted such thatdirection of the arrow indicates the
direction of the field and the size of the arrow indicates ttagnitude of the field. The presence
and appearance of this type of plot can be controlled by prgdke “arrows” icon pictured in
Figure[2.19.

2.3.9 Line Plots

When postprocessor is in Contours Mode, various field vadfi@gterest can be plotted along the
defined contour. A plot of a field value defined contour is pened by pressing the “graphed
function” icon in the Plot, Integration, and Circuit Resujroup of toolbar buttons, shown in
Figure[Z.2D. When this button is pressed, Xaé Plot dialog (see Figure 2.21) appears with a
drop list containing the types of line plots available. Cé®ahe desired type of plot and press
“OK.”

After “OK” is pressed, the program computes the desiredesakiong the defined contour.
These values are then plotted usingfdmemplot program, which is called automatically to display
the plot.

By default, theWrite data to text file box is not checked. If the user selects this option,
the file selection dialog will appear and prompt for a filenaimavhich to write the data. The
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Figure 2.21: X-Y Plot dialog.

data is written in two-column text format. Write data to text file is selected, a femmplot
window will not appear.
Currently, the type of line plots supported are:

Vector potential along the contour;

Magnitude of the flux density along the contour;

Component of flux density normal to the contour;

Component of flux density tangential to the contour;

Magnitude of the field intensity along the contour;

Component of field intensity normal to the contour;
e Component of field intensity tangential to the contour;

In all of these plots, the direction of the normal is undesstto be as shown in Figufe 2]22.
The tangential direction is understood to be the directiomhich the contour was defined.

In certain cases, the quantity to be plotted can be ambigudus can occur, for example, if a
plot of the tangential field intensity is requested on a contanning along an interface between
air and a piece of iron. In this case, there is a discontinuithe tangential field intensity, and
the value of this quantity is different on each side of theiiféice. The postprocessor resolves the
conflict by always evaluating the plots at a differentialipal distance to the “normal” side of
the line. Therefore, by defining the same contour but rengrthe order in which the points are
specified, plots of the quantity of interest on each side afunblary can be obtained.
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Figure 2.22: When in doubt plots and integrals taken on idis af a contour.

2.3.10 Line Integrals

Once a contour has been specified in Contours mode, Lineréigecan be performed along the
specified contour. These integrals are performed by ewvatuatlarge number of points at evenly
spaced along the contour and integrating using a simplezmagal-type integration scheme.

To perform an integration, press the “integral” icon on thellbar (as shown in Figufe 2.20).
A small dialog will appear with a drop list. Choose the dasimgtegral from the drop list and
pressOK The amount of time required to perform the integral will beually instantaneous for
some types of integrals; however, some types may requikraeseconds to evaluate. When the
evaluation of the integral is completed, the answer app@atke screen in a pop-up box.

One “tip” that may aid with the definition of contours of integjon is that a curved integration
contour can be defined in a fairly painless fashion by hitthegy Shift key. Hitting the Shift key
tells the program to turn the last segment in the defined iategn contour into an arc segment. A
dialog then pops up that prompts for the desired attributéssoarc.

The line integrals currently supported are:

e B.n. This integral returns the total flux passing normal to thetgor. This integral is useful
for determining the total flux in a bulk flux path. This resuligmt then be compared to
predictions from a simpler magnetic circuit model, for exden

e H.t . Theintegral of the tangential field intensity along thetoom yields the magnetomotive
force drop between the endpoints of the contour. Againjiegral is useful for comparison
to or validation of magnetic circuit models.

e Contour Length . This integral returns the length of the defined contour itemrse
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e Force from stress tensor . This integral totals the force produced on the contour de-
rived from Maxwell’s stress tensor. Deriving meaningfulde results requires some care in
the choice of integration path; refer to Section 2.8.12 fdetailed discussion of force and
torque calculation.

e Torque from stress tensor . This selection integrates the torque about the point (0,0)
inferred from Maxwell’s stress tensor. Again, some guitedi must be followed to get
accurate torque results (see Secfion 213.12).

e B.n"2 . This selection evaluates the integral of the square of tmmal flux along the line.
This integral is not so commonly used, but it has been useftie past for some specialized
purposes, like determining the RMS amplitude of a periodix @istribution.

2.3.11 Block Integrals

Once a closed contour has been specified in Block mode anddhlk &ppears highlighted in

green, Block Integrals over the specified area. These mitegre performed by analytically inte-
grating the specified kernel over each element in the defiegidm, and summing the results for
all elements.

To perform an integration, press the “integral” icon on thallbar (as shown in Figufe 220). A
small dialog will appear with a drop list. Choose the desirgdgral from the drop list and press
OK Generally, volume integrals take several seconds to at@lespecially on dense meshes. Be
patient. When the evaluation of the integral is completed,answer appears on the screen in a
pop-up box.

The block integrals currently supported are:

e AJ This integral is the evaluation gfA-JdV that is usually used evaluate inductance for
linear problems. Generally, the self-inductance of a &oil i

A-JdV
Leur = fT 2.8)

wherei is the current flowing through the coil.

e AThisintegral, the evaluation gfAdV, can be used to evaluate mutual inductances between
coils. Similar to the formula for self inductance, mutualurctance is:

[ A7 - JodVs

— (2.9)
1112

Lmutual =
whereA; is the component oA produced by the first coil), is the current in the second
coil, andi1 andi, are the current in the first and second coils, respectivhly.is meant to
denote that the integral is taken over the volume of the sbcoil. We can rearrangé (2.9)
into a somewhat simpler form by noting thatx i, = Jo xap. That is, the total amps times
turns for the second coil equals the current density in tbersecoil times the second coil’s
cross-section area. Substituting forin (2.9) yields:

17)

I—mu’[uaI: P ( AldVZ -
I Jot

Aldvz) (2.10)
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S
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where the first bracketed term in (21 10) is the contributimmf the turns of coil 2 that are
pointed out of the page and the second term is the contriiértbon the turns of coil 2 that
are pointed into the page. To evaluate mutual inductande&tMM, one substitutes values
into (2.10). First, run the model with only “coil 1” turned ohen, integraté\ over the
volume in which the second coil lies (although the secontisaiot turned on). For planar
problems, you will typically have to make two separate initigns—one over the region
where the turns in “coil 2” are pointed out of the page.(that part of the coil in which
a positive current results in current flowing in the outdoépage direction), and one over
the region in which the turns in “coil 2” are pointed into thage. Add these two results
together to get the tot#};dV» integral. Lastly, multiply the integral result timas/(i1az) to
get mutual inductance.

Magnetic field energy This selection calculates the energy stored in the magfiekit
in the specified region. This integral can be used as an ateemethod of getting inductance
for problems that are linear (at least not heavily satujatednotingE as the energy stored
in the magnetic field, inductance can be obtained by sol\ieddrmula:

_Li2
2
In the case of nonlinear materials, the energy is computed vi

W :/(/OBH(B’)dB’) dv 2.12)

to take proper account of the energy under nonlinear camiti

E (2.11)

Magnetic field coenergy For linear problems, coenergy is numerically the same as en-
ergy. For nonlinear problems, coenergy is defined as:

W :/(/OH B(H’)dH’) dv (2.13)

Coenergy can be used in an alternative method of force agdeéaomputation. To compute
force via coenergy, currents are held constant, and théi@osif the object upon which the
force is desired is perturbed slightly. The force can therdignmated by:

_ We(p+9) —We(p)
5

wherep denotes the initial positiomp+ d denotes the perturbed position, ahi the mag-
nitude of the perturbation. The component of force deteeahiim this way acts along the
direction of the perturbation—one has to perform two suatrajons to get both horizontal
and vertical components of the force.

F (2.14)

Hyst. and/or Laminated eddy current losses . This selection is typically used to
obtain the core losses produced in laminated iron sectioharimonic problems.

Resistive losses This selection integrates théR losses due to currents flowing in the
“Z’ direction (or@ direction, if you are evaluating an axisymmetric problem).
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Block cross-section area

Total losses  This selection totals the losses from all possible loss rmeisims that might
apply over the given block. This is especially useful for firglosses in a region that might
enclose several different types of materials with difféteas mechanisms.

Lorentz force (JxB) Lorentz force is the force produced by a magnetic field aatjpgn
a current:

Florentz— / JxBdV (2.15)

Many devices €.g. voice coil actuators) produce forces in a fashion that caaVaduated
using this integral.

Lorentz torque (rxJxB) This selection computes the torque abu©) resulting from
Lorentz forces.

Integral of B over block This integral can be useful in computing Lorentz forcesc8in
Lorentz force is) x B, the force that would be produced if a coil were placed in tagepart
of the solution domain can be inferred by integratiygnd then scaling times an arbitrarily
chosen current density to get force.

Total current  This integral returns the total specified currents in thegillock.

Block Volume For axisymmetric problems, this selection returns the ma&swept out by
the selected block.

Force via Weighted Stress Tensor The Weighted Stress Tensor block is a volume in-
tegral version of Maxwell’s stress tensor that automaiyqatks a collection of paths for the
integration that yield “good” force results. This approaslsimilar to the weighted stress
tensor approach described in [7] and/cr [8].

To compute the force on a region or set of regions, the usectsethe blocks upon which
force result is desired and selects Hoece via Weighted Stress Tensor integral. The
program then computes the weighting function by solving dditeonal Laplace equation
over the air surrounding the blocks upon which the force ise@omputed. It may take a
few seconds to compute the weighting function—progrese imthicated by a progress bar
that is displayed while the weighting function is being caigal. The stress tensor is then
evaluated as a volume integration, and the results areagisgl The results are typically
more accurate than the Maxwell Stress Tensor line integjirade in some sense, all possible
contours have been averaged to yield the Weighted StressiTimce result.

If the user is interested in the contours along which thegiratewas performed, the "stress
tensor mask” box can be checked in the contour plot dialogetPo§orange (by default)
lines will be displayed that.

Torque via Weighted Stress Tensor This integral is torque version of tH@rce via
Weighted Stress Tensor integral. Instead of force, torque about (0,0) is computadai
the same weighting function approach.
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e R2 (i.e. Moment of Inertia/density) This integral is used to determine the moment
of inertial of the selected blocks. To obtain moment of irmethe result of this integral must
be multiplied by the density of the selected region. For 2&npt problems, the moment of
inertia about the z-axig.€. about x=0,y=0) is computed. For axisymmetric problems, the
integral is computed about the r=0 axis.

2.3.12 Force/Torque Calculation

Ultimately, the estimation of magnetically produced faremd torques is often the goal of a finite
element analysis. This section discusses some of the atitfenethods of deducing forces and
torques using FEMM.

Lorentz Force/Torque

If one is attempting to compute the force on a collection afents in a region containingnly
materials with a unit relative permeability, the volumeemtal of Lorentz torque is always the
method to employ. Lorentz force results tend to be very ateurHowever, again, they are only
applicable for the forces on conductors of with unit pernil@glg e.g.coils in a voice coil actuator).

Weighted Stress Tensor Volume Integral

This volume integral greatly simplifies the computation ofces and torques, as compared to
evaluating forces via the stress tensor line integral décbhtiation of coenergy. Merely select the
blocks upon which force or torque are to be computed and at@athe integral. No particular “art”
is required in getting good force or torque results (as opgds the Stress tensor line integral),
although results tend to be more accurate with finer meskmgna the region upon which the
force or torque is to be computed.

One limitation of the Weighted Stress Tensor integral istih@regions upon which the force is
being computed must be entirely surrounded by air and/dttiagua boundary. In cases in which
the desired region abuts a non-air region, force results Ineagieduced from differentiation of

coenergy—seé (2.114).

Maxwell Stress Tensor Line Integral

The indiscriminate use Maxwell’s Stress Tensor can resaubiaid predictions forces and torques.
The goal of this section is to explain how to set up problend @roperly choose integration
paths so that good estimations of force and torque might beired via stress tensor methods.
Generally, you should not use the Stress Tensor line integcampute forces and torques if it can
be avoidedi(e. use the volume integral version instead).

Maxwell’'s stress tensor prescribes a force per unit aredymed by the magnetic field on a
surface. The differential force produced is:

dF =3(H(B-n)+B(H-n)—(H-B)n) (2.16)

wheren denotes the direction normal to the surface at the pointtefést. The net force on an
object is obtained by creating a surface totally enclosimgdbject of interest and integrating the
magnetic stress over that surface.
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While an integration of[(2.16) theoretically gives the metimforce on an object, numerical
problems arise when trying to evaluate this integral on aefialement mesh made of first-order
triangles. Though the solution for vector potentais relatively accurate, the distributions Bf
andH are an order less accurate, since these quantities are@dtay differentiating the trial
functions forA. That is,A is described by a linear function over each element,BoahdH are
piece-wise constant over each element. Errol® amdH can be particularly large in elements in
which the exact solution fdB andH changes rapidly—these areas are just not well approximated
by a piece-wise approximation. Specifically, large err@s arise in the tangential components
of B andH in elements adjacent to boundaries between materialsfefelit permeabilites. The
worst errors arise on this sort of interface at corners, wtiiee exact solution foB is nearly a
singularity.

If the stress tensor integral is evaluated on the interfate/den two different materials, the
results will be particularly erroneous. However, the €remnsor has the property that, for an
exact solution, the same result is obtained regardleseqfdth of integration, as long as that path
encircles the body of interest and passes only through ait(east, every point in the contour
is in a region with a constant permeability). This implieattthe stress tensor can be evaluated
over a contour a few elements away from the surface of an chjbere the solution foB and
H is much more accurate. Much more accurate force resultderitibtained by integrating along
the contour a few elements removed from any boundary orfater The above discussion is the
rationale for the first guideline for obtaining forces vieest tensor:

Never integrate stress stress tensor along an interfasebetmaterials. Always de-
fine the integration contour as a closed path around the bjeaterest with the
contour displaced several elements (at least two elemawiy from any interfaces
or boundaries.

As an example of a properly defined contour, consider Figu2&.2This figure represents a
horseshoe magnet acting on a block of iron. The objective @btain the magnetic forces acting
upon the iron block. The red line in the figure represents theaur defined for the integration.
The contour was defined running clockwise around the bloagkhat the normal to the contour
points outward. Always define your contour in a clockwisediion to get the correct sign. Note
that the contour is well removed from the surface of the hlackl the contour only passes through
air. To aid in the definition of a closed contour, grid and thedp to grid” were turned on, and the
corners of the contour are grid points that were specifiedght mouse button clicks.

The second rule of getting good force results is:

Always use as fine a mesh as possible in problems where fasutgare desired.

Even though an integration path has been chosen properéy(am boundaries and interfaces),
some significant error can still arise if a coarse mesh is.uslete that[(Z.16) is composed Bf
terms — this means that stress tensor is one order worse unaaycthanB. The only way to get
that accuracy back is to use a fine mesh density. A good wayotzepd in finding a mesh that is
“dense enough” is to solve the problem on progressively fimeshes, evaluating the force on each
mesh. By comparing the results from different mesh derssitieu can get and idea of the level
of accuracy (by looking at what digits in the answer that ¢jeabetween various mesh densities).
You then pick the smallest mesh density that gives conversyemthe desired digit of accuracy.
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Figure 2.23: Properly defined contour for integration of MaX’s Stress Tensor

For torque computations, all the same rules apply as foefomnputationsif. define inte-
gration contours away from boundaries and interfaces, aacgulense mesh).

2.3.13 Circuit Results

If “circuit” properties are used to specify the excitati@anpnumber of useful properties relative to
the circuit are automatically available. To view the citeesults, either press the "Circuit Results”
button on the toolbar pictured in Figure 2.20 or seléew|Circuit Props off of the postprocessor
main menu. A dialog, as pictured in Figure 2.24 will appeahner® is a drop list on the dialog,

from which the user selects the circuit for which resultsdesired.

2.4 Electrostatics Preprocessor

The preprocessor is used for drawing the problems geom@gfining materials, and defining

boundary conditions. The process of construction of edstatics problems is mechanically nearly
identical to the construction of magnetics problems—radeBection$ 2.2]1 throudgh 2.2.5 for an
overview of the FEMM editing and problem creation commandibis section considers those
parts of problem definition that are unique to electrossgtioblems.
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Figure 2.24: Circuit results dialog.

2.4.1 Problem Definition

The definition of problem type is specified by choosing Fneblem selection off of the main
menu. Selecting this option brings up the Problem Definitimiog, shown in Figure 2.25.

The first selection is thBroblem Type drop list. This drop box allows the user to choose from
a 2-D planar problem (thBlanar selection), or an axisymmetric problem (tAgisymmetric
selection).

Nextis theLength Units  drop list. This box identifies what unit is associated with ¢himen-
sions prescribed in the model's geometry. Currently, thegm@m supports inches, millimeters,
centimeters, meters, mils, aptheters.

The first edit box is théepth specification. If a Planar problem is selected, this edit box
becomes enabled. This value is the length of the geomethgeifiimto the page” direction. This
value is used for scaling integral results in the post premege.g. force, inductance, etc.) to the
appropriate length. The units of the Depth selection ares#nee as the selected length units.

The second edit box is tt&lver Precision edit box. The number in this edit box specifies
the stopping criteria for the linear solver. The linear algeproblem could be represented by:

Mx = b (2.17)

whereM is a square matriXy is a vector, anc is a vector of unknowns to be determined. The
solver precision value determines the maximum allowableevéor ||b — Mx||/||b||. The default
value is 10°8.

The third edit box is labeletfin Angle . The entry in this box is used as a constraint in the
Triangle meshing program. Triangle adds points to the mestnsure that no angles smaller
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Figure 2.25: Problem Definition dialog.

than the specified angle occur. If the minimum angle is 20gfeks or smaller, the triangulation
algorithm is theoretically guaranteed to terminate (assgmfinite precision arithmetic — Triangle
may fail to terminate if you run out of precision). In praetjdhe algorithm often succeeds for
minimum angles up to 33.8 degrees. For highly refined megdiwmsgever, it may be necessary
to reduce the minimum angle to well below 20 to avoid problessociated with insufficient
floating-point precision. The edit box will accept valuesiren 1 and 33.8 degrees.

Lastly, there is an option&@lommentedit box. The user can enter in a few lines of text that give
a brief description of the problem that is being solved. Taisseful if the user is running several
small variations on a given geometry. The comment can theuaskd to identify the relevant
features for a particular geometry.

2.4.2 Definition of Properties

To make a solvable problem definition, the user must idebtiiyndary conditions, block materials
properties, and so on. The different types of propertiesiddffor a given problem are defined via
theProperties  selection off of the main menu.

When theProperties  selection is chosen, a drop menu appears that has selefokia-
terials, Boundary, Point, and Conductors. When any oneaxdlselections is chosen, the dialog
pictured in Figuré 2.26 appears.

This dialog is the manager for a particular type of properti&ll currently defined properties
are displayed in th€roperty Name drop list at the top of the dialog. At the beginning of a new
model definition, the box will be blank, since no propertiasdyet been defined. Pushing tuzl
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Property Definition

IHyIDn j

&dd Property

|' Froperty Mame

Delete Property QK. I

todify Property

Figure 2.26: Property Definition dialog box.

Property  button allows the user to define a new property type. Délete Property button
removes the definition of the property currently in view i Bhoperty Name box. TheModify
Property button allows the user to view and edit the property curyesglected in th@roperty

Namebox. Specifics for defining the various property types areestkd in the following subsec-
tions.

Point Properties

If a new point property is added or an existing point propentydified, theNodal Property
dialog box appears. This dialog box is pictured in Figuréf2.2

Modal Property

M ame INew Foint Property

(¥ Specified Potential Property
™ Puoint Charge Density Property

Specified Patential——  — Paint Charge Density, Cém—
0 0

Caricel

Figure 2.27: Nodal Property dialog.

The first selection is th8lameedit box. The default name is “New Point Property,” but this
name should be changed to something that describes thertyrtpeet you are defining.
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Next are edit boxes for defining the voltage at a given pointprescribing a point charge
density at a given point. The type of point property is chogarthe radio buttons, and the value
is entered in the enabled edit box.

Boundary Properties

The Boundary Property  dialog box is used to specify the properties of line segmentarc
segments that are to be boundaries of the solution domainenvVilhnew boundary property is
added or an existing property modified, tBeundary Property  dialog pictured in Figureé 2.28
appears.

Boundary Property
S New Boundary T T
Cancel |
BC Type |Fived Voltage |
— Fixed Yoltage — Mixed BC parameters

E .
EEI coefficient |-

_ISDurfa-:e Charge Density - 1 cneiticient [0

Figure 2.28: Boundary Property dialog.

The first selection in the dialog is tiNameof the property. The default name is “New Bound-
ary,” but you should change this name to something more igigiserof the boundary that is being
defined.

The next selection is thRC Type drop list. This specifies the boundary condition type. Cur-
rently, FEMM electrostatics problems support the follogvigpes of boundaries:

Fixed Voltage  With this type of boundary condition, potentMlis set to a prescribed along
a given boundary

Mixed This denotes a boundary condition of the form:

\Y
srsog—n+c0v+c1:o (2.18)

The parameters for this class of boundary condition areifspe theMixed BC parameters
box in the dialog. By the choice of coefficients, this bouydawndition can either be a Robin or
a Neumann boundary condition. By carefully selectingdheoefficient and specifying; = 0,
this boundary condition can be applied to the outer boundégour geometry to approximate
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an unbounded solution region. For more information on opamdary problems, refer to the
Appendix.

Surface Charge Density This selection is used to apply distributions of line chamseg-
ments or arc segments in the problem. Unlike all of the otbenkary conditions, this BC type is
often used on internal boundaries between materials ortatésl segments. Typically, other BCs
are only used on exterior boundaries.

Periodic  This type of boundary condition is applied to either two segis or two arcs to force
the potential to be identical along each boundary. Thisadsbundary is useful in exploiting the
symmetry inherent in some problems to reduce the size ofdh®t which must be modeled. The
domain merely needs to be periodic, as opposed to obeying rastrictiveV = 0 ordV /on =0
line of symmetry conditions. Another useful applicatiorpefiodic boundary conditions is for the
modeling of “open boundary” problems, as discussed in AdpeB. Often, a periodic boundary
is made up of several different line or arc segments. A difieperiodic condition must be defined
for each section of the boundary, since each periodic BC ngnbe applied to a line or arc and a
corresponding line or arc on the remote periodic boundary.

Antiperiodic The antiperiodic boundary condition is applied in a similary as the periodic
boundary condition, but its effect is to force two boundsitiebe the negative of one another. This
type of boundary is also typically used to reduce the domdiithvmust be modeled, e.g. so that
an electric machine might be modeled for the purposes of & faéement analysis with just one
pole.

Materials Properties

The Block Property  dialog box is used to specify the properties to be associattdblock
labels. The properties specified in this dialog have to db wie material of which the block is
composed. When a new material property is added or an exigtimperty modified, th&lock
Property dialog pictured in Figurg 2.29 appears.

Block Property
Mame MHew katerial
Relative Er 1 Relative £ . I1

Charge Density, Cém™3 L

LR Cancel

Figure 2.29: Block Property dialog.

As with Point and Boundary properties, the first step is toosleoa descriptive name for the
material that is being described. Enter it in fite@needit box in lieu of “New Material.”
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Next, permittivity for the material needs to be specifiedMREallows you to specify different
relative permittivities in the vertical and horizontalefitions € for the x- or horizontal direction,
andey for the y- or vertical .

A volume charge densityp] can also be prescribed by filling in the appropriate box il th
material properties dialog.

Materials Library

Since one kind of material might be needed in several diftengodels, FEMM has a built-in li-
brary of electrostatic Block Property definitions. The usan access and maintain this library
through theProperties | Materials Library selection off of the main menu. When this op-
tion is selected, th®laterials Library dialog pictured in Figure 2.30 appears.

Materials Library =
{4 Library Materials | 25 Madel Materials

I
T Delrin

I Ethanol

I Germanium
T Kapton 100

T Polyethylene LDPE/HDPE
-5 Palypropylens hd|

Cancel I [8]4 I

P

Figure 2.30: Materials Library dialog

This dialog allow the user to exchange Block Property deding between the current model
and the materials library via a drag-and-drop interface.

A number of different options are available via a mouse lutight-click when the cursor is
located on top of a material or folder. Materials can be elditg double-clicking on the desired
material.

Material from other material libraries or models can be ingd by selecting the “Import
Materials” option from the right-button menu that appeabtewthe pointer is over the root-level
folder of either the Library or Model materials lists.

The materials library should be located in the same dirgcasrthe femm executable files,
under the filenamesetatlib.dat . If you move the materials library, femm will not be able todfin
it.

Conductor Properties

The purpose of the conductor properties is mainly to allogvuker to apply constraints on the
total amount of charge carried on a conductor. Alternagivenductors with a fixed voltage can
be defined, and the program will compute the total chargaechion the conductor during the
solution process.
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For fixed voltages, one could alternatively applyixed Voltage boundary condition. How-
ever, applying a fixed voltage as a conductor allows the wsgrdup together several physically
disjoint surfaces into one conductor upon which the totacharge is automatically computed.

The dialog for entering conductor properties is pictureBigure2.31.

Circuit Property

M arne IHEW Conductor

™ Prezcibed Yoltage 0

&% Total Charge, C L

Ok, I Cancel

Figure 2.31: Conductor Property dialog.

2.4.3 Analysis Tasks

Meshing the model, analyzing the model, and viewing thelteane most easily performed by the
toolbar buttons pictured in Figure 2132.

|€§T|t?3|

Figure 2.32: Toolbar buttons for starting analysis tasks.

The first of these buttons (with the “yellow mesh” icon) ruhe mesh generator. The solver
actually automatically calls the mesh generator to make that the mesh is up to date, so you
never have to call the mesher from within femm. However, dlinost always important to get
a look at the mesh and see that it “looks right.” When the mesteration button is pressed,
the mesher is called. While the mesher is running, an enbglda “triangle” will appear on
the Windows taskbar. After the geometry is triangulated, fthite element mesh is loaded into
memory and displayed underneath the defined nodes, segmedislock labels as a set of yellow
lines.

If you have a very large model, just keeping all of the meshrmifation in core can take up a
significant amount of memory. If you are about to analyze & la&ge problem, it might be a good
idea to choose thidesh | Purge Mesh option off of the main menu. When this option is selected,
the mesh is removed from memory, and the memory that it oecuipifreed for other uses.

The second button, with the “hand-crank” icon, executesstiieer,Belasolv.exe . Before
Belasolve is actually run, the Triangle is called to make $lhe mesh is up to date. Then, Belasolve
is called. When Belasolve runs, it opens up a console windaisplay status information to the
user. However, Belasolve requires no user interactionenhils running. When Belasolve is
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finished analyzing your problem, the console window willagipear. The time that Belasolve
requires is highly dependent on the problem being solveduti®a times are typically on the
order of 1 to 10 seconds, depending upon the size and cormptéxhe problem and the speed of
the machine analyzing the problem.

The “big magnifying glass” icon is used to run the postprgoe®nce the analysis is finished.

2.5 Electrostatics Postprocessor

The the electrostaticss postprocessing functionalityeadrh is used to view solutions generated
by thebelasolv  solver. An electrostatics postprocessor window can beexgbeither by loading
some previously run analyses Wige|Open onthe main menu, or by pressing the “big magnifying
glass” icon from within a preprocessor window to view a neginerated solution. Electrostatics
postprocessor data files stored on disk haverdse prefix.

Operation of the electrostatics postprocesser nodes, view manipulation) is very similar to
that of the magnetics postprocessor. Refer to SedtionE théugHh 2.35 for this information.

2.5.1 Contour Plot

One of the most useful ways to get a subjective feel for a golus by plotting the eqipotentials
of voltage. By default, a set of 19 equipotential lines atpd when a solution is initially loaded
into the postprocessor. The number and type of equipotdimés to be plotted can be altered
using the Contours Plot icon in the Graph Mode section of tlodbar (see Figure 2.83). The
Contour Plot icon is the icon with the black contours.

INIS1EN

Figure 2.33: Graph Mode toolbar buttons.

When this button is pressed, a dialog pops up, allowing tleécetof the number of contours.

In the contour plot dialog, a check box is also present titfadubw stress tensor mask”. If this
box is checked, the contour lines associated with the laggéd Stress Tensor integration are
also displayed, by default as orange flux lines.

2.5.2 Density Plot

Density plots are also a useful way to get a quick feel for the dlensity in various parts of the
model. By default, a flux density plot is not displayed whemplostprocessor first starts. However,
the plot can be displayed by pressing the middle button irGiregoh Mode section of the toolbar
(see Figuré 2.33). A dialog the pops up that allows the usenrtodensity plotting on.

The user can select between density plots of Voltage (V) emtlagnitude of Electric Field
Intensity (E) or Electric Flux Density (D). The field at eachint is classified into one of twenty
contours distributed evenly between either the minimum @wackimum flux densities or user-
specified bounds.
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2.5.3 \ector Plots

A good way of getting a feel for the direction and magnitud¢hef field is with plots of the field
vectors. With this type of plot arrows are plotted such thatdirection of the arrow indicates the
direction of the field and the size of the arrow indicates ttagnitude of the field. The presence
and appearance of this type of plot can be controlled by prggke “arrows” icon pictured in
Figure[2.38.

2.5.4 Line Plots

When the postprocessor is in Contours Mode, various fieldegabf interest can be plotted along
the defined contour. A plot of a field value defined contour isgeeed by pressing the “graphed
function” icon in the Plot, Integration and Conductor Résgjroup of toolbar buttons, shown in

Figure[2.34.
| I+

Figure 2.34: Line Plot, Integration, and Conductor Resoltdbar buttons.

When this button is pressed, theY Plot dialog (see Figurg 2.85) appears with a drop list
containing the types of line plots available. Choose thé&éeesype of plot and press “OK.”

- Plot of Field ¥alues x|

— Plat Type

I Y [Woltage] j

— Mumber of paints in plot
|1 50 —‘ 0K
Cancel
[T wirite data to test file
File Farmatting
|7|h-1ultic:cnlumn bext wy' legend j

Figure 2.35: X-Y Plot dialog.

After “OK” is pressed, the program computes the desiredesakiong the defined contour.
These values are then plotted usingfdmemplot program, which is called automatically to display
the plot.

By default, theWrite data to text file box is not checked. If the user selects this option,
the file selection dialog will appear and prompt for a filenaimevhich to write the data. The
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data is written in two-column text format. Write data to text file is selected, a femmplot
window will not appear.

Currently, the type of line plots supported are: Potentiahg the contour; Magnitude of the
flux density along the contour; Component of flux density rarto the contour; Component of
flux density tangential to the contour; Magnitude of the fielegnsity along the contour; Compo-
nent of field intensity normal to the contour; Component dfifiatensity tangential to the contour;

In all of these plots, the direction of the normal is undesstto be as shown in Figufe 2]36.
The tangential direction is understood to be the directiomhich the contour was defined.

direction of

_ _ contour definition
direction of the normal

to the contour

Figure 2.36: When in doubt plots and integrals taken on idis af a contour.

In certain cases, the quantity to be plotted can be ambigudus can occur, for example, if a
plot of the tangential field intensity is requested on a contanning along an interface between
two materials of differing permittivity. In this case, tleeis a discontinuity in the tangential field
intensity, and the value of this quantity is different onteaie of the interface. The postprocessor
resolves the conflict by always evaluating the plots at @bffitially small distance to the “normal”
side of the line. Therefore, by defining the same contourdngnsing the order in which the points
are specified, plots of the quantity of interest on each sidgebmundary can be obtained.

2.5.5 Line Integrals

Once a contour has been specified in Contours mode, Lineréisecan be performed along the
specified contour. These integrals are performed by evatuatlarge number of points at evenly
spaced along the contour and integrating using a simplezmgal-type integration scheme.

To perform an integration, press the “integral” icon on tbelibbar (as shown in Figure 0).
A small dialog will appear with a drop list. Choose the dasimngtegral from the drop list and
pressOK The amount of time required to perform the integral will beually instantaneous for
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some types of integrals; however, some types may requikraeseconds to evaluate. When the
evaluation of the integral is completed, the answer app@atke screen in a pop-up box.
The line integrals currently supported are:

e E.t Thisintegral returns the voltage drop along the definedaant

e D.n. This integral returns the total electrix flux passing tlgioa volume defined by extrud-
ing or sweeping the defined contour. If this integral is perfed over a closed contour, the
resulting quantity is equal to the charge contained ingidecontour.

e Contour Length/Area . This integral returns the length of the defined contour iterse as
well as the area of the extruded or swept volume associatixdie defined contour.

e Force from stress tensor . This integral totals the force produced on the contour de-
rived from Maxwell’s stress tensor. Deriving meaningfulde results requires some care in
the choice of integration path; refer to Section 2.5.7 foetadled discussion of force and
torque calculation.

e Torque from stress tensor . This selection integrates the torque about the point (0,0)
inferred from Maxwell’s stress tensor. Again, some guitedi must be followed to get
accurate torque results.

2.5.6 Block Integrals

To select the regions over which a block integral is to bequaréd, left-click with the mouse in
the desired region. The selected region will appear higkdig in green. For some block integrals
(i.e. weighted stress tensor force and torque), one desiresdot setonductor composed of lines
and points, rather than a block. In this case, the desireduiar can be selected by clicking on it
with the right mouse button. The selected conductor willesgwpn red.

To perform an integration, press the “integral” icon on tbelbbar (as shown in Figuie 2134),
and a dialog will appear with a drop list. Choose the desimésbiral from the drop list and pre&
The integral is then performed by analytically integratthg specified kernel over each element
in the defined region, and summing the results for all elemeérdlume integrals may take several
seconds to evaluate, especially on dense meshes. Be paieenh the evaluation of the integral
is completed, the answer appears on the screen in a pop-up box

The block integrals currently supported are:

e Stored Energy  This selection calculates the energy stored in the elefatltin the spec-
ified region by integratinggD -E) over the selected area.

Block cross-section area

Block volume

Average D over volume

Average E over volume
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e Force via Weighted Stress Tensor The Weighted Stress Tensor block integrals auto-
matically compute a weighting function over the finite eletmesh that allows all possible
air elements to contribute to the stress tensor integrafidns approach is similar to the
weighted stress tensor approach describedlin [7] and/ofT@fompute the force on a re-
gion or set of regions, the user selects the blocks upon wioicle result is desired and
selects thd-orce via Weighted Stress Tensor integral. The program then computes
the weighting function by solving an additional Laplace &ijpn over the air surrounding
the blocks upon which the force is to be computed. It may tatewaseconds to compute
the weighting function—progress is be indicated by a pregjtear that is displayed while
the weighting function is being computed. The stress teisstiten evaluated as a volume
integration, and the results are displayed. The resultsypieally more accurate than the
Maxwell Stress Tensor line integral, since in some sensg@oakible contours have been
averaged to yield the Weighted Stress Tensor force result.

If the user is interested in the contours along which thegiraiewas performed, the "stress
tensor mask” box can be checked in the contour plot dialogetfotorange (by default)
lines will be displayed that.

e Torque via Weighted Stress Tensor This integral is torque version of th@rce via
Weighted Stress Tensor integral. Instead of force, torque about (0,0) is computadai
the same weighting function approach.

2.5.7 Force/Torque Calculation

Often, the calculation of electrostatic and torques is d gbfinite element analysis. This section
discusses some of the different methods of deducing eltatro forces and torques.

Weighted Stress Tensor Volume Integral

This volume integral greatly simplifies the computation afcies and torques. Merely select the
blocks or conductors upon which force or torque are to be edetpand evaluate the integral. No
particular “art” is required in getting good force or torg@sults (as opposed to the Stress tensor
line integral), although results tend to be more accuratk fivier meshing around the region upon
which the force or torque is to be computed.

One limitation of the Weighted Stress Tensor integral istih@regions upon which the force is
being computed must be entirely surrounded by air and/atiagua boundary. In cases in which
the desired region abuts a non-air region, force results Ineagieduced from differentiation of
stored electric field energy.

Maxwell Stress Tensor Line Integral

Generally, you should not use the Stress Tensor line integcampute forces and torques if it can
be avoided (i.e. use the volume integral version insteal. imdiscriminate use Maxwell’s Stress
Tensor can result in bad predictions forces and torques.

Maxwell’'s stress tensor prescribes a force per unit aredymed by the electric field on a
surface. The differential force produced is:
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dF:%(D(E-n)-l—E(D-n)—(D-E)n) (2.19)

wheren denotes the direction normal to the surface at the pointtefést. The net force on an
object is obtained by creating a surface totally enclosinggdbject of interest and integrating the
stress over that surface.

For best results, never integrate the stress tensor alomgteface between materials. Al-
ways define the integration contour as a closed path arowndlject of interest with the contour
displaced several elements (at least two elements) awaydny interfaces or boundaries.

Always use as fine a mesh as possible in problems where fosoéig@re desired. A good
way to proceed in finding a mesh that is “dense enough” is teesthle problem on progressively
finer meshes, evaluating the force on each mesh. By comptréngesults from different mesh
densities, you can get and idea of the level of accuracy (bkihg at what digits in the answer
that change between various mesh densities). You then lpgckrhallest mesh density that gives
convergence to the desired digit of accuracy.

For torque computations, all the same rules apply as foefomnputations (i.e. define inte-
gration contours away from boundaries and interfaces, aaguwense mesh).

2.5.8 Conductor Results

If conductor properties are used to specify the excitagamseful byproduct is ready access to the
voltage and charge on the conductor. To view the conductuitee either press the “Conductor
Results” toolbar button pictured in Figure 2.34 or seMiewv |Conductor Props  off of the post-
processor main menu. A dialog, as pictured in Figurel2.3Fapipear. There is a drop list on the
dialog, from which the user selects the conductor for whegults are desired. When a conductor
is selected, the voltage and charge associated with thdtictor are displayed.

Conductor Properties

— Conductar Mame

MHew Conductar -

—Fesultz

YWolkage = B1683.01 Yalts
Charge = 1e-008 Coulornbes

Figure 2.37: Conductor results dialog.
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2.6 Heat Flow Preprocessor

The preprocessor is used for drawing the problems geomafining materials, and defining
boundary conditions. The process of construction of heat flloblems is mechanically nearly
identical to the construction of magnetics problems—radeBections 2.2]1 throudgh 2.2.5 for an
overview of the FEMM editing and problem creation commandihis section considers those
parts of problem definition that are unique to heat flow protsge

2.6.1 Problem Definition

The definition of problem type is specified by choosing Engblem selection off of the main
menu. Selecting this option brings up the Problem Definitimiog, shown in Figure 2.38.

Problem Definition X |

Problern Type Planar [
Length Liits Ihches [
Drepth 1

Saolver Precision | 157008

Mik Anigle a0

Cammett

Add comments here.

] Cancel

Figure 2.38: Problem Definition dialog.

The first selection is thBroblem Type drop list. This drop box allows the user to choose from
a 2-D planar problem (thBlanar selection), or an axisymmetric problem (tAgisymmetric
selection).

Nextis theLength Units  drop list. This box identifies what unit is associated with ¢hmen-
sions prescribed in the model's geometry. Currently, theg@m supports inches, millimeters,
centimeters, meters, mils, apcheters.

The first edit box is théepth specification. If a Planar problem is selected, this edit box
becomes enabled. This value is the length of the geomethgeifiimto the page” direction. This
value is used for scaling integral results in the post premege.g. force, inductance, etc.) to the
appropriate length. The units of the Depth selection ars#nee as the selected length units.
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The second edit box is tt&olver Precision edit box. The number in this edit box specifies
the stopping criteria for the linear solver. The linear &lgeproblem could be represented by:

Mx = b (2.20)

whereM is a square matriXy is a vector, anc is a vector of unknowns to be determined. The
solver precision value determines the maximum allowableevéor ||b — Mx||/||b||. The default
value is 10°8.

The third edit box is labeletfin Angle . The entry in this box is used as a constraint in the
Triangle meshing program. Triangle adds points to the mesénsure that no angles smaller
than the specified angle occur. If the minimum angle is 20gfeks or smaller, the triangulation
algorithm is theoretically guaranteed to terminate (assgmfinite precision arithmetic — Triangle
may fail to terminate if you run out of precision). In praetjdhe algorithm often succeeds for
minimum angles up to 33.8 degrees. For highly refined medimsgever, it may be necessary
to reduce the minimum angle to well below 20 to avoid problessociated with insufficient
floating-point precision. The edit box will accept valuesiren 1 and 33.8 degrees.

Lastly, there is an option&lommentedit box. The user can enter in a few lines of text that give
a brief description of the problem that is being solved. Téigseful if the user is running several
small variations on a given geometry. The comment can theusked to identify the relevant
features for a particular geometry.

2.6.2 Definition of Properties

To make a solvable problem definition, the user must idebtiyndary conditions, block materials
properties, and so on. The different types of propertiesiddffor a given problem are defined via
theProperties  selection off of the main menu.

When theProperties  selection is chosen, a drop menu appears that has selefolia-
terials, Boundary, Point, and Conductors. When any oneaxdlselections is chosen, the dialog
pictured in Figuré 2.39 appears.

Property Definition

Froperty Mame
|7| Copper, Pure j

&dd Property

Delete Property aF. I

b odify Property

Figure 2.39: Property Definition dialog box.
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This dialog is the manager for a particular type of propserti&ll currently defined properties
are displayed in th€roperty Name drop list at the top of the dialog. At the beginning of a new
model definition, the box will be blank, since no propertiagdiyet been defined. Pushing tl
Property  button allows the user to define a new property type. Délete Property button
removes the definition of the property currently in view i Bhoperty Name box. TheModify
Property  button allows the user to view and edit the property curyesglected in th@roperty
Namebox. Specifics for defining the various property types areestkd in the following subsec-
tions.

Point Properties

If a new point property is added or an existing point propentydified, theNodal Property
dialog box appears. This dialog box is pictured in Figuré2.4

Modal Property

M arne INew Foint Property

¥ Specified Temperature Property
™ Paint Heat Generation Property

Heat Generation, W ./m
1] 1]

Specified Temperature

aFk. Cancel

Figure 2.40: Nodal Property dialog.

The first selection is thdameedit box. The default name Mew Point Property , but this
name should be changed to something that describes theryrties you are defining.

Next are edit boxes for defining the temperature at a giventpor prescribing a heat gener-
ation at a given point. The type of point property is chosenthie radio buttons, and the value is
entered in the enabled edit box.

Boundary Properties

The Boundary Property  dialog box is used to specify the properties of line segmentarc
segments that are to be boundaries of the solution domainenvilhnew boundary property is
added or an existing property modified, tBeundary Property  dialog pictured in Figure 2.41
appears.
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Boundary Property
Name  [T=100 ok |
Cancel
EC Twpe |Fized Temperature |
—Fized Temperature, KL.———————  — Heat Fluzg, wm"™2
|1 0o |7|III
— Corvection
AT b, wiAm™ 2] |
EZ 4h(T-T)=0
5L To, K I
— R adiation
ar Beta 0
K—+ 8k, [T -T} =0
5L To. k|-

Figure 2.41: Boundary Property dialog.

The first selection in the dialog is tiameof the property. The default nameNsw Boundary ,
but you should change this name to something more desaipfithe boundary that is being
defined.

The next selection is thRC Type drop list. This specifies the boundary condition type. Cur-
rently, FEMM heat flow problems support the following typésoundaries: Fixed Temperature,
Heat Flux, Convection, Radiation, Periodic, and Antipgito These boundary conditions are
described in detail in Sectign1.3.

Materials Properties

The Block Property  dialog box is used to specify the properties to be associattdblock
labels. The properties specified in this dialog have to db wie material of which the block is
composed. When a new material property is added or an exigtimperty modified, th&lock
Property dialog pictured in Figure 2.42 appears.

As with Point and Boundary properties, the first step is toosleoa descriptive name for the
material that is being described. Enter it in titeneedit box in lieu ofNew Material

Next, the thermal conductivity for the material needs to pec#fied. There is a drop list
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Block Property X |

M arme Il:cupper, Fure

T-k Curve IThermaI Conductivity Depends on Temperature j

T hermal Conduchiraby, s m k)
ki |07 ky [0

Edit Monlinear Thermal Conductidity Curve

Yolume heat generation, ' /m™3 IE|

aFk. Cancel

Figure 2.42: Block Property dialog.

on the dialog that allows the user to select either a contaertrtal conductivity i(e. indepen-
dent of temperature), or a thermal conductivity that is gribed as a function of temperature.
If conductivity is selected, FEMM allows you to specify @ifeént conductivities in the verti-
cal and horizontal directionsy for the x- or horizontal direction, ang, for the y- or verti-
cal. If Thermal Conductivity Depends on Temperature is selected, thédit Nonlinear
Thermal Conductivity Curve becomes enabled. Press the button to enter temperatuleatoity
pairs. The program will interpolate linearly between théeeed points. If the program must ex-
trapolate off the end of the defined curve, conductivity satkee value of the nearest defined T-k
point.

A volume heat generation can also be prescribed by fillingereippropriate box in the material
properties dialog.

Materials Library

Since one kind of material might be needed in several differeodels, FEMM has a built-in
library of thermal Block Property definitions. The user caness and maintain this library through
the Properties | Materials Library selection off of the main menu. When this option is
selected, th#laterials Library dialog pictured in Figure 2.43 appears.

This dialog allow the user to exchange Block Property deding between the current model
and the materials library via a drag-and-drop interface.

A number of different options are available via a mouse lutight-click when the cursor is
located on top of a material or folder. Materials can be elditg double-clicking on the desired
material.

Material from other material libraries or models can be imgd by selecting the “Import
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Matenals Library

'a Library Matenals & | 15 Model Materials
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Ela MNonrmetalic Solids
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-] Earths
-] Glaszes

-] Insulations hd

=1...I%1...I%1

Cancel I ak.

Figure 2.43: Materials Library dialog

Materials” option from the right-button menu that appeablewthe pointer is over the root-level
folder of either the Library or Model materials lists.

The materials library should be located in the same dirgasrthe FEMM executable files,
under the filenaméeatlib.dat . If you move the materials library, FEMM will not be able to
find it.

Conductor Properties

The purpose of the conductor properties is mainly to allaswiber to apply constraints on the total
amount of heat flowing in and out of a surface. Alternativebnductors with a fixed temperature
can be defined, and the program will compute the total heattfiogugh the during the solution
process.

For fixed temperatures, one could alternatively apphixad Temperature  boundary con-
dition. However, applying a fixed temperature as a conduaitows the user to group together
several physically disjoint surfaces into one conductarughich the total heat flux is automati-
cally computed.

The dialog for entering conductor properties is pictureBigure[2.44.

65




Circuit Property |

M arne IHEW Conductor

™ Fixed Temperature, K, 0

t* Total Heat Flow, ' 0

Ok, I Cancel

Figure 2.44: Conductor Property dialog.

2.6.3 Analysis Tasks

Meshing the model, analyzing the model, and viewing thelteane most easily performed by the
toolbar buttons pictured in Figure 2145.

|€§T|*c:?3|

Figure 2.45: Toolbar buttons for starting analysis tasks.

The first of these buttons (with the “yellow mesh” icon) ruhe mesh generator. The solver
actually automatically calls the mesh generator to make that the mesh is up to date, so you
never have to call the mesher from within FEMM. However, idlisiost always important to get
a look at the mesh and see that it “looks right.” When the mesteration button is pressed,
the mesher is called. While the mesher is running, an enbgléa “triangle” will appear on
the Windows taskbar. After the geometry is triangulated, fthite element mesh is loaded into
memory and displayed underneath the defined nodes, segmedislock labels as a set of yellow
lines.

If you have a very large model, just keeping all of the meshrmiation in core can take up a
significant amount of memory. If you are about to analyze & la&ge problem, it might be a good
idea to choose thidesh | Purge Mesh option off of the main menu. When this option is selected,
the mesh is removed from memory, and the memory that it oecuipifreed for other uses.

The second button, with the “hand-crank” icon, executestteer,hsolv.exe . Before hsolv
is actually run, the Triangle is called to make sure the mesipito date. Then, hsolv is called.
When hsolv runs, it opens up a console window to display staformation to the user. However,
hsolv requires no user interaction while it is running. Wheolv is finished analyzing your
problem, the console window will disappear. The time thatwwsequires is highly dependent on
the problem being solved. Solution times are typically andider of 1 to 10 seconds, depending
upon the size and complexity of the problem and the speeceahtichine analyzing the problem.

The “big magnifying glass” icon is used to run the postprgoe®nce the analysis is finished.
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2.7 Heat Flow Postprocessor

The the heat flow postprocessing functionality of FEMM isdus®view solutions generated by the
hsolv solver. A heat flow postprocessor window can be opened dithkerading some previously
run analyses vi&ile|Open on the main menu, or by pressing the “big magnifying glasehic
from within a preprocessor window to view a newly generatdtgon. Heat flow postprocessor
data files stored on disk have tlaah prefix.

Operation of the heat flow postprocessa.(modes, view manipulation) is very similar to that
of the magnetics postprocessor. Refer to Secfions|2.2ughr2.3.5 for this information.

2.7.1 Contour Plot

One of the most useful ways to get a subjective feel for a golus by plotting the eqipotentials
of temperature. The number and type of equipotential lindsetplotted can be altered using the
Contours Plot icon in the Graph Mode section of the toolbee (Sigure 2.46). The Contour Plot
icon is the icon with the black contours.

S BN

Figure 2.46: Graph Mode toolbar buttons.

When this button is pressed, a dialog pops up, allowing tleécetof the number of contours.

2.7.2 Density Plot

Density plots are also a useful way to get a quick feel for #mperature, flux density, etc., in
various parts of the model. By default, a density plot dexgptemperature is displayed when the
postprocessor first starts. (This behavior can be changdgdrii—Preferences on the main menu).
However, the plot can be displayed by pressing the “specthutton in the Graph Mode section
of the toolbar (see Figute 2J46). A dialog the pops up thatadithe user to turn density plotting
on.

The user can select between density plots of temperatureanagnitude of temperature gra-
dient or heat flux density. The solution at each point is di@skinto one of twenty contours dis-
tributed evenly between either the minimum and maximum flenxsities or user-specified bounds.

2.7.3 \ector Plots

A good way of getting a feel for the direction and magnitudéhef field is with plots of the field
vectors. With this type of plot arrows are plotted such thatdirection of the arrow indicates the
direction of the field and the size of the arrow indicates ttagnitude of the field. The presence
and appearance of this type of plot can be controlled by prgdke “arrows” icon pictured in

Figure[2.46.
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2.7.4 Line Plots

When the postprocessor is in Contours Mode, various fieldegabf interest can be plotted along
the defined contour. A plot of a field value defined contour isgeeed by pressing the “graphed
function” icon in the Plot, Integration and Conductor Résgjroup of toolbar buttons, shown in

Figurel2.4V.
| T 56

Figure 2.47: Line Plot, Integration, and Conductor Resoltdbar buttons.

When this button is pressed, theY Plot dialog (see Figure 2.48) appears with a drop list
containing the types of line plots available. Choose thé&eesype of plot and press “OK.”

XY Plot of Field Values ]|

— Mumber of points in plot
[150 —‘ ok |
Cancel |
[~ 'wiite data to text file
File Formatting
|7|Multin::|:||umn temt w legend j

Figure 2.48: X-Y Plot dialog.

After “OK” is pressed, the program computes the desiredegakiong the defined contour.
When the computation is finished, a window will appear witha pf the selected quantity.

By default, theWrite data to text file box is not checked. If the user selects this option,
the file selection dialog will appear and prompt for a filenamerhich to write the data. The data
is written in two-column text format. IWrite data to text file is selected, a plot window

will not appear.

Currently, the type of line plots supported are: Tempegrtiong the contour; Magnitude of
the heat flux density along the contour; Component of heatdknsity normal to the contour;
Component of heat flux density tangential to the contour; htage of the temperature gradi-
ent along the contour; Component of temperature gradiemhalcto the contour; Component of
temperature gradient tangential to the contour;

In all of these plots, the direction of the normal is undesstto be as shown in Figufe 2]49.
The tangential direction is understood to be the directiomhich the contour was defined.
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_ _ contour definition
direction of the normal

to the contour

Figure 2.49: When in doubt plots and integrals taken on idis af a contour.

In certain cases, the quantity to be plotted can be ambigudus can occur, for example, if a
plot of the tangential field intensity is requested on a contanning along an interface between
two materials of differing permittivity. In this case, tleeis a discontinuity in the tangential field
intensity, and the value of this quantity is different onteaile of the interface. The postprocessor
resolves the conflict by always evaluating the plots at @tbffitially small distance to the “normal”
side of the line. Therefore, by defining the same contourdngnsing the order in which the points
are specified, plots of the quantity of interest on each sidgebmundary can be obtained.

2.7.5 Line Integrals

Once a contour has been specified in Contours mode, Lineréisecan be performed along the
specified contour. These integrals are performed by evatuatlarge number of points at evenly
spaced along the contour and integrating using a simplezmagal-type integration scheme.

To perform an integration, press the “integral” icon on thelbar (as shown in Figure 0).
A small dialog will appear with a drop list. Choose the dasimgtegral from the drop list and
pressOK The amount of time required to perform the integral will beually instantaneous for
some types of integrals; however, some types may requikraeseconds to evaluate. When the
evaluation of the integral is completed, the answer appmatke screen in a pop-up box.

The line integrals currently supported are:

e Temperature Difference (G.t) . This integral returns the temperature difference be-
tween the ends of the contour

e Heat Flux (F.n) . Thisintegral returns the total heat flux passing througblame defined
by extruding or sweeping the defined contour.
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e Contour length & area . The length of the contour, and the area formed by extrudiag t
contour.

e Average temperature . The average temperature along the line.

2.7.6 Block Integrals

To select the regions over which a block integral is to bequeréd, left-click with the mouse in
the desired region. The selected region will appear higkdid in green.

To perform an integration, press the “integral” icon on thellbar (as shown in Figufe 2147),
and a dialog will appear with a drop list. Choose the desimésbiral from the drop list and pre@&
The integral is then performed by analytically integratihg specified kernel over each element
in the defined region, and summing the results for all elemeérdglume integrals may take several
seconds to evaluate, especially on dense meshes. Be patieah the evaluation of the integral
is completed, the answer appears on the screen in a pop-up box

The block integrals currently supported are:

Average temperature over volume

Block cross-section area

Block volume

Average F over volume

Average G over volume

2.7.7 Conductor Results

If conductor properties are used to specify the excitathamseful byproduct is ready access to the
temperature of and heat flux through the conductor. To viexctimductor results, either press the
“Conductor Results” toolbar button pictured in Figlire 2ct%electView |Conductor Props  off

of the postprocessor main menu. A dialog, as pictured inrei@b0 will appear. There is a drop
list on the dialog, from which the user selects the conductowhich results are desired. When a
conductor is selected, the temperature and heat flux agsdeidth that conductor are displayed.

2.8 Current Flow Preprocessor

The preprocessor is used for drawing the problems geom@gfining materials, and defining
boundary conditions. The process of construction of ctifftew problems is mechanically nearly
identical to the construction of magnetics problems—radeBections 2.2]1 throudgh 2.2.5 for an
overview of the FEMM editing and problem creation commandihis section considers those
parts of problem definition that are unique to current flongbems.
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Conductor Properties |

— Conductar Mame

[thi [~

—Resultz

Temperature = 100 K,
Heat Flus = B07. 72 W

ok |

Figure 2.50: Conductor results dialog.

2.8.1 Problem Definition

The definition of problem type is specified by choosing Engblem selection off of the main
menu. Selecting this option brings up the Problem Definitimiog, shown in Figure 2.51.

The first selection is theroblem Type drop list. This drop box allows the user to choose from
a 2-D planar problem (thBlanar selection), or an axisymmetric problem (tAgisymmetric
selection).

Nextis theLength Units  drop list. This box identifies what unit is associated with timen-
sions prescribed in the model's geometry. Currently, tregm@m supports inches, millimeters,
centimeters, meters, mils, aptheters.

The first edit boxFrequency, Hz , denotes the frequency at which the problem is to be ana-
lyzed.

The second edit box is tHgepth specification. If a Planar problem is selected, this edit box
becomes enabled. This value is the length of the geomethgeifiimto the page” direction. This
value is used for scaling integral results in the post premege.g. force, inductance, etc.) to the
appropriate length. The units of the Depth selection ars#nee as the selected length units.

The second edit box is tt&lver Precision edit box. The number in this edit box specifies
the stopping criteria for the linear solver. The linear algeproblem could be represented by:

Mx = b (2.21)

whereM is a square matrix) is a vector, anc is a vector of unknowns to be determined. The
solver precision value determines the maximum allowableevéor ||b — Mx||/||b||. The default
value is 10°8.

The third edit box is labeletflin Angle . The entry in this box is used as a constraint in the
Triangle meshing program. Triangle adds points to the mesénsure that no angles smaller
than the specified angle occur. If the minimum angle is 20gfeks or smaller, the triangulation
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Problem Dehinition |

Problem Type Axisvrnmmetric j

Length Uniks Meters j

Frequency, Hz =]

Depth 1
Solver Precision | 157008
Min angle 30

— Camment

capacitance between spheres

oK, I Cancel

Figure 2.51: Problem Definition dialog.

algorithm is theoretically guaranteed to terminate (assgmfinite precision arithmetic — Triangle
may fail to terminate if you run out of precision). In praetjdhe algorithm often succeeds for
minimum angles up to 33.8 degrees. For highly refined medimsgever, it may be necessary
to reduce the minimum angle to well below 20 to avoid problessociated with insufficient
floating-point precision. The edit box will accept valuesven 1 and 33.8 degrees.

Lastly, there is an option&lommentedit box. The user can enter in a few lines of text that give
a brief description of the problem that is being solved. Taigseful if the user is running several
small variations on a given geometry. The comment can theusked to identify the relevant
features for a particular geometry.

2.8.2 Definition of Properties

To make a solvable problem definition, the user must idebtiyndary conditions, block materials
properties, and so on. The different types of propertiesiddffor a given problem are defined via
theProperties  selection off of the main menu.

When theProperties  selection is chosen, a drop menu appears that has selefolia-
terials, Boundary, Point, and Conductors. When any oneaxdlselections is chosen, the dialog
pictured in Figuré 2.52 appears.

This dialog is the manager for a particular type of properti&ll currently defined properties
are displayed in th€roperty Name drop list at the top of the dialog. At the beginning of a new
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Property Definition

Froperty Mame
|7| Copper, Pure j

&dd Property
Delete Property aF. I

b odify Property

Figure 2.52: Property Definition dialog box.

model definition, the box will be blank, since no propertiasdyet been defined. Pushing tuzl
Property  button allows the user to define a new property type. Délete Property button
removes the definition of the property currently in view i Ehoperty Name box. TheModify
Property  button allows the user to view and edit the property curyesglected in th@roperty
Namebox. Specifics for defining the various property types areesid in the following subsec-
tions.

Point Properties

If a new point property is added or an existing point propentydified, theNodal Property
dialog box appears. This dialog box is pictured in Figure32.5

The first selection is thdameedit box. The default name New Point Property , but this
name should be changed to something that describes therfyrtpeet you are defining.

Next are edit boxes for defining the voltage at a given poimprescribing a current generation
at a given point. The type of point property is chosen via #tka buttons, and the value is entered
in the enabled edit box.

Boundary Properties

The Boundary Property  dialog box is used to specify the properties of line segmentarc
segments that are to be boundaries of the solution domainenvilhnew boundary property is
added or an existing property modified, tBeundary Property  dialog pictured in Figure 2.54
appears.

The first selection in the dialog is tiameof the property. The default nameNsw Boundary ,
but you should change this name to something more desaipfithe boundary that is being
defined.

The next selection is thRC Type drop list. This specifies the boundary condition type. Cur-
rently, FEMM supports the following types of boundariesxdd \Voltage, Mixed, Prescribed sur-
face current density, Periodic, and Antiperiodic. Theseroary conditions are described in detail
in Sectior 1.B.
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Figure 2.53: Nodal Property dialog.

Boundary Property |
Marne open_bc QK

Zancel
BC Type  [Mixed -]

—Fixed Yoltage

| 0
—Surface Current Density
| 0
—Mixed BC parameters
c , cosfficient I*4, 45060022421 427 7e-011

< coefficient [

Figure 2.54: Boundary Property dialog.
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Materials Properties

The Block Property  dialog box is used to specify the properties to be associatédblock
labels. The properties specified in this dialog have to db wie material of which the block is
composed. When a new material property is added or an exiptimperty modified, th&lock
Property dialog pictured in Figure 2.55 appears.

Block Property |

Marne I-':'-ir
—Electrical Conductivity, 5

AN I 0 L b .
—Relative Electrical Permittiviky

g |! £. |!
—Loss Tangent of Electrical Permittivity

r-dir | O a-dir |0

ok Cancel

Figure 2.55: Block Property dialog.

As with Point and Boundary properties, the first step is toosleoa descriptive name for the
material that is being described. Enter it in titeneedit box in lieu ofNew Material

Next, electrical conductivitiy for the material needs to ¢pecified. FEMM allows you to
specify different electrical conductivities in the vedi@nd horizontal directions( for the x- or
horizontal direction, andy for the y- or vertical direction.

The next pair of boxes represents the relative electriaahpvity for the material. Similar to
the electrical conducitvity, textj represents permittivity in the x- or horizontal directi@mdey
for the y- or vertical direction. If the material is a lossHictric, this value is considered to be the
amplitude of complex permittivity.

A common way of describing lossy dielectrics is via the “lteasgent”. Losses can be consid-
ered as resulting from a complex-valued electrical peitit If the complex-valued permittivity
is defined as:

€ = |g] (cosp— jsing) (2.22)
The loss tangent is then defined as:
loss tangent Sh9 (2.23)
cosp
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For material that are also conductive, FEMM combines thenddfconductivity, permittivity,
and loss tangent to obtain the complex-valued effectivetebal conductivities:

Oxeff = Ox + jweoexe 1? (2.24)
O-yyeff - Oy'i‘j(L)EoEye_l(p

which takes into account resistive losses and additiorediet losses due to the definition of a
non-zero loss tangent.

Conductor Properties

The purpose of the conductor properties is mainly to allaswiter to apply constraints on the total
amount of current flowing in and out of a surface. Alterndtiveonductors with a fixed voltage
can be defined, and the program will compute the total cuflentthrough the during the solution
process.

For fixed voltages, one could alternatively applyixed Voltage boundary condition. How-
ever, applying a fixed voltage as a conductor allows the wsgrdup together several physically
disjoint surfaces into one conductor upon which the totalent flow is automatically computed.

The dialog for entering conductor properties is pictureBigure2.56.

Conductor Property |

Narme | +100y

¥ Fixed volkage 100

i Total Current, Amps |

oK, I Zancel

Figure 2.56: Conductor Property dialog.

2.8.3 Analysis Tasks

Meshing the model, analyzing the model, and viewing thelteane most easily performed by the
toolbar buttons pictured in Figure 2]57.

|€§T|*c:?3|

Figure 2.57: Toolbar buttons for starting analysis tasks.

The first of these buttons (with the “yellow mesh” icon) ruhe mesh generator. The solver
actually automatically calls the mesh generator to make that the mesh is up to date, so you
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never have to call the mesher from within FEMM. However, idlisiost always important to get
a look at the mesh and see that it “looks right.” When the mesteration button is pressed,
the mesher is called. While the mesher is running, an enbglda “triangle” will appear on
the Windows taskbar. After the geometry is triangulated, fthite element mesh is loaded into
memory and displayed underneath the defined nodes, segmedtsiock labels as a set of yellow
lines.

If you have a very large model, just keeping all of the meshrmiation in core can take up a
significant amount of memory. If you are about to analyze & lage problem, it might be a good
idea to choose thidesh | Purge Mesh option off of the main menu. When this option is selected,
the mesh is removed from memory, and the memory that it oedupifreed for other uses.

The second button, with the “hand-crank” icon, executestieer,csolv.exe . Before csolv
is actually run, the Triangle is called to make sure the meslpito date. Then, csolv is called.
When csolv runs, it opens up a console window to display statiormation to the user. How-
ever, csolv requires no user interaction while it is runniMhen csolv is finished analyzing your
problem, the console window will disappear. The time that\csequires is highly dependent on
the problem being solved. Solution times are typically anahder of 1 to 10 seconds, depending
upon the size and complexity of the problem and the speedeahtichine analyzing the problem.

The “big magnifying glass” icon is used to run the postprgoe®nce the analysis is finished.

2.9 Current Flow Postprocessor

The the current flow postprocessing functionality of FEMMuged to view solutions generated
by thecsolv solver. A current flow postprocessor window can be openéxtelly loading some
previously run analyses vigile|Open on the main menu, or by pressing the “big magnifying
glass” icon from within a preprocessor window to view a negdnerated solution. Current flow
postprocessor data files stored on disk haveatite prefix.

Operation of the current flow postprocessag.(modes, view manipulation) is very similar to
that of the magnetics postprocessor. Refer to Sedtion thhugh 2.3.5 for this information.

2.9.1 Contour Plot

One of the most useful ways to get a subjective feel for a gwlus by plotting the eqipotentials of
voltage. The number and type of equipotential lines to begdiacan be altered using the Contours
Plot icon in the Graph Mode section of the toolbar (see Figub&). The Contour Plot icon is the
icon with the black contours.

IN]S1RN

Figure 2.58: Graph Mode toolbar buttons.

When this button is pressed, a dialog pops up, allowing tleécetof the number of contours.
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2.9.2 Density Plot

Density plots are also a useful way to get a quick feel for thitage, current density, etc., in various
parts of the model. By default, a density plot denoting \g#tes displayed when the postprocessor
first starts. (This behavior can be changed via Edit—Pratsg on the main menu). However, the
plot can be displayed by pressing the “spectrum” button énGnaph Mode section of the toolbar
(see Figuré 2.58). A dialog the pops up that allows the usenrtodensity plotting on.
The user can select between density plots of voltage or tlgnituale of voltage gradient or

current density. The solution at each point is classified ornie of twenty contours distributed
evenly between either the minimum and maximum densitieser-specified bounds.

2.9.3 \ector Plots

A good way of getting a feel for the direction and magnitudéhef field is with plots of the field
vectors. With this type of plot arrows are plotted such thatdirection of the arrow indicates the
direction of the field and the size of the arrow indicates ttagnitude of the field. The presence
and appearance of this type of plot can be controlled by prggke “arrows” icon pictured in
Figure[2.58.

2.9.4 Line Plots

When the postprocessor is in Contours Mode, various fieldegabf interest can be plotted along
the defined contour. A plot of a field value defined contour isgeed by pressing the “graphed
function” icon in the Plot, Integration and Conductor Résgroup of toolbar buttons, shown in
Figure[2.59.

|l 2]

Figure 2.59: Line Plot, Integration, and Conductor Resoltdbar buttons.

When this button is pressed, theY Plot dialog (see FigurE_2.60) appears with a drop list
containing the types of line plots available. Choose thé&reasype of plot and press “OK.”

After “OK” is pressed, the program computes the desiredesakiong the defined contour.
When computation of the values is finished, a plot window aglpear with a graph of the selected
guantity. the plot.

By default, theWrite data to text file box is not checked. If the user selects this option,
the file selection dialog will appear and prompt for a filenamerhich to write the data. The data
is written in two-column text format. IWrite data to text file is selected, a plot window

will not appear.
Currently, the type of line plots supported are:

e V\ltage
e |J| Magnitude of current density

e J.n Normal current density
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Figure 2.60: X-Y Plot dialog.

Tangential current density

Magnitude of electric field intensity

Normal electric field intensity

Tangential electric field intensity
Magnitude of conduction current density
Normal conduction current density
Tangential conduction current density
Magnitude of displacment current density
Normal displacement current density

Tangential displacement current density

2.9.5 Line Integrals
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Once a contour has been specified in Contours mode, Lineréigecan be performed along the
specified contour. These integrals are performed by evatuatlarge number of points at evenly
spaced along the contour and integrating using a simplezmagal-type integration scheme.

To perform an integration, press the “integral” icon on thelbar (as shown in Figure 0).
A small dialog will appear with a drop list. Choose the dasimgtegral from the drop list and
pressOK The amount of time required to perform the integral will beually instantaneous for
some types of integrals; however, some types may requikraeseconds to evaluate. When the
evaluation of the integral is completed, the answer app@atke screen in a pop-up box.



The line integrals currently supported are:

e Voltage Difference (E.t) . This integral returns the voltage difference between tiuse
of the contour

e Current Flow (J.n) . This integral returns the total current passing througlolame
defined by extruding or sweeping the defined contour.

e Contour length & area . The length of the contour, and the area formed by extrudiag t
contour.

e Average Voltage . The average voltage along the line.

2.9.6 Block Integrals

To select the regions over which a block integral is to bequeréd, left-click with the mouse in
the desired region. The selected region will appear higkdid in green.

To perform an integration, press the “integral” icon on tbelbbar (as shown in Figuie 2)59),
and a dialog will appear with a drop list. Choose the desimésbiral from the drop list and pre@&
The integral is then performed by analytically integratihg specified kernel over each element
in the defined region, and summing the results for all elemérglume integrals may take several
seconds to evaluate, especially on dense meshes. Be patieah the evaluation of the integral
is completed, the answer appears on the screen in a pop-up box

The block integrals currently supported are:

Real Power

Reactive Power

Apparent Power

Time-Average Stored Energy

Block cross-section area

e Block volume

2.9.7 Conductor Results

If conductor properties are used to specify the excitateonseful byproduct is ready access to
the voltage of and current through the conductor. To viewcthreductor results, either press the
“Conductor Results” toolbar button pictured in Figlre 2ds%electView |Conductor Props  off

of the postprocessor main menu. A dialog, as pictured inrei@61 will appear. There is a drop

list on the dialog, from which the user selects the conductowhich results are desired. When a
conductor is selected, the voltage and current associatbdhat conductor are displayed.
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| +100v |

—Resulks

Yolbage = 1000 Y

Current = I*¥0,000163775 A
Yolb)Curr = -I1*592504 Chms
CurrfVolt = I*1 687 75e-006 5
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Figure 2.61: Conductor results dialog.

2.10 Exporting of Graphics

Ultimately, you may want to export graphics from FEMM for lasion in reports and so on. Itis
possible to get what you are seeing on the screen onto digkera different graphics formats.

Probably the easiest way to get graphics out of FEMM is to ie€dpy as Bitmap or Copy
as Metafile  selections off of the main menuldit list. These command takes whatever is
currently in the FEMM window and copies it to the clipboardaaBevice Independent Bitmap
(.bmp format) and Extended Metafilee(nf format), respectively. The clipboard data can then be
pasted directly into most applications (e.g. Word, MS Ratt).

LAaTeX afficionados typically find PostScript to be the most uséjple of graphics output.
FEMM does not support postscript output directly, but ittif selatively easy to create postcript
figures with FEMM. To obtain a postscript version of the catreiew, you first must set up a
postscript printer driver that outputsfde: . This is done via the following steps: Choose +Set-
tings/Printers+ off of the Windows Start menu. A window aning the list of currently defined
printers will appear. Double click on tield Printer iconin thislist. TheAdd Printer Wizard
will appear on the screen. Chodsseal Printer ; hit Next ; A list of printers will appear. Choose
a postscript printer off of this list. The Apple LaserwriiéiNT is a good choice. SelediLE:
as the port which will be used with this printer. Accept théadéts for all remaining questions.
Now, when you want a postscript picture of the currently Bigpd screen, just choose +File/Print+
off of FEMM'’s main menu. As the printer, choose the postdqifinter that you have previously
defined. When you print to this printer, you will be prompted & file name, and graphic will be
written as a postscript figure to the specified file name.
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Chapter 3

Lua Scripting

3.1 What Lua Scripting?

The Lua extension language has been used to add scriptidgfm@cessing facilities to FEMM.
The Interactive Shell can run Lua scripts through @pen Lua Script selection on the Files
menu, or Lua commands can be entered in directly to the Lua@enVindow.

Lua is a complete, open-source scripting language. Souwrde for Lua, in addition to de-
tailed documentation about programming in Lua, can be obthifrom the Lua homepage at
http://www.lua.org . Because the scripting files are text, they can be editedamyttext editor
(e.g.notepad). As of this writing, the latest release of Lua isimr 5.0. However, the version of
Lua incorporated into FEMM is Lua 4.0.

In addition to the standard Lua command set described! ina[9jumber of FEMM-specific
functions have been added for manipulating files in both tiee @nd post-processor. These com-
mands are described in the following sections.

3.2 Common Lua Command Set

A number of FEMM-specific Lua commands exist that are not@ased with any particular prob-
lem type.

e clearconsole() Clears the output window of the Lua console.

e newdocument(doctype)  Creates a hew preprocessor document and opens up a new-prepro
cessor window. Specifgoctype to be0 for a magnetics probleni, for an electrostatics
problem,2 for a heat flow problem, a8 for a current flow problem. An alternative syntax
for this command isreate(doctype)

e hideconsole()  Hides the floating Lua console window.
¢ hidepointprops() Hides the floating FEMM Properties display window.

e messagebox("message”)  displays thémessage" string to the screen in a pop-up message
box.
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open(“filename”) Opens a document specified tigname
pause() Waits for the ok button to be pressed, a debug helper.

print)  This is standard Lua “print” command directed to the outpguthe Lua console
window. Any number of comma-separated items can be prirtted@e via the print com-
mand.

prompt("message”)  This function allows a Lua script to prompt a user for inputh&M
this command is used, a dialog box pops up with'thessage" string on the title bar of the
dialog box. The user can enter in a single line of input viadiaéog box. prompt returns the
user’sinput as a string. If a numerical value is desiredsymeaxtonumber(prompt("message”))
can be used.

quit)  Close all documents and exit the the Interactive Shell atetiek of the currently
executing Lua script.

setcompatibilitymode(value) If value is set tol, various magnetics-related commands
with complex arguments revert to their definitions in the AM.1 manual. Ifvalue is
set to0, the FEMM 4.2 definitions are used. The default mode is coibitiat mode 0.
Affected functions include:

— mi _addmaterial

— mi_modifymaterial

— mi_addpointprop

— mi_modifypointprop

— mi_addcircprop

— mi_modifycircprop

— ma.getpointvalues

— malineintegral

— ma.blockintegral

— ma_getcircuitproperties

showconsole()  Displays the floating Lua console window.
showpointprops() Displays the floating FEMM Properties display window.

smartmesh(state) Calling with a state of 0 turns off “smart mesh” functionglfor the
present session; calling with a state of 1 turns “smarth mgslon. The setting os not
permanent—using the Preferences setting to permanemlypituor off.

3.3 Magnetics Preprocessor Lua Command Set

A number of different commands are available in the premsae Two naming conventions can
be used: one which separates words in the command nameséngaoks, and one that eliminates
the underscores.
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3.3.1 Object Add/Remove Commands

mi _addnode(x,y) Add a new node at X,y

mi _addsegment(x1,y1,x2,y2) Add a new line segment from node closest to (x1,yl) to
node closest to (x2,y2)

mi _addblocklabel(x,y) Add a new block label at (x,y)

mi _addarc(x1,y1,x2,y2,angle,maxseq) Add a new arc segment from the nearest node
to (x1,yl1) to the nearest node to (x2,y2) with angle ‘angleidkd into ‘maxseg’ segments.

mi _deleteselected Delete all selected objects.

mi _deleteselectednodes Delete selected nodes.

mi _deleteselectedlabels Delete selected block labels.
mi _deleteselectedsegments Delete selected segments.
mi _deleteselectedarcsegments Delete selects arcs.

3.3.2 Geometry Selection Commands

mi _clearselected() Clear all selected nodes, blocks, segments and arc segments
mi _selectsegment(x,y) Select the line segment closest to (x,y)

mi _selectnode(x,y) Select the node closest to (x,y). Returns the coordinatéiseo$e-
lected node.

mi _selectlabel(x,y) Select the label closet to (x,y). Returns the coordinatab@fse-
lected label.
mi _selectarcsegment(x,y) Select the arc segment closest to (X,y)

mi _selectgroup(n) Select then!" group of nodes, segments, arc segments and blocklabels.
This function will clear all previously selected elementsideave the editmode in 4 (group)

mi _selectcircle(x,y,R,editmode) selects objects within a circle of radius R centered at
(x,y). If only x, y, and R paramters are given, the current athde is used. If the editmode
parameter is used, O denotes nodes, 2 denotes block lalgsofes segments, 3 denotes
arcs, and 4 specifies that all entity types are to be selected.

mi _selectrectangle(x1,y1,x2,y2,editmode) selects objects within a rectangle defined
by points (x1,y1) and (x2,y2). If no editmode parameter gaied, the current edit mode is
used. If the editmode parameter is used, 0 denotes nodespfeddlock labels, 2 denotes
segments, 3 denotes arcs, and 4 specifies that all entity &rpdo be selected.
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3.3.3 Object Labeling Commands

e mi_setnodeprop("propname”,groupno) Set the selected nodes to have the nodal property
mi _"propname” and group numbegroupno .

e mi_setblockprop("blockname", automesh, meshsize, "incircu it", magdirection,
group, turns)  Set the selected block labels to have the properties:
— Block property'blockname”

— automesh : O = mesher defers to mesh size constraint definekahsize , 1 = mesher
automatically chooses the mesh density.

— meshsize : size constraint on the mesh in the block marked by this label
— Block is a member of the circuit namédcircuit"

— The magnetization is directed along an angle in measureeégnegs denoted by the
parametemagdirection . Alternatively,magdirection  can be a string containing a
formula that prescribes the magnetization direction asatfon of element position.

In this formulatheta andR denotes the angle in degrees of a line connecting the center
each element with the origin and the length of this line, eesipely; x andy denote

the x- and y-position of the center of the each element. Fisiyeametric problems;,

andz should be used in place nfandy.

— A member of group numbejroup
— The number of turns associated with this label is denotetdrby .
e mi_setsegmentprop("propname”, elementsize, automesh, hide , group) Setthe se-
lect segments to have:
— Boundary propertypropname"
— Local element size along segment no greater tementsize

— automesh : 0 = mesher defers to the element constraint defineeldmentsize , 1 =
mesher automatically chooses mesh size along the selegeatesats

— hide : 0 = not hidden in post-processor, 1 == hidden in post praress
— A member of group numbeyroup
e mi_setarcsegmentprop(maxsegdeg, "propname”, hide, group) Set the selected arc
segments to:
— Meshed with elements that span at noaksegdeg degrees per element
— Boundary propertypropname"
— hide : 0 = not hidden in post-processor, 1 == hidden in post praress
— A member of group numbeyroup

e mi_setgroup(n)  Set the group associated of the selected items to n
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3.3.4 Problem Commands

e mi_probdef(frequency,units,type,precision,(depth),(min angle),(acsolver) changes
the problem definition. Sétequency to the desired frequency in Hertz. Tiwdts param-
eter specifies the units used for measuring length in thdgmotdomain. Validunits"  en-
tries aréinches" , "millimeters” ,"centimeters"  ,"mils" ,"meters , and"'micrometers”

Set the paramet@roblemtype to "planar"  for a 2-D planar problem, or t@xi" for an
axisymmetric problem. Therecision  parameter dictates the precision required by the
solver. For example, enteririg-8 requires the RMS of the residual to be less than®10

A fifth parameter, representing the depth of the problem @itio-the-page direction for
2-D planar problems, can also also be specified. A sixth patemepresents the minimum
angle constraint sent to the mesh generator. A seventh péeaspecifies the solver type to
be used for AC problems.

e mi_analyze(flag) runsfkern to solve the problem. Thitag parameter controls whether
thefkern window is visible or minimized. For a visible window, eithgpecify no value for
flag or specify0. For a minimized windowflag should be set ta.

e mi_loadsolution() loads and displays the solution corresponding to the cugeometry.

e mi_setfocus("documentname”) Switches the magnetics input file upon which Lua com-
mands are to act. If more than one magnetics input file is bedligd at a time, this com-
mand can be used to switch between files so that the mutiptedda be operated upon
programmatically via Luadocumentname should contain the name of the desired document
as it appears on the window’s title bar.

e mi_saveas(“filename") saves the file with nantélename" . Note if you use a path you
must use two backslasheg."c:\\temp\\myfemmfile.fem"

3.3.5 Mesh Commands

e mi_createmesh() runs triangle to create a mesh. Note that this is not a negegsscursor
of performing an analysis, asi_analyze()  will make sure the mesh is up to date before
running an analysis. The number of elements in the mesh lsepusack onto the lua stack.

e mi_showmesh() shows the mesh.

e mi_purgemesh() clears the mesh out of both the screen and memory.

3.3.6 Editing Commands
e mi_copyrotate(bx, by, angle, copies, (editaction) )

— bx, by — base point for rotation

— angle — angle by which the selected objects are incrementallyeshib make each
copy.angle is measured in degrees.

— copies — number of copies to be produced from the selected objects.
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mi _copytranslate(dx, dy, copies, (editaction))

— dx,dy — distance by which the selected objects are incrementailied.
— copies — number of copies to be produced from the selected objects.
— editaction ~ 0-—nodes, 1 —lines (segments), 2 —block labels, 3 — arc sagndegroup

mi _createradius(x,y,r) turnsacornerlocatedaty) intoacurveofradius
mi _moverotate(bx,by,shiftangle (editaction))

— bx, by — base point for rotation
— shiftangle  — angle in degrees by which the selected objects are rotated.
— editaction ~ 0-—nodes, 1 —lines (segments), 2 —block labels, 3 — arc sagndegroup

mi _movetranslate(dx,dy,(editaction))

— dx,dy - distance by which the selected objects are shifted.
— editaction 0 —nodes, 1 —lines (segments), 2 —block labels, 3 — arc segmemgroup

mi _scale(bx,by,scalefactor,(editaction))

— bx, by — base point for scaling
— scalefactor ~ —a multiplier that determines how much the selected obpetscaled
— editaction ~ 0—nodes, 1 —lines (segments), 2 —block labels, 3 — arc segemgroup
mi _mirror(x1,y1,x2,y2,(editaction)) mirror the selected objects about a line passing

through the point$x1,yl) and(x2,y2) . Valid editaction  entries are O for nodes, 1 for
lines (segments), 2 for block labels, 3 for arc segments4dod groups.

mi _seteditmode(editmode) Sets the current editmode to:

— "nodes” - nodes

— "segments” - line segments

— "arcsegments" - arc segments
— "blocks" - block labels

— "group” - selected group

This command will affect all subsequent uses of the othdirgpgtommands, if they are used
WITHOUT theeditaction ~ parameter.
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3.3.7 Zoom Commands

mi_zoomnatural() ~ zooms to a “natural” view with sensible extents.
mi _zoomout() zooms out by a factor of 50%.
mi_zoomin() zoom in by a factor of 200%.

mi _zoom(x1,y1,x2,y2) Set the display area to be from the bottom left corner spedifye
(x1,y1 ) to the top right corner specified fx2,y2)

3.3.8 View Commands

mi_showgrid() ~ Show the grid points.
mi_hidegrid() Hide the grid points points.

mi_grid_snap(“flag”) Settingflag to "on” turns on snap to grid, settirfagg to "off"
turns off snap to grid.

mi_setgrid(density,"type") Change the grid spacing. Tllensity parameter speci-
fies the space between grid points, andtiipe parameter is set t&art" for cartesian
coordinates ofpolar"  for polar coordinates.

mi _refreshview() Redraws the current view.
mi_minimize()  minimizes the active magnetics input view.
mi_maximize() maximizes the active magnetics input view.

mi_restore()  restores the active magnetics input view from a minimizednaximized
state.

mi _resize(width,height) resizes the active magnetics input window client area tdtwid
x height.

3.3.9 Object Properties

mi _getmaterial("materialname") fetches the material specified materialname  from
the materials library.

mi _addmaterial("materialname”, mu X, mu.y, H_c, J, Cduct, Lam _d, Phi _hmax,
lam fill, LamType, Phi _hx, Phi _hy,NStrands,WireD )adds a new material with called

"materialname”  with the material properties:

— mux Relative permeability in the x- or r-direction.
— muwy Relative permeability in the y- or z-direction.
— H.c Permanent magnet coercivity in Amps/Meter.
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— J Real Applied source current density in Amps/fim

— Cduct Electrical conductivity of the material in MS/m.

— Lam.d Lamination thickness in millimeters.

— Phi _hmax Hysteresis lag angle in degrees, used for nonlinear BH surve

— Lamfill  Fraction of the volume occupied per lamination that is dbtddled with
iron (Note that this parameter defaults to 1 téreme preprocessor dialog box because,
by default, iron completely fills the volume)

— Lamtype Setto

x 0 — Not laminated or laminated in plane
1 —laminated x or r

2 —laminated y or z

3 — Magnet wire

4 — Plain stranded wire

5 — Litz wire

6 — Square wire

*

* X X KX ¥

— Phi _hx Hysteresis lag in degrees in the x-direction for linear prots.

— Phi _hy Hysteresis lag in degrees in the y-direction for linear prots.

— NStrands Number of strands in the wire build. Should be 1 for Magnetaqu&se wire.
— WireD Diameter of each wire constituent strand in millimeters.

Note that not all properties need be defined—propertiesteatt defined are assigned default
values.

mi _addbhpoint("blockname”,b,h) Adds a B-H data point the the material specified by
the string'blockname” . The point to be added has a flux densitypahf units of Teslas and
a field intensity oh in units of Amps/Meter.

mi _clearbhpoints("blockname") Clears all B-H data points associatied with the material
specified byblockname”

mi _addpointprop("pointpropname”,a,)) adds a new point property of nartpeintpropname”
with either a specified potentialin units Webers/Meter or a point currgnin units of Amps.
Set the unused parameter pairs to 0.

mi _addboundprop("propname”, A0, Al, A2, Phi, Mu, Sig, c0, cl1, B dryFormat)
adds a new boundary property with natpepname"

— For a“Prescribed A’ type boundary condition, set e A1, A2 andPhi parameters
as required. Set all other parameters to zero.

— For a “Small Skin Depth” type boundary condtion, set kheto the desired relative
permeability andig to the desired conductivity in MS/m. SBtlryFormat to 1 and
all other parameters to zero.
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— To obtain a “Mixed” type boundary condition, $&t andC0 as required anBdryFormat
to 2. Set all other parameters to zero.

— For a“Strategic dualimage” boundary, 8dtyFormat to 3 and set all other parameters
to zero.

— For a “Periodic” boundary condition, sBtlryFormat to 4 and set all other parameters
to zero.

— For an “Anti-Perodic” boundary condition, d&dryFormat  to 5 set all other parameters
to zero.

mi _addcircprop("circuithame”, i, circuittype)

adds a new circuit property with nam@rcuitname” with a prescribed current,. The
circuittype parameter is O for a parallel-connected circuit and 1 forreeseonnected
circuit.

mi _deletematerial("materialname”) deletes the material namédaterialname”

mi _deleteboundprop("propname™) deletes the boundary property nanipagpname” .

mi _deletecircuit("circuitname”) deletes the circuit namesitcuitname

mi _deletepointprop("pointpropname™) deletes the point property nam¥adintpropname”

mi_modifymaterial("BlockName",propnum,value) This function allows for modifica-
tion of a material’'s properties without redefining the emtimaterial €.g.so that current can
be modified from run to run). The material to be modified is #jpext by "BlockName" .
The next parameter is the number of the property to be setlaBh@umber is the value to
be applied to the specified property. The various propettiascan be modified are listed
below:

propnum  Symbol Description

0 BlockName Name of the material

1 I x (or r) direction relative permeability

2 Hy y (or z) direction relative permeability

3 Hc Coercivity, Amps/Meter

4 Jr Source current density, MA/n

5 o Electrical conductivity, MS/m

6 diam Lamination thickness, mm

7 Phmax Hysteresis lag angle for nonlinear problems, degrees

8 LampFill Iron fill fraction

9 LamType 0 = None/ln plane, 1 = parallel to x, 2=parallel to y

10 (Phx Hysteresis lag in x-direction for linear problems, degrees

11 Py Hysteresis lag in y-direction for linear problems, degrees
mi_modifyboundprop("BdryName",propnum,value) This function allows for modifica-

tion of a boundary property. The BC to be modified is specifigdBdryName" . The next
parameter is the number of the property to be set. The lasbauisthe value to be applied
to the specified property. The various properties that camddified are listed below:
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propnum  Symbol Description

0 BdryName Name of boundary property
1 Ao Prescribed A parameter
2 A1 Prescribed A parameter
3 A Prescribed A parameter
4 (0} Prescribed A phase
5 M Small skin depth relative permeability
6 o Small skin depth conductivity, MS/m
7 Co Mixed BC parameter
8 C1 Mixed BC parameter
9 BdryFormat ~ Type of boundary condition:
0 = Prescribed A
1 = Small skin depth
2 = Mixed
3 = Strategic Dual Image
4 = Periodic
5 = Antiperiodic
e mi_modifypointprop("PointName”,propnum,value) This function allows for modifi-

cation of a point property. The point property to be modifiedpecified byPointName"
The next parameter is the number of the property to be setlaBh@umber is the value to
be applied to the specified property. The various propetitiascan be modified are listed

below:
propnum  Symbol Description
0 PointName = Name of the point property
1 A Nodal potential, Weber/Meter
2 J Nodal current, Amps
e mi_modifycircprop("CircName",propnum,value) This function allows for modifica-

tion of a circuit property. The circuit property to be modifies specified byCircName" .
The next parameter is the number of the property to be setlaBh@umber is the value to
be applied to the specified property. The various propettiascan be modified are listed
below:

propnum  Symbol Description

0 CircName  Name of the circuit property
1 [ Total current
2 CircType 0 = Parallel, 1 = Series

3.3.10 Miscellaneous

e mi_savebitmap(“filename") saves a bitmapped screenshot of the current view to the file
specified by'filename" , subject to theprintf -type formatting explained previously for
thesavefemmfile =~ command.
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mi _savemetafile("filename") saves a metafile screenshot of the current view to the file
specified by'filename" , subject to theprintf -type formatting explained previously for
thesavefemmfile ~ command.

mi _refreshview() Redraws the current view.

mi_close() Closes current magnetics preprocessor document and yestiagnetics pre-
processor window.

mi _shownames(flag)  This function allow the user to display or hide the block latemes
on screen. To hide the block label namfiay should be 0. To display the names, the
parameter should be setto 1.

mi _readdxf("filename") This function imports a dxf file specified Bfiename”

mi _savedxf("filename") This function saves geometry informationin a dxf file spedifi
by "filename”

mi _defineouterspace(Zo,Ro,Ri) defines an axisymmetric external region to be used in

conjuction with the Kelvin Transformation method of modeliunbounded problems. The
Zo parameter is the z-location of the origin of the outer regibaRo parameter is the radius
of the outer region, and thei parameter is the radius of the inner regioe.(the region
of interest). In the exterior region, the permeability earas a function of distance from
the origin of the external region. These parameters aressacgto define the permeability
variation in the external region.

mi _attachouterspace() marks all selected block labels as members of the extergiainre
used for modeling unbounded axisymmetric problems via tbleik Transformation.

mi _detachouterspace() undefines all selected block labels as members of the ekterna
region used for modeling unbounded axisymmetric probleimghe Kelvin Transformation.

mi _attachdefault() marks the selected block label as the default block labek Block
label is applied to any region that has not been explicithelad.

mi _detachdefault() undefines the default attribute for the selected block &abel

mi_makeABC(n,R,x,y,bc)  creates a series of circular shells that emulate the immpedain
an unbounded domain (i.e. an Inprovised Asymptotic Boun@amdition). Then parame-
ter contains the number of shells to be used (should be bettvaed 10)R s the radius of
the solution domain, and,y) denotes the center of the solution domain. Bh@arameter
should be specified as 0 for a Dirichlet outer edge or 1 for anlNen outer edge. If the
function is called without all the parameters, the functioakes up reasonablevaluesforthe-
missingparameters.

mi _setprevious(filename) defines the previous solution to be used as the basis for an
AC incremental permeability solution. The filename shoualdude theans extensionge.g.
mi _setprevious("mymodel.ans")
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3.4 Magnetics Post Processor Command Set

There are a number of Lua scripting commands designed t@atpierthe postprocessor. As with
the preprocessor commands, these commands can be usedtidthtiee underscore naming or
with the no-underscore naming convention.

3.4.1 Data Extraction Commands

e molineintegral(type) Calculate the line integral for the defined contour
type  name values 1 values 2 values 3 values 4
0 B.n total B.n avg B.n - -
1 H.t total H.t avg H.t - -
2 Contour length surface area - -
3 Stress Tensor Force  DC r/x force DC y/z forcex x force 2x y/z force
4 Stress Tensor Torque DC torque x orque - -
5 (B.n)"2 total (B.n)’2 avg (B.n)'2 - -

Returns typically two (possibly complex) values as rests force and torque results, the
2x results are only relevant for problems wheves 0. The 1x results are only relevant
for incremental permeability AC problems. The Yesults represent the force and torque
interactions between the steady-state and the increm&@Gtablution.

e mo.blockintegral(type) Calculate a block integral for the selected blocks
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Type Definition

©oooo~NOOUh~WwWDNEFO

A-J

A

Magnetic field energy

Hysteresis and/or lamination losses

Resistive losses

Block cross-section area

Total losses

Total current

Integral ofBy (or By) over block

Integral ofBy (or B;) over block

Block volume

x (or r) part of steady-state Lorentz force

y (or z) part of steady-state Lorentz force

x (or r) part of 2 Lorentz force

y (or z) part of % Lorentz force

Steady-state Lorentz torque

2x component of Lorentz torque

Magnetic field coenergy

x (or r) part of steady-state weighted stress tensor force
y (or z) part of steady-state weighted stress tensor force
x (or r) part of Z weighted stress tensor force

y (or z) part of % weighted stress tensor force
Steady-state weighted stress tensor torque

2x component of weighted stress tensor torque
R? (i.e. moment of inertia / density)

25
26
27
28
29
30

x (or r) part of X weighted stress tensor force

y (or z) part of k weighted stress tensor force
1x component of weighted stress tensor torque
x (or r) part of X Lorentz force

y (or z) part of Xk Lorentz force

1x component of Lorentz torque

This function returns one (possibly complex) valegy: volume = mo _blockintegral(10)

e mo_getpointvalues(X,Y)

in order

Get the values associated with the point at X,y RETURN values
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Symbol Definition

A vector potential A or fluxp

Bl flux densityBy if planar, B if axisymmetric

B2 flux densityBy if planar, B; if axisymmetric

Sig electrical conductivity

E stored energy density

H1 field intensityHy if planar,H, if axisymmetric

H2 field intensityHy if planar,H if axisymmetric

Je eddy current density

Js source current density

Mul relative permeabilityy if planar,y if axisymmetric
Mu2 relative permeabilityy, if planar, b, if axisymmetric
Pe Power density dissipated through ohmic losses

Ph Power density dissipated by hysteresis

Example: To catch all values at (0.01,0) use
A, B1, B2, Sig, E, H1, H2, Je, Js, Mul, Mu2, Pe, Ph = mo _getpointvalues(0.01,0)
For magnetostatic problems, all imaginary quantities are.z

mo_makeplot(PlotType,NumPoints,Filename,FileFormat) Allows Lua access to the
X-Y plot routines. If onlyPlotType or only PlotType andNumPoints are specified, the
command is interpreted as a request to plot the requestetypéoto the screen. If, in addi-
tion, theFilename parameter is specified, the plot is instead written to diskéospecified
file name as an extended metafile. If thigeFormat parameter is also, the command is
instead interpreted as a command to write the data to didketepecfied file name, rather
than display it to make a graphical plot. Valid entriesRtotType are:

PlotType  Definition
Potential

B

B-n

B-t

H]

H-n

H-t

Jeddy
Jsourcet Jeddy

O~NO Ol hWNPEO

Valid file formats are

FileFormat Definition

0 Multi-column text with legend
1 Multi-column text with no legend
2 Mathematica-style formatting
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For example, if one wanted to plBt n to the screen with 200 points evaluated to make the
graph, the command would be:

mo_makeplot(2,200)

If this plot were to be written to disk as a metafile, the comdhaould be:
mo_makeplot(2,200,"c:\\temp\myfile.emf")

To write data instead of a plot to disk, the command would beform:
mo_makeplot(2,200,"c:\\temp\myfile.txt",0)

mo_getprobleminfo() Returns info on problem description. Returns four values:

Return value Definition

1 problem type

2 frequency in Hz

3 depth assumed for planar problems in meters

4 length unit used to draw the problem in meters
mo_getcircuitproperties(“circuit") Used primarily to obtain impedance information
associated with circuit properties. Properties are retifor the circuit property named
"circuit" . Three values are returned by the function. In order, thesats are:

— current  Current carried by the circuit
— volts  Voltage drop across the circuit
— flux_re  Circuit’s flux linkage

3.4.2 Selection Commands

mo_seteditmode(mode)  Sets the mode of the postprocessor to point, contour, omanela.
Valid entries formode are"point" , "contour" , and"area”

mao_selectblock(x,y) Select the block that contains point (X,y).

mo_groupselectblock(n) Selects all of the blocks that are labeled by block labelsaha
members of group. If no number is specified.€. ma.groupselectblock() ), all blocks
are selected.

mao_addcontour(x,y) Adds a contour point at (x,y). If this is the first point thersiiarts a
contour, if there are existing points the contour runs fréwa previous point to this point.
The maaddcontour command has the same functionality as a right-button-adamktour
point addition when the program is running in interactived®o

ma_bendcontour(angle,anglestep) Replaces the straight line formed by the last two
points in the contour by an arc that spamgle degrees. The arc is actually composed
of many straight lines, each of which is constrained to spamore tharanglestep de-
grees. Thangle parameter can take on values from -180 to 180 degreesanijestep
parameter must be greater than zero. If there are less tlugpaints defined in the contour,
this command is ignored.
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e mo_selectpoint(x,y) Adds a contour point at the closest input point to (x,y). & te-
lected point and a previous selected points lie at the enals afcsegment, a contour is added
that traces along the arcsegment. Titeselectpoint command has the same functional-
ity as the left-button-click contour point selection whée program is running in interactive
mode.

e ma.clearcontour() Clear a prevously defined contour

e maclearblock() Clear block selection

3.4.3 Zoom Commands
e mo_zoomnatural() Zoom to the natural boundaries of the geometry.
e mo_zoomin() Zoom in one level.
e mo_zoomout() Zoom out one level.
e mo.zoom(x1,y1,x2,y2) Zoom to the window defined by lower left corner (x1,y1) andeipp

right corner (x2,y2).

3.4.4 View Commands

e mo_showmesh() Show the mesh.

e mo_hidemesh() Hide the mesh.

e mo_showpoints()  Show the node points from the input geometry.
e mo_hidepoints() Hide the node points from the input geometry.

e ma.smooth("flag") This function controls whether or not smoothing is appliedie B
andH fields, which are naturally piece-wise constant over eaetmeht. Settindlag equal
to"on" turns on smoothing, and settifigg to "off* turns off smoothing.

e mo_showgrid() Show the grid points.
e mo_hidegrid()  Hide the grid points points.

e mo_grid_snap(“flag") Settingflag to "on” turns on snap to grid, settirfagg to "off"
turns off snap to grid.

e mo_setgrid(density,"type") Change the grid spacing. Tlhlensity parameter speci-
fies the space between grid points, andtiipe parameter is set t&art” for cartesian
coordinates ofpolar*  for polar coordinates.

e mo_hidedensityplot() hides the flux density plot.

e mo_showdensityplot(legend,gscale,upper_B,lower_B,ty pe) Shows the flux density
plot with options:
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— legend Set to0 to hide the plot legend dr to show the plot legend.

— gscale Set to0 for a colour density plot ot for a grey scale density plot.
— upper_B Sets the upper display limit for the density plot.

— lower_B Sets the lower display limit for the density plot.

— type Type of density plot to display. Valid entries df®nag" , "breal" , and"bimag"
for magnitude, real component, and imaginary componentgfdensity B), respec-
tively; "hmag" , "hreal" , and"himag" for magnitude, real component, and imaginary
component of field intensityH); and"jmag" , "jreal" , and"jimag" for magnitude,
real component, and imaginary component of current de(dity

if legend is setto-1 all parameters are ignored and default values are e@gpd
mo_showdensityplot(-1)

mo_hidecontourplot() Hides the contour plot.
mo_showcontourplot(numcontours,lower_A,upper_A,type ) shows theA contour plot
with options:

— numcontours Number ofA equipotential lines to be plotted.

— upper_A Upper limit for A contours.

— lower_A Lower limit for A contours.

— type Choice of'real" ,"imag" , or"both" to show either the real, imaginary of both
real and imaginary components of A.

If numcontours is-1 all parameters are ignored and default values are esgd,
mo_showcontourplot(-1)

ma_showvectorplot(type,scalefactor) controls the display of vectors denoting the field
strength and direction. The parameters taken ar¢yfiee of plot, which should be set to O
for no vector plot, 1 for the real part of flux density B; 2 foetteal part of field intensity H;

3 for the imaginary part of B; 4 for the imaginary part of H; % fimth the real and imaginary
parts of B; and 6 for both the real and imaginary parts of H. Jdadefactor ~ determines
the relative length of the vectors. If the scale is set to & Jéimgth of the vectors are chosen
so that the highest flux density corresponds to a vector sithei same length as the current
grid size setting.

maminimize minimizes the active magnetics output view.
mo_maximize maximizes the active magnetics output view.
mo_restore  restores the active magnetics output view from a minimizedaximized state.

ma_resize(width,height) resizes the active magnetics output window client area diohwi
x height.
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3.4.5 Miscellaneous

e moclose() Closes the current post-processor instance.
e marefreshview() Redraws the current view.

e moreload() Reloads the solution from disk.

e masavebitmap(“filename") saves a bitmapped screen shot of the current view to the file
specified by'filename" . Note that if you use a path you must use two backslashes (
"c:\\temp\\myfemmfile.fem" ). If the file name contains a space.d. file names like
c:\program files\stuff ) you must enclose the file name in (extra) quotes by usifig a

sequence. For example:
mo_save_bitmap("\"c:\\temp\\screenshot.bmp\"")

e mo_savemetafile("filename") saves a metafile screenshot of the current view to the file
specified by'filename" , subject to theprintf  -type formatting explained previously for
thesavebitmap command.

e moshownames(flag)  This function allow the user to display or hide the block latemes
on screen. To hide the block label namiisay should be 0. To display the names, the
parameter should be setto 1.

e monumnodes() Returns the number of nodes in the in focus magnetics outpahm

e monumelements() Returns the number of elements in the in focus magnets ootesih.

e magetnode(n) Returns the (x,y) or (r,z) position of the nth mesh node.

e mogetelement(n) MOGetElement[n] returns the following proprerties for tith element:

1. Index of first element node

Index of second element node

Index of third element node

x (or r) coordinate of the element centroid

y (or z) coordinate of the element centroid

element area using the length unit defined for the problem

N o o bk b

group number associated with the element

3.5 Electrostatics Preprocessor Lua Command Set

A number of different commands are available in the premsae Two naming conventions can
be used: one which separates words in the command nameséngaoks, and one that eliminates
the underscores.
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3.5.1 Object Add/Remove Commands

ei _addnode(x,y) Add a new node at X,y

ei _addsegment(x1,y1,x2,y2) Add a new line segment from node closest to (x1,yl) to
node closest to (x2,y2)

ei _addblocklabel(x,y) Add a new block label at (x,y)

ei _addarc(x1,y1,x2,y2,angle,maxseq) Add a new arc segment from the nearest node
to (x1,yl1) to the nearest node to (x2,y2) with angle ‘angleidkd into ‘maxseg’ segments.

ei _deleteselected Delete all selected objects.

_deleteselectednodes Delete selected nodes.

e

_deleteselectedlabels Delete selected block labels.

e

ei _deleteselectedsegments Delete selected segments.

ei _deleteselectedarcsegments Delete selects arcs.

3.5.2 Geometry Selection Commands

ei _clearselected() Clear all selected nodes, blocks, segments and arc segments

ei _selectsegment(x,y) Select the line segment closest to (x,y)

ei _selectnode(x,y) Select the node closest to (x,y). Returns the coordinatéiseo$e-
lected node.

ei _selectlabel(x,y) Select the label closet to (x,y). Returns the coordinatab@fse-
lected label.
ei _selectarcsegment(x,y) Select the arc segment closest to (X,y)

ei _selectgroup(n) Select the % group of nodes, segments, arc segments and block labels.
This function will clear all previously selected elememtsldeave the edit mode in 4 (group)

ei _selectcircle(x,y,R,editmode) selects objects within a circle of radius R centered at
(x,y). If only x, y, and R paramters are given, the current athde is used. If the editmode
parameter is used, O denotes nodes, 2 denotes block lalgsofes segments, 3 denotes
arcs, and 4 specifies that all entity types are to be selected.

ei _selectrectangle(x1,y1,x2,y2,editmode) selects objects within a rectangle defined
by points (x1,y1) and (x2,y2). If no editmode parameter gaied, the current edit mode is
used. If the editmode parameter is used, 0 denotes nodespfeddlock labels, 2 denotes
segments, 3 denotes arcs, and 4 specifies that all entity &rpdo be selected.
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3.5.3 Object Labeling Commands

e ei _setnodeprop("propname",groupno, “inconductor") Set the selected nodes to have
the nodal propertypropname” and group numbegroupno . The "inconductor” string
specifies which conductor the node belongs to. If the nodsrdbleelong to a named con-
ductor, this parameter can be set¢one>" .

e ei _setblockprop("blockname", automesh, meshsize, group) Set the selected block
labels to have the properties:
Block property'blockname”

automesh : 0 = mesher defers to mesh size constraint definedeshsize , 1 = mesher
automatically chooses the mesh density.

meshsize : size constraint on the mesh in the block marked by this label
A member of group numbeyroup
e ei _setsegmentprop(“propname”, elementsize, automesh, hide , group, "inconductor",)
Set the select segments to have:
Boundary propertypropname”
Local element size along segment no greater #hamentsize

automesh : 0 = mesher defers to the element constraint defineddmentsize , 1 = mesher
automatically chooses mesh size along the selected segment

hide : O = not hidden in post-processor, 1 == hidden in post pragess
A member of group numbeyroup
A member of the conductor specified by the striimgonductor". If the segment is not
part of a conductor, this parameter can be specifi¢dNme>" .
e ei _setarcsegmentprop(maxsegdeg, "propname”, hide, group, " inconductor”) Set
the selected arc segments to:
Meshed with elements that span at nmosksegdeg degrees per element
Boundary propertypropname”
hide : 0 = not hidden in post-processor, 1 == hidden in post pragess
A member of group numbeyroup
A member of the conductor specified by the striimgonductor". If the segment is not
part of a conductor, this parameter can be specifiddNme>" .

e ei _setgroup(n)  Set the group associated of the selected items to n
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3.5.4 Problem Commands

ei _probdef(units,type,precision,(depth),(minangle)) changes the problem defi-
nition. Theunits parameter specifies the units used for measuring lengtheiprbblem
domain. Valid"units" entries areinches" , "millimeters" , "centimeters"  , "mils"
"meters , and"micrometers" . Setproblemtype to "planar"  for a 2-D planar problem,

orto"axi" for an axisymmetric problem. Theecision parameter dictates the precision
required by the solver. For example, entering8 requires the RMS of the residual to be
less than 108. A fourth parameter, representing the depth of the problethé into-the-
page direction for 2-D planar problems, can also be spedidiedlanar problems. A sixth
parameter represents the minimum angle constraint seimé tmésh generator.

ei _analyze(flag) runs belasolv  to solve the problem. Th#lag parameter controls
whether the Belasolve window is visible or minimized. Foiigible window, either specify
no value forflag or specify 0. For a minimized windowWlag should be set to 1.

ei _loadsolution() loads and displays the solution corresponding to the cugeometry.

ei _setfocus("documentname”) Switches the electrostatics input file upon which Lua com-
mands are to act. If more than one electrostatics input fileeiag edited at a time, this
command can be used to switch between files so that the miitgdean be operated upon
programmatically via Luadocumentname should contain the name of the desired document
as it appears on the window's title bar.

ei _saveas("filename") saves the file with nantélename” . Note if you use a path you
must use two backslasheg.c:\\temp\\myfemmfile.fee

3.5.5 Mesh Commands

ei _createmesh() runs triangle to create a mesh. Note that this is not a neggssscursor
of performing an analysis, & _analyze()  will make sure the mesh is up to date before
running an analysis. The number of elements in the mesh lsplusack onto the lua stack.

ei _showmesh() toggles the flag that shows or hides the mesh.

ei _purgemesh() clears the mesh out of both the screen and memory.

3.5.6 Editing Commands

ei _copyrotate(bx, by, angle, copies, (editaction) )
bx, by — base point for rotation

angle — angle by which the selected objects are incrementallyexhib make each copy.
angle is measured in degrees.

copies — number of copies to be produced from the selected objects.
editaction 0 —nodes, 1 — lines (segments), 2 —block labels, 3 — arc sagndergroup
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e ei _copytranslate(dx, dy, copies, (editaction))
dx,dy - distance by which the selected objects are incrementailiyed.
copies — number of copies to be produced from the selected objects.
editacton 0 —nodes, 1 — lines (segments), 2 —block labels, 3 — arc segmergroup

e mi_createradius(x,y,r) turnsacornerlocatedaly) intoacurveofradius

e ei _moverotate(bx,by,shiftangle (editaction))
bx, by — base point for rotation
shiftangle ~ — angle in degrees by which the selected objects are rotated.
editacton 0 —nodes, 1 — lines (segments), 2 —block labels, 3 — arc segmergroup

e ei _movetranslate(dx,dy,(editaction))
dx,dy — distance by which the selected objects are shifted.
editaction 0 —nodes, 1 — lines (segments), 2 —block labels, 3 — arc sagndergroup

e ei _scale(bx,by,scalefactor,(editaction))
bx, by — base point for scaling
scalefactor ~ —a multiplier that determines how much the selected obpetscaled
editaction 0 —nodes, 1 — lines (segments), 2 —block labels, 3 — arc sagndergroup
e ei _mirror(x1,y1,x2,y2,(editaction)) mirror the selected objects about a line passing
through the point$x1,yl) and(x2,y2) . Valid editaction  entries are O for nodes, 1 for
lines (segments), 2 for block labels, 3 for arc segments4dod groups.
e ei _seteditmode(editmode) Sets the current editmode to:
"nodes” - nodes
"segments” - line segments
"arcsegments" - arc segments
"blocks" - block labels
"group” - selected group

This command will affect all subsequent uses of the othéirggcommands, if they are used
WITHOUT theeditaction ~ parameter.

3.5.7 Zoom Commands

°
@

_zoomnatural()  zooms to a “natural” view with sensible extents.

e ei _zoomout() zooms out by a factor of 50%.

°
@

_zoomin() zoom in by a factor of 200%.

e ei _zoom(x1,y1,x2,y2) Set the display area to be from the bottom left corner speldifye
(x1,y1 ) to the top right corner specified lfx2,y2)
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3.5.8 View Commands

ei _showgrid() Show the grid points.
ei _hidegrid()  Hide the grid points points.

ei _gridsnap("flag") Setting flag to “on” turns on snap to grid, setting flag to "tdifhs
off snap to grid.
ei _setgrid(density,"type") Change the grid spacing. The density parameter specifies

the space between grid points, and the type parameter i3 'sattt  for Cartesian coordi-
nates ofpolar®  for polar coordinates.

ei _refreshview() Redraws the current view.
ei _minimize()  minimizes the active magnetics input view.
ei _maximize() maximizes the active magnetics input view.

ei _restore()  restores the active magnetics input view from a minimizednaximized
state.

ei _resize(width,height) resizes the active magnetics input window client area tdtwid
x height.

3.5.9 Object Properties

ei _getmaterial("materialname") fetches the material specified materialname  from
the materials library.

ei _addmaterial("materialname”, ex, ey, qv) adds a new material with callédaterialname”
with the material properties:

ex Relative permittivity in the x- or r-direction.

ey Relative permittivity in the y- or z-direction.

qv Volume charge density in units of CAn

ei _addpointprop("pointpropname",Vp,qp) adds a new point property of nartpeintpropname”
with either a specified potentisp a point charge densityp in units of C/m.

ei _addboundprop("boundpropname”, Vs, gs, c0, cl1, BdryFormat ) adds a new bound-
ary property with naméboundpropname”

For a “Fixed Voltage” type boundary condition, set ¥geparameter to the desired voltage
and all other parameters to zero.

To obtain a “Mixed” type boundary condition, St andCO0 as required an8dryFormat to
1. Set all other parameters to zero.

To obtain a prescribes surface charge densitygséb the desired charge density in G/m
and seBdryFormat to 2.
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For a “Periodic” boundary condition, sBtiryFormat to 3 and set all other parameters to
zero.

For an “Anti-Perodic” boundary condition, sBtdryFormat to 4 set all other parameters to
zero.

ei _addconductorprop("conductorname”, Vc, qc, conductortyp e) adds a new con-
ductor property with naméconductorname”  with either a prescribed voltage or a pre-
scribed total charge. Set the unused property to zero.comgictortype  parameter is 0
for prescribed charge and 1 for prescribed voltage.

ei _deletematerial("materialname”) deletes the material namédaterialname”

ei _deleteboundprop("boundpropname”) deletes the boundary property naniealindpropname”
ei _deleteconductor("conductorname”) deletes the conductor nameehductorname

ei _deletepointprop("pointpropname") deletes the point property nam¥dintpropname”

ei _modifymaterial("BlockName",propnum,value) This function allows for modifica-

tion of a material’'s properties without redefining the entimaterial (e.g. so that current can
be modified from run to run). The material to be modified is #pet by "BlockName" .
The next parameter is the number of the property to be setlash@umber is the value to
be applied to the specified property. The various propettiascan be modified are listed
below:

propnum  Symbol Description
0 BlockName Name of the material
1 ex x (or r) direction relative permittivity
2 ey y (or z) direction relative permittivity
3 as \Volume charge
ei _modifyboundprop("BdryName",propnum,value) This function allows for modifica-

tion of a boundary property. The BC to be modified is specifigdBdryName" . The next
parameter is the number of the property to be set. The lasbauisthe value to be applied
to the specified property. The various properties that camddified are listed below:

propnum  Symbol Description
0 BdryName Name of boundary property
1 Vs Fixed Voltage
2 as Prescribed charge density
3 c0 Mixed BC parameter
4 cl Mixed BC parameter
5 BdryFormat ~ Type of boundary condition:
0 = PrescribedV
1 = Mixed
2 = Surface charge density
3 = Periodic
4 = Antiperiodic
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ei _modifypointprop("PointName",propnum,value) This function allows for modifica-
tion of a point property. The point property to be modified peafied by"PointName"

The next parameter is the number of the property to be setlaBh@umber is the value to
be applied to the specified property. The various propettiascan be modified are listed
below:

propnum  Symbol Description
0 PointName  Name of the point property
1 Vp Prescribed nodal voltage
2 ap Point charge density in C/m
ei _modifyconductorprop("ConductorName",propnum,value) This function allows for

modification of a conductor property. The conductor proptrtbe modified is specified by
"ConductorName" . The next parameter is the number of the property to be set. |ast
number is the value to be applied to the specified propertg VEmious properties that can
be modified are listed below:

propnum  Symbol Description

0 ConductorName  Name of the conductor property

1 Ve Conductor voltage

2 qc Total conductor charge

3 ConductorType 0 = Prescribed charge, 1 = Prescribed voltage

3.5.10 Miscellaneous

ei _savebitmap(“filename") saves a bitmapped screenshot of the current view to the file
specified by'filename" , subject to theprintf -type formatting explained previously for
theei _saveas command.

ei _savemetafile("filename") saves a metafile screenshot of the current view to the file
specified by'filename" , subject to theprintf -type formatting explained previously for
theei _saveas command.

ei _refreshview() Redraws the current view.
ei _close() closes the preprocessor window and destroys the curreotrtd.

ei _shownames(flag)  This function allow the user to display or hide the block latemes
on screen. To hide the block label nam#isy should be 0. To display the names, the
parameter should be set to 1.

ei _readdxf("filename") This function imports a dxf file specified Bfiename”

ei _savedxf("filename") This function saves geometry informatoin in a dxf file spedifi
by "filename”

ei _defineouterspace(Zo,Ro,Ri) defines an axisymmetric external region to be used in

conjuction with the Kelvin Transformation method of modeliunbounded problems. The
Zo parameter is the z-location of the origin of the outer regibaRo parameter is the radius

106



of the outer region, and thei parameter is the radius of the inner regioe.(the region
of interest). In the exterior region, the permeability earas a function of distance from
the origin of the external region. These parameters aressacgto define the permeability
variation in the external region.

e ei _attachouterspace() marks all selected block labels as members of the extergiire
used for modeling unbounded axisymmetric problems via thlgiK Transformation.

e ei _detachouterspace() undefines all selected block labels as members of the ekxterna
region used for modeling unbounded axisymmetric probleim#we Kelvin Transformation.

e ei _attachdefault() marks the selected block label as the default block labek block
label is applied to any region that has not been explicithelad.

e ei _detachdefault() undefines the default attribute for the selected block &abel

e ei _-makeABC(n,R,x,y,bc)  creates a series of circular shells that emulate the immpedain
an unbounded domain (i.e. an Inprovised Asymptotic Boun@amdition). Then parame-
ter contains the number of shells to be used (should be bettvaed 10)R s the radius of
the solution domain, an@,y) denotes the center of the solution domain. Bh@arameter
should be specified as 0 for a Dirichlet outer edge or 1 for anlNen outer edge. If the
function is called without all the parameters, the functioakes up reasonablevaluesforthe-
missingparameters.

3.6 Electrostatics Post Processor Command Set

There are a number of Lua scripting commands designed t@tpierthe postprocessor. As with
the preprocessor commands, these commands can be usedthethtlee underscore naming or
with the no-underscore naming convention.

3.6.1 Data Extraction Commands

e eo0_lineintegral(type) Calculate the line integral for the defined contour
type Integral
0 E-t
1 D-n
2 Contour length
3 Force from stress tensor
4 Torgue from stress tensor

This integral returns either 1 or 2 values, depending onritegyral typege.g. :
Fx, Fy = eo _lineintegral(3)

e e0_blockintegral(type) Calculate a block integral for the selected blocks
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type Integral

Stored Energy

Block Cross-section

Block Volume

AverageD over the block
AverageE over the block
Weighted Stress Tensor Force
Weighted Stress Tensor Torque

Returns one or two floating point values as reséts;

OOk WNPEO

Fx, Fy = eo _blockintegral(4)

eo _getpointvalues(X,Y) Get the values associated with the point at x,y The retunnesl
in order, are:
Symbol  Definition
Vv \oltage
Dx X- or r- direction component of displacement
Dy y- or z- direction component of displacement
Ex X- or r- direction component of electric field intensity
Ey y- or z- direction component of electric field intensity
ex X- or r- direction component of permittivity
ey y- or z- direction component of permittivity
nrg electric field energy density

Example: To catch all values at (0.01,0) use
V,Dx,Dy,Ex,Ey,ex,ey,nrg= eo _getpointvalues(0.01,0)

eo _makeplot(PlotType,NumPoints,Filename,FileFormat) Allows Lua access to the
X-Y plot routines. If only PlotType or only PlotType and NumwiBts are specified, the com-
mand is interpreted as a request to plot the requested jpletttythe screen. If, in addition,
the Filename parameter is specified, the plot is insteadenrib disk to the specified file
name as an extended metafile. If the FileFormat parameté&sdsthe command is instead
interpreted as a command to write the data to disk to the suktife name, rather than
display it to make a graphical plot. Valid entries for Plgv&yare:

PlotType  Definition

V (Voltage)

|D| (Magnitude of flux density)
D . n (Normal flux density)

D . t (Tangential flux density)
|E| (Magnitude of field intensity)
E . n (Normal field intensity)

E . t (Tangential field intensity)

OOk, WNEO

Valid file formats are:
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FileFormat Definition

0 Multi-column text with legend
1 Multi-column text with no legend
2 Mathematica-style formatting

For example, if one wanted to pldt to the screen with 200 points evaluated to make the
graph, the command would be:

eo_makeplot(0,200)

If this plot were to be written to disk as a metafile, the comdhaould be:
eo_makeplot(0,200,"c:temp.emf")

To write data instead of a plot to disk, the command would bdeform:
eo_makeplot(0,200,"c:temp.txt",0)

e e0 _getprobleminfo() Returns info on problem description. Returns three valuks:
Problem type (0 for planar and 1 for axisymmetric); the deggtbumed for planar problems
in units of meters; and the length unit used to draw the gegnrepresented in units of
meters.

e e0_getconductorproperties("conductor") Properties are returned for the conductor
property named "conductor”. Two values are returned: ThHeage of the specified con-
ductor, and the charge carried on the specified conductor.

3.6.2 Selection Commands

e e0 _seteditmode(mode) Sets the mode of the postprocessor to point, contour, onaonea.

Valid entries for mode arépoint”, "contour”, and "area".
e 0 _selectblock(x,y) Select the block that contains poi(xkyy).
e e0 _groupselectblock(n) Selects all of the blocks that are labeled by block labelsaba

members of group n. If no number is specifieé.(eo _groupselectblock() ), all blocks
are selected.

e e0 _selectconductor("name") Selects all nodes, segments, and arc segments that are part
of the conductor specified by the strifigame”) . This command is used to select con-
ductors for the purposes of the “weighted stress tensocéfand torque integrals, where the
conductors are points or surfaces, rather than regiamsén't be selected witbo _selectblock ).

e e0_addcontour(x,y) Adds a contour point atx,y). If this is the first point then it
starts a contour, if there are existing points the contons fiom the previous point to this
point. Theeo_addcontour command has the same functionality as a right-button-click
contour point addition when the program is running in intéxee mode.

e e0_bendcontour(angle,anglestep) Replaces the straight line formed by the last two
points in the contour by an arc that spans angle degrees. rthis actually composed
of many straight lines, each of which is constrained to sgamare than anglestep degrees.

109



Theangle parameter can take on values from -180 to 180 degreesantfestep param-
eter must be greater than zero. If there are less than twaspdéfined in the contour, this
command is ignored.

e eo0_selectpoint(x,y) Adds a contour point at the closest input poinftg). If the se-
lected point and a previous selected points lie at the enals afcsegment, a contour is added
that traces along the arcsegment. Sdlectpoint  command has the same functionality as
the left-button-click contour point selection when thegmaim is running in interactive mode.

e e0 _clearcontour() Clear a prevously defined contour

e e0_clearblock() Clear block selection

3.6.3 Zoom Commands
e eo_zoomnatural() ~ Zoom to the natural boundaries of the geometry.
e eo_zoomin() Zoom in one level.
e eo0_zoomout() Zoom out one level.
e e0_zoom(x1,yl,x2,y2) Zoom to the window defined by lower left corngd,yl) and

upper right corner(x2,y2).

3.6.4 View Commands

e eo_showmesh() Show the mesh.

e e0_hidemesh() Hide the mesh.

e eo_showpoints()  Show the node points from the input geometry.
e 0 _hidepoints() Hide the node points from the input geometry.

e eo_smooth("flag") This function controls whether or not smoothing is appliedhte D
andE fields which are naturally piece-wise constant over eaanehd. Setting flag equal to
"on" turns on smoothing, and setting flag'ef"  turns off smoothing.

e eo_showgrid() Show the grid points.

e eo_hidegrid()  Hide the grid points points.

eo _gridsnap(“"flag") Setting flag to "on” turns on snap to grid, setting flag to "affifns
off snap to grid.
e eo _setgrid(density,"type") Change the grid spacing. The density parameter specifies

the space between grid points, and the type parameter i3 'sattt  for Cartesian coordi-
nates ofpolar®  for polar coordinates.

e e0_hidedensityplot() hides the flux density plot.
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e eo_showdensityplot(legend,gscale,type,upper D,lower D) Shows the flux density
plot with options:

legend Set to O to hide the plot legend or 1 to show the plot legend.
gscale Setto O for a colour density plot or 1 for a grey scale dendiy. p
upper _D Sets the upper display limit for the density plot.

lower _D Sets the lower display limit for the density plot.

type Sets the type of density plot. A value of O plots voltage, ltipthe magnitude db,
and 2 plots the magnitude &f

e e0_hidecontourplot() Hides the contour plot.
e eo0_showcontourplot(numcontours,lower V,upper _V) shows theV contour plot with
options:

numcontours Number of equipotential lines to be plotted.
upper _V Upper limit for contours.
lower _V Lower limit for contours.

If eo_numcontours is -1 all parameters are ignored and default values are used,
e.g.show_contour _plot(-1)

e eo_showvectorplot(type,scalefactor) controls the display of vectors denoting the field
strength and direction. The parameters taken argyfiee of plot, which should be set to
0 for no vector plot, 1 for flux densit{p, and 2 for field intensityfe. The scalefactor
determines the relative length of the vectors. If the scabet to 1, the length of the vectors
are chosen so that the highest flux density corresponds totarthat is the same length as
the current grid size setting.

e eo_minimize() minimizes the active magnetics input view.
e eo_maximize() maximizes the active magnetics input view.

e eo restore()  restores the active magnetics input view from a minimizednaximized
state.

e e0 _resize(width,height) resizes the active magnetics input window client area tdtwid
x height.

3.6.5 Miscellaneous

e eo_close() close the current postprocessor window.
e e0 _refreshview() Redraws the current view.

e co_reload() Reloads the solution from disk.
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e e0_savebitmap(“filename") saves a bitmapped screen shot of the current view to the
file specified by'filename" . Note that if you use a path you must use two backslashes
(e.g. "c: \\temp\\myfile.bmp" ). If the file name contains a space (e.g. file names like
c:\program file§stuff) you must enclose the file name in (extra) quotes byguaif' se-
quence. For example:

eo_savebitmap(" \"c: \\temp\\screenshotbmp \")
e e0_savemetafile("filename") saves a metafile screenshot of the current view to the file

specified byfilename" , subject to the printf-type formatting explained previgusr the
savebitmap command.

e eo_shownames(flag)  This function allow the user to display or hide the block latemes
on screen. To hide the block label namfiay should be 0. To display the names, the
parameter should be setto 1.

e eo_numnodes() Returns the number of nodes in the in focus electrostatitibmesh.

e eo_numelements() Returns the number of elements in the in focus electrostatitput
mesh.

e eo_getnode(n) Returns the (x,y) or (r,z) position of the nth mesh node.
e eo_getelement(n) MOGetElement[n] returns the following proprerties for tith element:

1. Index of first element node

Index of second element node

Index of third element node

x (or r) coordinate of the element centroid

y (or z) coordinate of the element centroid

element area using the length unit defined for the problem

N o o bk D

group number associated with the element

3.7 Heat Flow Preprocessor Lua Command Set

A number of different commands are available in the premsae Two naming conventions can
be used: one which separates words in the command nameséngaoks, and one that eliminates
the underscores.
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3.7.1 Object Add/Remove Commands

hi _addnode(x,y) Add a new node at X,y

hi _addsegment(x1,y1,x2,y2) Add a new line segment from node closest to (x1,yl) to
node closest to (x2,y2)

hi _addblocklabel(x,y) Add a new block label at (x,y)

hi _addarc(x1,y1,x2,y2,angle,maxseqg) Add a new arc segment from the nearest node
to (x1,yl1) to the nearest node to (x2,y2) with angle ‘angleidkd into ‘maxseg’ segments.

hi

_deleteselected Delete all selected objects.

hi _deleteselectednodes Delete selected nodes.

hi _deleteselectedlabels Delete selected block labels.

hi

_deleteselectedsegments Delete selected segments.

hi

_deleteselectedarcsegments Delete selects arcs.

3.7.2 Geometry Selection Commands

hi

_clearselected() Clear all selected nodes, blocks, segments and arc segments

hi

_selectsegment(x,y) Select the line segment closest to (x,y)

hi _selectnode(x,y) Select the node closest to (x,y). Returns the coordinatéiseo$e-
lected node.

hi _selectlabel(x,y) Select the label closet to (x,y). Returns the coordinatab@fse-
lected label.
hi _selectarcsegment(x,y) Select the arc segment closest to (X,y)

hi _selectgroup(n) Select the % group of nodes, segments, arc segments and block labels.
This function will clear all previously selected elememtsldeave the edit mode in 4 (group)

hi _selectcircle(x,y,R,editmode) selects objects within a circle of radius R centered at
(x,y). If only x, y, and R paramters are given, the current athde is used. If the editmode
parameter is used, O denotes nodes, 2 denotes block lalgsofes segments, 3 denotes
arcs, and 4 specifies that all entity types are to be selected.

hi _selectrectangle(x1,y1,x2,y2,editmode) selects objects within a rectangle defined
by points (x1,y1) and (x2,y2). If no editmode parameter gaied, the current edit mode is
used. If the editmode parameter is used, 0 denotes nodespfeddlock labels, 2 denotes
segments, 3 denotes arcs, and 4 specifies that all entity &rpdo be selected.
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3.7.3 Object Labeling Commands

e hi _setnodeprop("propname",groupno, “inconductor") Set the selected nodes to have
the nodal propertypropname” and group numbegroupno . The "inconductor” string
specifies which conductor the node belongs to. If the nodsrdbleelong to a named con-
ductor, this parameter can be set¢one>" .

e hi _setblockprop("blockname”, automesh, meshsize, group) Set the selected block
labels to have the properties:
Block property'blockname”

automesh : 0 = mesher defers to mesh size constraint definedeshsize , 1 = mesher
automatically chooses the mesh density.

meshsize : size constraint on the mesh in the block marked by this label
A member of group numbeyroup
e hi _setsegmentprop("propname”, elementsize, automesh, hide , group, “inconductor”)
Set the select segments to have:
Boundary propertypropname”
Local element size along segment no greater #hamentsize

automesh : 0 = mesher defers to the element constraint defineddmentsize , 1 = mesher
automatically chooses mesh size along the selected segment

hide : O = not hidden in post-processor, 1 == hidden in post pragess
A member of group numbeyroup
A member of the conductor specified by the striimgonductor". If the segment is not
part of a conductor, this parameter can be specifi¢dNme>" .
e hi _setarcsegmentprop(maxsegdeg, "propname”, hide, group, " inconductor”) Set
the selected arc segments to:
Meshed with elements that span at nmosksegdeg degrees per element
Boundary propertypropname”
hide : 0 = not hidden in post-processor, 1 == hidden in post pragess
A member of group numbeyroup
A member of the conductor specified by the striimgonductor". If the segment is not
part of a conductor, this parameter can be specifiddNme>" .

e hi _setgroup(n)  Set the group associated of the selected items to n
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3.7.4 Problem Commands

hi _probdef(units,type,precision,(depth),(minangle)) changes the problem defi-
nition. Theunits parameter specifies the units used for measuring lengtheiprbblem
domain. Valid"units" entries areinches" , "millimeters" , "centimeters"  , "mils"
"meters , and"micrometers" . Setproblemtype to "planar"  for a 2-D planar problem,

orto"axi" for an axisymmetric problem. Theecision parameter dictates the precision
required by the solver. For example, entering8 requires the RMS of the residual to be
less than 108. A fourth parameter, representing the depth of the problethé into-the-
page direction for 2-D planar problems, can also be spedidiedlanar problems. A sixth
parameter represents the minimum angle constraint seimé tmésh generator.

hi _analyze(flag) runshsolv to solve the problem. Thitag parameter controls whether
the hsolve window is visible or minimized. For a visible wovd either specify no value for
flag or specify 0. For a minimized windowag should be setto 1.

hi _loadsolution() loads and displays the solution corresponding to the cugeometry.

hi _setfocus("documentname") Switches the heat flow input file upon which Lua com-
mands are to act. If more than one heat flow input file is beingeat a time, this command
can be used to switch between files so that the mutiple filebeaperated upon program-
matically via Lua. documentname should contain the name of the desired document as it
appears on the window’s title bar.

hi _saveas("filename") saves the file with nantélename” . Note if you use a path you
must use two backslasheg.c:\\temp\\myfile.feh

3.7.5 Mesh Commands

hi _createmesh()  runs triangle to create a mesh. Note that this is not a negegsecursor
of performing an analysis, ds _analyze()  will make sure the mesh is up to date before
running an analysis. The number of elements in the mesh lsplusack onto the lua stack.

hi _showmesh() toggles the flag that shows or hides the mesh.

hi _purgemesh() clears the mesh out of both the screen and memory.

3.7.6 Editing Commands

hi _copyrotate(bx, by, angle, copies, (editaction) )
bx, by — base point for rotation

angle — angle by which the selected objects are incrementallyexhib make each copy.
angle is measured in degrees.

copies — number of copies to be produced from the selected objects.
editaction 0 —nodes, 1 — lines (segments), 2 —block labels, 3 — arc sagndergroup
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e hi _copytranslate(dx, dy, copies, (editaction))
dx,dy - distance by which the selected objects are incrementailiyed.
copies — number of copies to be produced from the selected objects.
editacton 0 —nodes, 1 — lines (segments), 2 —block labels, 3 — arc segmergroup

e mi_createradius(x,y,r) turnsacornerlocatedaly) intoacurveofradius

e hi _moverotate(bx,by,shiftangle (editaction))
bx, by — base point for rotation
shiftangle ~ — angle in degrees by which the selected objects are rotated.
editaction 0 —nodes, 1 — lines (segments), 2 —block labels, 3 — arc sagndergroup

e hi _movetranslate(dx,dy,(editaction))
dx,dy — distance by which the selected objects are shifted.
editaction 0 —nodes, 1 — lines (segments), 2 —block labels, 3 — arc sagndergroup

e hi _scale(bx,by,scalefactor,(editaction))
bx, by — base point for scaling
scalefactor ~ —a multiplier that determines how much the selected obpetscaled
editaction 0 —nodes, 1 — lines (segments), 2 —block labels, 3 — arc sagndergroup
e hi _mirror(x1,y1,x2,y2,(editaction)) mirror the selected objects about a line passing
through the point$x1,yl) and(x2,y2) . Valid editaction  entries are O for nodes, 1 for
lines (segments), 2 for block labels, 3 for arc segments4dod groups.
¢ hi _seteditmode(editmode) Sets the current editmode to:
"nodes” - nodes
"segments” - line segments
"arcsegments" - arc segments
"blocks" - block labels
"group” - selected group

This command will affect all subsequent uses of the othéirggcommands, if they are used
WITHOUT theeditaction ~ parameter.

3.7.7 Zoom Commands
e hi zoomnatural()  zooms to a “natural” view with sensible extents.
e hi zoomout() zooms out by a factor of 50%.
e hi _zoomin() zoom in by a factor of 200%.
e hi _zoom(x1,y1,x2,y2) Set the display area to be from the bottom left corner speldifye
(x1,y1 ) to the top right corner specified lfx2,y2)
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3.7.8 View Commands
e hi _showgrid() Show the grid points.
e hi _hidegrid()  Hide the grid points points.

e hi _gridsnap("flag") Setting flag to “on” turns on snap to grid, setting flag to "tdifhs
off snap to grid.

e hi _setgrid(density,"type") Change the grid spacing. The density parameter specifies
the space between grid points, and the type parameter i3'sattt for Cartesian coordi-
nates ofpolar"  for polar coordinates.

e hi

_refreshview() Redraws the current view.

e hi

_minimize()  minimizes the active heat flow input view.

e hi

_maximize() maximizes the active heat flow input view.

e hi

_restore()  restores the active heat flow input view from a minimized okimézed state.

e hi _resize(width,height) resizes the active heat flow input window client area to width
x height.

3.7.9 Object Properties

e hi _getmaterial("materialname") fetches the material specified materialname  from
the materials library.

¢ hi _addmaterial("materialname”, kx, ky, qv, kt) adds a new material with called
"materialname”  with the material properties:
kx Thermal conductivity in the x- or r-direction.
ky Thermal conductivity in the y- or z-direction.
qv Volume heat generation density in units of Wm
kt Volumetric heat capacity in units of MJ/@K).

e hi _addpointprop("pointpropname”, Tp,qp) adds a new point property of nartpeintpropname
with either a specified temperaturp or a point heat generation densify in units of W/m.

e hi _addboundprop("boundpropname”, BdryFormat, Tset, gs, Tin f, h, beta) adds
a new boundary property with narff@undpropname”

— For a “Fixed Temperature” type boundary condition, setThet parameter to the
desired temperature and all other parameters to zero.

— To obtain a “Heat Flux” type boundary condition, gstto be the heat flux density and
BdryFormat to 1. Set all other parameters to zero.

117



— To obtain a convection boundary condition, lsé¢t the desired heat transfer coefficient
andTinf to the desired external temperature andBsietFormat to 2.

— For a Radiation boundary condition, $eta equal to the desired emissivity afihf
to the desired external temperature andBsietFormat to 3.

— For a “Periodic” boundary condition, sBtiryFormat to 4 and set all other parameters

to zero.
— For an "Anti-Perodic” boundary condition, d&dryFormat to 5 set all other parameters
to zero.
hi _addconductorprop("conductorname”, Tc, gc, conductortyp e) adds a new con-

ductor property with nam&onductorname”  with either a prescribed temperature or a pre-
scribed total heat flux. Set the unused property to zero.cohactortype  parameter is O
for prescribed heat flux and 1 for prescribed temperature.

hi _deletematerial("materialname”) deletes the material namédaterialname”

hi _deleteboundprop("boundpropname™) deletes the boundary property naniealindpropname”
hi _deleteconductor("conductorname”) deletes the conductor nameehductorname

hi _deletepointprop("pointpropname") deletes the point property nam¥adintpropname”

hi _modifymaterial("BlockName",propnum,value) This function allows for modifica-

tion of a material’'s properties without redefining the entimaterial (e.g. so that current can
be modified from run to run). The material to be modified is #jpext by "BlockName" .
The next parameter is the number of the property to be setlash@umber is the value to
be applied to the specified property. The various propetiiascan be modified are listed
below:

propnum Symbol Description
0 BlockName Name of the material
1 kx x (or r) direction thermal conductivity
2 ky y (or z) direction thermal conductivity
3 as \Volume heat generation
4 kt Volumetric heat capacity
hi _modifyboundprop("BdryName",propnum,value) This function allows for modifica-

tion of a boundary property. The BC to be modified is specifigdBdryName" . The next
parameter is the number of the property to be set. The lasbauisthe value to be applied
to the specified property. The various properties that camdudified are listed below:
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propnum  Symbol Description

0 BdryName Name of boundary property

1 BdryFormat  Type of boundary condition:
0 = Prescribed temperature
1 = HeatFlux
2 = Convection
3 = Radiation
4 = Periodic
5 = Antiperiodic

2 Tset Fixed Temperature

3 qs Prescribed heat flux density

4 Tinf External temperature

5 h Heat transfer coefficient

6 beta Emissivity

e hi _modifypointprop("PointName",propnum,value) This function allows for modifica-

tion of a point property. The point property to be modified peafied by'PointName”
The next parameter is the number of the property to be setlaBh@umber is the value to
be applied to the specified property. The various propettiascan be modified are listed

below:
propnum  Symbol Description
0 PointName  Name of the point property
1 Tp Prescribed nodal temperature
2 ap Point heat generation in W/m
¢ hi _modifyconductorprop("ConductorName",propnum,value) This function allows for

modification of a conductor property. The conductor proptrtbe modified is specified by
"ConductorName" . The next parameter is the number of the property to be set. |ast
number is the value to be applied to the specified properte VEmious properties that can
be modified are listed below:

propnum  Symbol Description

0 ConductorName  Name of the conductor property

1 Tc Conductor temperature

2 qc Total conductor heat flux

3 ConductorType 0 = Prescribed heat flow, 1 = Prescribed temperature

¢ hi _addtkpoint("materialname”, T k) adds the poin(T,k) to the thermal conductivity
vs. temperature curve for the material specifiedrbsterialname”

e hi _cleartkpoints("materialname”) erases all of the thermal conductivity points that
have been defined for the material nanyadterialname”

3.7.10 Miscellaneous

e hi _savebitmap(“filename") saves a bitmapped screenshot of the current view to the file
specified by'filename" , subject to theprintf -type formatting explained previously for
thehi _saveas command.
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hi _savemetafile("filename") saves a metafile screenshot of the current view to the file
specified by'filename" , subject to theprintf -type formatting explained previously for
thehi _saveas command.

hi _refreshview() Redraws the current view.
hi _close() closes the preprocessor window and destroys the currenhusd.

hi _shownames(flag)  This function allow the user to display or hide the block latemes
on screen. To hide the block label nam#isy should be 0. To display the names, the
parameter should be set to 1.

hi _readdxf("filename") This function imports a dxf file specified Bfiename”

hi _savedxf("filename") This function saves geometry information in a dxf file spedifi
by "filename”

hi _defineouterspace(Zo,Ro,Ri) defines an axisymmetric external region to be used in

conjuction with the Kelvin Transformation method of modeliunbounded problems. The
Zo parameter is the z-location of the origin of the outer regibaRo parameter is the radius
of the outer region, and thei parameter is the radius of the inner regioe.(the region
of interest). In the exterior region, the permeability earas a function of distance from
the origin of the external region. These parameters aressacgto define the permeability
variation in the external region.

hi _attachouterspace() marks all selected block labels as members of the extergiaine
used for modeling unbounded axisymmetric problems via thlgiK Transformation.

hi _detachouterspace() undefines all selected block labels as members of the ekterna
region used for modeling unbounded axisymmetric probleimghe Kelvin Transformation.

hi _attachdefault() marks the selected block label as the default block labek Block
label is applied to any region that has not been explicithelad.

hi _detachdefault() undefines the default attribute for the selected block &abel

hi _makeABC(n,R,x,y,oc)  creates a series of circular shells that emulate the im@edain
an unbounded domain (i.e. an Inprovised Asymptotic Boun@amdition). Then parame-
ter contains the number of shells to be used (should be bettvaad 10)R s the radius of
the solution domain, an@,y) denotes the center of the solution domain. Bh@arameter
should be specified as 0 for a Dirichlet outer edge or 1 for antNen outer edge. If the
function is called without all the parameters, the functioakes up reasonablevaluesforthe-
missingparameters.

3.8 Heat Flow Post Processor Command Set

There are a number of Lua scripting commands designed t@atpierthe postprocessor. As with
the preprocessor commands, these commands can be usedtithtiee underscore naming or
with the no-underscore naming convention.
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3.8.1 Data Extraction Commands

¢ ho_lineintegral(type) Calculate the line integral for the defined contour

type Integral
0 Temperature differencé&s( t)

1 Heat flux through the contouF ( n)
2 Contour length
3 Average Temperature

This integral returns either 1 or 2 values, depending onritegyral typege.g. :
Ftot, Favg = ho _lineintegral(2)

ho _blockintegral(type) Calculate a block integral for the selected blocks
type Integral
0 AverageT over the block
1 Block Cross-section
2 Block Volume

3 AverageF over the block
4 AverageG over the block

Returns one or two floating point values as res@ts,;
Gx, Gy = ho _blockintegral(4)
ho _getpointvalues(X,Y) Get the values associated with the point at x,y The retunnesl

in order, are:
Symbol  Definition

Vv Temperature

Fx X- or r- direction component of heat flux density

Fy y- or z- direction component of heat flux density

Gx X- or r- direction component of temperature gradient
Gy y- or z- direction component of temperature gradient
kx X- or r- direction component of thermal conductivity
ky y- or z- direction component of thermal conductivity

Example: To catch all values at (0.01,0) use
T,Fx,Fy,Gx,Gy,kx,ky= ho _getpointvalues(0.01,0)

ho _makeplot(PlotType,NumPoints,Filename,FileFormat) Allows Lua access to the
X-Y plot routines. If only PlotType or only PlotType and NumwiBts are specified, the com-
mand is interpreted as a request to plot the requested jpletttythe screen. If, in addition,
the Filename parameter is specified, the plot is insteadenrio disk to the specified file
name as an extended metafile. If the FileFormat parametésastae command is instead
interpreted as a command to write the data to disk to the guktife name, rather than
display it to make a graphical plot. Valid entries for Plgv&yare:
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PlotType  Definition

V (Temperature)

ID| (Magnitude of heat flux density)
D . n (Normal heat flux density)

D . t (Tangential heat flux density)
|E| (Magnitude of field intensity)

E . n (Normal field intensity)

E . t (Tangential field intensity)

Ok WNEO

Valid file formats are:
FileFormat Definition

0 Multi-column text with legend
1 Multi-column text with no legend
2 Mathematica-style formatting

For example, if one wanted to pldt to the screen with 200 points evaluated to make the
graph, the command would be:

ho _makeplot(0,200)

If this plot were to be written to disk as a metafile, the comdhaould be:

ho _makeplot(0,200,"c:temp.emf")

To write data instead of a plot to disk, the command would bdeform:

ho _makeplot(0,200,"c:temp.txt",0)

e ho_getprobleminfo() Returns info on problem description. Returns three valuhs:
Problem type (0 for planar and 1 for axisymmetric); the deggtbumed for planar problems
in units of meters; and the length unit used to draw the probitemeters.

¢ ho_getconductorproperties("conductor") Properties are returned for the conductor
property named "conductor”. Two values are returned: Theptrature of the specified
conductor, and the total heat flux through the specified cciodu

3.8.2 Selection Commands

e ho_seteditmode(mode) Sets the mode of the postprocessor to point, contour, onaoea.

Valid entries for mode arépoint", "contour”, and "area".

e ho_selectblock(x,y) Select the block that contains poi(ky).

e ho_groupselectblock(n) Selects all of the blocks that are labeled by block labelsala
members of group n. If no number is specifieéé.(ho_groupselectblock() ), all blocks

are selected.

e ho_selectconductor("name") Selects all nodes, segments, and arc segments that are part
of the conductor specified by the strifipame”) . This command is used to select con-
ductors for the purposes of the “weighted stress tensocéfand torque integrals, where the
conductors are points or surfaces, rather than regiemsén't be selected witho_selectblock ).
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ho _addcontour(x,y) Adds a contour point atx,y). If this is the first point then it
starts a contour, if there are existing points the contons fuiom the previous point to this
point. Theho_addcontour command has the same functionality as a right-button-click
contour point addition when the program is running in intéixee mode.

ho _bendcontour(angle,anglestep) Replaces the straight line formed by the last two
points in the contour by an arc that spans angle degrees. fthis actually composed
of many straight lines, each of which is constrained to sgamare than anglestep degrees.
Theangle parameter can take on values from -180 to 180 degreesantfestep param-
eter must be greater than zero. If there are less than twaspdéfined in the contour, this
command is ignored.

ho _selectpoint(x,y) Adds a contour point at the closest input poinftg). If the se-
lected point and a previous selected points lie at the enals afcsegment, a contour is added
that traces along the arcsegment. Sdlectpoint  command has the same functionality as
the left-button-click contour point selection when thegmaim is running in interactive mode.

ho _clearcontour() Clear a prevously defined contour

ho _clearblock() Clear block selection

3.8.3 Zoom Commands

ho_zoomnatural()  Zoom to the natural boundaries of the geometry.
ho_zoomin() Zoom in one level.
ho_zoomout() Zoom out one level.

ho_zoom(x1,y1,x2,y2) Zoom to the window defined by lower left corngd,yl) and
upper right corner(x2,y2).

3.8.4 View Commands

ho_showmesh() Show the mesh.

ho_hidemesh() Hide the mesh.

ho _showpoints() ~ Show the node points from the input geometry.
ho _hidepoints() Hide the node points from the input geometry.

ho _smooth("flag") This function controls whether or not smoothing is appliedhe F
andG fields which are naturally piece-wise constant over eacimeé. Setting flag equal
to"on" turns on smoothing, and setting flag'ed®*  turns off smoothing.

ho_showgrid()  Show the grid points.
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ho_hidegrid()  Hide the grid points points.

ho _gridsnap(“flag”) Setting flag to "on” turns on snap to grid, setting flag to "affifns
off snap to grid.
ho _setgrid(density,"type") Change the grid spacing. The density parameter specifies

the space between grid points, and the type parameter i3 'sattt  for Cartesian coordi-
nates ofpolar"  for polar coordinates.

ho _hidedensityplot() hides the heat flux density plot.

ho _showdensityplot(legend,gscale,type,upper,lower) Shows the heat flux density
plot with options:

legend Set to O to hide the plot legend or 1 to show the plot legend.

gscale Setto O for a colour density plot or 1 for a grey scale dendiy. p

upper Sets the upper display limit for the density plot.

lower Sets the lower display limit for the density plot.

type Sets the type of density plot. A value of O plots temperatlngpts the magnitude of
F, and 2 plots the magnitude &f

ho _hidecontourplot() Hides the contour plot.
ho _showcontourplot(numcontours,lower V,upper _V) shows theV contour plot with
options:

numcontours Number of equipotential lines to be plotted.

upper _V Upper limit for contours.

lower _V Lower limit for contours.

If ho_numcontours is -1 all parameters are ignored and default values are used,
e.g.show _contour _plot(-1)

ho _showvectorplot(type,scalefactor) controls the display of vectors denoting the field
strength and direction. The parameters taken argypheof plot, which should be set to O for
no vector plot, 1 for heat flux densiBy, and 2 for temperature gradigat Thescalefactor
determines the relative length of the vectors. If the scabet to 1, the length of the vectors
are chosen so that the highest flux density corresponds totarthat is the same length as
the current grid size setting.

ho_minimize() minimizes the active heat flow input view.
ho_maximize() maximizes the active heat flow input view.
ho_restore()  restores the active heat flow input view from a minimized okimézed state.

ho _resize(width,height) resizes the active heat flow input window client area to width
x height.
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3.8.5 Miscellaneous

e ho_close() close the current postprocessor window.
e ho _refreshview() Redraws the current view.
e ho_reload() Reloads the solution from disk.

e ho_savebitmap(“filename") saves a bitmapped screen shot of the current view to the
file specified by'filename" . Note that if you use a path you must use two backslashes
(e.g. "c: \\temp\\myfile.omp" ). If the file name contains a space (e.g. file names like

c:\program file§stuff) you must enclose the file name in (extra) quotes byguaif' se-
quence. For example:
ho_savebitmap(" \"c: \\temp\\screenshotbmp \")

e ho_savemetafile("filename") saves a metafile screenshot of the current view to the file

specified byfilename" , subject to the printf-type formatting explained previgusr the
savebitmap command.

e ho_shownames(flag)  This function allow the user to display or hide the block latemes
on screen. To hide the block label namfiay should be 0. To display the names, the
parameter should be set to 1.

e ho_numnodes() Returns the number of nodes in the in focus heat flow outpuhmes

e ho_numelements() Returns the number of elements in the in focus heat flow ouny@sh.
e ho_getnode(n) Returns the (x,y) or (r,z) position of the nth mesh node.

e ho_getelement(n) MOGetElement[n] returns the following proprerties for tith element:

1. Index of first element node

Index of second element node

Index of third element node

x (or r) coordinate of the element centroid

y (or z) coordinate of the element centroid

element area using the length unit defined for the problem

N o o~ b

group number associated with the element

3.9 Current Flow Preprocessor Lua Command Set

A number of different commands are available in the premsae Two naming conventions can
be used: one which separates words in the command nameséngaoks, and one that eliminates
the underscores.
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3.9.1 Object Add/Remove Commands

ci _addnode(x,y) Add a new node at X,y

ci _addsegment(x1,y1,x2,y2) Add a new line segment from node closest to (x1,yl) to
node closest to (x2,y2)

ci _addblocklabel(x,y) Add a new block label at (x,y)

ci _addarc(x1,y1,x2,y2,angle,maxseq) Add a new arc segment from the nearest node
to (x1,yl1) to the nearest node to (x2,y2) with angle ‘angleidkd into ‘maxseg’ segments.

ci _deleteselected Delete all selected objects.

ci _deleteselectednodes Delete selected nodes.

ci _deleteselectedlabels Delete selected block labels.
ci _deleteselectedsegments Delete selected segments.
ci _deleteselectedarcsegments Delete selects arcs.

3.9.2 Geometry Selection Commands

ci _clearselected() Clear all selected nodes, blocks, segments and arc segments
ci _selectsegment(x,y) Select the line segment closest to (x,y)

ci _selectnode(x,y) Select the node closest to (x,y). Returns the coordinatéiseo$e-
lected node.

ci _selectlabel(x,y) Select the label closet to (x,y). Returns the coordinatab@fse-
lected label.
ci _selectarcsegment(x,y) Select the arc segment closest to (X,y)

ci _selectgroup(n) Select the % group of nodes, segments, arc segments and block labels.
This function will clear all previously selected elememtsldeave the edit mode in 4 (group)

ci _selectcircle(x,y,R,editmode) selects objects within a circle of radius R centered at
(x,y). If only x, y, and R paramters are given, the current athde is used. If the editmode
parameter is used, O denotes nodes, 2 denotes block lalgsofes segments, 3 denotes
arcs, and 4 specifies that all entity types are to be selected.

ci _selectrectangle(x1,y1,x2,y2,editmode) selects objects within a rectangle defined
by points (x1,y1) and (x2,y2). If no editmode parameter gaied, the current edit mode is
used. If the editmode parameter is used, 0 denotes nodespfeddlock labels, 2 denotes
segments, 3 denotes arcs, and 4 specifies that all entity &rpdo be selected.
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3.9.3 Object Labeling Commands

e ci _setnodeprop("propname",groupno, “inconductor") Set the selected nodes to have
the nodal propertypropname” and group numbegroupno . The "inconductor” string
specifies which conductor the node belongs to. If the nodsrdbleelong to a named con-
ductor, this parameter can be set¢one>" .

e ci _setblockprop("blockname”, automesh, meshsize, group) Set the selected block
labels to have the properties:
Block property'blockname”

automesh : 0 = mesher defers to mesh size constraint definedeshsize , 1 = mesher
automatically chooses the mesh density.

meshsize : size constraint on the mesh in the block marked by this label
A member of group numbeyroup
e Ci _setsegmentprop("propname”, elementsize, automesh, hide , group, "inconductor",)
Set the select segments to have:
Boundary propertypropname”
Local element size along segment no greater #hamentsize

automesh : 0 = mesher defers to the element constraint defineddmentsize , 1 = mesher
automatically chooses mesh size along the selected segment

hide : O = not hidden in post-processor, 1 == hidden in post pragess
A member of group numbeyroup
A member of the conductor specified by the striimgonductor". If the segment is not
part of a conductor, this parameter can be specifi¢dNme>" .
e Ci _setarcsegmentprop(maxsegdeg, "propname”, hide, group, " inconductor”) Set
the selected arc segments to:
Meshed with elements that span at nmosksegdeg degrees per element
Boundary propertypropname”
hide : 0 = not hidden in post-processor, 1 == hidden in post pragess
A member of group numbeyroup
A member of the conductor specified by the striimgonductor". If the segment is not
part of a conductor, this parameter can be specifiddNme>" .

e ci _setgroup(n)  Set the group associated of the selected items to n
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3.9.4 Problem Commands

ci _probdef(units,type,frequency,precision,(depth),(min angle)) changes the prob-
lem definition. Theunits parameter specifies the units used for measuring lengthein th
problem domain. Validunits" entries aréeinches" , "millimeters" , "centimeters"
"mils" , "meters , and"micrometers" . Setproblemtype to "planar® for a 2-D planar
problem, or to"axi" for an axisymmetric problem. Thigequency parameter specifies
the frequency in Hz at which the analysis ois to be perform€kde precision  parame-
ter dictates the precision required by the solver. For exapgmteringl.E-8 requires the
RMS of the residual to be less than 0 A fourth parameter, representing the depth of the
problem in the into-the-page direction for 2-D planar pesbs$, can also be specified for pla-
nar problems. A sixth parameter represents the minimumeas@istraint sent to the mesh
generator.

ci _analyze(flag) runs belasolv  to solve the problem. Th#lag parameter controls
whether the Belasolve window is visible or minimized. Foiigible window, either specify
no value forflag or specify 0. For a minimized windowlag should be set to 1.

ci _loadsolution() loads and displays the solution corresponding to the cugeometry.

ci _setfocus("documentname”) Switches the electrostatics input file upon which Lua com-
mands are to act. If more than one electrostatics input fileeing edited at a time, this
command can be used to switch between files so that the miitgdean be operated upon
programmatically via Luadocumentname should contain the name of the desired document
as it appears on the window’s title bar.

ci _saveas("filename") saves the file with nantélename" . Note if you use a path you
must use two backslashegy.c:\\temp\\myfemmfile.fee

3.9.5 Mesh Commands

ci _createmesh() runs triangle to create a mesh. Note that this is not a negessscursor
of performing an analysis, as _analyze()  will make sure the mesh is up to date before
running an analysis. The number of elements in the mesh lsplusack onto the lua stack.

ci _showmesh() toggles the flag that shows or hides the mesh.

ci _purgemesh() clears the mesh out of both the screen and memory.

3.9.6 Editing Commands

ci _copyrotate(bx, by, angle, copies, (editaction) )
bx, by — base point for rotation

angle — angle by which the selected objects are incrementallyezhtb make each copy.
angle is measured in degrees.

copies — number of copies to be produced from the selected objects.
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editaction 0 —nodes, 1 — lines (segments), 2 —block labels, 3 — arc sagndergroup

ci _copytranslate(dx, dy, copies, (editaction))

dx,dy — distance by which the selected objects are incrementailiyed.

copies — number of copies to be produced from the selected objects.

editaction 0 —nodes, 1 — lines (segments), 2 —block labels, 3 — arc seagndergroup

mi _createradius(x,y,r) turnsacornerlocatedaty) intoacurveofradius

ci _moverotate(bx,by,shiftangle (editaction))

bx, by — base point for rotation

shiftangle ~ — angle in degrees by which the selected objects are rotated.
editaction 0 —nodes, 1 — lines (segments), 2 —block labels, 3 — arc sagndergroup

ci _movetranslate(dx,dy,(editaction))
dx,dy — distance by which the selected objects are shifted.
editaction 0 —nodes, 1 — lines (segments), 2 —block labels, 3 — arc sagndergroup

ci _scale(bx,by,scalefactor,(editaction))

bx, by — base point for scaling

scalefactor ~ —a multiplier that determines how much the selected obpetscaled
editaction 0 —nodes, 1 — lines (segments), 2 —block labels, 3 — arc sagndergroup

ci _mirror(x1,y1,x2,y2,(editaction)) mirror the selected objects about a line passing
through the point$x1,yl) and(x2,y2) . Valid editaction  entries are O for nodes, 1 for
lines (segments), 2 for block labels, 3 for arc segmentsddod groups.

ci _seteditmode(editmode) Sets the current editmode to:

"nodes" - nodes

"segments” - line segments

"arcsegments" - arc segments

"blocks" - block labels

"group” - selected group

This command will affect all subsequent uses of the othdirgpgtommands, if they are used
WITHOUT theeditaction ~ parameter.
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3.9.7 Zoom Commands

ci zoomnatural)  zooms to a “natural” view with sensible extents.
ci _zoomout() zooms out by a factor of 50%.

ci _zoomin() zoom in by a factor of 200%.

ci _zoom(x1,y1,x2,y2) Set the display area to be from the bottom left corner spedifye
(x1,y1 ) to the top right corner specified fx2,y2)

3.9.8 View Commands

ci _showgrid() Show the grid points.

ci _hidegrid() Hide the grid points points.

ci _gridsnap("flag") Setting flag to “on” turns on snap to grid, setting flag to "tdifhs
off snap to grid.
ci _setgrid(density,"type") Change the grid spacing. The density parameter specifies

the space between grid points, and the type parameter i3 'sattt  for Cartesian coordi-
nates ofpolar"  for polar coordinates.

ci _refreshview() Redraws the current view.
ci _minimize()  minimizes the active magnetics input view.
ci _maximize() maximizes the active magnetics input view.

ci restore()  restores the active magnetics input view from a minimizednaximized
state.

ci _resize(width,height) resizes the active magnetics input window client area tdtwid
x height.

3.9.9 Object Properties

ci _getmaterial("materialname") fetches the material specified materialname  from
the materials library.

ci _addmaterial("materialname”, ox, oy, ex, ey, Itx, Ity) adds a new material
with called"materialname”  with the material properties:

ox Electrical conductivity in the x- or r-direction in units &fm.

oy Electrical conductivity in the y- or z-direction in units 8fm.

ex Relative permittivity in the x- or r-direction.

ey Relative permittivity in the y- or z-direction.
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ltx Dielectric loss tangent in the x- or r-direction.
lty Dielectric loss tangent in the y- or z-direction.

ci _addpointprop("pointpropname",Vp,qp) adds a new point property of nartpeintpropname”
with either a specified potentislp a point current densitgp in units of A/m.

ci _addboundprop("boundpropname”, Vs, gs, c0, cl1, BdryFormat ) adds a new bound-
ary property with naméboundpropname”

For a “Fixed Voltage” type boundary condition, set ¥geparameter to the desired voltage
and all other parameters to zero.

To obtain a “Mixed” type boundary condition, S8t andC0 as required an8dryFormat to
1. Set all other parameters to zero.

To obtain a prescribes surface current densitygseb the desired current density in Afm
and seBdryFormat to 2.

For a “Periodic” boundary condition, sBtiryFormat to 3 and set all other parameters to
zero.

For an “Anti-Perodic” boundary condition, sRtryFormat to 4 set all other parameters to
zero.

ci _addconductorprop("conductorname”, Vc, qc, conductortyp e) adds a new con-
ductor property with naméconductorname”  with either a prescribed voltage or a pre-
scribed total current. Set the unused property to zero.cohductortype  parameter is O
for prescribed current and 1 for prescribed voltage.

ci _deletematerial("materialname”) deletes the material namédaterialname”

ci _deleteboundprop("boundpropname”) deletes the boundary property naniealindpropname
ci _deleteconductor("conductorname”) deletes the conductor nameehductorname
ci _deletepointprop("pointpropname") deletes the point property nam¥dintpropname”

ci _modifymaterial("BlockName",propnum,value) This function allows for modifica-
tion of a material’'s properties without redefining the emtmaterial (e.g. so that current can
be modified from run to run). The material to be modified is #pet by "BlockName" .
The next parameter is the number of the property to be setlaBh@umber is the value to
be applied to the specified property. The various propetiiascan be modified are listed
below:

propnum Symbol Description

0 BlockName Name of the material

1 0X x (or r) direction conductivity

2 oy y (or z) direction conductivity

3 ex x (or r) direction relative permittivity

4 ey y (or z) direction relative permittivity

5 Itx x (or r) direction dielectric loss tangent
6 Ity y (or z) direction dielectric loss tangent
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e ci _modifyboundprop("BdryName",propnum,value) This function allows for modifica-
tion of a boundary property. The BC to be modified is specifigdBdryName" . The next
parameter is the number of the property to be set. The lasbauimthe value to be applied
to the specified property. The various properties that camddified are listed below:

propnum  Symbol Description

0 BdryName Name of boundary property
1 Vs Fixed Voltage

2 as Prescribed current density
3 c0 Mixed BC parameter

4 cl Mixed BC parameter

5 BdryFormat  Type of boundary condition:

0 = PrescribedV
1 = Mixed
2 = Surface current density
3 = Periodic
4 = Antiperiodic
e ci _modifypointprop("PointName",propnum,value) This function allows for modifica-

tion of a point property. The point property to be modified peafied by"PointName"
The next parameter is the number of the property to be setlaBh@umber is the value to
be applied to the specified property. The various propettiascan be modified are listed

below:
propnum  Symbol Description
0 PointName  Name of the point property
1 Vp Prescribed nodal voltage
2 qp Point current density in A/m
e ci _modifyconductorprop("ConductorName",propnum,value) This function allows for

modification of a conductor property. The conductor proptrtbe modified is specified by
"ConductorName" . The next parameter is the number of the property to be set. |a3t
number is the value to be applied to the specified propertg VEmious properties that can
be modified are listed below:

propnum  Symbol Description

0 ConductorName  Name of the conductor property

1 Ve Conductor voltage

2 qc Total conductor current

3 ConductorType 0 = Prescribed current, 1 = Prescribed voltage

3.9.10 Miscellaneous

e Ci _savebitmap(“filename") saves a bitmapped screenshot of the current view to the file
specified by'filename" , subject to theprintf -type formatting explained previously for
theci _saveas command.

e Cci _savemetafile("filename") saves a metafile screenshot of the current view to the file

132



specified by'filename" , subject to theprintf  -type formatting explained previously for
theci _saveas command.

ci _refreshview() Redraws the current view.
ci close() closes the preprocessor window and destroys the currentkrd.

ci shownames(flag)  This function allow the user to display or hide the block latemes
on screen. To hide the block label nam#isay should be 0. To display the names, the
parameter should be setto 1.

ci _readdxf("filename") This function imports a dxf file specified Bfflename”

ci _savedxf("filename") This function saves geometry information in a dxf file spedifi
by "filename”

ci _defineouterspace(Zo,Ro,Ri) defines an axisymmetric external region to be used in

conjuction with the Kelvin Transformation method of modeliunbounded problems. The
Zo parameter is the z-location of the origin of the outer regibaRo parameter is the radius
of the outer region, and thei parameter is the radius of the inner regioe.(the region
of interest). In the exterior region, the permeability earas a function of distance from
the origin of the external region. These parameters aressacgto define the permeability
variation in the external region.

ci _attachouterspace() marks all selected block labels as members of the extergiaire
used for modeling unbounded axisymmetric problems via tbleik Transformation.

ci _detachouterspace() undefines all selected block labels as members of the ekxterna
region used for modeling unbounded axisymmetric probleiam#we Kelvin Transformation.

ci _attachdefault() marks the selected block label as the default block labek Block
label is applied to any region that has not been explicithelad.

ci _detachdefault() undefines the default attribute for the selected block &abel

ci _makeABC(n,R,x,y,oc)  creates a series of circular shells that emulate the immedain
an unbounded domain (i.e. an Inprovised Asymptotic Boun@andition). Then parameter
contains the number of shells to be used (should be betweed 1Q},R is the radius of the
solution domain, angk,y) denotes the center of the solution domain. Bheyarameter
should be specified as 0 for a Dirichlet outer edge or 1 for anlNen outer edge. If the
function is called without all the parameters, the functiekes up reasonable values for the
missing parameters.

3.10 Current Flow Post Processor Command Set

There are a number of Lua scripting commands designed t@atpierthe postprocessor. As with
the preprocessor commands, these commands can be usedtithtiee underscore naming or
with the no-underscore naming convention.
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3.10.1 Data Extraction Commands

e co _lineintegral(type) Calculate the line integral for the defined contour

type

Integral

A OWNEFLO

5

E-t

J-n

Contour length

Average voltage over contour
Force from stress tensor
Torgue from stress tensor

This integral returns either 1 or 2 values, depending onritegyral typege.g. :

Fx, Fy = co _lineintegral(4)

e 0 _blockintegral(type) Calculate a block integral for the selected blocks
type Integral
0 Real Power
1 Reactive Power
2 Apparent Power
3 Time-Average Stored Energy
4 Block cross-section area
5 Block volume
6 x (or r) direction Weighted Stress Tensor force, DC compbne
7 y (or z) direction Weighted Stress Tensor force, DC compbne
8 x (or r) direction Weighted Stress Tensor force, 2x freqyesomponent
9 y (or z) direction Weighted Stress Tensor force, 2x fregyerxomponent
10 Weighted Stress Tensor torque, DC component
11 Weighted Stress Tensor torque, 2x frequency component
Returns a value that can be complex, as necessary.
e CO0 _getpointvalues(X,Y) Get the values associated with the point at x,y The retunnesl
in order, are:
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Symbol  Definition

Vv \oltage

Jx X- or r- direction component of current density

Jy y- or z- direction component of current density

Kx X- or r- direction component of AC conductivity

Ky y- or z- direction component of AC conductivity

Ex X- or r- direction component of electric field intensity

Ey y- or z- direction component of electric field intensity

ex X- or r- direction component of permittivity

ey y- or z- direction component of permittivity

Jdx X- or r- direction component of displacement current dgnsit

Jdy y- or z- direction component of displacement current dgnsit

0X X- or r- direction component of permittivity

oy y- or z- direction component of permittivity

Jex X- or r- direction component of conduction current density

Jey y- or z- direction component of conduction current density
e co _makeplot(PlotType,NumPoints,Filename,FileFormat) Allows Lua access to the

X-Y plot routines. If only PlotType or only PlotType and NumiRts are specified, the com-
mand is interpreted as a request to plot the requested jpletttythe screen. If, in addition,
the Filename parameter is specified, the plot is insteadenrib disk to the specified file
name as an extended metafile. If the FileFormat parameté&sdsthe command is instead
interpreted as a command to write the data to disk to the suktife name, rather than
display it to make a graphical plot. Valid entries for Plgv&yare:

PlotType  Definition

V (Voltage)

|J| (Magnitude of current density)

J . n (Normal current density)

J . t (Tangential current density)

|E| (Magnitude of field intensity)

E . n (Normal field intensity)

E . t (Tangential field intensity)

|Jc| (Magnitude of conduction current density)
Jc . n (Normal conduction current density)

Jc .t (Tangential conduction current density)
10 |Jd| (Magnitude of displacement current density)
11 Jd . n (Normal displacement current density)
12 Jd . t (Tangential displacement current density)

©Ooo~NOoOOUThWNEO

Valid file formats are:
FileFormat Definition

0 Multi-column text with legend
1 Multi-column text with no legend
2 Mathematica-style formatting

For example, if one wanted to pldt to the screen with 200 points evaluated to make the
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graph, the command would be:

co _makeplot(0,200)

If this plot were to be written to disk as a metafile, the comdhaould be:
co _makeplot(0,200,"c:temp.emf")

To write data instead of a plot to disk, the command would beform:
co _makeplot(0,200,"c:temp.txt",0)

co _getprobleminfo() Returns info on problem description. Returns four values:
Return value Definition
1 problem type
2 frequency in Hz
3 depth assumed for planar problems in meters.
4 length unit used to draw the problem, represented in meters
co _getconductorproperties("conductor”) Properties are returned for the conductor

property named "conductor”. Two values are returned: THeage of the specified con-
ductor, and the current on the specified conductor.

3.10.2 Selection Commands

co _seteditmode(mode) Sets the mode of the postprocessor to point, contour, onanea.

Valid entries for mode arépoint", "contour”, and "area".

co _selectblock(x,y) Select the block that contains poi(x,y).

co _groupselectblock(n) Selects all of the blocks that are labeled by block labelsala
members of group n. If no number is specifieéé.(co _groupselectblock() ), all blocks

are selected.

co _selectconductor("name") Selects all nodes, segments, and arc segments that are part
of the conductor specified by the strifipame”) . This command is used to select con-
ductors for the purposes of the “weighted stress tensocéfand torque integrals, where the
conductors are points or surfaces, rather than regiemsén't be selected witto _selectblock ).

co _addcontour(x,y) Adds a contour point atx,y). If this is the first point then it
starts a contour, if there are existing points the contons fuiom the previous point to this
point. Theco _addcontour command has the same functionality as a right-button-click
contour point addition when the program is running in intéxee mode.

co _bendcontour(angle,anglestep) Replaces the straight line formed by the last two
points in the contour by an arc that spans angle degrees. fthis actually composed
of many straight lines, each of which is constrained to sgamare than anglestep degrees.
Theangle parameter can take on values from -180 to 180 degreesantfestep param-
eter must be greater than zero. If there are less than twaspdéfined in the contour, this
command is ignored.
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e 0 _selectpoint(x,y) Adds a contour point at the closest input poinftg). If the se-
lected point and a previous selected points lie at the enals afcsegment, a contour is added
that traces along the arcsegment. Sdlectpoint  command has the same functionality as
the left-button-click contour point selection when thegmam is running in interactive mode.

e CO0 _clearcontour() Clear a prevously defined contour

e 0 _clearblock() Clear block selection

3.10.3 Zoom Commands
e co_zoomnatural() ~ Zoom to the natural boundaries of the geometry.
e co_zoomin() Zoom in one level.
e co_zoomout() Zoom out one level.
e c0_zoom(x1,yl,x2,y2) Zoom to the window defined by lower left corngd,yl) and

upper right corner(x2,y2).

3.10.4 View Commands

e co_showmesh() Show the mesh.

e co_hidemesh() Hide the mesh.

e co _showpoints()  Show the node points from the input geometry.
e 0 _hidepoints() Hide the node points from the input geometry.

e co _smooth("flag") This function controls whether or not smoothing is appliedhte D
andE fields which are naturally piece-wise constant over eaanehd. Setting flag equal to
"on" turns on smoothing, and setting flag'efi"  turns off smoothing.

e co_showgrid() Show the grid points.

e c0 _hidegrid()  Hide the grid points points.

co _gridsnap("flag") Setting flag to "on” turns on snap to grid, setting flag to "affifns
off snap to grid.
e Co _setgrid(density,"type") Change the grid spacing. The density parameter specifies

the space between grid points, and the type parameter i3 'sattt  for Cartesian coordi-
nates ofpolar®  for polar coordinates.

e o _hidedensityplot() hides the current density plot.
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e o _showdensityplot(legend,gscale,type,upper,lower) Shows the current density plot
with options:

legend Set to O to hide the plot legend or 1 to show the plot legend.

gscale Setto O for a colour density plot or 1 for a grey scale dendiy. p

upper Sets the upper display limit for the density plot.

lower Sets the lower display limit for the density plot.

type Sets the type of density plot. Specific choices for the typaewisity plot include:
type  Description

V]

IRe(V)]

[Im(V)]

[J]

IRe(J)]

Im(J)]

|E|

|Re(E)|

[Im(E)]

o~NOoOO Ul WNEO

e 0 _hidecontourplot() Hides the contour plot.
e 0 _showcontourplot(numcontours,lower V,upper _V)type shows theV/ contour plot
with options:
numcontours Number of equipotential lines to be plotted,;
upper _V Upper limit for contours;
lower _V Lower limit for contours;
type the type of contour plot to be rendered.

If co_numcontours is -1 all parameters are ignored and default values are used,
e.g.show _contour _plot(-1)

The type can take on the values'ddal" , "imag" , or "both" , denoting the real part of
voltage, the imaginary part of voltage, or both componehtmtiage.
e co _showvectorplot(type,scalefactor) controls the display of vectors denoting the field
strength and direction. Thgpe parameter can take on the following values:
type  Description

RegJ) andim(J)
ReE) andim(E)

0 No vector plot

1 ReJ)

2 R4E) Thescalef determines the relative length of th

3 Im(J) escalefactor etermines the relative engt of the vectors.
4 ImE)

5

6
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If the scale is set to 1, the length of the vectors are chosémsthe highest field magnitude
corresponds to a vector that is the same length as the cigmdrgize setting.

co_minimize()  minimizes the active magnetics input view.
co_maximize() maximizes the active magnetics input view.

co _restore()  restores the active magnetics input view from a minimizeanaximized
state.

co _resize(width,height) resizes the active magnetics input window client area tdtwid
x height.

3.10.5 Miscellaneous

co_close() close the current postprocessor window.
co _refreshview() Redraws the current view.
co_reload() Reloads the solution from disk.

co _savebitmap(“filename") saves a bitmapped screen shot of the current view to the
file specified by'filename" . Note that if you use a path you must use two backslashes
(e.g. "c: \\temp\\myfile.bmp" ). If the file name contains a space (e.g. file names like
c:\program file§stuff) you must enclose the file name in (extra) quotes byguaif' se-
guence. For example:

co_savebitmap(" \"c: \\temp\\screenshotbmp \"")

co _savemetafile("filename") saves a metafile screenshot of the current view to the file
specified byfilename" , subject to the printf-type formatting explained previgusr the
savebitmap command.

co _shownames(flag)  This function allow the user to display or hide the block latemes
on screen. To hide the block label nam#isy should be 0. To display the names, the
parameter should be setto 1.

co_numnodes() Returns the number of nodes in the in focus current flow outpsgh.

co_numelements() Returns the number of elements in the in focus current flovpwut
mesh.

co _getnode(n) Returns the (x,y) or (r,z) position of the nth mesh node.
co _getelement(n)  MOGetElement[n] returns the following proprerties for tite element:

1. Index of first element node
2. Index of second element node
3. Index of third element node
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x (or r) coordinate of the element centroid

y (or z) coordinate of the element centroid

element area using the length unit defined for the problem
group number associated with the element
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Chapter 4

Mathematica Interface

FEMM can interact with Mathematica via Mathematica’s MatikLAPIl. Once Mathematica and

FEMM are connected, any any string sent by Mathematica isnaatically collected and inter-

preted as a command to FEMM'’s Lua interpreter. Results caretoened across the link by a
special Lua print command that sends the results to Mathemas a list, rather than to the Lua
console screen.

The MathLink connection to FEMM can be initialized in two vgayThe link can either be
established automatically on startup, or during a sess@memmands in the Lua console. To
establish the connection on startup, just use the LinkLaduection in Mathematicae.g:

mlink = LinkLaunch["c:\\progra™1\\femm42\\bin\\femm.e xe"];

To initialize the link, some string must first be sent over lihk from the Mathematica side,
e.g:
LinkWrite[mlink, "print(0)"]

All strings sent to FEMM are then sent using the same sortmf\Wirite command. When itis
time to close the link, the link can be closed using the Lirdgélcommands.g:

LinkClose[mlink]

To start a link during a session, the Lua commanapen() can be used. A dialog will then
appear, prompting for a name for the link. Choose any nanmethawant, e.gportname . On the
Mathematica side, one connects to the newly formed linkhgeMathematica command:

mlink = LinkConnect["'portname”|

After this point, the link is used and closed in the same wathadink that is automatically
created on startup.

As previously noted, LinkWrite is used on the mathematick $0 send a string to FEMM.
FEMM automatically monitors the link and interprets thargirwith no further user action re-
quired. To send results back to Mathematica, one useslfiie command in Lua. This function
works exactly like theorint  command in lua, except that the result gets pushed backsatires
link as a list of mixed reals and strings, as appropriate.etvave this information on the Mathe-
matica side, one uses the LinkRead commaigt,

result = LinkRead[mlink]

To automate the interaction between FEMM and Mathematitéathematica package called
MathFEMM is available. This package implements a set of Mathtica functions similar to those
implemented in Lua. With MathFEMM, the the user does not haveeal with the specifics of
creating the Mathlink connection and manually transferimformation across it. All MathLink
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details are taken care of automatically by the package, letfiathematica front-end can then be
used to directly control FEMM via a set of Mathematica fuoctcalls.
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Chapter 5

ActiveX Interface

FEMM also allows for interprocess communication via AcKvé-EMM is set up to act as an
ActiveX Automation Server so that other programs can contod€EMM as clients and command
FEMM to perform various actions and analyses in a prograncnasgy.

FEMM registers itself as an ActiveX server under the ndemen.ActiveFEMM42 . An expla-
nation of how to connect to and manipulate an ActiveX serverkeeyond the treatment of this
manual, in part because the specifics depend upon what platfidrm is being used (e.g. VB,
VC++, Matlab, etc.)

The interface to FEMM contains no properties and only twohods:

e BSTR call2femm(BSTR luacmd);
e BSTR mlab2femm(BSTR luacmd);

In each case, a string is passed to the method, and a strigtgiaed as a result. The incoming
string is sent to the Lua interpreter. Any results from thelcommand are returned as a string.
The difference between the two methods is tali2femm returns a string with each returned item
separated by a newline character, whemah2femm returns the result formatted as a Matlab
array, with the total package enclosed by square bracketshenindividual items separated by
spaces. FEMM assumes that it is the client’s responsitidifyee the memory allocated for both
the input and output strings.

One program that can connect to FEMM as a client via Active Xlalab. From Matlab,
one can send commands to the FEMM Lua interpreter and reti®éveesults of the command.
To aid in the use of FEMM from Matlab, a toolbox called Octakz®&M is available. This tool-
box implements Matlab commands that subsume the functigmdiLua using equivalent Matlab
commands, in a similar way to the fashion that MathFEMM woskiti Mathematica. Using the
toolbox, all details of the ActiveX interface are taken cafen a way that is completely transparent
to the user.
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Chapter 6

Numerical Methods

For those of you interested in what's going on behind the esén the solvers, this section is
meant as a brief description of the methods and techniquesms FEMM. References are cited
as applicable.

6.1 Finite Element Formulation

All elements were derived using variational formulatiobaged on minimizing energy, as opposed
to Galerkin, least squares residual, and so on). Explamatbthe variational approach for 2-D
planar problems with first-order triangle elements are Widwailable in the literature [([10] in
particular was referred to during the creation of FEMM). Exé&symmetric electrostatics solver
also uses the approach laid outlin/[10].

The axisymmetric case for magnetics, however, is oddlywesdtaddressed. Hoolé[[2] and
Silvester [11] promote solving axisymmetric problems inmte of a modified vector potential.
The advantage of the modified vector potential is that cldset expressions for each term in
the element matrices can be formed. An early version of FEMMduthis technique, but it is
observed to yield relatively larger errors neat 0. With the modified potential formulation, it
is also nontrivial to compute the average flux density assediwith each element. However, the
formulation suggested by Henrotte in [12] gives good pentamce close to = 0. FEMM uses a
formulation that is very similar to Henrotte for axisymmetmagnetic problems.

6.2 Linear Solvers

For all problems, variations of the iterative Conjugatedi@at solver are used. This technique is
appropriate for the sort of problem that FEMM solves, beedlis matrices are symmetric and very
sparse. A row-based storage scheme is used in which onlyotteero elements of the diagonal
and upper triangular part of the matrix are solved.

For magnetostatic and electrostatic problems, the prettoned conjugate gradient (PCG)
code is based on the discussionlin/[11]. Minor modificatiolesrnaade to this algorithm to avoid
computing certain quantities more than once per iteratiithough Silvester promotes the use
of the Incomplete Cholesky preconditioner, it is not usedriEMM, because it nearly doubles
the storage requirements—for each element of the matrmmedt@ corresponding element of the
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preconditioner must also be stored. Instead, the Symnfetiicessive Over-Relaxation (SSOR)
preconditioner, as described in [13], is used. The advaathis preconditioner is that it is built
on the fly in a simple way using only the matrix elements thatadready in storage. In general,
the speed of PCG using SSOR is said to be comparable to thd sp&CG with Incomplete
Cholesky.

For harmonic problems, the regular PCG algorithm cannotdesl;uthe matrix that arises in
the formulation of harmonic problems is Complex Symmeitie (A= AT), rather than Hermitian
(i.,e. A= A"). Curiously, there is not much literature available onatme solvers for complex
symmetric problems, given the number of diverse applicatim which these problems arise.
However, there is a very good paper on the solution of lineablpms with complex symmetric
matrices via various flavors of Conjugate Gradient by Frefid]. The techniques discussed
by Freund allow one to operate directly on the complex symmaetatrix and take advantage
of the symmetric structure to minimize the number of compioites that must be performed per
iteration. Although Freund supports Quasi-Minimum Realdypproach, FEMM uses the complex
symmetric version of biconjugate gradient also describdd4]. After coding and comparing the
the speed of both BCG and QMR, it was found that BCG is sometalséér due to a relatively
smaller number of computations that must be performed eeatibn (even though QMR has better
convergence properties than BCG).

However, using the algorithms as described /by [14], satutimes were unacceptably long.
To decrease solution times, the complex symmetric BCG glgorwas modified to include the
SSOR preconditioner (built in exactly the same way as formesagtatic problems). Including the
SSOR preconditioner in complex symmetric BCG problems lhysyieelds an order of magnitude
improvement in speed over no preconditioner.

In all problems, a node renumbering scheme is used. Alththegbonjugate gradient schemes
work well without renumbering, the renumbering seems tghtyhalve the solution time. There
is an overall advantage to using the renumbering, becagsefttime required to perform the
renumbering is small compared to the time required to run €BGG. Although there are many
possible approaches to renumbering, FEMM uses the CiMlci{ee method as described in [2].
Although there are newer schemes that yield a tighter pr@ikhill-McKee does a relatively good
job and requires very little to execute. The renumberingedsa hold-over from an early version
of FEMM that employed a banded Gauss Elimination solver iictvia good node numbering is
essential to good performance. The renumbering speeds upn@®CG by reducing the error
between the SSOR approximationff! and the exacA~1. An interesting paper on the effect of
the ordering of the unknowns on convergence in conjugaigmamethods is [15].

6.3 Field Smoothing

Since first-order triangles are used by FEMM, the resultiolgt®on for B and H obtained by
differentiatingA is constant over each element. If the rlBvandH are used by the postprocessor,
density plots oB and 2-D plots of field quantities along user-defined conttaok terrible. The
values oB andH also are not so accurate at points in an element away fronteireeat’s centroid.
The use of smoothing to recover the accuracy lost by difteaBng A is known assupercon-
vergence Of the greatest interest to FEMM are so-called “patch repgutechniques. The basic
idea is the the solutions f@ are most accurate at the centroid of the triangular elenkewt{n as
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its Gauss Point One desires a continuous profile®that can be interpolated from nodal values,
in the same way that vector potentiatan be represented. The problem is, the “raw” solution of
B is multivalued at any node point, those values being thewdifft constant values & in each
element surrounding the node point. The general approaebtimating the “true” value oB at
any node point is to fit a least-squares plane through theesadfiB at the Gauss points of all
elements that surround a node of interest, and to take the wdlthe plane at the node point’s
location as its smoothed value Bf[16].

However, this approach to patch recovery has a lot of shmitags. For the rather irregular
meshes that can arise in finite elements, the least-squipesiilem can be ill-condition, or even
singular, at some nodes in the finite element mesh. Furthrerrie superconvergence solution can
actually be less accurate than the piece-wise constarti@oin the neighborhood of boundaries
and interfaces.

One can note that the patch recovery method is merely a veglgiverage of the flux densi-
ties in all of the elements surrounding a given node. Instéadleast-squares fit, FEMM simply
weights the values of flux density in each adjacent elem&uigss point with a value inversely
proportional to the distance from the Gauss point to the et of interest. Away from bound-
aries, the results seem to be nearly as good as a least-sdjtiafe boundaries and interfaces, the
smoothed solution is no worse than the unsmoothed solution.

A related approach is used for smoothiD@ndE in electrostatics problems. In electrostatics
problems, however, nodal valuesbDfare found by taking the gradient of a best-fit plane through
the voltage of the neighboring nodes. A number of speciasatust be caught so that reasonable
results are obtained at various boundaries and surfaces.
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Appendix A
Appendix

A.1 Modeling Permanent Magnets

FEMM accommodates permanent magnets, but there are sogialspkes associated with prop-
erly modeling them. This appendix will explain how to diséihough information from a manu-
facturer’s literature to properly define the material in HEAM

The manufacturer provides information about their makénighe form of a demagnetization
curve. A sample curve for Alnico 5 is pictured in Figlre A.1heTtask is to get the appropriate
information out of the curve put in a FEMM Block Property mbde

Magnets can be modeled from several different, but equally vpoints of view. From the
perspective finite element analysis, the most useful madelthink of the magnet as a volume of
ferromagnetic material surrounded by a thin sheet of ctiresnshown in Figure_Al2. From this

e|sa| ‘Ausuap xnj
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Figure A.1: Sample demagnetization curve for Alnico 5
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Figure A.2: Magnet as an equivalent current sheet.

point of view, the demagnetization curve is what occurs wdifarent amounts of magnetomotive
force are applied to a long magnet, acting in the directigmogpg the field of the magnet. When
enough MMF is applied so that the field is exactly cancellelthe applied MMF must be exactly
the same as the MMF that is driving the magnet. The B-H prdiid is traversed on the way to
theB = 0 point is just the B-H curve of the material inside the magnet

Using these insights, the permanent magnet can be modelexico€rcivity (denotedH.) of
the magnet is the absolute value of the MMF that it takes togbtine the field in the magnet to
zero. This value (in units of Amps/Meter) is entered in khe box in the Block Property dialog
(see Figuré 2]9). If the magnet material is nonlinear, thE@miate values to enter in the B-H data
dialog can be obtained by shifting the curve to the right baotly He, so that theB = 0 point lines
up with the origin. For example, the shifted demagnetiratiorve corresponding to Alnico 5 is
pictured in Figur€ A.B. If the demagnetization curve isigtiaenough to be considered linear, one
can obtain the appropriate permeability by taking the stuffiee demagnetization curve.

Strong rare-earth materials at room temperature have direey demagnetization curve. Usu-
ally, a linear model is sufficient for these materials. Iniidd, these materials have a relative per-
meability very close to 1. The modeling of these materiatstwasimplified (while only incurring
small errors) by assuming that the permeability is exactlyHen, if you know the energy product
of the magnet material in units of MGOe (the unit in which timergy product is almost always
given), the appropriatel; can be determined via_(A.1).

He = M (A.1)
T
whereE is the energy product in MGOe and the resultiigis in units of A/m €.g. 40 MGOe
~ 10° A/m).

With alnico magnets, great care must be taken in interggyehia finite element results. Unlike
rare-earth magnets, these magnets exhibit a great degleestafresis when they are demagne-
tized. That is, when the flux density is pushed below the “kineéhe demagnetization curve, the
flux level does not recover to the previous magnitude whemgpsing MMF is removed. This
hysteresis is illustrated in Figure A.4. This sort of dentagion and recoil can occur when the
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Figure A.3: Shifting the B-H curve of a permanent magnet
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Figure A.4: Recoil in partially demagnetized Alnico 5.
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magnets are being handled prior to assembly into a devica.niotor, the magnets will demag-

netize somewhat when the motor is first started. They wilhayaly end up running back and

forth along a recoil line that is below the “virgin” demagizetion curve. The point is that the

modeler cannot be sure exactly where the magnets are opggrati analysis that takes this sort
of hysteresis into account is beyond the scope of FEMM. Nuatejever, that this caution applies
only for nonlinear magnets; for practical purposes, rahemagnets generally do not exhibit this
sort of hysteresis behavior.

A.2 Bulk Lamination Modeling

A great number of magnetic devices employ cores built up tiliiw laminations for the purpose of
reducing eddy current effects. One way to model these nadgevithin a finite element framework
would be to model each discrete lamination (and the insuridietween laminations) in the finite
element geometry. An alternative is to treat the laminatedenl as a continuum and derive
bulk properties that yield essentially the same resultslewbquiring a much less elaborate finite
element mesh. FEMM has implemented this bulk approach tmktions.

Consider that the flux can flow through the lamination in a ciovation of two ways: via the
“easy” direction down the laminations, or the “hard” wayr@gs the thickness of the laminations.
The hard direction is difficult for flux for two reasons. Firite rolling process makes the iron
somewhat less permeable than in the easy direction. Seanddnost importantly, the flux must
traverse the insulation between laminations, which tyjyi¢gas a unit permeability.

The first assumption in deriving the bulk permeability moethat the permeability in the
iron itself is isotropic. This isn’t quite true, but almodt af the reluctance in the hard direction
results from crossing the gap between laminations. Havsigraficant error in the hard direction
permeability in the iron itself only results in a trivial amge in the bulk reluctance in the cross-
lamination direction.

Armed with this assumption, a circuit model can be produceeéch direction of flux travel.
For the easy direction, the circuit model is pictured in Fegi.3. There are two reluctances in
parallel-one for flux that flows through the iron part of theaiaations:

L
= A.2
F\’ezfe LlrIJoCW ( )
and another reluctance for flux that flows through the air betwlaminations:
Rezair = — (A3)
280 bo(1—cW '

whereL andW are the length and width of the path traversed, @isdhe fraction of the path filled
with iron. Adding these two reluctances in parallel yields:

L

= A4
e @0+ cwpow A9

Since L and W are arbitrarily chosen, the bulk permeabilitihe section is:
Hez= ((1—¢) +Clk)lo (A.5)
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Figure A.5: Equivalent circuit for flux in the “easy” direoti

Lamination

For the solution of nonlinear problems, the derivation @ thanges to Newton’s method to acco-
modate the bulk lamination model are greatly simplified iSiassumed thetl — c) << cpk. In
this casepe, can be approximated as:

Hez~ Cl Ho (A.6)
This approximation leads to only trivial errors until thé filctor approaches zero. For example, if
K = 1000 with a 90% fill, the difference betweén (A.5) ahd (A.6didy about 0.01%.

For the hard direction, a different equivalent circuit,tpred in Figuré_A.b can be drawn. In

this case, the circuit is two reluctances in series, as thehés to cross the insulation and the
lamination in succession. These reluctances are:

cL

Rhard, fe = TRTRYY (A.7)
1-cL
Rhard,air = ( HoVV) (A-8)
Adding these two reluctances together in series yields:
c+(1—-cow\ L
_ — A.
Rhard ( br Lo ) W ( 9)
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Figure A.6: Equivalent circuit for flux in the “hard” direcin.

Since L and W are arbitrary, the bulk permeability in the hdirdction is:

L o

T (A.10)

Mhard =
If the material is laminated “in-plane,” all flux is flowing ithe easy direction, and (A.6) is
used as the permeability for each element. In problems tleataaninated parallel to x or vy,
(A.6) and (A.10) are used as permeabilities in the standestién for elements with an anisotropic
permeability.
For harmonic problems, eddy currents flow in the laminatiansl hysteresis causes additional
loss. If the laminations are thin compared to the other dsiwers of the geometry, the effects

of eddy currents and hysteresis can be encapsulated in aefiegrdependent permeability [6].
In this case, the magnetostatic permeability,js simply replaced by the frequency-dependent

permeabilityusq in (A.6) and [A.10):

we 2" tanh eij%\/onuruo%]
JWOk o3

Hfd = (A.11)

In (A1), ¢, represents a constant phase lag between B and H due to Isysteris the conduc-
tivity of the lamination materiald is the thickness of the iron part of the lamination, ant the
frequency of excitation in rad/s. Note that the concept aftéresis-induced lag can be applied to
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non-laminated materials as well, simply by multiplying timagnetostatic permeability by i
for harmonic problems.

A.3 Open Boundary Problems

Typically, finite element methods are best suited to problaith well-defined, closed solution
regions. However, a large number of problems that one mighttb address have no natural
outer boundary. A prime example is a solenoid in air. The ldamy condition that one woullike

to apply isA =0 atr = . However, finite element methods, by nature, imply a finitendm.
Fortunately, there are methods that can be applied to geticas that closely approximate the
“open boundary” solution using finite element methods.

A.3.1 Truncation of Outer Boundaries

The simplest, but least accurate, way to proceed is to picérbitrary boundary “far enough”
away from the area of interest and declare either0 ordA/dn = 0 on this boundary. According
to [17], a rule of thumb is that the distance from the centehefproblem to the outer boundary
should be at least five times the distance from the centeretoultside of the objects of interest.
Truncation is the method employed by most magnetics fingeht programs, because it requires
no additional effort to implement.

The down side to truncation is that get an accurate solutighe region of interest, a volume
of air much larger than the region of interest must also beeteatd Usually, this large region
exterior to the area of interest can be modeled with a ratisoarse mesh to keep solution times
to a minimum. However, some extra time and space is stillirequo solve for a region in which
one has little interest.

A.3.2 Asymptotic Boundary Conditions

A thorough review of open boundary techniques is containdd7]. Perhaps the simple way to
approximate an “open” boundary (other than truncationdeed in [17] is to use asymptotic
boundary conditions. The result is that by carefully speed the parameters for the “mixed”
boundary condition, and then applying this boundary caowlito a circular outer boundary, the
unbounded solution can be closely approximated. An exathpteemploys an asymptotic bound-
ary condition to obtain an unbounded field solution isdkié.fem example included in the dis-
tribution.

Consider a 2-D planar problem in polar coordinates. The d@oma circular shell of radiug,
in an unbounded region. As— oo, vector potentialA goes to zero. On the surface of the circle,
the vector is a prescribed function @f This problem has an analytical solution, which is:

[oe]

A8 =S 2Mcos(mB + ) (A.12)

m
m=1l

where thea,, anda, parameters are chosen so that the solution matches theipeespotential
on the surface of the circle.
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One could think of this solution as describing the solutigtegor to a finite element problem
with a circular outer boundary. The solution is describesldae the circle via a finite element
solution. The trick is to knit together the analytical sadatoutside the circle to the finite element
solution inside the circle.

From inspecting (A.12), one can see that the higher-nunddeaemonic, the faster the magni-
tude of the harmonic decays with respect to increasingfter only a short distance, the higher-
numbered harmonics decay to the extent that almost all afplea-space solution is described by
only the leading harmonic. His the number of the leading harmonic, the open-field saluioo
large, but not infiniter is closely described by:

an
A(r,0) ~ r—ncos(ne-l—an) (A.13)
Differentiating with respect to yields:
0A nan
55 = ez Cosnd-+an) (A.14)
If (A.14) is solved fora, and substituted int¢ (A.13), the result is:
0A /n
E+(F)A_o (A.15)

Now, (A.15) is a very useful result. This is the same form &s“thixed” boundary condition
supported by FEMM. If the outer edge of the solution domaicirisular, and the outer finite ele-
ment boundary is somewhat removed from the area of priméeyast, the open domain solution
can be closely approximated by applyifg (A.15) the circblaundary.

To apply the Asymptotic Boundary Condition, define a new, editype boundary condition.
Then, pick the parameters so that:

n
- 0 A.16
Co e (A.16)
¢ = 0 (A.17)

wherer, is the outer radius of the region in meters (regardless ofvbiking length units), and
Ho = 411(10°7).

Although the above derivation was specifically for 2-D peobs, it turns out that when the
same derivation is done for the axisymmetric case, the defindf the mixed boundary condition
coefficients are exactly the samelas (A.16).

To apply the Asymptotic Boundary Condition to electrostsproblems, pick the parameters
So that:

o= 2" (A.18)
o
c1=0

where g is the outer radius of the region in meters (regardless ofvhiking length units), and
€0 = 8.85418781762e-012. Note that is defined in the Lua implementation in both the pre-
and post-processors as the global variaolewhich can be used in any script or edit box in the
program.
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Figure A.7: Air-cored coil with “open” boundary condition

Just like magnetics problems, it turns out that 2-D problamesalso described bl (A.l18). One
subtle difference, however, is that=1 in the axisymmetric case corresponds to the case in which
there is a net charge with (i.e. the geometry looks like atmdiarge when viewed from a distance),
whereas the = 1 case corresponds to a dipole charge distribution in 2Dgplaroblems. If charge
is conserved in the geometry of interest in the axisymmetige, one needs to use=2 in Eq.
(A18). It should be noted that this is a departure from th@metostatic case with the vector
potential formulation in whicm = 1 corresponds to a dipole arrangement in the axisymmetric
case.

Some care must be used in applying this boundary conditiarst df the time, it is sufficient
to taken = 1 (i.e the objects in the solution region look like a dipole whenmed from a large
distance). However, there are other cageg. & 4-pole halbach permanent magnet array) in which
the leading harmonic is something other timasa 1. You need to use your insight into your specific
problem to pick the appropriatefor the leading harmonic. You also must put the objects @frggt
roughly in the center of the circular finite element domaimiaimize the magnitude higher-order
field components at the outer boundary.

Although the application of this boundary condition regsisome thought on the part of the
user, the results can be quite good. Fidurel A.7, correspgridi theaxil example, represents
the field produced by an air-cored coil in free space. The as$ytic boundary condition has been
applied to the circular outer boundary. Inspecting thetsmhyflux lines appear to cross the circular
boundary as if the solution domain were truly unbounded.
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A quick note on computational efficiency: applying the abswoy boundary condition im-
poses no additional computing cost on the problem. The AB&isputationally no more time-
consuming to apply than enforcig= 0 at the outer boundary. Solution times for the PCG solver
are equivalent in either case. It can also readily be detivatithe ABC works exactly the same
for harmonics problems. (To see this, just assume thaathie (A.12) can be complex valued,
and follow the same derivation).

A.3.3 Kelvin Transformation

A particularly good approach to “open boundary” problemthes Kelvin Transformation, a tech-
nique first discussed in the context of computational magset [18] and [19]. The strengths of
this technique are:

o the effects of the exterior region are, in theory, exacthdeled by this approach;

e asparse matrix representation of the problem is retaindik@UFEM-BEM methods, which
give the same “exact solution” but densely couples togdtieeboundary nodes).

e requires no “special” features in the finite element soledntplement the technique, other
than the ability to apply periodic boundary conditions.

The purposes of this note are to explain what the Kelvin faangation is derived and to show how
it is implemented in the context of the FEMM finite elementgmam.
Derivation

In the “far field” region, the material is typically homogenss €.g. airand free of sources. In this
case, the differential equation that describes vectompiaieA is the Laplace equation:

°A=0 (A.19)
If we write (A.19) in polar notationA is described by:

10 [ A\ 10°A
Tar <r5)+r_26—92_0 (A.20)
Assume that the “near field” region of the problem can be dgoathin a circle of radius, centered
at the origin. The far-field region is then everything outsiide circle.

One approach to unbounded problems is to attempt to map theunded region onto a
bounded region, wherein problems can more easilby be sol@bcifically, we desire a way
to transform the unbounded region outside the circle intoanded region. One simple way to
make such a mapping is to define another varidRl¢hat is related to by:

R— o (A.21)

By inspecting[(A.21), it can be seen that this relationshgpathe exterior region onto a circle of
radiusry.
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The next step is to transform_(Al19), the differential eqprathat the field must satisfy, into
the mapped space. That is, (A.19) must be written in terni&afd6 rather tharr and6. We can
evaluate derivatives in terms Bfinstead ofr by employing the chain rule:

9 a /dR 0 /R\?
a=arla)=amlr) (A22)

Now, we can note that at= R =r,,

0A 0A
Frmi= (A.23)
and we can substitute (A.22) info (Al19) to yield, after saigebraic manipulation:
10 (_0A 1 8%A

Eq. (A.24), the transformed equation for the outer regi@s, &xactly the same form as inner
region, only in terms oR rather tharr. The implication is that for the 2-D planar problem, the
exterior can be modeled simply by creating a problem domamsisting of two circular regions:
on circular region containing the items of interest, and dditéonal circular region to represent
the “far field.” Then, periodic boundary conditions must lppléed to corresponding edges of the
circle to enforce the continuity & at the edges of the two regions. The is continuityAddt the
boundary between the exterior and interior regions. Foritefglement formulation consisting
of first-order triangles[(A.23) is enforced automaticatythe boundaries of the two regions. The
second circular region exactly models the infinite spacet&ol, but does it on a bounded domain—
one could always back out the field for any point in space byyapgpthe inverse ofl(A.21).

Kelvin Transformation Example — openl.fem

As an example, consider an E-core lamination stack with awwgaround it. Suppose that the
objective is to determine the field around the E-core in theeabe of any flux return pathé.
when the magnetic circuit is open). In this case, the flux iscoastrained to flow in a path that is
a priori well defined, because the laminations that complete the ftix jpave been removed.

The geometry was chosen arbitrarily, the purpose here lpeang the procedure than the actual
problem. The E-core was chosen to have a 0.5” thick centefl@§” thick outer legs, and a slot
depth of 0.75”. The material for the core is linear with a tie&permeability of 2500. The coil
carries a bulk current density of 2 MAAmThe input geometry is picture in Figure A.8.

In Figure[A.8, the core is placed within a circular regiond @second circular region is drawn
next to the region containing the core. Periodic boundanditmns are applied to the arcs that
define the boundaries as shown in FigurelA.8. The way thabgierboundary conditions are
implemented in FEMM, each periodic boundary condition defifor the problem is to be applied
to two and only two corresponding entities. In this casehdmmundary circle is composed of two
arcs, so two periodic boundary conditions must be definethkotbgether each arc with in the
domain with the core to its corresponding arc in the domagmne®enting the exterior region.

Also notice that a point has been drawn in the center of theriextregion. A point property
has been applied to this point that specifies #that 0 at this reference point. The center of the
circle maps to infinity in the analogous open problem, so kesasense to define, in effeét= 0
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Feriodic BC 1

Reference point
where A=0

Figure A.8: Example input geometry.

at infinity. If no reference point is defined, it is fairly easysee that the solution is only unique to
within a constant. The situation is analogous to a situatthere Neumann boundary conditions
have been defined on all boundaries, resulting in a non-ersglution forA. Due to the type of
solver that FEMM employs, the problem can most likely be edlgven if a reference point is not
defined. However, defining a reference point eliminates thesipility of numerical difficulties
due to uniqueness issues.

The resulting solution is shown in Figure A.9. As is the intem, the flux lines appear to
cross out of the of the region containing the core as if uctdid by the presence of the boundary.
The flux lines reappear in the domain representing the extexgion, completing their flux paths
through the exterior region.

A.4 Nonlinear Time Harmonic Formulation

Starting with the the 3.3 version of FEMM, the program in@dsd “nonlinear time harmonic”
solver. In general, the notion of a “nonlinear time harmbicalysis is something of a kludge.
To obtain a purely sinusoidal response when a system isrovwith a sinusoidal input, the system
must, by definition, be linear. The nonlinear time harmomalgsis seeks to include the effects
of nonlinearities like saturation and hysteresis on thel&aimental of the response, while ignoring
higher harmonic content. This is a notion similar to “ddsicrg function analysis,” a widely used
tool in the analysis of nonlinear control systems. Theresareeral subtly different variations of
the formulation that can yield slightly different resulés,documentation of what has actually been
implement is important to the correct interpretation of tésults from this solver.
An excellent description of this formulation is containad21]. FEMM formulates the nonlin-
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Figure A.9: Solved problem.

ear time harmonic problem as described in this paper. Sitaildack and Mecrow, FEMM derives
an apparenBH curve by takingH to be the sinusoidally varying quantity. The amplitudeBag
obtained by taking the first coefficient in a Fourier serigg@sentation of the resultirigy For the
purposes of this Fourier series computation, FEMM inteafes linearly between the user-defined
points on theBH curve to get a set of points with the safdevalues as the input set, but with
an adjusted level. The rationale for choosirg to be the sinusoidal quantity (rather thBhis
that choosing to be sinusoidal shrinks the definBtH curve—theB values stay fixed while thie
values become smaller. It then becomes hard to defBid aurve that does not get interpolated.
In contrast, withH sinusoidal, theB points are typically larger than the DC flux density levels,
creating a curve with an expanded range.

A “nonlinear hysteresis lag” parameter is then applied ® ¢ffectiveBH curve. The lag
is assumed to be proportional to the permeability, whictegia hysteresis loss that is always
proportional to|B|2. This form was suggested by O’Kelly [22]. It has been suggkshat that
the Steinmetz equation could be used to specify hystergidut the Steinmetz equation is badly
behaved at low flux levels (i.e. one can't solve for a hysierkegy that produces the Steinmetz
|B|*® form for the loss a8 goes to zero.)

For nonlinear in-plane laminations, an additional stepleh to obtain an effectiv8H curve
that also includes eddy current effects. At e&tlevel on the user-define@H curve, a 1D non-
linear time harmonic finite element problem is solved to obthe total flux that flows in the
lamination as a function of thd applied at the edge of the lamination. Then dividing by time-la
ination thickness and accounting for fill factor, and effexB that takes into account saturation,
hysteresis, and eddy currents in the lamination is obtdioeeachH.
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