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1 Introduction

1.1 Program function

Magnum applies nite-element techniques to nd magnetostatic etls in arbitrary three-
dimensional systems. The program can include e ects of ajgdl currents, permanent magnets,
linear ferromagnetic materials and ideal conducting bouradies for pulsed elds. TheMag-
Winder utility is used to de ne drive coils of any geometry. The progam can operate in two
modes:

Bounded nite-element solutions, including the e ects of érromagnetic or conducting
materials.

Unbounded free-space elds resulting from a speci ed disbution of currents.
Three programs are included in the package:

MAGWINDER.EXE interactive, graphical utility to de ne applied currents and to create
standard les of current elements.

MAGNUM.EXHe main solution program to determine one or more magnetasic solu-
tions in a window or under batch le control.

MAGVIEW.EX& postprocessor to generate plots and to analyze solutioliem Magnum .

MetaMesh (the AMaze conformal mesh generator) is required to create geometryes for
solutions. Magnum features fast and accurate calculations in random-acces®mory. The
programs use dynamic memory allocation; therefore, the sinf the solution is limited only by
the installed RAM. A computer with 2 GB of memory can handle ovel0 million elements.
As a quick introduction to the programs, the following sectio in this chapter describes
a step-by-step calculation. Chapter2 reviews magnetostatic theory as applied iMagnum .
Although a detailed knowledge of numerical theory is not regueed to use the program, this
brief description of program methods will help you to create ective solutions. Chapter 3
covers the programs used for a complete magnetostatic satut and the organization of input
and output les. De ning applied currents is the rst step in most Magnum simulations.
Chapter 4 describes theMagWinder preprocessor. In this interactive program, you specify
macroscopic coils model to generate large sets of three-dimional current elements. Chapteb
covers the structure of theMagnum control script. The script sets parameters for program
operation and de nes the material properties of regionsMagnum features an interactive
dialog to generate basic scripts. Advanced control commandsay be added with an editor.
Chapter 7 describes how to runmagnum.exeo generate a solution, either interactively in
a window or autonomously under batch le control. Chapters8 through 11 introduce the
MagView postprocessor. This program creates a variety of two and the-dimensional plots
and performs quantitative analyses. Chaptet5summarizes the formats of the current element
input le and the Magnum output le. This information is useful if you want to write yo ur own
analysis programs. Techniques for three-dimensional fercalculations are covered in Chafd.3.
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Figure 1: Mesh plot of the cross-section of the quadrupole greet in a plane normal toz at
z=4:0 cm. A projection of the drive coils is shown in red.

1.2 Walkthrough example

A quick way to understand the solution procedure is to step tlough an example. The calcula-
tion describes a nite-length quadrupole magnet. A coarse @sh and symmetry boundaries are
used for a fast solution - the process takes less than 1 minut€igure 1 shows a cross-section
of the magnet in thex-y plane. The orientation was chosen so that the planes= 0:0 and
y = 0:0 are symmetry planes that satisfy the conditiorB, = 0:0. Therefore, it is su cient to
model only one quadrant of the magnet. Similarly, the symmast condition B, = 0:0 holds at
the axial midplane = 0:0), so it is su cient to model only the portion of the magnet in the
regionz 0:0. The iron pole has an axial length of 12.00 cm. It extends froz = 0:0 cm to

z = 6:0 cm in the half-plane simulation. The outer radius is 5.0 cmA peripheral region of
coarse mesh extending ta = 8:0 cm,y = 8:0 cm andz = 16:0 cm has been included for a good
representation of fringing elds. Figure2 shows a three-dimensional view of the pole piece and
one set of drive coils.

To prepare for the run, move the example input lesSHORTQUAD.MBMHORTQUAD.CDF
and SHORTQUAD.SER working directory. Run amaze.exe(the AMaze program launcher)
and click on Set data directory Move to the working directory and click OK. Then launch
MetaMesh . The rst step in the solution process is to create a volume ns@. Table 1 shows
the MetaMesh script SHORTQUAD.MINe mesh serves two purposes. First, the region assign-
ments and shapes of the conformal elements de ne the matdrtavision of the solution volume
(i.e., the boundaries of the pole piece in Fig). Second, the mesh serves as an armature for
projecting the applied elds. The calculated eld values atnodes are used to determine source
terms for the magnetic eld solutions inMagnum . Load and process the IeSHORTQUAD.MIN



Figure 2: Three-dimensional view of the pole piece in the stibn volume and a portion of the
drive coils.

and save the mesh to create the ISHORTQUAD.MDF

The second required input component is the spatial distriliion of applied currents to drive
the magnetic elds. The values are contained in a le with a nme of the formDATANAME.WND
The le contains a set of current element speci cations. Edcdata line gives the start point,
end point and current of an element. The currents determinehe applied magnetic intensity
H s at nodes of the solution volume. In most cases, you need noeate this le directly. The
Magnum package contains the utility programMagWinder which reads coil speci cations
and automatically divides the coils into small current elemnts.

Run MAGWINDER.EXH choosd.oad coil le inthe File menu. Pick the le SHORTQUAD.CDF
MagWinder immediately processes the le and shows a three-dimensidr@ot similar to
Fig. 3. Table 2 shows an extract from the script. The complete le de nes elg box coils that
surround the four pole extensions of the quadrupole magnetou could de ne a larger number
of coils to give a better approximation of the winding densjt- we used a small number in the
example to ensure a quick solution. Note that it is necessarp tde ne the full complement of
four coil sets over the complete axial range even though thelgtion in Magnum is carried
out only in the rst quadrant. This is a consequence of the sotion technique applied in the
program - Magnum rst calculates applied elds from a Biot-Savart integral and then uses
nite-element techniques to compute the eld contributions from materials. Although symmetry
boundaries in uence material contributions to the elds, v must ensure the symmetry of the
applied elds directly by including all coils. Chapter2 gives a more detailed description of the
solution process. Click on theSave element lecommand to create the le SHORTQUAD.WND
You can exit or minimize MagWinder

We are now ready to useMagnum . Run the program from AMaze , choose theSetup



GLOBAL
XMesh
0.00
5.20
End
YMesh
0.00
5.20
End
ZMesh
0.00

Table 1. MetaMesh script le SHORTQUAD.MIN

520 0.20
8.00 0.40

5.20 0.20
8.00 0.40

6.20 0.20

6.20 16.00 0.40

End

RegName 1 Air volume
RegName 2 Quad pole
RegName 3 Symmetry boundary

END

PART

Type Box

Region 1

Fab 16.00 16.00 32.00

END

PART

Type Extrusion
L 4.00E+00 0.00E+00 5.00E+00 0.00E+00
A 5.00E+00 0.00E+00 6.08398E-08 5.00E+00 0.00E+00 0.00E+0 S
L 0.00E+00 5.00E+00 0.00000E+00 4.00E+00
A 4.8672E-08 4.0E+00 2.2839E+00 3.2839E+00 0.0E+00 O0.0E+0 S
L 2.2839E+00 3.2839E+00 7.50000E-01 1.75000E+00 S
A 7.50E-01 1.75E+00 7.50E-01 7.50E-01 1.25E+00 1.25E+00 S
A 7.50E-01 7.50E-01 1.75E+00 7.50E-01 1.25E+00 1.25E+00 S
L 1.75E+00 7.50E-01 3.28388E+00 2.28388E+00 S
A 3.28388E+00 2.28388E+00 4.0E+00 0.0E+00 0.0E+00 O0.0E+0(GB

End

Region 2

Fab 12.00

Surface Region 1

END

PART

Type BoundXDn

Region 3

END

PART

Type BoundYDn

Region 3

END

ENDFILE



Coil file: Shortfuad.cdf

frigin: -1.97E-05

Torigin: 1.97E-05

Z0rigin:  0.00E+00

Wimit: -3.00E+00 3. 00E+00

Thimit: -3.00E4+00 3. 00E+00

Ilimit: -6.39E400 6.35E+400

Viems -30.0, 0.0, 30.0

Mumber of elements: 944
I Coil No: 1

[ Coil No:

|

[

Coil No:
Coil No:

NS =]

Figure 3: Current-element set created byvlagwinder for the SHORTQU&t2ample.

Table 2: Section of theMagWinder script SHORTQUAD.CDF

GLOBAL
DUnit = 100.0
Ds = 0.250
END
COIL

Name = Quadrant01
Current = 1000.0
Part
Rotate = 90.0 0.0 -45.0 XYZ
Shift = 1.750 1.750 0.000
Type = Rectangle
Fab = (-1.061, -6.354) (1.061, 6.354)
End
Part
Rotate = 90.0 0.0 -45.0 XYZ
Shift = 2.250 2.250 0.000
Type = Rectangle
Fab = (-1.061, -6.354) (1.061, 6.354)
End
END

ENDFILE



n MagNum script setup ==

Contral parameters
& STANDARD COIL SOURCE [Shatued —
 FREE SPACE

DUNIT [ > MEXCYCLE [ 2500
RESTARGET [~ 5 000E-08 OMEGA ™ 1. 9500
BOUNDSRY [

SUPERPOSITION

Region properties

Regha Mame MuR Br L Uy Uz Potential
1)AIRYOLUME 1.0

2|UADPOLE 500.0
3|5YMMETRYBOUMNDARY 0.0

Figure 4: Setup dialog with values for theSHORTQU&tample.

command and pick the le SHORTQUAD.MD#e program displays the dialog of Fig4. Note
that the grid contains a row for each mesh region. There arexscolumns in the grid where
you can enter values:MuR (relative dielectric constant), Br (the remanence magnetic ux
density in tesla), Ux, Uy and Uz (magnetization direction vector for a permanent magnet) ath
Potential ( xed value of dual and reduced potentials).

The entries in the Control parameter section of the dialog have the following functions:

STANDARD, FREE SPACHRadio button to set the solution type. Thestandard type is a
bounded nite-element solution with magnetic materials ad drive coils and/or permanent
magnets. Thefree-spacetype is a Biot-Savart integral with speci ed coils.

COIL SOURCEThe pre x of a current element le (FPREFIX.WNRreated by Mag-
Winder for solutions with drive coils.

DUNIT. Set a factor to convert coordinate units used iiMetaMesh to meters. The value
is the number of mesh units per meter: 39.37 for inches, 10600 cm.

BOUNDARYand SUPERPOSITIONAdvanced program capabilities described in Sed.4.

RESTARGET Accuracy tolerance for the iterative matrix solution of the nite-element
equations. The eld and the following ones apply only t&standard solution.

MAXCYCLE Maximum number of cycles in the iterative solution.

OMEGA A parameter in the range 0.0 to 2.0 to control the iterative ratrix solution.



Table 3: Magnum script SHORTQUAD.GIN

SolType = STANDARD
Mesh = ShortQuad
Source = ShortQuad
DUnit =  1.0000E+02
ResTarget = 1.0000E-07
Omega = 1.9500E+00
MaxCycle = 2000
Parallel

* Region 1: AIRVOLUME
Mu(l) = 1.0000E+00

* Region 2: QUADPOLE
Mu(2) = 5.0000E+02

* Region 3: SYMMETRYBOUNDARY
Potential(3) =  0.0000E+00

EndFile

The column options in the region grid box determine the matel properties of the regions.
An entry in the MuR column implies a linear, ferromagnetic material. Entriesni the Br, U,
Uy and Uz de ne a permanent magnet with a straight-line demagnetizabn curve. Finally, an
entry in the Potential column speci es that the region has a xed value of the redudeand
dual potentials. The most common entry is 0.0 to de ne a symntey boundary with B, = 0:0.
The values shown in Fig4 de ne the following region characteristics:

Region 1. Air, , =1:0.
Region 2. Iron pole, , =500:0.
Region 3. Fixed-potential symmetry boundaries ax = 0:0 andy = 0:0.

Set up the dialog as shown and clickK. Magnum uses the information in the dialog to create
the script SHORTQUAD.Ghdéwn in Table3. Chapter 5 reviews the script format and advanced
program capabilities.

To carry out the solution, click on the Run/Start run menu command or tool. In the
dialog, pick the le SHORTQUAD.GQWdgnum reads the mesh and current element information,
calculates applied elds, determines element matrices armbupling coe cients for the nite-
element solution and then proceeds with two solution stage¥he entire process takes less than
a minute. The program creates the binary output leSHORTQUAD.@@dJthe diagnostic listing
SHORTQUAD.GLS

When the solution is complete, start the progranMagView . Pick Load solution le from
the File menu or click on the tool. Choose the [SHORTQUAD.@GbWe dialog. MagView can
generate a wide variety of 2D and 3D plots. Figur® shows an example, a 3D representation

10



Surface type: Normal plane
Plotted quantity: B

¥hxis: O.00E+00 8. 00E+HID
Taxis: 0.00B+00 8. 00E+00
Ihxis: 0.OCE+0 1.GOE+0L
Plane position: Z = 4. 00E+00

6. 2648-04
1.223E-01
2, 439E-01
3. 656801
4,87E-01
6, (IB9E-(1
7.305E-01
f.5228-01
9. T38E-01
1. D9EE+00
1. 217E+HID
1. 339EHID
1. 46[EHID
1, BRZEHID
1. TNEEH]D
1. B2EE+00

I

Figure 5: Three-dimensional view of physical surfaces witnplot of jBj in a plane normal to
z.

of the pole piece withjBj plotted in a plane normal to thez axis. Chapters8, 10 and 11 give
detailed information on plotting capabilities. Here, we sHacreate a simple example to test the
program. Click onPlane plotsto bring up the plane plot menu.

The default plot shows the variation ofjBj in a plane normal toz at the midpoint. Click
on the Set planecommand. In the dialog move the slider t@ = 4:0 cm, within the region
of the pole. Change plot limits toXmax = 4:0 cm andymax = 4:0 cm. Finally, click on Plot
style in the Plot control menu. You should see a plot similar to Fig6. If you try some of the
other plot styles, note that plane plots may give ragged edgeon sloped or curved surfaces.
This is because the plot is based on a simple division of theapk into a rectangular array with
no special provisions for material boundaries. Slice plotgve more accurate representations,
although the available styles are more limited.

Although plots are interesting, the primary function of Magnum is to generate numbers.
Return to the main menu and click onRun script in the File menu. In the dialog, pick the
le SHORTQUAD.SU#ere is a delay whileMagnum performs an analysis. To begin, we shall
inspect the instructions in the data script. In theFile menu click onEdit script and choose
SHORTQUAD.ST#e internal program editor loads and shows the followingontent:

INPUT ShortQuad.GOU

OUTPUT ShortQuad.DAT

NSCAN 50

RECORD FIELD

SCAN 0.0 0.0 1.0 1.0 1.0 1.0
SCAN 0.0 0.0 5.0 1.0 1.0 5.0
SCAN 0.0 0.0 65 1.0 1.0 65

ENDFILE

11



Figure 6: Plot of jBj in a plane normal toz at z=4:0 cm.
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Figure 7: Variation of jBj as a function ofx along a 43 line at three axial positions
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The rst statement ensures that the proper solution le is Iaded, and the second statement
opens a data le to write the results. The commandNScan 50nstructs the program to compute
51 values (50 intervals) along a line scan. The next three é8 compute scans of values from the
axis to the point(x = 0.7, y = 0.7). Results are plotted in Fig.7. The lines atz=1:0 and 5.0
cm are almost identical. The eld variation near the axis isihear and grows faster than linear
near the pole face. The non-linearity results from the factiat the pole does not have an ideal
hyperbolic shape. Note that there are small discontinuities the plot. We have shown these
as a reminder that numerical results are never exact. The ietpolation routines have done the
best job possible with the coarse mesh of Fid. Improved results could be achieved with a
ner mesh near the axis.

13



2 Theoretical background

2.1 Reduced potential model

This chapter brie y covers numerical methods used itMagnum . It is not necessary to un-
derstand all details. The goal is to give an idea of the stepsvilved in a solution to help you
create e ective setups. The most familiar method for numecal solution of magnetic elds is

to solve the following equation for the vector potential:
!

LA =g 1)

.
In Eq. 1, the quantity j is the applied current. Currents resulting from the presercof materials
are represented by the factor4 . The variation of the quantity in space is determined by the

geometric distribution of ferromagnetic and conductive ntarials. Equation 1 follows from the
de nition of vector potential,

B =r A: (2

and Ampere's law,

r =7 H=js: (3)

In EQ. 3, the quantity B is the magnetic ux density and H is the magnetic eld.

In two-dimensional solutions, there is only a single compent of the vector potential A
and Eq. 1 reduces to the same form as the Poisson equation used in efestiatics. Therefore
two-dimensional nite-element magnetostatic solutions i@ no more di cult than electrostatic
solutions. The computation is more di cult in three dimensions. The three components of
vector potential are coupled through spatial variations in . The nite-element equations to
represent Eg.1 on a hexahedron mesh involve 234 coupling coe cients per neds opposed
to 26 coe cients in a solution of the Poisson equation. Becag of the increased computation
times and storage requirements, a direct solution of E4.on a large mesh is impractical on a
personal computer. There are two other problems associatedth the equation:

It is more di cult to identify boundary conditions on the vec tor quantity A.

It is challenging to convert current carried by a discrete $eof applied current elements
to three-dimensional current densityjs on a conformal mesh of hexahedrons.

Magnum utilizes the indirect reduced potentialmodel for magnetostatic solutions in three
dimensions. With this method, storage requirements and cgratation times are only slightly
higher than those for an electrostatic solution. The key isotdivide the magnetic eld into two
components:

H=Hs+ Hp: 4)

14



The componentH ¢ arises from the applied currents whileH , is the component created by
currents in materials. By superposition, the components thvidually satisfy the equations:

r Hs=js; (5)

r H,=0: (6)
Given the spatial distribution of applied currentjs, the componentH s can be determined
directly from a Biot-Savart integral (Sect.2.2) at all points in space without recourse to nite-

element methods. Equatiorn6 implies that the material componentH ,, may be expressed as
the gradient of a scalar potential:

Hnhn=1 (7)

The quantity is called thereduced potential The equation

r B=0; (8)
implies that
r [ (Hs r )]=0; (9)
or
r(r )=r (Hy: (10)

Equation 10 has the form of the Poisson equation with a source term on theht-hand side.
The source term can be determined from the known spatial vations of and H.
The Magnum solution procedure consists of the following steps:

1. Read a le (MD}created by MetaMesh that gives node coordinates and the region
identities of elements.

2. In the Magnum script (GIN), read values of to associate with element region numbers.

3. Using geometric and material information, calculate nie-element coe cients to represent
Eq. 10 as a set coupled linear equations, one for each node.

4. Read a le (WNpof applied current elements created byvlagWinder and apply a Biot-
Savart integral to determine values oH s at nodes.

5. Analyze the mesh to calculate source terms ( Hg) at nodes.

6. Solve the coupled set of node equations by iterative meti®to nd the reduced potential

7. Record the applied eldH s and reduced potential at each node in theMagnum output
le (GOV

15



8. In the MagView post-processor, the magnetic ux density is determined bynierpola-
tions using the equation:

B= (Hsr ) (11)

Magnum supports two computational modes. We call the full calculawn with applied
elds and reduced potential the Standard solution mode. If there are no materials that have
+ 6 1:0, we can omit the calculation of and simply record values oH in the output le.

We refer to this as theFree solution mode (for free-space elds). In this case, interfetions in

MagView return values of the applied elds over the solution space. lie corresponding eld
values are those that occur in an in nite space, una ected byhe boundaries of the solution
volume.

2.2 Applied eld calculation

Magnum uses a simple yet versatile method to de ne three-dimensiahcoils of any degree
of complexity. The program expects to receive a predigestdidt of short current elements in
the WNDnput le. Section 4.13 describes the le format. Figure8 shows the geometry of a
lamentary element of length

L = ! (Xe Xs)2+ (Ve VYs)2+(ze )% (12)

at average position
o_ Xst Xe Yst Ve Zs+t Ze

A (13)

carrying current | . The unit vector

y= le Xs.¥e ¥s.Ze 7
L " L ' L
lies along the lament direction. The contribution to the magnetic eld at position r from the

element at positionr®is given by

(14)

IL " u (r r‘)#
dH s 7 P (15)

Magnum computes the total applied magnetic eldH g at each node position by taking a
sum over current elements in thaVNDe. One advantage of the approach is that numerically-
derived model particle orbits in theOmniTrak code can be treated as a sequence of current
elements. Hence it is straightforward to include the contrilition of beam currents to magnetic
elds. The drawback of the method is that it takes time to calclate elds created by thousands
of current elements at millions of node points.

The eld contribution of a lamentary current-element may be quite large if it lies close to a
node. To avoid diverging eld valuesMagnum treats an element of lengthi. as a cylinder with
current-density distributed uniformly over diameterL (Figure 9). The code uses a look-up table
derived from a numerical solution within the region shown ag dashed line of Fig9. To reduce
calculation time, the code applies Egl5 (using the average position of the element) outside the
region. The e ects of the nite-width of applied currents wil be apparent in MagView plots.
You can adjust the width through the choice of element lengtin MagWinder (Chapter4).

16



Figure 8: Current-element geometry.

Figure 9: Representation of a current element as a cylindef @dius L=2. Dashed line indicates
the transition boundary to the Biot-Savart calculation.

17



Figure 10: E ect of materials with | 1.0 on lines of magnetic ux densityB. a) Drive
current external to the region. b) Drive current internal to the region.

2.3 Representing perfect conductors

Magnum can model both linear and non-linear isotropic magtie materials (i.e., soft iron and
ferrites). For linear materials the value of does not depend on the eld amplitude. In this
case, the magnetic eld and ux density vectors are co-linegaand have magnitudes related by

B= H= , ,H: (16)

The program does not handle permanent magnets with highly ndinear demagnetization
curves.

The physical properties of high- materials are familiar from introductory courses on elec-
tromagnetism. In the remainder of this section, we shall disiss the properties of materials
with 1:0 and their application in Magnum . In such a material, the magnetic ux den-
sity is approximately B = 0:0. Equation 8 implies that the normal componentB, across the

18



Figure 11: Toroidal conductor with a pulsed azimuthal curnet inside a conducting toroidal
housing.

Figure 12: ExampleSURFCURRENRB] in the planez = 0:0.

boundary is continuous. Therefore, the magnetic ux dengjtjust outside the material must be
parallel to the surface. In other words, a material with 1.0 acts like a perfect conductor.
Figure 10a shows the e ect of such a material on the elds produced by anxternal pulsed
current. You can nd the distribution of surface current on the conductor by calculating the
magnetic eld in the adjacent air region and taking,
Jo= ok (17)

0
where the surface currentls has units of A/m.

A more interesting situation results when a drive current isnside a low- region. In this
case, the reduced-potential solution creates a distribwin of material currents that ensure that
B = 0:0 at all points inside the material. As an example, Figurd0b shows a cross section of
a coaxial transmission line. The inner and outer conductoi@e represented as materials with

r 0:0. An o set drive current ows in the z direction. Even though the drive current is
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displaced from the axis, the numerically-derived elds arazimuthally symmetric and closely
follow the 1=r variation of magnitude predicted for the geometry.

An example will clarify methods for modeling perfectly-conacting materials. Figure 11
shows the geometry (the input leSSURFCURRENT ,MINRFCURRENT.@FSURFCURRENT.GIN
are included in the example library). A toroidal conductor mside a toroidal chamber carries
a pulsed azimuthal current of 2000 A - we want to nd elds in the intervening space. The
nite-element simulation treats one-quarter of the geomey. The default boundary condition
of B, = 0:0 (Sect.2.5 is appropriate for the open ends. It is necessary to use alfalrcular
drive current loop to ensure that the applied elds have coect symmetry at the boundaries.
The condition , = 0:0001 is assigned to elements inside the brown facets of Flg. (inner
conductor) and elements outside the blue facets (outer camctor). Elements in the intervening
space have ; = 1:0. We nd that the results are independent of the radius or pason of the
drive current loop as long as it is inside the inner conductofFigure 12 shows calculated values
of jBj in a normal plane, the summation of applied and material coributions. The eld is
zero inside the conductors and is azimuthally symmetric irhe air gap.

2.4 Dual-potential model

The reduced-potential model always provides good resultsriegions of the simulation where the
relative magnetic permeability , is not much larger than unity. Iniron regions where , 1.0,
the two contributions in Eq. 11 may be almost equal. The small di erence is multiplied by ,
to determine the magnetic ux densityB. Small interpolation errors inH,, and Hs may give
errors in B. For this reason, Magnum includes the option to generate an alternate nite-
element solution for iron regions where, 1:0. This approach is called thedual-potential
model.

Figure 13 shows the division of a solution volume into regions repregang air ( , = 1:0),
perfect conductors (;  1:0) and ferromagnetic materials (,  1:0). In a physically-correct
solution, applied currents may wrap around iron objects buthey do pass directly through
them. With the condition js = 0:0, the following condition holds on the total magnetic eld
inside the iron:

r H=0: (18)

Therefore, we can seH equal to the gradient of a scalar potential:

H=r (19)

In this case, Eq.8 implies that the potential satis es the Laplace equation:

r (r )=0 (20)

The approach in the nite-element method is to generate disete node equations by setting
the local integrals of the left-hand side of Eq20 around nodes equal to zero. This procedure
leads to the following equation for at nodei:

Z7ZZ Z Z

=

o

<

1

£
o®

dS; (21)
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Figure 13: Schematic view - division of the solution volumeif a dual-potential solution.

In Eq. 21 the quantity N; is a weighting function that we can identify with the shape factions
of the hexahedron elements surrounding the node. The volurmgegral on the left-hand side is
identical in form to the integral for the reduced potential . Therefore, we can use the coupling
coe cients that have already been determined for the reduckpotential calculation. The new
term is the surface integral on the right-hand side. The norai derivative of at the surface
is equivalent to

@ _
@n
In other words, the node equations include source terms givby surface integrals of the normal
component of the magnetic ux density. The form of the node wehting functions N; and the
continuity of magnetic ux guarantees that contributions from all surfaces inside contiguous
iron regions equal zero, even if varies through the material or if two di erent regions intersect.
Non-zero contributions occur only on the interface betweenon and air or conductor regions.
With this background, we can understand the additional stepin the Magnum solution
procedure when the dual-potential option is invoked:

Bn: (22)

1. After completing the reduced-potential calculationMagnum organizes the mesh and
marks nodes that are connected to iron elements. Boundary aws connected to both
iron and air elements are also marked. The goal is to determngirvalues of on this node
set. The set may contain multiple connected or disconnectaegbn regions.

2. Coupling coe cients for the nodes are taken from those caged for the reduced-potential
calculation. Coupling coe cients to nodes outside the irorregion or its boundaries are
set to zero.

3. Source terms for the boundary nodes are calculated fromwas of the normal component
of B derived from the reduced potential model according to Eq21 and 22
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4. Magnum performs a second iterative solution to nd at the mesh nodes and records
values in the output GOUe.

5. Field calculations performed inMagView depend on the setting of the interpolation
mode. In the default Standard mode, the equationB = (Hs r ) is applied over
the full solution volume. In the DualPot interpolation mode, the program applies the
equationB = (Hs r ) at points inside elements with ; = 1.0 and usesB = r
in elements with 1:0.

It is important to note that the dual potential calculation may fail under conditions where
r 0:0 inside a material:

Field lines in a pole travel between two symmetry boundariesith =0:0.

A pole has no air gap so that lines oH circulate and reconnect completely with a pole
(e.g, a toroidal transformer core).

In these cases, do not use theualPot command inMagnum and use theStandard mode for
eld calculations in MagView.

Finally, non-physical results may occur if drive currents @ss through iron regionsMagnum
incorporates two features to avoid this problem.

Magnum checks the validity of the geometry after opening the mestMD}-and current
element WNDles. The program checks all current elements and reportsnaerror if the
average position of an element lies within an element with,  1:0.

After loading solution (GO)and current element WVNPDles, you can create three-dimensional
plots in MagView to check the relative orientation of coils and iron regionsNote that
the tests do not account for the width of current elements (8¢ 2.2). You must ensure
that no portion of a nite-width element extends into an iron region.

2.5 Boundary and symmetry conditions

The application of boundary conditions inMagnum can be challenging because calculations
may involve multiple sources of information: applied eldand material elds (from the gradient
of the reduced potential ) in non-iron regions and total elds from the gradient of thedual
potential in iron regions.

The eld solution for and with attendant boundary conditions has no e ect on the
applied eld Hs. Therefore, we must ensure the collection of current elentsrin the WNDOe
generates a physically-correct applied eld solution, regdless of the solution-volume limits and
symmetries of the nite-element calculations for the potetmals. For example, we must include
the full current loop for the calculation of Fig.11 Using only one-quarter of a the loop would
give a non-physical applied eld solution because the driveurrent would not de ne a circuit.
Sometimes we can omit portions of a coil if the current elemesnmake a negligible contribution
to applied elds in the solution volume. For example, consiglr elds in a cylinder of radiusR
driven by a line current of in nite length. Because of the sdang of the Biot-Savart equation
[EqQ. 15, the contribution to the eld of elements at an axial distarcez > 10R is less than 0.1%
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of the contribution from a nearby element. Therefore, it iswscient to use a non-circuital line
current of approximate length 2R to get a good approximation to the applied elds generated
by an in nite wire. With some pre-analysis and judgement, yo can substantially reduce the
work involved in calculating the applied elds.

We shall next consider conditions for the calculation of theeduced potential . An un-
derlying assumption inMagnum is that the solution volume is surrounded by a set of virtual
elements with the property , 1:.0. Therefore, the magnetic ux densityB is constrained
to be parallel to any unspeci ed boundary. Equivalently, tle solution volume is automatically
surrounded by a virtual volume of perfect conductor. The adirnative to the natural boundary
condition is to specify a xed value of reduced potential (usally = 0:0) along the surface
(Dirichet condition). In this case, the derivative of parallel to the surface must be zero. This
condition implies that the material component of magnetic ux density B, is normal to the
boundary. If the applied componenB is also normal, then the surface constitutes a symmetry
boundary. This condition was applied in the example of Sedt2 to model one-quarter of the
guadrupole.

Conditions on the dual potential are the similar to those for . The region external to
an iron region that contacts the solution boundary consistef virtual elements with ,  1:0.
Therefore, the magnetic ux densityB in an iron region is parallel to such a boundary. The
condition = 0:0 implies that the total magnetic ux density B is normal to the boundary.
The resulting solution is physically-consistent only if te applied eld Bs is also normal to the
boundary.
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3 Organizing Magnum calculations

3.1 Procedures and les

The Magnum package contains three components:

MagWinder creates lists of input speci cations for applied- eld co# and generates les
of current elements in a standard format.

The Magnum program computes the physical solution

MagView is a dedicated post-processor for analyses of the results.

All three programs can run in two modes: interactively in a widow or autonomously in the
background under batch le control. The autonomous mode aivs automatic processing of
large or repetitive data sets.

The MagWinder pre-processor creates and analyzes coil de nition les viitnames of form
FPREFIX.CDFChapter 4 describes operation of the program. Three input les may beequired
for a Magnum solution:

A script that sets control parameters and describes the phigal properties associated
with regions.

A list of drive current elements to compute the applied eld.

A MetaMesh output le that describes the conformal hexahedron mesh. Tén le con-
tains node coordinates and the region numbers of elementdamodes.

The MagWinder output le has a name of the form FPREFIX.WNDhe MetaMesh output
le always has a name of the formrRUNNAME.MDRe Magnum script must have a name of
the form RUNNAME.GINhe le may be prepared with the Setup command in Magnum or
directly with an editor. Magnum issues an error message if any input les are not available in
the current working directory. To organize data, the resulhg output le is assigned the name
RUNNAME.GOU

To review, a simulation usually consists of the following eps:

Prepare aMetaMesh script (MPREFIX.MMNusing Geometer or a text editor to de nes

the solution space. In simulations with conductive or ferrmagnetic materials, the con-
formal mesh describes the division of the solution space andir and material regions. In
free-space calculations, the mesh is merely a conveniertt genode positions for calcula-
tions of applied elds.

Run MetaMesh to create a le MPREFIX.MDd#¥ standard mesh information. This le
could be used as input for multipleMagnum simulations or for other AMaze solution
programs.
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Table 4: Magnum les

| Name form | Function | Status |

MPREFIX.MIN Description of simulation geometry, input to| Required
MetaMesh

CPREFIX.CDF Description of applied eld coils, input to | Required
MagWinder

CPREFIX.WNDOutput from MagWinder , input to Mag- | Required
num

MPREFIX.MDF Output from MetaMesh , input to Magnum | Required
RUNNAME.GINDescription of material properties, input to| Required

Magnum
RUNNAME.GOQutput from Magnum , input to MagView Required
SPREFIX.SCR Analysis control, input to MagView Optional
SPREFIX.DAT| Analysis data output from MagView Optional

Prepare aMagWinder coil de nition le ( WPREFIX.CDPFo specify the geometry and
currents of drive coils. This le is not necessary if elds a created solely by permanent
magnets.

Run MagWinder to cut the coils into small current elements and generate aatdard
element le (FPREFIX.WND

Use the Setupcommand or an editor to prepare aMagnum script (RUNNAME.GIthat
sets control parameters and de nes the material propertiesf regions.

Run Magnum to create a solution le RUNNAME.GQUis le contains the following
node quantities: spatial coordinates, applied eld compants Hg, reduced potential
and dual potential (in calculations with ferromagnetic materials).

Optionally, prepare a standardAMaze analysis script SPREFIX.SQRo control a MagView
analysis session.

Run MagView to create plots or to generate numerical data using the inforation in
RUNNAME.GOU

Although a calculation involves several steps, the approadaves time and aggravation in the
long run. Splitting complex solutions into small steps is alays a good practice. The input
scripts form permanent records of the setup with completefiormation necessary to regenerate a
solution. Furthermore, the scripts may often be used in otlesolutions with small modi cations.
Table 4 summarizes the input and output les used inMagnum .

3.2 Script conventions

The Magnum input script FPREFIX.GINs a text le with data lines containing commands
and parameters. The script must end with theEndFile command. The programs make no
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distinction between upper and lower case. Entries on a lineay be separated by the following
delimiters:

Space, blank
Comma [,]

Tab

Colon [1]

Equal sign [F]

Left parenthesis [(]
Right parenthesis [)]

You may use any number of delimiters in a line. This means thatou can add indentations
and customize the appearance of the script. For example, thgo lines

Epsi 2 5.56
Epsi(2) = 5.56

have the same e ect.
Magnum ignores blank lines and comment lines. Comment lines begirthvthe symbol [*]
(asterisk). Most parameters are real numbers. The followgnformats are valid.

1.000
5.67E6
6.8845E+09
5

The nal number is interpreted as 5.0.

Magnum accepts commands in any order. The program reads and analyzdl commands
before starting the solution. Generally, it is good practie to put control commands at the
beginning and to group commands that set material propertsby region. The following example
illustrates a complete script:
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MagNum 2.0 Script (Field Precision)
File: relay.GIN

Date: 05/22/2006

Time: 13:40:14

L .

SolType = STANDARD
Mesh = relay

Source = relay

DUnit = 1.0000E+02
ResTarget = 1.0000E-06
Omega =  1.9850E+00
MaxCycle = 1000

* Region 1: AIR
Mu(l) = 1.0000E+00

* Region 2: SOLECORE
Mu(2) = 5.0000E+02

* Region 3: PLATE
Mu(3) = 5.0000E+02

EndFile

You may place text in any format after theEndFile command. Therefore you can add annota-
tions that may be helpful when you return to a simulation afte a long period of time.
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4 MagWinder { de ning applied current

4.1 Program function

Input les of current elementsare used inMagnum to de ne drive currents. Magnet coils
are represented numerically by dividing them into a large s®f short segments. Sometimes
drive coils may be simple, but often they follow complex pathin three-dimensional space.
MagWinder provides an interactive environment where you can build magt windings step-
by-step. Several features oMagWinder help in the task of current-element generation:

A comprehensive set of parametric models for common coil cgurations (solenoids,
helices,...).

Versatile graphical displays to show the state of the assetyb

Interactive dialogs to modify the geometry, position and aentation of components.

MagWinder may be used as a command-line utility with an existingDFle with command
of the form:

[PATH\IMAGWINDER FPREFIX <Enter>

An interactive MagWinder session involves three steps: 1) specify a set of parametric
models to de ne one or more drive coils, 2) divide the coils tm elements and 3) record the
results in a le for input to Magnum . The program creates two types of text data les:

A list of model parameters containing all necessary inforrtian to regenerate elements.
The le has a name of the formFPREFIX.CDECoil De nition File). You can reload the
script into MagWinder to make changes in geometry or element lengths.

The Magnum element le FPREFIX.WNhich represents a speci c embodiment of the
parametric models. Sectiort.13reviews the le organization.

It is important to save the CDFle if you want to repeat a calculation or to change an assemal
The script can regenerate an element le, but th€DFle cannot be recovered from the contents
of the element le.

The next sections in this chapter describe how to createDFscripts. The easiest approach
is to employ the interactive features oMagWinder (Sections4.2through 4.9). You can also
build a script and make changes directly with a text editor. 8ctions4.10through 4.12describe
the script syntax. Either way, the process is easier if you derstand the de nitions of a few
terms:

Element . A di erential element of current familiar from introductory electromagnetism
courses. An element extends from vector positioxns to Xe. It has length dl = jxe X
and carries a currentdl. For accuracy, the length of elements should be shorter than
the distance from the coil to the magnetic eld calculation pint. It is important to note

28



Figure 14: Working environment ofMagWinder

that an element is not treated as a lament inMagnum , but rather as a cylinder with
uniform current density distributed over a diameter equal @ its length. This convention
avoids numerically-in nite values of applied magnetic etl which can compromise code

accuracy and plot quality.

Part . A basic building block consisting of wires with a speci edlape, position and
orientation. The shape is de ned by the choice of a modelMagWinder has fteen
models ranging from simple (line segment between pointsyailar coil,...) to complex
(solenoid with radial thickness, helical coll,...).

Coil . A set of associated parts that carry the same current. For pBically-meaningful
solutions, the parts should form self-connected circuits.

Assembly . The collection of coils that de nes all drive currents for he Magnum cal-
culation.

For reference, an assembly may contain up to 150 coils. The xmaum number of parts to
build all coils is 2500. The assembly may contain up to 2,0Q0@0 current elements.
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4.2 Starting an assembly

To create a newCDFle, run MagWinderand choose thd-ile/New coil assemblycommand. In

the dialog, supply a descriptive name that will be used as thaefault pre x for the CDFand ele-

ment les. The pre x should have length from 1 to 46 charactes and may not include standard
AMaze delimiters (i.e., use underscores rather than spaces). You must choose disienal

units that will be used for positions and length. For custom nits, pick Other. In this case, a
dialog will prompt for a conversion factorDUnit. The factor equals the number of units per
meter. For example, to work in units of feet, seDUnit = 3:281. Finally, you have the option
to specify a default global element lengtibsGlobal. The length applies to parts in coils that
do not have individual values ofDs.

When you exit the dialog,MagWinder updates the status bar to show the assembly name
and the unit conversion factor. Note that the plot window is iiitially blank. Plots are generated
from elements, and there are no elements until you de ne atdst one coil with at least one
part.

We shall use the example shown in Fid.4 to illustrate the procedure. Six rectangular loops
are arranged to generate a sextupole eld over a 50 cm lengtloag z. To follow the example
in the following sections, start a new assembly with the nam8EXTUPOLBSIing dimensions of
cm and settingDsGlobal = 1:0.

NEW COIL ASSEMBLY
Initialize all variables and begin a new assemblWlagWinder issues a prompt if current work
has not been saved.

4.3 Adding a coll

Use theNew coil command to add a coil to an assembly. The command activatesethlialog of
Fig. 15. Coils are numbered from 1 to 250 as they are added and ass@jaefault names such
asCOIL001 You can change the name to a more descriptive title up to 80 afacters in length.
You must supply a value for the current { this value applies tall parts that constitute the coil.
Optionally, you can enter a local valueDs for element length that applies only to components
of the coil. This feature is useful to represent small compents in a large assembly.

Entries in the group of boxes in the lower half of the dialog arused to set global values of
shifts and rotations that apply to all parts of the coil. The® operations are performed after
individual shifts and rotations of parts within a coil. With this feature, you can construct a
complex set of parts and then move it as a rigid body. Sectioh5 gives a detailed discussion
of positioning operations for coils and individual parts.

For the SEXTUPOEEample, we shall use a strategy that minimizes the numberpbsitioning
operations and reduces the chances of error. Rather than ifhe loops to reverse the eld
direction, we shall use the same relative orientation for ldbops and divide them into two sets
(i.e., coils) with positive and negative current values. Loops 13 and 5 havel = +10;000

A while loops 2, 4 and 6 havd = 10,000 A. Accordingly, we set up the rst coil with
parameters shown in Figl5. Click the New coil command again, and give the second coil the
name Negative and assign currentl = 10,000 A. After you exit the dialog, the status bar

shows that the assembly contains two coils with no parts orezhents.
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Figure 15: New colil dialog.

NEW COIL

Add a coil to the assembly. The new coil becomes the current tfor editing. You can assign a
name, current, local element length and global rotations anshifts that a ect all components
of the coil. These parameters may be changed using tkelit coil command.

4.4 Adding a part

Coil editing operations (such as adding parts) are appliedtthe current coil. You can change
the current coil with the Set current coil command. The resulting dialog shows a list of de ned
coils. To choose a coil, press one of the buttons on the righ#nd side and then clickOK.

The Add part command brings up the dialog of Figl6. The entries in the top group de ne
the model type and parameters. The entries in the bottom grqudetermine the orientation and
position of individual parts within a coil. Regarding the t@ group, all boxes for real-number
and integer parameters are initially inactive. The rst stg is to pick a model type for the
part in the drop-down list box at the top. When a model is spead, Magwinder activates
appropriate parameter elds and adds descriptive labels. eStion 4.6 describes the geometries
and parameters of available models.

To continue the SEXTUPOLdxample, click onSet current coil and choose the rst coil
(Positive ). To de ne the rst rectangular loop, click on Add part and choose theRECTANGLE
model. Enter LOOPOIn the Name eld. The loop has narrow dimension 5.0 cm and long
dimension 50.0 cm. Enter the following values to de ne two coers of the rectangle:xq =

250, ¥ = 25, X2 = 25:0 andy,, = 2:5. Click OK to exit the dialog. The plot shows a
rectangle with the desired dimensions centered in they plane. We must make changes from
the default position and orientation to place it in the asseluly.

ADD PART
Open a dialog to create a new part in the current coil. Specithe model type and fabrication,
position and orientation parameters.
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Figure 16: Add part dialog.

EDIT PART
Pick a part in the current coil and change any of the parameter

SET CURRENT COIL
Pick the current coil for editing operations and the additio of new parts.

4.5 Position and orientation of parts and coils

You can rotate and shift individual parts within a coil and ako apply global positioning op-
erations that a ect all parts of a coil. The positioning proedure is similar to the operations
necessary to construct a physical coil:

Fabricate the part on the workbench by specifying the modelnal the associated dimen-
sions. Theworkbench frameis equivalent to the default orientation and position of the
model.

Rotate the part in three dimensions so that it has the the coact orientation relative to
the coil.

Move the part from the workbench to its position in the coil.
When the coil is complete, you have the option to rotate or shiit.

We can choose items with di erent features (models) from a ahdard parts bin and fabricate
them by setting dimensional parameters. Simple shapes likee segments may connect any two
points in the workbench frame. Complex parts like helices ti@ speci c orientations and posi-
tions with respect to the workbench. The order of operations important. In MagWinder
rotations always precede shifts.
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Figure 17: Positions of the six loops in th6EXTUPOlekample. View normal to thez axis.

ROTORDER

You can achieve any orientation in space by making rotatiorebout the x, y and/or z Cartesian
axes of the workbench coordinate system. Rotations are natramutative; therefore, the nal
orientation depends on the order. Use the pull-down list boxot specify the order in which
rotations are applied. The default isXYZ

THETAX
THETAY
THETAZ
Rotation angles about thex, y and z axes. Enter values in degrees. Negative angles are allowed.

XSHIFT

YSHIFT

ZSHIFT

Apply shifts along x, y and/or z to move the part from the workbench to its position in the
coil.

To illustrate, we shall position the rst loop in the SEXTUPOIle&kample. Click theEdit part
command and press the button next td OOPQ1MagWinder displays the dialog of Fig.16.
Note that elds contain all currently-de ned values. To makethe long axis of the rectangle
point along z, apply a rotation , = 90:0° by entering the number 90.0 in theTHETAYeld.
Click OK and check the plot to con rm that the part has the correct orietation. Figure 17
shows a scaled view of the con guration in a plane normal to. The goal is to position the six
loops at 60 intervals at a radiusR = 6:0 cm. To moveLOOPO10 its nal position, use the
Edit part command and enter the value 6.0 in thXSHIFT eld.
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4.6 Part models

The standard parts bin contains fourteen models with whichgu can construct most practical
magnet coils. Enter lengths in units speci ed byDUnit and angles in degrees. All models are
de ned with respect to the workbench coordinate frame. Theipositions and orientations in
the simulation space may be adjusted by specifying local olofal shifts and rotations.

LINE

The line segment is the simplest and most versatile part. Isia vector that connects any two
points in the workbench coordinate system. The model invadg six parameters: the coordinates
of the start point (Xs;VYs; Zs) and the end point (Xe; Ye; Ze). A positive value of current ows
from the start point to the end. MagWinder attempts to cut lines into equal segments with
length less than or equal tdDs. For short lines, the minimum number of segments is 2.

RECTANGLE

This model consists of four line segments that de ne a rectgalar loop. A rectangle lies in
the x-y plane of the workbench coordinate system a& = 0:0. The model has four parameters
to de ne two corners of the rectangle in thex-y plane: (x;;y1) and (Xz;y,). Current ows in
the sense of positive rotation. i(e., if you point the thumb of your right hand along z, positive
current ows in the direction of your ngers.) As with lines, the minimum number of segments
per side is 2.

CIRCLE

This model de nes a circular coil in thex-y plane of the workbench atz = 0:0. The single
parameter is the radiusR. The circle is centered at positionX = 0:0;y = 0:0). Current ows
in the direction of positive rotation. The minimum number ofelements in a circle is 12.

ELLIPSE
This command creates an elliptical coil in thex-y plane of the workbench atz = 0:0 that
follows the curve:

X 2 y

+ — =1 23
R R, (23)
The two real-number parameters areR, and Ry. Positive current ows in the direction of
positive rotation. The minimum number of elements is 12.

ARC

The model requires three real-number parameter®®, s and .. The arc has radiusR and
lies in the x-y plane of the workbench with center point atx = 0:0;y = 0:0. The start angle
(relative to the x axis) is s and the end angle is .. Positive current ows in the direction of
positive rotation.
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Figure 18: Parameters used in th&d ORUBodel.

HELIX

This model is useful to create a circular coil or twisted wirgairs. The model involves four
real-number parameters:R, Zs, Z. and Pitch. The helix winds alongz and has a circular
projection of radiusR in the x-y plane centered at the origin. The helix extends along from

Zs to Z.. The quantity Pitch is the axial distance for a full revolution. Therefore, the amber

of turns is

_JZe Z4).

~ Pitch
By convention, a helix starts at position R; 0:0) in the x-y plane atz = Z5. The end position
in the x-y plane is determined byN. Enter a value in the ThetaZ eld to change the start
position. The minimum number of elements per turn is 12. By dault, the helix has a positive
sense of rotation as it moves fronZg to Ze.

(24)

TORUS

The torus (Fig. 18) involves ve real-number parametersRygj , Rmin, pich, s and ¢ and the

optional parameter i,; . The toroidal winding creates an azimuthal eld. The torus $ centered
at position (0.0, 0.0, 0.0) with major radiusRm, in the x-y plane. Figure 18 de nes the

parametersRmin and icn. The pitch angle (in degrees) is the rotation about the axis per

turn. A TORUStarts at angle s (in the x-y plane relative to thex axis) and ends at .. Current

ows in the direction of positive rotation. The minimum number of elements per turn is 12.
By default, the winding starts at an angle of 0.0 relative to the plane of the minor radius. You
can change this value with the parameterjq .
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Figure 19: Parameters of th@ ORUSRodel. The example contains 24 loops from 0. 345.0.

TORUSR

This model (Fig. 19) creates an object consisting of a set of loops with rectarigucross section
arranged to form a torus. The model involves ve real-numbeparameters Ri,, Rout, L, s
and ) and one integer parametelN. The torus is centered at position (0.0,0.0,0.0) with inner
radius Rj, and outer radiusR, in the x-y plane. The parameterL is the coil height alongz.
The part consists ofN loops that cover the range from ¢ to . in the x-y plane.

The next group of models is useful for constructing volumetr coils with non-zero cross-
section. The models automatically create parallel sets ofeenents with transverse spacing on
the order ofDsGlobal or Ds. All volumetric assemblies have a xed orientation and posibn in
the assembly coordinate system. Note that volumetric modetsay generate large numbers of
elements. You can ensure that solutions are e cient by usingolumetric assemblies only where
they are necessary. For instance, suppose you want to nd @ near the surface of a circular
coil with a rectangular cross section. It is not necessary toodel the entire circular coil using
the ELBOWRodel if you only need to know elds at a representative posdn. Instead, de ne
a short azimuthal section of the coil with theELBOWRodel and then Il in the remainder with
the AROmodel. Because of the 4R? variation in the Biot-Savart integral of Magnum , the
contribution from a distant coil segment has little dependece on the coil cross section.

SOLENOID

The solenoid model (Fig.20) generates elements to represent a solenoid with radial thness.
It involves four required real-number parameterfin, Rmax @and L and three optional integer
parametersNg, Nz and Nc. The quantity Ry, is the inner radius,Rnyax IS the outer radius
and L is the axial length. The solenoid consists of a set of nestenicalar loops centered in
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Figure 20: Arrangement of wires in theSOLENOImModel.

the x-y plane and arrayed alongz. The wires extend from L=2 to L=2 in the z direction.
There are three optional integer numbersNr (number of radial layers),Nz (number of axial
layers) and N¢ (number of azimuthal segments in each circular coil). If theumbers are not
speci ed, MagWinder makes a choice based on the value DEGlobal or Ds. The coil current
| . equals the total number of A-turns in theSOLENOID herefore, the current per circular loop

BAR

A BARSs a set of straight wires parallel taz that Il a rectangular cross section in thex-y plane.
The model involves three required real-number parameters,, Ly and L,) and two optional
integer parameters Ny and Ny). The required parameters are the cross section dimensions
(Lx and Ly) and the axial length L,. The BARextends fromz = L,=2toz = L,=2 in the
workbench frame. The number of elements along is determined by DsGlobal or Ds. You
have the option to specify the number of parallel wires by eeating values forN, and Ny.
The BARcarries a total current equal to the coil currentl .. Therefore, the current per wire is
Ic=(Nx Ny).

ELBOWR

The ELBOWIRodel is an elbow with a rectangular cross section. The elbas equivalent to
a SOLENOIDat extends over a limited angular range. There are four regred real-number
parameters: Rmin, Rmax, L and . The quantities Ry,n, Rmax and L are identical to those
used for theSOLENOIDOThe quantity is the angular extent (in degrees) in the-y plane. The
ELBOWdEXtends from thex axis of the workbench frame to . There are three optional integer
parameters: N, (number of wires alongr), N, (number of wires alongz) and N (number of
elements along the arc). Figur@1shows a combination of thdARand ELBOWRodels to de ne
the drive coil for a C-magnet. TheELBOWSrries a total current equal to the coil currentl ..

Therefore, the current per wire i .=(N;, N,).

ROD
A RODs similar to a BARThe di erence is that it has an approximately circular cros section.
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Figure 21: Magnet winding composed or fouBARModels and fourELBOWRodels.

There are two required real-number parametersR (radius) and L (length). In this model
MagWinder sets up a set of parallel line currents in a hexagonal pattetin the x-y plane.
The hexagons have scale size on the orderl@éGlobal or Ds. The total current of all wires in
the ROzqualsl ..

ELBOWC

The ELBOW@odel represents an elbow with a circular cross section. hwvolves three real-
number parameters:Ry, (outer radius), Rj, (inner radius) and (angular extent in the x-y
plane). The ELBOW®odel starts at thex axis and extends to . You can combineELBOW&Rd
RODnodels to create a continuous set of parallel wires. The tdtaurrent of all wires in the
ELBOWKgualsl .

POLYNOID

A POLYNOIQFig 22) is similar to a SOLENOIDO'he di erence is that the individual coils are
polygons rather than circles. There are four required parasters. The real-number parameters
Rmin,» Rmax @and L are identical to those of theSOLENOID he integer N is the number of
polygon sides. There are three optional parameterst, (number of radial layers),N, (humber
of axial layers) andNs (number of elements per side). The coil current, equals the total
number of A-turns in the POLYNOIDO herefore, the current per circular loop id.=(N, N,).
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Figure 22: POLYNOIRith Rpax =6:0, Ryin =4:0,L =8:0,Ng =6, N, = 3 and N, = 20.

4.7 Editing coils and parts

Use theEdit coil command to change coil parameters. Changes apply to all émig and future
parts associated with the coil. The command brings up the diag of Fig. 15. The elds contain
the present parameter values for the coil. The&oil parameters command provides a quick
alternative to change selected coil properties.

COIL PARAMETERS

This command brings up the dialog of Fig23. The grid has a row for each colil in the assembly.
You can modify the entries in the white boxes (name, currentral local element width). The
Display check box determines whether the coil is displayed in 2D and3views. (Note that
this setting does not a ect whether the coil is recorded in ta CDFand element les.) Make
a choice in theSelect column and the Current coil button to pick the current coil. You can
delete a coil and its associated parts by using th®electcolumn and theDelete coil button.

You can change any part in the current coil with theEdit part command. To modify parts
in a di erent colil, rst use the Set current coil command. The following commands change the
properties of parts in an assembly.

DELETE PART
Remove a part from the current coil. MagWinder displays a list of available parts. Press the
button on the right-hand side for the part you want to delete.

COPY PART
Select a part from the current coil and copy it to a temporary b er.
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Figure 23: Coil parameters dialog

CUT PART
Remove a part from the current coil and copy it to a temporary b er.

PASTE PART
Use the contents of the temporary bu er to create a part in the arrent coll.

As an example, to move a part to a dierent coil, cut it from the arrent coil, change the
current coil and then use the paste operation. Note that we hawnot included copy, cut and
paste operations for entire coils because it is easier to figm the operations by direct editing
of the CDFle.

The editing operations are particularly useful for theSEXTUPOEKample because the assem-
bly is composed of six similar parts with di erent orientatons. Before making further changes,
it is a good idea to save the present state of the assembly. Us$e Save coil le command to
record your work. Then, make sure that the current coil is seéb POSITIVEUse theCopy part
command to putLOOPOIh the bu er. Then use the Past part command twice to add two parts
to the coil. Note that the plot does not change because the theeparts have identical shapes
and positions.

Three parts are available when you click th&dit part command. Choose the second part.
In the dialog, change its name td.OOPQ3Inspection of Fig.17 shows that we need to rotate
the part by 12(° and to move it to the appropriate position. Change the follomg elds:
ThetaZ = 120:0, XShift =6:0cos(120) = 3:000, andY Shift = 6:0sin(120) =5:196. The
loop appears in the correct position when you exit the dialogSimilarly, edit the third part.
Assign the nameLOOPOand apply rotations and displacements for 240

To complete the assembly, we need to add parts to tiéEGATIVEoil. Change the current
coil and then use the paste operation three times to createréhe parts in the second coil. Use
the Edit part command as before with the following names and rotationeOOP0%0°), LOOP04
(187°) and LOOPOG30C). The plot should be similar to Fig.14. Save the completed assembly
with the Save coil le command. We shall add the other ve loops after we discuss édg
commands.
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4.8 Displaying an assembly

MagWinder creates plots in two modes:

Three-dimensional plots (with perspective and shading) pvide an overview of the as-
sembly.

Two-dimensional plots are useful for precise work.

In the 3D mode (Fig. 14), the display is divided into three sections: 1) the main pkoarea, 2)
the orientation area (top-right) and 3) the information area (bottom-right). The orientation
area shows the current view and plot boundaries. You can cool the view with the mouse.
The operation is similar to that in MetaMesh and MagView :

Move the mouse cursor to the center of the plot area. Press thedt button to zoom in and
the right button to expand the view. Note that the change is reected in the orientation
area, and the plot is regenerated when you release the mousgtdm.

Move the mouse cursor to the right side of the plot area. The ahe changes to an arrow.
Press the left button to walk around the object. Press the rigt button to shift the view
to the right.

Similar actions apply when you move the mouse cursor to theppleft and bottom of the
plot area.

Two-dimensional plots (Fig.17) are created by projecting elements to a chosen Cartesiarape.
With the correct window size, the plots preserve true scalin
The following commands control the plot display.

TOGGLE 2D/3D
Switch between the 2D and 3D plot modes.

DISPLAYED COILS

You can suppress the display of coils for clarity. Use the buihs in the grid box of the dialog
to change the display status of individual coils. Note that &lcoils are recorded in coil and
element les, independent of their display status.

GRID CONTROL

Use this command to suppress display of a grid or to change gpdrameters from the defaults.
The dialog options depend on whether the current plot mode BD or 3D. Three-dimensional
plots show the Cartesian axes relative to an origin. You carontrol the following functions
in the Grid control dialog: 1) suppress the axis display, 2) set the axis origi8) suppress the
tick display and 4) set values for the tick intervals. In the B mode, you can suppress the grid
and/or specify grid intervals in the horizontal and verticd directions.

TOGGLE ORTHOGRAPHIC
The default 3D plot shows a view from a distance DView from thessembly with perspective.
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This command toggles between orthographic and perspectiveews. In an orthographic plot,
the viewpoint is at in nity.

ENDPOINT DISPLAY

Elements are normally plotted as thick lines. In the endpotrmode, MagWinder marks the
start and end points of all elements. The mode is useful to atlewhether element sizes are
appropriate.

ARROW DISPLAY

Use this command to show the orientation of current elements i2D plots. The display is
useful to check the polarity of elements of a part when rotains have been applied. Elements
are displayed as sperm cells, swimming in the direction ofdhhead. The endpoint displayed is
deactivated in the arrow plot mode.

XNORMAL

YNORMAL

ZNORMAL

These commands change the projection plane in the 2D plot m&d In the 3D mode, the
commands change the viewpoint to %, +y or +z.

COORDINATES

This command functions only in 2D plots. It sets the progrann coordinate mode. Coordinates
in the normal plane are displayed in the status bar when you e the mouse into the plot
area. Click the right button or press ESC to exit coordinate rmde.

INITIALIZE DISPLAY

This command performs the following functions in the 3D model) set the viewpoint to a
reference with 48 azimuth and elevation, 2) set the zoom factor to include the hole assembly
and 3) center the display. The command has no e ect in the 2D nue.

DEFAULT PRINTER
Send the current plot (2D or 3D) to the default Windows printe. Be sure to set the desired
printer before running MagWinder .

SAVE PLOT FILE

Use this command to create a graphics le of the current plot ieither Windows Bitmap (BMP)
or Portable Network Graphics (PNG) formats. In the dialog, spefy the format, the size in
pixels and the le pre x. The graphics le is created in the curent directory.

COPY TO CLIPBOARD
Copy the current plot (2D or 3D) to the clipboard in Windows MdaFile format.
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The following commands are active in 3D plots when a mesh leas been loaded.

MESH REGION DISPLAY

This command raises a dialog with a grid showing the region$ the mesh. Check the regions
that should be displayed. TheWireframe checkbox determines whether mesh regions are dis-
played as solids or as wireframes. The Outline checkbox detenes whether facets borders are
included when regions are plotted as solids.

MESH REGION CLIPPING

You can add clip planes for the display of region boundaries make coils more visible. In the
dialog, set the minimum and maximum dimensions along the Casian axis for the inclusion
of region facets. The default values are the maximum dimeosis of the mesh (i.e., all facets
included).

4.9 Additional MagWinder features

LOAD COIL FILE
Load aCDFle for viewing or editing. You can modify existing coils andparts or add new ones.

SAVE ELEMENT FILE
Create aWNDe for input to Magnum .

LOAD MESH FILE

Load a mesh le MDJ-created by MetaMesh to display the surfaces of physical objects (iron,
permanent magnets,...). MagWinder shows both mesh regions and coils in 3D plots. This
command is a active only when a coil assembly is displayed.

CLOSE MESH FILE
Remove the display of region surfaces from 3D plots.

EDIT COIL FILE
Use the internal text editor to view or to modify the currently-loaded CDFle. If you make
changes, be sure to reload the le with the.oad coil le command.

VIEW ELEMENT FILE
Use the internal editor in read-only mode to inspect anyWNDe.

EDIT FILE
Use the internal editor to view or to modify any le.

MAGNUM MANUAL
Display this manual in your default PDF viewer. The le magnum.pdfmust be in the same
directory as magwinder.exe.
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4.10 Structure of the coil de nition le

The MagWinder scriptis a text le that provides a succinct description andpoermanent record
of a coil assembly. You can build scripts using the interaste environment ofMagWinder or
compose them directly with a text editor. Sometimes, the etiing approach is more e cient.
For example, suppose the assembly consisted of 50 identicalls (each composed of several
parts) in a linear array. It is relatively easy to copy the tex for the coil section, paste it 50
times and modify ZShift values to create the array.

This section covers general features of tHe@DFle. The script consists of a set of commands
processed in sequence. The le follows the standard rules féield Precision scripts. Blank
lines are ignored. You can include any number of comment lméhat begin with an asterisk (*).
MagWinder ignores all information after theEndFile command, so you can add annotations
in any format. Commands are analyzed with a free-form parseBets of characters are grouped
into words separated by the following delimiters: Space [f;omma [,], Tab, Colon [:], Equal sign
[=], Left parenthesis [(] and Right Parenthesis [)]. Delinters may be used in any combination,
so you have considerable latitude to choose the appearandeyour script. For example, the
following commands have the same meaning:

Fab 2.0 0.5 10.0 0.0 350.0
Fab = (2.0, 0.5) (10.0, 0.0, 350)
Fab: 2.0, 0.5, 10.0, 0.0, 350

The CDFle consists of aGlobal section and up to 250Coil sections. EachCoil section may
contain any number ofPart sections (as long as the total number of parts does not exceed
2500). Table5 shows the general le layout.

The Global section must appear at the beginning of th€DFle. The following two com-
mands may appear in any order between the comman@obal and End. They are shown in
symbolic form and in the form that the might appear in the scipt.

DUNIT DUnit

DUnit = 1.0E6

MagWinder works internally in SI units (lengths in meters). It is oftenconvenient to enter
dimensions in alternate units. The quantityDUnit is a factor to convert input dimensions to
meters. It equals the number of units per meter. For exampléo enter dimensions in inches,
setDUnit = 39:37. If the command does not appear, the default BUnit = 1:0.

DS DsGlobal

DS =0.1

The quantity DsGlobal is the approximate length and diameter of current elementsiunits

set by DUnit. Smaller values of element length give more accuracy but v#sin longer run

times. It is good practice to set element lengths explicitlyln the absence of a speci cation,
MagWinder will try to pick reasonable values for di erent part models.When aDs command
appears in aCoil section, the new value replace®sGlobal for all parts of the coil.
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GLOBAL
(Global commands)
END
COIL
(Coil 1 commands)
Part
(Part 1 commands)
End
Part
(Part 2 commands)
End
Part
(Part 3 commands)
End
END
COIL
(Coil 2 commands)
Part
(Part n commands)
End

END

ENDFILE

Table 5: Structure of theCDFle
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4.11 Coil commands

A coil is a set of wires carrying the same currentMagnum will calculate the magnetic eld
corresponding to any set of wires, connected or unconnectett is your s responsibility to
ensure that the coil de nitions are physically correct.Coil sections follow theGlobal section.
Commands for a coil section appear between the commar@sil and End. A Coil section may
contain any number ofPart sections and the following commands.

CURRENT Current

CURRENT = -125.0

A Current command must appear in eacoil section. The parameteCurrent is the amplitude
of the coil current in amperes.

DS DsCail

DS = 0.100

The Ds command sets the approximate length of current elements ftine present coil. It is
useful, for example, if you have a large assembly that contai small coils. If theDs command
does not appear, the defaulDsGlobal will be used.

NAME CoilName

NAME = Orbit _Correction _Coil 015

MagWinder numbers coils in the order they appear in the le. Wu can also assign a descriptive
name (from 1 to 80 characters). The name will be displayed iby load the CDFle into the
MagWinder interactive environment.

ROTATE ThetaX ThetaY ThetaZ [RotOrder]

ROTATE 0.0 90.0 45.0 ZXY

This command speci es global rotation angles for all partsfahe coil about the Cartesian axes
of the assembly coordinate system. Rotations can be perfagthabout thex, y or z axes. The
parametersT hetaX, ThetaY and ThetaZ are the respective angles in degrees. The optional
string parameterRotOrder controls the order in which rotations are performed. The datilt is
XYZ

SHIFT XShift YShift ZShift

SHIFT -10.0 0.0 5.65

This command controls global translations of all parts of ta coil. The parametersXShift ,
Y Shift and ZShift are the components of the displacement vector. Enter the gigscements
in the units set by DUnit .

To clarify, rotations and shifts are performed in the followng order:

1. An individual part is rotated relative to its default position in the workbench frame to
the proper orientation in the coill.
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2. The part is shifted to its position in the coil.
3. Global rotations are applied to coil parts relative to the position in the coil.

4. Global shifts are applied to the coil parts.

4.12 Part commands

A Colil section may contain any number oPart sections. APart section has the form:

PART
(Part commands)
END

The following commands may appear within &art section.

ROTATE ThetaX ThetaY ThetaZ [RotOrder]

ROTATE 0.0 90.0 45.0 ZXY

This command speci es local rotation angles to orient the pain the coil. Rotations are
performed about thex, y or z axes. The parametersl hetaX, ThetaY and ThetaZ are the
respective angles in degrees. The optional string parameteotOrder controls the order in
which rotations are performed. The default isXYZ

SHIFT XShift YShift ZShift

SHIFT -10.0 0.0 5.65

This command controls local translation of the part to its pseition in the coil. The parame-
ters XShift , Y Shift and ZShift are the components of the displacement vector. Enter the
displacements in the units set byDUnit .

TYPE

Set the model for the part. The options (discussed in Secti@gh6) are LINE, RECTANGLERCLE
ELLIPSE ARCHELIX TORUSTORUSROLENO|BARELBOWRODELBOWahd POLYNOIDn
addition, the LIST type (described below) must be de ned by direct entry in the ipt.

FAB
Set real-number and/or integer parameters for the model. T number of entries and the
interpretation of values depends on the model type. Tablé summarizes the choices.

The LIST part type is useful if you cannot form a shape from the availdé models or if you
have your own mathematical speci cation for a path in threedimensional space. In this case,
the Type command takes the form:

TYPE List
x0 y0 z0
x1 yl z1

XN yN zN
END
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Table 6: Fab command parameters

]Type \Pl \PZ \PS \P4 \P5 \P6 \P? \
LINE Xs Ys Zs Xe Ye Ze
RECTANGLE x4 Ve X2 Ve2
CIRCLE R
ELLIPSE Rx Ry
ARC R s e
HELIX R Zs Ze Pitch
TORUS Rmaj Rmin pitch S e [ init ]
TORUSR Rin Rouwt | L s e Nc
SOLENOID Rmin Rmax L [Nr] [NZ] [N ]

BAR L Ly L, [N«] | [Ny]

ELBOWR | Rmin | Rmax | L [Ne ] [ INz] [N ]
ROD R L

ELBOWC Rmin | Rmax

POLYNOID Rmin Rmax L [Ns] [Nr] [Nz] [N ]

The e ect is to create a set ofN contiguous elements fromXp; Yo; Zo) t0 (Xn;Yn;2Zn). Each
element carries the coil current in the direction from the sirt point to the end. Enter the
coordinates in units set byDUnit . Each line contains three real numbers in any valid format
separated by any of the valid delimiters (i.e., space, commtb, ...). The list may contain any
number of data lines as long as the maximum number of elemer(®&000,000) is not exceeded.
A script may contain a maximum of 12 lists.

4.13 Structure of the current element le

Table 7 shows a portion of the current-elemenFPREFIX.WNE&reated by MagWinder for
input to Magnum . The header lists the number of coilsNCoil) and the number of elements
(NElem). The colil section lists the current in amperes for each coilThe element section
contains NElem data lines. Each line contains the associated coil numbehé coordinates
of the start and end points (in meters) and the element currén Note that the current of an
element may be less than the coil current if the element is catnucted from a volumetric model
such as aSOLENOIurrent ows from the start point to the end point.
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Table 7: Initial section of aMagWinder

Magnum Current Element File (Field Precision, Albuquerque

NCoil:
NElem:

2
660

11

2 -1

Coil

.0000E+04
O00O00E+04

XStart
(m)

Y Start

(m)

ZStart

(m)

current-element le

5.9980E-02
5.9981E-02
5.9982E-02
5.9983E-02
5.9983E-02

-2.5000E-02
-2.5000E-02
-2.5000E-02
-2.5000E-02
-2.5000E-02

2.5000E-01
2.4000E-01
2.3000E-01
2.2000E-01
2.1000E-01

XEnd
(m)

5.9981E-02
5.9982E-02
5.9983E-02
5.9983E-02
5.9984E-02

YEnd
(m)

-2.5000E-02
-2.5000E-02
-2.5000E-02
-2.5000E-02
-2.5000E-02

ZEnd
(m)

2.4000E-01
2.3000E-01
2.2000E-01
2.1000E-01
2.0000E-01

1.0000E+04
1.0000E+04
1.0000E+04
1.0000E+04
1.0000E+04
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5 Magnum script commands

5.1 Control commands for all calculation modes

This chapter reviews the set of commands that may be included Magnum scripts. The rst
group, discussed in this section, controls program operaiti in any type of calculation. Each
command is shown symbolically and in a form that it might assae in a program.

SOLTYPE [Standard, Free]

SOLTYPE = Standard

This required command sets thé/lagnum solution type. Options for the single parameter are
the strings Standard and Free. A Standard solution includes the e ects of materials, either ideal
conductors, permanent magnets or ferromagnetic materialslsually, the input mesh MDJFhas
conformal elements that follow the material boundaries. Fosolutions with coils, the currents
de ned by the element le (WNEDOnteract with the materials. In the Standard mode, Magnum
generates nite-element solutions for the reduced potesti (and the dual potential when
some materials have , 1:.0). In the Free mode, there are no materials and the magnetic
eld is created only by applied currents. In this case the fuction of the mesh is to de ne
node points at which to calculateH s from the given current elements. The condition, = 1:0
applies over the full solution volume. The boundaries of thgolution volume have no e ect on
the eld values - the solution constitutes a segment of a sdion in in nite space. In the Free
mode, Magnum makes no nite-element calculation and sets the values=0:0 and =0:0
in the output le.

For clari cation, the following paragraphs describe typial calculations in the three modes.

Standard Mode . The MetaMesh script MPREFIX.MINlescribes a conformal mesh
where regions represent magnetic materials such as polesl @@ermanent magnets. The
mesh generator creates the IMPREFIX.MDK the simulation includes coils, the le
SPREFIX.CDHe nes the coil geometries. From this inputMagWinder generates the
le SPREFIX.WNDhe three les required by Magnum for a solution with coils e
MPREFIX.MINSPREFIX.WNihd RUNNAME.GIMagnum computes the node values of
Hys, Hys, Hzs, and . The quantities are used inMagView to determine total elds
resulting from coils and materials.

Free Mode . In most Free mode calculations the input mesh is non-conformal (box
elements) and contains a single region to represent vacuunmNonetheless, you could
employ a conformal mesh with multiple regions if you wantedot use the capabilities of
MagView to nd eld energy in or ux through shaped objects. A current-element le
SPREFIX.WN®required in this mode.Magnum computes nodal values dflys, Hys, Hzs
and sets =0:0and =0:0 at all points (i.e., no material contributions).

The following program control commands may appear in all med.
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MESH MPre x

MESH = TriggerCon g

The pre x of the MetaMesh output le ( MPrefix.MDF) to use for the de nition of the solution
geometry. If the command does not appear in a scriFUNNAME.GIMagnum searches for
the default le RUNNAME.MDF

SOURCE SPre x

SOURCE = CMagnet

This command speci es an element le that lists drive currets for the applied elds. The
parameter SPre x is the pre x of a Il with a name of the form SPREFIX.WNDhe program
issues an error message if the le is not available in the wanlg directory. The currents are
used to generate applied elds in both theéStandard and Free modes.

DUNIT Unit
DUNIT = MM
DUNIT = 100.0

Use this command to sets units for coordinates in MDF input le The Unit argument may

be one of the following strings for common unitsangstrom, nanometer, micrometer, mil , mm

cminch, foot , yard, meter, kilometer or mile. For custom units, enter a real number equal
to the number of mesh units per meter. For example, to signahat you used dimensions of
centimeters in theMetaMesh script, set Unit = 100:0. Alternatively, if the mesh dimensions
are in inches, us&Jnit = 39:37. The quantity Unit is recorded in the output le and is used in
MagView for the input and output of positions. Default: Unit = 1:0.

FORMAT [Text, Binary]

FORMAT = Text

By default, Magnum creates an output le FPREFIX.GOIld binary format. You can create
output les in text format to make it easier to port results to your own analysis programs. The
string parameter can assume the valueBinary or Text. MagView can read les in either
format. Chapter 15 describes the le structure for both formats.

PARALLEL

This command invokes multiprocessor support for the 64-bgrogram running on a multi-core
machine. In this caseMagnum will use the full resources of the computer during the matrix
inversion, giving a substantial reduction of the run time. @herwise, the operating system will
assign the program to one processor, leaving the other frem Dther tasks. Do not employ
parallel processing if you are running multiple instancesf dMagnum . The command has no
e ect on the 32-bit program version.

5.2 Field-solution control commands

The following commands are valid only irStandard mode calculations.
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RESTARGET Restarget

RESTARGET: 5.0E-6

The numerical calculation of elds with magnetic materialsrequires the solution of a large set
of coupled linear equations, one for each active node in th&@wion volume. Magnum uses an
iterative technique based on corrections that reduce therer in the reduced or dual potential
at a point compared to predictions from values at neighborgqinodes. The residual is an average
of the relative errors over all nodes in the solution space dng an iteration. This command
sets a target value for the residual. The program stops if therror drops below the value. For
good accuracy, the relative residual should be less than £0 If the value of ResTargetis too
low, the program may not converge because of roundo errorfn this case, you can terminate
a solution manually if you are runningMagnum in the interactive mode by using the Stop run
menu command. Default valueResTarget=1:0 10 ”.

MAXCYCLE MaxCycle

MAXCYCLE = 2500

The integer parameterMaxCycle is the maximum number of iteration cyclesMagnum saves
the solution and stops when it reache#laxCycle even if ResTarget has not been attained.
Default value: MaxCycle = 2000.

OMEGA Omega [OmegaDual]

OMEGA: 1.92

The real-number parameteiOmegais the over-relaxation factor used to correct potential ears
during the solution for the reduced potential. This quantiy may have a signi cant e ect
on the run time. If the command does not appearnVlagnum automatically picks values for
the reduced-potential calculation that vary with the iteraion cycle following the Chebyshev
acceleration prescription. With this command, you can set galue manually. The value must
be between 0.0 and 2.0 for numerical stability. Higher valuegenerally give faster convergence.
Optionally, you may include an independent value for the rakation factor to use for the dual-
potential calculation (inside iron regions).

DUALPOT

Generate and record a dual-potential solution in additionao the reduced potential solution.
The values may be used to calculat® in the DualPot interpolation mode of MagView for
improved acccuracy in regions where,  1:.0. (see Sect2.4).

INITVAL FPREFIX

INITVAL = DIPOLEO1

In some circumstances, you can reduce the solution time sigantly for large meshes by using
precomputed initial values. Magnum normally sets the quartes H,s, Hys, H;s, and
equal to zero at all nodes that do not have the xed-potentiatondition. When this command
appears, the program sets initial values at variable nodegual to those in the le FPREFIX.GOU
One application for the command is to run additional relaxabn cycles to improve the accuracy
of an existing solution. You can also use the command if you k& small changes to applied
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current or the geometry of materials. The solution |leFPEFIX.GOWhould be available in the
working directory and must have the same foundation mesh akd input le MPREFIX.MDR
other words, the values of max, Jmax, Kmax s Xmin » Ymin » Zmin » Xmax» Ymax @nd Zmax must be the
same. Within this limitation, there may be small geometric derences between objects in the
two les. If there are large di erences, the procedure may ncsigni cantly reduce the solution
time.

NCHECK NCheck

NCHECK = 20

The operations to calculateResT argettake time; therefore,Magnum usually does not make
a check on every iteration cycle. The integer parameter is ¢hnumber of relaxation cycles
between convergence checks. Default valud:Check = 25:

CHECKIRON [O, On]

CHECKIRON = O

By default, Magnum checks that no drive current elements pass through iron regis. The
process is time-consuming if there are many elements. Usestltiommand to deactivate the
check if you are sure that the mesh geometry and coil set arensgstent.

BUNI [X,Y,Z] BO

BUNI(Z) = 0.05

This command is useful to model small magnetic objects (ste@ permanent magnets) immersed
in a uniform eld. The ux density may point in the X, y or z direction and has magnitude
Bo (tesla). In responseMagnum sets values of the applied eld at all points in the solution
volume to xed, uniform values. To use this command, you musassign a node plane region
in MetaMesh to the solution-volume boundaries along the eld direction For example, there
would be parts of typeBoundZDn and BoundZUp for a ux density B,z. If the parts have
region number 5, then the command:

Potential(5) = 0.0

should appear in theMagnum script. The BUni and Sourcecommands may not both appear in
a script. The eld components created by magnetic objects arconstrained to be normal to the
two boundaries along the applied eld direction and paralleto the other boundaries. Therefore,
you should leave some space around the objects to approximat free-space condition.

5.3 Commands for material properties

Material properties in magnetostatic solutions with linea materials are relatively simple so
only a few commands are required. Both symbolic and sampleifts given. These commands
apply only in the Standard mode.
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MU RegNo MuR

MU(4) = 523.0

This command sets the relative magnetic permeability for belements associated with a lled
region. The integer parameter is the number of a region de dein MetaMesh . The sec-

ond parameter is the value of relative magnetic permeabiit , = = ¢ (dimensionless). As
discussed in Sect2.3, assign a small value of magnetic permeabilitye(g, 10 %) to model a

highly-conductive material that excludes magnetic elds.Note that excessively small or large
values of , may inhibit solution convergence. The default for all unspe ed regionsis , = 1:0.

POTENTIAL RegNo Phi

POTENTIAL(5) = 0.0

The main use of this command is to implement symmetry bound@&s where the magnetic
ux density is normal to the surface. The value applies to bdt (in the reduced potential
calculation) and to  (in the dual potential calculation). The material contribution to the
magnetic ux density is normal to a boundary with = constant, B, (parallel) = 0.0. The
total magnetic ux density is normal to a boundary with = 0:0, B(parallel) = 0.0. You
may pick any value for or when there is a single symmetry boundary in a solution. In
this case, only relative di erences in the potential are sig cant. You must exercise caution
when there are two boundaries. Setting xed values may intduce arti ces. In the example of
Sect. 1.2, the symmetry of the elds dictates that the line integral ofB and B, between the
planesx = 0:0 andy = 0:0 is always zero. Therefore, it is valid to set =0:0 and =0:0 on
both boundaries.

PERMAG RegNo Br Ux Uy Uz

PERMAG(6) = 1.12 (0.00, 0.00, 1.00)

This command de nes an ideal permanent magnet material. Foueal-number parameters
follow the region number. The quantity Br is the remanence magnetic eld (in tesla). The
quantities [Ux; Uy; UZ de ne a vector that points along the axis of magnetizationgasy axig.
Magnum normalizes these numbers to de ne a unit vector.

An ideal permanent magnet is one in which the state of domain ientation does not de-
pend on external in uences such as the dimensions of air gamsthe presence of coils and other
permanent magnets. In this case the normal demagnetizatiamurve (B versus oH along the
magnetization axis) is a straight line with a slope of -45 Modern materials like neodymium-
iron and samarium-cobalt satisfy this condition. The modebpplies to conventional magnet
materials (like Alnico) only for moderate values of coerciviorce H Hc). For a discussion
of the properties of permanent magnets, see S. Humphriéseld Solutions on Computers
(CRC Press, Boca Raton, 1997), Sects. 9.6 and 9.7. Taldists properties of some com-
mon permanent-magnet materials. Figur4 shows a two-dimensional benchmark calculation
performed with Magnum . The example of a ring dipole is taken from J.L. Warrenet.al.,
Reference Manual for the Poisson/Super sh Group of Codes (Los Alamos National
Laboratory, LA-UR-87-126, 1987), pg. 10-17. The theoreticahlue for the dipole eld on axis
is 1.000 tesla.TheMagnum calculation gives 1.003 tesla.
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Figure 24: Magnum calculation of a permanent-magnet ring dipole (single quaant with
symmetry boundaries). Vector lines with color-coding byBj. Black arrows show magnetization
vectors.

The following Internet sites provide useful information orpermanent magnet design:

http://www.magnetsales.com/Design/DesignG.htm
http://www.magnetweb.com/design2.htm
http://www.magnet.au.com/fluxgraphs-entry.html
http://www.intemag.com/designtools/designguide.asp

5.4 Modeling small details in a large-scale solution

Magnum features a useful technique for calculations of elds neamsll objects in a large
solution space. Suppose we wanted a precise calculation loé¢ & ect of small changes in the
pro le of a magnet pole face. One option is to perform a seried calculations for the full
magnet with small elements to resolve details of the pole facThis approach is ine cient for
two reasons:

It involves repeated recalculation of elds in regions rente from the gap that are relatively
una ected by the changes.

The run time is long because of the large mesh size.

Figure 25 illustrates an alternate approach. We carry out a global sotion at relatively
coarse mesh resolution and then create a second solutionttbavers a subvolume of the orig-
inal (green outline). The microscopic solution has smallezlements and resolves details of
magnetic materials. The question is how to incorporate the atroscopic elds correctly into
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Table 8: Properties of some permanent magnet materials (athlues in tesla)

| Material |Br | oHc [ Material [Br | oHc |
17% Cobalt steel | 0.95 | 0.015 | NdFeB 27 1.05 | 1.00
36% Cobalt steel | 0.95 | 0.024 || NdFeB 27H 1.085 | 1.00
Alnico 1 0.72 | 0.044 || NdFeB 28 1.08 |1.01
Alnico 12 0.58 | 0.095 | NdFeB 30 1.10 | 1.06
Alnico 2 0.72 | 0.055 || NdFeB 30H 1.12 | 1.07
Alnico 2 (sintered) | 0.69 | 0.052 || NdFeB 32 1.16 | 1.08
Alnico 4 0.55 | 0.070 || NdFeB 32H 1.15 | 1.09
Alnico 5 1.25 | 0.055 || NdFeB 35 1.23 | 1.13
Alnico 5 (sintered) | 1.09 | 0.062 || NdFeB 35H 1.21 | 1.16
Alnico 6 1.00 | 0.075 || NdFeB 37 1.24 | 1.18
Alnico 8 0.82 | 0.165 || Neo Flex6 0.545 | 0.49
Alnico 8 (sintered) | 0.74 | 0.150 || Platinum-cobalt 5.90 | 0.36
Carbon steel 1.00 | 0.005 | Remalloy or Comol| 1.05 | 0.025
Ceramic 1 0.23 | 0.186 || Silmanal 0.055 | 0.60
Ceramic 5 0.38 | 0.24 | SmCo 16 0.80 | 0.76
Ceramic 8 0.385| 0.295 || SmCo 18 0.85 | 0.80
Chromium steel 0.97 | 0.0065 SmCo 20 0.905 | 0.83
Cunico 0.34 | 0.066 || SmCo 22 0.95 | 0.86
Cunife (wire) 0.54 | 0.055 || SmCo 22B 0.96 | 0.78
Flexible regular 0.16 | 0.137 || SmCo 24 0.995| 0.72
HF1 0.22 | 0.20 || SmCo 26 1.05 | 0.92
HF2 0.245] 0.22 | SmCo 28 1.075| 0.84
HF3 0.265 | 0.22 || Tungsten steel 1.03 | 0.007
Hy ux powder 6.60 | 0.039 || Vectolite 1.60 |0.10
NdFeB 24 0.98 | 0.95 | Vicalloy 1 0.88 | 0.030
NdFeB 26 1.04 | 1.00 | Vicalloy 2 (wire) 1.00 | 0.051

Figure 25: Creating a microscopic solution using thBoundary command.
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the microscopic solution. One resolution is to enclose thec®ond solution within a Dirichlet
boundary. Values of the potentials and on the microscopic solution boundary are calculated
by interpolation at the corresponding point in the macrosqaic solution (dashed red line). The
total solution will be approximately correct as long as neweftures (such as the rounded tip in
Fig. 25 are well-removed from the boundaries.

De nition of the variable Dirichlet boundary is controlled by the following command that
appears in the control script of the microscopic solution:

BOUNDARY FPre x [BndScale] [BoundStat]

BOUNDARY FEmitMacro 1.0 111110

The quantity FPre x (a string) is the pre x of the output le for the macroscopic slution,
FPREFIX.GOUhe quantity BndScale(a real number) is an optional scaling factor applied to
potential values transferred from the macroscopic to the mioscopic solution. The default is
BndScale= 1:0. The optional parameterBoundStat is a string with six characters, either '0’
or '1". It can be used to control whether a speci ¢ boundary iassigned the computed Dirichlet
condition. The order of boundaries in the string iXDn, XUp, YDn, YUp ZDn andZUp. A
entry of '1' indicates that the Dirichlet condition should be applied. The default isBoundStat
='111111".

In response to theBoundary command, Magnum loads the macroscopic solution into
memory and sets up the apparatus for making interpolationsf eeduced potential and dual
potential . Magnum loops through all nodes of the microscopic solution and perfns a
eld interpolation to set an initial value from the macroscic solution. If a node is on an
active boundary of the solution volume, the point is marked s xed potential. This means
that potential values will not change during the relaxationsolution. Magnum issues an error
message under the following conditions: 1) the output le fothe macroscopic solution is not
available in the working directory, 2) the microscopic sotion volume does not t completely
inside the macroscopic solution or 3) an interpolation fal. The program makes no further
validity checks.

The procedure is best illustrated with an example. Input le for the runsMAGNUMBO&mID
MAGNUMBOUNB® $1cluded with the package. The IleSMAGNUMBOUND MAGNUMBOUND.GIN
and MAGNUMBOUNDJESyFibe a large-scale solution for a simple, cylindricaldoratory magnet
with a at upper and lower pole faces. A microscopic solutiormovering the volume near the
magnet gap is de ned by the lesMAGNUMBOUND &MINIAGNUMBOUNDST&ENVietaMesh
input le from the microscopic solution contains the same pa de nitions as those in the le
for the macroscopic solution. MetaMesh automatically clips the parts and includes only
portions that t in the smaller volume. The le MAGNUMBOUNDS84Nmaller mesh elements
and includes an additional part that represents a thin extesion on the outside of the pole.
The extension (with thickness 0.150 cm im and 0.0625 cm inz) extends over the range
0:0 =2.

After creating, meshes for both solutions, we ruMagnum to generate the output le for
the macroscopic MAGNUMBOUND.@@Usolution time is about 10 minutes. Figure27 (top)
shows the variation of|Bj in the gap. To conclude, we to run the microscopic solution ung the
script listed in Table 9. Note the presence of th®oundary command. Although the boundary
is xed, it is necessary to include theSource command to set applied eld values inside the

o7



Figure 26: ExampleMAGNUMBOUMNEe-dimensional view of the upper pole face in the micro-
scopic solution showing the pole extension (violet).

micrsopic volume. Figure27 (bottom) shows the resulting eld. The e ect of the asymmetic
extension is apparent. Note the improved accuracy for eldstall positions resulting from the
ner mesh. The solution time is less than 5 minutes. The procdere is valid as long as the
new details in the microscopic solution do not signi cant cange the properties of the global
magnetic circuit. In this case, the presence of the extensighould make a small change in the
gap reluctance.

In response to theSuperposition command, Magnum superimposes values from a large-
scale solution (macroscopic) on a small-scale solution @roscopic). The following statement
may appear in the command script for the microscopic solutio

SUPERPOSITION FPre x [SScale]

SUPERPOSITION UniField

The quantity FPre x (a string) is the pre x of the output le for the macroscopic solution.
The quantity SScale(a real number) is a scaling factor applied to potential vakes transferred
from the macroscopic to microscopic solutions. The defaui BndScale=1:0.

When the Superpositioncommand is issuedMagnum opens the le FPREFIX.GOWhe pro-
gram performs an interpolation in this solution space to detrmine the reduced potential mac,
applied magnetic eld H o and dual potential o at each node location in the microscopic
solution and adjusts values according to:

0mic = mic + SScale mac (25)

HO = Hpie + SScale Hmac; (26)

mic
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Figure 27: ExampleMAGNUMBQOURNI2ils of the variation ofjBj in the x-y plane atz = 0:281
cm. Values range: 0.0 tesla (violet), 1.35 tesla (red). Topmacroscopic solution. Bottom:
microscopic solution with pole extension.
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Table 9: Contents of the scriptMAGNUMBOUNDS.GIN

SolType = STANDARD
Mesh = MAGNUMBOUNDS
Source = MAGNUMBOUND
MaxCycle = 300

ResTarget = 1.0E-7
Boundary = MAGNUMBOUND
DUnit = 1.0000E+02
Parallel

Mu(l) = 1.0

Mu(2) = 2000.0

EndFile

0. = mic +SScale ng; (27)

before writing the output le. You must ensure that the supeposition is physically correct. A
superpositions is not valid for solutions where perfect cdactors or ferromagnetic materials in
the microscopic solution make signi cant local changes tdé eld of the macroscopic solution.
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6 Nonlinear materials and program restart

6.1 Ferromagnetic materials in strong magnetic elds

Atomic currents in ferromagnetic materials align in the prsence of an applied magnetic eld.
These currents may make a large contribution to the total maggetic eld. Because of this
property, ferromagnetic materials play critical roles in magnets, inductors and shields. For
a brief review of the properties of material response in magtic circuits, see S. Humphries,
Principles of Charged Particle Acceleration (Wiley, New York, 1986), Sects. 5.3 { 5.8
(available at http://www. eldp.com/cpa/cpa.html).
Following the discussions in Chap2, the magnetic ux density vector B in an isotropic

magnetically-active material is related to the magnetic & intensity vector H by:

B= (oH)= (Bo (28)

where | is the relative magnetic permeabilityof the material. Equation 28 de nes the quantity

Bo = oH ; (29)

The applied magnetic ux density is proportional to the magrtic eld and has the same units
(tesla) as the magnetic ux densityB. We can write the relative magnetic permeability as:

—_ B .
r — BO-
In linear materials, , has a xed value independent of the eld amplitude. In this cae, the
equations discussed in Chag® are linear { all terms in the governing equation involve at mst
the rst power of H. Consequently, the solution procedure is straightforwardn contrast, the
equations are nonlinear when, depends onHj. Nonlinear solutions are much more di cult,
and there is no guarantee that all boundary-value problemsakie a unique answer.

Nonlinear behavior in ferromagnetic materials results frorthe process ofmagnetic satura-
tion. At low eld levels, the fractional alignment of atomic currents is roughly proportional to
Bo so that | is approximately independent of eld amplitude. At high vales ofB g, most of
the atomic currents are aligned so the the material contridiion cannot increase. Therefore,
decreases with rising eld amplitude. Thesaturation magnetic ux density By is the maximum
available contribution from the material. Typical values ae By 0.5 tesla for ferrites and
Bs 2 3teslaforiron.

The two-dimensionalPerMag code calculates vector potential, equivalent t@®. For this
code, it is most convenient to express the relative magnetiermeability as a function of the
amplitude of magnetic ux density, (jBj). In contrast, Magnum employs the reduced-
potential method and solves for the total magnetic eld intasity. Therefore, it is necessary to
express  as a function ofjB gj.

(30)
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Figure 28: Relative magnetic permeability of soft iron as auhction of jBj (green circles)
and jBoj (red squares). Adapted from the Super sh/Poisson Manual, Lo Alamos National
Laboratory.

6.2 Preparing material tables

In this section, we shall discuss how to represent data for miacnear magnetic materials for
inclusion in Magnum . Figure 28 plots values from a table for generic soft iron prepared by
Los Alamos National Laboratory and widely used in numeric code Each data line in the table
contains a value ofjBj and the corresponding value of ;. Because , must approach unity
at eld levels above saturation, we have plotted the quantit ( ; 1). The green circles show
values in the table for (jBj). The function is highly nonlinear with a sharp drop near the
saturation eld Bs 3.0 tesla. The table can be converted to the form,(jBgj) simply by
dividing the jBj entries by . The results are plotted as red squares in Fig¢8 Note that this
variation is smoother and simpler. For this reasonylagnum converges more e ectively than
codes based on a direct solution for the vector potential.

It is often more convenient to display the properties of magatic materials in terms of the

guantity:
= —= — (31)
This representation has two advantages:

The quantity has a well-de ned range, 0.0 to 1.0.

Material contributions to the solution are roughly proporional to (i.e., a solution for
a material with , = 10;000 is almost indistinguishable from that for a material wi
r = 2;000.)

Magnum makes changes in values of to seek a self-consistent solution. Figur29 shows the
data of Fig. 28 plotted in terms of . The relative simplicity of the curve (jBgj) is apparent.
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Figure 29: The parameter = 1=, for soft iron as a function ofjBj (green squares) angB ]
(red circles). Adapted from the Super sh/Poisson Manual, Le Alamos National Laboratory.

Magnum requires tables with data lines that contain a value ofB,j and a corresponding
value ((jBgj). Lines should appear in order of increasingB,j and should de ne a smooth
curve. We have supplied tables for several common materiatsthe example library. If you
have a tabulated hysteresis curvelR versusH), you can use theMu table generatorcommand
in the Magnum Help menu to convert the data to the standard form (Sect6.7).

Measured data on magnetic materials often cover a limited mge in Bo. You may need
values of | at high eld values to investigate saturation or to ensure that a solution converges.
In many cases it is possible to extrapolate experimental cwgs analytically using a spreadsheet.
Suppose we have data that extends to the saturation range farmaterial. The term saturation
implies that the applied eld is so strong that all magnetic @mains in the material are aligned.
In this case, the maximum contribution of the material to the ux density is Bs. Therefore,
the total magnetic ux density approaches:

B = Bs+ By: (32)
Using Eg. 32, we can write the relative magnetic permeability B=B,) as:
Bs
=1+ 33
SRR (33)

We can invert Eq. 33 to derive an expression for the saturation ux density:

Bs=(+ 1)Bo (34)

Assuming that you have ported the experimental values &, and , to a spreadsheet, use the
following procedure.

Set up cell formulas to apply Eq.34 to the last few values. If the curve extends to the
saturation region, the results should approach a consistevalue of Bs.
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Figure 30: Extension of the saturation curve for 50H470 steeBlue points are experimental
values while red points represent the analytic extrapolain.

Add addition values of By to the sheet extending to the desired range. Fill out the,
entries using the value oBg and Eq. 33 as a cell formula.

Figure 30illustrates an application. The blue symbols are experiméal values for 50H470 steel.
As we have discussed, the variation of relative permeability terms of B, is relatively simple.

Estimates of the saturation ux for the nal four entries converge toBs = 2:00 tesla. The red
curve in Fig. 30 shows points on the analytic continuation.

6.3 Control commands for nonlinear materials

Use the following alternate form of theMu command to de ne an isotropic material with
nonlinear magnetic permeability.

MU RegNo TABLE TabName

MU(4,TABLE) = INDFERRITE.DAT

The magnetic permeability for the elements of regiofRegNo are computed from a table of
values stored in the le TABNAMEhe data le must be available in the working directory.

The key to exibility in modeling nonlinear materials is program input through tabular
functions. A permeability table is a text le consisting of up to 256 daa lines that contains
values of|B oj and the corresponding relative magnetic permeability,. You can prepare tabular
function les with a text editor or spreadsheet. You can alsause published data or digitized
experimental traces. TablelO shows a portion of the tabular functionSOFTIRON.DATpplied
with the Magnum package. Note that the le syntax conforms to the standard sqot rules.
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Table 10: Excerpts from the le SOFTIRON.MAT

* Generic soft iron table
* Adapted from Superfish/Poisson Code Group
* Los Alamos National Laboratory
* BO MuR
* s s s s s s sy
0.00000 4075.4511
0.00024  3768.2831
0.00038  3166.8099
0.00059  2380.6469
0.00094  1595.4230
0.00155 997.8273
1.45189  2.4550
2.11397 2.0238
2.72564  1.7660
3.55229 1.6061
4.32817  1.4830
5.23745  1.4298
ENDFILE

The free-form parser accepts real numbers in any format with choice of delimiters. You can
add documenting comment lines starting with an asterisk. Téend of the data is marked with
the EndFile command. You can add text annotations in any format afteEndFile.

Note that the intervals betweenB values need not be uniform. The maximum number of
tables for all regions is 32. A table requires a minimum of 5 &i@s. You must ensure that the
tabular functions extend over the full range 0B, that will be encountered in the solution.

INTERP [Linear, Spline]
INTERP = Linear
In the default mode,Magnum uses cubic splines for interpolation of the permeability taes.
This method minimizes recalculation time and gives smoothterpolations that aid convergence.
It is important to note that the quality of the interpolation depends on the nature of the
numerical data. The cubic spline routines will faithfully match values at the entry points
and preserve continuity of the rst and second derivativesIf the data are discontinuous, the
cubic spline values may be quite inaccurate between point¥ou can check the delity of the
interpolations by inspecting the GLSlisting le. After recording the sorted table, Magnum
writes a sample set of interpolated values.

A numerical solution with nonlinear materials presents a d@ilenge: 1) the spatial variation
of , depends on the eld distribution and 2) the eld distribution depends on values of,. A
direct solution is not feasible. InsteadMagnum uses the following iterative approach:

1. Read the mesh le and compute a le of element matrices. Kpehe le open for recom-
putations of the coupling coe cients in the node equations.
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2. Compute the coupling coe cients and perform an initial stution, evaluating the magnetic
permeability in nonlinear materials using values oB, computed from either 1) the free-
space eld resulting from drive currents or 2) the value oH from the reduced potential
and applied eld values of a solution loaded with thdnitVal command (see Sec6.4).

3. Solve for the reduced potential using the standard iterafe matrix procedure.

4. Modify | inthe elements of non-linear materials using the new values (H. Regenerate
the node equations and return to step 3. RepeaiCycle times.

5. Use the nal values of reduced potential and ((x;y; z) for a single computation of the
dual potential inside ferromagnetic materials.

6. Record the nodal values of, Hy, Hy, H, and and the element values of ; in a le for
analysis with MagView .

The process generally converges to a unique solution if thariation (jBoj) is smooth and
simple. Here are some pointers for constructing successfoilusions:

The nonlinear calculation may have multiple solutions if , (jB oj) has a complex variation.
Fortunately, realistic materials generally have simple gues as in Fig.29. Try to avoid

unnecessary details { remember that the eld solution in a ntarial with , = 10000 is
almost indistinguishable from a material with , = 500.

The run time for solutions with nonlinear materials is muchdnger. There is no reason
to perform such a solution if materials are below saturatiomnd , has a high value
everywhere.

AVG Alpha NCycle

AVG = (0.60, 10)

This command controls the nonlinear solution process. Thateger numberNCycle is the

number of correction cycles for the magnetic permeabilityThe run time will be approximately

N Cycletimes that for an equivalent linear solution. The default iNCycle = 7. The parameter
determines how material values are averaged between cycl@seraging is performed on the

qguantity de ned in Eg. 3L

°= (iBg™D+(@ ) (Bg“): (35)

The quantity should have a value equal to or less than unity. Pick a lower hee if the solution
does not converge. The default is = 1:0.

6.4 Control commands for run restart

Because of the computational demands of nonlinear solut®rnwe have added restart capabilities
to Magnum . You can use a previously-computed solution to set initialalues or to improve
the accuracy. The feature is controlled by the following comand;
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Figure 31. Geometry for exampldMAGNUMMNutaway view.

INITVAL FPre x

INITVAL = DemocCalc

The string parameter is the pre x of a Magnum solution le with a name of the form
FPREFIX.GQu@vailable in the working directory. Both the previous and pesent solution must
use the same mesh. In response to the commaihgnum opens the previous solution, checks
the consistency of the mesh and reads node values. The prograets initial values of the re-
duced potential and dual potential from values in the previous solution. If there is no
Source command for the present solutionMagnum also sets values for the applied magnetic
eld intensity Hs.

Here are some suggested uses for tm&Val command.

Checking that current elements do not penetrate iron regi@and calculating the applied
eld are time consuming operations if the current element ¢ has a large number of entries.
You can use to precomputed applied eld solution (either iffreeSpaceor Standard mode)
to avoid repeating these operations.

You can investigate the e ect of small changes of material pperties or applied elds.
You can use a linear solution as an optimized starting poinbf a nonlinear solution.

You can improve the accuracy of any solution ifstandard mode.

6.5 Benchmark example

The example library contains a set of les (pre xMAGNUMN illustrate a nonlinear calcula-
tion with restart. Figure 31 shows the geometry of the laboratory magnet de ned by the le
MAGNUMNL.MTKHe system has cylindrical symmetry to allow a comparisonith results from
the PerMag code. A eld is created in an air gap by a set of coils and an irotore. The gap
has radius 2.0 cm and height. ;4 = 0:5 cm. The outer radius of the core is 6.0 cm. The le
MAGNUMNL.CGEBRes nine drive coils with a total currentN|1 = 20; 000 A-turn, high enough to
drive the inner portion of the core well into saturation. Thele TESTMUBO.DA& nes ,(jBj)
for the core material.
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To begin, useMetaMesh and MagWinder to create the required input les. The rst
Magnum input le ( MAGNUMNLOL.J3dbhtrols a calculation with linear material. The core has
the xed value of relative magnetic permeability , = 2000. From Ampere's law, the predicted
gap eld for an ideal circuit is

oNI
By = L (36)
The calculated value isBy = 5:040 tesla. Magnum gives a value at the center of the gap
(z=0:25 cm,r =0:0 cm) of 4.983 tesla, whild’erMag yields 4.981 tesla.

For the nonlinear calculation, PerMag works from the curve ,(jBj). To achieve good
convergence, the program requires a large number of adjusnt cycles NCycle = 10000) and
a small averaging factor G,, = 0:01). PerMag performs the matrix relaxation solution and
material averaging simultaneously, whildagnum alternates between the two. Tablel1l shows
the script MAGNUMNLO2.GIINe program loads the same mesh used for the linear calcurbat
and retrieves values fromMAGNUMNLO1.®8ource command does not appear, seklagnum
uses applied eld values from the initial solution. The aveaging factor used inMagnum |,
Gav = 0:6, is much higher than the value used iPerMag . The Avg command calls for 5
cycles of material adjustment. After each cycle, the programmakes entries like the following
in the listing le:

Nonlinear calculations: adjustment of permeability value s
Permeability adjustment cycle: 3
Cycles in iterative matrix solution: 150
Final relative residual:  4.9540E-07
Standard deviation of permeability adjustment factors: 2. 8971E-03

The nal listed quantity equals

(37)

where the sum is taken over elements of nonlinear materialsca  ; is the change in element.
The value indicates the relative error in material properes and should decrease with the number
of adjustment cycles. In solutions with strong saturationthe error may initially increases as
large changes are applied to the material.

The remainingMagnum scripts (MAGNUMNLO3.GWWAGNUMNLO4.\38bart from the previ-
ous solution and add additional cycles of material adjustnm& Figure 32shows a scan dB, as
a function of r within the air gap at z = 0:25 cm. The red line shows the naPerMag result.
The strong saturation e ects reduce the peak gap eld from B40 tesla to 2.570 tesla. The
blue lines represenMagnum solutions with di erent values of NCycle. The values shift away
from the initial linear solution with increasing material aljustments and closely approach the
PerMag results atNCycle = 17. The peak value computed byMagnum is B, = 2:595 tesla.
The PerMag and Magnum predictions dier by less than 1%. The agreement is striking
considering that the two solutions use di erent mesh typesral di erent functional forms for
the material permeability. Finally, Fig. 33 shows the spatial distribution of , within the core.
The gure shows the upper half of the core in the slice plang=0:0 cm.
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Figure 32: Radial scans oB, at z = 0:25 cm. Red line: PerMag solution.
Magnum solutions with di erent values of NCycle.

Table 11: Contents of the le MAGNUMNL.GIN

SolType = STANDARD

Mesh = MAGNUMNL

MaxCycle = 150

ResTarget = 2.0E-7

InitVal = MAGNUMNLO1

DUnit = 1.0000E+02

Mu(l) = 1.0

Mu(2,TABLE) = TESTMUBO.DAT
Avg = (0.6, 5)

EndFile
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Figure 33: Spatial distribution of , for the nal Magnum solution in the planey = 0:0.

6.6 Boundary command in nonlinear calculations

The Boundary command, discussed in Secb.4, may be used in calculations with nonlinear
materials. To review, the purpose of the command is to make at@diled model of a region
within a macroscopic solution. Generally, structures areepresented with coarse resolution in
the macroscopic solution and ne resolution in the micros@ic solution. Magnum sets xed
values of magnetic potentials on the boundary of the microspic solution determined from
interpolations within the macroscopic solution.

We can best illustrate techniques with an example. ThelagWinder input le BDemoNL.CDF
de nes two circular coils of radius 3.5 cm in plane normal tohe z axis atz= 3:0 cm. Each
coil carries 75 kA. Two iron disks of radius 3.00 cm and height® cm are located az = 3.0
cm. To make the problem three-dimensional, we add a pole ertgon of thickness 0.2 cm as
shown in Fig.34. The extension in the top and bottom poles cover the same aazith so that
the planez = 0:0 cm is a symmetry boundary ite., the magnetic ux density is normal to the
plane). In other words, the magnetic eld vector is normal tothe boundary. The large coil
currents ensure that the iron poles are highly saturated.

The macroscopic solution BDemoNLMacro.MIdxtends over the range -10.0 cm Xx;y
+10.0 cm, 0.0 cm =z 10.0 cm. The air space on the outside is included to approxitea
free-space elds. The approximate element size near the paéxtension is 0.25 cm ix and
y and 0.20 cm inz. Therefore, the thickness of the extension equals one elemeThe large
element size combined with coarse resolution in the surrading air volume, ensures a relatively
quick calculation of the nonlinear problem.

The macroscopic solution is performed in two parts. The rstpart, controlled by the
Magnum input le BDemoNLO1.GJNs a preliminary solution to nd good starting values for
the magnetic potentials. Here, the iron is treated as a lineamnaterial with a low value of
magnetic permeability, ; = 5:0. The le BDemoNLO02.Glbbntrols the nonlinear, macroscopic
solution. The script includes the commands:
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Figure 34: Extension of the iron poles in the examplBDemoNfor the mesh of the microscopic
solution (element size approximately 0.125 cm).

Avg = 0.5 18
Initval = BDemoNLO1

It is not necessary to include aSource command. Values for the calculated applied eld are
imported from the rst solution in response to thelnitVal command. The materiall006Steel
has a saturation magnetic ux density ofBs = 2:19 tesla.

The microscopic solution volume de ned byBDemoNLMicro.MIbbvers a reduced range (-5.0
cm  x;y  +5.0cm,0.0cm =z 3.0 cm) with an element size of 0.125 cm. Note that it
is permissible for the boundary to pass through the nonlineanaterial. The solution is also
divided into parts controlled by two scripts:

BDemoNLG8 a linear solution with , = 5:0 used to calculate initial values that speed
convergence of the nonlinear solution. The script includéke following command:

Boundary = BDemoNLO2 1.0 111101

Values on the boundary are determined by interpolation in tb nonlinear macroscopic so-
lution. The parameter111101speci es that xed values should be used on all boundaries
except theZDn symmetry boundary, allowing a high-accuracy calculationfoelds on the
midplane.

BDemoNLQ4 the nonlinear calculation using boundary values froBDemoNLGEhd initial
values fromBDemoNLO3

Combining nonlinear solutions with the boundary techniqueequires a fairly involved solu-
tion sequence. The e ort is worthwhile in calculations thatrequire high-accuracy eld values
near small structures. Figure35shows a comparison of the eld magnitude in the plane=1:1
cm for the macroscopic and microscopic solutions. The vakiare consistent. Clearly, the mi-
croscopic solution contains enhanced local information.irfally, Fig. 36 shows iron saturation
pro les in the plane y = 0:0 cm for both solutions.

71



Figure 35: Plot ofjBj in the planez = 1:1cm. Top: macroscopic solution. Bottom: microscopic
solution. The peak eld value is 1.9 tesla.
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Figure 36: Plot of , in the planey = 0:0. Left: portion of the macroscopic solution. Right:
full extent of the microscopic solution. Violet: , =1:0,red: ; =6:0
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Figure 37: Mu table tool dialog

6.7 Mu table tool

The Help menu of Magnum contains a useful utility for converting hysteresis curvekr mag-
netic materials B versusH) to the standard form used inMagnum , By versus ;. In the
string eld, enter the full name of the data le that contains the hysteresis curve. The le may
contain up to 256 data lines. Each line contains a value &f followed by the corresponding
value ofB. Comment lines beginning with an asterisk are allowed. Thde must terminate with
the EndFile command. In the menu elds, pick units forH and B, then click OK. Magnum
creates a le with the nameFPREFIX.OUTwhereFPREFIX is the pre x of the input le. The
rst section of the le is a listing of Bg and B in units of tesla in the form of comment lines.
The data section of the le consists of lines containin@, and , = B=B,.
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Figure 38: Magnum display during a solution.

7 Running the Magnum program

7.1 Interactive operation

The program magnum.execan run interactively in a window. In this mode you can perfan
several solutions in a session and temporarily leave the gram to work on other tasks. You can
launch the program fromAMaze or create you own shortcuts. Figure88 shows the program
window.

The program menu has four main commandsFile, Setup Run and Help. The following
commands appear in theé=ile popup menu.

EDIT SCRIPT

EDIT LISTING FILE

EDIT FILE

The commands call up the internal editor to inspect or to mody text input and output les
for the solution program. With the Edit script command you can work on les with names of
the form FPREFIX.GINWith the Edit listing le command you can pick les with names of the
form FPREFIX.GLSThe Edit le command shows all available les. Choosing a le from an
alternate directory does not change the working directoryfdhe program. Note that the main
program will be inactive until you exit the editor.

SETUP

In response to this commandMagnum prompts for a MetaMesh le and brings up the
dialog of Fig. 4. Fill in values for control parameters and material propeies to create a basic
script. You can use an editor to modify the script or to add theadvanced functions described
in Chap. 5.

The Run menu has three commands.
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START RUN

Pick an input le with a name of the form FPREFIX.GINo start a solution. The working
directory changes if you pick a le from an alternate directoy. The run begins if the requested
MetaMesh le MPREFIX.MDO§ available in the working directory. Magnum displays infor-
mation in the window to show the progress of program operatig (Fig. 38).

PAUSE RUN

The intensive calculations ofMagnum make demands on the resources of your computer,
possibly causing other tasks to run slowly. If you need to pferm critical work, you can pause
the solution program during the relaxation process and restt it later without loss of data.
Note that if you have a dual-processor machine, the Windows emting system will shunt
tasks so that you have approximately the power of one processvhen Magnum is running.
To use the full power of the machine, you can launch two instaes ofMagnum to perform
two independent calculations.

STOP RUN

This command terminates the program during the relaxation yfocess and saves output data.
For example, you may want to stop a run at a moderate value of neergence to check whether
the problem has been correctly de ned.

The Help menu has a single command.

MAGNUM MANUAL
The command displays this manual using your default PDF viesy. The le Magnum.pdfimust
be in the same directory asvlagnum.exe

7.2 Automatic runs under batch le control

Batch le control is a useful option for running large techntal programs likeMagnum . You
can prepare scripts to organize complex operations. The seqced programs run automatically
in the background. This feature is particularly attractive on dual-processor machines.

To run a singleMagnum calculation in the background, go to the command prompt from
Windows and log to the data directory that contains the requied MDFand GIN les. For
example, suppose the data leSWITCH.MDdhd SWITCH.GlIMre in nAMAZtBUFFERNd that
the program magnum.exas in the directory NnAMAZBE-rom nAMAZIBUFFER/pe

.\Magnum SWITCH <Enter>

The program runs silently, writing detailed information in the listing le SPECT.GLSf the
solution is successful, the program creates the output ISPECT.GQMW the data directory.

The main function of the command mode is autonomous operatizander batch le control.
As an example, suppose you have prepared the input [€SPECTO01.MIN.,SPECTO08.MIMdnd
SPECTO1.HIN.,SPECTO08.HINh the directory NnAMAZIBUFFERNext you create the following
batch le SWRUN.BATthe data directory using a text editor:
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@ECHO OFF

ECHO Main SPECT data run

START /WAIT .\METAMESH.EXE SPECTO01
START /WAIT .\MAGNUM.EXE SPECTO1
START /WAIT .\METAMESH.EXE SPECTO02
START /WAIT .\MAGNUM.EXE SPECTO02

START ..\METAMESH.EXE SPECTO08
START .\MAGNUM.EXE SPECTO08

Type
SWRUN <Enter>

to generate all solutions without the need for further keybard input.

a4



8 MagView { le operations and plane plots

The function of the MagView post-processor is create plots and to calculate numericalanti-
ties fromMagnum solution les. The program has the following popup menusFile operations
Analysis, Plane plots Slice plots Surface plotsand Help. Initially, only the File operations and
Help menus are active. You must load a data le in order to create pts or to perform analyses.

8.1 File operations

This section reviews options in theile operations menu.

LOAD SOLUTION FILE (GOU)

MagView displays a dialog with a list of solution les with names of tle form FPREFIX.GOU
Changing the directory in the dialog changes the program wking directory. Pick an available
le and click OK. The program loads the solution and updates the status barf tlata retrieval
is successful, the analysis and plot menus become active.

SOLUTION FILE INFORMATION
The command shows a message box with information on the curtly-loaded data le.

LOAD CONFIGURATION FILE

Con guration les determine the plot and analysis quantities of MagView . The les have
names of the formFPREFIX.CEGIrhe le MAGVIE®TANDARD supplied with the program.
MagView loads this con guration the rst time you run the program. Usethis command to
change to a di erent con guration. The program remembers thk last con guration used and
reloads it. You can customizéMagView by creating your own con guration le (see Chap.12).

LOAD COIL FILE (WND)

Load a coil le to calculate forces on applied eld coils andd include them surface-type plots.
The Load coil le command displays a dialog with a list of current element lesvith names
of the form FPREFIX.WNEhanging the directory in the dialog changes the program wdng

directory. Pick an available le and click OK.

CLOSE COIL FILE
This command removes applied eld coils from slice and suda plots

COIL FILE INFORMATION
The command displays information on the currently-loadedwrent element le.
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Figure 39: Dialog to create a re ected solution

SAVE REFLECTED SOLUTION

The use of a symmetry boundary saves considerable time in aga 3D calculation but pro-
duces half a solution. There are instances where it is usefal have numerical values for the
full solution volume (e.g, creating plots or tracking orbits in OmniTrak or GamBet ). Use

this command to create a data le for the currently-loaded dation that includes values of
electrostatic potential re ected across a symmetry boundg. To begin, you must set up the
original solution so that the symmetry plane corresponds tthe lower solution-volume bound-
ary in either x, y or z. Load the solution, click on the command and use th8ave dialog to

specify an output le name. The next dialog (Fig.39) shows a set of options for the re ection.
Designate a re ection plane with the radio buttons. The grideld shows the stored quantities
in the solution le. The Invert check box determines the re ection symmetry. Tabld2 shows
inversion settings for the two types of magnetic- eld symntey. You must ensure that the so-
lution is appropriate for the re ection parameters that youchoose.MagView does not check
the physical consistency of the output values. You can loadh¢ modi ed le and check validity

with the plot functions of MagView .

RUN SCRIPT

Sometimes you may want to perform complex or repetitive anges on a set of similar solutions.
Analysis script operation is a powerful feature oMagView . This command displays a dialog
with a list of analysis scripts (sux SCRthat you have created. Pick a le and click OK.
Changing directories in the dialog changes the working dotry of the program. The analysis
script can load data les, open and close history les, and prm any of the numerical functions
described in this manual. Sectio®.2 reviews the analysis script language.

CREATE SCRIPT
Use this command to create scripts using the internal editoA box requests a le pre x. The
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Table 12: Inversion settings for re ection aboutz = 0:0

| Stored quantity | Invert |

Mirror symmetry (B, =0:0)
Hx
Hy
H,

X

X
Cusp symmetry By = 0:0)
Hx
Hy
H, X

resulting script le will be saved asFPREFIX.SCRlext, the program opens the le in the editor
and writes the reference list of allowed commands shown infAla 13. Enter commands in the
space aboveéEndFile. After saving the le, you can run it using the Run script command.

EDIT SCRIPT

Use this command to change an existing script le. The dialogsts les in the current directory
with the subscript SCR Changing directories does not change the working directorof the
program.

OPEN DATA FILE

Several of the analysis commands likBoint 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 dialog or accept the default. The text data le
has a name of the formFPREFIX.DABNnd will be stored in the working directory. You can
use an editor to view the le or to extract information for mathematical analysis programs or
spreadsheets.

CLOSE DATA FILE

Use this command if you want to start a new le to record data. Tle data le is automatically

closed when you exit the postprocessor. Otherwise, you mudbse the le before using the
Edit data le command or loading the le into another program. Failure to tose the le may

result in a Windows Resource Sharing Error.

EDIT DATA FILE
View or modify les with names of the formFPREFIX.DAT
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Table 13: Create script - default le content

* Analysis script
* Insert commands here...
ENDFILE

--- Command summary ----

INPUT InFileName

[Close current solution file and load FileName]
OUTPUT OutFileName

[Close current data file and open OutFileName]
CONFIGURATION ConfigFileName

[Load a new configuration, ConfigFileName]
POINT xp yp zp

[Point field calculation at the given coordinates]
SCAN xpl ypl zpl xp2 yp2 zp2

[Scan along a line between the given coordinates]
GENSCAN

xpl ypl zpl

Xpn ypn zpn
END
[Write field values at listed coordinates]
VOLUMEINT [RegNo]
[Volume integrals, optionally for region RegNo]
SURFACEINT Regl Reg2 ... RegN
[Surface integrals around the region set]
MATRIX FileName XMin XMax NX YMin YMax NY ZMin ZMax NZ
[Write a matrix of field values to the file FileName]
NSCAN 100
[Set the number of points in a line scan]
INTERPOLATION [LSQ,Linear]
[Set the interpolation method]
ENDFILE
[Terminate the analysis]
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Figure 40: Plane plot ofiBj { type 3D lled contour.
EDIT FILE
Use the program editor to view or to modify any text le.

The Help menu shows program information and contains the followingpmmand:

INSTRUCTION MANUAL
Displays this document in your default PDF viewer. The lemagnum.pdimust be in the same
directory as magView.exe

8.2 Plane plots

Plane plots (Fig.40) are two-dimensional plots that show the variation of quanties over planes
thAT cut the solution volume. There are three di erences frm the slice plots discussed in the
next section:

Plane plots are created from a rectangular mesh of values \Vehslice plots are built using
the computational mesh. Slice plots show precise region bwlaries and equipotential
lines in true scale.

Because they are simpler to construct, plane plots supportwider variety of plot styles.

Plane plots are not limited to slice normal to a Cartesian asi

SET PLANE
This command brings up the dialog of Fig41to set the plane for the plot. Set the normal axis
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Figure 41. Set plane dialog.

with the radio buttons at the top. For example, for a choice ot the plot will be created in the
x-y plane. You can use the slider bar to set the position along thermal axis or type a value
in the box. The range of the slider bar is automatically set tohe limits of the solution volume
along the normal axis. The eld group at the bottom-left detemines the plot range within the
normal plane. The default settings are the limits of the sotion volume. Note that plane plots
are constructed to Il the maximum area. They do not preservescaling in the normal plane.
The nal command group at the bottom-right controls an optianal rotation of the plot plane.
The radio buttons set the pivot axis, the quantity Rotate is the rotation angle in degrees and
P osition is the pivot position along the direction normal to the pivotaxis.

The following commands are in theéPlot control popup menu:

PLOT STYLE

This command brings up the dialog of Fig42 to set the plot style. As an example, Fig40
shows theFilled contours 3D plot style. The numbers at the bottom give the resolution of
the mesh used to create the plot. Higher values give more détaut require longer regenerate
times. The default is a 150 150 mesh.
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Figure 42: Plot style dialog.

PLOT QUANTITY
Set the quantity to be plotted. The choices depend on de nitins in theINTERPOLATIGH(ction
of the con guration le. The following quantities are included in MAGVIE®STANDARD.CFG

The magnitude and components of the total magnetic ux densi: jBj, By, By and B,
in units of tesla.

The magnitude and components of the magnetic eldjHj, Hy, Hy and H, in units of
A/m.

The relative magnetic permeability and its inverse: ; and = 1= ,. These quantities
are meaningful for solutions that include nonlinear mateais (Chap6). Plots of are
useful to display regions of saturation.

The display of the magnetic ux density B) and its components depends on the setting of the
interpolation mode (see Sec2.4) In the Standard mode, the quantities correspond to the total
magnetic ux density calculated using reduced potential vaes ( ) in air and conductive regions
and dual potential values () in iron regions. In the Reducedmode, the program calculate
from the reduced potential in all regions. Values dfl are always calculated from the reduced
potential and do not depend on the interpolation mode.

PLOT LIMITS

Set limits for the plotted quantity. When Autoscale is active, MagView automatically sets

limits based on the range of values in the solution le. To pkoan absolute range, uncheck the
box and enter numbers for the minimum and maximum values. Initeer case, the program
shows lines in plots of typeContour lines 2D at a uniform interval. You can set values for
contour lines manually. See Seci.0.2for information.
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ROTATE PLOT
This command is active only for theFilled contours 3D and Gradient plot 3D styles. You can
rotate the plot in 90° increments for the best view.

The commands of theExport plot menu are used to generate hardcopy or to create plot
les.

DEFAULT PRINTER

With this command, a MagView plot may be directed to any installed Windows printer €.g,

network printers, postscript drivers, PDF drivers...). Nok that the current screen plot is sent
to the default Windows printer. If necessary, change the daidlt in Windows before running
MagView .

SAVE PLOT FILE

Use this command to create a graphics le of the current plot ieither Windows Bitmap (BMP)
or Portable Network Graphics (PNG) formats. In the dialog, speify the format, the size in
pixels and the le pre x. The graphics le is created in the curent directory.

COPY TO CLIPBOARD
The current plot is copied to the clipboard in Windows Meta le format. You can then paste
the image into graphics software.

8.3 Saving and loading views

The creation of plots for presentations may involve some erb With the following two com-
mands, you can save all the current view parameters and immiately restore the plot.

SAVE NAMED VIEW

Save the view parameters for the current plot. Quantities @i as the slice axis, slice position
and zoom limits are saved for two dimensional plots. Paramats for three-dimensional plots
include the viewpoint position, displayed regions and cutlanes. The information is stored in
a text le in the current directory with a name of the form FPREFIX.FPV
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LOAD NAMED VIEW
Load a view le and refresh the plot. Note that you must be in theappropriate plot menu to
retrieve a view. Views of plane plots must be loaded to the PlarPlot Menu.

The le contains the complete set of plot parameters. This eerpt illustrates the format:

Program: AMaze
2D/3D: 2D

DisplayBy: Regions
Outline: On

NSlice: 40
SliceAxis: YAXis
PlotType: LogElemUp
XPMin: -1.500000E+00
XPMax: 4.250000E+00

If a speci ¢ solution le is loaded, the plot will be restoredexactly. The saved view feature in
MagView has two useful features if a di erent meshes are loaded:

Dynamic adaptation to di erent solutions.
Option for user control of the view parameter set.

Regarding the rst feature, there are situations where you ant to create consistent views
of a set of solutions with di erent geometries, maintaininga similar appearance. Some plot
properties (like the viewpoint rotation matrix) are applicable to any solution, but others (like
region cut planes or slice plot limits) depend on the geomgtr MagView checks each plot
parameter for validity. If a parameter is outside the allowe range for the currently-loaded
solution, the program computes an alternative. The goal iotpreserve as many features of the
view as possible.

You can modify view les with an editor. The order of entries $ not rigid. On input,
MagView uses a free-form parser. If a parameter is missing, the pragr simply makes no
change from the value current in the program. The implicatio is that you can modify a saved
view to include only elements essential to your applicationFor example, you could compare
a series of assemblies with di erent sizes, maintaining amtbographic 3D view from the same
point in Cartesian space. In this case, the view le would caain only the entries:

DView: 1.000000E+37
R11: 8.660253E-01
R12: -5.000002E-01
R13: 0.000000E+00
R21: 1.669031E-01
R22: 2.890846E-01
R23: 9.426408E-01
R31: -4.713208E-01
R32: -8.163510E-01
R33: 3.338061E-01
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9 MagView { numerical analysis

The commands of theAnalysis popup menu are used to determine numerical values for the
solution. In the interactive mode, the menu is active only wén a data le is open.

9.1 Automatic analyses operations

POINT CALCULATION

The Point calculation command brings up a dialog where you enter the, y and z coordinates
of any point in the solution space. In contrast to thePoint calculation command of theSlice
plots menu, the point is not limited to a slice plane. When you cliclOK, MagView displays
an information box and also writes the results to the data lein the following format:

--- Point Field Analysis ---
Position: [ 3.0000E-01, 4.0000E-01, -2.5000E-02]
Region number: 1
Bx:  3.260803E-04
By:  4.385794E-04
Bz: -3.195617E-01
BMag: 3.195622E-01
Hx:  2.594865E+02
Hy:  3.490104E+02
Hz: -2.542992E+05
HMag: 2.542995E+05
MuR:  1.000000E+00
Gamma: 1.000000E+00

LINE SCAN

In the Analysis menu, scans may be performed along arbitrary straight lindsetween any two
points in the solution volume. When you click theLine scan command a dialog appears in
which you can specify the start and end points. Enter values iunits set by DUnit. In other
words, if you used dimensions of cm iMetaMesh and the HiPhi script contains the command
DUnit = 100:0, then enter the dimensions in cm. In the interactive moddylagView creates
a screen plot of a selected quantity determined by th®et scan quantitycommand. Features of
the scan plot environment are discussed in Sedi0.4 The following is an example of a listing.

——————— Field scan between points -------
XStart:  5.0000E-02  YStart: 3.5000E-01  ZStart: -2.5000E-0 2
XEnd:  1.6500E+00 YEnd: 3.5000E-01 ZEnd: -2.5000E-02

X Y Z NReg

5.000000E-02 3.500000E-01 -2.500000E-02 1
6.066667E-02 3.500000E-01 -2.500000E-02 1
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7.133334E-02
8.200000E-02
9.266667E-02
1.033333E-01

3.500000E-01
3.500000E-01
3.500000E-01
3.500000E-01

-2.500000E-02
-2.500000E-02
-2.500000E-02
-2.500000E-02

N

Bx
3.986103E-04
4.918569E-04
5.851036E-04
6.284067E-04
7.052898E-04
7.404999E-04

By
2.957171E-03
2.886671E-03
2.816171E-03
2.754149E-03
2.659371E-03
2.589851E-03

Bz
-3.107407E-01
-3.110280E-01
-3.113153E-01
-3.114772E-01
-3.118566E-01
-3.120223E-01

VOLUME INTEGRALS

In response to the commandyViagView performs volume integrals of quantities de ned in the
VOLUME&ection of the con guration le over all elements of the mesh The calculations are
intensive, so there may be a delay for large mesh@dagView records results to the data le
in the following form:

---------- Volume Integrals ----------
Global volume: 2.359751E-04
RegNo  Region volume

2.176711E-04
6.323549E-06
6.323442E-06
5.657013E-06

A WN P

Quantity: MagEnergy
Global value:  2.750644E+00
RegNo Region volume

6.886417E-01
1.844907E-03
1.840312E-03
2.058317E+00

A WON PR

The rst table always shows the global and region volumes. Adkibnal tables list results for
guantities de ned in the VOLUMiection of the con guration le. The le MAGVIESTANDARD.CFG
displays the integral of the magnetic eld energy density:

BZ
dUn 5.
Note that the quantity is valid only for air regions or regionsof linear magnetic material {.e.,
a xed value of ;). You can use the energy values to determine inductance in algtion with
a single coil that carries currentl; from the equation:

(38)

_ LG

Un 0 (39)
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Figure 43: Dialog to pick the region set for surface integral

In Eq. 39 the quantity Uy, is the global eld energy.

SURFACE INTEGRALS
In response to this commandMagView takes integrals of de ned quantities over the selected
region surfaces. The program displays the dialog of Fig3 which includes a row for each
region along with the name assigned iNetaMesh and forwarded byMagnum . Activate the
check boxes in thdnternal column to specify the regions to include in the set. The deftus
to include the full exterior surface of the region seti.g., all remaining regions areExternal).
Use the check boxes to specifigxternal regions. For example, to take a surface integral over
the boundary between Regions 2 and 5, set Region 2 lasernal and Region 5 asExternal.
Note that MagView does not include facets on the boundary of the solution volwarin surface
integrals.

The calculated quantities are de ned in theSURFAC#&ection of the con guration le. The
following quantities are de ned inMAGVIE®STANDARD.CFG

: . . RR
The magnetic ux from the Internal regions to theExternal regions, B ndA.

Components of the body force on thénternal region set determined from the Maxwell
stress tensor. In this case, thinternal regions must be surrounded by air regions and all
External regions must be included.

Components of the torque on the Internal region set determaa from the Maxwell stress
tensor. For this calculation, be sure to set values for the tque origin in the PROGPARAM
section of the con guration le ($xt; $yt; $zt).
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Figure 44: Create matrix le dialog.

MATRIX FILE

This command controls a feature that is useful if you want to wite your own analysis routines
or port results to mathematical software. In response to theommand, MagView performs
interpolations over a speci ed box region on a regular gridfoalues. It is much easier to use
results in this form than to deal with the conformal mesh diretly. The command calls up the
dialog of Fig. 44. Specify the dimensions of the box along each axis (in unitetsoy DUnit)
and the number of calculation intervals. To illustrate, catulations are performed at positions
with x coordinates given by

n (Xmax Xmin ) )

Ny
wheren = 0;1;2;::;;n,. For example, if you setxyin = 0:5, Xmax = 1:5 and ny = 10, the
calculations are performed at points withx = 0.5, 0.6, ..., 1.4, 1.5. The recorded quantities

depend on de nitions in the con guration le and the setting speci ed in the Recoded quantities
command. The interpolation routine returns zero if a portia of the box is outside the solution
volume or inside an electrode. You can also specify an outpl¢ name. The format of the
text le is described in Chap. 15.

SCAN QUANTITY

With this command you can pick the quantity that will be displayed in screen and exported
plots of line scans. Pick the quantity from the list box and etk OK. The listed quantities

depend on the entries in thdNTERPOLATIGHction of the con guration le. This setting has

no e ect on the data le listing which includes all values spei ed by the Recorded quantities
command.
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SET NUMBER OF SCAN POINTS
This command sets the number of line scan points in the screplot and data le listing. The
default value is 150 and the maximum number is 500.

LSQ/LINEAR INTERPOLATION

Set the interpolation method for analysis and plots. The datilt is a second-order least-squares-
t procedure that uses data collected from nearby elementsUnder the Linear option, only
node values from the target element are included. This optiois useful in tight spaces near
material boundaries.

B INTERPOLATION MODE

Choose the method for calculating the magnetic ux densityln the default Standard mode, the
equationB = (Hs r )is applied over the full solution volume. In theDualPot interpolation
mode,MagView applies the equatiorB = (Hgsr ) at points inside elements with , = 1.0
and usesB = r in elements with ,  1:0. This mode functions only when theDualPot
command appears in thevlagnum script. Otherwise, the program records zero values of

RECORDED QUANTITIES

This command determines the calculated quantities includein scan listings and matrix les.
Under the option Field quantities MagView records the rst three quantities de ned in the
INTERPOLATIOd¢ction of the con guration le. The quantities are By, By and B, in the
standard con guration. Use this option to export eld tablesto OmniTrak . Under the Full
set option, MagView records all quantities de ned in the con guration le.

9.2 MagView analysis scripts

MagView scripts are useful for automating complex or repetitive amgsis procedures. For
example, you may want to compare a line scan of values betwdaam points in a set of similar
solutions. In the interactive mode, it would be necessary ttype in the same coordinates
for each scan. An analysis script can load each solution leegorm the scan and record all
information in a single data le. In the MagView main menu, the following commands in the
File popup menu (Sect8.1) apply to analysis scripts.

RUN SCRIPT

Pick and run a script le with a name of the form FPREFIX.SCR he script can operate on the
currently-loaded solution le or load a di erent le. The last solution le loaded by the script
becomes the current le for plots and interactive analysis.

CREATE SCRIPT
Use this command to create an analysis script using the inteahprogram editor.

EDIT SCRIPT
Use this command to change an existing script with the interngrogram editor.

MagView may be called as a command line task. The calling syntax is
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[progpath\IMAGVIEW [scriptpath\]SPREFIX

where the script has the le nameSPREFIX.SCRou should supply the full path[scriptpath]
if the script is not in the current directory.
Command line operation opens several possibilities.

MagView runs quickly and silently in the background when laucnhed &m the Command
Prompt in a terminal window. To minimize typing, open the terminal n the working
directory. Use the DOSCHDIREommand to change directories.

The program may be called by DOS batch les with commands of ¢hform

START /WAIT [progpath\MAGVIEW [scriptpath\|SPREFIX
START [progpath\MAGVIEW [scriptpath\|]SPREFIX

Use batch les to organize calculations that run autonomougl The option /WAIT in the

rst example signals that the batch le waits for completion of the program to continue.
This form is useful if data from MagView is required for the next operation. Omit
the option if you want to launch several instances oMagView to take advantage of a
multiple-core machine. Use th&CHDIRRommand to set the working directory.

Run MagView as a subtask from your own compiled or interpreted programsOne
application is to integrate nite element solutions and andysis into an optimization loop.

9.3 Script commands

Entries on a command line may be separated by the followingtsef delimiters: space, tab,
equal sign [=], colon [:], left parenthesis [(] or right pam&hesis [)]. Each command listed below
is shown in symbolic form along with an example of how they nmhgjappear in a script.

INPUT [datapath n] FileName

INPUT = E: nFEDatanAprilRunsnHMagnet.GOU

Close the currently-opened solution le and load a solutiorle from the current directory. If
[datapath] is not speci ed, the solution le must be in the working direc¢ory.

OUTPUT [datapath n] FileName

OUTPUT: WGUIDE1.DAT

Close the current data record le and open a new one. If @atapath] is not specied, the
le will be written in the working directory. A data le must b e opened to use the following
analysis commands.

CONFIGURATION [datapath n] FileName
CONFIGURATION = C: nFieldPnAMaze30nPHIVIEW _FORCE.CFG
Load a new MagView con guration le to change the analysis chracteristics. If a[datapath] is
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not speci ed, the con guration le must be available in the working directory. If this command
does not appear, the program uses the current con guratiorr ¢he one in force in the last run.

POINT xp yp zp

POINT = (0.00, 0.05, 4.67)

Perform a point calculation and write values of the quantitts de ned in the Interpolation
section of the con guration le to the data record le. Enter coordinates in the units set by
DUnit .

SCAN xp1l ypl zpl xp2 yp2 zp2

SCAN = (0.00, 0.00, 15.00) (12.00, 0.00, 15.00)

Perform (N Scan+ 1) calculations along a line in space. At each point, writette rst NRecord
guantities de ned in the INTERPOLATIGHction of the con guration le to the data record le.
Enter coordinates in units set byDUnit.

GENSCAN

Perform any number of calculations along an arbitrary pathn space. At each point, write the
rst NRecord quantities de ned in the INTERPOLATIGdction of the con guration le to the
data record le. The command must be part of a structure with he following form:

GENSCAN
xpl ypl zpl
Xp2 yp2 zp2

Xpn ypn zpn
END

Each data line contains three real numbers separated by sgado de ne a point in the solution
volume. Enter coordinates in units set byDUnit.

VOLUMEINT [NReg]

VOLUMEINT

VOLUMEINT 8

Perform a volume integral of quantities de ned in theVOLUM&ection of the con guration le
and write the results to the data record le. If a region numbedoes not appear, the integral is
taken over the full solution volume. Otherwise, the integraextends over elements with region
numberNReg. Volume integrals may take a long time, so use the region-nl@r option if there
are several regions that are not of interest.

SURFACEINT Regl Reg2 ... -Regl -RegJ

SURFACEINT 5 7 -10 -11 -12

SURFACE INT 2 3

Perform a surface integral of quantities de ned in theSURFAC&ection of the con guration

93



le and write the results to the data record le. Positive integer values correspond tinternal
regions and negative tdexternal regions. With no speci cation, all regions that are notnternal
are taken asExternal. The integral is taken over the surface facets between ahyternal and
External elements. The command may include any number of regions. Thhegions in the
Internal set may or may not be contiguous. Note thaMagView does not include facets on
the boundary of the solution volume in surface integrals.

MATRIX FileName XMin XMax NX YMin YMax NY ZMin ZMax NZ

MATRIX WGUIDE.MAT 1.00 1.00 10 10.00 2.00 10 2.00 12.00 20

Write values calculated at an array of location to a data le n text format. The le is named
FileName and is created in the current directory. The real-number valesXyj, and Xnax are
the limits of the listing volume along thex direction. The parameterN is an integer. Listings
are made at (N, + 1) evenly spaced positions along.

NSCAN NScan

NSCAN = 100

Set the number of intervals for line scans. The default N Scan = 150 and the maximum value
is NScan = 500.

RECORD [Field, Full]

RECORD = Full

Set the number of quantities to include in data les in respose to the Scan and Matrix com-
mands. TheField set (default) consists ofEy; E, and E,. Use this option to create data tables
for OmniTrak . The Full set includes all quantities de ned in theINTERPOLATIGHdction of
the con guration le.

INTERPOLATION [LSQ,Linear]
INTERPOLATION = Linear
Set the interpolation type to a multi-element least-square t or a single-element linear t.

PLOT FSaveView FOutput Nx Ny

PLOT (XAxis3D VIEWO001 800 600)

Write a plot le based on data in the currently loaded solutim. The string FSaveViewis the
pre x of the le FSaveView.FPVa set of view parameters created with th&ave viewcommand
(Sect. 8.3). The view le must be available in the working directory. The plot is saved in the
working directory. It is in Windows Bitmap format and has the name FOutput.BMP The
integersNy and N, give the width and height of the image in pixels. To optimize ampatibility

with graphics format converters, pick values that are mulples of 16 €.g, 1024 768).

ENDFILE
Terminate the analysis
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Figure 45: MagView working environment in the Slice plot menu - illustration of a lled
contour plot.

10 MagView { slice plots

10.1 Setting the slice view

Slice plots are two-dimensional plots that show the variatn of quantities over a plane normal
to one of the Cartesian axes. In contrast to plane plots, sécplots are based on the structure
of the mesh projected to a slice plane. This structure may beuige complex for a conformal
mesh; therefore, slice plots require more computational @t. To facilitate the process, slices
are constructed at discrete locations along the normal axt®rresponding roughly to the planes
of the foundation mesh. The precise rendering of mesh infoation enables point-and-click
analysis operations (point calculation, line scan,...) irthe slice. Note that when a colil le
(WNDhas been loaded, intersections of current elements withehslice plane are plotted as
points. The point color corresponds to the coil number as iMagWinder

The Change viewpopup menu contains commands to set the slice plane and to aslj the
dimensions of the plot.
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SET SLICE PLANE PROPERTIES

This command calls up the same dialog as th8et planecommand in the plane plot menu
(Fig. 41). You can change the normal axis, change the position alonget normal axis, and set
plot limits in the normal plane.

SLICE NORMAL TO X
SLICE NORMAL TO Y
SLICE NORMAL TO Z
Quick commands to change the normal axis.

JUMP FORWARD

STEP FORWARD

STEP BACKWARD

JUMP BACKWARD

Move along the slice axis by small or large steps. The smalkptis approximately one layer of
the foundation mesh and the large step is 5 layers. The terforward implies motion toward
higher indices of the normal axis. The slider bar in the orig¢ation area to the right of the plot
(Fig. 45) shows the current location.

ZOOM WINDOW

As an alternative to the entries in theSet slice planedialog, you can interactively change plot
limits in the normal plane using the mouse. Choose the comntand move the mouse pointer
into the plot area. The status bar enters coordinate mode. Khows the current mouse position
in the plot. Use the left button to pick one corner and then moveéhe mouse to create a view
box. Click the left button again, and the plot regenerates. @ any coordinate operation, press
the F1 key if want to enter values from the keyboard. Note that the nanal plane box in the
orientation area to the right of the plot (Fig. 45 shows the dimensions of the slice plane and
the outline of the current zoomed view.

ZOOM IN
Enlarge the plot about the current view center.

EXPAND VIEW
Expand the plot about the current view center.

GLOBAL VIEW
Enlarge the plot boundaries to show the entire normal plane.

PAN
When the plot is zoomed, you can use this operation to shift éhcurrent view center. Use the
mouse to de ne relative start and end points for the shift.
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Figure 46: Slice plot style dialog.

10.2 Setting slice plot properties

The commands in thePlot control popup menu are used to set the plot style and mouse options.

SET SLICE PLOT STYLE

This command brings up the dialog of Fig46. The Region plot style is a cross-section view
of the mesh element divisions color-coded by region. In coast to the logical plane plot of
MetaMesh , MagView attempts to resolve the exact mesh structure in the plane. Ilthe
Filled contour style (Fig. 45), the program determines discrete bands of color coding acding
to values of the current plot quantity. The Contour style shows lines of constant values of the
plot quantity. Finally, an Elementplot has color coding by the average value of the plot quanit
in the element volume. When theElement outline box is checkedMagView includes facets
in the Region and Element modes. In comparing relative advantages, thEilled contour plot
provides the most attractive and accurate display in exteretl eld regions. Use theElement
plot for the best view of discrete eld changes at the boundas of ferromagnetic materials.
The Contour plot is useful for checking eld uniformity over a volume.

PLOT QUANTITY

Use this command to set the quantity for color-coding ifrilled contour and Element plots and
line values inContour plots. The choices depend on entries in the currently-loadeon guration
le.

PLOT LIMITS

This command opens the dialog of Figd7. In the Autoscalemode,MagView chooses defaults
for the minimum and maximum values for colors and contours lsad on the range of values of
the current plot quantity in the current slice. Deactivate Autoscaleto set the values manually.
The manual mode is useful for comparing absolute eld distsutions in di erent slices. In
either case,MagView uses a uniform interval between the limits based on the numbef
contour lines. For plots in theContour style, you can set speci ¢ values for the contour lines.
Applications include logarithmic intervals or the boundaryof a region above a critical magnetic
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Figure 47: Dialog to set limits of the plotted quantity.

eld. To use this feature, open a text document using the int@al editor or an external program.

Make a list of the values you want, using any valid numericabfmat. There should be one entry
per line and the entries should appear in ascending order. V@athe document if you want to
compare a reference set. Highlight the values and copy themttee Windows clipboard. Then

return to the plot limits dialog and check the Values from clipboard box MagView displays

an error message if the number set is invalid. Otherwise, ti@rogram reads the data, exits
the dialog and updates the plot. Note that you will see a changanly if the Contour style is

displayed. Other plot styles are not a ected.

RESET PLOTS TO DEFAULT
Return to the default view that applied when the solution wadoaded

TOGGLE GRID

A set of dashed grid lines can be superimposed on slice pld##agView automatically chooses
intervals and positions so that the lines occur at conveniewalues along the horizontal and
vertical directions (for example, 0.01 rather than 0.011%3 Listings of the grid intervals are

included in the axis labels. Grids corresponding to the nomah plane axes are plotted as solid
lines.

GRID INTERVALS

This command brings up a dialog to set intervals for grid lirein the horizontal and vertical
directions. Deactivate the AutoGrid box and enter real numbers in the boxes. The values
should be speci ed in the length units set by theDUnit parameter.

NUMBER OF CONTOUR LINES
Change the number of lines foFilled contour and Contour plots.

TOGGLE SNAP MODE

Mouse coordinates for commands such Zsom window Pan, and Scan in slicemay be entered
in two modes. In the normal mode, the returned position corsponds to the mouse position on
the screen. In the snap mode, the program picks a point at anexvinterval close to the mouse
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position. The returned point depends on the value of the panaeter DSnap For example if
DSnap = 0:1 and the mouse is at position (6.2345,-5.6113), the retuh@osition is (6.2000,-
5.6000). The status bar displays the actual or snapped padsih of the mouse.

SNAP DISTANCE
Change the value oDSnap from the default value determined by the program.

10.3 Analyses in a slice

You can determine eld values at points and along scan linestiv the commands of theAnalysis
popup menu.

POINT CALCULATION

This command is useful to make quick checks of elds in the smion volume. After you click the

Point calculation command, move the mouse into the plot area. The mouse pointeltanges to
a cross-hair pattern and the status bar enters coordinate rde. Click the left button to specify
a point or press theF1 key to enter the coordinates from the keyboard. Note that moes
coordinates will shift between discrete values if snap modsg active. MagView calculates
eld and material properties at the point in the normal planegiven by the coordinates. The
included quantities depend on de nitions in the the currerly-loaded con guration le. Results

are recorded if a data le is open.

LINE SCAN

Line scans are one of the most usefMagView capabilities. After clicking on the command,
supply two points with the mouse to de ne a scan line (or preghe F1 key to enter coordinates
manually). The snap mode is useful in this application (for>@ample, you may want the scan
to extend from 0.000 to 5.000 rather than 0.067 to 4.985.) Therogram computes a series
of values of eld quantities in the normal plane at equal intevals along the line. Complete
information is recorded if a data le is open. The program afts makes a screen plot of the
currently-selected quantity versus distance along the stand activates theScan plot display
(Fig. 48). MagView adds ducial lines to the plot using intelligent grid selecbn. This means
that the plot is adjusted to Il the screen and grids are drawnat useful intervals (.e., 0.05 or
2.00).

SET SCAN QUANTITY

With this command you can pick the quantity that will be displayed in screen and exported
plots of line scans. Pick the quantity from the list box and etk OK. The listed quantities
depend on the entries in thdNTERPOLATIGHction of the con guration le. This setting has
no e ect on the data le listing which includes all requestedeld quantities.

SET NUMBER OF SCAN POINTS
This command sets the number of line scan points in the screplot and data le listing. The
default value is 150 and the maximum number is 500.
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Figure 48: Scan plot display.

10.4 Scan menu

As shown in Fig.48, the current scan quantity is plotted as a function of distane from the start

point. The coordinates of the start and end points are listeédbove the graph. Coordinates
are plotted in units set by the DUnit parameter. In the default mode MagView sets limits

so that the plot lls the screen. The program includes grid hes at even intervals. The status
bar at the bottom lists the solution le, the data le (if open) and the grid intervals. The

Export plot menu includes that standard set of commands described in tipeevious chapter.

The Settings menu contains the following commands.

SYMBOL DISPLAY
Toggle the plot display to either a thick line or a set of symhe at calculated points connected
by a thin line.

VERTICAL LIMITS

Override automatic selection and set vertical limits for tle current quantity. To set manual
limits, uncheck the AutoScalebox and enter real-numbers values for the lower and upper lits
of the plotted quantity. Check the Autoscale box to return to the default mode.

TOGGLE GRID
Suppress or activate the display of grid lines.

100



GRID INTERVALS

Override automatic selection of grid intervals. To set vales for the horizontal and vertical
grid intervals, uncheck the AutoGrid box and enter real-number values. For the horizontal
direction, enter the interval in length units set by theDUnit parameter. Check theAutogrid
box to return to the default mode.

OPEN DATA FILE

In the oscilloscope mode, you can record a variety of numeaicvalues for the scan. The
information will be written to a data le if already opened. U this command to open a new
data le.

CLOSE DATA FILE
Close the current data le. This command should be invoked li@re attempting to use the le
in another program.

OSCILLOSCOPE MODE
In response to this command, the scan plot becomes intera&iwith many of the features
of a digital oscilloscope. The commands and tools of thfecan plot menu are deactivated
and MagView displays the red cross-hair lines shown in Figl8 Values of the distance and
plot quantity at the cross-hair intersection are displayedn the red box below the plot. The
intersection point follows the mouse when the cursor is i the plot area. Note that the
intersection moves discontinuously between the data posit To check points at the end of the
interval, move the mouse slowly toward the left or right-had boundaries.

If a data le is open, MagView records values at the current intersection point when you
click the left mouse button:

Scan point calculation
Distance: 1.386667E+00 (in)
BMag: 1.811660E-01

Clicking the right button activates the pop-up menu shown inFig. 48. The menu contains the
following commands:

Y VALUE TO CLIPBOARD
Copy the value of the plotted quantity at the cross-hair intesection to the Windows clipboard.
You can then past the number into a text document, spreadshieer calculator program.

X VALUE TO CLIPBOARD
Copy the value of the distance (in units set bypU nit ) at the cross-hair intersection to Windows
clipboard.

XY VALUES TO CLIPBOARD
Copy the values of the distance and plotted quantity to the gbboard. The x value is on the
rst line and the y value on the second.
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DERIVATIVE

Calculate and record the numerical derivative at the intersction point. The dimensions are
determined by theDUnit parameter. For example, if the scan quantity is magnetic wdensity
in tesla and the distance is shown in centimeters, the derivege has units tela/cm. MagView
writes the value to the clipboard and also displays the redslin a dialog. If a data le is open,
the program makes a record like the following one:

Derivative
Location: 1.612000E+00 (in)
BMag/(in): -2.901895E-01

INTEGRAL

Calculate and record the de nite integral of the plotted quatity from the start point of the scan
to the cross-hair intersection point. The dimensions are termined by the DUnit parameter.
For example, if the scan quantity is the magnetic eld in A/cm ad the distance is shown in
centimeters, the integral has units (A/cm)-cm = A. MagView writes the value to the clipboard
and also displays the results in a dialog. If a data le is opernthe program makes a record like
the following one:

Definite integral
Location: 1.820000E+00 (in)
BMag-(in): 4.664221E-01

EXIT OSCILLOSCOPE MODE
Activate commands and tools and return to the standardcan plotmode. You can also press
the Esc key to exit the oscilloscope mode.

10.5 Slice vector tools

MagView has useful tools to display the direction of the vector quaittes B and H in slice
plots. Figure 49 shows the corresponding entries on the toolbar.

VECTOR PROBE

This feature was inspired by the familiar Magnaprobe illusated in Fig. 49. When you click
on the tool and move the cursor into the slice-plot area, it @nges to a semi-transparent probe
that rotates about a pivot point to show the direction of the ©iosen eld quantity. The probe
functions in all plot styles and may be combined with eld-lhe traces and scatter plots. The
status bar shows the coordinates anfB| at the pivot point.

VECTOR LINES AT POINTS

Use this command to add projected lines gBj, as in Figh50. The program enters coordinate
entry mode when you click the command. Move the mouse to a poim the solution volume
and click the left button. MagView calculates the three-dimensional path of a magnetic eld
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Figure 49: Tools to display vector information in the slice jot menu.

Figure 50: Element plot with added eld line projections.
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line that passes through the point and plots the projectionni the slice plane. You can continue
to add any number of lines. Click the right mouse button or presECS to exit coordinate mode.

The lines are not included in hardcopy or plot le exports andlisappear if you change the slice
view. Use a screen capture utility to record them. It is impowdnt to recognize the nature of
the plots. The lines are three-dimensional curves projecdo the slice plane. They may be
di cult to interpret if the line does not lie close to the slice plane. For full three-dimensional
eld line plots, see theField line plot le command in Sect1l

VECTOR ARROW PLOT

Superimpose a uniform distribution of vector arrows pointig in the direction of B and H in
the slice plane. Arrows may be added to any of the plot types, ¢tuding Region They are
included in hardcopy and plot le export. The arrows are presrved and adjusted if you change
the slice view.

REMOVE VECTORS
Use this command to turn o the vector scatter plot mode and to emove vector tool displays
from the current plot.

VECTOR QUANTITY
Choose whether to plotB or H vectors.
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Figure 51: MagView working environment for surface plots.

11 MagView { surface plots

Surface plots are three-dimensional views of the solutiopace (Fig.51). Four types of infor-
mation may be superimposed: 1) region boundaries color-ealddby region number, 2) region
boundaries with color-coding by a computed quantity, 3) coputed quantities in a slice plane
normal to one of the Cartesian axes and 4) applied eld coilsApplied eld coils are included
whenever a current element le is open (Cha®). Surface plots are created from the conformal
mesh and preserve true spatial scaling.

The method to control the three-dimensional display with te mouse is identical to that
used inMetaMesh . Figure 52 shows the active areas of the screen. The central zor) (s
used for zooming in (left button) and out (right button). Hold down the left mouse button in
zonesB; C; D and E to walk around the object. Hold down the right mouse button in anes
B;C;D and E to move the viewpoint to the right, upward, to the left and dowward. Note
that changes are re ected in the orientation box in the upperight portion of the screen. The
plot is updated when you release the mouse button. You can ¢ool additional aspects of the
three-dimensional view with the commands of thédjust view popup menu.
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Figure 52: Active areas for mouse control of the 3D view.

SET VIEW DIALOG

This command brings up a dialog (Fig53) where you can set speci c view angles, displacements
and the relative distance to the viewpointDV iew. The parameterDView controls perspective.
Set it to a large value DView 1.0) for an orthographic view. The minimum value is 1.5.

RESTORE DEFAULT VIEW

This command is useful if you loose your orientation after geral rotations and translations.
The view is returned to the default: , = 30°, , =0°and , = 45° with the origin at the
center.

+X VIEW
+Y VIEW
+Z VIEW
Rotate to views from the +x, +y or +z directions. Origin shifts are not a ected

CENTER VIEW
Remove shifts by setting the origin to the center of the solign volume.

ORTHOGONAL/PERSPECTIVE VIEW
By default, MagView includes perspective correction in surface plots. Click ahis command
to move the view point to in nity. Click the command a second ime to restore the view point.

The commands of thePlot control popup menu control the appearance of the plot.

PLOT STYLE
This command brings up the dialog of Figh4. The group of commands on the left-hand side
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Figure 53: Dialog to set the three-dimensional view.

controls the plot style. A three-dimensional plot is constrcted from color-coded facets. There
are two types of facets: 1) element facets on the boundary ofr@gion with color coding by
region number or the selected computed quantity and 2) reatgular facets comprising a slice
plane with color-coding by the values of the computed eld cantity. Slice plane and region
boundary information may be superimposed. ThEacet styleradio buttons control whether the
facets of region boundaries are plotted as solid plates (kieh surface) or wireframe outlines.
The Include facet boundariescheck box determines whether the boundaries of region faset
are plotted in the hidden-surface mode. (Note that the facetsf the slice plane are always
plotted as solids with no outline). MagView plots a reference grid along the boundaries of the
solution volume when thelnclude reference gridbox is checked. The group of commands on
the right-hand side controls the slice plane. Thénclude slice planebox determines whether a
slice plot is included. The radio buttons determine the axisormal to the slice plane. You may
move the plane along the chosen axis by entering values in thex or moving the slider.

DISPLAYED REGIONS

The command brings up the dialog of Figs5 where you can pick region boundaries to include
in the plot. Depress a button in the Display column to activate a region. The buttons in
the column markedjEj determine the presentation style for boundary facets. If # box is
uncheck,MagView colors facets by region number. If one or more buttons are degsed in
the jBj column, color code is by the computed eld quantity. The infamation window shows
the correspondence between color and the quantity. Note thdahe eld quantity is always
calculated at a point near the facetoutside the chosen region. If a boundary separates two
materials with di erent values of ,, the eld values depend on which region is chosen for
display.
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Figure 54: Surface plot control dialog.

Figure 55: Region display dialog.
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CUT PLANES, REGIONS

In a hidden surface plot, internal geometric details or the armal plane plot may be obscured
by surrounding region boundaries. This command brings up dadog that allows you to adjust

the displayed portions of region surfaces along the y and z axes. MagView does not display
facets that lie outside the limits. With this feature you cancreate cutaway views. The default
is that cut limits are set equal to the dimensions of the solidgn volume so that all facets are
included.

COIL CUT PLANES
Use this command to limit plotted current elements when coilare displayed.

PLOT QUANTITY

With this command, you can change the quantity used for colezoding of region boundaries and
the slice plane. The choices depend on the those de ned in therrently-loaded con guration
le.

SET PLOT LIMITS

In the Autoscalemode,MagView chooses colors so that the spectrum spans the range between
the minimum and maximum values of the plotted quantity in thecurrent plane. Scaling values
change automatically if you change plot quantities or moveota di erent plane. To set the
range manually, deactivate the autoscale check box and ent@inimum and maximum values.

VECTOR LINES FROM POINT FILE

You can add true magnetic eld lines to three-dimensional pks with this command. To use it,
you must prepare a text le that contains any number of point oordinates. MagView reads
the le and adds eld lines that pass through each point. The le consists of data lines, where
each line contains three real numbersx( y, z) separated by any of the standard delimiters.
Enter the coordinates in units set byDUnit. The le may contain comment lines that start
with an asterisk and should end with theENDFILE command. Lines are not plotted for target
points outside the solution volume.

RECORD VECTOR LINE COORDINATES

Use this command to record calculated paths of eld linesMagView prompts for the name
of an output text le with a name of the form FNAME.FLRA le extract is shown below. The
command functions only if a le of starting points has been ogned with the Field line plot le

command.
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Magnetic field line plots for file: cmagnet.HOU
DUnit(unit conversion factor):  1.00000E+02

Start point
X:  8.00000E+00
Y:  2.50000E-01
Z: 3.00000E+00
Forward

8.00000E+00
8.00599E+00
8.01197E+00
8.01796E+00
8.02395E+00
8.02994E+00

2.50000E-01
2.50385E-01
2.50768E-01
2.51151E-01
2.51532E-01
2.51912E-01

3.00000E+00
3.00003E+00
3.00006E+00
3.00009E+00
3.00011E+00
3.00014E+00

CLOSE VECTORS
Close the eld line plot le and remove eld lines from the curent plot.

VECTOR QUANTITY
Choose whether to calculat® or H vectors.
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12 Customizing MagView

You can create con guration les to customize the operatioof MagView for your application.
You can then switch between con gurations for di erent types of analyses. MagView is
supplied with a default con guration le in the same directay as the executable program:
magviewstandard.cfg . We recommend that you do not change this les. Instead, make
copy to use as a template and rename it. You can put your new cgaration le anywhere,
but we suggest you store all con gurations in the same direaty as magview.exe Note that
MagView remembers the last con guration used and attempts to reload at the next run.

When you have created a template le, open it in an editor. Notehat it is divided into
the ten sections shown in Tablel2. With few exceptions, do not make changes to the sec-
tions HEADEFSTOREDQUANT REGIONGBRAGPARAWNPARANI REALTIMEPAR Avitries
in these sections coordinate the operation dilagnum and MagView . Modi cations may
cause le load errors.

12.1 De ning calculated quantities

You can de ne custom quantities for display and analysis inhte last four sections of the con-
guration le:

Interpolation . Scalar quantities for multiple uses: 1) displays in slic@lane and surface
plots, 2) results of point and scan calculations and 3) valgewritten to matrix output
les.

Vector . Vector quantities for the display of eld or ux lines in slice and surface plots.
Volume . Scalar quantities for volume integrals over regions.

Surface. Vector quantities for surface integrals over the boundags of region sets.

Run speed is a critical issue iMagView . The generation of a single slice plot may require
over 50,000 interpolations. To ensure fast operation, exgssions for calculated quantities in the
con guration le are written in reverse Polish notation (RPN). MagView parses the function
strings once while loading the con guration le and saves tém in a coded form. Thereatfter,
operations are performed at the speed of compiled code. Thaldwing section reviews the
basics of RPN notation. Sectionl2.3 covers parameters and variables that may appear in
expressions. Sectiod2.4reviews the form of the data sections.

12.2 Introduction to RPN

Consider the expression

h i
50 45+ 92+0:6 0:9%70%60) - (41)

Equation 41 could be represented in algebraic notation by the string:
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Table 14: General organization of thévlagView con guration le

HEADER
Control parameters (Required)
END
STOREDQUANT
Stored quantities in the solution file (Required)
END
REGIONQUANT
Physical properties of regions (Optional)
END
PROGPARAM
Program parameters (Optional)
END
RUNPARAM
Parameters set by the solution program (Optional)
END
REALTIMEPARAM
Parameters set by the user (Optional)
END
INTERPOLATION
Calculated quantities for plots and data output (Required)
END
VECTOR
Calculated quantities for vector display (Optional)
END
VOLUME
Calculated quantities for volume integrals (Optional)
END
SURFACE
Calculated quantities for surface integrals (Optional)
END
ENDFILE
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Figure 56:

5.0 * 453 + (9.2 + 0.6 * 0.9 A (2 + 0.67))

The rules for parsing such a string are involved, requiringnainterpreter with recursive logic.
The equation has the following form in RPN:

09 067 2 +"706 *92+453"50*+

The string is parsed in strict order from left to right for expessions of any degree of complexity.
A calculator with RPN logic uses the stack shown in Figh6. Numbers are pushed and popped
at the bottom. The rst two stack registers have the special amesX and Y. Three simple
rules govern the evaluation of RPN expressions:

If the entry is a number, push it on the stack.
If the entry is a unary operator (exp, In, sin,...), apply it to the number in the X register.

If the entry is a binary operator (+,*,,...) combine the numbers in theX andY registers
and move the stack down.

The nal result is given by the number remaining in theX register. By convention, the binary
operators act in the following way:

Addition(+): Y + X
Subtraction (-): Y X
Multiplication (*): 'Y X
Division (/): Y=X
Exponentiation (*): Y*

Reverse Polish notation eliminates all issues with regara tparsing order. Furthermore, it is
simple to compile expressions. Entries are representedheit by variables or operator codes.
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12.3 Variables, operations and parameters

Expressions to de ne quantities inMagView may contain numbers, unary and binary op-
erations, standard variables, standard calculated quatieés and parameters. The standard
variables are

$X, $Y, $Z, $NREG, $DUNIT

Note that the name of variables and parameters must start witla dollar sign. Calls to de ned

functions for plots, line scans and other operations are ays made at a speci c location in
the solution space.MagView sets the current position $X,$Y,$Z] before any calls are made.
To illustrate, the following expression gives the distanckom the origin in meters:

RDIST = $X 2 " $Y 2 A $Z N 2 + + @SQRT

The standard variable $DUNITis a dimension conversion factor passed from the solutiongpr
gram. For example, suppose dimensions MetaMesh were de ned in centimeters and con-
verted to meters for use in the solution program. In this casan entry in the header of the
solution le would set $DUNIT= 100.0. The following expression returns the distance froiie
origin in centimeters:

RDIST = $X 2 * $Y 2 ~ $Z ~ 2 + + @SQRT $DUNIT *

Unary operators have names that begin with '‘@'. Tabl&5 lists the available set. The following
considerations apply with respect to the@® CH&perator:

You may include negative numbers (such a8.1456 and-8.9E-09 ) in expressions. The
number -22.56 is equivalent t022.56 @CHS

Expressions like$MuOand -&grady[3] that mix the binary operator with a variable are
invalid. Instead, use forms likesMuO @CHS

The following quantities represent values from the magnedtatic solution calculated at the
current position:

&Bx
&By
&Bz
&BMag
&HXx
&Hy
&Hz
&HMag

&Q[N]

The names must begin with an ampersand. They are always falled by an integer in box
brackets giving the number of the stored quantity. The quarty &Q[n] is the interpolated
value of stored quantityn at the current position [$X,$Y,$Z]. Magnum includes the following
stored quantities:
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&QJ1] The reduced potential

Table 15

: Unary operators

Name Operation Comments

@SIN sin(X) Angle in radians

@COS cos(X) Angle in radians

@TAN tan(X) Angle in radians

@ASIN sin 1(X) Returns angle in radians
@ACOS cos }(X) Returns angle in radians
@ATAN tan 1(X) Returns angle in radians
@EXP e~

@LN In X

@LOG b)g_lo(X)

@SQRT X

@ABS iX]j

@EXCH Xy y

@OVERX 1=X

@XSQ X?2

@ENTER X) XY Copy X and push on stack
@CHS X = X

(node).

&QJ[2] The x component of applied magnetic eldH.. (node).

&Q[3] The y component of applied magnetic eldH,, (node).

&Q[4] The z component of applied magnetic eldH,, (node).

&QI[5] The dual potential (element).

&Q[6] The relative magnetic permeability .

The program performs the interpolation and replaces the syol with its value before eval-
uating the expression. The interpolation method depends omhether the stored quantity is of
type Node or Element MagView performs detailed interpolations ofNode quantities. In the
LIN mode, the program interpolates within the target element usg shape functions and values
of the stored quantity at the eight nodes. In theLSQmode,MagView collects data from sur-
rounding elements of the same region type and makes a leagtr@res t to a three-dimensional,
second-order function.

Magnum also transfers the following region variables:

$RegType
$HCVectX
$HCVectY
$HCVectZ
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These variables assume values characteristic of the regairthe current interpolation point. The
variable $RegTypedenti es the material type and is not generally used to de ® interpolation
guantities. The remaining variables are the vector componts of the quantity H. = B,= ¢
for permanent magnets (in units of A/m). The values are zero imther types of materials.
As an example, the following con guration le entry gives vetors plots of the direction of
magnetization for permanent magnets:

VECTOR
PMagDirect = $HCVectX;$HCVectY;$HCVectZ
END

Expressions may also include parameters de ned in tfeROGRARgadtion. The section in
the le MAGVIE®TANDARD.CR&: this form:

PROGPARAM
$Mu0 = 1.256637E-6
* 1/MuO

$IMuO = 7.957748E5
* Origin for torque calculations, specify in meters

$xt = 0.00

$yt = 0.00

$zt = 0.00
END

The following expression for the magnetic- eld energy in # interpolation section uses a pro-
gram parameter:

MagEnergy = 0.5 &BMag * &BMag * &Q[6] $MuO * /

You can de ne up to ten parameters in thePROGRARgedtion. The name must begin with
a dollar sign and may include up to 12 characters. A value in grvalid real-number format
follows the equal sign.

12.4 Setting up the calculated-quantity sections

The nal sections of the con guration le de ne quantities for plots and calculations. There
are four sections:

INTERPOLATION
QuantityName = Definition

END

VECTOR
QuantityName

END

VOLUME
QuantityName = Definition

END

SURFACE
QuantityName = Definition1;Definition2;Definition3

END

Definition1;Definition2;Definition3
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The INTERPOLATIOction may contain from zero to 50 quantity de nitions. TheVECTQR
VOLUMaNnd SURFACEections may contain a maximum of 20 quantity de nitions edt

A de nition line for a scalar quantity in the Interpolation section consists of a variable name,
an equal sign and an RPN expression using the components dssed in the previous section.
The following rules apply to quantity names in all sections:

A name has a maximum length of 12 characters (the length is litad so that quantity
names will tin plots and formatted output lists).

Names may include characters, numbers and the underscore &gin Names may not
include spaces and other punctuation marks.

The RPN expression is a string (maximum length of 300 charaat) with entries separated
by spaces. Here are some examples of quantity de nitions:

EPERP = &EY @XSQ &EY @XSQ + @SQRT
LOGEXVCM = &EX 100.0 / @LOG

DX = &EX $MUO * &Q[2] *

FIELDANGLE = &BY &BX /| @ATAN $RADTODEG *

The last expression requires that the parameter
$RADTODEG = 57.2958

was de ned in the PROGPARAdLtion. Note that the result of the division operator in the
expression is 0.0 i&BX= 0.0.

The order in which quantities appear in theeNTERPOLATIGMction a ects some operations
in MagView .

The rst listed quantity is the default choice for Slice plots You can change the choice by
entering a value in theSliceDisplay command in theHEADER he integer is the order of
the default plot quantity as listed in the INTERPOLATIGHction.

In dialogs for picking a plot quantity, the options are listel in the same order that they
appear in the con guration le. Therefore, you should put inportant quantities near the
beginning and specialized quantities near the end.

The same order is followed in listings created by th®atrix le command. If you are
exporting tables for use inOmniTrak , be sure that the rst three quantities areBy, By
and B,.

Each quantity in the Vector section requires three expressions for the y and z components.
The format for a de nition line is

Name = (Expression Xx);(Expression y);(Expression z)

The line may contain a maximum of 500 characters. The companteexpressions are separated
by semicolons. The following example de nes the applied maeftic eld (i.e., eld with no
material contributions):
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Table 16: Naming conventions in RPN expressions

| Name form | Functions |
SNAME Program parameters
SNAME Standard variables €.g, $X
&NAME Special quantities calculated from the solutiond.g,
&EX
@NAME Unary operators in RPN expressions

HVectApp = &Q[2];&Q[3];:&Q[4]

The volume integral of a quantity Q over a regionNg is given by
z z z
dx dy dz Q(x;y;2); (42)

where only those elements with region number equal tdg are included. You can de ne up
to 20 quantities in the Volume section for integrals. The expressions should de ne quatis
with dimensions of the form ¢uant=nr¥). Volume integrals use internal program coordinates in
units of meters. Note that the quantity $DUNITis used inMagView only for display labels.
The surface integral of a vector quantityS over a region or a set of regions is given by
Z z
dA' S n; (43)

where dA is an element of area on the surface of the region set ands a unit vector normal
to the surface pointing out of the region set. You can de ne ufp 20 quantities in the SURFACE
section for integrals. The data line for each quantity shodlcontain the name, an equal sign,
and three RPN expressions separated by semicolons for thetee components. The expressions
should de ne quantities with dimensions of the form guant=n¥). As an example, a surface
integral of the following quantity would give the magnetic ux through selected region surfaces:

MagFlux = &Bx;&By;&Bz

Note that quantity names must begin with special symbols if tay are used in RPN expres-
sions. Symbols for di erent quantity types are listed in Tale 16. Therefore, quantity names
in the PROGPAR#&¢tion must include the dollar sign. Quantity names that & de ned only
for display purposes need not include a special symbol. Thecludes quantities de ned in the
INTERPOLATIOMECTQR OLUMENd SURFACEections.

118



13 Force calculations with MagView

13.1 Surface integrals for force and torque

If we knew the distribution of current-density j(X;y;z) and magnetic ux density B (Xx;y;z)
over an object, we could nd the force on the object from the gxession:
z222
F= dvj B: (44)

Volume integrals are not practical for calculating forcesroferromagnetic materials permanent
magnets and eld-excluding objects. Here, the current-deitg distribution is concentrated in
an in nitely thin surface layer (compared to the element sig) and the magnetic ux density
changes discontinuously at the surface. For this situatigrthe best approach is to perform
an integral of the Maxwell stress tensor over a surface thaneloses the body. This process
yields good numerical accuracy and can be performed autontatly using the surface-integral
capabilities of MagView .

The reference S. Humphriestield Solutions on Computers  (CRC Press, Boca Raton,
1998), Sect. 10.5 discusses the physical basis of electrgnsdic force calculations. The integral
of force density over a volume can be converted to the follavg integral over the bounding
surface to give the total forceF;

F= S ndA: (45)
where the quantity S is the tensor:

2
Si1 Sz Si3
S= 2 So1 S Sz 5 (46)
Sz1 S32 Szs

The integral of EqQ. 45 can be implemented inMagView by adding the following vector de -
nitions to the SURFACEection of the con guration le:

Fxs = [S11; S12; Sagl;
Fys = [So1; So2; Sagl;
Fzs = [ Sa1; Sa2; Ss3]: (47)

Expressions for torque are more complex. A di erential eleemt of torque is de ned by

d=r dF: (48)
Here, the vectorr points from a torque origin K;; y; z] to the current position:

r=[rgryr =[x x)i(y w)i(z  z)l: (49)
The total torque corresponding to the force on a body may be wten in terms of the Maxwell
stress tensor as:

119



zZz
t = r (S n)dA: (50)

To add torque calculations in theMagView con guration le, we need to determine a torque
tensor T such that the torque vector is given by a surface integral,
zZz
t = T n dA: (51)

We can computeT by expanding the right-hand side of Eq50in component form and collecting
terms with factors ofny, ny, and n,. The procedure gives the following results:

rySa1 ;S rySze ;S rySzz 1S3
T=§ r;S11 rxSs1 ;S12 xSz ;S13 ySas £ (52)
rvSor IySi1 kSoe  IySiz xSps IySia

13.2 Expressions for magnetostatic forces

The con guration le MAGVIE®TANDARD.CH@ludes de nitions for force and torque calcu-
lations using surface integral methods. The Maxwell streg¢ensor has the following form for
magnetostatic forces:

2
1 Bf BZ=2 BxBy BXBZ
s=-§% BB, BZ B> BB, §&: (53)
o B,B, B,B, B2 B2

The quantity B2 in Eq. 53is the ux density magnitude:

B*=Bf+ B+ B (54)

Note that all eld values are evaluated on the air/vacuum sideof the object surface. Surface
integrals of force are calculated with the vector expressis of Eq.47 while torque components
are determined using the expressions of E§2

The quantity B2 in Eq. 53is the eld magnitude,

B*=Bf+ BJ+ B (55)

Figure 57 illustrates the logic of the calculation. If we have an assdaty of ferromagnetic
and permanent-magnet objects surrounded by an air volumehén we can take the integral of
Eq. 450ver any enclosing surface. One choice is the outer boundafithe assembly components
(designated surfaceA in Fig. 57). In this case, we evaluate magnetic eld values in the air
elements near the surface to ensure that the integral enddssall material currentsj,,. We
could also de ne an arbitrary surface by enclosing the assbiy inside a special diagnostic air
region ( = o). The integral over the surface marked® in Fig. 57 gives the same result (to
within the numerical accuracy of eld interpolations). Figure 57b shows a case where the stress
tensor integral does not give the correct result. In this cashe integral extends over the surface
of ferromagnetic regiorA that is in contract with another iron or permanent-magnet rgion (B).
The eld values inside regionB along the common boundary include the e ects of the surface
currents of both regions. The calculation gives the force amgion A plus an indeterminate
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Figure 57: Surface integral of the magnetic stress tensoa) Valid surfaces for an integral of
magnetically-active materials. A: region surfaces bounddwy air elements. B: surface of an air
region that encloses the magnetic materialsb) Invalid surface for an integral. The enclosed
material current is unde ned on the common boundary.

portion of the force on regionB. In summary, the following rules apply to magnetic force
calculations:

Magnetic forces act on permanent magnets and objects withé .

The surface integral of Eq45 over a region boundary gives the correct forces only if the
region is surrounded by air elements (= o).

Any integration surface in air that encloses the region (or asmbly of regions) yields the
same net force.

13.3 Commands for force calculations

For a force calculation, use the con guration leMAGVIE®TANDARD.CIHck on the command
Surface integral of the Analysis menu. In the dialog, choose the region or set of regions of
interest. Note that if one region is inside another, you mustipk both regions so that the
integral is performed only over the outer surface. Usuallyllaegions outside thelnternal set
should be marked ag&xternal. MagView employs the following procedure to nd the force on a
single region. The program locates all elements within thatget region number and checks the
six bounding facets. If the element on the opposite side ofcit has a di erent region number,
then the facet lies on the region surface. (Facets on the balary of the solution volume or
adjacent to an element with region number 0 are excluded.) Feach facetMagView performs

a 3 3 Gaussian-quadrature integral using normal coordinatesAt each point, the program
calculates magnetic ux density values at a nearby locatioifx;y; z) in the adjacent element
and determines the components d. The program sets an error ag if any adjacent element
has 6 . MagView constructs a unit vector normal to the facet that points out @ the target
region. The program then forms the dot product for Eq45. Each segment of the integral gives
an increment of forcedF. The sum ofdF over the segments of each facet and over all facets
of the region surface gives the total forceMlagView can also nd the net force on assemblies
of adjacent magnetically-active regions. In this case, thprogram identi es all elements of
the region set. Surface integrals are performed only overcés that border on elements with
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Figure 58: Geometry for thePMAGFOR&&mple.

region numbers that are not part of the set. If the assembly isurrounded by air elements,
the procedure gives the total force. To calculate force froan analysis script, be sure that the
proper con guration le is loaded and use theSurfacelnt command described in SecB.3.

13.4 Examples

This section describes two simple examples of force caldidas. The rst (PMAGFORGIE
lustrates techniques and numerical accuracy for a permarianagnet simulation. The second
(RELAYdemonstrates a torque calculation for a solenoid-driverelay.

Figure 58 shows the geometry foPMAGFOR®@Ecylindrical permanent magnet (radius 3.0
cm, length 6.0 cm) is located a distance 2.0 cm from an iron pda(radius 8.0 cm, thickness
2.0 cm). The magnetization axis is along with B, = 1:25 tesla. The solution volume is
large enough so that the boundaries make a small contributido the net forces. We picked a
system with approximate cylindrical symmetry for comparisns to calculations with the two-
dimensionalPerMag code. To check features of the force calculations, the irohage is divided
into two concentric regions and the permanent magnet is ersled inside a box-shaped diagnostic
region with o =1:0.

The les PMAGFORCE.Mid PMAGFORCE.@H\e the solution. The mesh has an element
size of 0.2 cm in regions of interest. Figurg9 shows the resulting variation ofiBj in the plane
y = 0:0. The MagView script listed in Table 17 performs several analysis functions. The rst
two calculations determine over two surfaces that enclosed permanent magnet. The result
is F, = 143:2 N for the surface of the permanent magnet (equivalent to thiorce to lift a 14
kg object) andF, = 148:7 N for the diagnostic region. Theoretically, the force congmentsFy
and F, should equal zero. The numerical result ifFy;Fyj = (3 10 °) jF,j. The integrals
of F, over the two surfaces agree to within 1%. For comparison, thelue determined by
the two-dimensionalPerMag code for a system with cylindrical boundaries i&, = 145:6 N.
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Figure 59: ExamplePMAGFORG@&riation of jBj in the planey = 0:0.

The results imply that the surface-integral method oMagnum gives good values, even if the
object has sharp edges. An integral of the magnetic stress sem over the iron assembly gives
F, = 14334 N, opposite and approximately equal to the force on the magh

In the second example we calculate the force and torque on thetuator of a magnetically-
driven relay as a function of position (Fig.60). The mesh (de ned by the le RELAY.MIN
includes a cylindrical iron core (region 2) of diameter 1.0nt and length 2.5 cm. The core is
aligned along z and in wrapped in a solenoid coil de ned by théee RELAY.CDHhe coil has
inner radius 0.6 cm, outer radius 1.2 cm, length 2.0 cm and de current 1000 A-turn. The
magnetic eld produces an attractive force on a square ironlgte (region 3) with dimensions
1.0cm 1.0cm 0.3 cm. The plate is attached to a non-magnetic metal suppotthat rotates
about an axis parallel tox at positiony =3:0 cm,z =0:0 cm. The goal is a nd the force on
the iron plate and the torque on the carrier assembly as a futhen of rotation angle. Figure 60
shows a rotation angle of 15

In creating the mesh, we could calculate thg and z displacements of the iron plate for each
rotation angle. An easier approach is to employ the script-ictive capability of MetaMesh .
The part section for the iron plate has the following content

#SHIFT 0.00 3.00 0.00
#ROTATE 15.00 0.00 0.00
Part
Type Box
Region Plate
Fab 1.00 1.00 0.30
Shift 0.00 -3.00 -0.15
Surface Region Air
End
#ENDROTATE
#ENDSHIFT
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Table 17: Contents of theMagView script le PMAGFORCE.SCR

*
Z
Py
(1%

«Q

RegName

*

1 VACUUM

2 DIAGREGION
3 IRONOUTSIDE
4 IRONINSIDE

5 MAGNET

* ok ok ok ok

INPUT PMagForce.GOU

OUTPUT PMagForce.DAT

* Integral over the outer surface of the diagnostic
* region that surrounds the magnet
SURFACEINT 2 5

* Integral over the magnet

SURFACEINT 5

* Integrals over the individual regions of the iron plate
SURFACEINT 3

SURFACEINT 4

* Integral over the surface of the iron assemble
SURFACEINT 3 4

ENDFILE

Table 18: RELA¥xample results (forces in newtons, torque in newton-m).

| Angle | Fy | Fx | Tx |
0.0 1:451 10° 5971 101 1:791 10°2
50 1:414 10 2 1:209 101 3574 10°
10.00 8649 103 4:237 102 1:243 103
15.¢ 5:246 10 ° 1:711 1072 5:064 10 *
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Figure 60: Geometry and mesh for examplRELAYview in the planex = 0:0). Violet region:
iron core. Light-blue outline: solenoid coil. Orange rego iron plate attached to structure
(red line) hinged along an axis parallel toc at y = 3:0;z = 0:0.
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The part is fabricated relative to an origin at [00; 3:0; 0:15]. A global rotation of 1% about
the x axis is applied and then a global shift of +3 cm alongy. To change rotation angle, we
simply change the rst number in the command

#ROTATE 15.00 0.00 0.00

The program parameter of the con guration Il should include the entries:

$xt = 0.00
$yt = 0.03
$zt = 0.00

to set the torque origin. Note that the value ofyt is given in meters. TheMagView script
RELAY.SCRontains the following command to perform the force/torquanalysis:

SURFACEINT 3

Table 18 lists the results.
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14 Inductance calculations with Magnum

14.1 De nitions { self and mutual inductance

This section describes how to usbagnum to calculate mutual inductances in multi-circuit
systems. A common application is the determination of ux capling in transformers. To begin,
we need some de nitions. Acircuit is a contiguous wire that carries a current. In static- eld
calculations, the current has same value at all points in thevire. A circuit may be as simple
as a wire loop or as complex as a toroidal winding with thousda of turns.

The energy method provides an easy way to nd the inductancef @ single-circuit system
(e.g, the drive coils of a magnet). You can nd the total eld enery by taking a volume
integral in MagView over the quantity?

BZ
u= : 56
2 (56)
The total eld energy is related to the inductance of a singleircuit (self-inductancg by:
Ll 2
U= 1; L (57)

The notation L4; denotes the inductance that results from magnetic ux coujpig in Circuit 1
created by the current owing in Circuit 1.

To addressmutual inductances we adopt material and notation from D.K. Cheng,Field
and Wave Electromagnetics (Addison-Wesley, Reading, 1989), Sects. 6.11 and 6.12. Sup-
pose we have two circuits and Circuit 1 has a drive current f A. The quantity i, is the total
magnetic ux enclosed by the turns of Circuit 2. If Circuit 2 has N, identical turns and 1, is
the ux produced in one turn, then i1, = N, 1,. The mutual inductance between Circuits 1
and 2 is de ned as:

L= j: (58)

The quantity L, (in units of henries) is the total magnetic ux in Circuit 2 per unit current in
Circuit 1. According to Faraday's law, the voltage induced irCircuit 2 by a changing current
in Circuit 1 is
Vo = L]_ZCLI{L: (59)

Similarly, the self-inductancel ,; is the total ux coupled to Circuit 1 per unit current in
Circuit 1. To illustrate, consider the self-inductance of @ight winding of N turns on a toroidal
ferrite with relative magnetic permeability . The torus has a rectangular cross section with
inner radiusr,, outer radiusr; and heightd. The magnetic eld inside the ferrite created by
the winding is approximately,

INote that Eq. 56 holds only for linear materials where , does not depend on the amplitudes of drive
currents. This condition must also hold to de ne a unique circuit inductance.
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_ rONlll_
B = (60)

Multiplying by d and taking an integral overr, the total ux linking the winding is:

=———="|n — : 61
0= -5 - (61)
Therefore, the circuit has self-inductance
N 2d r
L= 2= _"r971" | 2 . 2
e - (62)

14.2 Energy method for mutual inductance

In a three-dimensional magnetic eld calculation, an attemt to evaluate mutual inductance by
surface integrals of ux over every turn of a circuit would bdaborious. The procedure would
also be inaccurate if drive currents are represented by laemtary elements as inMagnum .
A solution is to use indirect method based on volume integl The eld energy methodis a
generalization of Eq.57.

As a foundation, we will employ two results that are proved intie Cheng reference and
many texts on introductory electromagnetism. First, mutud inductances have the following
symmetry property:

The second result is that the total eld energy of a system o circuits may be written as a
sum of mutual inductances and drive currents:

X
u=1

2 m=1 n=1
To illustrate the energy method, consider a two-circuit syem like a transformer. We need
three quantities to characterize the system inductancel;, Lo, and L, (which equalsL ;).
We shall excite the circuit with unit drive currents and makemagnetic eld energy calculations
in MagView . The self-inductance of Circuit 1 can be determined by setig I, = 1:0 A and
I, =0:0 A. Designating the resulting eld energy adJ,q, the result is:

Lo Il (64)

L1 =2Uq: (65)

A second calculation withl; =0:0 A and 1, = 1:0 yieldsUp; such thatL,, = 2Uy;. We can nd
the mutual inductanceM, = L1, = L, by a third calculation with 1, =1:0 Aandl, = 1:0.
Using Eg. 64, the mutual inductance is related to the known self-inductaces and the eld
energyU,; by:

1
Mi, = §(2U11 L1z La): (66)

Three Magnum calculations are necessary to nd the three quantities.
The method may be generalized to any number of circuits, albugh the amount of work
increases. There are six independent quantities in a thregauit system: Lq1;Loo; Las;Lio; L3
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Table 19: Transformer dimensionsinductDemoexample.

| Structure [ri(cm) |ro(cm) [d(cm) |
Core 4.00 6.50 2.50
Primary 3.75 6.75 3.00
Secondary 3.25 7.25 4.00

and L,3. Therefore, we must make sibMagnum runs to nd six values of eld energy. If we
denote the exciting currents as a vector {;1,;13], there is a base set of six vectors: [1,0,0],
[0,1,0], [0,0,1], [1,1,0], [1,0,1] and [0,1,1]. The rsteg is to nd the self-inductances. Then we
must solve three coupled linear equations to ndv15; M3 and M os.

14.3 Example { toroidal transformer

The exampleInductDemoillustrates the method for a two-circuit system. We shall aosider a
high-voltage transformer consisting of primary and secoady windings on a toroidal ferrite core.
The simple 3D geometry allows a comparison of numerical rdétsuto theory. The input les
InductDemo.MIN InductDemo.CDFand InductDemo.GIN are supplied in the example library.
The core and windings have square cross sections with dimens listed in Table 19. In
operation, the core has an average magnetic permeability of = 500.

We use windings with a relatively large number of turns for aapd comparison with theory.
We shall use the same number of turns of the primary and secargl windings (N, = N, = 72)
and then scale the results. Figuré1 shows set 8064 current elements created Magwinder
from the le InductDemo.CDFWe have the option to set the drive currents for the two windigs
in the same or opposite directions. The choice determinesetisign ofM ;,, but does not a ect
the magnitude.

The example employs symmetry conditions to minimize the rutime. The solution includes
one-eighth of the system volume over the spage 0:0;y 0:0andz 0:0 with an element
size of 0.1 cm. The planes at = 0:0 andy = 0:0 are set as symmetry boundarieB( normal
to the plane), while the boundary atz = 0:0 has the natural boundary condition B parallel
to the plane). To nd the self-inductance of the primary, we st I; =1:0 Aandl, =0:0 Ain
the CDFle, generate a current-element set, carry out a eld solutn with Magnum and nd
the global eld energy with MagView . The Magnum script InductDemo.GINincludes the
following command:

Checklron = OFF

The command was added after initial runs to deactivate the @tk for current elements that
may pass through the core. The calculation is time-consungrior the large number of elements,
SO we can eliminate it when we are sure the calculation is rumg. The primary inductance
was calculated by takingl; = 1:0 A and I, = 0:0 A. With no ferrite core, the eld energy for
one-eighth of the system was:1043 10° J. The total calculated eld energy was 8344 10 °
J, givingLqy; = L =1:7669 10 ° H. For comparison, the inductance value predicted by Ed2
is 1:8283 10 ° H. When the high- core is present, it contains almost all the magnetic eld
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Figure 61: Primary and secondary windings created witMagWinder for the InductDemo
example.

energy. To estimate the primary inductance, we use;, = 500 and the dimensions of the core
in Eq. 62 The resultisL1; = 6:2922 10 2 H, quite close to the value ol 1, = 6:2694 10 3
H calculated with Magnum .

With 1, =0:0 Aand |, = 1:0 A, the secondary inductance it ,, = 3:2391 10 ° H with
no core andL,, = 6:2796 10 3 H with the ferrite present. As expectedl 1, = Lo, with the
core because the magnetic ux is concentrated in the ferriteApplying Eq. 66, the calculated
mutual inductance isMq, = 6:2672 10 3, equal toL,; and L. The result is as expected
since the core gives almost perfect ux coupling between prary and secondary windings. The
code values for an air-core transformer afe;; = 1:7669 10 ° H, L,, =3:2391 10 ® H and
M, = 1:8304 10 ° H. If we put a voltage V, on the secondary, the predicted open-circuit
voltage on the primary is given byV;=V, = M1,=L,, = 0:565. This value is consistent with the
ratio of the cross-section areas of the primary and seconglamils, =4 = 0:563. The following
scaling relationships may be used to nd inductances for thactual number of primary and
second windings:

Lis ! (N3=72) Ly (67)
Loyo! (Nz:72)2 L 2o; (68)
M 12 | (N1:72)(N 2:72)M 12: (69)
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15 Magnum le formats

Magnum creates output les in binary or text format. The mode is contolled by the Format
command (Sect5.1).

The default binary mode should be used for most applicationst gives the minimum le
size and preserves the full accuracy of the double precisiommbers used inMagnum .

Use the text mode to port information to your own programs or ifyou want to inspect
results with an editor.

As in MetaMesh , nodes are referenced with the indices,] ,K] wherel (the index along
the x axis) extends from O tol pax, J (y axis) from 0 to Jnax, and K (z axis) from 0 to K pax .
The number of elements is approximately equal to the numberf modes. A single element
(in the direction of positive x, y and z) is associated with each node for storage. Nodes and
elements have integer region numbers to associate them wétructures in the solution space.

The format of the Magnum binary output le is simple and compact. The FORTRAN
code extract shown in Table20 comprises the entire output algorithm. The header contains
the following elements:

The 6-character stringBINARY .
The number of regions in the solution spacéy Reg (4-byte integer).

A total of NReg 20-character strings giving the names of regions obtainetbim the
MetaMesh input le.

A total of NReg single-character strings, eithed or E. The character| designates a
standard material region that should be included in a MagViewnalysis andE indicates
a xed-potential that should be excluded.

The mesh size parameterbnax, Jmax and Kax (4-byte integers).

The quantity DUnit, the unit conversion factor associated with the solution @uble
precision, 8-byte real).

The next step is to record information for each node. The quéties RegNo(the region number

of the node) andRegUp(the region number of the adjacent element in the directionfancreasing

I, J andK) are 4-byte integers. The coordinateX ,Y andZ (in meters) are 8-byte real numbers
as are the following stored quantities:

The reduced potential at the node in units of A.
The components of the applied magnetic eldH.; Hax; Hax at the node in A/m.

The dual potential at the node in units of A.
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Table 20: Code to create thevlagnum binary output le

I File type
Character6 = 'BINARY'
WRITE (OutField) Character6
I NReg
WRITE (OutField) NRegMax
I Region names
DO N=1,NRegMax
WRITE (OutField) Reg(N).RName
END DO
I Region status
DO N=1,NRegMax
IF (Reg(N).Fixed) THEN
Characterl = 'E'
ELSE
Characterl = I
ENDIF
WRITE (OutField) Characterl
END DO
I Mesh size
WRITE (OutField) IMax,JMax,KMax
I DUnit
WRITE (OutField) DUnit
! Node quantities
DO K=0,KMax
DO J=0,JMax
DO I=0,IMax
MC = M(l,J,K)
WRITE (OutField) &
C(MC).RegNo,C(MC).RegUp,C(MC).x,C(MC).y,C(MC).z, &
C(MC).Phi,C(MC).H.x,C(MC).H.y,C(MC).H.z,C(MC).Psi, &
C(MC).MuUp
END DO
END DO
END DO
ENDIF
I Region quantities
DO N=1,NRegMax
WRITE (OutField) Reg(N).Type,Reg(N).HcVect.x, &
Reg(N).HcVect.y,Reg(N).HcVect.z
END DO
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The relative magnetic permeability , associated with the upper element.

Table 21 shows the header and initial node data lines from an output d in text format
(note that the node data lines have been broken for readaltyl). Five region names are shown
in the example. The names are strings up to 20 characters imtgh with no spaces. Each name
is followed by the characterl (included) or E (excluded). The order of nodes is the same as
that of Table tab:outputcode. Real numbers are recorded irofmat (1P,E14.6) .

Files created in response to th®agView Matrix le are in text format and have a structure
similar to that of Table 21. The les are useful to transfer information to your own analsis
programs and they are compatible wittOmniTrak and FEVision . There are two di erences
from the GOUle in text format. First, calculations are performed over aregular mesh at
locations

X(1)= Xmin + 1 X (70)
Y(J)= Ymn +J Y, (71)
Z(K)=Zmin + K z: (72)
where
X=(Xmax  Xmin)=Imax; (73)
y= ( Ymax  Ymin ):Jmax ; (74)
Z=(Zmax  Zmin)=Kmax: (75)

Second, the set of calculated quantities depends on the dawiin the the Recorded quanti-
ties command. The set isBy;By;B;] for the Field componentsoption, where the magnetic
ux density is in tesla. The quantities included under theFull set option depend on the
MagView con guration le. The following quantities are included when operating under
magviewstandard.cfg : By;By;B;;jBj;Hx;Hy; H,:jHj;  and  =1= . The units are tesla
for magnetic ux density and A/m for magnetic eld.
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Table 21: Header and data extract showing the form of th®lagnum GOUe under the Text

option and the MagView matrix le

TEXT
NReg: 5
AIR |

BOTTOMMAGNET |
MIDDLEMAGNET |

TOPMAGNET |
SYMBOUND E
IMax: 78
JMax: 78
KMax: 60
DUnit:

RegNo RegUp

1.000000E+02

X

Y

z

Phi

g orooa
PR RRPRRR

Hx

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

1.250000E-03
2.500000E-03
3.750000E-03
5.000000E-03
6.250000E-03

Hy

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

Hz

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

Psi

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

Mu

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

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

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
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1@0000E+00
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walkthrough example,5
Magnum command
Boundary, 70
Magnum commands
Avg, 66
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BUni, 53
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Close coll le, 78
Coil le information, 78
DualPot, 52
DUnit, 9, 51
Edit le, 75
Edit listing le, 75
Edit script, 75
Format, 51
InitvVal, 53 67
Interp, 65
Load coil le, 78
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Manual, 76

MaxCycle, 9, 52

Mesh, 51

Mu, 54, 64

Mu table tool, 74

NCheck, 53

Omega,9, 52

Pause run,76

PerMag, 54

Potential, 54

ResTarget,9, 52

Setup, 75

SolType, 9, 50

Source,9, 51

Start run, 76

Stop run, 76

Superposition,58
MagView

analysis script, 79, 80

analysis script example 13

batch le control, 92

con guration le, 111

data le, 80, 87, 88

force calculations,120

interpolation methods, 16, 22, 87, 91

line scans,87

making plot les, 85

matrix le, 90

numerical analysis,13, 87, 99

plane plot type, 82

Plot le, 42

printing plots, 85

script control, 91

slice plot type, 95

surface plot controls,105

surface plot type, 105
MagView command

Save re ected solution,79
MagView commands

Close data le, 80

Copy to clipboard, 85

Create script, 79

Default printer, 85

Derivative, 102

Displayed regions 107

Edit data le, 80
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Edit le, 82

Edit script, 80

Expand view, 96

Global view, 96

Grid intervals, 98, 101
Instruction manual, 82
Integral, 102

Jump, 96

Line scan,87, 99

Load named view,36

Load solution le, 78
LSQ/LIN interpolation, 91
Magnaprobe,102

Matrix le, 90

Number of contour lines,98
Open data les, 80
Orthogonal/perspective, 106
Pan, 96

Plot le, 85

plot limit, 97

Plot limits, 84

Plot quantity, 84, 97

Plot style, 83

Point calculation, 87, 99
Record vector line,109
Recorded quantities 91
Remove vectors104

Reset to default,98
Restore default view,106
Rotate plot, 85

Run script, 79

Save named view85

Scan quantity, 90, 99

Set number of scan points91, 99
Set plane,82

Set slice plane properties96
Set slice plot style,97

Set view dialog,106

Slice normal,96

Snap distance 99

Solution le information, 78
Step, 96

Surface plot style,106
Symbol display,100

Toggle grid, 98, 100

Toggle snap mode98



Values to clipboard,101
Vector arrow plot, 104
Vector lines at point, 102
Vector lines point le, 109
Vector quantity, 104, 110

Vertical limits, 100
Zoom in, 96
Zoom window, 96
MagView le command
Create script, 91
Edit script, 91
Run script, 91
MagView script command
Con guration, 92
GenScan,93
Input, 92
Interpolation, 94
Matrix, 94
NScan,94
Output, 92
Plot, 94
Point, 93
Record, 94
Scan,93
Surfacelnt, 93
Volumelnt, 93
MagWinder
adding parts, 31
assembly,29
assembly display41l
begin assembly30
coil, 29
coil le structure, 44
editing parts, 39
element, 29
functions, 28
model parameters48
output les, 28
part, 29
part models, 34
part orientation, 32, 46
part position, 32
script example, 8
volumetric parts, 36
MagWinder commands
Add part, 31
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Arc, 34

arrow display, 42
Bar, 37

Circle, 34

Close mesh le,43
Coil parameters,39
Coordinates, 42
Copy part, 39
Current, 46

Cut part, 40

Delete parts, 39
Displayed coils,41
Ds, 44

DUnit, 44

Edit coil le, 43
Edit part, 32
ElbowC, 38
ElbowR, 37

Ellipse, 34

Endpoint display, 42
Fab, 47

Grid controls, 41
Helix, 35

Initialize display, 42
Line, 34

List, 47

Load coil le, 43
Load mesh le, 43
Mesh region clipping,43
Mesh region display43
Name, 46

New coll, 31

New coil assembly30
Paste part, 40
Polynoid, 38
Rectangle,34

Rod, 38

Rotate, 46, 47

Save element le,43
Set current coil, 32
Shift, 46, 47
Solenoid,37

Toggle 2D/3D, 41
Toggle orthographic,42
Torus, 35

TorusR, 36



Type, 47

View element le, 43
manual plot limits, 98
material

ferromagnetic,18

perfect conductor,19
MetaMesh

index conventions,131
Mu table tool, 74
multiple processors,76

names of quantities, rules117, 118
nonlinear solutions,61
procedure,65, 70

oscilloscope model01

permanent magnet
properties, 55

permanent magnetsp4

permeability table, 62, 64

plot both coils and iron, 43, 95

Plot les, exporting, 42

Plot views, saving,85

plotting coils, 95

guadrupole magnet5
guantities
order, 117
vector, 117

reduced potential,14, 15
relative magnetic permeability,61
restarting a run, 66
reverse Polish notation, 111
rpn
binary operators,113
parsing rules,113

script control, 91

set contour line values98

surface integral,118

symmetry boundary, 79

symmetry conditions, 22, 54
drive currents, 6

text le format, 131
transformer, 129

uniform applied eld, 53

vector potential, 14
Vector probe, 102
vector tools, 102
volume integral, 118
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