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Figure 1: Pulse solution analysis working environment.

1 Introduction

1.1 Program functions

Pulse calculates time variations of magnetic elds in the presencef eddy
currents. The program solves the two-dimensional magnetic dision equa-
tion in cylindrical and rectangular geometries.Pulse utilizes nite-element

methods on variable-resolution conformal triangular meshe3he mesh size
is limited only by the installed memory of the computer. You ca de ne

up to 127 regions to represent materials or coilfPulse may be applied to
time-dependent systems or as a relaxation program to derive atiy-state
boundary value solutions. You can de ne multiple coils with doitrary cur-

rent waveforms using either mathematical functions or a exXile system of
tabular function input. The program also handles non-lineamagnetic ma-
terials with user-de ned ,(jBj) tables. In temporal runs, Pulse produces



multiple data les at specied times and history les of magneic and in-

duced electric eld at given locations. Data les may be analyed in an
interactive graphical environment. The program providesull information

on the elds and magnetic permeability. Other features inelde automatic
calculation of stored energy, peak eld values, magnetic fags and torques.
The program creates a wide variety of screen and hardcopy ptofFig. 1).

History les may be analyzed and plotted with the utility program Probe .

Pulse has applications to transformers, magnetic recording devigehigh-
eld pulsed magnets, linear induction accelerators, high-fopiency inductors
and magnetic coupling in microelectronic devices.

The intuitive graphical-user-interface makes it easy to learPulse and
to perform quick application setups. In contrast to other eld sdution soft-
ware, Pulse features complete data transparency. Input operations areito-
matically recorded in text scripts that provide documentaton of your work.
Scripts make it easy to reconstruct solutions and to share setupstiwvcol-
leagues.

1.2 Learning Pulse

The size of this manual re ects the extensive capabilities ohe Mesh / Pulse
package. It is not necessary to read the entire document to adshs most
applications. We have organized the chapters to help you getsted quickly.
You can investigate advanced topics as you gain more expewen

Browse the following sections in this chapter to review some basiof
pulsed magnetic elds in conductive media. You will probablyreturn
to the material to resolve issues (such as boundary conditions) ysu
get more involved in the programs.

Scan Chap. 1 of theMesh manual to understandTC , the TriComp
program launcher.

Be sure to read Chapter 2 of théVlesh manual, which reviews essential
concepts for conformal meshes in nite-element solutions.

Chapter 3 of the Mesh manual follows a walkthrough example to in-
troduce construction of a solution geometry with the interadgte Mesh
drawing editor. The exercise reviews fundamental tools youilwneed
for you own simulations. Chapter 5 describes how to convert a suti
into a conformal mesh.

Be sure to read Chapter 2. The walkthrough example covers theegts
in creating and analyzing a nite-element solution withPulse .



Run some of the prepared examples supplied with the package. €'h
examples give insights into solution options and may serve asrplates
for your own work.

As you gain experience you will want to to take advantage of thaull
range of Mesh/Pulse capabilities. Chapter 4 is a comprehensive ref-
erence on theMesh drawing editor. Chapter 5 covers processing, plot-
ting and repairs of meshes. Chapters 3 and 4 summarize the solatio
and analysis functions ofPulse.

Additional chapters cover advanced techniques iMesh. Chapters 6
and 7 of the Mesh manual show how to make direct entries in scripts
to invoke advanced control features. Chapter 8 describes how ¢reate
meshes from photographic and data images. This feature is udetin
model complex or irregular systems that are di cult to describewith
simple geometric speci cations.

1.3 Finite-element solution procedure

An in-depth understanding of nite-element numerical method is not nec-

essary to usePulse. Nonetheless, it is important to have a clear idea of
fundamental concepts to create e ective solutions. This secin describes
background material to understand the steps in afPulse solution.

The term eld indicates a quantity (scalar or vector) de ned over a re-
gion of space. Examples of elds include the vector electriceld E in an
electrostatic solution, electric and magnetic elds in an elgromagnetic so-
lution and the scalar temperatureT in a thermal solution. Variations of eld
guantities are usually described by continuous partial di eential equations,
such as the di usion equation. These equations can be solved ditlg by an-
alytic methods if the system geometry and material propertieare simple (for
example, a ferromagnetic cylinder inside a solenoid of in retlength). Ana-
lytic solutions are extremely di cult in systems with asymmetric structures
or non-linear materials. Furthermore, closed-form results aroften expressed
in terms of series expansions that must be evaluated numerigalFor all but
the simplest problems, it is usually quicker and more accurate temploy a
direct numerical approach.

The fundamental issue in numerical eld solutions is that digial comput-
ers cannot directly solve continuous equations. On the otheahd, comput-
ers are well suited to solving large sets of coupled linear eqiaais. The goal
of all numerical eld methods ( nite-di erence, nite-ele ment or boundary-
element) is to convert the governing di erential equationsnto a set of coupled
linear equations. The solution of the linear equations appreohes the results
of the di erential equation when the set becomes large.
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Figure 2: Conformal triangular mesh { de nition of terms.

The basis of the nite-element approach is to divide the full dation vol-
ume into a number of small volumes, oelements Here, the term small
indicates that element dimensions are much less than the scaéngdth for
variations of eld quantities. The division of the volume is cled the compu-
tational mesh Figure 2 shows the type of mesh used for the two dimensional
solutions of Pulse. The gure de nes three terms that will be used through-
out this manual:

Element . Volume divisions of the system.
Nodes. Points where elements intersect.

Facets. Surfaces between two elements.

The elements in Fig. 2 have triangular cross-sections. In a plansolution,
the cross-section lies in thex-y plane and the elements extend an in nite
distance in the z direction. In a cylindrical solution, an element is a gure
of revolution about the axis with a triangular cross-section irthe z-r plane.
The mesh in Fig. 2 has the important property ofconformality. The
term means that the triangles have been specially shaped to dorm to the
boundaries between materialsrégions). As a result, each element has an
unambiguous material identity. The nite-element method & based on two
approximations: 1) material properties in an element are uform and 2)
elements are small enough so that the eld quantities can be apximated
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by simple interpolation functions. With these assumptions, the g@rning
di erential equation can be integrated over elements surrouding a node to
yield a linear equation. This equation relates the eld quatity at the node
to those at the surrounding nodes. The coupled set has one lineguation
for each node in the mesh. IrPulse, solution of the set representing the
magnetic di usion equation gives the vector potential A,) or stream function
(rA ) at each node. We can then perform two-dimensional interpdians to
potential values at intervening points, or take numerical sp#l derivatives
to nd the components of the magnetic and induced electric kls.

With this background, we can understand the steps in aRulse solution:

1. You de ne the boundaries of material objects in a solutionolume for
your application. The task is usually accomplished with the draing
editor of Mesh. You can also specify control information such as the
target element sizes that may a ect the accuracy and run time fahe
solution. The result is a text record §cript) with sets of line and arc
vectors that outline electrodes and dielectrics.

2. Mesh analyzes the boundary speci cations and automatically gene
ates a set of conformal triangles such as those of Fig. 2. The pra
creates an output le that lists the locations of nodes and thédentities
of elements.

3. You de ne the material properties of regions in the solutio volume.
Usually, this task is performed through an interactive dialogn Pulse.

4. Pulse reads the mesh geometry and applies the material parameters
to generate the complex-value linear equation set.

5. Pulse solves the coupled equations using iterative methods and reds
the node potentials and coordinates in an output le. This le serves
as a permanent record of the solution that can be re-loaded ftatter
analysis.

6. You can use the interactive graphical environment dPulse to explore
the solution. The program creates a wide variety of plots andgsforms
guantitative calculations of eld quantities. You can also wite scripts
for automatic control of complex analyses.

1.4 Scripts and data les

Mesh and Pulse read and generate several types of les. For a typical
solution it is not necessary for your to deal directly with the les { the user
interface takes care of data organization. On the other hand you generate



Table 1: Pulse le types

Name Function \

MName.MIN Mesh input script (de nition of foundation mesh and
region outlines)

MName.MLS Mesh diagnostic listing

MName.MOU | Mesh output (node locations and element identi es)
PName.PIN Pulse input script (run control and material proper-
ties)

PName.PLS Pulse diagnostic listing

DName.POT Data table, vector potential versus time
DName.CUR Data table, drive current versus time

DName.MUR Data table, magnetic permeability versugB
PName.001 Pulse data dump sequence

PName.P01 Pulse probe history

SName.SCR Pulse script for automatic data analysis

a large amount of data it's a good practice to archive appli¢cen results in
individual folders. Furthermore, there are advanced feates of Mesh and
Pulse that require direct entries to the input scripts. For conveniace, all
input scripts and output data les are in text format. Both Mesh and Pulse
feature integrated text editors. Table 1 lists the le types aml functions in
the Pulse package. Note that the su xes indicate the le function.

1.5 Theoretical background

Although you can usePulse without a detailed knowledge of magnetic di u-
sion, it is essential to understand some basics to run the code e aglly. The
program calculates magnetic eld variations by solving the Mxwell equa-
tions in the limit that displacement currents (generated by banging electric
elds) are small compared to the other currents in the problemThe currents
treated by Pulse include speci ed currents in coils and the currents induced
in surrounding conducting materials by inductive electric elds. Elimination
of displacement currents is equivalent to neglecting the eots of electromag-
netic radiation.

The reduced set of the Maxwell equations is

B o
r — =Jotin (1)



2. @
Equation 1 is Ampere's law. The quantity is the local value ofmagnetic
permeability. Including it in the equation automatically introduces thee ects
of atomic currents in materials. In the following discussions, wase the
relative magnetic permeabilityde ned by , = = ,. In Pulse calculations,
we assume that all magnetic materials are soft and isotropic, soahthe
magnetic permeability is a single-valued function of the manfude of the
local magnetic eld, (jBj). The non-atomic current density on the right-
hand side of Eq. 1 is divided into two parts. The quantityj, represents the
current density in coils. This current density is speci ed by theuser and
does not depend on the eld solution. The quantityj, is the eddy current
density induced in surrounding conductors by changing magnetic ekl If
the conductors have an isotropic electrical conductivity , the eddy current
density is related to the local value of electric eld by

r E=

jr= E: 3)

Equation 2 is Faraday's law, giving the electric eld in terns of the chang-

ing magnetic eld. We assume that there is no space charge so thatlp

inductive electric elds are present. The conditionr B = 0 implies that

the magnetic eld can be written as the curl of a vector quanty, the vector
potential,

B=r A: (4)

Combining Egs. 2 and 4, we can show that the induced electric elis given
by the time derivative of the vector potential

C
BT, ®)
or
. @\
Jr = ot (6)
Substituting Egs. 4 and 6 into Eq. 1 gives the magnetic di usion guation
[
1 .
o%\fr —rrA + oot (7)

The strategy is to solve Eq. 7 for the vector potential using apppriate
boundary conditions and then to derive the magnetic elds sim Eq. 4. The
procedure is straightforward in two dimensional geometrieshere there is
only one component of vector potential. Rectangular geométs have vari-
ations in x and y and are uniform inz. The conditions of symmetry imply
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that the applied currents, the vector potential, and the indwtive electric
eld point in the z direction and that the magnetic eld componentsBy
and By, are non-zero. Cylindrical systems are symmetric in and have eld
componentsB, and B,. The current density, vector potential and induced
electric eld are directed in . Pulse does not directly solve the di erential
form of Eg. 7. Instead, the nite-element code solves the integl form of
Ampere's law applied to the triangular elements of the mesh. Ithis ap-
proximation, values ofA, and @A=@tre de ned at the nodes of the mesh
triangles. The material properties and , as well as the eld components
Bx and B, are associated with the triangle areas. To apply the nite elenm
method to cylindrical problems,Pulse uses thestream function rA , rather
than the vector potential as the main solution variation. A conplete review
of the physical basis oPulse is given in S. HumphriesField Solutions on
Computers (CRC Press, Boca Raton, 1997), Sect. 11.5.

1.6 Vector potential and boundary conditions

A boundary condition is the speci cation of the calculated éd quantity
on the outer edge of the solution region. To understand boundes, it is
important to remember that Pulse determines values for the magnetic vector
potential at the vertex points. The routines of the Analysis meu then take
spatial derivatives of these values to determine the magnetields. The
boundary conditions therefore apply to the vector potentia

In rectangular problems (variation in x and y with no variation in z)
Pulse determines the vector potentialA, created by currents that move in
the z direction. The magnetic elds are given by

_ @A,
By = gg (8)
By = @y: (9)

Equations 8 and 9 imply that changes in values of the vector pantial
are related to the ux of magnetic eld lines (the surface intgral of magnetic
eld). For example, in a rectangular problem with boundaris aty; and ys,,
the di erence in the boundary values of the vector potentiakt position Xxq
is given by

z
. cay = 2 0. 0.
Az(Xo;Y2)  Az(Xosy1) = Bx(Y" Xo)dy™. (10)

Y1
A similar equation holds for integrals in thex direction. Therefore, if we
setA, equal to a constant value (usually zero) around the complete siilon
boundary, all magnetic ux must be trapped inside the region beause the
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Figure 3. Setting boundary values of the vector potential t@reate a region
of uniform ux.

integral of By or By over any plane is zero. This is equivalent to generating
the magnetic eld inside a perfectly conducting metal box. Anther way to
see this is to note that becaus® = r A, the magnetic eld must be
parallel to a surface of constani .

For problems in cylindrical coordinates,Pulse calculates the quantity
rA , whereA is the vector potential created by azimuthal currents. In thé
case, the magnetic elds are given by

1 @rA )
BI’ - F @Z l (11)
_1la@hA)

The symmetry of magnetic eld lines dictates that the axis { = 0) must

always be a line withrA = 0:0. Pulse automatically sets the condition

for cylindrical problems that include the axis by adding a costant potential

line region on the axis. The value ofA on the outer boundary at the outer

solution radius is related to the ux of axial eld by
Z r

(rA )l = 21 00:2r @rB,(r¢z) = F;ux:

As an example, Fig. 3 shows the magnetic eld lines around an imaylinder
immersed in a uniform solenoid eld of 0.1 tesla. The uniform a was
created by settingrA = 5:0 10 * tesla-n? on the outer boundary at
ro=0:10 m.

With this background, we can now discuss the implications of #two
types of boundary conditions used irfPulse :

(13)
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Table 2: Pulse physical units

| Quantity | Unit |
Length meters (internal)
Time seconds
Vector potential tesla-m
Magnetic elds tesla
Current amperes
Current density amperes/n¥
Electrical conductivity S/m
Dirichlet

Dirichlet boundary points follow a prescribed value of vectopotential
as the Pulse solution proceeds. A line region of uniform vectootential
represents a perfectly conducting metal surface with magnetield lines
parallel to the boundary. An internal volume region at xed vector
potential represents a metal body that excludes the magnetield.

Neumann

The normal derivative of the vector potential is speci ed on &leumann
boundary. Pulse handles the special cas@\ =partialn = 0. This
condition implies that the magnetic eld is normal to the bowndary.
An advantages of the nite-element method is that boundariethat are
not xed automatically satisfy the special Neumann condition, een if
they are slanted or curved. Neumann boundaries are useful to rex
computation time by modeling portions of symmetric systems.

1.7 Physical units

Magnetic eld quantities, time and length are in the standard $units shown
in Table 2. Coordinates entered in alternative units are coerted to meters
through the DUnit parameter. The quantity DUnit is the number of unit
lengths per m. For example, if dimensions are in cm, sBtUnit = 100.0.

12



Figure 4. Region de nitions for the WALKTHROW@¢&&imple.

2 Creating and analyzing a solution with Pulse

This chapter reviews a complete solution to illustratePulse procedures.
We shall consider a system where the magnetic eld generated by alged

coil penetrates surrounding metal structures. In preparationmove the les
WALKTHROUGH.MINCRITDAMP.CURmM the example library to a conve-
nient working directory like NTRICOMIBUFFERThe le WALKTHROUGH.MIN
contains geometry information for the mesh generator an@RITDAMP.CUR
contains a table that de nes a curve for a normalized, critiglly-damped
pulse. Start the TriComp program launchertc.exe and make sure that
the program points to the working directory using theSet data directory
button.

Figure 4 shows the geometry of the cylindrical system. Note thathe
gure is a z-r plot as opposed to the a longitudinal section. The physical
system is a gure of revolution about thez axis and only valuesr 0.0
are de ned. The device is a miniature magnetically-insulate transmission
line to carry pulsed voltages in the megavolt range to a highiorent electron
beam diode. The assembly is contained inside an aluminum vacuehmamber
(indigo). The aluminum wall also con nes the pulsed magneticeld, reducing
inductance and minimizing external fringe elds. The pulsed denoid coil
(cyan) has a uniform winding density that we approximate by curent density
distributed uniformly over the cross-section. A thin layer of stanless steel
(dark blue) acts as the outer conductor of the coaxial transrasion line. The
inner conductor is divided into three parts so we can study the ect of
changing its material composition. In the baseline con gurabn, the regions
CCONDTLCONDGNd CCONDOQS&e assigned the properties of aluminum to
represent a solid assembly. For an alternate calculatio€CONDO4 vacuum,
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CCONCAQ2 a thin stainless steel tube andZCCOND(S8 a stainless steel cap.
The remaining elements of the solution volume (light violetyepresent air
or vacuum ( , = 1:0). There is an additional region BOUNDARat is not
displayed in Fig. 4. The region consists of the nodes on the bottg right and
top sides of the solution volume to which we shall apply a speciabradition
(discussed below).

2.1 Mesh generation

Run Mesh and load WALKTHOUGH.MRNK the Edit script/graphics com-
mand to enter the drawing editor. Here, you can use the display pabilities

to con rm the shapes of the regions shown in Fig. 4. Abandon the awing

and return to the main menu. Click theProcesscommand. Click on thePlot-
Repair command to inspect the completed mesh. Before proceeding, yean
check some of theMesh plot capabilities by clicking on Plot/Repair. Note

how the program has exed triangles to create accurate and smih surfaces.

The mesh contains 32,881 nodes and 65,000 elements. Exit that phenu and
choose theSave mesh (MOU)ommand to create the leWALKTHROUGH.MOU
You can now close or minimizéviesh .

2.2 Creating the Pulse script

Run Pulse from TC . The screenis initially blank and the status bar indicates
that the program is waiting for input. Note the prominent tools marked1,
2 and 3. The notation is a reminder of the three steps in a magnetic-ld
solution:

1. Set up program controls and material properties.
2. Generate and solve the nite-element equations.
3. Analyze the solution.

To start the rst operation, we must identify the Mesh output le that
de nes the system geometry. Click thel tool or the Setupmenu command.
In the dialog, choose the IeWALKTHROUGH.M@&e loads the information
and displays the dialog of Fig. 5. Note that the grid contains aaw for each
mesh region with a notation of theFill status. There are four columns in the
grid where you can enter valuesSigma (electrical conductivity in S/m), MuR
(relative magnetic permeability), Current (total current I, or | through the
region cross section in amperes) arfixed (speci ed value ofA; in tesla-m
or rA _theta in tesla-nv).

The entries in the Control parameter section of the dialog have the fol-
lowing functions:

14



Figure 5: Dialog to setPulse control parameters and region properties.

GEOMETRY The symmetry of the solution: planar or cylindrical. A
planar solution varies inx-y and has in nite length in z, while a cylin-
drical solution has symmetry in .

DIMENSION UNITS Choose the units that were used for the mesh
de nition. Coordinates will be converted to meters for thePulse cal-
culation. Choose Custom if the units do not appear in the list. Irthis
case, the program includes a dummy entry in the script that youan
modify with an editor.

TMAX. Sets the stop time for the run. Enter the value in seconds. All
runs begin att = 0:0..

DTMIN. Sets the minimum time interval, over-riding the automaticstep
selection. Enter the value in seconds. If no value is speci e®ulse
uses a default of D 10 °®s.

DTMAX. Sets the maximum time interval, over-riding the automatic
step selection. Enter the value in seconds. The default is in njt

Set up the dialog with the values shown in Fig. 5 and cliclOK. Pulse uses
the information in the dialog to create the scriptWALKTHROUGH.shbwn
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in Table 3. Chapter 3 reviews the script format and advanced pgram
capabilities.
In the region quantities of Fig. 5, note that the vacuum/air region (1) has

r =1:0and =0:01S/m. The conductivity is much smaller than the metal
regions but not zero. In a di usion solution, information must popagate at
a nite velocity. The speed of light does not enter into the magetic di usion
equations discussed in Sect. 1.5. Therefore, the value= 0:0 would give an
in nite mesh velocity leading to numerical instability. The choice = 0:01
ensures that changes of magnetic eld move rapidly through #hair/vacuum
regions compared to the rise-time of the drive current pulse. K entry for
region 8 setgA = 0:0 for the nodes on the bottom, right and top boundaries
of the solution. The condition constrains the magnetic eld tobe parallel to
these surfaces. It is clear that the condition holds on the botto boundary
(axis of rotation), but some explanation is needed for the o#fr two. The eld
will not be completely contained by the aluminum vacuum chatrer. Some
ux leaks out, and one of our goals is to nd the magnetic eld anplitude
outside the tube. In a nite-element calculation of magneticeld di usion,
it is not possible to de ne an ideal free-space boundary. IRulse, there
are two choices for the boundary condition: 1) paralleB and 2) normal
B. To approximate the free-space condition, we include an istilag air
region around the system and apply the condition thaB is parallel. With
no speci cation, the left-hand boundary automatically assumehe natural
boundary conditions for a nite-element magnetic- eld solgion (normal B).
Because there is a long, uniform section of transmission line toetteft of the
solution volume, the condition thatB, = 0:0 is approximately correct.

2.3 Finite-element solution

Before we can carry out the solution, we must make a small modi tan to
the script of Table 3. The current in the normalized data leCRITDAMP.CUR
reaches a maximum value of 1.0 A at=1:0 s. We shall add scaling factors
so that the peak current of 70 kA occurs at 350s. In the Pulse main menu,
click on the commandFile/Edit script and chooseWALKTHROUGH.HIn
program loads the le in the internal editor. The original fam of Line 32 is

Current(4) = TABLE CRITDAMP.CUR

The command instructs the program to calculated the time-degndent cur-
rent of region 4 from the table contained in the le. Use the eddr to change
the line to:

Current(4) = TABLE CRITDAMP.CUR 350.0E-6 7.00E4

16



Table 3: File WALKTHROUGH.PIN

* ---- CONTROL ----
Mesh = walkthrough
Geometry = Cylin

DUnit = 3.9370E+01
TMax =  4.0000E-04
DtMin =  1.0000E-07
DtMax =  1.0000E-06

* --- REGIONS ----

* Region 1: SOLVOLUME
Sigma(l) = 1.0000E-02
Mu(1) = 1.0000E+00

* Region 2: ALUMWALL
Sigma(2) = 3.7000E+07
Mu(2) = 1.0000E+00

* Region 3: SSWALL
Sigma(3) = 1.2400E+06
Mu(3) = 1.0000E+00

* Region 4: COIL
Sigma(4) =  1.0000E-02
Mu(4) = 1.0000E+00
Current(4) = TABLE CRITDAMP.CUR
* Region 5: CCONDO1
Sigma(5) = 3.7000E+07
Mu(5) = 1.0000E+00

* Region 6: CCONDO02
Sigma(6) = 3.7000E+07
Mu(6) = 1.0000E+00

* Region 7: CCONDO3
Sigma(7) = 3.7000E+07
Mu(7) = 1.0000E+00

* Region 8: BOUNDARY
Fixed(8) = 0.0000E+00
* ---- DIAGNOSTICS ----
DTime = 1.7500E-04
History = -2.0000E+00 1.5500E+00
EndFile
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The rst scaling factor applies to values of time and the secondotvalues
of current. Pulse adjusts quantities using the scaling factors when they are
loaded from the table. Save the le and exit the editor.

To carry out the solution, click on the tool marked2 or the menu com-
mand Solve/Run and chooseWALKTHROUGH.HIN program reads all the
information in the script and then starts the solution. Initial activities include
loading the mesh, reading the data le for the current wavefan and setting
up the nite element equations. Pulse then proceeds with the initial-value
solution. The status bar at the bottom of the window show the progess.
The screen assumes a blue color during the solution and returns ten at
the end. In response to the commands of thBiagnostics section, the pro-
gram creates two data dumps\WALKTHROUGH &4 WALKTHROUGH)@®2
times 175.0012 s and 350.0025 s. The times are not exactly equal to those
speci ed in the script because the data dump must be performed lveten
variable time steps. The program also creates the I®VALKTHROUGH.RO1
record of quantities as a function of time at the probe locabh.

2.4 Solution analysis

From the Pulse main menu, click on the tool marked3 or the Analyze menu
command. The program switches to analysis mode, changing thenu and
tool selection. Click onFile/Series start le and chooseVALKTHROUGH.001
The program loads the le and creates the default magnetic ld-line plot of
Fig. 6a. Click on File/Series next le to advance to the solution at the peak
of the drive current (350 s). At this point, you can experiment with the
extensive plot and analysis functions dPulse . Figure 6b shows modi ed eld
lines when the conductivity for the center-conductor regiws is changed to
the value for stainless steel. Figure 7 plots the variations &, along the left
boundary of Fig. 6. Values for the plot were automatically daulated using
the Analysis/Line scan command. Chapter 4 gives detailed descriptions of
analysis capabilities.

To conclude, launchProbe from TC . Click on Load probe le and choose
WALKTHROUGH.HA®E program displays a summary of le information click
OK to proceed.Probe creates the default plot shown in Fig. 8. As expected,
the external eld rises exponentially with time, reaching a pak value of about
33 G att=350 s. Within the program you can changes quantities, modify
the plot limits or use the digital oscilloscope features to nd seci ¢ values.
Chapter 5 describes program capabilities in detail. Note thgirobe les are
in text format so it is easy to port information to your own analysis programs.

18



Figure 6: Magnetic eld lines for the WALKTHROUWR&Mmple att = 350 s.
Note that lines are separated by equal intervals of ux so that te spacing
appears larger near the axisa) Solid aluminum center-conductor.b) Center-
conductor comprised of stainless steel tube and cap.
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Figure 7: Variation of B, along the left boundaries of Figs. 6a and 6b.

Figure 8: Probe plotting capabilities for the WALKTHROWR&mple. Cal-
culated magnetic eld B,(t) just outside the aluminum vacuum tube at
z= 200in.
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3 Pulse solution reference

3.1 Organizing Pulse calculations

The programpulse.exe can run in two modes: interactively in a window or
autonomously in the background with the option for batch le @ntrol. The
autonomous modes allow automatic processing of large or rejpieé data
sets.

Pulse requires two input les.

A Mesh output le that describes the conformal triangular mesh. The
le contains node coordinates and the region numbers of elemts and
vertices.

A command script that sets control parameters for the solutionfogram
and describes the physical properties associated with regionmioers.

Runs with time-dependent current and/or non-linear magnet materials may
require additional les to de ne the variations.

The mesh output le always has a name of the forrMPREFIX.MQWhere
MPREFIX a valid le pre x (1 to 32 characters). The script must have a
name of the formFPREFIX.PINPulse issues an error message if both input
les are not available in the working directory. To organizedata, the resulting
output les have names that begin with FPREFIX

A Pulse run consists of three activities that involve di erent programs:
mesh generation, eld solution, and analysis. The programs conumicate
through data les. Sometimes, you may calculate several solutie from the
same mesh by changing the properties of materials. Each run indes the
following steps.

1. Prepare aMesh input script with a name of the form FPREFIX.MIN
following the instructions in Chaps. 3 and 5 of theMesh manual.

2. Run Mesh either interactively from the TC program launcher or from
the Windows Command Prompt to create the leMPREFIX.MOU

3. Prepare a command script fPREFIX.PIN using the Setup command
in Pulse or a text editor. The allowed le commands are described in
this chapter.

4. Optionally, prepare data les to de ne time-dependent carent or char-
acteristics (jBj of a nonlinear material. The text les may consist of
experimental data and may be created with a text editor or spea-
sheet.

21



5. Run Pulse to create one or more output les. Files with names of
the form FPREFIX.00lare data dumps at speci c times that can be
used as input in theAnalysis menu. The les are in text format and
contain information on the mesh geometry, the physical propges of
regions, and values of computed quantities at the nodes. In magjic
di usion solutions the recorded region properties are relate magnetic
permeability (for linear materials) and the volume resistiviy. The code
stores node values of the vector potential (or stream functiprand its
time derivative. The latter quantity is used to display inductive electric
eld in the Analysis menu. Values of relative magnetic permeability
are also stored to plot variations in non-linear materials. Fds with
names of the formFPREFIX.POlare probe records of temperature at
speci c locations. The contents of these les can be plotted wht the
Probe program.

6. Analyze the solution using theAnalysis menu of Pulse or Probe . You
can also transfer the information in data dumps or history les ¢ your
own analysis programs.

3.2 Pulse script format

You can create a control script forPulse interactively using the dialog de-
scribed in Sect. 2.2 or by writing the commands directly with dext editor.
You can easily alter any script with an editor. Direct script eding is re-
quired for some advancedPulse capabilities. This chapter gives a detailed
description of the syntax and functions of script commands.

The script must end with the EndFile command. The entries on a line
may be separated by the standard delimiters introduced in thglesh manual:

Space [' ]

Comma [,

Tab

Colon [

Left parenthesis ['(]
Right parenthesis [')']

Equal sign ['=]
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Any number of delimiters may be used in a line. Blank lines and nument
lines are ignored. Comment lines begin with an asterisk (*)Pulse accepts
commands in any order. Table 3 illustrates a complete script.

There are three classes of commands: program control, regiomperties
and diagnostics. A control command contains a keyword and a va. Region
commands set the physical properties associated with elementsdanodes.
They have the format:

Keyword RegNo Value

Here, the integerRegNois the region number de ned in theMesh input le.
The string Keyword speci es the physical property. The value may be one
or more numbers. As an example, the command

SIGMA 2 2.5E5

assigns electrical conductivity =2:5 10° to elements with region number
2. (Note : For back-compatibility, Pulse recognizes command formats from
Version 1.0 through 5.0 where control commands start with thedyword Set
region commands withRegion and diagnostic commands withDiag.)

3.3 Control commands

This section discusses commands that control program operatioNote that
commands are written symbolically and as they might appear ithe script:

MESH MPre x

MESH SparkGap

Specify the Mesh output le that de nes the geometry of the simulation.
The le must have a name of the formMPrefix.MOUand be available in the
working directory. If this command does not appear in a scripwith the
nameFPrefix.TIN , then Pulse will seek the default mesh leFPrefix.MOU.

GEOMETRY [Rect, Cylin]

GEOMETRY = Cylin

Pulse handles problems in rectangular or cylindrical geometriefRectangu-
lar systems have variations irx and y with in nite length in z. Cylindrical
systems have variations im and z with azimuthal symmetry. The parameter
options are Rect and Cylin. In cylindrical solutions the program takes the
z axis along theMesh x direction and the r axis alongy. In this case the
program issues an error message if any node hag eoordinate less than 0.0.
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DUNIT DUnit

DUNIT = 1.0E4

You can use any convenient distance units iMesh. This command de nes
a factor to convert coordinates supplied byMesh to the standard distance
units of meters used inPulse. The quantity DUnit equals the number of
Mesh units per meter. For example, if theMesh dimensions are entered in
microns, setDUnit =1:0 1. The default value is 1.00. Kote . Spatial

guantities recorded in the output les FPrefix.001 are always in meters).
In an analysis session withPulse, spatial quantities in graphs and listing
les are scaled to theMesh units. For example, if theMesh dimensions are
in cm and DUnit = 100:0, the spatial quantities in plots will be in cm.)

TMAX TMax

TMAX = 105.0

Set the stop time for the run. Enter the value in seconds. All runsdgin at
t = 0:0. (Required input)

DTMIN DtMin

DTMIN = 0.0001

Set the minimum time interval, over-riding the automatic stg selection.
Enter the value in seconds. The default value is tmi, =1:0 10 °s.

DTMAX DtMax

DTMAX = 0.25

Set the maximum time interval, over-riding the automatic st@ selection.
Enter the value in seconds. The default is ty. = 1 .

SAFETY Sf

SAFETY = 35.0

Set a safety factor for the automatic time step adjustment. Theange of
typical values isS; = 2:5 to 25. Higher values improve accuracy at the
expense of longer computation times. The default value & = 15:0.

NCHECK Nc

NCHECK = 10

Set the number of time increments between a recalculation tife automatic
time step routine. The default value isN; = 5.
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NSTEP Ns

NSTEP = 5000

Sets the maximum number of time steps in the solution. The progm stops
at either Thax Or Ng, depending on which occurs rst. This command can
prevent solutions controlled by a batch le from running out d hand. The
default is Ng = 100; 000.

INTERP [Linear, Spline]

INTERP = Linear

Set the interpolation mode for quantities where a time or teperature vari-
ations is described by a table of values (Sect. 3.7). The defaaubic spline
method gives the highest accuracy for smooth data (continuowslue and
slope). Use linear interpolation when data points are noisy or stontinuous.

3.4 Picking a time step

Pulse follows magnetic diusion by advancing in small time incremets.
Because time scales may vary several orders of magnitude in nuiced so-
lutions of di usion problems, it is essential to use a variable tira step. For
example, consider setting an instantaneous non-zero value ettor potential
on a boundary. Initially, the full change in vector potentid occurs across a
single mesh element. If the solution space is about 100 elementseoside,
the initial time step must be 10,000 times shorter than the time &p nec-
essary to model magnetic di usion in the full solution space. To piorm
this large adjustment, Pulse has a routine that estimates a good time step.
The procedure relies on a calculation of the root-mean-sqar value for the
second derivative of vector potential over the full solutionegion. Although
the automatic time step feature generally works well, some usktervention
may be necessary because of the wide diversity of problems tfailse can
handle. Section 3.3 introduced three control commands thatllow you to
modify the time step: Safety DtMin and DtMax. We will discuss each in
turn.

SAFETY = 35.0

The automatic time-step routine calculates the maximum allved time incre-
ment and then divides by the factorS;. Generally, S should exceed unity.
Higher values improve accuracy but lengthen the computatiotime. The
numerical methods used inPulse should be stable for all choices of time
step. If you observe unstable behavior, the most likely cause isethmesh
distortion e ect discussed in the next section.
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DTMIN = 5.0E-7

The automatic time step feature ofPulse can cope with di cult solutions
where there are initial discontinuities in vector potential Depending on
the geometry,Pulse may have to use extremely short time steps to achieve
accuracy early in time. Sometimes, details of the initial rekation of the
magnetic eld are not important. To speed the calculation, ya can over-
ride automatic time selection by setting a minimum time step wit the DtMin
command. Once the estimated time step rises abovet,, , the automatic
routine takes over. TheDtMin command is essential in solutions with time-
dependent currents that start from zero. In this case, the veat potential
is initially zero everywhere. Because the second derivative zero, Pulse
cannot determine a time step. In this case, the program assigns ery small
default increment. You can set a better value using th®tMin command.
In picking a time step, note that a good solution usually requir@about 1000
or more steps.

DTMAX = 1.0E-3

Occasionally, the automatic routine inPulse may pick a time step that is too
long for good accuracy. This situation occurs if there is a lattemperature
variation in a large solution volume at approximately unifom temperature.

In this case, you can clamp the maximum value of time incremenising the
DtMax command. Again, a good solution should have about 1000 steps or
more.

Ironically, one disadvantage of a stable numerical proceduig that it al-
ways gives an answer, even if it is quite inaccurate. You can ue DtMax
command to check the accuracy of important solutions. First, muthe prob-
lem using automatic time step selection. Note the nal time step ah use
the Analysis menu to nd eld values at critical positions. Run the solution
again, setting tmax to a fraction (0.25 - 0.50) of the nal time. Check for
signi cant changes in the predicted magnetic eld.

3.5 Avoiding numerical instabilities

Pulse uses the time-centered Dufort-Frankiel method to advance édi u-
sion equation in time. The explicit method gives fast calcul&ns on large
meshes and is stable for all choices of time step on a simple recfalar nite-

di erence mesh. A numerical instability may occur if the methd is applied
on conformal meshes that have triangular elements that are mpressed in
the y or r directions. For a discussion of the theory and conditions of the
instability, see S. HumphriesField Solutions on Computers  (CRC Press,
Boca Raton, 1997), Sect. 12.4. The simplest way to avoid probis is to use
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Figure 9: E ective of the DCORRE€d@mmand in aMesh script.

uniform element dimensions in Mesh (with x = y) constructing the foun-
dation mesh. If it is necessary to de ne regions along the axestkvdi erent
resolution, you can invoke a special feature in Mesh for automatcorrection
of element shapes. To signal corrections, you must include the cmand

DCORRECT

(for di usive correction) in the Global section of theMesh script.

Figure 9 shows the e ect for a mesh with elements wherey = 0:4 x.
In the top plot with no correction most of the triangles have aninternal
angle greater than 99, the condition for an instability. With the di usive
correction (bottom plot), Mesh automatically adjusted the shapes of mesh
elements so that there are no contiguous blocks of elementsttwbbtuse
internal angles. The following global section was used for theottom plot:
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GLOBAL
XMESH

0.0 50 05
END
YMESH

0.0 50 0.2
END
DCORRECT
END

As arule, always includeDCORRE®@TMesh scripts for Pulse solutions when
variable resolution is used.

3.6 Region properties

The Pulse command set for de ning the material properties of regions
is relatively simple. In this section, we limit attention to canmands to set
values that remain constant through the solution. The followg section
describes alternative forms to de ne variable quantities.

FIXED RegNo A

FIXED(4) = 0.0

Set the region to a xed value of vector potential that does niochange during

the solution. For planar solutions, enter the values oA, in tesla-m. In

cylindrical solutions, specifyrA in in tesla-m?. Because the stream function
always equals zero at = 0, Pulse automatically creates a xed potential

region with rA = 0 on the axis.

The following commands refer to electrically-conductive aterials. Mul-
tiple commands may be necessary for a full region de nition.

SIGMA RegNo Sigma
SIGMA(6) = 1.4E6
Set the electrical conductivity of the region in S/m.

MU RegNo MuR

MU(8) = 500.0

Sets a uniform value for the relative magnetic permeabilityThe default is
r = 1:0. To model a oating ideal conductor with a constant value of gctor

potential that is not known in advance, set , 1:0.
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CURRENT RegNo Ir

CURRENT(6) = -10000.0

Sets a constant current for the region in amperes. The curren$ idivided
between elements to maintain uniform current density. To moal variations
in current density, divide a coil cross section in multiple regns.

In a magnetic di usion solution, all areas in the solution that @ not have
a xed value of vector potential are treated as electrical auductors. You
must take care in solutions with vacuum or air regions where theonduc-
tivity is zero. Di usion through such a medium is instantaneous,so that
numerical solutions may exhibit inaccuracies or oscillatia A conservative
approach is to set the conductivity in insulators to a lower (btinon-zero)
value compared to that of the conductive media. For examplén a solution
for eld penetration into a stainless steel structure ( =1:24 1 S/m, you
can usually obtain a good solution by taking , = 1:0 and =10 2 S/m
in coil and air regions. In this case, the rapid eld di usion through the
insulators is distributed over several time steps.

3.7 Nonlinear materials

A powerful feature of Pulse is the ability to handle eld-dependent mag-
netic permeability. You can de ne any material usingtabular functions A
tabular function is a text le consisting of up to 256 entry lines of values
for an independent and dependent variable. To de ne a eld-ependent per-
meability, each line has a value of eld magnitudgBj (in tesla) followed by
the corresponding relative permeability. You can prepare balar function
les with a text editor or spreadsheet. You can also use publishedath or
digitized experimental traces. As an example, Table 4 shows thabular
function supplied with the code for soft iron. Note that the le syntax con-
forms to the same rules as th®ulse command le. The free-form parser
accepts real numbers in any format with a choice of delimiter You can add
documenting comment lines starting with an asterisk (*). The ed of the
data is marked with the EndFile command.

Although the data lines of the example are ordered by increagjnvalue
of the independent variable, this ordering is not requiredPulse sorts the
list before use and records the nal order in the listing le,FPREFIX.PLS
Furthermore, the independent variable intervals need notduniform. A table
requires a minimum of 5 entries. You must ensure that the tabuldunctions
extend over the full range of eld amplitude that will be encaontered in the
solution. The interpolation routines return 0.0 for values bthe independent
variable out of the table range.

Use the following command to apply a eld-dependent magneticggme-
ability to a region.
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Table 4: Table to de ne the properties of soft iron

* Generic soft iron table

*  B(tesla) Mu(relative)
0.0000 4075.45105
0.8944 3768.28312
1.2000 3166.80993
1.4000 2380.64690
1.5000 1595.42303
1.5500 997.827296
1.6000 674.163054
1.6500 473.573054
1.7000 319.425385
1.7500 221.384065
1.8000 173.209366
1.8500 139.973170
1.9000 113.066781
1.9500 90.6346946
2.0000 73.9635734
2.0500 60.9549021
2.1000 51.1983450
2.1250 44.2497995
2.1500 38.2874802
2.1750 32.4062541
2.2000 25.9244242
2.2500 19.6677855
2.2797 15.2170140
2.3069 12.3583893
2.3443 10.5837506
2.3996 9.15722611
2.4905 7.34265734
2.5627 5.93589744
2.6706 4.85174825
2.8498 3.94592075
3.2074 3.15384615

ENDFILE

30



MU RegNo TABLE TabName

MU(4, TABLE) = SOFTIRON.DAT

Specify the magnetic permeability in a region as a functionf éhe magnetic
eld amplitude. The values are contained in a data le with the name Tab-
Name available in the working directory. Each data line in thele contains a
value of jBj (in tesla) and (jBj). By default, Pulse uses cubic splines for
interpolation of the tables. This method minimizes recalcalion time and
gives smooth interpolations that aid convergence. It is imptant to note
that the quality of the interpolation depends on the nature 6the numerical
data. The dependent quantity and its rst derivative should vay smoothly
over the table range. For noisy data, use the Interp command to tsknear
interpolation. You can check the delity of the interpolations by inspecting
the le FPREFIX.PLSAfter listing the sorted table, Pulse records a sample
set of interpolated values.

3.8 Time variations of current or vector potential

Time variations of current over a region or vector potentialalong a xed
boundary may be de ned by either a tabular function or a mathmatical
expression. The following command forms employ tabular furions.

FIXED RegNo TABLE TabName [Tm, Am]

FIXED(5,TABLE) = FLUX.POT

Set the vector potential of a xed region to a prescribed funadn of time
rather than a constant value. For rectangular problems, the maerical values
are contained in the named le. Each data line contains two dries: 1) the
time in seconds and 2) the value oi, (tesla-m) orrA (tesla-n?). Note that
the values of the independent variable must extend from=0:0tot > T pax -
The optional real-number parameterd m and Am are multiplication factors
applied to values of time and vector potential when the tablé loaded. The
default values areT,, =1:0 andA,, = 1:0.

Time-dependent vector potential quantities are useful in mblems where
you want to specify a time variation of magnetic ux. In planarsolutions, the
di erence in A, between two surfaces equals the integral of normal magnetic
eld along a line connecting the surfaces. In other words, the @rence
in vector potential equals the magnetic ux per length (inz) between the
surfaces. In cylindrical problems, the quantityrA =2 equals the enclosed
axial magnetic ux. The time-dependent xed boundary condiion is useful
for inductor problems. Setting constant values oflA,=dt or d(rA )=dt is
equivalent to applying a constant voltage to the structure.
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CURRENT RegNo TABLE TabName [Tm Im]

CURRENT(2,TABLE) = ALPHA.CUR (2.5E-6, 15000.0)

De ne the total region current as a function of time from the ramed tabular
function. Each le data line contains the timet in seconds and (t) in am-
peres. The optional real-number parameter$,, and |, are multiplication
factors applied to values of time and current when the tablesiloaded. The
default values areT,, =1:0 andl,, = 1:0. Using multiplication factors, you
can create a library of normalized waveforms and scale thenr fdi erent
solutions. Four normalized tables are supplied with Pulsd:INEAR.DRVin-
dependent and dependent variables rise linearly from 0.0 to0), SINE.DRV
(independent variablet in the range 0.0 to 1.0 with the dependent variable
given by f (t) = sin(t)), SMOOTH.DRNKe dependent variable rises smoothly
from 0.0 to 1.0 over the range ® t 0:1 and remains constant there-
after) and CRITDAMP.DR&fitically-damped pulsed with a peak value of 1.0
att=1:0.

Alternatively, you can set temporal variations of vector potatial or cur-
rent from mathematical functions.

FIXED RegNo > Function

FIXED(5) > 1.50E-4*cos($t/20.5) + 1.3E-5

SetA, (tesla-m) or rA (tesla-nm?) according to a speci ed function of time.
The symbol > designates that a function string occupies the remainder of
the line. The function may be up to 230 characters in length a&hfollows the
format described below. The function de nes a variation in tne: f (t). The
parser uses the Perl standard for variables whefis designates the variable
t.

Pulse uses a exible and robust algebraic function interpreter. A faction
is a string (up to 230 characters) that may include the followig entities:

The independent variable $t equal to the time in seconds.

Real and/or integer numbers in any valid format €.g, 3.1415, 476,
1.367E23 6.25E-02, 8.92E+04... ). Integers are converted to real
numbers for evaluation.

Binary operations: + (addition), - (subtraction), * (multiplication), /
(division) and © (exponentiation).

Functions: abs (absolute value), sin (sine), cos (cosine), tan (tan-
gent), In (normal logarithm), log (base 10 logorithm),exp (normal
exponent) andsqgt (square root).
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Up to 20 sets of parentheses to any depth.

Any number of space delimiters.

The parser conforms to the standard algebraic rules and feats compre-
hensive error checking. Errors may include unbalanced patbaeses, unrec-
ognized characters and sequential binary operations. To ifitrate a valid

example, the expression

1 - exp(-1.0%($t"2/24))

corresponds to

1 exp — (14)

3.9 Diagnostic commands for dynamic solutions

Diagnostic commands control data output fronPulse in the dynamic mode.
The program produces three types of data, all in text format:

From 1 to 999 data dump les with the names of the fornrFPREFIX.001
FPREFIX.002.... Each le contains a complete record of spatial infor-
mation (the mesh geometry and eld distribution) at a speci ed ime.
These les may be used for plots and calculation in the analysisode
of Pulse.

A listing le with the name FPREFIX.PLShat contains a variety of
information about the run. This information is useful mainlyto check
the validity of input parameters and to diagnose problems.

Optional history les with names FPREFIX.PO1FPREFIX.PO2... Here,
the magnetic and electric elds at one or more probe locati@nis
recorded at each time step of the solution. The information cabe
inspected with a text editor or the utility program Probe (Chap. 5).

The rst three commands control the times for spatial data dump. The
last command sets probe positions for the history le.

DTIME DTime

DTIME = 0.2

For many runs a convenient way to make spatial data dumps is atniform
time intervals. This command sets the approximate interval (i seconds)
between dumps. BecausBulse uses variable time steps, it is not possible
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to ensure that the dump occurs at an exact time. Instead, the pgsam
writes data as soon as possible after passing the desired time. Framaple,
Pulse will write dump 010 whent 10 DTime. The default value is
DTime =1 .

SETTIME STime

SETTIME = 3.45

Sometimes you may want to inspect data at certain critical tires or at the
end of a run. For this situation, you can set up to 100 time markerusing
multiple SetTime commands.Pulse will write data as soon as possible after
passing each marked time. Note that multipleéSetTime commands must be
in order of increasing time.

Note that the two commands for data dumps can work concurrentl Be
careful in setting the parameters. You may generate enough @ato Il a
hard disk.

HISTORY XPos YPos

HISTORY ZPos RPos

HISTORY = (5.00, 9.85)

Pulse opens history les FPREFIX.POLFPREFIX.PO2.. when it detects a
History command. The parameters in the command are the spatiabdation
of a probe where the time and temperature are recorded. Thechttion is
given as k.y) or (z,r). Enter the coordinates in the original units used in
Mesh . Pulse locates the closest mesh node and records the magnetic and
electric elds at that point. You can de ne up to 10 probe poiris with
multiple History commands. The history le contains information on the
actual probe location.

3.10 Running Pulse

Pulse can run as an interactive program in a window or as a backgrodn
task. To run the program from the Command Prompt, use a commandf o
the form:

[ProgPath\]PULSE [DataPath\]FPrefix <ENTER>

where the le FPREFIX.PINand the appropriate Mesh output le are avail-
able in the data directory. With this capability, you set up exended au-
tonomousPulse runs using a DOS batch le or a Perl script.

The remainder of this section discusses commands in the main menu
when Pulse runs in the interactive mode. The program enters this mode
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when launched fromTC or run with no input le pre x. The following
commands appear in thd=ile popup menu:

EDIT SCRIPT (PIN) (T)

EDIT LISTING (PLS) (T)

EDIT FILE (T)

These commands call the internal editor to inspect or to modiffPulse input

and output les. Choosing a le from an alternate directory dos not change
the working directory. The Edit script (PIN) command shows a list of all
les with names of the form FPREFIX.PINwhile Edit listing (PLS) displays
les with names FPREFIX.PLS

RUN ANALYSIS SCRIPT (T)

An analysis script allows you to perform complex or repetitiverzalyses on a
set of similar solutions. This command displays a dialog listing ds with the

sux SCRPick a le and click OK. The script can load data les, open and
close data records, and perform any of the quantitative analysifunctions
described in this chapter. The script command language is dedd in

Sect. 4.5. Note that the analysis script must be in the same directoas the

data les.

SETUP (T)

The function of this command is to create anPulse script to control a
dynamic magnetic eld solution. The program rst prompts for a Mesh
output le to de ne the system geometry. The pre x of the le wil | be used
as the argument of theMesh script command. The program then displays
the dialog shown in Fig. 5. The number of regions in the dialog determined
by the Mesh le. The functions of the control parameters in the upper box
are described in Sect. 3.3. You can enter basic physical propestof regions
in the grid box (see Sect. 3.6). You must edit the script directlyto invoke
advanced functions like anisotropic materials.

The Solve popup menu includes the following two commands.

RUN (T)

Pick an input le (such as FPREFIX.PIN to start a solution. The working

directory is changed if you pick a le from an alternate diretory. The run

begins if the le FPREFIX.MO the le specied in the Mesh command is
present. During the solution, the screen color is blue and the @gress is
shown in the status bar.
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STOP (T)
This command terminatesPulse. The run output will include any data
dumps that have been created and probe les up to the terminain point.

ANALYZE (T)
Go to the analysis menu.

PROBE MANUAL (T)
Display this manual in your default PDF software. The le pulse.pdf must
be available in the same directory apulse.exe .

3.11 Format of the Pulse output les

Data dump les created by Pulse are in text format. The le has three
sections:

Header with general information on the run
Node and element information

Region information

The header section consists of a title line and 10 data lines:

--- Run parameters ---
XMin: -8.890018E-02

XMax: 3.810008E-02
KMax: 251

YMin: 0.000000E+00
YMax: 7.620016E-02

LMax: 131

DUnit:  3.937000E+01
NReg: 8

ICylin: 1

Time: 3.500025E-04

Lines 2 and 3 listX i, and X max, the limits along horizontal axis & or z)
of the solution volume. Dimensions are given in meters. The quéty K ax
in Line 4 is the number of nodes along the horizontal directio Lines 5-7
describe the vertical axis ¥ or r). Line 8 contains the quantity DUnit, the
conversion factor from dimensions used iMesh to meters. Line 9 gives the
number of regions in the solution, while Line 10 speci es the symetry (O:
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planar, 1. cylindrical). Line 11 lists the simulation time at which the data
were recorded.

The node section consists of 4 title lines and .  Lmax data lines, one
for each node of the solution space. Each data line contains tfalowing
guantities:

The indices of the nodeK ,L)

The region number of the node RgNo) and region numbers for two
associated elementsRgUp and RgDn). The upper element lies above
the line between nodesK ,L) and (K +1,L) and the lower element lies
below the line.

The coordinates of the node in metersx(y) or (z,r).
The nodal value ofA, in tesla-m orrA in tesla-nv.

The values of relative magnetic permeability in the upper ah lower
associated elements.

The time derivative of A, or A to calculate induced electric eld.
The node section has the following appearance:
--- Vertices ---

k I RgNo RgUp RgDn X y A

1 1 9 5 0 -8.890018E-02 0.000000E+00 0.000000E+00
2 1 9 5 0 -8.828106E-02 0.000000E+00 0.000000E+Q0
3 1 9 5 0 -8.778497E-02 0.000000E+00 0.000000E+0Q0

1.000000E+00 1.000000E+00 0.000000E+00
1.000000E+00 1.000000E+00 0.000000E+00
1.000000E+00 1.000000E+00 0.000000E+00

The region section consists of four title lines following bMReg data lines,
one for each region. An entry "1" in the second column designates xed
region. The recorded region quantities are,, current, xed potential, area
and electrical conductivity. The region section has the fallving appearance:
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--- Regions ---
RegNo Fix

O~NO O WNBE
P OOOOO0OOoOOo
OO OO0 O0OO0OOo

Vector Pot

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

[cNeoNoNeoNoNolNolNo)
[cNeoNoNeNolNolNolNo)
[cNeolNeololNolNolNolNo)

Area

7.977806E-03
7.000468E-04
7.903292E-05
2.399991E-04
2.632221E-04
2.709685E-05
3.917838E-04
0.000000E+00

Mu

1.000000E+00
1.000000E+00
1.000000E+00
1.000000E+00
1.000000E+00
1.000000E+00
1.000000E+00
1.000000E+00

Sigma

1.000000E+02
2.700000E-08
8.100000E-07
1.000000E+02
1.000000E+02
8.100000E-07
8.100000E-07
1.000000E+37
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Current

0.000000E+00
0.000000E+0Q0
0.000000E+00
6.966977E+04
0.000000E+00
0.000000E+Q0
0.000000E+00
0.000000E+0Q0



Figure 10: Dialog to pick a solution le from a series

4  Solution analysis reference

Click the Analyze command in the Pulse main menu to enter the analysis
menu. Here, you can load data dumps to create plots or to perfamumerical
calculations. The menu contains the following main entriesFile, Plots,
Analysis, Scans Export and Return. The commands of theExport menu
(which generate hardcopy output and plot les) are identicalto those used
in Mesh. The Return command restores the main menu where you can
perform additional solutions.

4.1 File menu commands

SET SOLUTION SERIES (T)

A dynamic run may create several data les with the same pre xFPREFIX
Use this command to specify a le pre x for subsequent load operamns.
Moving to a new directory in the dialog changes the program wking direc-
tory. The command must be the rst activity in an analysis sessionPulse

counts the number of les in the series, records the times andggilays the
dialog of Fig. 10. Pick a solution le to load and clickOK.

LOAD SOLUTION (T)

Load a di erent solution le in a series. Pulse displays the dialog of Fig. 10.
Pick a di erent solution and click OK. This command is active only when a
series has been speci ed.
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OPEN DATA RECORD (T)

Commands such ag?oint calculation and Line scan generate quantitative
information. You can automatically record the data generad during an
analysis session by opening a data le. Supply a le pre x in the dilog or
accept the default. The data le has a name of the fornfrPrefix. DAT and
will be stored in the working directory The le is in text format. You can use
an editor to view the le or to extract information to send to mathematical
analysis programs or spreadsheets.

CLOSE DATA RECORD (T)

Close the current data le. Use this command if you want to start a ew le.
Note that you must close the data le before opening it with the iternal
editor.

RUN SCRIPT (T)

A script allows you to perform complex or repetitive analysesmoa set of
similar solutions. This command displays a dialog listing les v the su x
SCRPick a le and click OK. The script can load data les, open and close
data records, and perform any of the quantitative analysis fustions described
in this chapter. The script command language is described in §e4.5. Note
that the analysis script must be in the same directory as the datales.

CREATE SCRIPT

Use this command to create an analysis script with the internal & editor.

Supply a le pre x SPre x in the dialog { the resulting script will be saved
with the name SPrefix. SCR. The program opens the le in the editor and
writes a reference list of allowed commands. The list follows ¢rfEndFile
command and will be ignored by the script parser. Enter commasdabove
the EndFile command.

EDIT SCRIPT

EDIT DATA FILE

EDIT FILE (T)

Use these commands to view or to modify an existing le. The dialoghows
les with su x SCRor the Edit script command andDATor the Edit data le

command. Changing directories in the dialog does not chang®e working
directory of the program.
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4.2 Plot menu commands

Spatial plots show variations of quantities over the two-diransional space of
the simulation. The following plot types are available:

Mesh . Element facets of the computational mesh.

Region. Computational mesh with elements color-coded by region
number.

Contour . Lines that follow constant values of a computed quantity.

Element . Elements of the solution space color-coded according to a
computed quantity (such as the thermal ux magnitude).

Vector . An element plot with orientation lines included in each ele-
ment to show the local direction of a vector quantity.

Surface. A three-dimensional plot where a computed quantity is rep-
resented as height over a region in thg-y or z-r plane. The spatial
limits of the plot correspond to the current view window forMesh Re-
gion, Contour, Element or Vector plots. For large meshes, you may
notice a delay regenerating &urfaceplot. The program must map the
current quantity to a rectangular grid, performing a large mmber of
interpolations.

The Settings popup menu contains the following commands.

TYPE (T)

Choose the plot type from the above list. A plot type may not suppib some
plotted quantities. For example, a vector plot of temperatue is unde ned. If
you receive a message when you switch plot types that the curregqiantity
is not allowed, use theQuantity command to pick a valid option.

QUANTITY (T)

A dialog shows a list of available quantities (Table 5) consistémwith the
current plot type. The list will be empty for Mesh and Region plots. Notes:
1) contours of A, or rA lie along magnetic eld lines separated by equal
increments of magnetic ux, 2) spatial plots of , are useful only in solutions
with nonlinear materials.

PLOT LIMITS (T)
In the default autoscale mode the program picks limits itContour, Element
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Table 5: Available plot quantities

Plot type

Quantity

Contour

Vector potential, A, or rA
Magnetic eld magnitude |Bj
Relative magnetic permeability, ,
Induced electric eld, E, or E

Element

Vector potential, A, or rA
Magnetic eld magnitude |Bj
Relative magnetic permeability,
Induced electric eld, E, or E
Resistive power density, E2

Vector

Magnetic eld, |Bj

Surface

Magnetic eld magnitude jBj
Horizontal eld, B, or B,
Vertical eld, By or B,
Magnetic permeability, .
Vector potential, A, or A
Induced electric eld, E, or E
Resistive power density, E2
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Figure 11: Grid control dialog

Vector and Surface plots that span the full range of the current quantity.

With this command you can set speci ¢ limits. In the dialog unchek the

Autoscale box and supply the minimum and maximum values. Note that
the program does not check that the values are physically reasble. This

operation will not a ect scaling of other plot quantities. Check the box to

return to autoscale mode.

TOGGLE GRID DISPLAY (T)

Use this command to activate or to suppress the display of grid lisen Mesh
Region Contour, Element and Vector plots. Grid lines corresponding to the
axes k =0:0 ory = 0:0) are plotted as solid lines.

GRID CONTROL

This command displays the dialog of Fig. 11 to set properties die grid.
In the default autoscale modePulse automatically chooses intervals and
positions so that lines occur at convenient values afor y (for example, 0.01
rather than 0.01153). The grid intervals change as the vieve zoomed. To
set the grids manually, uncheck theAutoscale box and enter values for the
intervals in x and y.

MOUSE/KEYBOARD

By default the program uses interactive mouse entry of coordates for com-
mands like Line scan and Zoom This command switches the program be-
tween mouse and keyboard input. Enter keyboard coordinates the dis-
tance units used inMesh. In other words, if the solution program has
DUnit =1:0 1, then enter dimensions in microns.
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TOGGLE SNAP MODE

When snap mode is active, the mouse returns the coordinate vakiclosest to
an integer multiple of the quantity DSnap. In other words, if DSnap=0:5
and the mouse position is (5.4331, -2.6253), the returned cdovates are
(5.500, -2.500). By default, snap mode is active. Snap modeigomatically
turned o for coordinate input to the commands Point calculation and Ele-
ment properties Otherwise, the program would pick a location closest to the
shap point rather than the tip of the cursor arrow, giving misleding results.

SNAP DISTANCE
Set the distance scal®Snap for the mouse snap mode.

TOGGLE ELEMENT OUTLINE

This command determines whether the element facets are indked in Ele-
ment and Vector plots. It may be necessary to deactivate outlines for a clear
view of large meshes.

TOGGLE FIXED POINT DISPLAY

In the default mode, Pulse creates contour, element and vector plots using
element information. Therefore, isolated nodes (represemyj structures like
xed-potential grids or sheets) do not appear. In response to teicommand,
the program plots circles at xed-potential nodes that are swounded by
material elements.

CONTOUR STYLE

This command is active only when the current plot type isContour. There

are four choices: monochrome, monochrome with labels, cotbend colored

with labels. In the colored mode, the lines are color-codedaxding to the

value of the plotted quantity. A legend is included in the inbrmation window

to the right of the plot. In the labeled modes, contour lines a numbered
according to their values (Fig. 12). Overlapping labels orl@sely-spaced lines
may look better in a zoomed view.

NUMBER OF CONTOURS
Change the number of plotted contour lines. This command is &ee only
when the current plot type is Contour.

The following commands, described in th®lesh manual, change the view
limits in Mesh Region Contour, Elementand Vector plots. The current view
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Figure 12: Monochrome contour plot with labels

limits of the two-dimensional plots are used when creating tee-dimensional
Surface plots.

ZOOM WINDOW (T)
ZOOM IN (T)
EXPAND VIEW (T)
GLOBAL VIEW (T)
PAN (T)

The following commands control the appearance @urface plots. The
commands are active only when &urface plot is displayed.

ROTATE 3D IMAGE (T)
Rotate the Surface plot by 90° in the spatial plane.

VIEW ANGLE 3D
Set the elevation angle for the view point.

SET GRID 3D

Change the resolution of the surface plot. To create@urfaceplot, a quantity
is mapped to a rectangular grid with dimension®, Ny. The numbers also
determine the total number of grid lines in theSurface plot. The default
values areN, = N, = 40.
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4.3 Analysis menu commands

The commands in theAnalysis popup menu generate numerical data. Most
of the functions require coordinate input from the user, usubl through the
mouse. Therefore, the analysis menu is active only whenMesh Region
Contour, Element or Vector plot is displayed.

POINT CALCULATION (T)

Pulse employs a sophisticated interpolation technique that preseeg discon-
tinuities at material boundaries. Click on the command and ten point to

any position. Note that snap mode is deactivated for coordinat@put. The

program writes a subset of interpolated quantities to the infanation area
below the plot and also records complete information if a datde is open.

To enter point coordinates by keyboard, use th&oggle mouse/keyboardom-
mand.

LINE SCAN (T)

The line scan is one of the most useful functions &fulse . After clicking on
the command, supply two points with the mouse in a view of Besh Region
Contour, Element or Vector plot to de ne a scan line. The snap mode is
useful in this application (for example, you may want a scan tox¢end from
0.000 to 5.000 rather than 0.067 to 4.985.) The program contps a series
of values of electromagnetic quantities at equal intervalslong the line. The
information is recorded if a data le is open. The program alseonakes a
screen plot of the currently selected quantity versus distancdomg the scan
and activates the commands in théScan plotmenu (Sect. 4.5).

ELEMENT PROPERTIES (T)

Pick an element with the mouse (or keyboard) and the post-prossor writes
material and eld properties to the screen. The informations recorded if a
data le is open.

LINE INTEGRAL
Input for this command is similar to that for the Line scan command. Enter
two points to de ne a line. Pulse calculates line integrals that are useful
for calculations of enclosed current and force. The quantitisted as Total
current is the Ampere's law integral,

1 2

— B dI: (15)

0
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If you take line scans around a closed path in the solution spacéet sum of
the integrals gives the enclosed total current (free curremlus the contribu-
tion from magnetic materials). The quantity Free current is the integral

1 Z

0r
The integral of the magnetic stress tensor is also recorded. Miple scans
de ning a closed path can be used to nd the force on a region. Thesults
are invalid if the path passes through a region with . 6 1. For information

on the Maxwell stress tensor in numerical code, see S. Humphriéseld
Solutions on Computers (CRC Press, Boca Raton, 1997), Sect. 10.5.

B dl: (16)

REGION PROPERTIES (T)

To see the physical properties associated with a region of the ddn space,
click the mouse close to any arc or line vector of the region. Re results
are shown on the screen and a complete analysis is included in tteda le.

Pulse calculates volume integrals of eld energy density and powetensity
over the region. Several quantities are calculated from knintegrals around
the region boundary.

1. Region current. Automatic identi cation of region surface and calcu-
lation of surface integrals of Ampere's law over each region determine
enclosed current. The total current is the integral of Eq. 15 hile the
free current is the integral of Eq. 16. The free current shouldqual the
current assigned to the region. The quantity is included to clok the
accuracy of the surface integrals. Note that the free current tegral
is invalid when two ferromagnetic materials (; 6 1) share a common
boundary. The surface integral includes the total atomic suatce cur-
rent along the shared boundary and therefore may give non-pefree
current for a ferromagnetic region.

2. Region forces, given by a surface integral of magnetic stresgmoa
lled region. For coil regions, this result can be compared tohat of
the volume integral method. Generally, the surface integras less accu-
rate for coils, particularly on coarse meshes with discontinusuegion
boundaries (.e., square cross section). The forces computed by the
surface integral method are generally accurate for magneticaterials
with surface currents. Check the accuracy by running two or mer
solutions with di erent mesh resolution. Because of ambiguitgin re-
solving atomic surface current layers, the results are invalidiven two
ferromagnetic materials (, 6 1) share a common boundary.
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3. Region torques. This computation applies only to lled remns in rect-
angular problems and uses the surface integral method. The tpue is
calculated with respect to an axis at the point (0,0). Pick thevalues of
Xmin » Xmax» ¥Ymin @nd Ymax iN Mesh so that this point corresponds to
the correct physical axis. The results are given in newton-m/mAgain,
the results are invalid when ferromagnetic materials share abndary.

4. Power density, volume integral of EZ.

VOLUME INTEGRAL

No input is needed for this command.Pulse automatically computes inte-
grals of quantities over the full solution volume and over ingidual regions.
Information is recorded on the screen or in a history le.The fowing anal-
yses are performed in response to the Volume integrals command.

1. Magnetostatic eld energy density,u = B?=(2 , ,) over the solution
space and region volumes. The output units are J/m in rectangai
solutions and J in cylindrical solutions.

2. Coil forces, the volume integrals of B for all regions with non-
zero current. The units are newtons/m for rectangular probkas and
newtons for cylindrical problems.

3. Coil torques, the volume integrals ok j B for all regions with non-
zero current. The vectorx is taken relative to the origin, x = 0;y = 0).
This calculation is valid only for planar simulations. The unis are N-
m/m.

4. The location and value of the maximum magnetic eld in the dation
space and in each region.

5. Power density, volume integral of EZ.

MATRIX FILE

Pulse can make matrix les of eld values to help you create your own
analysis routines. Although information is available in the otput le of the
solution program, it may be di cult to deal with the conformal triangular
mesh. TheMatrix le command uses the interpolation capabilities of the
program to create a text data le of eld quantities on a rectangular grid
in x-y or z-r. The command displays a dialog where you set the matrix le
pre x, the dimensions of the box and the number of intervals aing x and
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y (or z and r). The program creates the le FPrefix.MTX in the current
directory.

The Settings popup menu contains the following entries.

INTERPOLATION METHOD

The default interpolation method for the Point calculation and Line scan
commands is a second-order least-squares t with intelligenottection of data
points. For example, only points on the side of a dielectric badary that
contains the target point are included to give the correct &l discontinuity at
the boundary. The least-squares t may fail in very small regios or enclosed
areas if the program cannot identify enough data points. In tis case, toggle
to the linear mode. Here, eld values are determined by a rst ater tin the
element that contains the target point. The status bar repors the current
interpolation type.

SCAN PLOT QUANTITY

With this command you can choose the quantity to display in screeand
hardcopy plots of line scans. Pick the quantity from the list boxand click
OK. This setting has no e ect on the history le listing which includes all
eld quantities. Pulse supports the following line scan quantities: vector
potential (A, or A ), horizontal magnetic eld component By or B;), vertical
magnetic eld component B, or B;) magnetic eld amplitude (jBj), relative
magnetic permeability ( ), induced electric eld (E, or E ) and resistive
power density, EZ2.

NUMBER OF SCAN POINTS

This command sets the number of line scan points used for the sargaot
and recorded in the history le. The default value is 50 and thenaximum
number is 500.

4.4 Scan plot menu

The commands of theScan menu become active when a plot is created fol-
lowing the Line scan command.

OSCILLOSCOPE MODE (T)

In the oscilloscope mode, a scan plot assumes characteristics ofigital
oscilloscope (Fig. 13). The program superimposes a cross-hairtpat on
the graph. Plot values at the intersection are displayed in théenformation
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Figure 13: Scan plot in the oscilloscope mode

window. Move the marker along the plot by moving the mouse. Ifou click
the left mouse button at a point, the program displays the plot &lues along
with the numerical derivative and integral of the curve. Thede nite integral
is taken from the left-hand side of the plot to the current poih Values are
displayed on the screen and written to the data le if open. Presthe right
mouse button to exit the oscilloscope mode.

TOGGLE SCAN SYMBOLS
The setting determines whether plot symbols are added to the stalot
showing calculated points.

TOGGLE GRID (T)
The setting determines whether grid lines are added to the sere and hard-
copy scan plots.

CLOSE SCAN PLOT (T)

The scan plot must be closed before you can use th#ée and Analysis func-
tions of Pulse. This command closes the scan plot and returns the program
to the previous spatial plot.
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4.5 Analysis script commands

Scripts to control analysis sessions have a name of the fofPrefix.SCR.
They should be in the same directory as the data les. Scripts artext les
that follow the TriComp syntax conventions. The program ignores blank
lines and indentations. Data lines use the standard delimitesnd comment
lines begin with an asterisk [*]. Processing ends when tldFile command
IS encountered.

To run a script, choose theRun script command in theFile menu. The
program shows a list of available scripts. Pick a le and clickOK. The script
operates on the presently loaded data le or you can load otheles from
within the script. You can also sequentially open one or more datles.

Pulse can perform analyses autonomously under script le control fra
the Command Prompt. If the le GTest.SCRis in the data directory, then
use a command of the form:

[ProgPath\TDIFF GTEST <Enter>

The main application of the command prompt mode is to generatdata les
and to perform extended analyses under batch le control.
The following commands may appear in a script:

INPUT FileName

INPUT Switch1.003

Close the current data le and load a le for analysis. The paramier is the
full name of the data le. For the command illustrated, the postprocessor
would load the le SWitch1.003. You can load several les for sequential
analysis.

OUTPUT FPre x
OUTPUT SWO02
Close the current data le and open an output le SWO02.DAT

POINT X Y

POINT Z R

POINT = (5.65, 10.68)

Perform interpolations at the specied point and write the results to the
data le. The two real number parameters are the coordinatesf the point
in Mesh units.

SCAN Xs Ys Xe Ye
SCAN Zs Rs Ze Re
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SCAN = (0.00, 0.00) (10.00, 0.00)

Write the results of a line scan between the speci ed points to thdata le.
The four real number parameters are the starting and end codrdhtes in
Mesh units.

INTEPOLATION [LSQ,LINEAR]

INTERPOLATION = Linear

Set the interpolation method for subsequenPoint, Line scan and Matrix
commands. The options are.SQ (least-squares t) and Linear.

ELEMENT X Y

ELEMENT Z R

ELEMENT = (5.65, 10.68)

Write the properties of the element at the specied point to tte data le.
The two real number parameters are the coordinates of the piin Mesh
units.

NSCAN NScan
NSCAN = 150
Set the number of points in a line scan. The default is 50 and theaximum
number is 500.

REGION RegNo

REGION =5

Write volume and surface integrals for a region to the data le The integer
parameter is the region number.

LINEINT Xs Ys Xe Ye

LINEINT Zs Rs Ze Re

LINEINT = (0.00, 0.00) (10.00, 0.00)

Write line integrals along a scan line to the data le. The fourreal number
parameters are the starting and end coordinates iMesh units.

VOLUMEINT
Write volume integrals for the full solution and regions to tle data le.

MATRIX FPre x Nx Ny Xs Ys Xe Ye
MATRIX FPre x Nz Nr Zs Rs Ze Re
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MATRIX = Switch1 (10, 20) (0.00, 0.00, 5.00, 10.00)

Open a matrix le and record values. The command requires sev@aram-
eters: 1) The pre x of the matrix le FPrefix.MTX (string), 2) the number
of intervals along thex or z direction (integer). 3) the number of intervals
along they or r direction (integer), 4-7) coordinates of the corners of a Bo
in the solution volume (real).

ENDFILE
Terminate execution of the script. You can add descriptive tebin any format
after this command.

The following is an example of a script to compare eld valueslieng the
axes of four di erent solutions and to write the results to the le COMP.DAT

NSCAN 200

OUTPUT COMP

INPUT REACTOR.002

SCAN 0.00 -50.00 0.00 50.00
INPUT REACTOR.004

SCAN 0.00 -50.00 0.00 50.00
INPUT REACTOR.006

SCAN 0.00 -50.00 0.00 50.00
INPUT REACTOR.008

SCAN 0.00 -50.00 0.00 50.00
ENDFILE
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Figure 14: Probe screen shot.

5 Probe { history le plot utility

5.1 Introduction

Probe is the universal plotting program for all Field Precision inital-value
solution codes. You can set from 1 to 20 probes by specifying pasits in
the solution program command script. The probes record quaftits in an
element or at a node as a function of time. The resulting text és have
names of the formFPREFIX.PO1.., FPREFIX.P12where FPREFIXs the run
pre X.

Table 6 shows the standard probe le format. The rst section is a Bader
that contains the following information:

Generating program name.
Dimensionality of the generating program (1, 2 or 3).
The spatial position of the probe (from 1 to 3 quantities).

The index of the element sampled by the probe.
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The region number of the element.
Conversion factors for the probe position and the recorded quigies.

Labels for the recorded quantities.

Although the solution programs and their output les employ Slunits (me-
ters, kilograms,...), the graphical analysis displays often ug@actical units
to make it easier to visualize results and to facilitate automat grids. Probe
multiplies le quantities by the conversion factors during e loading process.
Note that the quantity DConv and conversion factors for positions are equal
to DUnit, a variable used in many solution programs. After four lines of
label information, the remainder of the le consists of data hes. Each line
contains the time (in seconds) and one or more element or nodeantities.
Real numbers are recorded in E15.6 format.

5.2 Loading data les

When you start Probe the only active menu option isLoad probe Plotting
and analysis functions become active when a probe le has beepened.
The program displays a dialog showing all les with su xes of theform
P01...,P12 Pick a le to analyze and click OK. Changing directories in
the dialog will change the working directory of the program.If the load is
successfulProbe creates a default plot of the data (Fig. 14).

The status bar at the bottom of the window contains the name ofhe
probe le, the current plot quantity, and the temporal range of data. The
default plot shows the rst quantity recorded in the probe le over the full
range of time. The horizontal and vertical scales are chosen gt the plot
ts on the screen and the grid lines are automatically adjustedo that they lie
on even values of the plotted quantity with easily recognizeihtervals (e.g,
0.02, 0.05, 0.10, ...). The grid intervals are shown in pardmses next to the
labels of the horizontal and vertical axes. The title line at lhe top of the
plot shows the following information: generating program, wbe le name,
element number, region number and position. This informatiois recorded
in hardcopy plots to help you archive your data.

5.3 Plot settings

The commands of theP lotsettings menu control the quantities, ranges and
appearance of the plot. The screen plot automatically updasevhenever you
make a change.
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Table 6: Example of theProbe le format

Field Precision probe file
Program: KB1

NDimen: 1

XPosition:  4.357E-02
ElementNo: 70
RegionNo: 2

NQuant: 6

DConv: 100.0

QConvl: 100.0
QConv2: 0.001
QConv3: 1.0E-9
QConv4: 1.0

QConv5: 1.0E-6
QConv6: 0.001
QLabell: x or r (cm)
QLabel2: Rho (gm/cm3)
QLabel3: P (GPa)
QLabel4d: T (deg-K)
QLabel5: U (MJ/kg)
QLabel6: v (km/s)

6.250000E-09
1.250000E-08
1.874999E-08
2.499996E-08
3.124995E-08

4.357041E-02
4.357041E-02
4.357041E-02
4.357041E-02
4.357041E-02

1.000000E-01
1.000000E-01
1.000000E-01
1.000000E-01
1.000000E-01

-1.238464E+02
-1.238464E+02
-1.238464E+02
-1.238464E+02
-1.238464E+02

Temp
(deg-K)

1.000000E-03
1.000000E-03
1.000000E-03
1.000000E-03
1.000000E-03

Epsi
(J/kg)

8.620001E+00
8.620001E+00
8.620001E+00
8.620001E+00
8.620001E+00
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V(AvV)
(m/s)

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00



PLOTTED QUANTITY
A dialog shows a list of element quantities included in the prab le. High-
light your choice and click OK.

TIME LIMITS

By default Probe shows the full time-span recorded. You can narrow the
range by supplying values for the minimum and maximum time. Urteck
Autoscalein the dialog and supply maximum and minimum values. To return
to the full range, check theAutoscale box.

VERTICAL LIMITS

In the default mode Probe picks a scale to display the full range of the
plotted quantity. You can narrow or expand the range by supplyng minimum
and maximum values. The program returns to full range if you @tk the
Autoscale box or if you change quantities usingPick plotted quantity.

TOGGLE GRID
Switch between grid and and ducial lines in the plot.

TOGGLE PLOT SYMBOLS
Include or remove symbols to mark the recorded points.

5.4 Plot functions

The commands of thePlot functions menu activate the Oscilloscope modef
the program and also send plots to hardcopy devices or plot les.

OSCILLOSCOPE MODE

When you issue this commandProbe simulates a digital oscilloscope. As
shown in Fig. 15, the mouse cursor changes to a cross-hair patterhem it
is inside the plot window. The program adds movable ducial hes to mark
the current point. You can drag the ducials along the time axs by moving
the mouse. A box at the bottom of the plot shows values of the timand
plotted quantity at the current position. If you press the left mouse button,
the program displays a box with the following information abat the current
point:
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Figure 15: Probe in the Oscilloscope mode

Time, t.
Value of the plotted quantity, V (t).
Derivative of the plotted quantity, dV(t)=dt.

R
De nite integral of the plotted quantity, ; V (t9dt®

The de nite integral is taken from the time of the rst recorded value in
the probe le to that of the current point. You can nd integrals between
points by subtracting values. Other functions of the program e deactivated
in the Oscilloscope mode Press the right mouse button or theEsc key to
return to normal program operation.

SMOOTH DISPLAY
Use this command one or more times to smooth the currently-dispiead trace.

Smoothing applies to the screen display and exported plots, batoes not
a ect the data values in the probe le.
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Figure 16: Probe le-information message box.

DEFAULT PRINTER

Probe can port copies of the plot to any installed Windows printer. Te
program sends output to the default printer, so be sure to seleché correct
device using theSettings/Printer function of Windows before making the
plot.

PLOT FILE (EPS)

PLOT FILE (BMP)

PLOT FILE (PNG)

Send the plot to a le in the following formats: Encapsulated PstScript,
Windows Bitmap or Portable Network Graphics. The program promts for
a le pre x and then creates a le with the namesFPREFIX.EP$PREFIX.BMP
or FPREFIX.PNG

COPY TO CLIPBOARD
Copy the plot to the clipboard in in Windows MetaFile format.
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5.5 Information

PROBE FILE INFORMATION

Display information on the probe le in a message box (Fig 16). Téaquantity

N Skip in line 7 is used for long les. There is no reason to store more than
1000 points for plots on typical screens and hardcopy deviced/hen there
are less than 1000 data line®robe loads all points (N Skip = 1). When the

le contains 1000 to 2000 data lines, the program loads everycamd point
(N Skip = 2), and so forth. In this way the Probe can handle probe les of
any length without exceeding memory limits.

VIEW PROBE FILES

Load a probe le into the internal editor so you can inspect the dta directly.
The editor runs in read-only mode so that you cannot change th&. Exit
the editor to return to program operation.

PROBE MANUAL
Show this document in your default PDF viewer.
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Index

accuracy, numerical, 49
Ampere's law, 9
analytic solutions, 5

boundary conditions, 10

comment lines, 23
computational mesh, 6
conformal mesh, 6, 14

delimiters, 22

di usion equation, 7
di usion, magnetic, 9
Dirichlet boundary, 12

eddy current, 9
element, 6
energy density, magnetic, 48

facet, 6
Faraday's law, 9
eld
de nition, 5
equations, 5
nite-element method, 5
basis, 6
force, magnetic, 48
function parser
rules, 32

induced electric eld, 9
interpolation, 49

magnetic ux

relation to vector potential, 1

31
magnetic permeability, relative, 9
tables, 29
mathematical functions, 32
Maxwell equations, 8
Mesh
dcorrect, 27

Neumann boundary, 12
node, 6

node equations, 5, 7
nonlinear materials, 29
numerical instability, 26
numerical solutions, 5

Probe, 18, 34, 54

le format, 54

le information, 60
graphical environment, 55
loading les, 55
oscilloscope mode, 57
plot export, 59

plot settings, 55

smooth display, 58

Pulse

0,

accuracy, 26

analysis script commands, 51
choosing conductivity, 16
command prompt, 34

le types, 8, 18, 21, 33
instruction manual, 36

output le format, 36

plot quantities, 41, 42

plot types, 41

program function, 3

region properties, 14

running in a window, 34
running in the background, 21
script, 22

script dialog, 14, 35

solution procedure, 7
solution process, 18

stability, 26

steps in a solution, 14, 21
tables, 18

Pulse commands
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Contour style, 44
Create analysis script, 40



Current, 29, 32 cylindrical, 6

DTime, 33 planar’ 6

DtMax, 15, 24, 26 _

DtMin. 15. 24. 26 tabular functions, 29

DUnit, 15, 24 scaling factors, 18
Element properties, 46 text editor

Fixed, 28, 31 internal, 35, 40

Geometry, 15, 23 time variations

Grid control, 43 mathematical functions, 32
History, 34 tables, 31

Interp, 25 torque, magnetic, 48

Line integral, 46
Line scan, 46
Load solution, 39 vector potential, 9
Matrix le, 48

Mesh, 23

Mu, 28, 31

NCheck, 24

NStep, 25

Number of contours, 44

Open data record, 40

Oscilloscope mode, 49

Plot limits, 41

Plot quantity, 41

Plot type, 41

point calculation, 46

region properties, 47

Run, 35

Run analysis script, 35, 40

Safety, 24, 25

Scan plot quantity, 49

script, 16

Set solution series, 39

SetTime, 34

Setup, 35

Sigma, 28

Stop, 36

TMax, 15, 24

Toggle grid, 43

Volume integral, 48

units, physical, 12

symmetry
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