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1. Introduction

EFCAD is a computational package developed to solve2ibepartial differential
equations (as Laplace’s and Poisson’s equatioteteceto thermal and electromagnetic
phenomena by using the FEM (Finite Element Method).

The first version ofEFCAD was operational in 1986, and this manual refergh&
eighth version.

Lately, many modifications and extensions were madeFCAD in order to improve
its performance and to add more options for ther.u$be packagewritten in
FORTRAN, works as a C program through the use of a translation procedure.
Because of this, the access to memory has beemdexteand the speed has been
increased considerably in comparison to the ol@RFRAN versions.

There are three main sections BEFCAD, namely, the pre-processor, the solution
modules (solvers), and the post-processor. In iaddithere are two programs for
management of thermal and electromagnetic progdites.

EFCAD has been used successfully for many years anslytem is a robust package.
However, the system is not perfect and some prabieialy arise as it is being applied.
If this happenswe would like to be informedin order to be able to correct any
problems, or to incorporate appropriate modifiaaticand extensions to improve the
package.

In this manual, we will first describe the gendtaictioning of the system and then, the
different programs included in the package. At thppendix section, the basic
equations and boundary conditions are presentetthouti detailing the theory. We

strongly recommend the reading of this Appendix, since useful information is
provided. If the reader is interested on the themak bases of the method, we
recommend the book “Electromagnetics and CalculatioFields”, by N.lda and J.P.A.

Bastos (see Reference section) where this packagentensively used for

electromagnetic applications.

The development oEFCAD is a collaboration result. The research group haf t
Laboratoire d’Electrotechnique et Electronique Isthielle de Toulouséas been a
main partner of the GRUCAD and, particularly, theedretical and computation
implementation of the versions BFCAD related to electrical rotating machines were
performed in cooperation with this group. Also,thk computational support (graphical
libraries, compilators and link-editors) have beenstantly furnished and improved by
the LEEI team. The GOPAC, of the Universidade Faldee Minas Gerais, Brazil has
developed and furnished the ICCG routines for lineeatrix system solution (see
Reference section).

Finally, we point out that the use of this systeas lbeen considered by most of the

users as simple, friendly, fast and efficient. iyaneed and help is necessary, contact
the GRUCAD or the LEEI.

Remark on the didactical (free) version of EFCAD The didactical version of




EFCAD can be obtained as a free package, which camobamloaded from the site
www.grucad.ufsc.hr or contacting directly the GRUCAD. All the progra are
identical to those of the full version, excepting that tleévers, which ardimited to
600 nodes or unknowns

Suggestion _for _using EFCAD because many dialogues with the programs are
performed as UNIX or LINUX commands, we suggesbpen a MS-PROMPT DOS
Window to interact wittiEFCAD.




2. The Drawing Description

This section describes the method of drawing theatism domain and its placement in a
file. The drawing is related to the geometry of #tedy domain and does not contain
any physical information. The related file ispaie type and the drawing program EFD
normally creates it, as it will be seen soon.

The next figure shows an example of a domain.

Example of a domain drawing

The drawing can have only two types of elemelit& segmentsand circular arcs.
The points can beandomly numbered. Two points, in any order, define a segment.
For example, element 9 in Figure 1 can be deschlyed

1 6 0 or: 6 1 0
The numbefzero” indicates that it is Blne segment Theelementsof the drawing can
also be displayed in the filt any order, numbered randomly. Elemel® is a circular
arc and is defined in a counterclockwise fashibat ts, elementOis defined as:

7 2 2

This means that the astarts at point7 andendsat point2. The third number, which is
2, means that the center of the circle is given leysiicond set of center coordinates.

With these definitions, the drawing in the figutgoge is defined by the following data
set:

000.

NOOWNONUTWN R
NFRPANRPAOMDON
NOROOOOOOO



x1 yl
X2 y2
x3 y3

X7 y7
F
Xcl  Ye1

X2 Ye2
F

This set of data provides information as follows:

- The first line gives acale factor In this example, the value 190Q, meaning that the
coordinates are imeters/1000.=millimeters If the description isn meters, the scale
factor should bd.

- Second part This contains the elements (line segments ans) énat make up the
domain, as explained previously. The points aremias integer numbers and the
order of the elements is arbitrary. The leEendicates the end of the elements listing.

- Next are the coordinatesof the points that define the elements above.his t
example, these are given in millimeters (real nusiberhe lettelr again indicates
the end of the record.

- The next section gives the coordinates of the cieckentersfor the arcs. In this case
there are two arcs and their center coordinatealacegiven in millimeters. The letter
F indicates the end of the record.

This file is always given an extensigore by the pre-processor, which writes it as an
ASCII, free formatted file (i.e. the numbers arpaated by blanks or commas).

Because the structure of this file is very simphie, user may develop its own drawing
generation program, directly adapted to his/her specific application.



3. General Diagram of EFCAD

The general diagram of EFCAD is shown in the figoeéow.

“ (Drawing)
Management
of property “)
0
\ © Pysical data,
belf mesh ...
N~
@ /
Y
| ——_Sobvens ] S
eflos.dat Mesh
or \Ef/
efterm.dat 3) / Potentials
N~
\ Numeric and Screen or
graphics results | printer

General diagram of EFCAD

Block 1 represents thpre-processor sectiorof EFCAD. The programs in this section
will be described shortly. The main goal of the-precessor is to read the drawing file
(a.pre in the example in the figure above) aafter receiving information that defines
the physical problem (materials, sources and baynatanditions datg to generate the
meshnecessary for the application of the finite eletmaathod to the problem.

The files created by the pre-processor amitten as coded ASCII files and are
therefore very difficult to understand. Their exdiem is.elf. In the figure above, the file
name isb.elf. One drawing (such aspre) can generate manglf files depending on
the user's needs.

Block 2 shows thesolvers sectionof the package. In this section, the FEM is ajgplie
The file containing the mesh data and other infeionab.elf, is read by one of the
solvers. After the solution, the primary resulttgrdial at the nodes, is written in file
b.elf, following the mesh information, without modifyinghe existing entry
information. To obtain the solution, an additiofild containing the electromagnetic (or
thermal) properties of the materials is also usBEds file is calledefmat.dat (or
efterm.dat). For iron losses evaluation the data of &éflos.datare needed.

Block 3 is related to thepost-processor program which will read the fileb.elf
(containing the solution) and the property fiienat.dat. This sector will transform the
potentials into actual fields and provide a complgtaphic and numerical treatment of
the FEM calculation. The results can be displayethe monitor and/or printed.

Block 4 is made ofthree programs that manage the material propertiesfiles
efmat.dat and eflos.dat for electromagnetic applications efterm.dat for thermal
problems. In this section, the user enters the maateroperties normally required for
solution of his/her own problems.



Some Remarks:

- After calculation in the solution section (blockad eventually passing through
the post-processor, block 3) the pre-processorread again aelf file. This
means that the user is able to change, for exampteaterial or source etc.,
without changing all the definition previously ma#towever, it isnecessary to
re-meshthe domain.

- All programs inEFCAD have names beginning with the pretbF, as, for
example, the solvedEFCS that performs static finite element calculations.

- The pre- and post-processors are unique, and @ueynteract with any of the
solvers.

- In any solver as well as IBFGN, the user catype <Enter> in response to the

prompt: "File name?". Thiast file created by the pre-processor, which matches
the required extensiaelf is used by the solver.

3.1. The Pre-Processor Section.

The pre-processor (first block of the previous daag) is shown in the next figure.

User’s . * pre
program "
* * pre * elf
AutoCad — )} prcony 2 o EFM ——»
To Solvers
>.< >
] ¥ pre
Text Editor >
* pre
EFD > P
* elf
EFR

The pre-processor section diagram.

The main goal of using a simple description of the drawing (s@ttR), recorded as a
readable ASCII filepre, is to leave the user completely freéo generate this file as
needed. Since it is almost impossible to fill &létneeds of all the users in terms of
drawing, we have decided to proceed in this waye Tker can write his/her own
program to generate the drawimgye according to his/her needs. For example, it may
become necessary to calculate a sequenceoaofactors for which, only some
dimensions change. The user can then write a spmatjram which supplies the
necessary parameters to generate the correspa@vwings.pre.

It is also possible to write this file directly amy text editor. Another possibility is the
use of commercial drawing package such as AutbGadhe latter case, the drawing is

! Someversions of AutoCad.
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written in standard format as a fildxf. ProgramEFCONV, which is an integral part of
EFCAD, will then grab this file and convert the line sents and arc segments.axf
to the format required byre.

ProgramEFD is the code provided iRFCAD for the purpose of creating the drawing.
This program allows the user to generate the leggnents and circular arcs necessary
for drawing, in a simple and user friendly envir@mwh This module, more than any
other iINEFCAD has been constantly changed and improved in ¢oddl the needs of
different users. For this reason we recommenddhewing:

1. That the users ask for and use only the lasioefEFD.
2. That the users suggest any modifications aneheidns he/she feels are necessary for
his/her needs and are of general interest.

Program EFM? performs many tasks. The first is to offer drawipgssibilities,
allowing the user to make some final modificati@amsl adjustments to filgore. Then,
as an internal procedure, the program continues eefining the regions that make up
the solution domain. The third step is to offer tnger the possibility of defining
materials and sources in the regions, as well aadary conditions, and others. Finally,
the last step is the automatic mesh generatiorceeation of file.elf. In its last version
three methods of meshing are availablen EFM, adding robustness and flexibility to
it.

ProgramEFR is a useful program in describing a problem inchiithe physical domain
is regular, and can be described by a regular mesih as the meshes used in finite
difference methods. It is extremely simple and fastd, therefore, is highly
recommended whenever it is possible to describedtimeain in this way. The finite
elements generated acpadrilateral elements and these providevery accurate
results. EFR creates aelf file directly, which can then be used by the svdf
desiredEFR can also generate.pre file based on the main lines defining the region.

ProgramMESH is another program iBFCAD pre-processing environment. It enables
the graphical identification of mesh nodes and elets and can be useful in some
applications.

3.2. The Solvers Section
The solvers section is shown in the next figure.

Only .elf files can be read by the solvers. The user chotisessolution module
according to his/her physical problem. After penfiorg the calculation, the solvers add
to the same file.€lf), a“flag” variable indicatingvhich solver was choserand the
correspondingolution (potentials at the nodes of the mesh).

All solvers have names starting wil#+C which mean that Finite Element Calculations
are performed. The fileefmat.dat, which contains the electromagnetic material

2 Some EFCAD packages incorporate also program EEbh&erning meshing slightly different of
EFM.
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properties is read bygFCS, EFCC, EFCJ, EFCT, EFCF, EFCR, EFCR360, EFCM,
EFCM360, EFCG, EFCSL, EFCMF, EFCMF360 and EFCV. File efterm.dat,

which contains thermal properties is read by pnogrBFCTS andEFCTT. The iron
losses data fileeflos.dat is used by solverEFCR, EFCR360, EFCM, EFCM360,
EFCB, EFCMF andEFCMF360.

EFCS
EFCC

efmat.dat

EFCI eflos.dat

EFCT

EFCF
EFCR

Hii

EFCR360

EFCM360

Pre-Processor * elf Potentials

i
B

EFCM Post-Processor

EFCG
EFCSL
EFC

EFCV

EFCTS — -
EFCTT — efterm.dat

Diagram of the solution section

--a--

The solvers are:

EFCS:. Forstatic electromagnetic calculations.

EFCC: For electromagnetic calculations using toenplex formulation. This module
can be used for sinusoidal excitation, includingyedurrents, but with linear
materials only.

EFCJ: For transient electromagnetic problems usingep bly step timing procedure.
Non-linearity and eddy currents can be treated. S$berces are current
densities J defined by the user.

EFCT: Similar to EFCJ but thesources are voltage fedIn this case, the electric
circuits related to the sources are taken into @auceimultaneously with the
solution. The unknowns are the potentials at noaeswell as currents
established in coils

EFCF: For solving nonlinear, time stepping, eddy currets cases fed with voltage
defined in the sources andhick conductors reliedThick conductors are
conducting material where eddy current are induced.

EFCR: Calculation for Static Cases with rotation foeatical machinesvith (anti)
periodic boundary conditions Allows the calculation oflux, inductances
torque, f.e.m,, inductions andiron lossesas a function of rotor position.
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EFCR360 performs the same calculationsESCR for electrical machines that must
be simulatedwvithout using (anti) periodicity boundary conditions. In this
case, the whole machine is calculated.

EFCM: Similar toEFCT but incorporating rotation for voltage fed elecatimachines.
Allows calculation ofcurrents, torque, rotor speed and iron and eddy
current losses

EFCM360: makes the same calculations tH&CM for electrical machines that must
be simulatedwvithout using (anti) periodicity boundary conditions. In this
case the whole machine is calculated.

EFCG: Special solver to squirrel-cage induction mot@&@BCG is similar toEFCM
but considers the electrical circuit of the squioage. Allows calculation of
currents in stator windings and rotor bars as astbrque, rotor speedand
iron and eddy current losses

EFCSL: For static problems aEFCS but incorporates the possibility of solving
simultaneously cases for several sources. Calaukatitomaticallyflux and
inductances

EFCMF: Solving nonlinear, time stepping, eddy curremtses fed with voltage defined
in the sources, connection between thick conduaads taking into account
rotor movement. AEEFCM allows calculation ofcurrents, torque, rotor
speedandiron and eddy current losses

EFCMF360: performs the same calculations BSCMF for electrical machines that
must be simulatedithout using (anti) periodicity boundary conditions. In
this case, the whole machine is calculated.

EFCV: Electromagnetic calculations in which parts c# 8tructureanove at constant
velocity. Eddy currents and nonlinear materials are treatéuis module.

EFCTS: Forstatic thermal calculations.

EFCTT: Fortransient thermal calculations This module is particularly useful when
the temperatures in the structure are changing.

3.3. The Post-Processor Section

The diagram of the post-processor is now shown.

or
m efmat.dat efterm.dat

Potentials
—> Solving —— | EFGN

\

EFCMOUT

Printer

Diagram of the post-processor

w2
(2]
=
(€]
[¢]
=

O 0OO0OO0OO0O0O
O O0OO0OO0OO0O0
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ProgramEFGN is a general module performing all the post-preicesoperations. File
.elf, with the potentials (or temperatures) as caledldty any of the solvers is read by
EFGN. Based on the data redel-GN provides both graphic and numeric results in a
simple, friendly way.

EFGN uses the file of electromagnetic or thermal properefmat.dat or efterm.dat)
depending on the nature of the physical probl&RGN presents the results on the
screen or on a printer, according to the user'dsiee

EFCMOUT is another post-processor BFCAD allowing investigation of iron losses
in electrical machineEEFCMOUT reads a filelos generated by the solveE-CR,
EFCR360 EFCM, EFCM360, EFCG, EFCMF andEFCMF360.

3.4. Management of the Properties Files

Management of the material properties files isqraned by the following diagram.

 —

<>
<>

Diagram of the material properties file management.

To define the materialsinside the regions of the solution domae use numbers
The numbers relate the data inserted in Bliesat.dat andeflos.datfor electromagnetic
applications oefterm.dat for thermal applications.

The management of these files is made through anodgeéFP (electromagnetic
properties) EFPL (iron losses properties) or progr&Rr TP (thermal properties)The
most convenient way to work with the material propeties is to fill the files
efmat.dat, eflos.datandefterm.dat with all materials one expects to commonly use. If
this is done, preparing and solving a particulasbgm does not require additional
manipulation of filesdat.

In the pre-processor step, the reading of fitizd is not necessary. The user only needs
to identify the particular region with a number watirepresents the material with
properties he/she needs. The solution and posegsoty modules read the property file
and associate the material number with the materagerty.
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4. Description of The Programs

In the description of th&FCAD programs that follows, it is assumed the user is
familiar with the concepts of electromagnetics. Tescription is therefore limited to
the technical aspects and usage of the programs.

The major interaction between the user &fICAD is obviously during the pre-
processor step, in which the drawing and physidarmation are furnished by the user.
It is advisable that the user prepares the datarms of geometry and physical aspects
before typing it.

A well-prepared and properly defined case is nolyredsy to enter and will shorten the
time needed to insert the data. On the other hartshdly or incompletely prepared
problem will result in the need for corrections andy result in errors, not to mention
the time loss.

Some remarks:

- For all modules, when the user is asked forerfbhme .pre or .elf) the user has to
type the file namevithout the extension.

- In any solver and IlEFGN, if the user types <Enter>following a prompt for a file
namehe last file generatedby the pre-processor will hesed by the program

- Using the"menu” the user can eithelick inside the boxrelated to the desired item
or simplytype on the keyboard the upper case lettesppearing in the corresponding
message. In this case, th@sor cannot be located on the menspace.

4.1. THE PRE-PROCESSORS
EFD

4.1.1. EFD - Drawing of the Domain.

This program is responsible for drawing of the ctinee. It has been the object of many
changes and extensions in order to fill the diffiereeeds of users, which constantly ask
for new features and optionEFD creates a filepre, which is ASCII, formatted (see
section 2) and contains the description of the ggpnof the solution domain.

In normal useEFD displays the drawing on the monitor. The eleméims segments
and arcs), points, and the center of circles asplayed in different colors. The
situations shown below should be avoided, sincg #ne incompatible with the regular
use of FEM and will cause difficulties/errors irbsequent steps.
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—>

a. Incorrect: Segments crossing each other Qorrect: crossing point is
defined
—X

—X
a. Incorrect: Disconnected points b. Correct: Connected points by inserting

a segment
p3 p3

Existing
segments: pl p3 and pl p2

Existing
segments: pl p2 and p2 p3

rl rl
a. Incorrect: Superposed segments b. Correct: Successive segments
rle@ rle
p4 p4

p2e ® P2 ®

Existing Existing

segments: pl p3 and p2 p4 segments: pl p2, p2 p3

and p2 p4

p3® p3@®
a. Incorrect: Segment is disconnected b. Correct: All segments
connected

ProgramEFD saves the drawing data onto the disk as it isgoemtered. Because of
this, if the program aborts at any stage, pradyicll data entered prior to the incident
is saved in the corresponding fif@e.

Most of the options ifEFD are displayed in the "menu” bar on the top of sbesen.
They are self explanatory and easy to use. The stegh commands &FD are:

Initial commands: First, the user is asked if this is a new casaroexisting case in
need of modifications. If the user indicates iaisew case, the user has to enter the
scale(meters/Scale, e.g. 1000. if the unit to be usedillimeter) and the limits of
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the drawing (which can be larger or smaller thamnltmits of the solution domain).
When a line segment or arc exceeds the limits,pitogram adjusts the limits
accordingly. The user is then asked for tiagne of the new file.If the problemis
an old case the name of the file must be entered and the haseto specify the the
file name in which the modified file will be stordd can be thesame,and the old
file will be overwritten with the modified data).

If the user indicates a new case, a point correfipgnto the minimum coordinates of
the limits will appear on the monitor. If the casenot new, the old drawing will be
displayed.

a. Command 'Segment' (message: "Segment").
Draws the line segments. First, itrequired to click on the origin of the segment.
Then the usetypes the length and angl€in degrees) of the segment (at the bottom
of the window). The angle refers to the trigonomeetrientation of the segment,
assuming that the origin point is at the centetth& trigonometric circle. As a
segment is created, tfieal point becomesthe origin of the following segment, to
ensure connectivity of the segments. filush a sequence, the user types "E"
when the messadgi.ength, Angle (degrees);[Type E for Exit] = for the next
segment appears on the monitor.

Example:

length = 2, angle = 90°

length = 5, angle = 45°

Click
(beginning)
Using command “Segment”

b. Command 'New point' (message: "Newpt")
A sequence of points can beserted in the drawingthrough the keyboard. The
points can be inserted in Cartesian coordinatesPolar coordinates. The
corresponding messages axeobrds New Point (Type E to Exit) X,Y= and
"Coord New Point (Type E to EXxitiR, Theta =" respectively. As the coordinates
are typed, the point appears on the drawing. Theeseds finished by typing E.

c. Command 'Graphic Point' (message: "grfPt")
Setting this option, the user creates new padniy by clicking the mouseat the
location where new points are needed. This comnemdry useful when the exact
location of the point is not important. Thaption is canceledwhen another
command is set.

d. Command 'Join' (message: "Join")
This command creates segments digking on two points defining the new
segment. The optiongéanceledwhen anew command is set.

e. Command 'Division' (message: "Division")
This option is used when it is necessaryivide a line segment or arc into two
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parts. The mouse is clicked at the location (or velnse) where the division is
desired. A new point is created at that locatiod @@ original element is divided in
two. The command isanceledwhena new command is set

Example:

Click

=

Click

N
ﬂ //
Element (segment or arc) are divided in two part

f. Command 'Zoom' (message: "Zoom")
The 'Zoom' command is used to magnify a part ofdtwain, in particular where
visual inspection is difficult. Aftesetting the 'Zoom' command the user clicks on
thetwo points defining the windowto be magnified.

h. Command 'Continue' (message: "Continue")
Clicking this command, following '‘Zoom’', or any eththe drawingeverts backto
the original limits.

Important Note: Command$sZoom™ and "Continue” are used in the way described
herethroughout the EFCAD package.

I. Command 'Elimination' (message: "eLim")
This command is set when it lecessary to eliminate segments or arcéfter
setting the command, a sub-menu appears, givinghbiee between the direct use
of themouseor a message fateleting (erasing) the last element entered (message
is “elim Last”). If none is clicked, thenouse becomes the default choice. In this
option, clicking the mouse on the required segnoerdrc eliminates a line segment
or arc. Click exactly on the segment (eventuallykimg a "zoom") to avoid
ambiguous results. Ifelimination last" is selected, the last entered element (line
segment or arc) is erased, just dicking on the message itselfThis option is
particularly useful when an element is erroneoesiiered. In such an instance, the
segment can be eliminated before proceeding.

J. Command 'Replication' (message: "Replic")
This option is set when it imecessary to replicateelements in a geometric
sequence. This becomes very useful when a geomsatmgde of repetitive sections
such as in electric machines, where, for examplgloaican be defined and then
replicated as many times as necessary. When thi@nap set, aub-menuappears
and the user can choose betwé€artesian” and "Polar " replication. The user
mustfirst select the windowin which the elements to be reproduced are. &his
done by clicking twice on the mousen the appropriate locations for defining the
window section Then, the number of replications and the dediisdlacement are
entered from the keyboard, at the bottom of theestr
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Example of Cartesian Replication:

=

Replication number = 4

delta X = 3
Selected/ deltaY — 2

area

Cartesian replication

Example of Polar Replication:

Selected/y '

ared

Replication number = 2
deltaR =0
delta Theta = 20°

Polar Replication

In the case of polar replication tip@int (0,0) (existing or not inside the domain) is
assumedo be the center of the polar circleFor example, if the user is working with
an electric machine, the point (0,0) should be ehass the rotation axis of the machine.

k. Command 'Arc' (message: "Arc")
EFD offers different ways to create arcs. When thisiampts set, a sub-menu
appears on the screen with the following options:

k1. Point, Angle, Center (message: "pt/Ang/cen")
Arcs are always defined in the counterclockwis@lirection. In the case of this
option, the user first clicks the mousa the origin point of the arcs. Then the
angle that the arc spans fgped through the keyboard,and finally theuser types
the coordinates of the centerof circle orclicks the mouseon the center of the
circle. By using the mouse, the user assumes thiercef circle is in the drawing
area. Typing the coordinates of the center doesetptire that the center be in the
drawing area.

Example:



19

% .="" Click(1)
“
Click (2)
) cenler o )
Creating an arc defined by initial point, angle acehter

k2. Two points and Center (message: "2 pTs/cen")
The arc is created by clicking on theo points defining the endsof the arc and
then by clicking on theenter of the circle(or entering the coordinates of the center
through the keyboard).

Example:
Click (2)

4 -

’ -="" Click (1)

Click (3)
center

Creating an arc by using two points and the center

In this caseit is necessarythat thedistancesbetween the center and the two points are
equal or very close otherwise the operation is aborted.

k3. 3 Points (message: "3 Pts")
The user clicks on three existing points that detime arc. Observe the difference
when clicking on the points in two distinct ways.

Example: '
Click (3) Click (2) Click (1)

Click (2)
OR

Click (1) Click (3)

Creating an arc defined by the three points; nbtetivo possible ways
k4. Two points and radius (message: "2 pts/rD")
The user has to click on two points definthe arc and type the length of the

radius.

Example:
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.--- _Jza_diiu_ . E?/z‘ck 2) Click (_1) _________ -
- . R PS ’
“~ . . Ps
-~ . Ps
pES OR L’ * Radius
-~ *
A .
Click (1) Click (2)

Creating an arc by using two points and the radargth

Note: The center is always located on the side of thesach that the sequence "initial
point of arc, final point of arc, and center ofct#" are in the counterclockwise rotation.
If the radius is too small (smaller than half thetahce between the two points) the

operation is aborted.

k5. Two points and center at the Origin (message@: gts/Or")
The user clickon the two points (counterclockwise) defining the arc and the
center is considered automatically at the origin (@); it is very useful, for
example, when defining arcs for electrical rotatingchines.

k6. Circle (message: "ciRcle")
A circle is created by thaddition of two arcs The first spans from O to 180

degrees and the second from 180 to 360 degreesis&cathis option, the user
indicates the center of the circlg€by clicking the mouse or entering the coordinates
through the keyboard) and thentering the length of the radius

|. Command 'Verification/Cleaning' (message: "Vrtlean")
Selecting this command accomplishes many tasks

- Points that are not used are erased.
- Disconnected elements will be drawn in a différesior.
- Crossing elements will be drawn with a differeator.
- If two segments are superposed, one of thembeikliminated.
- Duplicate elements are eliminated.
- The operations below will be performed:

|

[
Connecting segments are automatically set

If the distance between the disconnected pointl@dalid element is very small, the
point is placed on the segment and the segmertattivinto two valid segments.

It is always advisable to click this command befexding the drawing stage in order to
detect and correct errors at this stage ratherdpgett them later on.
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m. Command 'End’ (message: "End")
Typing this command completes the drawing. Theifilstored in the formapre
described above (section 2) indicating the numbdesegments, arcs, points, and
centers of circles stored.

EFM

4.1.2. EFM - Physical Definition and Meshing

The programEFM has been the subject of many improvements thesgdass. Some
are internal for adjusting, correcting and impraveigorithms and procedures. Others
are related to new features and possibilities. Nihw, user can choose one of three
meshing methods. The first one (see referenceosgctbased on three operations
(closingacute angleseliminatingconcavitiesand using node distances to the polygon
barycenter as criterion for creating new nodes) as well as $kcond (creating a
“cloud” of new nodes and generating the elements byDilaunay method were
developed at th&RUCAD. The third one, is a program called “Triangle” d®ped by
Richard Shewchuk (see Reference section) and aiaits a public domain program.
This program (also based on the method of Delaursay)cluded inEFM and it is
called automatically generating the meshes at tifiierent regions. The whole
functioning ofEFM remains the same and just before meshing, a sul-rm®posing
this choice appears in the screen. Also, now, Hegfurstly furnishes the name of the
file (.elf) where the problem and mesh will be stored. Theeefih a trouble occurs
during the case treatment, the entered data isikepe file and the user can re-starts
EFM without losing the data previously typed.

EFM discretization section can alstreate quadrilateral elements whenever a
rectangular region (or close to rectangular) iecked. For more details, read the option
“discretization” below.

ProgramEFM has three main steps:

- Reading the drawing file .pre, including the option of making modifications toet
drawing.

- Definition of materials, sources, and boundary conditionshfergiven case.

- Automatic meshgeneration.

EFM can read a filepre for a new case or a filelf to proceed with modifications in a
case already treated yFCAD. When the program asks for the file name with
extension.pre, the user can simply type <Enter> and the questitinrefer to a file
with extensionelf. In this caseEFM goes directly to the second step mentioned above.

In the first step, after the name of filgre has been given, the drawing of the structure
is displayed on the monitor. The user is now ablpdrform some modifications to the
drawing using most of the commands described itised.1.1 (for the progra&FD).
However, there is one command particulaEteM which is displayed in the menu as
"Any". This option is related to the arcs of circles. Séhare transformed into line
segments after division of the arcs B¥M. If the number of divisions does not
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match the user's particular needs the user can click theouse on this option and
then click on one of the points of the arcas shown in the figure.

Final point
Click

r'd

Initial point
Modifying the number of segments defining an arc

The program writes on the bottom of the screemtimber of divisions of the arc and it
will ask for the number of divisions desired by theuser. Following input by the user,
the arc is now divided and re-displayed on the teono show the new division.

All other commands possible in this first part BFM are similar to the commands
described in section 4.1.1.

When the drawing is ready, the user can clicKxit". The program asks if the user
wants to store the (modified) drawingin another file.pre. If the answer is positive,
the name of the new file is required. This file maran be the original file name in
which case theld drawing will be overwritten. If the user does not wanto store the
new drawing he/she camply type <Enter>.

When this part is finishedcFM will find automatically the adjacent regions formgin
the whole domain.

Now the second step &FM starts by drawing the domain and a new menu apaar
the top of the screen. The commands in this megw ar

a. Materials (message: "Mater")
By default, all regions are filled witmaterial No. 1 (a good idea is to give material
No. 1 in file efmat.dat the properties of air). By setting this optiong ttumber of
the material is provided by the user amy clicking the mouse inside the selected
region, the region idilled with this material .

b. Thermal and current sources (message: "J-currhd "Q-therm")
The user types theumber of source (theactual values in MKSA units will be
supplied to the solver late}. The user clicks the mouse inside the regiontsftnm
the source. If anncorrect source or region are specified, theser can define a
source number "zero" and click inside the region that needs to be cteck
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c. Electromagnetic boundary conditions (messageterm bC")

cl.

c2.

With this command the user can apply Dirichlet #any conditions (that is, to
apply fixed potentials on the boundary). A sub mappears with the following
commands:

Total Dirichlet on the Boundary (message: "totdh")

By clicking the mouse on the optiaal] segments of the boundarywill have fixed
apotential equal zera This option is arery simple way of definingthis particular
condition in problems in which theector potential is usedfor solution and which
have no flux crossing its boundariefNofe: applied (imposed) potentials or
Dirichlet boundary conditions are two expressiarstfie same condition).

Dirichlet - 2 points (message: "dirch/2 Pt")

In this case the user enters the value of the eghpotential analicks the mouse
on the two points defining the partial boundaryon which the potential is applied.
All segments of the boundary includedbetween the two points (in
counterclockwise sensewill assume the value of this potential, as showrhe
figure below:

Applied potential
Applied App lieq’
potential potential
Click (2) Click (1)

Applying potentials (Dirichlet condition) at all ¢hsegments of the boundary between

c3.

the two points indicated.

Dirichlet by Segment. (message: "dirch/Segm")

This follows the same procedure as above but idstéaclicking on two points
defining the boundarythe user clicks the mouse on the segment® which the
potential is to be applied. It is advisable to kltbe mouse in a point close to the
middle of the segment, in order to avoid confusidtt other segments.

c4. Elimination by Segment (message: "eLim segm")

When a segment has an applied potentialtaisdcondition has to be removedthe
user can set this option and click on the segmemtuch he/she wishes to remove
the applied boundary condition. This can be remkated stays in effect until
another option is set.

c5. Total elimination (message: "Tot elim")

By setting this optiomll Dirichlet boundary conditions will be removed
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When defining applied (Dirichlet) boundary conditsoinside the domain (as
opposed to its boundaries) the optl@irichlet by segment" is the only way to
achieve this. The segment on which the boundardition is applied must be the
border between two different materials since, atfe¥, when the mesh will be
"smoothed" the internal nodes (not on the boundarythe domain) will be
displaced causing incorrect results. If the linen® the border between two
different materials, the user must defingifferent material number and assign to
this number the same properties (electromagnetopesties inefmat.dat or
thermal properties iefterm.dat) as those of the neighboring material.

d. Thermal Boundary Condition (message: "Therm bc")
The options are the same as above, but with arelifée: whenchoosing any
"Dirichlet” option, the following question will appear at th@tom of the screen:
"Imposed Temperature (Dirichlet) or Convection (D)€'

If the answer is'D" for Dirichlet, the user then enters the value lté tpplied
temperature (centigrade degree). If the boundarya igonvection/radiation
boundary, the program will ask for thexternal temperature and thecoefficientH
that appears in the convection equation (see Appeselction A10).
Specifications of the boundaries that have theswlitions follows the procedure
outlined above. Boundaries with thermal boundamdamons are drawwmith dashed
lines.

e. Periodicity (message: "Period")
When this command is set, a sub-menu appatrshe following options:

el. Periodicity (message: "Period")
In this case the user has to indicate two sequesfcasgments which are periodical,
as in the figure below:

Click (3)~ o Click (2)

Click (47" ™ Click (1)

Indicating the two periodical boundaries

The sequence for indicating the periodical boursdairs: click on the two limiting
points for the first boundary and thedljck on the two other points limiting the
boundary which is periodical to the first of#=M acceps these indicationanly if the
number of segments of the two sequencese equal and if their dimensions are the
same so as to match the physical assumption aigeity.
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e2. Anti-periodicity (message: "Anti-per")
Anti periodicity occurs under similar condition &periodicity” but when the
sourcesin an adjacent regiomre inverted compared to the sources in the region
itself. To indicate the segment sequences the dureas the same as above.

e3. Elimination of periodicity (message: "Tot elim"
One clicks on this option and all previous indicad of periodicity or anti-
periodicity have to be canceled.

f. Discretization (message: "Discret")
The mesh is generated by setting this command. Ilsady indicated, this new
version offers three methods of discretization. réf@e a sub-menu appears with
following messages:

f1. Acute angles method (message: “Ac/co/b@’)n this case a meshing method,
developed at the GRUCAD, is based on closing aautgles, breaking the
concavities and using the barycenter as critemorcfeating new nodes is used. It is
a very fast method and it is recommended to apaly first attempt to mesh.

f2. Cloud method (message: “cloud?) this method, also developed at GRUCAD,
creates a “cloud” of nodes inside the regions dethents are generated based on
the method of Delaunay.

f3. Using Triangle (message: “Triangle”)Triangle is a mesher available as public
domain software. It uses the method of Delaunayitaisca very efficient and robust
mesher. For more information about it, see thereafee section.

After choosing the mesheanother sub-menu appearsgiving the options from
"very coarse"to "very fine" meshes. The user chooses one of these mesh éensiti
by clicking on this menuor typing on the&keyboard the number corresponding to
the desired mesh density (these numbers are iedigatthe menu). Th&hormal”
density is usually adequate for almost all prattaggplications. Following this, the
drawing of the structure (in red) is displayed be screen, allowing the user the
possibility ofadding or subtracting divisions on the segmentfmessagesAdd"

or "subtRact’). If, for example, there is a region that is ddesed to be important
for the practical analysis, the usean opt for adding divisions on the liens
surrounding this region. The mesh will then be éems this part of the domain. To
perform this operation, the uselicks on the menu (‘Add’) andthen on the
segment For each click on the segment, the number of divisiansreases (or
diminishes is “subtRact is set) by one It is possible to do this sequentially in one
or many segments. The option is canceled when anoition is chosen. After all
additions are entered, the user should select ptiern"Mesh" to generate the
mesh.

If a region is approximately rectangularin shape (four angles close30 degrees
and the oppositeides have the same number of divisiohsquadrilateral elements
will be generated in this particular region. Thypda of elements providegery
accurate solutionsand therefore, it is advisable to use them whenpassible, by
defining rectangular regions with the same numlbbeliasions on opposite sides.
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After generating the mesh,"smoothing” technique is applied in order to improve
the quality factor of the elements. This factowigtten on the bottom of the screen
and thecloser it is to "1" the better the mesh

After meshing, the principal menu appears againifatiete user wishes to try a new
mesh density, the same optigDiscret” ) has to be selected again.

g. Others (message: "Others")

Clicking on this option some additional possibdgiare displayed in a sub-menu.
These are:

gl. Insert/Suppress (message: "ins/Supp")

Selecting this option, the user will be aldeinsert or delete nodes in the mesh
The mesh will appear, and the user has to clickliesert” or "Suppress". In the
first case, anode is insertedwherever the mouse is clickedThe user can continue
inserting nodes one after the other. If tisippress option is selected, nodes are
selected for deletion by clicking on them. Againdascan be deleted one after
the other. Nodescannot be deleted or insertedn regionswith quadrilateral
elements norat the borders betweelifferent materials and/or sources

g2. Previous division (message: "preVdiv")

This option displays on the screen the divided ssgmas it has been in the
previous meshing. This option isseful when the user proceeds with division
changesin the segmentand after meshing he/she notices that at some plage
the segments should also be divided more finelin the other hand, if the user set
the option"Discret" all the previous changes made on the segmentsi@hgi
would be lost and EFM would adopt the standard division the mesh density
chosen.

g3. Listing (message: "Listing")

If a listing of the regions is required the user can select this option. The numerical
screen appears and a listing of region data idajisd, showing the number of the
material, the number of the source inside the regamd the segments forming the
polygons related to the region.

g4. Displacement (message: "Displc")

This option is selected whenkhiecomes necessary to displace parof the domain.
First the points to be displaced have to be saleang aCartesian or Polar
indication as described iBFD. In the case oEFM, the window can be defined
graphically (by clicking the mouse twice) or nuncatly (by typing the coordinates
of two limiting points of the window). After seleey the window, the user indicates
if the displacement is &artesian or a Polar displacement. Even though not
frequently encountered, the displacemean be Polar for a window defined in
Cartesian coordinates and vice versa. After selecting the tgf displacement, the
user types at the bottom of the screen the valu&deita X, Y" or "delta R,
Theta" for the Cartesian or Polar option, respectivelye Thodified domain is then
drawn. The user must confirm the modification bglehg "OK" or canceling it by
clicking "Cancel".
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h. listing file Efmat.dat (message: "eFmat.dat")
Using this option, a numerical display of the f@énat.dat appears on the screen.
This option is useful when, for example, the usefore inserting the materials
inside the region, wants to be sure of the comaatber of the medium.

I. End (message: "End")
This option is normally accepted if the discreti@athas been done. It is extremely
important to note that for any modification of nréés, sources, boundary
conditions and periodicity conditions, theesh has to be generated agaiso that
the elements and nodes of the mesh match the negitioms. However, if the user
desires to finish the tesEFM will allow him/her to do so, after confirming this
wish. All the physical conditions will be retaineoit the file will not contain the
mesh.

When "End" is clicked, the nodes of the mesh are renumbeyethihimize the

bandwidth of the matrix in the solver. A messagdatireg to this renumbering is
displayed. Some additional verification on the mssimade byeFM and the data
will be stored.

Important Remark : another mesh generat&@FMA is also available. It presents the
same commands th&FM but incorporates different mesh generation techesjas
Expert Meshing as well as a mesh generator basedherAcute angles method
previously presentelolut hereparticulary adapted to mesh electrical machines.

EFR

4.1.3. EFR. Regular Mesh Pre-Processor

This program is intended to generate, in a verypknway, a case in which the
geometric description can be accomplished bggallar mesh The finite element mesh
generated through this program has oglyadrilateral elements, which normally
providevery accurate results It is therefore advisable to uE#R whenever possible.
Cases generated lBFR can be read directly by the solvevgthout the need for
processing b¥EFM.

Initially the programasks if it is a new case or an old ondf it is an old case, the name
of the..elf file has to be typed. The scale factor and the tyfpgrid, previously defined,
are indicated. The definition of grids is descrilbetow.

The first step IrEFR is to insert the grid of finite elements, if itasnew case. There are
two types of grids Cartesian and Polar.

The procedures and command&lR are now described.

a. Insertion of grids.
Initially the type of coordinates (Cartesian or &bland scale factors are required.
Answering this question the user types the kEnter> for Cartesian coordinates.
Notice thatvery often, in EFCAD, the most common optionscan be inserted by
typing the key <Enter> (rather than a specific letter) for facilitatingcaspeeding
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the dialogue.

al. Cartesian grids.
First we point out that the example in the figarean be defined bEFR since the
lines describing the structure parallel to the axesOx and Oy.

D
3

a- EFR can be used. b — EFR can not be used

Figureb shows a similar case in which the iron contlies are not parallel to the
axes and therefore the geometannot be definedoy EFR.

Suppose that the structure in the figares discretized using the grid shown in the
figure c, which also shows the dimensions of the structure.

90
80

60¢--- -

30¢--- -

10

N @m == == =

0 20 40 4548

w
~
w

c - defining the rectangular grid

Note that in thec direction, the abscissae defining the structueeOar20., 40., 45., 48.,
53., and 73.. For each interval between two alasjg®e have to impose a number of
subdivisionsin order to create the grid; for example, betwBemnd 20. there are 3
divisions and between 45. and 48. (the airgap)mmose two divisions.

The way to insert the grid is, initially, to pro@dhe number of divisions (integer
numbers), finishing the sequence with aero, which signifies that all data were
entered. In the example above we type:
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3 (for the section between 0. and 20.)
3 (for the section between 20. and 40.)
2 (for the section between 40. and 45.)
2 (for the section between 45. and 48.)
2 (for the section between 48. and 53.)
3 (for the section between 53. and 73.)
0 (to stop the sequence)

EFR will now ask forseven value®f the abscissae. In response we type:

0.

20.
40.
45.
48.
53.
73.

The same operation will be repeated for theDy direction, which for the problem
described here is:

2 (section between 0 and 10)

3 (section between 10 and 30)

4 (section between 30 and 60)

3 (section between 60 and 80)

2 (section between 80 and 90)

0O (to stop the sequence)

Followed by the 6 ordinates:
0.
10.
30.
60.
80.
90.

a2. Polar Coordinates

Entering polar grids requires operations similathose described above. Figure below
shows an example of a polar grid.

80
60

35

15
12

S 10

5
a Polar case and grid



In the radial direction, we type timeimber of divisions

3 (between radius 5 and 8)

2 (between radius 8 and 10)
3 (between radius 10 and 12)
0 (to stop the sequence)

and thefour values of the radii are:

5.
8.
10.
12.

In theTheta (tangential) direction we type:

30

3 (between angle 15 and 35 degrees)
2 (between angle 35 and 60 degrees)
3 (between angle 60 and 80 degrees)

0 (to stopthe sequence)

and thefour angle values(in degreesand using polar (trigonometric) orientation) are:

15.
35.
60.
80.

It is important to note that is not possible to insert the value zero for theadius,
since the quadrilateral elements would be deforatedis point.

b. Material (message: "Mater")

After the grid is displayed on the screen, the sstects the menu itMater” . At

the bottom of the screen he/she enters (types)
similar toEFM procedures.

the number of the matdtidd.

The material will be inserted in the doméin rectangles(in the case of Cartesian

coordinates) as shown in the Figure.

Click (3) Click (4) Click (2) Click (3)
\ / N W
N /
N N )4
14 X ’ 3
A
x \
bl A
/ L T \
Click (1) Click (2) Click (1) Click (4)

Clicking: two different and equivalent ways to irisematerial.
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The mouse is clicked in the extreme core&mentsdefining the region to be
selectedather than the corner nodes Thedefault material is material No. 1 If
a mistake is made, at becomes necessary to make changés the material
distribution, the usetan redefine the materialin the region in which the change is
needed by defining the new material in the same agagescribed (or using material
No. 1 for the default).

c. Heating and Current Sources (Message: "Q-termha"J-curr")
The procedureto insert sourcesis exactly the same as described above. The
number of the source is typed by the user at the Iilom of the screenand the
insertion is made as for materials. If asource is incorrectly entered the user can
define a source number zer@nd insert it where necessary.

d. Electromagnetic and Thermal Boundary Conditioi§lessages: "electrm bC" and
Therm bc)
The procedure to input potential (Dirichlet) is yasrmilar to that described BFM,
and only the EFR particular aspectsof this inserting will bedescribed here.The
major difference is that the applied potential $ifen the boundary or inside the
domain)must be made of a set of linegonnectingone node to anotherwithout
crossing over elements. Figure below shows thiiatkbf insertion.

Click (2) Click (2) Click (3)  Click (4)
[ L/

| |
$ A +
1 =
Click (1) Wrong Click (1) Correct
Wrong way to insert boundary cand Correct way

The elimination of boundary conditions and insertiof thermal boundary
conditions are similar to those describedFM.

e. Periodicity and Anti-Periodicity (message: "Pd(k/t)" and "Anti-per")
The periodicity and anti-periodicity conditionsEfrR areonly admitted if they are
specified between two limiting lineparallel to the Oy axis (for Cartesian
coordinates) or between two limitimgdial lines (for Polar coordinates) as shown
in the following figures.

1
'
-
' "R Pl
-~ -
1 [ "§~
1 -
LI

line A

(anti) periodicity in Cartesian coordinates
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(anti) periodicity in Polar coordinates

The periodicity and anti-periodicity condition istablished between the lines A and
B. These lines are identified IBFR automatically. The user onlyeeds to click on
the "periodicity" or "anti-periodicity” option in the menu. These options are
displayed as a sub-menu fdectromagnetic boundaryconditions.

h. listing file Efmat.dat (message: "eFmat.dat")
Using this option, a numerical display of the f@énat.dat appears on the screen.
This option is useful when, for example, the usefore inserting the materials
inside the region, wants to be sure of the comaatber of the medium.

f. End (message: “End”)
When entering this option, the user is requiredjitee a file name in which the
problem description is stored. It is alwaysH file. If the file already exists it will
beoverwritten by the new data.

EFR can also create a filpre (if the user wishes it) which contains the drawarighe
structure. The lines outlining the blocks of matkriand sources as well as the external
contour will then be shown in filgre.

The files.elf created byEFR are compatible with prograsFM. Only theboundary
conditions have to be redefinechgain iInEFM and, obviously, the discretization must
be done iIrEFM.

EFCONV

4.1.4. EFCONV - Converting files created in AutoCado .pre EFCAD
files

This program converts the drawing filef, made by professional drawing packages
(such as AutoCad and VersaCad) into filese as defined in section 2. When calling
EFCONV, only the names of the originalxf file and the new pre file are needed.

Using AutoCad to generate the drawing (for exampgke)quite useful if the user is
familiar with this particular software and with tfiaite element method. It is however
important totake into account the remarks made section 4.1.tegarding, for
example, the connection of points, crossed andrpaoped segments, etc. In our
experience it is not very effective to use a dranfite, which is intended primarily

for display purposes to generate the filgpre. A good procedure is to generate the file
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.dxf while being aware of the necessary conditions eg&dd properly generate the
regions and the mesh, as required by the finitmehd method.

MESH

4.1.5. MESH - Identification of Mesh Elements and bldes

This program enables the graphical identificatibmesh nodes and element4ESH
asks for aelf file generated by pre-process&EM or EFR. With the menu appearing
at the top of the screen three operations can iferpesd:

a. Nodes visualization (message: “Point”)
Using this option, the node given by the user @msh

b. Elements visualization (message: “Mesh el.”)
The user types an element number BiiESH shows this element in the mesh;

c. Indication of mesh element number (message: “Mouse”
Using the mouse the user click on the mesh predemt¢he screen and the program
will inform its number.

4.2. THE SOLVERS EFC'’s - (General Introduction)

The solvers are namé&t-Cxx. The letterC stands for “calculation” and is followed by
another letter (or two letters) in order to defimeat the solver is supposed to perform.
The user decides which solvehas to be used accordingly with ticase under
analysis

Using EFCs, the mostcommon optionscan beansweredby justtyping <Enter> to
speed the dialogue between the software and the use

With the material numbers defined in the elemettis,electromagnetic properties are
read from fileefmat.dat and the iron losses properties from #idos.dat When using
the solvers fothermal casesthe properties will be read from the fd&erm.dat.

After furnishing the data for the solveE-C’s, the Finite Element calculation is
performed. When finished, a “flag” variable defigimvhich solver was employed as
well as the results (potentials at the nodes) aittew in the same fileelf after the entry
data read by the solver. If it is a case with acfgiotentials (as the step by step case),
the results (potentials for each time step) aré&t@vrisuccessively.

Remark: an important remark is that current sources (wirgdiror relied conducting
regions) can not toucfeven partially)periodic or anti-periodic boundary conditions
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EFCS

4.2.1. EFCS — Calculation for Static Cases

EFCSis the finite element solver for electromagnetatistsolutions. Thelescriptions
below are valid for all solvers except when it isnidicated.

Name of the file If the user wishes to solve tHast case defined by the pre-
processor it is not necessary to type the file name for ¢hse;just type <Enter>.
The name of the last created file will be opened.

Mesh drawing The program will ask if drawing of the mesh igu#&ed.If not, press
<Enter>; this option is useful when the user is not sureuabize file name of the case
under analysis.

Type of potential Whenno sources are detectedEFCS requiresspecifying if the
case uses vector or scalgootential formulationHaving source(s),necessarily the
electromagnetic problem iEFCAD uses magnetic vector potential which is
automatically detected by the program.

Coordinate Systemrhe program also asks if the problem is Cartesragxisymmetric.
If the case useSartesian coordinates, press <Enter>.

Linearity: Next the program asks if the problem is linearnot. If linear, press
<Enter>. If non-linear, the usemust supply the number of iterations which is the
next question. Thilewton-Raphson methods applied and under normal conditions,
it converges quicklyto a very accurate result. Note however that fitet five
iterations are performed using the "successive approximation"method. It is not
advisable to set a high number of iterations stheeconvergence using the Newton-
Raphson method is fast. ¢dbnvergence is not achieveth up to 20 iterations, the
program switches to the "successive approximatioh method automatically,
starting from the beginning. This usually convergesan accurate result (however
slower than the Newton-Raphson method). The coeves criterion is based on the
relative error, which must smaller than 0.001 fibmades. Thesolver automatically
setsthis criterion. During the iteration, the sum bétpotentials at the nodes and the
average error found for the iteration appear on rianitor. However, because
computers are now very fast, it is difficult toltmk these messages in the screen.

Current Sources:When current sources are detecte&CS indicates their number
(which were inserted in the pre-processor step) raagiests the current density
value in the corresponding sources. AlthougRCAD is based on the MKSA units,

the value of] has to be provided in A/mn?, for convenience.
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EFCC

4.2.2. EFCC — Using complex formulation for lineatime harmonic
cases

This solver uses the complex time harmonic formoafor sinusoidal sources and
under linear conditions. The vector potential ispoyed and eddy currents are
calculated.

Except for the considerations related to the linggwhich is implicitly assumed), all
other considerations f&@FCS at section 4.2.1. are valid for this program al.we

EFCC requires, in a straight dialogue, thember of frequenciesandtheir values,
which should beentered successively, and separated by comm&®r the sources, the
values of] and thePhasehave to be provided 6FCC.

The solution will be performeduccessivelyaccording to thexumber and values of
frequencies entered.These solutions are then added to féé corresponding to the
cases solved.

EFCJ

4.2.3. EFCJ — Solving nonlinear, time stepping, egdcurrents cases fed
with density current defined in the sources

This module solves transient cases, including neali materials (if these exist) eddy
currents, and uses a step-by-step time procedtfF€J assumes that sources are
current-fed and that the valuesJoére imposed data to be furnished. Vector poteistial

used here.

The data entry topics already discussed in sedtidrl are valid foEFCJ. However,
theinitial and final time of the simulation, as well as thiene stepare also required by
the program. The program also asks &or interval for writing on file .elf. If this
interval is zero, all time stepswill be written into the file. If the interval 51" (for
example), foreach two time stepone will be written. It is useful when the simubat
is very long it is not advisable to write all thetential solutions since then filelf will
become very large. Notice that itnsaybe necessary, for accuracy purposet use a
very small time step, but, normallhe user does not needll the solution values for
his/her analysis.

The user is alsgequired to specify how J variesas a function of time. If iis
sinusoidal, the amplitude {ma=A/mm?), frequency ) and phase ¢) of the source
must be entered; the current density in calculatwii then be considered as
Jmaxsin@7€ +¢). If J varies in a different way, the ussupplies the pairs (t,J)
describing the temporal behavior bfThe sequence of points (tid)completed with a
(0,0).During the simulation, the values d#ill be interpolated between given points.
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Finally the program asks if the user wishes to tereafile forEddy Current Losses
These losses are concerned wetldy currents and are calculated &l materials with

an non-null electrical conductivity. The total losses are stocked irdasfile. This file

can be read by the softwdSN developped by the researches of LEEI — Laboratoire
d’ Electrotechnique et d’Electronique Industriedie Toulouse.

EFCT

4.2.4. EFCT- Solving nonlinear, time stepping, eddgurrents cases fed
with voltage defined in the sources

EFCT is similar toEFCJ but the coils are voltage excited. In this cabke, ¢urrents
established in the coilre also unknownand are solved simultaneously.

Consider the following electric circuit equation{s) amotor operation

RI + Lﬂ + ndﬁ =V
dt dt
The values of coils resistanceR and the additionalnductances L (end-windings
inductance) are also required BfCT. The number ofurns n in the sources and the
structure depth (in meters) must also be provided by the userthin case of an

axisymmetric device the depth is automatically aered in the formulation.

The temporal behavior &f(t) is entered exactly aKt) is entered ireFCJ. Finally, two
additional files are automatically created BYCT to describeV(t) entered during the
step by step procedure as well as ¢hkeulated valuesof I(t) in the coils. If the data
file is named, for exampl@a.elf, the two new files will be nameaht.plt andaac.plt
for thevoltage and current respectively These filewill be read in the post-processor
step.

This solver asks if the user wishes to create taditmnal files (for “current and
voltage”). Typeyesif you want to stock the exciting voltage and tadculated current
waveforms in adesformat file. ASEFCJ, this solver also asks if the user wishes to
calculateeddy current lossesin conducting parts and the name of the correspgnd
.desfile.

EFCV

4.2.5. EFCV - Solving eddy current created by condiing materials
with velocity (movement)

This solver is used for vector potential applicasion which there are conducting
materialsmoving at constant velocity v.The eddy currents calculated from vector
product between the quantitiedoy B. The velocity of the materials read from file
efmat.dat The sources are fed by current. For the othex datry and remarks, see
description of th&cFCS above.
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EFCF

4.2.6. EFCF- Solving nonlinear, time stepping, eddyurrents cases fed
with voltage defined in the sources and relied thicconductors

EFCF is similar toEFCT (where the coils are voltage excited) but, coiiyrdo the
latter, conducting regions (tinick conductors having eddy currents) can be serial or
parallel relied. WithEFCF only cartesian cases can be calculated and the data entry
topics already discussed in section 4.2.4 are Vali&FCF.

Two different types of conductors can be preseimehke device:

a) thin conductors: conductors in which skin effect is not presented;
b) thick conductors: skin effect is considered

EFCF recognizes a thick conductor whensaurce number is detected (it was
considered as a source in the pre-processing stagedlso a non-null electrical
conductivity. Thick conductors must be numbered firstly of the thick conductors
coils in pre-processing. Another important poititick conductors cannot be (even
partially) on periodic or anti-periodic boundary lines.

Serial and parallel connection of thick conductoas be fed by means of an applied
voltageUyr in series with @&ex;, Lex: Circuit as shown in figures below. If the condusto

are parallel connected, the resistan@nd inductance’ values of the interconnection

are also required and considered in calculatioveGismall or large values for the
interconnection resistance allow simulating shaxdwuited or non-connected thick

conductors.

Thick conductors parallel connected
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For serial connection of thick conductors the sesinaumbers associated to them must
be given sequentially with alternating + and — sidfor instance, let us suppose that the
thick conductors associated to source numbers3 ald 4 are serial connected. In this
case, in pre-processdesM or EFMA, these sources must be given as +1, -2, +3, -4 or
-1, +2, -3, +4. If the sources have all the sangm,sfor instance +1, +2, +3, +4
calculation will be made supposing parallel conioect

As for thin conductors, the questions are the sam#he ones required IBFCT but
here, the currentslesfile will contain the total current in the thiclomductors and the
currents in the thin conductor windings. The udso gupplies anothedesfile name
for the induced voltages in the thick conductors.

As for EFCJ andEFCT the program also asks if the user wishes to cieatesfile for
Eddy Current Losses These losses are related to @dly currents and they are
calculated fomll materials with a non-null electrical conductivity.

EFCR

4.2.7. EFCR — Calculation for Static Cases with rattion

EFCR is similar to EFCS but allows studying electromagnetic structureshwat
rotating part as, for instance, electrical machinesRotation is automatically taken
into account using a moving band wihadrilateral elements located in the air gap.
The rotation is always applied to the inner parttttdé machine and this rotation is
always performed in the counterclockwise directiBRCR needs a machine domain
delimitated by (anti) periodicity boundary condit® (see pre-processor programs
EFM, EFMA andEFR).

For defining the moving band, it is necessary to gert it (in pre-processing stage
with EFM or EFMA) as the material number 25. This material 25 must be defined
in module EFP as air (permeability py). The moving band should be regularly

meshed with quadrilateral elements This can be made by imposing divisions in the
mesh generation moduldsFM or EFMA using the optionANY. However it is
possible to choose a rotation step different ofrttesh step (tolerating a finite element
distortion located inside the moving band).

The field sources may be permanent magnet andfoerds. The magnetization of the
magnets may be radial/tangential or may be giveterms of cartesian components in
module EFP. The currents are imposed but they may vary agxatetl by the user
without any restriction terms of position: sinusaidectangular, or any other waveform
giving the curve by points. It is also possiblestder a current density curve indicating
the fundamental amplitude and phase as well ashémmonics rank and respective
amplitude and phase. This curve can be furnishad the keyboard or by means of a
*.deafile. This file, is an ASCII data file with the fowing structure:

1,npoints
1,j(1),phase(1)
rank(2),j(2),phase(2)
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rank(n points),j(npoinfsphase(npoints)

wherenpointsis the number of pointsj(1),phase(1)are the fundamental amplitude and
phase andank(i),j(i) andphase(i)are, respectively, the harmonicank, amplitude and
phase.

The calculation, corresponding to a successiortaticsstates, is possible for linear or
non-linear cases.

The results areflux, self and mutualinductances e.m.f., torque (by different
methods),flux density in different points (regions) of the structure andn losses
estimation for all the positions. With exception iton losses, the other calculated
quantities above are stocked.desfiles. In the case dtux density, the calculation is
performed for different materials defined by therus EFM or EFMA pre-processors.
The corresponding materials regions should be effily small to act as “probe”
regions. Foiiron losses,it should be noticed that, according to the matheral and
physical formulations used iEFCAD, the calculationmust be made through a
complete electrical period The three loss components are considehgdieresis
eddy current andanomalous Iron Losses coefficientd\atts/kg) are read from file
eflos.dat The iron losses results are stocked iroa file. This file will be read by
EFCMOUT.

If the calculation of torque is related to a caseke the rotation step does not match the
mesh step (creating distorted elements), it is $sa0g to create second bandin the
airgap with the same regular mesh as the movingl.battention is to be paid when
using these two band#he internal one must bedefined as the moving band. The
torque will be automatically calculated (by Maxwallstress tensor) inside the second
(external) band where there are no distorted fieiggnents). This method gives better
results compared to calculations performed witly @ynoving band.

Attention:
a) the machine coordinates must have as referencepdive (x=0,y=0), i.e., the
center of the machine
b) the domain must be drawn in counterclockwise dimactrom a horizontal line
starting at the point (x=0,y=0).

EFCR360

4.2.8. EFCR360 — Calculation for Static Cases witRotation
EFCR360allows calculations for a whole machine (domaketa360 degrees).

Here the movement is also taken into account uguaglrilateral finite elements in the
airgap. This module, except for the whole domas,identical toEFCR and we

recommend the reading of instruction at B¥CR section.

Attention:
a) the machine coordinates must have as referenegdmt (x=0,y=0), i.e., the
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center of the machine
b) the domain must be drawn in counterclockwisectioa from a horizontal line
starting at the point (x=0,y=0).

EFCM

4.2.9. EFCM- Solving nonlinear, time stepping, eddygurrents cases
fed with voltage defined in the sources and takingnto account rotor
movement

This solver can be understood as an extensidBF@T, adding herehe movement.
Please read also the information given aboveefe€T andEFCR since the rotation is
performed iInEFCM also with a moving band. Notice that with the nmgviband
method, the machine structumaust be defined using (anti) periodic boundary
conditions.

In EFCM the winding voltages can be sinusoidal or givenabget of points. In the
latter, if the voltages are periodic (but not hgvsinusoidal shape) the user furnishes
the points for a single cycle and the number ofesyclt is also possible to furnish the
points of the single cycle by means of a file watttensiondea This file, is an ASCII
data file with the following structure:

1,npoints+1
t(1),v(1)
t(2),v(2)

t(np.oints),v(n points
0,0

wherenpointsis the number of voltage points atfig,v(i) are, respectively, the time and
voltage values for point Notice that the end of the file must cont@jQ.

Similarly to EFCT, thevalues of coil resistance® and the additionahductancesL
(end-windings inductance) are also requiredEB{CM. The number ofurns n in the
sources and thstructure depth (in meters) must also be provided by the userels w
as thenumber of symmetrical sectionsneeded to represent the whole machine. For
instance, if the calculation domain of the machise45 degrees, the number of
symmetrical sections is 8.

The calculated winding currents and the imposethgek are also stocked.aresfiles.
In EFCM the windings can be independently reliedYeconnected (with or without
neutral wire) or intriangle. ForY without neutral wireandtriangle connections, the
voltages to be furnished are thbase-to-phase voltaged-orY with neutral wirethe
voltages are thphase-to-neutral voltagesin the case adfriangle connection, the user
furnishes also the name alesfile where the line currents will be stocked.

EFCM can also calculate trem.f induced in the machine windingsh@se-to-phase
e.m.f for a triangle connection and phase-to-neutiee.m.f. for a star connection. If
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the user wishes such a resultdes file to stock these voltages must be furnished.
Similarly to EFCR, eddy current losses in conducting materials aagmatic induction
on different regions (materials) are madeE®CM and stocked in a file to be read by
the softwareDSN.

The iron losses are stocked id@sfile in the same way dEFCR (please, see above).

EFCM also asks if the user wishes to creatdesfile for Eddy Current Lossesin all
conducting parts.

The rotation angle witkEFCM can bemposed (the rotor speed is given by the user) or
calculated by means of coupling the following mechanical gouma
3. d

maw:Te_TL

where J,,, is the rotor inertiaw is its speed, and, and T, are, respectively, the
electromagnetic and the load torques. The loadutofg curve as a function of time

must be given by a set of points. For either impgoaad calculated movement the
electromagnetic torque is calculated but only ie kst case the user furnishesdas
file to stock the rotor speed.

Attention:
a) the machine coordinates must have as referémegoint (x=0,y=0), i.e., the
center of the machine
c) the domain must be drawn in counterclockwise dimectrom a horizontal line
starting at the point (x=0,y=0).

EFCM360

4.2.10. EFCM360 — Solving nonlinear, time steppinggddy currents
cases fed with voltage defined in the sources andking into account
rotor movement

EFCM360 allows calculations for a whole machine (domaketa360 degrees).

Here the movement is also taken into account uguagirilateral finite elements in the
airgap. This module, except for the whole domag,dentical toEFCM and we
recommend the reading of instruction at Bf&CM section.

Attention:
a) the machine coordinates must have as refereneg@dmt (x=0,y=0), i.e., the
center of the machine
b) the domain must be drawn in counterclockwisedtiive from a horizontal line
starting at the point (x=0,y=0).
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EFCG

4.2.11. EFCG - Solving nonlinear, time stepping, €g currents cases
fed with voltage defined in the sources and takingnto account rotor
movement; solver for asynchronous motors

The instructions for usingFCG are identical to those &FCM. However for EFCG
each rotor bamust be filled with a different material number at {he-processor step.
All rotor bars must have the same shape and dimensions and the measthirture
must bedefined using (anti) periodic boundary conditions.

Contrarily to EFCM, where all the conducting materials are conneeed short-
circuited (2D approach), here thar-end andinter-bar impedances of the short-circuit
rings are considered in the calculation. The add#i questions oEFCG concern the
bars of the squirrel-cage rotor:

Number of rotor bars in FE domaigive the number of bars
Bar 1 Material enter the material number of bar 1
Bar 2 Material enter the material number of bar 2

Bar n Material enter the material number of bar n

Bar-end resistancagive the bar-end resistance value

Bar-end inductancegive the bar-end inductance value

Short-circuit ring resistance (between two baes)ter the short-circuit resistance value
Short-circuit ring resistance (between two baester the short-circuit inductance value
Periodicity factor:enter 1 if the calculation domain is periodic arifanti-periodic

Bar currents file namegive the.desfile name for the total current in the rotor bars

EFCG also asks if the user wishes to creatdesfile for Eddy Current Lossesin all
conducting parts.

Attention:
a) the machine coordinates must have as referenegémt (x=0,y=0), i.e., the
center of the machine
b) the domain must be drawn in counterclockwisecatiba from a horizontal line
starting at the point (x=0,y=0).
c) Rotor bars cannot touckeven partially) periodic or anti-periodic boundary
conditions

EFCMF

4.2.12. EFCMF- Solving nonlinear, time stepping, &y currents cases
fed with voltage defined in the sources, connectiobetween thick
conductors and taking into account rotor movement
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EFCMF is similar toEFCF (see above) but adding movement. As for the cailicuis
with EFCR, EFCG and EFCM the machine structummust be defined using (anti)
periodic boundary conditions. Please, read theuogsons given previously foEFCF
andEFCM.

The triangle or Y connections concern only the thin conductor wigdinAs forEFCF
the currentsdesfile will contain firstly the total current in the thick conductors and
after the currents in the thin conductors windings. €lra.f. file will contain only the
voltages induced in the thin conductors windings.

The calculated iron losses are stocked imoa file as forEFCR (see above)Eddy
Current Lossesfor theconducting parts can also be calculated.

Attention:
a) the machine coordinates must have as referenegdmt (x=0,y=0), i.e., the
center of the machine
b) the domain must be drawn in counterclockwisedtioa from a horizontal line
starting at the point (x=0,y=0).

EFCMF360

4.2.13. EFCMF360 — Solving nonlinear, time steppingeddy currents
cases fed with voltage defined in the sources, caution between thick
conductors and taking into account rotor movement

EFCMF360 allows calculations for a whole machine (domaketa360 degrees). with
the movement also taken into account using quaerdhfinite elements in the airgap.
This module, except for the whole domain, is ideadtio EFCMF and we recommend
the reading of instruction at ti#~CMF EFCF andEFCM sections.

Attention:
a) the machine coordinates must have as referenegdmt (x=0,y=0), i.e., the
center of the machine
b) the domain must be drawn in counterclockwisedtioa from a horizontal line
starting at the point (x=0,y=0).

EFCSL
4.2.14. EFCSL - Static case with several sources

As EFCS, EFCSL is a solver for static problems but it incorposatlee possibility to
solve simultaneouslyeveral sources

It is possible to obtain results considering eamlree (current or permanent magnet)
independently or combining several sources. Twesyy simulation can be performed:
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1. Linear case

For this case the user furnishes the number okthieces for each configuration The
matrix solution considers the sources separatalyaald them as required by the user.

Self and mutual fluxes for the different sourcemfigurations are automatically
calculated and stocked in a filol. This file keeps the same name given for the otsre
file.

2. Non-linear case
In this case the calculation is performed for the@urces together.

The total flux linking the sources configuratiossautomatically calculated and stocked
in the.solfile.

EFCTS

4.2.15. EFCTS - Solving thermal static cases

This module solves static thermal problems. Thgm has the similar characteristics
of EFCS, except that the property file usedeféerm.dat. The values for thexciting
sources must be provided in W/rA divided by 13 so that they are in accordance to
the values of] given in A/mn?. The solution is alwaysonlinear since the thermal
conductivity varies with temperature. However, tomvergence is normallyery fast,
since this nonlinearity is not strong (thermal charastes have small variation with
the temperature). The "successive approximationthatkis used for the nonlinear
iteration.

EFCTT

4.2.16. EFCTT — Solving transient thermal cases

This solver treats transient thermal problems. Moelule works similarly t&FCJ but
the curveQ(t), which is the time dependent heating source, igmgiy points(t,Q)

(units are: second and/m3 divided by 10) in the same way thalk(t) is entered in
EFCJ. The property file for this program éfterm.dat. This solver ivery usefulwhen
one wishes to observe tlevolution of the temperature with the time while the
solverEFCTS furnishes the temperatuat steady state
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4.3. THE POST-PROCESSORS

EFGN

4.3.1. EFGN — General Graphical-Numerical Post-Pragssor

EFGN is the general post-processor&ffCAD. All solvers generate results that are
treated and displayed either graphically or nunadlsidoy EFGN.

After entering theelf file name (or <Enter> if the last file createdtieated),EFGN
displays the scaldactor used, number of nodes, number of elementsype of
problem (related to the corresponding solver), tgpe of geometry (Cartesian or
axisymmetric), théinearity condition (linear or nonlinear) antype of potential used

While EFCTS and EFCTT always use a scalar potenti?dFCC, EFCJ, EFCT,
EFCF, EFCR, EFCR360 EFCM, EFCM360, EFCG, EFCMF, EFCSL andEFCV
use a vector potential.

For static electromagnetic solutions, (solvedBRCS) there are three distinct cases: a)
There is acurrent source and avector potential is used as the variable, b) Therads
sourceand avector potential is used and c) There m® sourceand ascalar potential

is used. WhereEFGN detects no sources in the case produceBRYS, it asks if the
problem is electrostatic or magnetostaticso that it can proceed with the correct
calculation of quantities and appropriate unities.

If there arequadrilateral finite elements, EFGN converts themnto triangles by
inserting new nodes at the barycenter of the el&sneA messagéExpanded mesh”
gives the new number of nodes and elements, usdaisesely for the post-processing.

EFGN has two displays: the first, callé@raphical” furnishesmostly graphical
results (although numerical ones are also shown) and @nsegne calledNumerical”
which allows the user to obtamostly numerical quantities (although it often uses
graphical means to obtain it).

When using thésraphical Display, the userselect the options he/she wanisnd the
program performs the drawings simultaneously. iit gsaeful, however many drawings
together can bring some confusion. Test wayto observe graphical results isdicck
on the option “cLean” (for cleaning the screen) and choose the speoffiton(s)
wanted; after doing so, the usdicks on the option“Draw” and the corresponding
graphics will be displayed.

After listing the initial messages, by presskignter>, EFGN displays the graphical
display and shows a drawing nami&brmal”, in which the structure is showwith 27
equipotential lines Sources and materials are shown in differentrsolBermanent
magnets and conducting materials are also showdifferent, distinct colors. The
minimum and maximum values of the equipotentiatdimre shown at the bottom of the
screen.
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For using thisgraphical window, the userhas to click the mouse on the chosen
option(s) or typing theupper case letterindicated in the messages of the menu, while
the mouse can not be located over the menu.

The commands iBEFGN are:

a. Normal Drawing (Message: "Normal”)
Choosing this option, the user will see the stmectand equipotential lines in the
form described above.

b. Color shading (message: "sHading")
When this option is chosen, the structure is digmlaand the required value is
displayedin a range of colorsrepresenting the intensity of the respective gtiant
After clicking on this option a sub-menu will besdiayed; when treating
electromagnetics casethese options are:
bl.“Potent” : The potentials will be displayed with colors
b2. “Fields” : the magnetic inductions or electric field (foagmetic or electrostatic
cases, respectively) will be shown
b3. “Eddy curr”: if the problem has (eddy) induced currents, tdemsity will be
displayed
For thermal cases the options appearing will be:
b4."“Potent”. temperatures will be displayed
b5.“Fields” : the gradient of temperatures is shown

c. Equiline (message: "eQuiline")
The user may use this option to draw equipotentaiker fields, eddy currents and
temperatures (if it is a thermal case). In thisapttheuser can define the number
of equipotential linesand their separate values by typing them. If ther chooses
the "default” option,EFGN draws 27 equipotentials between the minimum and
maximum and minimum values of the required quantity

d. Vectors (message: "Vectors")
EFGN drawsarrows showing the direction of the fields. Tlseze of the arrowis
proportional to the magnitude of the field at th@np where the arrow is being
displayed. Fomagnetic problems the arrow is related to thmagnetic induction
and for electrostatic cases (as well as thermasjake arrows are related to the
electrical field (or the gradient of temperatyre

e. Mesh and Structure (message: "Mesh/dom")
This option offers a sub-menu where theer chooses between the mesh and the
structure for drawing. If the mesh is selected, the user chnose between
"normal” or"compact” size of the mesh elements.

f. Printing (message: "Print")
This option is chosen when a print of the drawisgdquired. Color or black and
white prints may be made, provided the appropiaiteter is available. It creates a
standardps file containing the drawing that can be printeddny printer with the
appropriate software fomps files. The name of the file is asked; it has to be
furnished without the extensiops.
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g. Cleaning (message: "cLean")
It is important to note that the options selectgdtlire user, accumulate on the
screen. At some point, the screen must be cle&@imiting this command does this.

h. Drawing (message: "Draw")
After cleaning the screen (using commdiotlean” above), the user can select
which drawing(s) is/are required by clicking on tberresponding option in the
menu. After this selection, the user must click'Draw" to display the drawing on
the screen.

I. Zooming (message: "Zoom")
Having a drawing displayed, the user may need ¢pdot a section of the drawing
in more detail. Selecting this option does thisckihg in two points defines the
zoom window.

j. Anti-Zooming (message: "Continue™)
Clicking this optioncancels zoomingand the drawing is displayed with the initial
geometric limits.

k. Switching to Numerical Display (message: "numeEiit")
This option switchs thgraphical display to the numericalone, as defined above.
It displays the "normal” drawing and the menu cgponding to numerical results.
The messages below are related to the numerigabgtis

|. Exploration of Results by Points (message: "bpiRts")
This option furnishes the numerical value of fieltsthe bottom of the screen, as
defined by the user. This can be darsing the mouse or the keyboardA sub-
menu appears and the user chooses the way of ridgfiiné point. The results can
also be expressed @artesian or Polar coordinates These choices are also part of
the sub-menu. Using the mouse the user has to itliok the point where the
guantity is required. If the&keyboard is usedinstead, the usewill type the
coordinates of the required point. When this is done, the pebility (or the
permissivity) and magnetienduction or electric field or temperature (for
magnetic or electrostatic or thermal cases, resdg) will appear at the bottom of
the screen, together with the number of the selgotént (a sequence of points can
be selected by the usenjjsplayed over the structure Choosing the option
"Print" in the sub-menu, a drawing of the structure whih hnumber of the points
will be printed, followed by the quantities caldgd at the points.
For cases iromplex variables both thereal and imaginary values are displayed.
The display is in two steps. After the first pafttioe value is displayedhe user
must click the mouse again to displayhe second part.

j. Curves of Quantities (message: "Curves")
To use this option, theser defines a line(usually by two points) on which the
values are neededmn@gnetic induction or electric field or temperatures for
magnetic or electrostatic or thermal calculatiaespectively). The results will be
displayed on a graph with the abscissa axistlier length of the line and the
ordinate displaying the value of induction (or ¢lecfield or temperature). This line
can be defined by theouseor bytyping the coordinatesof the points (when the
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position of the line must be very precisely definddough the keyboard. The line
can be inCartesian coordinates(and in this casehe line between the two points
is a straight line) or Polar coordinates (aarc, centered at point (0,0)will be
drawn). The messages afeouse X/y”, “mouse R/tg”, “Keyb x/Y” and “keyb
r/Tg”. The options using Polar coordinates are very uséfdor example, the
magnetic induction in the airgap of a machine isdaeel. After a line is defined, the
user clicks on optioricalcuLate" and, after providing the title of the plot, the
curve will be displayed.

k. Forces (message: "forceS")

Selection of this option allows the user to caltailorces. These arealculated
using Maxwell's stress tensolin magnetic structure. To define the line (or $ne
needed to apply this concept, the user proceedsbage. Then, after clicking
"calcuLate", the magnetic force density is plotted; typing lcking on “exit” the
numerical values of the forces are written on tbeen. If it is amaxisymmetric
case, these resultare given irNewton; if the structure i<artesian, the forces are
given inNewton/meter, since the user must multiply it by the depthhaf structure
to obtain the actual force.

Also, Laplace’s force acting on a conductor by the classiexpression (BIL)
(message “biL/source”) can be calculated. In this case, ttser must define the
region (by clicking inside it) where the source of cutreplaced and furnish the
current density.

Laplace’s force (same expression as above) caraloalated on materials having
eddy currents, since external fields will createcés on the conducting materials
having eddy currents (messagehd/eddY’). In this case the user indicatesly the
corresponding region, since the eddy current demsitalculated by the programs
(EFCC, EFCJ, EFCT, EFCF, EFCM, EFCM360, EFCG, EFCMF, EFCMF360

or EFCV). An arrow (or two folEFCC, showing real and imaginary parts) showing
the direction of the force is drawn, as its maghatappears in the bottom of the
screen.

l. Flux Crossing a Line (message: "Flux")
As above, the user has to define the line and dickcalcuLate'. The value of the
flux crossing the line is then displayed on thetdoot of the screen. For the unity,
see the remark above.

m. Calculation of Inductance (message: "Induct")
After clicking on this optionEFGN will ask for thenumber of turns in the coill
(only one coil can be activatedat a time) and the inductance is calculated and
displayed at the bottom of the screen.

n. Calculation of Magnetic Energy (message: "Mag ergy")
Supplies the values of magnetic energy and co-gnerdhe structure. Both are
displayed on the screen.

0. Torgque Calculation (message: "tOrque")
It calculates the torque, when thatation axis is the point (0,0).Useful option
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when we are dealing with electrical rotating maebifcFGN asks for defining a
line along with the forces will be evaluated, whismormally the airgap line.

p. Additional calculation (message:“externAl”)
This option allows customizingFGN. In this way these steps must be followed:

a) write (in Fortran) a filenomfich.f representing the calculations to be performed
according the user’s need. The instructions torbpl@yed are listed in the file
person.ffurnished with EFCAD;

b) tapeefgnmk nomfich (without extensionf).

The customized version &GN namedEFGNP will be created in the directory of
the user. The user may check these proceduresebefistomizing his/heEFGN
version by using the commaefjnmk person.f

Example: suppose thaEFCAD is installed inc:\efcadand a customizeBFGNP is
written in the directoryc:\custom In this directory two files must be created:
efgnmk.bat andmakefile with the following contents:

a) efgnmk.bat

cls

@echo off

@if not exist %1.f goto stoppp
f2c -w %1.f

@if not exist %1.c goto stop

@if exist efgnp.exe del efgnp.exe

g77-0 efgnp.exe c:\efcad\efgnll.o%l.c c:\efcad\libefgn.a-lgks-
luser32 -lgdi32

@if not exist efgnp.exe goto stopp

@echo -

@echo Bravo : votre efgn personnalise (EFGNP) a ete cree !
@echo -

@echo off

del %1.c

@goto fin

:stop

@€eCh0 ====mmmmmmmmme e e
@echo erreur de compilation dans %1.f : Revoyez vo tre Fortran !
@ECNO —-mmmmmmm s
@goto fin

:stopp
@echo
@echo il manque efgnl1.o et/ou une biliotheque !
@echo
@echo -
@echo Attention : I'ancien efgnp.exe a ete efface !

@echo -
@goto fin

:stoppp

@ECNO ——-mmmmm . e
@echo votre module fortran %1.f n'est pas accessibl e!
@€eCN0 ====mmmmmmmm e e
fin
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b) makefile:

.SUFFIXES :
SUFFIXES : .c .0 .f
%.0 : %.f
S=C:
CC=gcc
FC =g77
f.c
f2c $<
.C.0:
gcce -c -0 -1$(S)/gcee-2.95.2/i386-mingw32/include $ <
f.o:
g77 -c $<
SFEXE = .exe
LIBS = $(S)/gcc-2.95.2/i386-mingw32/lib/curgks.o -L $(S)/gcce-
2.95.2/i386-mingw32/lib -Igks -luser32 -Igdi32

efcad:  ef gnp$(SFEXE)

ef gnp$(SFEXE) :/  ef cad/ ef gnll. o person.o
$(FC) -o ef gnp$(SFEXE)/ efcad/ efgnll.o person.o/ efcad/libefgn.a
$(LIBS)

Notice that EFGNP can also be created by using the regular comnnaaickfile
but, in this case, some troubles cannot be shown.

g. Displaying Voltage and Current Curves (messagairRcurve" and "volTcurve")
This option is only available when the finite elethealculation are performed by
EFCT or EFCF (which creates filesplt: see section 4.2.4). When this option is
selected, the values of(t) and I(t) are listed numerically and then the curve
requested is plotted.

r. Switching to Graphical Display (message: "grapit")
Using this option the menu goes back to tia@lgcal menu.

s."End" is the option used to stop the program at anyestagFGN.
Some remarks:

- Some options are only displayed when approprkate example, "magnetic energy" is

not available for thermal problems or electrostasitculations.

- For cases using complex formulations most ofrttessages have also an imaginary

part.

- For problems having more than one set of poten{ieases calculated yFCC,
EFCJ, EFCT, EFCF, EFCR, EFCR360, EFCM, EFCM360, EFCG, EFCMF,
EFCMF360, EFCSL andEFCTT) the user has to choose which case will be treated
by EFGN. In this situation, when clicking on the optiofgraph/Exit* or
"numer/Exit", EFGN shows a menu allowing the user to go to 'tNemerical",
"Graphical” or "new caSe". This last option can be used to go toea stepor a
new frequency(if the complex formulation was used to generhageresults).

- In the results given bFCT, EFCF, EFCR, EFCR360, EFCM, EFCM360, EFCG,
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EFCMF, EFCMF360, EFCSL andEFCTT the number of symmetrical sections and
de depth of the device are considebed EFGN does not take into account these
parameters

EFCMOUT

4.3.2. EFCMOUT - Iron losses visualization

EFCMOUT is a post-processor to redds files related to iron losses and generated by
the solverEFCR, EFCM, EFCR360, EFCM360 andEFCMF. EFCMOUT displays
the calculated iron losses density as well as #heutated losses values in the different
materials as defined by the user.

4.4. THE MANAGEMENT OF PROPERTIES FILES

EFP

4.4.1. EFP — Management of the electric/magnetic pperties file
efmat.dat

This program manages the electromagnetic propeetefinat.dat which is used in the

electromagnetic solvers and BFGN. Its use is very simple, not requiring long
explanations. Most of the dialogues are displayedimple questions without giving
raise to ambiguous answers. The electromagnetierrabproperties are:

- perm the relative permeability or permittivity usedlinear cases.

- Bex, Bey, Ber, Bet: the remnant induction of the permanent magnéhéndirection
Ox, Oy, radial and tangential (iFesl3g.

- cond the conductivity (in Q.m) ).

- velx, vely. the velocity in the directio®x andOy (in m/9.

There are three types of materials:

- LIN - Linear materials

- SAT - For nonlinear materials (using the B(H) satwmaiturve).
- MAG - Permanent magnets.

The options iIrEFP are:

a. Creation of a new file a new empty fileefmat.dat will be created (the old file, if it
exists can beverwritten).

b. Listing of the materials a listing of the materials is displayed in tweps. First,
only the type and descriptionof the materials is shown. In tlsecond step, the
material properties are listed.
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c. Madifications: the possibility of changing any property of thatarials is allowed
under this option. It is also possible to modife turve B(H), excluding, including
and discarding points of the curve.

d. Inclusion of a new material: it displays the possible freenbers for a new material.
e. Elimination of a material: the full description of the material is displayeefore the
user confirms its elimination.

f. Display the B(H) curve lists the material properties of the material amsplays the
B(H) curve graphically.

A practical rule to follow, is to define materidl1" as air, with relative permittivity
and relative permeability equal io Because the default material in the pre-processor
step is also1", it is very convenient.

EFTP

4.4.2. EFTP — Management of the thermal propertiefile efterm.dat

This module is the manager of the thermal propeftle efterm.dat. It is very similar
to EFP (described in section 4.4.1). The fééterm.dat is read by the thermal solvers
EFCTS andEFCTT, and byEFGN.

The thermal properties of materials are:

- K - thermal conductivity.

- Kv - the variation of thermal conductivity.

- T - the exponent defining the thermal conductivigyiation.
- C - The thermal capacity

- Emis - Emissivity

The first three quantities are related to the aqoaif thermal conductivity as a function
of temperature.

The options IrEFTP are similar to the options describedsRP. These are:
a. Creation of a new file

b. Listing of materials

c. Modifications of material properties

d. Inclusion of new materials

e. Elimination of materials

EFPL

4.4.3. EFPL — Management of the iron losses parangss file eflos.dat

This module is the manager of the iron losses parers fileeflos.dat. It is very similar
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to EFP andEFTP (described in the above sections). The solf€R, EFCR360,
EFCM, EFCM360, EFCG, EFCMF andEFCMF360 read the fileeflos.dat

The iron losses parameters to be furnishdeéRBL are (see section A11):

- Ceddy eddy current losses coefficiedoles/kg;
- Canom anomalous losses coefficiedb(les/kg;
- Chyst hysteresis losses coefficiedb(les/kg;

- Alfa: hysteresis losses exponent;

- Dens iron losses densitkg/nt).

Another information concerns, , the relationship between purely rotating and fyure
alternating inductions (see section A11):

r, =C,B*+C,B°*+C,B*+C,B*+C,B°+CB+C,

whereB is the magnetic induction. The coefficiel@s --C, must be furnished tBFPL
as the seven, coefficients.

The options irEFPL are similar to the options describedsRP andEFTP. These are:
a. Creation of a new file

b. Listing of materials

c. Modifications of material properties

d. Inclusion of new materials

e. Elimination of materials
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Appendix

Al. Introduction

In this appendix we present physical situations exdmples that can be treated by
EFCAD. Reading of this section is useful in preparafmmuse ofEFCAD so that the
various options and configurations solvable witls flackage may be understood.

For more in depth information on the topics disedsiselow we recommend reading the
following text: N. Ida and J.P.A. Bastos, Electromagnetics and @atmn of Fields,
indicated in the Reference section.

The quantities used in this text are:

H - Magnetic field intensityA/m)

B - Magnetic flux density or inductio)
E - Electric field intensity {/m)

D - Electric flux density or inductiorQ/n?)
J - Current densityA/n¥)

- Charge densityq/m3)

M - Magnetic permeabilityH/m)

€ - Electric permittivity £/m)

o - Electric conductivity Qm)~Z

V - Scalar electric potential/}

Vm - Scalar magnetic potentiah.gurng
A - Vector magnetic potentiaivp/m)

T - Vector electric potentiaN/m)

Maxwell's equations for low frequency applicati@ms:

rotH =J (2)

divB =0 2
0B

rote = —— 3
m 3

divD = p 4)

The constitutive relations are:
B=uH (5)
D=¢E (6)

J=0E (7
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A2. Electrostatic Fields - Dielectric materials - Salar
potential

The figure shows a domain with a dielectric matedienoted by the permittivities.

The two boundary linea andb are related to thenposed potentialsVy andVy,. It is
called“Dirichlet boundary condition”.

V=la a

c®®d

V:Vb b

Domain for electrostatic case — dielectric matesial

The finite element method, as appliedBRCAD, works with potentials rather than
directly with the fields. The fields are calculatedthe post-process@FGN from the
potentials. For this problem, the scalar poter¥idin Volts) is used as the unknown
variable. V is related t& through:

E = —gradVv (8)
Maxwell's equation for this case is:
divD =0

since the fields are generated by the potentidémdihceV,—Vy rather than by charge
density inside the domain. Using the relation:

D=¢
and the equation above, we get:

div(eE) = 0

div(e(—gradV)) =0

which is Laplace's equation:

iga_v+iga_vzo (9)

This is the equation solved by the finite elemeethnd. Once this equation is solved,
the post-processor is able to calculate the fiatdany point of the domain. Using the
scalar potential, the boundary conditionwill be related to the field as follows:

- On the surfaces on whiadonstant values ofV are applied (line@ and lineb in next
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figure) the fieldE will be perpendicular to the equipotentialsVa andVy as shown in
the figure.

V=", b
Electric field at the boundary lines

On the remaining surfaces; &ndd in the figure above) where the user specifies no
condition, thefield is parallel to the surfaces. This condition is known"Beumann
boundary condition". These two conditions, Dirichlet and Neumann coods,
always refer to boundaries on which potentialsagmglied and on which no conditions
are applied, respectively. The behavior of poténtad boundary conditions described
above issimilar in all problems solved by scalar potentials

As an example, consider the domain shown in thedigpelow.

V=1y a
j ﬁ
&o
/ \ E]
|V (= P ) .
EX Y E
b V=7,

Domain using electrostatic scalar potential

On linesa andb, the potentials ar¥/y andVyp. A piece of different materiaR, with
permittivity €1 is embedded in the material of permittivigy

The geometry of the structure is easily enteredg)dior example, the prograEFD.
However the question isvhere to locatethe linesc andd ? One notices that the
geometric variation around the edges of the pieemd the shapes of the linesandb
generate a perturbation of the fi@dFrom the discussion above, the field lines mest b
parallel to linesc andd. Thus, if linesc andd are defined too close to the pideewe
are forcingk to be vertical in a region where we know it is mettical. Thesolution is

to move the linesc andd further away as shown in figure above. In thisecdbe
numerical solution will match the physical situation, and the field will be properly
calculated.

Another situation where the Neumann condition carubed is shown in the figuee
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below.

V=ba a V=la a V=la a

N7
€
d
c
V:Vb b V:Vb b
a b. c

Physical situations where, by symmetry, the doroambe reduced

Noting that there arewvo symmetry linesin the domain, the problem can be reduced
into one quarter of the original geometry. Firgt, lme n, the field isparallel to the
symmetry line. Therefore, this line can be defiasdaNeumann condition as shown

in the figureb.

Furthermore, because the field pgerpendicular to line m (because of the second
symmetry) the potential on this line will bé;(-Vp)/2 andthis line can be redefinedas

line b, with applied potentiaMz—Vp)/2 .

Thecorrect application of boundary conditions isritical . The geometry of the device,
dimensions, material properties and values of ssuareknown directly from the
application. However, the choice of lines watbplied or implied boundary conditions
requiressome reflection and common sensén the examples above, it was pointed out
how to correctly define the boundary conditionse Example in the last figure shows
how it is sometimepossible to reduce the domairso that the solution becomiester
and the associatdile .elf is smaller.

A3. Electrostatic Fields - Conductive Materials - 8alar
Potentials

The physical configuration is shown in the figueddw, where two potentialg; and
Vp are applied on boundariasandb. The domain contains only conducting materials.

V= Vb b
Domain for electrostatic scalar potential — conduetmaterials
The equation to be used here is obtain from Eq. (1)
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div(rotH) = divJ

Because the divergence of the curl of any vectadastically zero, we will work with
the electric continuity equation:

divi=0 (10)
Defining the electric scalar potential as in theyious example by:
E = —gradV

and Eq. (7))=cE, we obtain:
div(-ogradV) =0
or:

iJa—v+iaa—v:o (11)
ox o0x ody oy

Looking at the Laplace’s equation (in Eq. (9) ofl)jlwe note thato and £ have a
similar role. Here we alspoint out the necessary and important factthat in file
efmat.dat, for the solution with materials as described h#re value oftonductivity
must be inserted at the location of the permittiviy (or permeability) since the
conductivity here plays the same role of the pdmty or permeability for
electrostatic (with dielectric materials) or magoequations.

As a practical example, consider the domain ofithee below.

V=1 u

A

aluminum

Domain for electric scalar potential — conductivaterials

Two conducting materials (aluminum and copper) farody that is subjected to a
potential difference/z3—Vp. Linesa andb are theDirichlet boundaries on whichE

(and thereforel=oE) is perpendicular. The linesc and d are taken adNeumann
boundary conditions sincd must beparallel to these lines.

A4. Magnetostatic Fields - Scalar Potential
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Firstly, we point out that in this formulation & not possible to consider current sources
in the solution domain.

In the figurea below, there is a magnetic circuit, made of aniteyg coil, magnetic
material and airgap.

airgap NI d
m N T la__clvmH () d
o1 | w G ™
L HY Yy
0 b

a —domain for magnetic scalar potential

Assuming thathe permeability of iron is very high, the magnetic field in this material
can be neglected. This means that the magnetomiotive (nmj) NI appears between
lines a andb. The fields on linex andd remain parallel to these lines (see figure
above). This last assumptiaepends very muchon the shape of the airgap (if the
boundary lengtlt<< a this assumption is good), and on the distributiad location of
magnetic materials inside the airgap. Assuming shigation,we can study onlythe
domain in the airgap. The basic Maxwell equation is

divB =0

Defining the magnetic scalar potentigh (units are A.t) as:

H = —-grad(Vm) (12)
and usin® = 4H , we obtain the equation:

div(ugradvVm =0
which can be written as Laplace's equation:
0 ovm_ 0 ovm
Pl O_y'ua—y =0

This is now solved using the finite element method.

(13)

This case is agaivery similar to the first example, described in section A2. ©héy
difference is that now we are solving fomeagnetostatic caseThis being a scalar
potential problemall the remarks made in section 2 regarding boundary conditiors ar
applicable here as well.

As a practical example, suppose that the domaidenthe airgap is as shown in the
figure b below.
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iron . IV=NI a
Eiron
__________________________________________ d
¢ lH H l
l'roné
iron L= b

b —domain for using magnetic scalar potential

In this case, we may consider as a good approxamatinat the fields on linesandd
are placed as shown in the figureabove. Because asfymmetries(see dotted lines in
this figureb above), the domain can be reduced to the case diiurec below.

I'=NI a
iron
c lH Hl
d
I"'=NI1/2 b

c— reduced domain since there are symmetries invtime geometry

The study under consideration (figupg¢ could also be a single sectioof the case
shown in the figurel below in which a repetition of the figubeis used.

I’=NI .a

) (

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

) a1 <

Domain of Figure 38

d - case under study can be considered as a replicati@single domain

Because of the configuration of the iron teethhia igured, the Dirichlet (linesa and
b) and Neumann (linesandd) boundary conditions can be taken as shown irrdigju

andc.

We take advantage of this example to introducectitecept of periodicity. Suppose
that the lower iron teeth in the figudeare displaced as shown in the figere
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1"=NI a
£ L3
o J
' O &
=0 ©ob

e —domain with periodicity .

In this case it is practicalliynpossible to define two lines for Neumanmonditions on
which the field would be parallel to the lines, Bese we do not know a-priori the shape
of the field. However, we can state that the lieeandf are "periodical” lines since
what happens to one will also happen to the other.

Therefore, defining the Dirichlet boundary condition linea andb and the periodicity
condition on line andf, it is possible to solve only the single domairita figuree.

2]
L 4 . 4

@ @
. b -
f. —Neumann boundary condition is possible in this case

Now we discuss the situation in the figlir&ecause of the positioning of the teeth, it is
possible tadefine again a Neumanrcondition on linex andd, since the fields will be
parallel to these lines. There is no restrictiopiaoceeding with the calculation for this
case using the periodicity condition, however, gdime Neumann condition on lines
andd (in the figuref) reduces the domain &% of that using periodicity condition.

Finally, we remark that the formulation using magnecalar potential is very useful
for local studiesto cases as shown in this section that could eéttoth shape” for a
variable reluctance machine, for instance. Furtloeemn this formulationis very
efficient for nonlinear configurations.

A5. Magnetic Fields - Vector Potential.

Suppose that one wishes to calculate the wholetsteishown in the previous figure,
including the exciting coil In this case, a different formulation has to bedisince the
one based on thgcalar magnetic potential does not allowthe inclusion of current
sources in the domain.
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We define here the vector magnetic poterfias:

B =rotA (14)
Using B=z¢ and the Maxwell equation:
rotH =J
We obtain:
rotlB = rotirotA =J (15)
H H

In 2D cases, the vector potentidl and the current density have only components
perpendicular to th2D domain, as shown in the figure below. The inducBoand the
field H have components only in the directidsandOy.

(o
J
F N~

2D domain for applying the magnetic vector potdntia

Therefore, in order to solve Eq. (15) we must daleB = rot A , which becomes:

] O
B—IB +jB—Ia—A—ja—A (16)
ady ~ ox

FANEAN N

Noting thatA = k A, andi, j,k, are the unit vectors in th@x, Oy and Oz directions
respectively. The evaluation of:

rotlB = rotlrotA =J

H H
can be easily done as:
| O 0
i | Kk
O
def & 9 9loky
0x dy 0z
WA VoA o
| 0y ox i
wherev is the magnetic reluctivitjv =1/ ), which gives:
iva—A+iva—A =-J (17)
oXx 0x oy oy

which is the Poisson’s equation related to thigcas
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It is extremely important to understand the boundary conditions for this formulation
becausehey are different compared to the scalar potentialcase. Here, where the
vector potential is imposed({richlet boundary condition) th&eld will be parallel to
the boundary (while with the scalar potential, the field is pendicular to a Dirichlet
boundary). OnNeumann boundaries where no condition is specified, the field is
perpendicular to the boundary (while in the scalar potential case, the fielgasallel).
These situations are shown graphically in the @#gubelow where lines, b are
Dirichlet boundaries and d are Neumann boundaries for both cases.

a
a pa—
Hl H
c lH Hl d ¢ H H d
b . b .
a —scalar Potential b —vector potential.

There are two additional facts of importance:

a) With the 2D vector potential formulation discussed here, thagmetic vector
potential A has a physical significanck.is the magnetic flux divided by the depth of
the structure. Therefore, when obtaining the magnaedctor potential using the finite
element method, we, in fact, obtain the flux/degghablished in the solution domain by
the sources. More precisely, tti#ference between two values oA in two parts of the
domaingives the magnetic flux integrated over the linsegment defined by the two
points. Multiplying this difference by the depth thfe structure gives the total flux in
[WH through the corresponding surface.

b) A vector equipotential lines directly a line of magnetic field

Now we consider the structure of the next figure.

NI

K K

Structure to be analyzed by the vector potential

To define the domain, one has to takdirge that isnot crossed by the flux or, a line
where thefield is parallel. On such lines, the vectpotential A=0 is applied In this
structure, this line is shown in the figure below.
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ay A=0

a —lines where the flux is “retained”

iron

iron

b —wrong placement for the Dirichlet boundary conditio

Because of the high permeability of iron, the fluXl be "contained" within the area
between linesay, a3, and a4. However, thdine al had to be defined at a little distance
from the airgap as shown in the fige@bove since there is sorfield spread in this
area (edge effect). If, on the other hand, we wegace lineal as shown in the figure
b, the solution would be wrong since this defines an incoherent physical
configuration. Thus, we impose the Dirichlet boundary conditionsthe four linesy,

ap, ag, anday by setting the magnetic vector potential to zés().

Suppose now that treymmetry line existsin the figurea (line m) is considered. The
magnetic fieldis perpendicular to this line. Therefore, &eumann boundary
condition can be applied on this line as shown in the figuselow.

ay A=0
—
Cl3 T H l a
A=0 H|M H|—¢ T3 m.
C

¢ —using the symmetry and applying the Neumann boyrmtardition

On the boundarg we do not impose any valugNeumann condition) and the field will
be perpendicular to this line, matching the physical situation. The other li(es ap,
andag) still have the same Dirichletboundary conditio=0. In this way, the domain
Is reduced to half its size, saving memory and agatmn time.
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In the example above the fields are generated &yxdil. However, there is a situation
in which the fields can be generated by a potential differaxg applied on the
boundaries of the domain. Suppose that in the dowifaine figured, theflux crossing
the domain has &nown value. Consider also that the linesandb retain this flux,
meaning that the field is parallel to these lines.

bolel ol

a b

"l
0 lH A= D/depth

T

d
d —vector potential application where the flux is kmow

Using the concept of the magnetic vector potentidiich is theflux per depth, it is
easy toapply the flux in the domain. On lin@, we impose the Dirichlet boundary
conditionA=0. On lineb, we also apply a Dirichlet boundary conditidrn@/depth On
lines ¢ andd, no condition is appliedwhich makes these linddeumann boundary
conditions. Note the difference between this situnatind the one presented previously.
Here we are using\&ector potential, and the flux is known However, in section A4,

a scalar potential was used and theotential difference was known Depending on
the problem to be solved, one of these two fornmiatmay be more appropriate.

AG. Electric Fields - Vector Potential

The magnetic vector potential described aboveiseéts) has arequivalent quantity
for the case of the electric fielthe vector electric potential T. Suppose that in the
figure below there are only conductive materiald tecurrent | passing through the
domain is known. We assume also that the currerg contained within linea andb.

bl

b

Case to be studied by the electric vector potential
The appropriate Maxwell equation in this case is B§with the time derivatives set to
zero. Thus:

rotE=0
DefiningT as:
J=rotT
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and using:
E=J/o
we obtain the expression:
roti rotT =0 (18)
o

As for A, we assume that has only components adirection and Eq. (18) becomes:

0107, 010T 19)
0X o 0x 0y o oy

which is equivalent to Eq. (17) but now it is weitt in terms ofT. Note that the
equivalent expressions f&randT (assuming thal=0 for theA formulation) are:

rotirotA:J rotirotT:O
U o
B=rotA J=rotT
E J'SB Ms | = ISJ [dls
O I

T
depth depth

Using the concepts described in the last examplsettion A5, the problem in the
figure above may be solved by applying the potét=0 on linea and the potential
T=I/depth on lineb. These linevecome Dirichlet boundary conditions. On lineg
and d, on which J is perpendicular, ardeft unspecified (Neumann boundary
conditions).

This formulation isvery useful when weknow the current flowing through the
domain. A similar formulation, using trezalar potential was described in section A3
where theknown quantity was the potential difference.The choice between the
formulations depends, exclusively, on what is theemal known condition: potential
difference or current.

As in the case in section Ag; here plays the role ofu. Therefore, in fileefmat.dat,
the value ofo has to be provided in th@ace reserved fory. As a consequence, the
user must remember that in the post procedsBGN, the numerical quantities are
correct but themessages that appear on the screaelate to the magnetic vector
potential. Therefore, for the messages below, we ha affect the meanings indicated
(see the corresponding equations above):

Message on the screen: Correct Meaning
B (induction) J (current density)
Flux (wb/m) current (A/m)

Finally, the calculation of forces, inductancesd anagnetic energy (available in the
numerical menu oEFGN) are not applicable here.
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A7. The Eddy Current Formulation in EFCAD

The formulations employed in the solvé&t5CJ, EFCT, EFCF, EFCM, EFCM360,
EFCG, EFCMF and EFCV are all based on the vector potentfal exactly as
described in section A5. The boundary conditiors® diehave and are applied in the
same way so there is little to remark here in tagard.

However, the equations on which these solvers ased take into account the eddy
currents as follows. Using:

rotk = —a—B
t
and
B =rotA
one writes:
rotk = —i(rotA)
ot
and:

0A
E+—=grad
o - orady

Assuming thate is generatednly by the time rate of change of Band writing
J. = ok, (meaning thale is the eddy current density) we obtain:

__,0A
¢ ot
The current density in Eqg. (1) takes into account all current densjtiesluding source
current densities and eddy current densities. Degahe source current densitiesJas
and eddy current densities &s we can write:

rotvrot A=Jg +J, (20)

J

or:
0 0A 0 O0A O0A
vV—+ - =-J

—V—+—V—-0—= 21
ox Ox oy dy ot s (1)

which can be written as
div vgrad A—a%—?+JS =0 (22)

where A is the component éfin the directiorOz

A7.1. The complex formulation in EFCC



68

Using the complex formulation incorporateddRCC we have:
At) = A*ejat for A = Aoeja and Jg(t) = Js*ej“t
Noting that:

9A_ jon el
ot

EqQ. (22) becomes:
div (vgrad A )el™ - gjan’el® + 3. el ¢t = (23)
or, for linear, sinusoidal excitation we may write:

div (vgrad A*)—ajaA* +JS* =0 (24)

A7.2. The Formulation in EFCJ

In this solver we consider non-linear applicatiansl a step-by-step time in which:
a_A\ B Ai _ Ai—l
ot At

whereAl represents the unknown at the time si¢@id Al 1 calculated at the previous
time step I'-1". At is the time step. With this, Eq. (22) becomes:

. [ i-1
div vgrad A —0%+0A

+Js=0 (24)

In this case, since the valéé&™ is known, this term is considered to be a knownrc®
for time stepi”.

A7.3. The Formulation in EFCT, EFCM and EFCM360

This formulation is similar to that given above bl source is voltage fedather than
current fed. Using this methodls which is related to the current of the sourcé(spis
also an unknown. In this case, we have to congtuerelectric circuit equation of the
coil(s) which isfor motor convention:
V(t) =RI +La—|+ Nai)
ot ot
whereV(t) is the voltage applied to the cdr,is the resistance of the coil ahds an
additional inductance of the electric circuit (a&nd effects” for example) and the
number of turns of the source(s). The electricutirand the field equations are solved
simultaneously and the system can be written as:
_ [ i-1
divvgradA' —o—+0
At

+J5(1)=0 (25a)
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Al AD(A)

RI+L—+N =V (t 25b
At (t) (25b)

Note thatJs is a function of the currentand theflux @is a function of the magnetic
vector potential A.

We point out that, using this solveve obtain as solution th@otential A at the nodes
of the mesh (as is common in FEM) and tlierent I(t) establishedn the coils This
last quantity is available in the post-procedsBGN in its numerical menu and also in
terms of filesdesfor some solvers.

A7.4. The Formulation for EFCV

When a conductive part in the domain moves atativel velocityv, eddy currents are
induced according to:

Je=ovB
The main equation now becomes:
divvgrad A-ovB = Jg (26)

which is solved by this module. The velocitys read in the property fileefmat.dat.

A7.5. The Formulation for EFCF, EFCG, EFCMF and EFCMF360
With these solvers two types of conductors are idensd:

a) thin conductors where the current isniformly distributed over their cross-
section These voltage fed conductors are treated a&EF&T and equations
(25) are also used here;

b) thick conductors where the current density mot uniformly distributed over
their cross-section The corresponding equations for these type oflgotors
are:

div vgrad A —Ua A+UB—O

+Rm-” o— Ads

whereU is the induced voltage on the thick conductigy, is the total current,
andS, ¢ and R, are, respectively, its surface, length and restgta

With this formulation the conductors having eddyreats can be inter-connected or
not. The difference between this formulation araksical 2D eddy currents one (used
in EFCJ, EFCT, EFCC, EFCM, EFCM360 andEFCV), is that the conductors with
eddy current are not intrinsically connected anattstircuited. Accordingly to the way
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they are relied (serial, parallel or in squirregepanother electrical circuit equation is
needed as, for instance:

QI.U +CZIm:E

The whole equations system for magnetic materiis,conductors windings and thick
conductors is then:

i Al Al
divvgradA —-o—+o0—+J.()+ f1(U,) =0
g At At s(th+HWUm)
RI + L% FNEPA _y

CU +Calm = E(1)
lem+Rmai—'?—Um =0

We point out that, using these solvesg obtain as solution therector potential A at
the nodes of the mesh (as commonly done in FEA&)ctirent I(t) establishedn the
thin conductors coils, the total current |,(t) in the thick conductors with the

correspondingnduced voltagesU ,. The calculated current and voltages are available
in a.desformatted file.

A8. Axisymmetric Applications

As a 2D softwareEFCAD assumes that the structure under stddgs not haveany
geometric variation in the direction perpendicular to the cross-sectionof the
structure. However, it is possible to perform citons for three-dimensional
structures with axial symmetry. This means that the structure, when usiyighdrical
coordinates does not have geometric variations in the “theiegction.

As a simple example, consider the solenoid showthénfigurea in an axial cross-
section. The method of entering this geometriZHCAD is to place the source (current
in the solenoid) as shown in the figureln the solver, theiser assumegby answering
the appropriate question) that the case is axisymenehe solver will apply the
corresponding equations.

In EFCAD, the axial direction is always thex direction and, obviously, theadial
direction is they direction. Using this procedure, the solver aBBGN will take into
account the curvature of the device. If, on theeotiand, the geometry in the figuve
were not axisymmetric, it would constitute an ity long barcarrying a current,
which is a different situation.
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a —axisymmetric case b —2D representation ieFCAD
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A9. Remark on File efmat.dat

The solvers iIEEFCAD and the post-processBFGN take into account the fact that the
formulation is a scalar or vector potential basd#dfor example, the problem is
magnetic, the user enters the value of relatpermeability in file efmat.dat, in the
first field of the file, calledPERM. If the solution uses @ector potential, the solver
will proceed to calculate thealue 1/¢ as requiredin Egs. (15), (23), (24), and (25). In
Eq. (13) the value gffis used directly.

However, when thelectric field formulation is used for conducting materials, the
equivalent quantity in Eq. (11) (scalar potential) and Eq. (19) (veetectric potential)
are ogandl/orespectively To solve such cases, thser must insertthe value ofgin
the first field of fileefmat.dat. Note that there is a field in this file foconductivity but
this field isonly applicable to magnetic casewith eddy currents.

A10. Thermal Calculations

The solversEFCTS and EFCTT calculate static and transient thermal problems,
respectively. The unknown value is themperature that is considered as stalar
potential. The static thermal equation is:

div(AgradT) = —q (27)

where:

A is the thermal conductivity
T is the temperature (not to be confused with thetoreelectric potential)
g is the heating source.

Being a scalar potential, the boundary conditians similar to thosepresentedin
section A2:

- Dirichlet boundary conditions fapplied temperatures

- Neumannboundary conditions iio condition is to be specified

Thegradient of temperature shows thealirection of the heat fluxand is similar to the
electric field defined in section A2 Bs= —gradV .

There is als@an additional boundary condition applicable to thermal problems, for
cases in whichadiation and convectionoccur.
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Heat transfer to the ambient sp&geconvectionis expressed as:
dc = HS(T -Ty)

whereS is the surface in contact with the ambient spétes the coefficient of heat

transfer (its units ar®v/n?.°C), T is the temperature of the body within the surfSce
andTj is the ambient temperature.

Heat transfeby radiation is expressed as:

g =814 -T3)

where¢ is the emissivity of the body (8<1), y is the Stephan-Boltzmann constant
(5.669x1@ W/(m?2.°K4).

Convection and radiation transfer are includedh@ programEFCTS andEFCTT.
The values oH andTg are provided in the pre-process&fisM andEFR. The value of

€ is stored in fileefterm.dat.

Figurea below shows an example of thermal calculation. Aybis in contact with a
heated wall at100°C(line a). In partP there is acurrent density J, responsiblefor
additional heating in the body. Except for the wall other surfaces (surfacksc, d)
of the body are irtontact with the air, which is at20°C There is als@ symmetry,
defined by linem.

air at 20°C

a — thermal case with Dirichlet, Neumann and convectaxiiation boundary
conditions.

The domain for calculation is shown in the figuse On boundarya, we have a
Dirichlet boundary condition withT=100°C. On lines b and ¢, we define a
radiation/convection boundary condition with the ambient temperatur@@C The
emissivity of the body, which imecessary for the radiationcondition, is read in file
efterm.dat. The coefficient H, related to the&onvection is entered (typical value for
natural convection i&0) in thepre-processor(s) On boundaryn, nothing is specified
and we have &leumann boundary condition. Thimmeans that the heat flux(or the
gradient of temperature) is parallel to this limeduse of the geometric symmetry.

The regionP, which has an electric conductivibyand a current densityis a source of

heating in this example. The Joule effect produkesjuantityg=J%/ o (W/n$) shown in
Eq. (27).
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m

b —corresponding domain entered EFCAD.

The static calculation will give the thermal situation in steady statettis, the state of
the bodyafter the temperatures in the whole domain have stalized.

The thermal equation taking into accounttitamsient state (programeFCTT) is:
div(AgradT) +q = ca—T
ot
wherec is the thermal capacity.
This equation, when discretized in time is simitaEq. (24) and is:
9,01 9,01 or'_ i ot

—A—+—A—-cC =—q
ox o0x ody oy At At

whereT! is the unknown temperature at thle iime step andi 1 is the temperature
calculated at the previous time step. The heatngceq can also be a function of time.

Applying this formulation to the example above wet ghe solution in terms of
temperatures in the whole body at different timepstof the simulation. If it is
continued long enough, thmal steps will provide a solutionidentical to the steady
state solution. The initial temperature of the bodyakdan byEFCAD as20°C,which
matches the major part of practical cases.

As already mentioned&FCTS andEFCTT deal with non-linear calculations because
thethermal conductivity dependson temperature as:

AT) =K +K,e (/D

The values oK, Ky, andt are stored in filefterm.dat. If one wishes to consider a

linear case only K has to be entered as a nonzero value in thiswich is managed
by the prograntEFTP.

All. Iron Losses Calculation

The solver&€FCR, EFCR360, EFCM, EFCM360, EFCG, EFCMFandEFCMF360
calculate iron losses considering rotating andrmétitng induction as well as their
harmonics. Losses separation into three compomentnsidered:

- hysteresis lossep,, ;
- eddy current losses; ;
- anomalous lossep;.

Considering these three components, the totalldsses density is:
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Prot = Py * Pr + Pe [W/m’]

or, writing explicitly the components:

e ] 1 (dBY  (dBY 1r(dBY ,(dBY
Pro = [+ RaX ol + Ce 1 H ) ) }d”CE?IO Kﬁj (&) } )

with

Nlw

Phc = Cy B Kf

H =maxk

where

- Tis the induction time period;
- B, and B are the induction radial and tangential components

- R, and B,,, are defined for each induction harmonic as showthe next
figure.

kmin

LocusB,, B, for harmonic k

- C,.,a are parameters associated to the hysteresis model,

- C. is the eddy current losses coefficient;

- C. is the anomalous losses coefficient;

- X=(ry -)

- 1, is the relationship between the losses generatgditely rotating and
alternating inductions with the same amplitudelrasas in the following figure.
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P

BT}

Ratio between rotating and alternating losses

In the iron losses evaluation performedBCAD, this curve is represented by means
of a 6" order polynomial as follows:

r, =C,B*+C,B°+C,B*+C,B*+C,B*+C,B+C,
whereB is the magnetic induction.

This formulation takes into account the real inductwaveforms and can be used in
step by step field calculations. But, for conveo&nthe parameters to be furnished to
EFCAD (by means of fileeflos.datcreated byEFPL) are those related to a sinusoidal
waveform (see section 4.3.3):

- Ceddy=277°C,

- Canom= 8764C,
- Chyst=C,

- Alffa=a
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