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1 Introduction

FEMM is a suite of programs for solving static and low fregeyeproblems in magnetics. The pro-
grams currently address problems on two-dimensional plamé axisymmetric domains. FEMM
is divided into three parts:

1. Preprocessofgmme.exe ). This is a CAD-like program for laying out the geometry oéth
problem to be solved and defining material properties anchdbay conditions. Autocad
DXF files can be imported to facilitate the analysis of exigtjeometries.

2. Solver tkern.exe ). The solver takes a set of data files that describe problahsalves
the relevant Maxwell’s equations to obtain values for thgndic field through the solution
domain.

3. Postprocessofefnmview.exe ). This is a graphical program that displays the resultinggie
in the form of contour and density plots. The program alsoved| the user to inspect the
field at arbitrary points, as well as evaluate a number oéckffit integrals and plot various
guantities of interest along user-defined contours.

Two additional programs are also called to perform spergdliasks. These are:

e triangle.exe . Triangle breaks down the solution region into a large nunobériangles,
a vital part of the finite element process. This program watew by Jonathan Shewchuk,
and is available from his Carnegie-Mellon University welg@gaor from Netlib.

e femmplot.exe  This small program is used to display various 2-D plots. sballows the
user to save and view any files in the Extended Metaglaf() format.

The Lua scripting language is also integrated into the pnet @ost-processors. Lua allow
“batch” runs to be performed without user interaction. Idididn, all edit boxes in the user
interface are parsed by Lua, allowing equations or matheal&xpressions to be entered into any
edit box in lieu of a numerical value. In any edit box in FEMMsalected piece of text can be
evaluated by Lua via a selection on the right mouse buttak alienu.

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.


http://www.cs.cmu.edu/~quake/triangle.html

2 QOverview

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 mosOwekrview but take a look at
Section[ZP. This section contains some important poirdbmut assigning enough boundary
conditions to get a solvable problem.

Some familiarity with magnetism and Maxwell’'s equationsissumed, since a review of this
material is beyond the scope of this manual. However, theoaiias found several references that
have proved useful in understanding the derivation andisolof Maxwell’'s equations in various
situations. A very good introductory-level text is Plorai&pplied electromagnetidd]. A good
intermediate-level review of Maxwell's equations, as wasla useful analogy of magnetism to
similar problems in other disciplines is contained in H&®{@omputer-aided analysis and design
of electromagnetic devicgg]. For an advanced treatment, the reader has no recourse tafer
to Jackson’'Classical electrodynamids].

2.1 Relevant Maxwell's Equations

For the low-frequency problems addressed by FEMM, only asutf Maxwell’'s equations are re-
quired. By definition, low-frequency problems are thosebpems in which displacement currents
can be ignored. Displacement currents are typically refewaly at radio frequencies.

2.1.1 Magnetostatic Problems

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

UxH=J (2)
0-B=0 2)

subject to a constitutive relationship betwdeandH for each material:
B = uH 3)

If a material is nonlineard.g. saturating iron or alnico magnets), the permeabilitis actually a
function ofB: B

“HE) @

FEMM goes about finding a field that satisfieks (@)-(3) vima@gnetic vector potentialpproach.
Flux density is written in terms of the vector potentidj as:

B=0OxA %)

Now, this definition ofB always satisfied]2). Ther]l(1) can be rewritten as:

Dx(%DxA>:J (6)
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For a linear isotropic material (and assuming the Coulomlggdl- A = 0), eq. [6) reduces to:

1
—CO2A=1 7
0 (7)

FEMM retains the form off{6), so that magnetostatic problevih a nonlineaB-H relationship
can be solved.

In the general 3-D cas@, is a vector with three components. However, in the 2-D plamak
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 formulatiohas &ll the conditions to be satisfied
have been combined into a single equatiorA i found,B andH can then be deduced by differ-
entiatingA. In addition, the form off{6), and elliptic partial differgal equation, arises in the study
of many different types of engineering phenomenon. Thezeadarge number of tools that have
been developed over the years to solve this particular enobl

2.1.2 Harmonic Problems

If the field is time-varying, eddy currents can be induced atenials with a non-zero conductivity.
Several other Maxwell’s equations related to the electeid fdistribution must also be accommo-
dated. Denoting thelectric field intensityas E and thecurrent densityasJ, E andJ obey the
constitutive relationship:

J=o0E (8)

The induced electric field then obeys:

0B
OxE=——
X P (9)

Substituting the vector potential form of B in{d (9) yields:
OxE=-0xA (10)
In the case of 2-D problemg$,{[10) can be integrated to yield:
E=—-A-0LV (11)
and the constitutive relationshijp] (8) employed to yield:
J=—0A—ollV (12)

Substituting intol(B) yields the partial differential edjoa:

1 .
0 x <m|:| X A) = —0A+ Jsrc— ollv (13)

whereJgc represents the applied currents sources. [M¥germ is an additional voltage gradient
that, in 2-D problems, is constant over a conducting bodyMMEuUses this voltage gradient in
some harmonic problems to enforce constraints on the duragned by conductive regions.
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FEMM considers[{13) for the case in which the field is osdiligtat one fixed frequency. For
this case, @hasor transformatiof?] yields a steady-state equation that is solved for theldnae
and phase oA. This transformation is:

A= Re[a(cosut + j sinat) =] = Re[ae"!] (14)

in whichais a complex number. Substituting infa113) and dividing th& complex exponential
term yields the equation that FEMM actually solves for hanmanagnetic problems:

1 _ -
0 0 =— —ollv 1
X (p(B) X a) jwoa+ Jsic —O ( 5)

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 the nonlinear relationship in the harmoniarfatation, allowing the program to
approximate the effects of saturation on the phase and adelbf the fundamental of the field
distribution. There are a number of subtleties to the nealirtime harmonic formulation—this
formulation is addressed in more detail in Apperdix]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.

2.2 Boundary Conditions

Some discussion of boundary conditions is necessary sdhbaiser will be sure to define an
adequate number of boundary conditions to guarantee a@isimjution. Boundary conditions for
FEMM come in three flavors:

e Dirichlet. In this type of boundary condition, the value Afis explicitly defined on the
boundary,e.g. A= 0. The most common use of Dirichlet-type boundary condgimnto
defineA = 0 along a boundary to keep flux from crossing the boundary.

e NeumannThis boundary condition specifies the normal derivativé afong the boundary.
Usually,0A/0on = 0 is defined along a boundary to force flux to pass the boundaxyaatly
a 9@ angle to the boundary. This sort of boundary condition issgstent with an 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:

A
6_ +CcA=0
on
This boundary condition is most often used by FEMM in eddyenirproblems on interfaces
with bodies with small skin-depth eddy currents.



Figure 1: Triangulation of Massachusetts

If no boundary conditions are explicitly defined, each bamdiefaults to @A/dn = 0 Neu-
mann boundary condition. However, a non-derivative boandandition must be defined some-
where so that the problem has a unique solution.

For axisymmetric problem#,= 0 is enforced on the line= 0. In this case, a valid solution can
be obtained without explicitly defining any boundary cormtis, as long as part of the boundary
of the problem lies along= 0.

2.3 Finite Element Analysis

Although the differential equations that descridbappear relatively compact, it is very difficult
to get closed-form solutions for all but the simplest gearast That's where finite element anal-
ysis comes in. The idea of finite elements is to break the proldown into a large number
regions, each with a simple geometeyd. triangles). For example, Figuké 1 shows a map of the
Massachusetts broken down into triangles. Over these singgions, the “true” solution foA
is approximated by a very simple function. If enough smalioas are used, the approximate
closely matches the exaét

The advantage of breaking the domain down into a number off steaents is that the mag-
netics problem becomes transformed from a small but difficukolve problem into a big but
relatively easy to solve problem. Specifically, triangigatof the problem results in a linear al-
gebra problem with perhaps tens of thousands of unknownsekder, techniques exist that allow
the computer to solve for all the unknowns in only seconds.

FEMM uses triangular elements. Over each element, theigoligt approximated by a linear
interpolation of the values & at the three vertices of the triangle. The linear algebrélpera is
formed by choosing A on the basis of minimizing the total gyesf the problem.



3 Preprocessor

The preprocessor is used for drawing the problems geomafining materials, and defining
boundary conditions.
Drawing a valid geometry usually consists of four (thoughmecessarily sequential) tasks:

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

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 pariog these tasks and creating a prob-
lem that can be solved.

3.1 Preprocessor Drawing Modes

The key to using the preprocessor is that the preprocesabwvays in one of five modes: thoint
mode, theSegmenmode,Arc Segmentode, 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 istied in Figure[R2. The buttons

[o 2]=][0]&|

Figure 2: 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.

3.2 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 TeBle 1.

Likewise, specific functions are associated with mouseobutiput. The user employs the
mouse to create new object, select obects that have alregaydoeated, and inquire about object
properties. TablEl2 is a summary of the mouse button clidbast
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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 foremrabel
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 1: FEMME 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: FEMME Mouse button actions

3.3 View Manipulation

Generally, the user needs to size or move the view of the pnolgeometry displayed on the
screen. Most of the view manipulation commands are availaial buttons on the preprocessor
toolbar. The functionality of can generally also be accéssa the ‘View Manipulation Keys’

listed in Tabld1l. The View Manipulation toolbar buttons pretured in Figuré13. The meaning of

=012« 2] 3]=]

Figure 3: View Manipulation toolbar buttons.

the View Manipulation toobar buttons are:

e The arrows on the toolbar correspond to moving the view indilhection of the arrow ap-
proximately 72 of the current screen width.

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

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

12



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 toolbatobutThen, 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 thedeiw’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.

The Status Bar selection can be used to hide or show the one-line statust ltlae #ottom
of the Femme window. Generally, it is desirable for the taoltm be 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 Femme, because argtisalen the toolbar is also available
via selections off of the main menu. If more space on the scigélesired, this option can be
chosen to hide the toolbar. Selecting it a second time waisthe 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®ibwutown 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.

3.4 Grid Manipulation

To aid in drawing your geometry, a useful tool is the Grid. \Wiige grid is on, a grid of light blue
pixels will be displayed on the screen. The spacing betweghppints 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 useldeoGrrid Manipulation toolbar
buttons. These buttons are pictured in Figdre 4. The lefitrhotton in Figurél4 shows and hides

fiii | grid
s Fize

Figure 4: Grid Manipulation toolbar buttons.

the grid. The default is that the button is pushed in, showegcurrent grid. The second button,
with an icon of an arrow pointing to a grid point, is the “snapgtid” button. When this button
is pushed in, the location of the mouse pointer is roundetiemearest grid point location. By
default, the “snap to grid” button is not pressed. The rigilaist button brings up the Grid Properties
dialog. This dialog is shown in Figuké 5.

13



Gnd Properties |

Grid Size 025

Coordinates Cartesian j

Eancell

Figure 5: 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 curredtgrie. 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@dgcpoints are specified by an angle and
a radial distance from the origin. The default is Cartes@ordinates.

3.5 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 negetmetry.

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 onerooirttee 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 buttonbgdtts of the current type completely
contained within the box will become selected.

Any objects that are currently selected can be moved, copiegasted. 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 displacemerrtation.

3.6 Problem Definition

The definition of problem type is specified by choosing Bneblem selection off of the main
menu. Selecting this option brings up the Problem Definitlimiog, shown in FigurEl6

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 thimen-
sions prescribed in the model's geometry. Currently, theg@am supports inches, millimeters,
centimeters, meters, mils, apcheters.

14



Problem Definition X

Problern Type Flanar |

Length Urits Ihiches =

Frequency [Hz] |0
Drepth 1

Solver Precizion  |12-008

— Comment

Add comments bere.

] I Cancel

Figure 6: Problem Definition dialog.

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;zée 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 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 prexe.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 reportdpeter.

The third edit box is thé&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=Db

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 108,

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.
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3.7 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 Circuits. When any one oféhsslections is chosen, the dialog
pictured in Figurdl7 appears. This dialog is the manager foaréicular type of properties. All

Property Definition X |
|' Froperty Mame

Add Property

Delete Property

b odify Property

Figure 7: 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 willlidank, since no properties have yet
been defined. Pushing thdd Property button allows the user to define a new property type. The
Delete Property  button removes the definition of the property currently iewin theProperty
Namebox. TheModify Property  button allows the user to view and edit the property curyentl
selected in th@roperty Name box. Specifics for defining Point, Segment, and Block progert
are addressed in the following subsections.

In general, a number of these edit boxes prompt the user thrreal and imaginary compo-
nents for entered values. If the problem you are defining igmatostatic (zero frequency), enter
the desired value in the box for the real component, and laaexo in the box for the imaginary
component. The reason that Femme uses this formalism igamabrelatively smooth transition
from static to time-harmonic problems. Consider the de@inibf the Phasor transformatiorn
Eq.[d4. The phasor transformation assumes that all fieldegadscillate in time at a frequence of
w. The phasor transformation takes the cosine part of the vadlee and represents it as the real
part of a complex number. The imaginary part represents tgnitude of the sine component,
9(° out of phase. Note what happens as the frequency goes to zero:

lim (ayeCcOSuWt — amsinwt) = are (16)
w—0

Therefore, the magnetostatio £ 0) values are just described by the real part the specifieglexm
number.
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3.7.1 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 Fiddre 8

Modal Property |

Mame  |Mew Point Property

% Specified Potential Property
™ Point Current Property

— Specified Patential
||:| + 3 ID

— Point Current, &mps

||:| + 3 ID

Canicel

Figure 8: Nodal Property dialog.

The first selection is th&lameedit box. The default name is “New Point Property,” but this
name should be changed to something that describes theryrtie 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 exclusiiderefore, if there are
nonzero values in either of thieboxes, the program assumes that a point current is beingedefin
Otherwise, it is assumed that a point vector potential indpeiefined.

There are two edit boxes for the definition of the real and imay parts ofA, the magnetic
vector potential. The units oA are understood to be Weber/Meter. Typicaklyneeds to be
defined as some patrticular values (usually zero) at some jpdime solution domain for problems
with derivative boundary conditions on all sides. This is thpical use of defining a point vector
potential.

Lastly, there are two edit boxes for the definition of a pountrent,J. The units for the point
current are understood to be in Amperes.

3.7.2 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 domaien\ihew boundary property is added
or an existing property modified, tfBundary Property  dialog pictured in FigurEl9 appears.
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Boundary Property |

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

Mame Zero k.
Cancel
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Figure 9: Boundary Property dialog.

The first selection in the dialog is ttNameof 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 supports the following types of boundaries:

e Prescribed A With this type of boundary condition, the vector potent#sl,is prescribed
along a given boundary. This boundary condition can be us@detscribe 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 paramefegtsA,,

A and@in the Prescribed A parameters box. If the problem is planar, the parameters
correspond to the formula:

A= (Ao+Arx+Azy)el? (17)
If the problem type is axisymmetric, the parameters cooedfo:
A= (Ao+Arr +Agz)el? (18)

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 compleeffizients of the form:

A [1+]\ .
%+<T)A—O (19)
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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
d= T (20)

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

Mixed This denotes a boundary condition of the form:

1 \O0A
— | = A+c1=0 21
(uruo) gn T ORTa o
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 bawgroblems, refer to
AppendixA3.

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/dn = 0 at the boundary. However, this is unnecessary-therder triangle finite
elements give @A/dn = 0 boundary condition by default.

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@anegus Neumann condition
on the SDI boundary. The results from each run are then asdragget the open boundary
result. This boundary condition should only be applied ® d¢hiter 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 theusoh region).

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 somebtems 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,
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as discussed in AppendixX’A.B.3. Often, a periodic boundargade up of several different
line or arc segments. A different periodic condition mustieéined for each section of the
boundary, since each periodic BC can only be applied to adirec 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.

3.7.3 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 viiéhnhaterial that the block is composed
of, as well as some attributes about how the material is m#tter (laminated). When a new
material property is added or an existing property modifiedBlock Property  dialog pictured
in FigurelID appears.

As with Point and Boundary properties, the first step is toosleca descriptive name for the
material that is being described. Enter it in fiiemeedit 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 groupLokar
Material Properties parameters will become enabled. FEMM allows you to spedifemnt
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@mgrties have been specified. A
simple, but surprisingly effective, model for hysteresisharmonic 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 [4]. 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 yéLc@Bve, hit theEdit B-H Curve
button. When the button is pushed a dialog appears thataljow to enter in B-H data (see Fig-
ure[Il. The information to be entered in these dialogs isllysolatained by picking points off of
manufacturer’s data sheets. For obvious reasons, you migesttbe same number of points in the
“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 adjaea to view the B-H curve to
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Figure 10: Block Property dialog.

see that it looks like it is “supposed” to. This is done by pieg thePlot B-H Curve
button on the B-H data dialog. You should see a B-H curve thakd
something like the curve pictured in Figurel 12. The boxedeflot represent the locations of
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 sgdint is possible to get a bad curve
if you haven't entered an adequate number of points. “Weld1 curves can result if you have
entered too few points around relatively sudden changdsei®tH curve. Femm “takes care of”

theLog Plot B-H Curve
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Figure 11: B-H data entry dialog.

bad B-H datai(e. B-H data that would result in a cubic spline fit that is not $&galued) 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 helpirtonate 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 carefuldnter enough B-H values to get an
accurate solution in highly saturated structures so theaptbgram is interpolating between your
entered data points, rather than extrapolating.

Also in the nonlinear parameters box is a paramefigfax. 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 reachaitgmal value ofpmax This idea can be

represented by the formula:
B
()= (1)) gy 22)
Hef f max

The next entry in the dialog iBlc. If the material is a permanent magnet, you should enter
the magnet’s coercivity here in units of Amperes per metdreré are some subtleties involved
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Figure 12: Sample B-H curve plot.

in defining permanent magnet properties (especially nealipermanent magnets). Please refer
to the AppendiX”AlL for a more thorough discussion of the nfindeof permanent magnets in
FEMM.

The next entries, the real and imaginary partd,akpresent the applied current density in the
block. The usual rules for quantities with real and imagynzarts apply tal.

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 lamtions 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 tlhemination 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, thapdist specifies the sort of wire from
which the coil is constructed.

The various selections in this list are illustrated in FefI3 Currently, the laminations are
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
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Figure 13: Different lamination orientation options.

orientation parameters are used to implement a bulk modeinahated 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 laminagsoseparately. This bulk lamination
model is discussed in more detail in the Appendix (Sedfidh 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
F|” FaCtOI‘: m - 0914

If a wire type is selected, th&trand dia. and/or Number of strands edit boxes become
enabled. If theMagnet 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 ¥iecéve complex permeability and
conductivity that are automatically computed for the wouegion.

3.7.4 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 aamtain this library through the
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Properties | Materials Library selection off of the main menu. When this option is se-
lected, theMaterials Library dialog pictured in FigureZ14 appears. This dialog allow teeru

Matenals Library X

| Library M aterials '@ Mu:u:lel Materials

- |:| Ptd b aterials
-] Alnico Magnets
|:| MNdFeB Magnets
|:| Ceramic Magnets
=2 SmCo Magnets

& SmiCo 20 MGDe

- Smilo 24 MGOe

- Smilo 27 MGOe

-] Soft Magnetic Materialz

-] Mon-Magnetic Conductaors

I_I

(|

(|
1

Cancel ]

Figure 14: Materials Library dialog.

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 elditg double-clicking on the desired
material.

Material from other material libraries or models can be imgod by selecting the “Import
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 filenammlibrary.dat . If you move the materials library, femm will not be able todfin
it.

3.7.5 Circuit Properties

The purpose of the circuit properties is to allow the useptayconstraints on the current flowing
in one or more blocks. Circuits can be defined as either "f@ialr "series” connected.
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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 coteaein 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 strazmetlictor 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 connectedeogstinthe other turns in series). Note
that the number of turns assigned to a block label can bereithesitive 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 app$purce current density over the
conductor of interest and achieve similar results. For edalsent 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 variousaregof 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 cotivié 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 otrestions of the domain that might not
be intended to be physically connected. By applying a palratinnected circuit with a zero net
current density constraint to each physical “part” in themgetry, 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[Ih.

Cicuit Popery |

M ame IEurrent

i Parallel

Circuit Current, Amps
[ |1 +3 |n

i* Series

] Cancel

Figure 15: Circuit Property dialog

3.8 Exterior Region

One often desires to solve problems on an unbounded dompjredliXA.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-+epresents the solution region of
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interest and contains all of the items of interest, arounttiwbne desires to determine the mag-
netic field. The second disk represents the region exteviting first disk. If periodic boundary
conditions are employed to link the edges of the two disksait be shown (see Appendix’AB.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 urdemiaxisymmetric 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 [17]. 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” axisyrtro@roblems.

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, Bleck located in an external
region check box must be selected in any block labels that are ld@athe region that is desired
to be the axisymmetric external region.

3.9 Spawned Tasks

To actually mesh the model, analyze the model, and view theltse the femme editor must
spawn external programs. These tasks are most easily perddoy the toolbar buttons pictured in

Figure[16
|€§T |*::?G|

Figure 16: Toolbar buttons for spawning external 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 femme. However, it is almostals 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 entbida “triangle” will appear on the
Windows taskbar. Triangle is actually a console applicatizat runs in a minimized window.
After the geometry is triangulated, the finite element masloaded into memory and displayed
underneath the defined nodes, segments, and block labetsetisfayellow lines.
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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 kage 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 runnidé¢hen fkern is finished analyzing your
problem, the console window will disappear. The time tharikrequires 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 effegtigelible the number of unknowns
as compared to a magnetostatic problem with the same meslsldWest problems to analyze are
nonlinear magnetostatic problems, since multiple iterstimust be used to converge on the final
solution. However, nonlinear problems almost never takeertitan 10 iterations. Later iterations
in nonlinear problems are usually are quite fast compareldddirst iteration or two because the
later iterations can be initialized with an approximateusioh that is very close to the “actual”
solution.

For users who have a technical interest in what is “under tduahin fkern, some details are
provided in the Appendix (Sectidn 7).

The “big magnifying glass” icon is used to run the postprgoe®nce the analysis is finished.
A detailed description of the postprocessor addressedatidBé.

4 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. &faili 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 posdibdes 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 boundargitons.

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
performed to turn the dxf file into a valid finite element gedme For example, large dxf files
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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 detgii a finalized design, or imported
into other finite element or boundary element programs.
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5 Postprocessor

The executableemmview.exe is the postprocessor used to view solutions generated biketine
solver. This program can either be run on its own, from theaft3tmenu (to view previously
solved problems), or spawned from witiiamme to view a newly generated solution. Data files
for femmview have theans prefix.

5.1 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 tRemmview 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 altegan be taken over the
defined subdomain. Integrals include stored energy (iraoheef), various kinds of losses,
total current in the block, and so on.

The current postprocessor mode is controlled via the AmaMsde toolbar buttons, shown in
Figure[1Y. The buttons denote, respectively, Point ValuedenContour Mode, and Block Mode.

| o | ] Z|
Figure 17: Analysis Mode toolbar buttons

The depressed button denotes the current mode. The defadédt when femmview starts is Point
Values mode.

5.2 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

*[= [0 e[ ] =]

Figure 18: View Manipulation toolbar buttons.

these grid manipulation toolbar buttons: The grid and vieanipulation work in exactly the same
fashion as these same features in the preprocessor. RSectior 3.4 for a detailed description
of grid manipulation, and to Sectién 8.3 for view manipuiati
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Figure 19: Grid Manipulation toolbar buttons.

5.3 Keyboard Commands

Unlike the preprocessor, femmview is not very dependenteytnégiard 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 Heenmview Output window.

In the Contours, there are four relevant keys. Pressing sicafie 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, sincecatitp on the contour must also be
Points defining the model's geometry.

5.4 Mouse Actions

In contrast, the operation of the postprocessor is veryrtdgr® 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 But@ick, the current mouse pointer
location is added to the contour. A contour appears as ameah 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
appears as a green line on the femmview screen. When the etielsamntour meet, the block is
defined. All elements enclosed by the contour (all elemératisform the block) then turn green in
the femmview window.

A Left Button Click attempts to add the nearest Point in thmuirgeometry 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.

5.5 Contour Plot

One of the most useful ways to get a subjective feel for a magminite element solution is by
plotting the “flux lines.” These are the streamlines alongahtflux flows in the finite element
geometry. Where flux lines are close together, the flux derssltigh. In FEMM'’s vector potential
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Figure 20: Graph Mode toolbar buttons.

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, femmview allows the user to plataos of either the real or the
imaginary part ofA. Real contours appear black, and Imaginary contours apsegiey.

By default, a set of 19 flux lines are plotted when a solutianitgally loaded into femmview.
The number and type of flux lines to be plotted can be alteradyuke Contours Plot icon in the
Graph Mode section of the toolbar (see Fidure 20. The Cortmiricon is the icon with the black
contours. When this button is pressed, a dialog pops upwiakpthe choice of the number of
contours (between 4 and 100 are allowed), and which contoyskot (either real, imaginary, or
none).

In the contour plot dialog, a check box is also present titfdabw 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.

5.6 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 whemeview first starts. However, the
plot can be displayed by pressing the middle button in theplsMode section of the toolbar (see
Figure[2D). A dialog the pops up that allows the user to tummsig plotting on. If the solution is
to a harmonic problem, the user can choose to plot either ggnitude of the flux density or just
the real or imaginary part of the flux density.

The flux density at each point is classified into one of 12 cargtdlistributed evenly between
either the minimum and maximum flux densities or user-sgtifiounds. An example plot of an
air-cored coil with both contour and density plotting tudran is shown in Figure21.

5.7 \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 ttegnitude of the field. The presence
and appearance of this type of plot can be controlled by prggke "arrows” icon pictured in
Figurel20.

5.8 Line Plots

When femmview is in Contours Mode, various field values oéliest can be plotted along the
defined contour. A plot of a field value defined contour is penked by pressing the “graphed
function” icon in the Plot and Integration group of toolbartions, shown in Figufe22. When this
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>1.513e-002

1.375e-002 : 1.513e-002
1.238e-002 : 1.375e-002
1.100e-002 : 1.238e-002
9.625e-003 : 1.100e-002
8.250e-003 : 9.625e-003
6.875e-003 : 8.250e-003
h.500e-003 : 6.875e-003
4.125e-003 : 5.500e-003
2.750e-003 : 4.125e-003
1.375e-003 : 2.750e-003
<1.375e-003

Density Plot: |B|. Tesla

Figure 21: Solution for an air-cored coil with both Contounés and Density Plot

B[]

Figure 22: Line Plot and Integration toolbar buttons

button is pressed, theY Plot dialog (see Figure23) appears with a drop list containiegypes
of line plots available. Choose the desired type of plot amdp“OK.”

After “OK” is pressed, the program computes the desiredegakiong 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
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:

e \ector potential along the contour;
e Magnitude of the flux density along the contour;

e Component of flux density normal to the contour;
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|7|h-1ultic:cnlumn test wy legend j

Figure 23: X-Y Plot dialog.

Component of flux density tangential to the contour;

Magnitude of the field intensity along the contour;
e 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 undewstto be as shown in Figutel24. The
tangential direction is understood to be the direction imciwhhe 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 theifaice. Femmview resolves the conflict
by always evaluating the plots at a differentially smalltaiiece to the “normal” side of the line.
Therefore, by defining the same contour but reversing therardwhich the points are specified,
plots of the quantity of interest on each side of a boundanybsaobtained.

5.9 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 tbelbbar (as shown in Figule R2).
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
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.
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Figure 24: When in doubt plots and integrals taken on this sfch contour.

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 attributéseoarc.

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. Againjiégral is useful for comparison
to or validation of magnetic circuit models.

e Contour Length . This integral returns the length of the defined contour inerse

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 Sectlon .11 for taitkd 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 Seclionls.11).

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 usefiie past for some specialized
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purposes, like determining the RMS amplitude of a periodix élistribution.

5.10 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 thelbar (as shown in Figuie 22). 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 performed to evaluate inductance for ling@blems. Generally, the

self-inductance of a coil is: A 3dV
Lself = T (23)

wherei is the current flowing through the coil.

e A This integral can be used to evaluate mutual inductancegelet coils. Similar to the
formula for self inductance, mutual inductance is:

[A1-JodVs
i1io
whereA; is the component of produced by the first coil), is the current in the second
coil, andi; andi, are the current in the first and second coils, respectivily.is meant to
denote that the integral is taken over the volume of the skcoil. We can rearrangé{R4)
into a somewhat simpler form by noting thatx i, = Jo x ap. That is, the total amps times

turns for the second coil equals the current density in toerse@coil times the second coil’s
cross-section area. Substituting forin ([24) yields:

(24)

I—mutual =

Lmutual = E ( ArdVo — Alde) (25)
1182 \ /I, Jo_

where the first bracketed term iB{25) is the contributiomfrthe turns of coil 2 that are
pointed out of the page and the second term is the contritértbon the turns of coil 2 that
are pointed into the page. To evaluate mutual inductande&tMM, one substitutes values
into (Z8). First, run the model with only “coil 1” turned on.h&n, integrateA 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 indigns—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 toté};dV» integral. Lastly, multiply the integral result timas/(i1az) to
get mutual inductance.
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e Magnetic field energy This selection calculates the energy stored in the maghelit
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 27)

to take proper account of the energy under nonlinear camiti

E (26)

e 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’) Y, 28)

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 therdigmated 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 deteeahim 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 (29)

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

e Resistive losses This selection integrates théR losses due to currents flowing in the
“Z" direction (or@ direction, if you are evaluating an axisymmetric problem).

e Block cross-section area

e Total losses  This selection totals the losses from all possible loss @meicims 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.

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

FLorentz= /J x BdV (30)

Many devices €.g. voice coil actuators) produce forces in a fashion that caaViaduated
using this integral.
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Lorentz torque (rxJxB) This selection computes the torque abu0) 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 New in version 3.3, the Weighted Stress Tensor
block integrals automatically compute a weighting funetower the finite element mesh that
allows all possible air elements to contribute to the sttessor integration. This approach
is essentially identical to the weighted stress tensoragubr described in 5] and/arl[6].

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 imtticated by a progress bar
that is displayed while the weighting function is being caitgal. 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 integirade in some sense, all possible
contours have been averaged to yield the Weighted StressiTmce 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 dialogetfos 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 computEdg
the same weighting function approach.

5.11 Force/Torque Calculation

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

5.11.1 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 volumeemrtal 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).
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5.11.2 Weighted Stress Tensor Volume Integral

New in version 3.3, this volume integral greatly simplifiae tomputation of forces and torques.
Merely select the blocks upon which force or torque are todmeputed and evaluate the integral.
No particular “art” is required in getting good force or taggresults (as opposed to the Stress
tensor line integral), although results tend to be morer@atewvith finer meshing around the region
upon which the force or torque is to be computed.

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

coenergy—seé (P9).

5.11.3 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 integgcampute 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) (31)

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

While an integration of[{31) theoretically gives the magmébrce 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 areedtay differentiating the trial
functions forA. That is,A is described by a linear function over each elementBahdH are
piece-wise constant over each element. Errol8 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, watiee exact solution foB is nearly a
singularity.

The upshot is that if stress tensor is evaluated on the atetbetween two different materials,
the results will be particularly erroneous. However, thhess tensor has the property that, for an
exact solution, the same result is obtained regardlessqgfdth of integration, as long as that path
encircles the body of interest and passes only through amt(keast, 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 shjbere the solution foB and
H is much more accurate. Much more accurate force resultbwitibtained by integrating along
the contour a few elements removed from any boundary orfatter The above discussion is the
rationale for the first guideline for obtaining forces vieest tensor:
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Figure 25: Properly defined contour for integration of Makis&tress 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 elemawnisy from any interfaces
or boundaries.

As an example of a properly defined contour, consider Fig&ke Phis 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 treaur defined for the integration.
The contour was defined running clockwise around the blockhat 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 fagukgare desired.

Even though an integration path has been chosen properéy(tam boundaries and interfaces),
some significant error can still arise if a coarse mesh is.ubkde that[3l) is composed &
terms — this means that stress tensor is one order worse unaagcthanB. The only way to get
that accuracy back is to use a fine mesh density. A good wayotzepd in finding a mesh that is
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Figure 26: Example three-phase, six pole induction motor

“dense enough” is to solve the problem on progressively fileshes, 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.

For torque computations, all the same rules apply as foefoomputationsife. define inte-
gration contours away from boundaries and interfaces, aaduense mesh). Several beta testers
have been using FEMM to obtain torques produced by motorgandrators. In these machines,
there are some steps that one can take in the definition of duelfa geometry to make torque
computation easier. Consider the motor pictured in Fig@teris picture represents a three-phase
induction motor wound so as to have six poles. The rotor is@goctive sheet attached to a lami-
nated iron journal. To obtain the starting torque of the maine can impose three-phase currents
in the winding and run a harmonic analysis at 60 Hz. The toiguken obtained by integrating
the torque derived from Maxwell’s stress tensor along alduraing through the center of the air
gap between the rotor and the stator.

A close-up of the input geometry near some of the tooth fa&ekawn in Figur€27. To aid in
the evaluation of the torque, additional arc segments haga defined that run through the center
of the air gap. This contour can be selected by clicking oretidpoints of the arcs with the left
mouse button. This is much easier than trying to define a corip explicitly specifying a lot of
points in the air gap via right mouse button clicks. Note thatmesh density has been chosen such
that there are four rows of elements in the thickness of thgag, so that the integration contour
(through the center of the air gap) is no closer than two rdvedeanents to either side of the gap.
The mesh shown in Figuiel27 represents the coarsest posgkle that obeys the guidelines for
obtaining good force/torque results, requiring about G28l@éments to mesh the entire motor. The
solution, along with the integration contour shown in redpictured in Figur&28.
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Figure 27: Input geometry in the region of the air gap.

Figure 28: Solution with integration contour defined in tegion of the air gap.

5.12 Exporting of Graphics

Ultimately, you will probably want to export graphics fronEMM for inclusion in reports and so
on. It is possible to get what you are seeing on the screendsitan several different graphics
formats.

Probably the easiest way to get graphics out of femmview isstotheCopy as Bitmap or
Copy as Metafile  selections off of the main menu&lit list. These command takes whatever is
currently in the femmview window and copies it to the cliplibas a Device Independent Bitmap
(.bmp format) and Extended Metafilee(nf format), respectively. The clipboard data can then be
pasted directly into most applicatiorss.g. Word, MS Paint, etc).

[ATeXafficionados typically find PostScript to be the most usefyde 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 cuatreiew, you first must set up a
postscript printer driver that outputsfde: . This is done via the following steps:

1. ChooseSettings/Printers off of the Windows Start menu. A window containing the list
of currently defined printers will appeatr.
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Figure 29: Circuit results dialog.

2. Double click on thé\dd Printer icon in this list. TheAdd Printer Wizard  will appear
on the screen.

3. Choosé.ocal Printer - hit Next ;

4. A list of printers will appear. Choose a postscript pnirg# of this list. The Apple Laser-
writer Il NT is a good choice.

5. SelecFILE: as the port which will be used with this printer.
6. Accept the defaults for all remaining questions.

Now, when you want a postscript picture of the currently @igpd screen, just chooB#e/Print

off of femmview’s main menu. As the printer, choose the pagb$ printer 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.

5.13 Circuit Results

If “circuit” properties are used to specify the excitatianpnumber of useful properties relative to
the circuit are automatically available. To view the citaesults, either press the "Circuit Results”
button on the toolbar pictured in Figurel 22 or seMetv|Circuit Props off of the postprocessor
main menu. A dialog, as pictured in Figlird 29 will appear. réhis a drop list on the dialog, from
which the user selects the circuit for which results arerddsi
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5.14 Miscellaneous Useful View Commands

There are some additional entries on the femmweaw menu 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, presentatietc, 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 usetlisjglay point
property information.
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6 Lua Scripting Documentation

6.1 What Lua Scripting?

The Lua extension language has been used to add scriptidgfmcessing facilities. The pre-
processor and postprocessor can either run Lua scriptsghra selection on the Files menu, or
Lua commands can be entered in directly to the Lua ConsoleldMinn either program.

Lua is a complete, open-source scripting language. Sourge 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).

In addition to the standard Lua command set, a number of FES@btific functions have been
added for manipulating files in both the pre- and post-premesrhese commands are described
in the following sections.

Lua scripts are invoked by selecting tBpen Lua Script selection off of the File menu of
either the pre- or post-processor. A file selection dial@ntappears, and the selected Lua script
file is executed.

6.2 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 nameséngaorks, and one that eliminates
the underscores. A list of alternate, equivalent prepmmescripting function names is shown in

Table[3.

6.2.1 Object Add/Remove Commands

e addnode(x,y) Add a new node at x,y

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

e addblocklabel(x,y) Add a new block label at (x,y)

e addarc(x1,y1,x2,y2,angle,maxseq) Add a new arc segment from the nearest node to
(x1,y1) to the nearest node to (x2,y2) with angle ‘angleididd into ‘maxseg’ segments.

o deleteselected Delete all selected objects.

o deleteselectednodes Delete selected nodes.

e deleteselectedlabels Delete selected block labels.
o deleteselectedsegments Delete selected segments.
o deleteselectedarcsegments Delete selects arcs.
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openfemmfile
savefemmfile

openfemmfile
savefemmfile

createmesh createmesh
showmesh showmesh
purgemesh purgemesh
prob def probdef
analyse analyze
run_post runpost
add.node addnode
addblock label addblocklabel
add segment addsegment
addarc addarc
selectnode selectnode
selectlabel selectlabel

selectsegment
selectarcsegment
clearselected

selectsegment
selectarcsegment
clearselected

setnodeprop setnodeprop
setblock prop setblockprop
setsegmeniprop setsegmentprop
setarcsegmenprop setarcsegmentprop

deleteselected
deleteselectednodes

deleteselected
deleteselectednodes
deleteselectedabels deleteselectedlabels
deleteselectedsegments deleteselectedsegment
deleteselectedarcsegments deleteselectedarcsegm

ents

zoomnatural zoomnatural

zoomout
zoomin

add material
addpoint_prop
add.circ_prop
add boundprop
modify_material
modify_boundprop
modify_point prop
modify_circ_prop
deletematerial
deleteboundprop
deletecircuit
deletepoint.prop
moverotate
movetranslate
copy.rotate
copy.translate
setedit mode
selectgroup
new.document
savebitmap
savemetafile
exit pre
addbh_point
clearbh_points
refreshview
messagdox
grid_snap
showgrid
hide_grid

setgrid

zoomout
zoomin
addmaterial
addpointprop
addcircprop
addboundprop
modifymaterial
modifyboundprof
modifypointprop
modifycircprop
deletematerial
deleteboundprop
deletecircuit
deletepointprop
moverotate
movetranslate
copyrotate
copytranslate
seteditmode
selectgroup
newdocument
savebitmap
savemetafile
exitpre
addbhpoint
clearbhpoints
refreshview
messagebox
gridsnap
showgrid
hidegrid
setgrid

Table 3: Alternate preprocessor scripting function names
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6.2.2 Geometry Selection Commands

clearselected() Clear all selected nodes, blocks, segments and arc segments
selectsegment(x,y) Select the line segment closest to (x,y)

selectnode(x,y) Select the node closest to (x,y)

selectlabel(x,y) Select the label closet to (x,y)

selectarcsegment(x,y) Select the arc segment closest to (X,y)

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)

6.2.3 Object Labeling Commands

setnodeprop("propname”,groupno) Set the selected nodes to have the nodal property
"propname” and group numbegroupno . Note the property must exist before calling this
function.

setblockprop("blockname”, automesh, meshsize, "incircu it", magdirection,
group) 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 naméucircuit" (Note this circuit name must
already exist)

— The magnetization is directed along an angle in measureeégnegs denoted by the
parametemagdirection

— A member of group numbejroup
setsegmentprop("propname”, elementsize, automesh, hide , group) Setthe select
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 selegetsts

— hide : 0 = not hidden in post-processor, 1 == hidden in post praress
— A member of group numbeyroup

setarcsegmentprop(maxsegdeg, "propname”, hide, group) Set the selected arc seg-
ments to:
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— Meshed with elements that span at muoaksegdeg degrees per element
— Boundary propertypropname"

— hide : 0 = not hidden in post-processor, 1 == hidden in post praress
— A member of group numbejroup

6.2.4 Problem Commands

e probdef(frequency,units,type,precision,(depth),(min angle))
changes the problem definition. Sedquency to the desired frequency in Hertz. The
units parameter specifies the units used for measuring lengtleiprttblem domain. Valid
"units"  entries aréinches" , "millimeters" , 'centimeters” |, "mils" , "meters , and
"micrometers" . Set the parameteroblemtype 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, enteriiig8 requires the RMS of the residual to be
less than 108. A fifth parameter, representing the depth of the problerhéninnto-the-page
direction for 2-D planar problems, can also also be speciffedixth parameter represents
the minimum angle constraint sent to the mesh generator.

e analyse(flag) runsfkern to solve the problem. Thiag parameter controls whether the
fkern window is visible or minimized. For a visible windowtteer specify no value fditag
or specify0. For a minimized windowflag should be set ta.

e runpost(“filename") starts the post processor and instrdetsmview to execute the lua
file "filename" . The current solution will also be passeddammview and loaded.

The file name mustbe in a@intf  format, so for a backslash, use two backslashes\( ).

If the file name contains a spaad.file names likec:\program files\stuff ) you must
enclose the file name in (extra) quotes by usifly aequence. For example:
runpost("\"c:\\program files\\femm30\\bin\\testpost. lua\™)

Several additional parameters can be included inrdhgost call. A limited number of
variables can be passed to the postprocessor by adding a pattameters of the form
-lua-var=variable=value ,e.0:

run_post("c:\\my-lua-script.lua","-lua-var=filename =myfilename")

All variables are passed as strings so lua internal coraersiutines must be employed to

obtain numbers from the strings.

The postprocessor window can also be minimized by incluttisgparameteérwindowhide"

e.g:
run_post("c:\\myluascrip.lua”,"-windowhide")

6.2.5 File Commands

o savefemmfile("filename”) saves the file with namélename" . Note if you use a path
you must use two backslasheg. "c:\\temp\\myfemmfile.fem"
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o openfemmfile("filename”) opens the file with namidilename” . Note that if you use a

path you must use two backslasheg("c:\\temp\\myfemmfile.fem" ). If the file name
contains a space(Q.file names likec:\program files\stuff ) you must enclose the file
name in (extra) quotes by using'a sequence. For example:

runpost("\"c:\\program files\\femm30\\bin\\testpost. lua\™)

e newdocument() clears everything to a new blank document.

6.2.6 Mesh Commands

e createmesh() runs triangle to create a mesh. Note that this is not a negegsacursor of
performing an analysis, amalyse()  will make sure the mesh is up to date before running
an analysis. The number of elements in the mesh is pushedbatkhe lua stack.

e showmesh() shows the mesh.

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

6.2.7 Editing Commands
e 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.

copytranslate(dx, dy, copies, (editaction))

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

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 sagdegroup

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

scale(bx,by,scalefactor,(editaction))

— bx, by — base point for scaling
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— scalefactor ~ —a multiplier that determines how much the selected obpetscaled
— editaction ~ 0—nodes, 1 —lines (segments), 2 —block labels, 3 — arc segmemgroup

e mirror(x1,y1,x2,y2,(editaction)) mirror the selected objects about a line passing
through the pointgx1,yl) and(x2,y2) . Valid editaction entries are 0 for nodes, 1
for lines (segments), 2 for block labels, 3 for arc segmetd,4 for groups.

o 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.

6.2.8 Zoom Commands

e zoomnatural()  zooms to a “natural” view with sensible extents.
e zoomout() zooms out by a factor of 50%.
e zoomin() zoom in by a factor of 200%.

e zoom(x1,y1,x2,y2) Set the display area to be from the bottom left corner spechie
(x1,y1 ) to the top right corner specified fx2,y2)

6.2.9 View Commands

e showgrid() Show the grid points.
e hidegrid()  Hide the grid points points.

e grid_snap(“flag") Settingflag to "on” turns on snap to grid, settirilgg to "off" turns
off snap to grid.
o setgrid(density,"type") Change the grid spacing. Tdensity parameter specifies the

space between grid points, and thyge parameter is set t@wart” for cartesian coordinates
or"polar"  for polar coordinates.

o refreshview() Redraws the current view.
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6.2.10 Object Properties

e addmaterial("materialname”, mu X, mu_y, H_c, Jr, Ji, 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.

— Jr Real (in phase) portion of the applied source current dgirsismps/mnf.

— Ji Imaginary (out of phase) portion of the applied source cumensity in Amps/mrh
— 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
x 1 —laminated x or r

x 2—laminated y or z

3 —Magnet wire

4 — Plain stranded wire

5 — Litz wire

6 — Square wire

O

— 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 Magnetaquse wire.
— WireD Diameter of each wire constituent strand in millimeters.

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

o 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 densityoah units of Teslas and a
field intensity ofh in units of Amps/Meter.

e clearbhpoints("blockname") Clears all B-H data points associatied with the material
specified byblockname”
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addpointprop(“pointpropname”,a re,a _imj _rej _im) adds a new point property of
name'pointpropname”  with either a specified potentialim, a _re in units Webers/Meter
or a point currenf _im, j _re in units of Amps. Set the unused parameter pairs to O.

addboundprop("propname”, A0, Al, A2, Phi, Mu, Sig, c0, c1, B dryFormat)
adds a new boundary property with natp@pname"

— For a“Prescribed A’ type boundary condition, setde Al, 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 andSig to the desired conductivity in MS/m. SBtlryFormat to 1 and
all other parameters to zero.

— To obtain a “Mixed” type boundary condition, S&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, sBtryFormat 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.
addcircprop(“circuitname”, i _re, i _im, dvolt _re, dvolt _im, circuittype)
adds a new circuit property with namercuitname” with either a prescribed voltage

gradient or a prescribed total current. Set the unused pxopair to zero. Theircuittype
parameter is O for prescribed current and 1 for prescribédg®e gradient.

deletematerial("materialname”) deletes the material namédaterialname”
deleteboundprop("propname”) deletes the boundary property namp@pname” .
deletecircuit("circuitname”) deletes the circuit nameaitcuitname
deletepointprop("pointpropname™) deletes the point property nam¥adintpropname”

modifymaterial("BlockName",propnum,value) This function allows for modification
of a material’s properties without redefining the entire eniat (e.g. so that current can be
modified from run to run). The material to be modified is spedifoy"BlockName" . The
next parameter is the number of the property to be set. Thenlasber is the value to
be applied to the specified property. The various propettiascan be modified are listed
below:
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propnum  Symbol Description

0 BlockName Name of the material

1 Iy x (or r) direction relative permeability

2 Hy y (or z) direction relative permeability

3 Hc Coercivity, Amps/Meter

4 Jr Real part of current density, MA/fm

5 Jj Imaginary part of current density, MA/n

6 o Electrical conductivity, MS/m

7 diam Lamination thickness, mm

8 Oh Hysteresis lag angle, degrees

9 LamFill Iron fill fraction

10 LamType 0 =None/ln plane, 1 = parallel to x, 2=parallel to y
o modifyboundprop("BdryName",propnum,value) This function allows for modification

of a boundary property. The BC to be modified is specified'BdryName" . 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 canddified are listed below:

propnum  Symbol Description

0 BdryName Name of boundary property

1 Ao Prescribed A parameter

2 Al 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

o modifypointprop("PointName",propnum,value) This function allows for modification
of a point property. The point property to be modified is sfiediby"PointName" . 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 PointName  Name of the point property

1 Are Real part of nodal potential, Weber/Meter

2 Aim Imaginary part of nodal potential Weber/Meter
3 Jre Real part of nodal current, Amps

4 Jim Imaginary part of nodal current, Amps
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modifycircprop("CircName",propnum,value) This function allows for modification of
a circuit property. The circuit property to be modified isafied by"CircName" . 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 CircName  Name of the circuit property
1 ire Real part of total current

2 lim Imaginary part of total current
3 CircType 0= Parallel, 1 = Series

6.2.11 Miscellaneous

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.

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.

messagebox(‘message”)  displays thémessage" string to the screen in a pop-up message
box.

refreshview() Redraws the current view.
exitpre()  exits the preprocessor after the lua script has finishedsixec

print)  This is standard Lua “print” command directed to the outgduthe 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 viadia#og box. prompt returns
the user’s input as a string. If a numerical value is desiteelfollowing syntax can be used:
tonumber(prompt("message"))

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

defineouterspace(Zo,Ro,Ri) defines an axisymmetric external region to be used in con-
juction with the Kelvin Transformation method of modelingbwwunded problems. Th#&
parameter is the z-location of the origin of the outer regtbie Ro 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.
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getpointvalues
exit_post
add.contour
bendcontour
clearcontour
line_integral
selectblock
groupselectblock
clearblock
block.integral
zoomnatural
zoomin
zoomout
showgrid
hide grid
showmesh
hide.mesh
setedit mode

getpointvalues
exitpost
addcontour
bendcontour
clearcontour
lineintergral
selectblock
groupselectblocl
clearblock
blockintergral
zoomnatural
zoomin
zoomout
showgrid
hidegrid
showmesh
hidemesh
seteditmode

hide_densityplot
showdensityplot
hide_contourplot
show contourplot
show points
hide_points
grid_snap

setgrid
getprobleminfo
savebitmap

getcircuit_properties

savemetafile
refreshview
selectpoint

show point props
hide_point_props
messageéox
makeplot

hidedensityplot
showdensityplot
hidecountourplot
showcountourplot
showpoints
hidepoints
gridsnap
setgrid
getprobleminfo
savebitmap
getcircuitpropertie
savemetafile
refreshview
selectpoint
showpointprops
hidepointprops
messagebox
makeplot

Table 4: Alternate postprocessor scripting function names

e attachouterspace()

marks all selected block labels as members of the exterganre

used for modeling unbounded axisymmetric problems via tbleik Transformation.

e detachouterspace()

undefines all selected block labels as members of the ektegian

used for modeling unbounded axisymmetric problems via tbleik Transformation.

e shownames(flag)
on screen. To hide the block label nam#isy should be 0. To display the names, the

This function allow the user to display or hide the block labames

parameter should be set to 1.

6.3 Post Processor Command Set

There are a number of Lua scripting commands designed t@tepierthe postprocessor. As with
the preprocessor commands, these commands can be usedtthtiee underscore naming or
with the no-underscore naming convention. The equivalemttion names in the two conventions

are shown in Tablgl 4

6.3.1 Data Extraction Commands

e lineintegral(type)

Calculate the line integral for the defined contour
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pe name values 1 values 2 values 3 values 4
B.n total B.n avg B.n - -
H.t total H.t avg H.t - -
Contour length surface area - -

Stress Tensor Force  DC r/x force DC y/z forcex @x force 2x y/z force
Stress Tensor Torque DC torque x Borque - -
(B.n)2 total (B.n)’2 avg (B.n)’2 - -

aA®wWN PR Ol

Returns typically four floating point values as results. Tirs two values are the total real

and imaginary parts of the integral result, the second pairatverage real and imaginary
parts,e.g:

linere, lineim, advre, advim = lineintegral(0)

The only exception is integral 3, which evaluates Maxwaeiti®ss tensor. This integral can
return up to eight results. For force and torque results2theesults are only relevant for

problems whereo £ 0.

o blockintegral(type) Calculate a block integral for the selected blocks

Type Definition

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

10 Block volume

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

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

13 x (or r) part of 2 Lorentz force

14 y (or z) part of X Lorentz force

15 Steady-state Lorentz torque

16 2x component of Lorentz torque

17 Magnetic field coenergy

18 x (or r) part of steady-state weighted stress tensor force
19 y (or z) part of steady-state weighted stress tensor force
20 x (or r) part of Z weighted stress tensor force
21 y (or z) part of % weighted stress tensor force
22 Steady-state weighted stress tensor torque

23 2x component of weighted stress tensor torque

©oooo~NOOUh~WwWDNEFO

This function returns two parameters corresponding toaedlimaginary components.g:
re, im = blockintegral(10)
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e getpointvalues(X,Y) Get the values associated with the point at x,y RETURN vailues
order

Symbol Definition

Are real part of A or fluxp

Aim imaginary part ofA or flux @

Blre real part oBy if planar, B, if axisymmetric
Blim imag part oBy if planar, B, if axisymmetric
B2re real part oBy if planar, B; if axisymmetric
B2im imag part ofBy if planar, B, if axisymmetric
Sig conductivityo

E stored energy density

Hlre real part oHy if planar,H; if axisymmetric
H1lim imag part ofHy if planar,H, if axisymmetric
H2re real part oHy if planar,H; if axisymmetric
H2im imag part ofHy if planar,H; if axisymmetric

Jere real part of eddy current density
Jeim imag part of eddy current density
Jsre real part of source current density
Jsim imag part of source current density

Mulre real part ofi if planar, . if axisymmetric

Mulim imag part ofyy if planar, if axisymmetric
MuZ2re real part ofy, if planar, | if axisymmetric

Mu2im imag part ol if planar, | 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

Are, Aim, Blre, Blim, B2re, B2im, Sig, E, Hlre, Hlim, H2re,
H2im, Jere, Jeim, Jsre, Jsim, Mulre, Mulim, Mu2re, Mu2im,
Pe, Ph = getpointvalues(0.01,0)

For magnetostatic problems, all imaginary quantities are.z

e makeplot(PlotType,NumPoints,Filename,FileFormat) Allows Lua access to the X-Y
plot routines. If onlyPlotType or only PlotType andNumPoints are specified, the com-
mand is interpreted as a request to plot the requested jpletttythe screen. If, in addition,
theFilename parameter is specified, the plot is instead written to disth&ospecified file
name as an extended metafile. If theFormat parameter is also, the 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 flotType are:
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PlotType  Definition
Potential

B

B-n

B-t

H]

H-n

H-t

Jeddy
Jsourcet Jeddy

O~NO Ol h~WNPEO

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 pl8t n to the screen with 200 points evaluated to make the
graph, the command would be:

makeplot(2,200)

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

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

getprobleminfo() Returns info on problem description. Returns two values:

Return value Definition

1 problem type

2 frequency in Hz
getcircuitproperties(“circuit") Used primarily to obtain impedance information as-
sociated with circuit properties. Properties are returfegdthe circuit property named
"circuit" . Six values are returned by the function. In order, thesarpaters are:

— current_re  Real component of the current carried by the circuit.

— current_im  Imaginary component of the current carried by the circuit.
— volts_re  Real component of the voltage drop across the circuit in itlogiic.
— volts_im  Imaginary part of the voltage drop across the circuit in tineudt.
— flux_re Real part of the circuit’s flux linkage

— flux_im Imaginary part of the circuit’s flux linkage
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6.3.2 Selection Commands

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

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

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

addcontour(x,y) Adds a contour point at (x,y). If this is the first point therstarts a
contour, if there are existing points the contour runs fréwa previous point to this point.
Theaddcontour command has the same functionality as a right-button-carkour point
addition when the program is running in interactive mode.

bendcontour(angle,anglestep) Replaces the straight line formed by the last two points
in the contour by an arc that spaargle degrees. The arc is actually composed of many
straight lines, each of which is constrained to span no ntaaednglestep degrees. The
angle parameter can take on values from -180 to 180 degreesariestep parameter
must be greater than zero. If there are less than two poirfiisedein the contour, this
command is ignored.

selectpoint(x,y) Adds a contour point at the closest input point to (x,y). & telected
point and a previous selected points lie at the ends of ae@msnt, a contour is added that
traces along the arcsegment. He&ctpoint  command has the same functionality as the
left-button-click contour point selection when the pragris running in interactive mode.

clearcontour() Clear a prevously defined contour

clearblock() Clear block selection

6.3.3 Zoom Commands

zoomnatural) ~ Zoom to the natural boundaries of the geometry.
zoomin() Zoom in one level.
zoomout() Zoom out one level.

zoom(x1,y1,x2,y2) Zoom to the window defined by lower left corner (x1,y1) and eipp
right corner (x2,y2).

6.3.4 View Commands

e showmesh() Show the mesh.

hidemesh() Hide the mesh.

e showpoints()  Show the node points from the input geometry.
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e hidepoints() Hide the node points from the input geometry.

e smooth("flag") This function controls whether or not smoothing is appliedie B and
H fields, which are naturally piece-wise constant over eaemeht. Settingag equal to
"on" turns on smoothing, and settiflgg to "off" turns off smoothing.

e showgrid() Show the grid points.
e hidegrid()  Hide the grid points points.

e grid_snap(“flag") Settingflag to "on” turns on snap to grid, settirilgg to "off" turns
off snap to grid.
e setgrid(density,"type") Change the grid spacing. Tdensity parameter specifies the

space between grid points, and thyge  parameter is set twart"  for cartesian coordinates
or"polar"  for polar coordinates.

¢ hidedensityplot() hides the flux density plot.
e showdensityplot(legend,gscale,upper_B,lower _B,type) Shows the flux density plot
with options:

— 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 aimeag” , "real" , and"imag"
for magnitude, real component, and imaginary componeBt oéspectively. Alterna-
tively, current density can be displayed by specifylintag” , "jreal” , and"jimag"
for magnitude, real component, and imaginary componedt mdspectively.

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

¢ hidecontourplot() Hides the contour plot.
e 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.

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

e showpointprops() Displays the floating Point Properties display window.

¢ hidepointprops() Hides the floating Point Properties display window.
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6.3.5 Miscellaneous

e savebitmap(“filename") saves a bitmapped screen shot of the current view to the file
specified byfilename” . Note that if you use a path you must use two backslashegs (
"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:
save_bitmap("\"c:\\temp\\femm30\\bin\\screenshot.bm p\"")

o 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 messagebox("message”)  displays thémessage" string to the screen in a pop-up message
box.

e exitpost() Quit the post-processor.
e pause() Waits for the ok button to be pressed, a debug helper.

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

e prompt("message”)  This function allows a Lua script to prompt a user for inputhé&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’s input as a string. If a numerical value is desitteel yalue can be converted to a
number using the Lu@number commandge.g: tonumber(prompt("message"))

e shownames(flag)  This function allow the user to display or hide the block labames
on screen. To hide the block label nam#isy should be 0. To display the names, the
parameter should be setto 1.
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7 Numerical Methods

For those of you interested in what'’s going on behind thessénthefkern  solver, this section is
meant as a brief description of the methods and techniquesmsFEMM. References are cited
as applicable.

7.1 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 lyidevailable in the literature [([7] in
particular was referred to during the creation of FEMM).

The axisymmetric case for magnetics, however, is oddlywesdtaddressed. Hool&l[2] and
Silvester[[8] promote solving axisymmetric problems imtsrof a modified vector potential. The
advantage of the modified vector potential is that closedifexpressions for each term in the
element matrices can be formed. An early version of FEMM tisisdtechnique, but it is observed
to yield relatively larger errors near= 0. With the modified potential formulation, it is also
nontrivial to compute the average flux density associat¢l @ach element.

FEMM used to use an axisymmetric formulation developedctlydrom vector potentiaA
interpolated linearly over each element. Although thisrfolation gives very good results close
tor = 0, and often does well in general, it is radtvayswell-behaved. However, the formulation
suggested in]9] gives the same good performance close-t0, while succeeding in the cases
where the direcA formulation breaks down.

7.2 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 problems, the preconditioned conjugaidient (PCG) code is based on the
discussion in[[B]. Minor modifications are made to this altion to avoid computing certain quan-
tities more than once per iteration. Although Silvestenpotes the use of the Incomplete Cholesky
preconditioner, it is not used in FEMM, because it nearlyldes the storage requirements—for
each element of the matrix stored, a corresponding elenfaihiegoreconditioner must also be
stored. Instead, the Symmetric Successive Over-Relax@B8OR) preconditioner, as described
in [10], is used. The advantage of this preconditioner i$ itha built on the fly in a simple way
using only the matrix elements that are already in storagegeheral, the speed of PCG using
SSOR is said to be comparable to the speed of PCG with Incoenpleolesky.

For harmonic problems, the regular PCG algorithm cannotdesl;uthe matrix that arises in
the formulation of harmonic problems is Complex Symmeitie (A= A"), rather than Hermitian
(i.,e. A= A"). Curiously, there is very little literature available derative 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 Frefidd. The techniques discussed
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by Freund allow one to operate directly on the complex symmaetatrix and take advantage
of the symmetric structure to minimize the number of comppoites that must be performed per
iteration. Although Freund supports Quasi-Minimum Realdypproach, FEMM uses the complex
symmetric version of biconjugate gradient also describdd1]. 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 [11], 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 tghtyihalve the solution time. There
is an overall advantage to using the renumbering, becawsefttime 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 CiMici{ee method as described (1 [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 irctvia good node numbering is
essential to good performance. The renumbering speeds upn@®CG by reducing the error
between the SSOR approximationff! and the exachA~1. An interesting paper on the effect of
the ordering of the unknowns on convergence in conjugaignamethods i< [12].

7.3 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 rBvandH are used by the postprocessor,
density plots oB and 2-D plots of field quantities along user-defined contok terrible. Also,
the values oB andH aren’t so accurate at points in an element away from the elgsmentroid.

The use of smoothing to recover the accuracy lost by difteatng A is known assupercon-
vergence There are quite a few researchers actively pursuing tles. aA good bibliography of
current research is on the wekh&p://www.isc.tamu.edu/ srihari/reter.ntm .

Of the greatest interest to FEMM are so-called “patch reggvechniques. The basic idea
is the the solutions foB are most accurate at the centroid of the triangular elenkeawn as its
Gauss Point One desires a continuous profile®that can be interpolated from nodal values, in
the same way that vector potenthatan be represented. The problem is, the “raw” solutioB isf
multivalued at any node point, those values being the diffeconstant values &in each element
surrounding the node point. The general approach to estigitite “true” value ofB at any node
point is to fit a least-squares plane through the valudaifthe Gauss points of all elements that
surround a node of interest, and to take the value of the @atiee node point’s location as its
smoothed value dB [13].

However, this approach to patch recovery has a lot of shmitags. For the rather irregular
meshes that can arise in finite elements, the least-squipestilem can be ill-condition, or even
singular, at some nodes in the finite element mesh. Furthrerrie superconvergence solution can
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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.
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Figure 30: Sample demagnetization curve for Alnico 5

A Appendix

A.1 Modeling Permanent Magnets

FEMM accommodates permanent magnets, but there are socialspkes 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 mak@mighe form of a demagnetization
curve. A sample curve for Alnico 5 is pictured in Figlird 30.€Ttask 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 madi think of the magnet as a volume
of ferromagnetic material surrounded by a thin sheet ofenirras shown in FigufeB1. From this
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 cancellegitbe applied MMF must be exactly
the same as the MMF that is driving the magnet. The B-H prdiite 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 the box in the Block Property dialog
(see Figurél0). If the magnet material is nonlinear, the@pyate 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
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Figure 32: Shifting the B-H curve of a permanent magnet

pictured in Figuré_32. If the demagnetization curve is gtitaenough 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. Initidd, these materials have a relative per-
meability very close to 1. The modeling of these materiaistoasimplified (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 timegy product is almost always
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given), the appropriatel. can be determined vi&{B2).

5(10°)VE

Tt

He = (32)
whereE is the energy product in MGOe.

With alnico magnets, great care must be taken in interpgyehia finite element results. Unlike
rare-earth magnets, these magnets exhibit a great deglgestafresis when they are demagne-
tized. That is, when the flux density is pushed below the “kKineéhe demagnetization curve, the
flux level does not recover to the previous magnitude whemgpmsing MMF is removed. This
hysteresis is illustrated in Figukel33. This sort of demagiibn and recoil can occur when the
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 opgrati analysis that takes this sort
of hysteresis into account is beyond the scope of FEMM. Nade/ever, that this caution applies

only for nonlinear magnets; for practical purposes, ramhemagnets generally do not exhibit this
sort of hysteresis behavior.

A.2 Bulk Lamination Modeling

A great number of magnetic devices employ cores built up biliiie 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 insaridietween laminations) in the finite
element geometry. An alternative is to treat the laminatedenl as a continuum and derive
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Figure 34: Equivalent circuit for flux in the “easy” direatio

bulk properties that yield essentially the same resultslewbquiring a much less elaborate finite
element mesh. FEMM has implemented this bulk approach tmktrons.

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. Firfte rolling process makes the iron
somewhat less permeable than in the easy direction. Seanddnost importantly, the flux must
traverse the insulation between laminations, which typyi¢aas a unit permeability.

The first assumption in deriving the bulk permeability modethat 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 afge 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 F&g@4. There are two reluctances in
parallel-one for flux that flows through the iron part of theaiaations:

L

e oW (%)

Rezfe:
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and another reluctance for flux that flows through the air betwlaminations:

L

I:\’ezair - m

(34)

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
Rez= w 35
@0+ cmme (59)
Since L and W are arbitrarily chosen, the bulk permeabilitihe section is:
Hez= ((1—C) +Cik ) o (36)

For the solution of nonlinear problems, the derivation & thanges to Newton’s method to acco-
modate the bulk lamination model are greatly simplified isiassumed thgtl — ¢) << cp. In
this casepe, can be approximated as:

2~ Clk o (37)

This approximation leads to only trivial errors until thé filctor approaches zero. For example, if
K = 1000 with a 90% fill, the difference betwednl(36) and (37) ity about 0.01%.

For the hard direction, a different equivalent circuit,tpred in Figurd_35 can be drawn. In
this case, the circuit is two reluctances in series, as thehéis to cross the insulation and the
lamination in succession. These reluctances are:

cL

Rhard,fe = TRTRYY (38)
1-c)L
Rhard7air = ( UOVV) (39)
Adding these two reluctances together in series yields:
c+(1—c L
Rhard = (%) V_V (40)
Since L and W are arbitrary, the bulk permeability in the hdirdction is:
Hr Ho
=_ 7 41

If the material is laminated “in-plane,” all flux is flowing the easy direction, anf{B7) is used
as the permeability for each element. In problems that anenlated parallel to x or y[{37) and (41)
are used as permeabilities in the standard fashion for eftsmeth 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 @efiegrdependent permeability [4].
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In this case, the magnetostatic permeabilityis simply replaced by the frequency-dependent
permeabilityusq in 34) and [411):

we 2" tanh[e 2"\ /jory uog]
(42)

Hfd = d
JWOHr Mo
In @2), @, represents a constant phase lag between B and H due to lsysteris the conduc-
tivity of the lamination materiald is the thickness of the iron part of the lamination, and the
frequency of excitation in rad/s. Note that the concept aftéresis-induced lag can be applied to
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 probleth well-defined, closed solution
regions. However, a large number of problems that one migattb address have no natural
outer boundary. A prime example is a solenoid in air. The ldamy condition that one wouliike

to apply isA =0 atr = . However, finite element methods, by nature, imply a finitendm.
Fortunately, there are methods that can be applied to getiaas that closely approximate the
“open boundary” solution using finite element methods.
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A.3.1 Truncation of Outer Boundaries

The simplest, but least accurate, way to proceed is to picarbitrary boundary “far enough”
away from the area of interest and declare either0 ordA/on = 0 on this boundary. According
to [14], 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 centeretodlside of the objects of interest.
Truncation is the method employed by most magnetics findmeht 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 ra&tisoarse 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 containgd4]. Perhaps the simple way to
approximate an “open” boundary (other than truncationdeed in [14] 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 camwlito 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 @goma circular shell of radius,
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:

A(r,0) = il ?—rr: co§ MmO+ apm) (43)

where thea,, anda,, parameters are chosen so that the solution matches theipeespotential
on the surface of the circle.

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 saduatoutside the circle to the finite element
solution inside the circle.

From inspecting[{43), one can see that the higher-numbereddnic, the faster the magni-
tude of the harmonic decays with respect to increasing§fter 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,8) ~ T cognB+ap) (44)
Differentiating with respect to yields:
0A nan
o = il cognB+ap) (45)
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If (B5) is solved fora, and substituted intd{44), the result is:
0A n
— 4+ (=)A= 4
or + (r) 0 (46)
Now, {48) is a very useful result. This is the same form as th&xéd” 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 primaeyeast, the open domain solution
can be closely approximated by applyifigl(46) the circulamatary.
To apply the Asymptotic Boundary Condition, define a new, editype boundary condition.
Then, pick the parameters so that:
n
= 47
Co ors (47)
ct = 0 (48)

wherer, is the outer radius of the region in meters (regardless ofiking 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 definof the mixed boundary condition
coefficients are exactly the samefad (47).

Some care must be used in applying this boundary conditiarst Mf the time, it is sufficient
to taken = 1 (i.e the objects in the solution region look like a dipole whenmee from a large
distance). However, there are other cageg. & 4-pole halbach permanent magnet array) in which
the leading harmonic is something other timaa 1. You need to use your insight into your specific
problem to pick the appropriatefor the leading harmonic. You also must put the objects @frzgt
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. Fidurk 36, correspgriditheaxil example, represents
the field produced by an air-cored coil in free space. The asytic boundary condition has been
applied to the circular outer boundary. Inspecting thetsmiyflux lines appear to cross the circular
boundary as if the solution domain were truly unbounded.

A quick note on computational efficiency: applying the absaoy boundary condition im-
poses no additional computing cost on the problem. The AB&isputationally no more time-
consuming to apply than enforcidg= 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 thatha (@3) can be complex valued, and
follow the same derivation).

A.3.3 Kelvin Transformation

Introduction

A particularly good approach to “open boundary” problemthis Kelvin Transformation, a tech-
nique first discussed in the context of computational magset [15] and [16]. The strengths of
this technique are:
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Figure 36: Air-cored coil with “open” boundary condition

¢ the effects of the exterior region are, in theory, exactlydeled by this approach;

e asparse matrix representation of the problem is retaindik@FEM-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 faansation 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:

0°A=0 (49)
If we write (49) in polar notationA is described by:

13( 6A) 10°A

ror\"ar ) Tr2ge = O (50)
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Assume that the “near field” region of the problem can be @goathin a circle of radius, centered
at the origin. The far-field region is then everything ougsiide circle.

One approach to unbounded problems is to attempt to map theuanded region onto a
bounded region, wherein problems can more easilby be sol@cifically, 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 varidl¢hat is related to by:

R= rTO (51)
By inspecting[(5ll), it can be seen that this relationship sithp exterior region onto a circle of
radiusr.
The next step is to transfor {49), the differential equattmat the field must satisfy, into the
mapped space. That i§, {49) must be written in termR ahd 6 rather tharr and6. We can
evaluate derivatives in terms Bfinstead ofr by employing the chain rule:

9 0 /dR 9 /R\?
a—ﬁ(a)“ﬁ(a) (52)

Now, we can note that at= R =r,,

0A 0A
o =R 3)
and we can substitute(52) infa{49) to yield, after somelaige manipulation:
10 (_0A 1 %A
Eﬁe( a_R)+@W_O (54

Eq. (54), the transformed equation for the outer region, ehaxtly 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 domaimsisting of two circular regions:
on circular region containing the items of interest, and dditsonal circular region to represent
the “far field.” Then, periodic boundary conditions must ppléed to corresponding edges of the
circle to enforce the continuity ok at the edges of the two regions. The is continuityAadt the
boundary between the exterior and interior regions. Foritefelement formulation consisting
of first-order triangles [{83) is enforced automaticallytred 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 byyappthe inverse of[(31).

Kelvin Transformation Example — openl.fem

As an example, consider an E-core lamination stack with a@lw@around 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 lbeang the procedure than the actual
problem. The E-core was chosen to have a 0.5” thick centefl@§” thick outer legs, and a slot
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Figure 37: Example input geometry.

depth of 0.75”. The material for the core is linear with a tiepermeability of 2500. The coil
carries a bulk current density of 2 MAANThe input geometry is picture in Figurel37.

In Figure[3Y, the core is placed within a circular region, argbcond 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 Figlré 37. The way thatdiermundary 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 O at this reference point. The center of the
circle maps to infinity in the analogous open problem, so kesssense to define, in effeét= 0
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-ersqlution forA. Due to the type of
solver that FEMM employs, the problem can most likely be edleven 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 Figuiel38. As is the intamt 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.
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Figure 38: Solved problem.

A.4 Nonlinear Time Harmonic Formulation

Starting with the the 3.3 version of FEMM, the program in@sd “nonlinear time harmonic”
solver. In general, the notion of a "nonlinear time harmbmicalysis 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&imental 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 resukés,documentation of what has actually been
implement is important to the correct interpretation of tesults from this solver.

An excellent description of this formulation is contained18]. FEMM formulates the nonlin-
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 amplitudeBas
obtained by taking the first coefficient in a Fourier serigg@sentation of the resultirigy For the
purposes of this Fourier series computation, FEMM inteafed 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 thBnis
that choosing to be sinusoidal shrinks the definBtH curve—theB values stay fixed while the
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 ® ¢fffectiveBH 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 in an old O’Kelly paper (referehcézhas been
suggested that that the Steinmetz equation could be uspddiyshysteresis lag, but the Steinmetz
equation is badly behaved at low flux levels (i.e. one carlitestor a hysteresis lag that produces
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the SteinmetzB|1® form for the loss a8 goes to zero.)

For nonlinear in-plane laminations, an additional stealkeh to obtain an effectiv@H curve
that also includes eddy current effects. At e&tlkevel on the user-defineBH 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.

A.5 ActiveX Interface

FEMM also allows for interprocess communication via Ackvd-EMM is set up to act as an
ActiveX Automation Server so that other programs can contod€eEMM as clients and command
FEMM to perform various actions and analyses in a prograncrsty.

FEMM registers itself as an ActiveX server under the nafeese.ActiveFEMM and
femmview.ActiveFEMM . An explanation of how to connect to and manipulate an Agtiserver
are beyond the treatment of this manual, in part becauseptéafies depend upon what client
platform is being used (e.g. VB, VC++, Matlab, etc.)

The interfaces to botfemme andfemmview contains no properties and only two methods:

e BSTR call2femm(BSTR luacmd);
e BSTR mlab2femm(BSTR luacmd);

In each case, a string is passed to the method, and a strigtgised 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, whemb2femm 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.
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