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m Chapter 1: Introduction

m 1-1 About Magnetica

The release that comes with this book is the first public release of Magnetica, a high precision magnetostatics software.
This software is a response to the need for high precision field calculation in MRI design. It was at first devel oped by
Professor Lucien Donadieu for his personal use.

Magnetica was developed under the scientific system Mathematica which is a powerful ,fully integrated environment for
technical computing. It offers the user access to a vast collection of algorithms as well as to a programming language.

Magnetica is designed so that only a very limited knowledge of Mathematica is required. A large variety of examples
(more than a hundred) is integrated into Magnetica, thus reducing learning time. By using alimited set of commands,
the user can create and display magnetic systems, compute fields, draw field maps and compute even more complex
functions.

Combining Magnetica and Mathematica allows the user to solve advanced magnetostatics problems.

This release is fully functional for 2D cylindrical axis symmetric systems for all kinds of configurations even with
ferromagnetic materials, including field, gradient, flux and inductance calculations.

m 1-2 Physicsand Mathematicsin Magnetica

Magnetica is based on classical Physics originating from the standard Maxwell Equations restricted to time-independent
phenomena.

It is assumed, without restriction, that the magnetic field is amperian i.e. that any magnetic field, whatever its origin, is
aways produced with an electric current. This hypothesis is very easy to understand for a current carrying generator
such as a straight line (Ampere law), or a circular current loop. For magnetic materialss, this hypothesis implies surface
current. It can be shown, again from the same Maxwell Equations, that the intensity of magnetization and surface
currents are two related ways of expressing the capability of matter to generate magnetic field. This unified amperian
approach has many advantages for both grasping the physics of magnetism and magnetostatics, as well as for carrying
out all related calculations.

For a magnetic system made of many different sources, the total field is simply the vector sum of all the elementary
contributions (law of composition). No other physical hypothesisisimplied in Magnetica.

The physical properties of the materials involved are accepted as such without discussion. For instance, the laws of
magnetization of ferromagnetic materials are treated as phenomenological physical laws and used in Magnetica as
mathematical functions that simulate perfectly the experimental curves. This modeling is a proprietary method of
MAGNETICASOFT. The rest is just the application of mathematical methodology to solve, in the best possible ways
with regard to both accuracy and calculation time, the fundamental Maxwell eguations combined, for magnetic
materials, with the relevant laws of magnetization.
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m 1-3 General Features

Magnetica is a high-precision(generally10'?) calculationengine,not only for magneticfields but alsofor various
relatedfunctionsincluding field gradientsmagneticpotential,fluxes, inductancesmagneticenergies(forcesand
torqueswill beimplementedn afutureversion).Resultscanbe shownasnumericalvalues tablesandgraphics.Taking
advantagef Mathematica, offersthe possibilityof parametrizinglataandeasypost-processing.

Magnetica has?2 different basicmodesof calculationfor the magneticfield. They are basedon the derivationfrom
eitherthe vectorpotentialor the scalarpotentialprocessedising sphericalharmonicsFor practicalreasonsanother
operatingmodeis implementedthe automaticmode). The automaticmode choosesimply the mostefficient basic
modein termsof speedandaccuracy!lt is the defaultmodeof calculationbutit canbe overriddereitherselectivelyor
generallyfor anyof thebasicmodes.

Magnetica definesa magneticsystemas a setof any number(at least1) of primary magneticgeneratorgcalled
magneticcomponents)In theinitial version1.00,only cylindrical axis symmetriccomponentareadmitted.They are
madeof currentcarryingwindings(cylindrical loop or solenoid)or cylinders,rings or barsof magneticmaterialsseton
the sameaxis. All typesof magneticmaterialsare admittedincluding paramagneticgiamagneticandferromagnetic,
both softandhard(permanentagnet).

Magnetica is concernedorimarily with steadystatephenomenonHowever,beyondthesestraightforwardsituations,
Magnetica canalsobe usedfor specialcasedor the analysisanddesignof apparatuseanddevicesinvolving transient
or periodicphenomenaThis occurswhenthe relevantdimensionsof the magneticsystemare suchthat the magnetic
couplingis muchmoreimportantthanthe electromagneticoupling (which implieswavelength)If the dimensionsare
much lessthanthe relevantwavelength then the magneticcouplingis dominantand time-independentSecondary
phenomenorrelatedto the propertiesof the materials(eddy currents,skin effects) may interfere with the
time-independentalculations resultingin incorrectevaluationsBut the appropriatechoiceof materials,to a large
extent, allows avoiding thesedeleterioussecondaryeffects.It is consideredhat the high frequencyvalue of the
inductances within 5 %, of the DC value(Terman,RadioEngineeringHandbook).

Moreover,the combinedusesof the specific methodfor magneticsystemswith ferromagnetigartshasled to the
definition of a new conceptof inductancenamelyferro-inductanceThe applicationof this conceptto the analysisof
behavioror designof magneticallycoupleddevices(inductoror transformer)givesvery valuabledataon their behavior
underall load conditions.

m 1-4 Magnetica Practice and Help

Magnetica, like the parentsoftware Mathematica, is organizedn work sessionsThefirst thing to do to starta new
work sessions to

1. LaunchMathematica,
2. LoadMagnetica with theinitial command:
Get [" Magnetica™ "]
or
<< Magnetica
Don't forgetthe charactebackquote,seeappendixB.4: PracticalUsageandMiscellaneougor commonHelp andtips.

You normally interactwith Magnetica throughcomputerobjectscalled notebooksNotebookscanhavemanyforms,
but typically they consistof cellsthat cancontaininput, text, calculationsor graphics.After working in a Notebook,
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you can give it aname and save it as afile with the extension ".nb". Y ou can also reopen it and reuse it later. Y ou can
have several notebooks within a session.

It should be noted that Magnetica can be used without enterring into the intricacies of Mathematica programming. You
have just to know a few elementary rules that are explained in Appendix B.4. However all the capabilities of
Mathematica are available at any time within a session.

Then in the next step, you must define a magnetic system. Thisis the basic computer object of Magnetica and you can
giveit aname and then work with it. Y ou can have several magnetic systems within a single notebook.

Magnetics, magnetic physics and magnetic fields involve complex phenomena. Even Magnetostatics which is restricted
to time-independent situations, leads to intricate mathematical relations, particularly with ferromagnetic materials.
Magnetica offers a large number of functions that are able to deal with very complicated magnetic systems involving
dozens of components. In order to facilitate the understanding of the science of Magnetostatics, you can use the
Magnetica User Book as a guide to approach through its 13 chapters, increasingly more complex situations. In addition,
a Reference Guide or immediate Help (using ? followed by the name of the function) provides direct information on any
Magnetica function.

And finaly, a set of magnetic system cases shows a wide variety of examples where you can find topics such as. 1)
learning and training on basic magnetics, 2) many typical applications related to magnet and coil analysis and design,
magnetic shielding, electromagnetic compatibility and inductance applications, including inductors and transformers
and 3) magnetic materials (see Appendix Al).

All subjects of these various help tools are directly available at any time during a session through the Help Browser at
the section Add-ons > Magnetica.
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m Chapter 2: The Basic Circular Current Loop

m 2-1 Introduction

The single circular current loop is the simplest cylindrical magnetic field generator for axis symmetric systems. All
calculations of more elaborate cylindrical magnetic components are derived from the basic circular loop shown in the
following figure:

AXSCircularLoop

m 2-2 Entering Data

m 2-2-1 First example

For example, let us assume a single turn of a 1 millimeter diameter copper wire wound on a circular path of 10
centimetersin diameter and fed by a steady current of 1 ampere. These data can be entered in various ways, such as:

= copying from previous data,

= taking one Magnetica example case (see appendix A.1),
= using palettes (see Appendix B.3),

= or typing directly the data as follows:

| oop = AXSMagnet i cSyst em[
{AXSGi r cul ar Loop[Copper OFHC, 100,
1, 0, 1, 1, ConductorDi ameter -1, Tenperature » 27]1}];

= Thefirst term on the left hand side is the call name of the magnetic system. The name and its spelling
aretotally free, but it is recommended to use only low case letters to avoid possible interference or
conflict with Magnetica or Mathematica reserved names.

= The right-hand side is the Magnetica expression which is constructed as follows:
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m 2-2-2 Definition of the Cylindrical System

Thefirst term, AXSMagnet i cSyst em definesthe type of magneticsystemused,i.e., a 2D AXiSymmetric system,
(the othertype of magneticsystemis the 3D CartesiarBystem) A magneticsystemis madeof atleastonemagneticaxis
symmetriccomponent.

» Theargumentdor anyfunctionarealwaysgivenbetweersquaredracketd...], notbetween
parentheses.

= Thefirst argumenbf the AXSMagnet i cSyst emfunctionis alist of componentgjivenbetween
curly braceq...} (seebelow).

= Thefollowing argumentsareoptional.

m 2-2-3 Definition of the Cylindrical Loop Component

Componenteservedgsymbolicname: AXSCi r cul ar Loop

The argumentdor this componentare, as always,given betweensquarebrackets Hereis the descriptionof each
argumenbf theexample:

N.B. theexampleusegshe defaultunits (seeappendixB.2)
=_Thematerialname:Copper OFHC thisis areservedviagnetica name It definesa setof physical

propertieghatwill beusedfor the calculation.(seethe MagneticaMaterialpaletteandthe
AppendixB.1 aboutMaterials)

»_Theloop middlediameter100(millimeters)his is the distancerom the axisto the centerof the
winding. Thedimensiongyivenarethe nominaldimensionsthatis, atthereferencdaemperature
(20° Celsiusor 68°Fahrenheit)

=_Thewinding diameter:1millimeter:this is the diameterof the loop winding section(nominal
dimensionat 20° Celsiusor 68*Fahrenheit)

=_Theloop position:0 millimeterthis is the positionof the centerof theloop on the symmetricakxis.
The coordinatepositionis assumedo betemperature-independent.

=_Thenumberof turns:1 (dimensionlesshhe numberof turnsof thewindingis a signedvalue
accordingto the standardright handrule" orientation.

=_Thecurrentintensity:1 Amperethe currentperconductor.This numberis a signedvalueaccording
to thedirectionof the current(+,-).

=_Thewire diameter:l millimeter thatis anoptionalitem of informationamongotherpossibilities It is
specifiedby typingConduct or Di anet er - >1.

= Thetemperature27° Celsiusthisis alsoanoptionalargumentijt is necessaryo indicateit only if it
is differentfrom thereferencaemperatur@0°. Theactualtemperaturevill beusedin the
calculationto evaluatehe exactdimensionsandothertemperature-dependeptopertieslt is
specifiedby typing Tenper at ur e- >27.

Thesedatacanalsobe enteredusingpalettegseeAppendixB.3). This approachis very instructiveandis recommende(
for newMagnetica users.
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m 2-2-4 Another example: the Helmholtz coil pair

The Helmholtz pair of circular coilsis a couple of identical coils set symmetrically with respect to the central radial
plane and with a special gap length between the cails.

The next exampleisfor 2 coils made of 10 turns of the same copper wire mentioned above and loaded with a4 amperes
current. It is obtained by typing:

hel mhol t zI oop = AXSMagnet i cSyst em[ {
AXSGi r cul ar Loop[Copper OFHC, 100, 10, -25, 10, 4, ConductorD anmeter » 17,
AXSCi r cul ar Loop[Copper OFHC, 100, 10, 25, 10, 4, ConductorDi anmeter -» 1]}1;

m 2-3 Immediate Help

On line direct information, including options, on any Magnetica function can be obtained selectively and at any time
during a session by typing Question mark (?) followed by the name of the function.

?AXSMagnet i cSyst em

AXSMagneticSystem [{compl, comp2, ... }, options ] defines
a new axis symmetric system made with the specified components .

Options : SystemLabel , MeshingLevel
LegendrePointPosition , LegendreRadius , LegendreOrder Details...

? AXSCi r cul ar Loop

AXSCircularLoop  [material , nominalMidDiameter
windingNominalDiameter , position , numberOfTurns , intensity , options ]

builds a Magnetica object that represents a current -—carrying
winding , of circular cross section , in 2D cylindrical axis symmetric space

Options : FillingFactor , ConductorDiameter , Temperature , FilamentMode Details...

? Conduct or Di anet er

ConductorDiameter considers that the solenoid or the loop given is made of a conductor with
circular section and sets the conductor diameter to the specified value Details...

m 2-4 Data Validation

Warning: Data are validated (as they aways are in Mathematica) by typing Shift-Return and not only Return. Typing
semi colon (;) at the end of the expression hides the results of the function called.

Once input data are entered, the validation command triggers the processing of the data. If data can be processed a
simple generic message is displayed as shown next:

| oop = AXSMagnet i cSyst em[
{AXSGi r cul ar Loop[Copper OFHC, 100,
1, 0, 1, 1, ConductorDi aneter » 1, Tenperature -» 27]1}]

- AXSMagneticSystem : {-loop -} -

Then, all further calculations and drawings can be made using the system name, here the symbol "loop

In the case of abnormal data, an error message is displayed, such as:
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wr ongl oop = AXSMagnet i cSyst em[
{AXSCi r cul ar Loop[Copper, 100, 1, 0, 1, 1, ConductorDi anmeter - 1]}]

AXSCi r cul ar Loop:
Argurment 1 (Copper )
must be a current-carrying material (resistive or superconductor)

Details...

$Aborted

m 2-5 System Drawing

m 2-5-1 Drawingthe Single Cail

A first visual control of the magnetic components can be obtained with a 3D or 2D drawing (to scale) of the system.
= 3D View
Dr awSyst em[| oop]

System name: | oop

3D view ZYX

- Graphics3D -

= 2D drawing in the XY plane and in the ZX plane
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Dr awSyst em2DXY[l oop]

Syst em nane: | oop

2D view XY

-40 -20 0 20 40

- Graphics -

Dr awSyst em2DZX[| oop]

System nane: | oop

2D vi ew ZX
40
20
E o
X 20
-40

-40 -20 0 20 40
Z (mm)

- Graphics -

m 2-5-2 Drawing the Helmholtz Coail Pair

3D View and 2D View

Dr awSyst em[hel mhol t z| oop];
Dr awSyst en2D[hel mhol t zI oop];
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System nane: hel mhol t zI| oop

3D view ZYX

Syst em nane: hel mhol t zI oop

2D view ZR

60 d h

40

AZO
E o

x -20

40

o | O | @

-60-40-20 0 20 40 60
Z (mm)

m 2-6 Field Calculation

The Magnetic Field can be calculated at any point in space: the target point.

The coordinates of the target point are given as a list of two numbers {r,z}, the first representing the r-coordinate
(distance from the axis), and the second representing the z-coordinate (distance between the origin and the projection of
the point on the axis).

The output is given as alist {Br,Bz}, representing respectively the field vector in the radial direction, and the field
vector in the axial direction.

The default units are Milli Meter for length units and Gauss (0.0001 Teslas) for magnetic field. But any other units can
be used (See Appendix B.2 on units)

Standard output precision is 6/7 digits but greater output precision can be obtained using the Mathematica command
Nunber For m
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Standard internal number precision is to 16 digits. However, through Mathematica functionalities, greater internal
precision can be obtained.

1. Magnetic field of the single loop at the target field point 30 mm radial and 10 mm axial, standard
output
Fi el dPoi nt [l oop, {30, 10}]

{0. 0404502, 0.147779}

2. Nunber For mis a Mathematica function that allows displaying greater or smaller number of digits.

Fi el dPoi nt output can be given as an argument to this function to obtain, for instance, an output
to 10 decimal places.

Nunmber For m[Fi el dPoi nt [| oop, {30, 10}]1, 10]

{0. 04045022074, 0. 1477785966}

3. Itis possible to have a more detailed and formatted output for Fi el dPoi nt (and for many

Magnetica functions) by prefixing the function name with the word Verbose. However, this output
cannot be used as an argument for other calculation functions.

Hereis an example for the Magnetic field of the Helmholtz loops pair at the target point 30 mm radial and 10 mm axial
Ver boseFi el dPoi nt [hel mhol t zI oop, {30, 10}]

Syst em nanme: hel mhol t zIl oop

The magnetic field (in Gauss) at the point {30, 10} (in MIIi Meter)
Cal cul ati on node: Automatic Mde

Br -0. 625297 G

Bz 7.232273 G

Bm 7.259254 G

4. Other magnetic field functions can be obtained the same way using the proper function name (see
chapter 4 for more details). For instance, the magnetic flux in a circular area defined by itsradius
and its axial coordinate is obtained as follows (the default unit is Micro Weber).

= Magnetic flux of the single loop through a circle with aradius of 30 mm centered on the axis, and
set at z =10 mm axial, standard output

Fl uxArea[l oop, {30, 10}]

(0. 0374576}

= Magnetic flux of the Helmholtz loops pair through a circle with aradius of 30 mm at the axial
coordinate 10 mm axial, standard output

FI uxAr ea[hel mhol t zI oop, {30, 10}]

(2.05361)
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m 2-7 Field Map Graphics

m 2-7-1 Introduction

Magnetica offers many possibilities of showing 2D and 3D graphics for the field map and related functions. (See
chapter 4 for more details).

m 2-7-2 Field Map of the single loop

= Field map of the single loop on aline parallel to the axis for the magnetic field axial and radial
components Bz and Br .

Fi el dvap[l oop, {Bz, Br}, Line[{30, -50}, {30, 50}1];

System nane: | oop

Bz (G) (Continuous, Automatic Mde)
bet ween {30., -50.} and {30., 50.}

0.18
0.16 //\

. 0.14 / \\
0 0.12
0.1

N
& 0. 08
0.06 7/ AN
0. 04 (.~ N
~40 -20 0 20 40

Z (nm)

System nane: | oop

Br (G) (Continuous, Automatic Mode)
bet ween {30., -50.} and {30., 50.}

0.04 /7N
. 0.02 / \\
o
= 0
@ _0.02 I~

-0. 04 \\_//

-40 -20 0 20 40
Z (mm)

= 3D field map for the single loop on a cylindrical shell with a 30 mm radius and 100 mm length for
the Bz field component, using standard graphics parameter definition (15 x 15 points).
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Fi el dMap[l oop, {Bz}, Pl ane[{-30, -50}, {30, 50}11;

System nane: | oop

Bz (G) (Continuous, Automatic Mde)
bet ween {-30., -50.} and {30., 50.}

= 3D vector field map for the single coil of the magnetic field vector B on a plane through the axis
with a 200 mm diameter and 180 mm length using standard graphics parameter definition (15 x 15
points).
Vect or Fi el dMap[l oop, Pl ane[{-100, O, -90}, {100, 0, 90}]1
System nane: | oop
vector field (Discrete, Automatic

Mode)
bet ween {-100., 0., -90.} and {100., 0., 90.}

100 vV T s

50 |

50 ¢}

“100 b, 4 4 a v o~ = A 2T T Ty
-75 -50 -25 O 25 50 75
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m 2-7-3 Field Map of the Helmholtz Coil Pair

= 2D field mapfor theHelmholtzcoil paironaline parallelto theaxisfor theBz andBr field

components.

Fi el dMap[hel nhol t zIl oop, {Bz, Br}, Line[{30, -100}, {30, 100}]]

Syst em nane: hel mhol t zI oop

Bz (G)
bet ween {30.,

(Cont i nuous,
-100. } and {30.,

Aut omat i ¢ Mode)
100. }

Pa
/ \

/

~
[\,

\

/

\

/

AN

e

N

-100

-50

50

100

Z (mm)

Syst em nane: hel mhol t zI oop

Br (G) (Continuous, Automatic Mbdde)
bet ween {30., -100.} and {30., 100.}

2 [
& / N~
~ 0
s, ~_ |

S /

-100 -50 0 50 100

Z (mm)
{- Graphics -, -G aphics -}
= 3D contourfield mapfor the Helmholtzcoil pairona 60 mmlong x 60 mmwide planepassing

throughthe axis,of theBz andBr field componentsisingthe graphicparameter
Nunber O Poi nt s to obtain 25x 25 points(greaterthanthe standard).
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Cont our Fi el dvap[hel mhol t zI oop, {Bz},
Pl ane[{-30, -30}, {30, 30}], Nunber O Poi nts -» 25];

System nane: hel nmhol t zl oop

Bz (G) (Continuous, Autonatic Mde)
bet ween {-30., -30.} and {30., 30.}

30

20

10

-20

-30
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m Chapter 3: Solenoids and Large Magnetic Sources

m 3-1 Introduction

The solenoidis the mostwidely usedcurrent-carryingnagneticfield generatorBy definition, theterm Solenoidmeans
a componenbf circularshapewith awinding of rectangulacrosssection.The crosssectioncanhaveany shapeanging
from a very thin cylindrical winding (currentsheet) througha very thick or very long shapeto a quasidisk winding.
Moreover,in this chapter,t is assumedhatthe systemis axis symmetric,i.e., thatall the solenoidsareseton thesame
axis.

The largeMagneticSourcecomponents a designfacility thatimplies a magneticfield madeby anexternalgenerator
whosedimensionsarevery large,quasiinfinite, with respecto the dimensionf the othercomponent®f the system.
An exampleis the Earth'smagneticfield usedin conjunctionwith a deviceor componentvhosedimensionsare of the
orderof afew metersor less.

The 2 following drawingsillustratethesecases.

{AXSSolenoid}
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{AXSLargeMagneticSource}

m 3-2 Immediate Help

m 3-2-1 TheMagnetic System

The basicfunction for a magneticsystemcanbe complementedvith variousoptions.The option SystemLabels an
option that allows addingtext to the componentist asseenbelow. The labeltext is displayedwith mostof the user's
functions.

? AXSMagnet i cSystem

AXSMagneticSystem [{compl, comp2, ... }, options ] defines
a new axis symmetric system made with the specified components .

Options : SystemLabel , MeshingLevel
LegendrePointPosition , LegendreRadius , LegendreOrder Details...

? Syst enlLabel

SystemLabel is an option for AXSMagneticSystem that
specifies  the label to be associated with the system Details...

m 3-2-2 Standard Solenoid Component

AXSSol enoi d standsfor constantcurrentdensitywinding. Thereare severalwaysto finalize the specific data
necessaryor calculation.Thechoiceis madewith thefollowing specificoptions:

1. usingtheglobalwindingfilling factor:FillingFactor option
2. winding madeof roundwire: Conductor Diameter option
3. winding madeof rectangulasectionconductorConductor HeightWidth option

4. winding madeof superconductingvire: no optionis necessargincethe propertiesof this type of
materialincludethewire diameter.Thisis thereforethedefault case.

Theseoptionscovera large spectrumof windingsrangingfrom resistive,with all typesof materialsand conductor
shapesanddimensionsto mostcommerciallyavailablesuperconductingnaterials.
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? AXSSol enoi d

AXSSolenoid [material , nominallnnDiameter , nominalOutDiameter
nominalLength , position , numberOfTurns , intensity , options ]

builds a Magnetica object that represents a current -carrying winding , constant

current  density  cylindrical solenoid , in 2D cylindrical axis symmetric space .

Options : FillingFactor , ConductorDiameter , ConductorHeightWidth , Temperature

?FillingFactor
? Conduct or Di anet er
? Conduct or Hei ght W dt h

FillingFactor sets the filling factor , and considers
that the solenoid or the loop is of the general type Details...

ConductorDiameter considers that the solenoid or the loop given is made of a conductor
circular section and sets the conductor diameter to the specified value Details...

ConductorHeightWidth ->{height , width }: considers that the solenoid given is made of a
conductor  with rectangular section and with dimensions height and width Details...

m 3-2-3 Bitter Solenoid Component

Thistype of solenoid is made of resistive disks. The current density varies with the radius (variation in 1/r)

? AXSBi t t er Sol enoi d

AXSBitterSolenoid [material , nominallnnDiameter  , nominalOutDiameter
nominalLength , position , numberOfTurns , intensity  , diskWidth , option ]

builds a Magnetica object which represents a current -carrying winding , 1/r

current  density  cylindrical solenoid , in 2D cylindrical axis symmetric space

Option : Temperature Details...

m 3-3 Generic Solenoid, Winding Filling Factor Given

m 3-3-1 Introduction

with

The generic solenoid represents a general way of defining a solenoid without entering the specific composition of the

winding but only thefilling factor.

m 3-3-2 Entering and Drawing the Data

This can be done either by entering the data through palettes (see appendix B.3) or typing the data as shown below. The

capability of Magnetica of adding a system label will be used to give pertinent information.

The following case is athick solenoid made as follows:

inner diameter: 600 mm,

outer diameter: 1200 mm,

length: 300 mm,
number of turns: 500

winding of multiple layers of electrical quality auminium, Magnetica reference AlumElec.
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= position on the z-axis: 0 mm,
= average filling factor of the winding: 60%.
= The solenoid carries a DC current of 160 amperes (per conductor).

sol enoi d1 = AXSMagnet i cSyst en
{AXSSol enoi d[Al unEl ec, 600, 1200, 300, 0, 500, 160, FillingFactor - 0.6]},
Syst enlLabel -» "generic sol enoi d"]

- AXSMagneti cSystem: {-sol enoid-} -
Drawing asa 3D view
Dr awSyst em[sol enoi d17;

System nane: sol enoi d1
generic sol enoid
3D vi ew ZYX
X (meP0
0
-50

The samein 2D view

Dr awSyst en2D[sol enoi d1]

Syst em nane: sol enoi d1
generic sol enoid
2D vi ew ZR

600

400

200

-400

-600

-600-400-200 0 200 400 600
Z (mm)

- Graphics -
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m 3-3-3 Field Calculation

The magnetic field is calculated at a target point of coordinates r=100 mm and z=50 mm. using the Magnetica Field-
Point function. Thisis the standard function to calculate a magnetic field.

The units are the default units Milli Meter and Gauss (see appendix B.2).
The 2 values for the field correspond to the radial and the axial field vector coordinates: Br and Bz.
Fi el dPoi nt [sol enoi d1, {100, 50}]
(38.5438, 1108. 12}
= The above output accuracy is the standard screen output Magnetica accuracy: 6 digits (internal
accuracy is still 16 digits).

= Theoutput (i.e. Br, Bz values with the internal accuracy) can be used as argument input for any other
Magnetica or Mathematica function.

= For instance, the screen output accuracy can be set to another number of digits using the
Number Form function in front of the FieldPoint function asillustrated bel ow.

Number For m[Fi el dPoi nt [sol enoi d1, {100, 50}], 9]

{38.5438499, 1108. 11815}

The next two chapters, 4 and 5, will provide more complete treatment of field and related function calculations.

The function VerboseFieldPoint (see appendix B.4) prints detailed and formatted data for field calculation but it
cannot be used as input argument for further calculation.

Ver boseFi el dPoi nt [sol enoi d1, {100, 50}]

Syst em nane: sol enoi d1

The magnetic field (in Gauss) at the point {100, 50} (in MIIi Meter)
Cal cul ati on node: Automatic Mde

Br 38.543850 G

Bz 1108. 118151 G

Bm 1108. 788287 G

m 3-4 Round wirewinding, thin solenoid

m 3-4-1 Introduction

Round copper wire of high electrical conductivity is the most common material used to construct a solenoid. The wire
diameter is given as an option.

m 3-4-2 Entering and Drawing the Data

The example is a specific case of athin solenoid made as follows:

= winding on amarble cylinder of asingle layer of copper wire, Magnetica reference Copper OFHC
= wirediameter: 0.634 mm

= inner diameter: 541.09 mm
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length:305.51mm.

numberof turns:440

positiononthez-axis:0 mm,

Thesolenoidcarriesa DC currentof 200Milli Amperes.

This solenoidhasbeenusedasa standardf inductanceaswe will seein chapterl0.

case 1. solenoidstandingalone

solenoid2 = AXSMagneticSystem [
{AXSSolenoid [CopperOFHC, 541.09 ,
542.358 , 305.51 , 0, 440, 0.2, ConductorDiameter - 0.634 1},
SystemLabel -> "solenoid single layer (self inductance standard )"]

- AXSMagneticSystem: {-sol enoid-} -

case 2: solenoidwhoseaxisis orientedin the samedirectionasthe Earth'smagnetidfield

solenoid2earth = AXSMagneticSystem [
{AXSSolenoid [CopperOFHC, 541.09 ,
542.358 , 305.51 , 0, 440, 0.05, ConductorDiameter - 0.634 1,
AXSLargeMagneticSource  [0.459 ]},
SystemLabel -» "solenoid single layer and Earth 's magnetic field "]

- AXSMagneti cSystem: {-sol enoid-, -I. source-} -
3D drawingcasel

DrawSystem3D [solenoid2 1];

Syst em nane: solenoid2

sol enoid single |ayer (self inductance
st andard)

3D vi ew ZYX

2D drawingcasel
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Dr awSyst em2D[sol enoi d2];

Syst em nane: sol enoi d2
sol enoi d single layer (self inductance

st andard)

2D view ZR

300

200

100

E

@ -100

-200

0
-300-200-100 O 100 200 300
Z (mm)

m 3-4-3 Field Calculation

1. Field calculation case 1. The target point coordinates (100 mm, 50 mm) are the same asin the

previous example but the coordinates as well as the accuracy level are now parameterized (screen
output accuracy to 9 digits).

rc =100; zc =50; precis =9;
Nunber For m[Fi el dPoi nt [sol enoi d2, {rc, zc}], precis]

(0.110574281, 1.82687316)

Ver boseFi el dPoi nt [sol enoi d2, {rc, zc}]

Syst em nane: sol enoi d2
The magnetic field (in Gauss) at the point {100, 50} (¢(in MIIli Meter)
Cal cul ati on node: Automatic Mde

Br 0.110574 G
Bz 1.826873 G
Bm 1.830216 G

2. Field calculation case 2. Same target point coordinates but the field unit is set in Milli Gauss.
Magnet i caUser Units[Fi el dUnit -« M1 1i Gauss]
{(FieldUnit - GaussM11i}
rc =100; zc =50; precis =09;
Nunber For m[Fi el dPoi nt [sol enoi d2earth, {rc, zc}], precis]

{27. 6435703, 915. 71829}
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Ver boseFi el dPoi nt [ sol enoi d2earth, {rc, zc}]

Syst em nane: sol enoi d2earth
The magnetic field (in MIIi Gauss) at the point {100, 50} (in MIIi
Cal cul ati on npode: Automatic Mde

Br 27. 643570 nG
Bz 915. 718290 nG
Bm 916. 135445 nG

m 3-5 Rectangular ribbon, solenoid

m 3-5-1 Introduction

This caseconcernsa largeresistivesolenoidusedasin earlytype MRI magnetechnology.

m 3-5-2 Entering and Drawing the Data

The examples a specificcaseof athick solenoidmadeasfollows:

winding of multiple layersof high conductivitycopperibbon2.5mmx 20mm,
» innerdiameter1170mm,

= outerdiameter1530mm,

= length:102mm.

* numberof turns:272

= Thesolenoidcarriesa DC currentof 149.839Amperes

= Theactualrunningtemperaturef thewinding is then45° Celsius.

sol enoi d3 = AXSMagnet i cSyst en
{AXSSol enoi d[Copper OFHC, 1170, 1530, 102, 0, 272, 149. 839,
Conduct or Hei ght Wdt h - {2. 5, 20},
Tenperature - 457},
Syst enlLabel -> "copper ribbon sol enoi d"]

- AXSMagneticSystem: {-sol enoid-} -

2D drawing

Met er )

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0

23

Dr awSyst em2D[sol enoi d3];

Syst em nane: sol enoi d3
copper ribbon sol enoid
2D view ZR

750 i

i

-750-500-250 0 250 500 750
Z (nmm)

m 3-5-3 Field calculation

The field calculation is made at the target point coordinates (400 mm, 48 mm) and the field unit is set in Milli Tesla
with a screen output precision to 7 digits.

Magneti caUserUnits[Fi el dUnit -« M11i Tesl a]
rc =400; zc =48; precis =7,
Nunber For m[Fi el dPoi nt [sol enoi d3, {rc, zc}], precis]

{FieldUnit > MIIli Tesla}

(5.568122, 52.22557)

Ver boseFi el dPoi nt [ sol enoi d3, {rc, zc}]

Syst em nane: sol enoi d3

The magnetic field (in MIIi Tesla) at the point {400, 48} (in MIli Meter)
Cal cul ati on node: Automatic Mde

Br 5.568122 nir

Bz 52. 225565 mr

Bm 52. 521554 mr

m 3-6 Superconducting Solenoid

m 3-6-1 Introduction

This caseisatypica superconducting solenoid used in the current MRI magnet technology.

m 3-6-2 Entering and Drawing the Data

The example is a specific case of a sperconducting solenoid made as follows:
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= winding of multiple layersof Niobium Titaniumsuperconductowvire, 1.5mmin diameter,
MagneticareferenceSuperNbTi5L

» innerdiameter1000mm,

» outerdiameter:1050mm,

= length:200mm.

* numberof turns:1000

= positiononthez-axis:0 mm,

= Thesolenoidcarriesa DC currentof 830.901Amperes.

= Thecoil operatesatthecryogenictemperaturef 4.2° Kelvin (-269° Celsius)(implicit data)

sol enoi d4 =
AXSMagnet i cSyst em[ {AXSSol enoi d[Super NoTi 5, 1000, 1050, 200, 0, 1000, 830.901]},
Syst enlLabel ->"Ni obi um Ti t ani um super conduct or sol enoi d" ]

-~ AXSMagneti cSystem: {-sol enoid-} -

2D drawing

Dr awSyst enm2D[sol enoi d47];

System nane: sol enoi d4

Ni obi um Ti t ani um super conduct or
sol enoi d

2D view ZR

-400-200 0 200 400
Z (mm)

m 3-6-3 Field Calculation

Thefield calculationis madeat the targetpoint coordinate$250 mm, 15 mm) andthefield unit is setin Teslawith a
precisionto 9 digits.

Magnet i caUser Unit s[Fi el dUnit - Tesl a]
rc =250; zc = 15; precis = 9;
Nunber For m[Fi el dPoi nt [sol enoi d4, {rc, zc}], precis]

{FieldUnit - Tesl a}

{0. 0305707668, 1.20330744}
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Ver boseFi el dPoi nt [sol enoi d4, {rc, zc}]

Syst em nane: sol enoi d4

The magnetic field (in Tesla) at the point {250, 15}(in MIIi Meter)
Cal cul ati on node: Automatic Mde

Br 0.030571 T

Bz 1.203307 T

Bm 1.203696 T

m 3-7 Bitter Solenoid

m 3-7-1 Introduction

This caseis a 15 teslasBitter type solenoid

m 3-7-2 Entering and Drawing the Data
The examples a specificcaseof a Bitter solenoidmadeasfollows:

= winding of multiple disksof high mechanicaktrengthCopper0.7 mm thick, Magnetica reference
CopperFHard,

» innerdiameter60.4mm,

» outerdiameter406 mm,

= length:184mm.

= numberof disks:150

= positiononthez-axis:0 mm,

» Thesolenoidcarriesa DC currentof 20 000 Amperes.

= Theactualrunningtemperaturef thewinding is then40° Celsius.

This coil hasbeenusedatthe MIT NationalMagnetlaboratory

sol enoi d5 = AXSMagnet i cSyst en
{AXSBi t t er Sol enoi d[Copper FHar d, 60. 4, 406, 184, 0, 150, 20000, 0. 7,
Tenperature -» 40]}, SystenLabel ->"MT - 15 Tesl as Bl TTER sol enoi d"]

- AXSMagneti cSystem: {-sol enoid-} -

3D drawing
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Dr awSyst enBD[sol enoi d5]

System nane: sol enoi d5
MT - 15 Teslas BI TTER sol enoi d
3D vi ew ZYX

- Graphi cs3D-

2D drawing

Dr awSyst em2D[sol enoi d5]

System nane: sol enoi d5
MT - 15 Teslas BITTER sol enoi d
2D view ZR

200

100

-200 -100 O 100 200
Z (nmm)

- Graphics -

m 3-7-3 Field Calculation

The field calculation is made at the target point coordinates (5 mm, 35 mm) and the field unit and precision are
unchanged with respect to the previous case. It is not necessary to type these data parameters unless changed.

rc=5; zc = 35;
Nunber For m[Fi el dPoi nt [sol enoi d5, {rc, zc}], precis]

{0. 0975265866, 14.3472775}
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Ver boseFi el dPoi nt [sol enoi d5, {rc, zc}]

Syst em nane: sol enoi d5

The magnetic field (in Tesla) at the point {5 35}(in MIIi
Cal cul ati on node: Automatic Mde

Br 0.097527 T
Bz 14. 347278 T
Bm 14. 347609 T

We reset the default units for future use.

Magnet i caUser Uni ts[]

{}

Met er )
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m Chapter 4: Magnetic Field Calculation Using Vector Potential

m 4-1 Fundamentals

m 4-1-1 Magnetica modesfor calculations
Magnetica offers2 differentbasiccalculationmodes:

= Thevectorpotentialmode(suffix VP): the magnetidield is derivedfrom the vectorpotential
assuminghe Lorentzgauge(the arbitrary,space-independemgctorpotentialis null asis its
divergence)This leadsto Poisson'quationwhichis solvedfor the appropriatanagnetic
componengeometry.

= Thescalarpotentialprocessedisingsphericaharmonicgsuffix SH): thismathematicahpproacho
field spacerelationsis possibleonly in spacewithoutany magneticsource(i.e. neitherelectrical
current,nor magnetiomaterials).This approacHeadsto Laplace'ssquationwhich canbe solved
usingseriesexpansionn sphericaharmonicgepresentetdy Legendre'polynomials.
We will developanextendedexplanatiorof thislastmethodin Chapters: ways,meansandapplications.

Besideghefactthatthe SH modecannotbe usedin someparticularregionsof spacethe basicVP andSH modeshave
differentandsomewhabppositeandcomplementarypropertiesn termsof calculationspeedandprecision.

Magnetica providesanotherpracticalmode,called Automatic, that automaticallyswitchesbetweernthe 2 basicmodes
dependingon the positionof the targetpoint. The Automaticmodeis the global defaultmode.It is the mostefficient
modein termsof speedandaccuracybut it canbe overriddeneitherby changingthe global calculationmode,or by
selectivelyusingthe suffixesVP / SH or the option CalculationMode.

m 4-1-2 The Magnetic Functionsin Magnetica

The outcomeof field calculationis the magneticfield itself or any of the associatedunctionssuchas magnetic
potential,magnetidlux andmagneticggradient.

m Foraxissymmetricsystemsthe magnetic field is avectormaterializedby 2 componentsthe radial
andthe axial componentsMagnetica usesthe standardlefinitionsandabbreviations:

= Bz istheaxialcomponent

= Br istheradialcomponent.

Br is positivewhenits directionis awayfrom theZ axisandnegativeotherwise Thefield modulusBm
is theabsolutevalueof the magneticfield. In caseof 3D graphicsthevectorfield component8x
andBy couldbeused.

Bm(r,z)=+/ Br? + Bz2 or Bm(x,y,z)= \/Bx2 +By? + BZ (1)
= Themagnetic vector potential Pvis avectorwhosedirectionis givenby thecurrentthatgenerates
the magnetidfield. Consequentlyin the caseof anaxissymmetricakylindrical systemsinceall
the currentis azimuthal(turningaroundthe axis), the magnetigpotentialis alsoonly azimuthaland
its valueis uniquefor a givencouple(r,z) of coordinateslt canbethereforetreatedasa scalar
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f(r,z), the azimuthal angle being implicit. Thisisthe common practice and it will be used in
Magnetica.

m Themagnetic flux @ is the cumulative (integrated) product of the field in a specific direction
multiplied by the areanormal to the field. In an axis symmetric system taking a circular area
centered on the axis, the only global flux isin the axial direction. For axisymmetic systems avery
simple relation exists between the magnetic flux and the magnetic potential :

o(r,z2)=Pv(r,2)* 2z *r (2
The calculation of the flux is fundamental to many applications such as inductance calculation.

m Thegradient of the magnetic field is atensor which can be expressed by a2 x 2 matrix in the axis
symmetric case.
0Bz 9Bz
Gr (r, 2) :[ oo ] 3)

oBr JBr
Jz or

The Maxwell equationsimply specific relationships between the elements of this matrix.

m 4-1-3 Space Geometry Considerationsfor Field Calculations

From the point of view of mathematics, magnetic field calculation is solved with analytical geometry tools within the
physical framework of the Maxwell equations. For any axis symmetric magnetic generator, 3 types of situations arise,
depending on the position of the target point:

= target point on the axis: the field source relationships are smple, analytically defined, but
completely specific to this situation. They are easily derived from the Biot and Savart law. The
formulas do not apply to any other pointsin space.

= target point off the axis but out of the winding: the field source relationships are quite complex and
in most cases, the resolution of the field cal culation requires the use of numerical methods. Only
the filament loop proceeds from regular mathematical functions : elliptic integrals. The off-axis
formulas do not apply to target points on the axis. Pseudo mathematical singularities occur at the
border line.

= target point in the winding: once we have passed through the threshold of the winding, we are faced
with mathemal singularity problems. This appliesto any winding topology starting at the infinitely
long wire of given radius. Indeed, the Ampere law shows dependence on 1/r outside the wire radius
and in r inside, assuming a constant current density. The application of these considerations to any
winding shape |leads to very elaborate algorithms with only numerical solutions.
The caculation engine of Magnetica automatically takes care of all 3 of these situations providing an excellent

continuity at the interface of these topological regions. Illustrations of field calculations are shown in the following
examples for the 2 basic types of current-carrying circular windings: loop and solenoid.

Magnetica offers considerable versatility in field calculation and graphics field mapping. The examples shown below
are not exhaustive. For a complete definition see the Reference Guide.
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m 4-1-4 Filament Loop / Tubular Loop

Magnetica uses 2 different types of modelization of the circular loop: filament and tubular. They are selected by
setting the option FilamentM ode respectively on True or False. By definition, a filament is a pure theoretical entity
seen as awire of null radius which implies an infinite current density. This situation is physically impossible, and, as a
consequence, a filament circular loop cannot materially exist. Nevertheless, most of the books on magnetism deal,
implicitly, with the filament loop. For instance the field solution off axis is presented as alinear combination of Elliptic
Integrals even if the drawing shows a definite size winding. However, the implicit (and physically incorrect) assumption
that the dimension of the filament is null is of little consequence when the target point is distant from the winding
particularly if the winding size is small in relation to the loop diameter. Naturally, the differences increase when the
target point becomes closer and even more so when it isinside the winding. This last case occurs in internal inductance
calculations as we will seein Chapter 10.

Consequently, the accurate calculation of the field at any position implies the use of the exact dimension of the winding
aswell as current density distribution inside the winding (Magnetica assumes for the tubular mode a constant current
density). However given the common usage of the filament loop particularly in education, Magnetica provides 2 choices
of field calculation using the appropriate option FilamentMode—True (default case) or FilamentM ode—False.

Examples in the following sections of this chapter will show the cases of afinite radius loop treated either as a filament
(implicitly at the center of the winding) or as a constant current density.

m 4-2 Immediate Help

m 4-2-1 Immediate Help for Field Point Calculation

? Magnet i caCal cul ati onMbde

MagneticaCalculationMode [m] sets the global calculation mode to m

possible  values being VectorPotential , SphericalHarmonics or Automatic .
MagneticaCalculationMode [] displays the current calculation mode Details...
? Fi el dPoi nt

? Fi el dPoi nt VP
? Fi el dPoi nt SH

FieldPoint  [system , p] returns the field value
at the point p defined by the coordinates , using FieldPointVP or
FieldPointSH , according to the global field calculation mode Details...

FieldPointVP  [system , p] returns the field value at the point p
defined by the coordinates , using the vector potential method . Details...

FieldPointSH  [system , p] returns the field value at the point p
defined by the coordinates , using the spherical harmonics method. Details...
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? Pot ent i al Poi nt
? Pot ent i al Poi nt VP
? Pot ent i al Poi nt SH

PotentialPoint [system , p] returns the magnetic potential value
at the point p defined by the coordinates , using PotentialPointVP or
PotentialPointSH , according to the global field calculation mode. Details...
PotentialPointVP [system ,p] returns the magnetic potential value at the point

p defined by the coordinates , using the vector potential method . Details...

PotentialPointSH [system , p] returns the magnetic potential value at the point
pdefined by the coordinates , using the spherical harmonics method. Details...

? Fl uxArea

? Fl uxAr eaVP

? Fl uxAr eaSH

FluxArea [system ,p] returns the flux through the area bordered
by the circle lying in the plane normal to the z-axis , centered on the
z-axis and containing the point p. This is done using FluxAreaVP or
FluxAreaSH according to the global field calculation mode Details...

FluxAreaVP [system ,p] uses the vector potential method to determine the
flux through the area bordered by the circle lying in the plane normal to
the z axis , centered on the z axis and containing the point p. Details...

FluxAreaSH [system , p] uses the spherical harmonics method to determine
the flux through the area bordered by the circle lying in the plane normal
to the z axis , centered on the z axis and containing the point p. Details...

? G adi ent Poi nt
? Gradi ent Poi nt VP
? G adi ent Poi nt SH

GradientPoint  [system , p] returns the field gradient

at the point p defined by the coordinates , using GradientPointSH

or GradientPointVP , according to the global field calculation mode.
Output form is : {{GZz GZr}, {GRz GRr}}. Details...

GradientPointVP  [system , p] returns the field gradient at the
point p defined by the coordinates , using the vector potential method .
Output form is : {{GZz GZr}, {GRz GRr}}. Details...

GradientPointSH  [system , p] returns the field gradient at the
point p defined by the coordinates , using the spherical harmonics method .
Output form is : {{GZz GZr}, {GRz GRr}}. Details...
?Fi el dPointOrigin
FieldPointOrigin [s] is a shortcut for VerboseFieldPoint [s, {0,0,0}] Details...

Thisisauseful Mathematica function:

? Nunber For m

NumberForm [expr , n] prints  with approximate real numbers in expr given to n-digit precision
Plus...

Thisisthelist of the units used in Magnetica:
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? Magneti caUserUnits

MagneticaUserUnits [LengthUnit -> Meter, .. ]
overrides  the default Magnetica wunits with user defined units
The available units  are:

LengthUnit (for all lengths )

FieldUnit (for the magnetic field )
PotentialUnit (for the magnetic potential )
FluxUnit (for the magnetic flux )
GradientUnit (for the magnetic field gradient )
InductanceUnit (for the inductance )
MagneticEnergyUnit (for the energy )

MagneticMomentUnit (for the magnetic moment)
CurrentintensityUnit (for the -current intensity )
PowerUnit (for the power)

VoltageUnit (for the current voltage )
ResistanceUnit (for the electrical resistance ). Details...

Most of the calculation functions can be displayed with a formatted output by prefixing with the words "Verbose". For
instance FieldPoint gives rise to VerboseFieldPoint

? Ver boseFi el dPoi nt

VerboseFieldPoint [system , target , option ]
displays a detailed and formatted output of FieldPoint . Details...

Each Verbose function has the same behavior as its raw version (same syntax and at least the same options)

m 4-2-2 Immediate Help for Field Map Drawing

? Fi el dvap
FieldMap [system , fieldFunctions , Line [{r1,z1}, {r2,22}], options ]
plots each of the fieldFunctions , for the system given , on the line
between points pl and p2. fieldFunctions is an element or a sublist of
{Bz, Br, Bm Flux, Potential , GradRR, GradRZ, GradZR, GradzZ}. Details...
FieldMap [system , fieldFunctions , Line [{x1, y1, z1}, {x2, y2, z2}], options ] plots
each of the fieldFunctions , for the system given , on the line between points
pl and p2. fieldFunctions is an element or a sublist of {Bx, By, Bz, Bm Flux ,

PotentialX , PotentialY , GradXX, GradYY, GradzZX, GradZY, GradXZ, GradYZ, GradZZ}.

FieldMap [system , fieldFunctions , Plane [{r1,zl1}, {r2,z2}], options ] plots
each of the fieldFunctions , for the system given , on the rectangle defined
by the two opposite corners {rl,z1} and {r2, z2}. fieldFunctions is an
element or a sublist of {Bz, Br, Bm Flux, Potential , GradRR, GradRzZ, GradZR,
GradZZ}. pl and p2 must define a plane parallel to one of the canonical planes

FieldMap [system , fieldFunctions , Plane [{x1,y1,2z1}, {x2,y2,2z2}], options ] plots each of the
fieldFunctions , for the system given , on the rectangle defined by the two opposite corners
{x1,y1,z1} and {x2,y2,z2}. fieldFunctions is an element or a sublist of {Bx, By, Bz, Bm

Flux , PotentialX , PotentialY , GradXX, GradYY, GradZX, GradzZY, GradXZ, GradYZ, GradZZ}.
{x1,y1l,z1} and {x2,y2,z2} must define a plane parallel to one of the canonical planes

options : NumberOfPoints , CalculationMode , PlotScale

? Fi el dvapPoi nt's

FieldMapPoints  [system , fieldFunction Line [pl, p2], options ] or FieldMapPoints |
system , fieldFunctions , Plane [p1, p2], options ] (see FieldMap for details ) plots
the field functions  asked for , using a linear distribution of points . Details...
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? Fi el dMapConti nuous

FieldMapContinuous  [system , fieldFunctions , Line [pl, p2], options ]
or FieldMapContinuous  [system , fieldFunctions , Plane [a, b], options ] (see
FieldMap for details ) plots the field functions asked for , using Mathematica
internal  algorithm  to determine the distribution of points . Details...

? Nunber OF Poi nt s

NumberOfPoints is an option for drawing
functions that specifies how many points to use. Details...

? Cal cul ati onMode

CalculationMode is an option for field drawing , and field calculations
functions that allows changing the field computation mode locally
Possible values : VectorPotential , SphericalHarmonics , Automatic Details...

?Pl ot Scal e

PlotScale is an option for FieldMap and other field drawing functions
Possible values : LinearMap , LinearLogMap , LogLinearMap LogLogMap Details...

Opti ons[Fi el dMvap]

{PlotScale - LinearMap , CalculationMode - Inherited , NumberOfPoints - Automatic }

? Cont our Fi el dvap

ContourFieldMap  [system , fieldFunctions , Plane [pl, p2] , options ] displays the
contour of each fieldFunctions , for the system given , on the rectangle defined
by the two opposite corners pl and p2. fieldFunctions is an element or a sublist
of {Bx, By, Bz, Br, Bm Flux, Potential , GradRR, GradRZ, GradZR, GradZzZ}. pl
and p2 must define a plane parallel to one of the canonical planes Details...

options : NumberOfPoints , CalculationMode

?Vect or Fi el dvap

VectorFieldMap [system , Plane [pl, p2], options ] displays the magnetic field of the
system given , within the rectangle defined by the two opposite corners pl and
p2. These must define a plane parallel to one of the canonical planes Details...

VectorFieldMap [system , Box[pl, p2], options ] displays the magnetic field of the
system given , within the cubic space defined by two opposite corners pl and p2.

options : NumberOfPoints , CalculationMode

? Dr awl soFi el dLi nes

DrawlsoFieldLines [system , fieldValues , options ]

Displays the magnetic system with its iso field
lines  corresponding to the values given in the list fieldValues

Suffixing DrawlsoFieldLines with XY, XZ, YX YZ ZX, ZY,RZ, or ZR, shows the chosen point of view .

options : NumberOfPoints , AngularRange , CalculationMode  Detalils.

m 4-3 Punctual Field Calculation - Syntax

m 4-3-1 Input Syntax for Punctual Field Calculation

The functions provided for accessing punctual information are:
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= FieldPoint[systemtargetPoin}: for magnetic field
= PotentialPoint[systemtargetPoini: for vector potential.
= FluxArea[systemtargetPoin}: for magnetic flux
= GradientPoint[systemtargetPoin}: for the gradient of the magnetic field
For each of these functions, the arguments are the following:
= the magnetic system, designated by with its symbol name.
= the spatial coordinates of the target point
The coordinates are specified as alist of one of the following forms:
= {r, z}: thefirst for theradial (r) coordinate and the second for axial (z) coordinate.

= {X,V, Z}: theusua Cartesian specification.

m 4-3-2 Output Precision and Formatting

The normal displayed output of these functionsisto 6 digits.
But the internal precision standard isto 16 digits.

The output can easily be used as argument for other Magnetica or Mathematica functions. One can use this capability to
display the output to a greater or smaller number of digits using the Mathematica function Number For m.

Moreover, for most of calculation functions, Magnetica provides a Verbose version that displays a formatted output
with detailed information (units, calculation mode,...), but whose output cannot be used for further calculation. These
functions are obtained by simply prefixing the word "Verbose" at the beginning of the original functions: VerboseField-
Point, Ver bosePotential Point, VerboseFluxArea, VerboseGradientPoint.

m 4-3-3 Switchingto Other Calculation Modes

The default setting for calculation modeis Automatic.

The calculation mode can be controlled in one of the following ways:

= The suffix VP or SH can be appended to any of the preceding function to direct the selective use of a
specific basic mode

= The option CalculationM ode can be used by giving to it one of the permitted values:
Vector Potential, SphericalHarmonics or Automatic. (thiswill also work for drawing functions)

= Thegloba setting of the calculation mode can be modified by using the function

M agneticaCal culationM ode[mode], mode being one of the previous values.
Differences between modes and details about meaning and related functions will be given in Chapter 5.
m 4-3-4 Unit Behavior

Without any local specification, input and output are expressed in the global current units. These units can be consulted
with the function M agneticaCurrentUnitq]
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Magneti caCurrent Units[]

Lengt h MITi Mter
Magnetic field Gauss

Magneti c potenti al M cro Weber /Met er
Magnetic fl ux M cro Weber
Magnetic field gradient Gauss/Met er

I nduct ance M cro Henry
Magneti c ener gy Joul e

Magneti c nonent Mcro Anpere Meter?
Current intensity Amper e

Power Wat t

Vol t age Vol t

El ectrical Resistance hm

One can globally change some current units by using the command: M agneticaUser Unitg unitsSpecifications]
Hereisan example:
Magnet i caUser Units[Lengt hUnit -» Meter, FieldUnit - M cro Tesl a]

{LengthUnit - Meter, FieldUnit - M cro Tesl a}

From now on, all lengths will be understood in meters, and magnetic fields (output) in micro tesla. The other units are
set at the default settings.

Using MagneticaUserUnits without any argument resets all the unitsto their default settings
Magneti caUser Units[];

One can also modify only locally some units, by adding the specification as an additionna option to the concerned
function.

m 4-4 Examplesof Field Calculation with Circular L oops

= 4-4-1 Building Systemsfor the Examples

The following loop will be used for all basic demonstrations on computation functions

| oopFi | anment = AXSMagneti cSyst em[
{AXSCi r cul ar Loop[Copper OFHC, 100, 30, 0, 20, 0.5, FillingFactor -0.7]}1;
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Dr awSyst em[| oopFi | anent ];

System nane: | oopFi | ament

3D vi ew ZYX

Dr awSyst en2D[ | oopFi | anent ] ;

Syst em name: | oopFi | ament

2D view ZR
A
40

-20

~40

oo | | @

-60-40-200 2040 60
Z (nm)

Thisloop will be used to show the difference between afilament loop and a tubular loop
| oopTubul ar = AXSMagnet i cSyst em[ {AXSCi r cul ar Loop[Copper OFHC,
100, 30, 0, 20, 0.5, FillingFactor - 0.7, FilanentMde - Fal se]}];
m 4-4-2 Basic Calculations

Field at the isocenter point (R=0, Z=0) for the filament loop and the tubular loop. The two modes give close values.

rc=0; zc =0;
Fi el dPoi nt [l oopFi |l anent, {rc, zc}]
Fi el dPoi nt [I oopTubul ar, {rc, zc}]

(0, 1.25664)
(0, 1.24234)

Same target point but output with a greater precision (12 digits) using NumberForm:
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rc=0; zc =0; precis =12;
Nunber For m[Fi el dPoi nt [| oopFi | ament, {rc, zc}], precis]
Nunmber For m[Fi el dPoi nt [l oopTubul ar, {rc, zc}], precis]

{0, 1.25663706144}

(0, 1.24233619336)

Target point near the winding:

rc=34; zc =5; precis =12;
Nunber For m[Fi el dPoi nt [| oopFi | ament, {rc, zc}], precis]
Nunber For m[Fi el dPoi nt [l oopTubul ar, {rc, zc}], precis]

{0. 375281174675, 1.88938007184}

{0. 350238376999, 1.84736497195}

Let us use the Verbose version of FieldPoint to display more information.

Ver boseFi el dPoi nt [l oopFi | anment, {rc, zc}]
Ver boseFi el dPoi nt [| oopTubul ar, {rc, zc}]

System name: | oopFi | ament

The magnetic field

(in Gauss) at the point

Cal cul ati on node: Autonatic Mde

Br 0.375281 G
Bz 1.889380 G
Bm 1. 926290 G

Syst em nane: | oopTubul ar
The magnetic field (in Gauss) at the point
Cal cul ati on node: Automatic Mde

Br 0. 350238 G
Bz 1.847365 G
Bm 1.880272 G

m 4-4-3 Modifying Input and Output Units

The existing current units:

Magnet i caCurrent Uni t s[]

Length
Magnetic field

Magneti c potenti al

Magnetic fl ux

Magnetic field gradient

| nduct ance
Magneti c ener gy
Magneti c nonent

MIli Mter
Gauss

(34, 5)(in MIIli

(34, 5)(in MIli

M cro Weber /Met er

M cro Weber
Gauss/Met er
M cro Henry
Joul e

M cro Anpere Meter?

Current intensity Anper e
Power Vat t
Vol t age Vol t
El ectrical Resistance Chm

Met er)

Met er )

Magnetic field set in Micro Tesla (warning: there must be a space between the prefix and the unit)

War ning: from now on, the field unit will always be in Micro Tesla, until explicitly changed.
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Magneti caUser Units[Fiel dUnit - M cro Tesl a];
Nunber For m[Fi el dPoi nt [| oopFi | ament, {rc, zc}], precis]
Nunmber For m[Fi el dPoi nt [l oopTubul ar, {rc, zc}], precis]

{37.5281174675, 188. 938007184}

{35. 0238376999, 184. 736497195}

Verbose version to get a better insight:

Ver boseFi el dPoi nt [l oopFi | ament, {rc, zc}]
Ver boseFi el dPoi nt [| oopTubul ar, {rc, zc}]

System name: | oopFi | ament

The magnetic field (in Mcro Tesla) at the point {34, 5}¢(in MIli Mter)
Cal cul ati on npode: Automatic Mde

Br 37.528117 uT

Bz 188. 938007 uT

Bm 192. 628996 uT

Syst em nane: | oopTubul ar

The magnetic field (in Mcro Tesla) at the point {34, 5}(in MIli Mter)
Cal cul ation node: Automatic Mde

Br 35. 023838 uT

Bz 184. 736497 uT

Bm 188. 027239 uT

Changing coordinate units (and al other length arguments) into Inches and also the field unit.
War ning: from now on, al lengths will be in Inches, and all fieldsin Milli Gauss, until explicitly changed

rc=1;, zc =0. 1;

Magnet i caUser Units[Fi el dUnit - M11i Gauss, LengthUnit - I nchy;
Nunber For m[Fi el dPoi nt [| oopFi | ament, {rc, zc}], precis]
Nunber For m[Fi el dPoi nt [l oopTubul ar, {rc, zc}], precis]

(84. 29468977, 1564. 46423157)

{80. 1301301162, 1537. 48792788}

Ver boseFi el dPoi nt [l oopFi | anment, {rc, zc}]
Ver boseFi el dPoi nt [| oopTubul ar, {rc, zc}]

Syst em name: | oopFi | anent

The magnetic field (in MIli Gauss) at the point {1, 0.1} (i n Inch)
Cal cul ati on node: Automatic Mde

Br 84.294690 nG

Bz 1564. 464232 nG

Bm 1566. 733521 nG

System nane: | oopTubul ar

The magnetic field (in MIli Gauss) at the point {1, 0.1} (i n Inch)
Cal cul ati on node: Automatic Mde

Br 80. 130130 nG

Bz 1537. 487928 nG

Bm 1539. 574606 nG

Resetting all the unitsto their default settings

Magneti caUser Units[];
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m 4-4-4 Potential, Flux, Gradient

Punctual calculation of the magnetic vector potential, the magnetic flux, the gradient, at a target point off the axis
(R=20mm, Z=10mm) for the filament loop and the tubular loop. Using Mat r i xFor m the gradient can be shown as a
matrix.

Default units are:

= Micro Weber / meter for the magnetic potential
= Micro Weber for the magnetic flux

» Gauss/ meter for the magnetic field gradient

rc =20; zc = 10;

Pot ent i al Poi nt [l oopFi | ament, {rc, zc}]

Pot ent i al Poi nt [| oopTubul ar, {rc, zc}]

Fl uxAreall oopFi |l anent, {rc, zc}]

Fl uxAreall oopTubul ar, {rc, zc}]

Gr adi ent Poi nt [l oopFi |l anent, {rc, zc}]

G adi ent Poi nt [| oopTubul ar, {rc, zc}]

Mat ri xFor m[Gr adi ent Poi nt [l oopFi | ament, {rc, zc}]]
Mat ri xFor m[G adi ent Poi nt [| oopTubul ar, {rc, zc}]1]

(1.24333)
(1.22985)
(0. 156241}
(0. 154547}
({-23.4458, 12.9928}, {12.9928, 14.4071}}

({-22.436, 12.6559}, {12.6559, 13.7413})

-23.4458 12.9928
( 12. 9928 14.4071 )

-22.436 12.6559
( 12. 6559 13.7413 )

Each of the previous functions has a"Verbose" version:

Ver bosePot ent i al Poi nt [| oopFi | anent, {rc, zc}]
Ver bosePot ent i al Poi nt [| oopTubul ar, {rc, zc}]

System name: | oopFi | ament

The vector potenti al (in Mcro Weber /Meter) at the point {20, 10} (n MIIi Meter)
Cal cul ati on node: Automatic Mde

Pot ent i al 1.243329 (Mb/m

Syst em nane: | oopTubul ar

The vector potential (in Mcro Wber /Meter) at the point {20, 10}(n MIIi Meter)
Cal cul ati on node: Automatic Mde

Pot ent i al 1.229845 pyWh/m
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Ver boseFl uxAr ea[l oopFi | ament, {rc, zc}]
Ver boseFl uxArea[l oopTubul ar, {rc, zc}]

Syst em name: | oopFi | anent

The FluxArea (in Mcro Wber) at the point {20, 10} (in MIIi

Cal cul ati on node: Autonmatic Mde
Fl ux 0. 156241 Wb

System nane: | oopTubul ar

The FluxArea (in Mcro Wber) at the point {20, 10} (in MIIi

Cal cul ati on node: Autonmatic Mde
Fl ux 0. 154547 Wb

Ver boseG adi ent Poi nt [l oopFi | anent, {rc, zc}]
Ver boseG adi ent Poi nt [| oopTubul ar, {rc, zc}]

Syst em nane: | oopFi | anent
The gradient of the field (in Gauss/Meter) at the point
Cal cul ati on npode: Automatic Mde

0Bz /8z -23. 445806 G/m
8Bz /or 12. 992833 G/m
oBr /8z 12. 992833 G/m
aBr /or 14. 407110 G/m

Syst em nane: | oopTubul ar
The gradient of the field (in Gauss/Meter) at the point
Cal cul ation node: Automatic Mde

6Bz /6z -22.435978 G/m
8Bz /or 12. 655928 G/m
oBr /6z 12. 655928 G/m
8Br /or 13. 741288 G/m

m 4-5 Examples of Field Calculationswith Solenoids

m 4-5-1 Entering and Drawing the Data

ThisisaMRI magnet of 1.5 Teslas made of 3 pairs of superconducting solenoids.

unshi el dedMRl =
AXSMagnet i cSyst em[

{20,

{20,

Met er )

Met er )

10} (in MI1i Meter)

10} (in MIli Meter)

{AXSSol enoi d[Super NbTi 4, 1240, 1280, 300, 180.05374474797077, 635, 735.2202],
AXSSol enoi d[Super NbTi 4, 1240, 1280, 300, -180.05374474797077, 635, 735.2202],
AXSSol enoi d[Super NbTi 4, 1240, 1280, 250, 550.1194910091477, 598, 735.2202],
AXSSol enoi d[Super NoTi 4, 1240, 1280, 250, -550.1194910091477, 598, 735.2202],
AXSSol enoi d[Super NbTi 4, 1240, 1320, 250, 874.8480174899299, 1015, 735.2202],
AXSSol enoi d[Super NbTi 4, 1240, 1320, 250, -874.8480174899299, 1015, 735.2202]},
Syst enlLabel -» "unshielded MRl 1.5 T superconducti ng magnet"];

3D drawing
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Dr awSyst em[unshi el dedMRI ]

Syst em nane: unshi el dedvR

unshielded MRI 1.5 T superconducti ng
magnet

3D vi ew ZYX

- Graphi cs3D-

Dr awSyst em2D[unshi el dedMRI ];

System nane: unshi el dedMRI
unshielded MRI 1.5 T superconducti ng

magnet
2D view ZR
1000
E
o
-500
-1000

-1000-500 0O 500 1000
Z (mm)
m 4-5-2 Calculationswith Solenoids
Resetting the units to the default settings
Magnet i caUser Uni ts[];

The FieldPointOrigin function is a shortcut for VerboseFieldPoint at the isocenter point (0,0)
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Fi el dPoi nt Ori gi n[unshi el dedMRI ]

Syst em nane: unshi el dedMRI
The magnetic field (in Gauss) at the origin
Cal cul ati on node: Automatic Mde

Br 0. 000000 G
Bz 15000. 000068 G
Bm 15000. 000068 G

Field on the axis with z = 250mm

Number For m[Fi el dPoi nt [unshi el dedVRI, {0, 250}], 9]
{0, 15000. 7816}

Ver boseFi el dPoi nt [unshi el dedMRI, {0, 250}]

Syst em nane: unshi el dedMRI

The magnetic field (in Gauss) at the point {0, 250} (in MIIi Meter)
Cal cul ati on npode: Automatic Mde

Br 0. 000000 G

Bz 15000. 781583 G

Bm 15000. 781583 G

Field off the axis: lengthsin inches (Inch) and field in Telsa:

rc=10; zc=8;
Magnet i caUser Uni t s[ Fi el dUni t »Tesl a, Lengt hUni t =l nch];
Nunber For n{ Fi el dPoi nt [ unshi el dedMRI, {rc, zc}], 9]

{0. 000413420999, 1.49968351}

Ver boseFi el dPoi nt [unshi el dedMRI, {rc, zc}]

Syst em nane: unshi el dedMRI
The magnetic field (in Tesla) at the point {10, 8} (in Inch)
Cal cul ation node: Automatic Mde

Br 0.000413 T
Bz 1.499684 T
Bm 1.499684 T

Potential and Flux off the axis (R=8 In, Z=4 In), Potential in Milli Weber/Meter, Flux in Milli Weber:

rc=8; zc=4;

Magnet i caUser Units[ Potential Unit-> MIIi Wber/ Meter, FluxUnit-MI11li Wber];
Nunber For n{ Pot ent i al Poi nt [ unshi el dedMRI, {rc, zc}], 9]

Nunber For n{ Fl uxAr ea[ unshi el dedMRl, {rc, zc}], 9]

(152. 401168}

(194. 577163)
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Ver bosePot ent i al Poi nt[ unshi el dedMRI, {rc, zc}]
Ver boseF| uxAr ea[ unshi el dedMRI , {rc, zc}]

Syst em nane: unshi el dedMRI

The vector potential (in MIIi Weber /Meter) at the point {8, 4} (in Inch)
Cal cul ati on node: Automatic Mde

Pot ent i al 152. 401168 nmAb/m

Syst em nane: unshi el dedMRI

The FluxArea (in MI1li Wber) at the point {8, 4} (in Inch)

Cal cul ati on node: Automatic Mde

FI ux 194. 577163 mb

m 4-6 Field Map Graphics of Magnetic Field functions

m 4-6-1 Input Syntax

The results of field calculation can be displayed as 2 dimensional (2D) or 3 dimensional (3D) field maps using the
graphics capabilities of Mathematica.
Here are the different kind of plots that Magnetica can display:

» FieldM ap[systemfieldFunctionsspacePlotoptiong: allows plotting each basic field function on agiven line or a
given plane.

= Contour FieldM ap[ systemfieldFunctions spacePlotpptiong: gives contour graphics of each basic field function on
agiven plane.

» Vector FieldM ap[systemspacePlotpptiong: draws aview of the magnetic field B asavector field.

Field mapping proceeds from punctua field calculation at several points. The distribution of points can be done through
a Mathematica internal algorithm that provides the best possible accurate display; this is done with the functions

Fi el dMapCont i nuous or Fi el dvap (and the same for the other functions). But the distribution can be done as a
set of points regularly spaced between the limits of the display; this option can be chosen by calling Fi el dMap -
Poi nt s instead of Fi el dMap. In some cases, the use of Fi el dMapPoi nt s isthe most appropriate, particularly for
lengthy calculations.

The next sections explain what field functions are possible, and how to describe the space plot.

m 4-6-2 Directivesfor Space Plot

It is necessary, for field map functions, to describe the space where the plot must be done. Some plots can be done on a
ling, or aplane (in fact, arectangle), and some others on a 3D box, using the following directives:

= Ling[{rl, z1},{r2,z2] or Ling{x1, y1,z1},{x2,y2,z2]
= Plang[{rl, z1},{r2,z2]] or Plang[{x1, y1,z1},{x2,y2,z2]
= Box[{x1,y1,z1},{x2,y2,z2]

Even with axisymmetric systems, graphics can be obtained not only in abstract 2D coordinate space defined by the
coordinates {r,z}, but aso in the projection of the coordinates {r,zZ} on the Cartesian 3D coordinate system, by
identifying the coordinate r with the coordinate x (or another).
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m 4-6-3 Magnetic Field Functions

It is also necessary, to indicate the magnetic field functions that are to be drawn. The set of possible functions is
different if the space description is given in 2D coordinates{r,z}, or in 3D coordinates { x,y,z}:

= With a 2D space description, the possible functions are:
Br, Bz, Bm, Flux, Potential, GradZZ, GradRZ, GradZR, GradRR.
= With a 3D space description, the possible functions are:

Bx, By, Bz, Bm, Flux, Potential X, Potential Y, GradZZ
N.B. only GradZZ isimplemented on the 3D Graphics

m 4-6-4 |so Field Lines

It isalso possible to have a drawing of lines where modulus of Bis equal to given constant values:

Drawl soFiddL ineg system{fieldValues},optiong

gives the polar plot of the Bm around the system isocenter. It displays one line for each field value.

m 4-7 Examplesof Field Map Graphics

m 4-7-1 Loop: 2D mapping
1. Bz 2D field map on the axis after resetting the units
Magnet i caUser Uni ts[];
Fi el dvap[ | oopFi | anent, { Bz}, Li ne[ {0, - 100}, {0, 100}]1;

Syst em nane: | oopFi | ament

Bz (G) (Continuous, Autonmatic Mde)
between {0., -100.} and {0., 100.}

1. 2 /f\\
1
0.8 // \\
0.6
B 0.4 // \\
0.2 " N
-100 -50 O 50 100
Z (hm)

2. Bz, Br, Bm 2D field map for the tubular loop on aradial line at z=20 mm from r=0 to r=100 mm,
FieldUnit is expressed in Milli Gauss (for this plot only)

Fi el dMap[ | oopTubul ar, {Bz, Br, Bn}, Li ne[ {0, 20}, {100, 20}],FieldUnit->M1li Gauss];
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System nane: | oopTubul ar

Bz (nmG) (Continuous, Automatic
Mode)
between {0., 20.} and {100., 20.}

1000
800 \\
Q@ 600 \
= 400 \
& 200
0 /
0 20 40 60 80 100
R (mm)

Syst em nane: | oopTubul ar

Br (nG) (Continuous, Automatic
Mode)
between {0., 20.} and {100., 20.}

800 /\
@ 600 / \
g 400 / \
@ 200 //

0 /

0 20 40 60 80 100
R (mm)

Syst em name: | oopTubul ar

Bm (nG) (Continuous, Automatic
Mode)
between {0., 20.} and {100., 20.}

1000 ™\
@ 800 \\
= 600 \
5 400 \\
200 N
0 20 40 60 80 100
R (mm)

3. Potential, Flux 2D field map for the filament loop on an axial line at r=20 mm, from z=0 to r=50
mm, Flux Unit isin Maxwell i.e. CGS emu unit (Gauss cm?) (for this plot only)

Fi el dMap[ | oopFi | ament, { Pot enti al , Fl ux}, Li ne[ {20, 0}, {20, 50} ], Fl uxUni t - >Maxwel I ];
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System nane: | oopFi | anent

Potential (uWb/m) (Conti nuous,
Aut omati ¢ Mbde)
between {20., 0.} and {20., 50.}

£
~
~
21.2 N
£ \\
T 0.8 .
20.6 AN
s ~~
£ 0 10 20 30 40 50

Z (mm)
System nane: | oopFi | ament

Flux (Mk) (Continuous, Automatic

Mode)
bet ween {20., 0.} and {20., 50.}

16
< 14 AN
%/12 \\\
x 10 AN
T 8 AN
6 N
0 10 20 30 40 50
Z (mm)

4. The 4 components of the Gradient (i.e. the tensor) map for the tubular loop on an axia line at r=20
mm, from z=-40 to z=40 mm.

N.B. the cross gradient elements 9Bz/dr and dBr/9z are identical
Fi el dMap[ | oopTubul ar, { GradZZ, G adZR, GradRzZ, Gr adRR}, Li ne[ { 20, - 40}, { 20, 40}]1];

Syst em name: | oopTubul ar

GradZzZz (G/m) (Continuous, Autonatic

Mode)
bet ween {20., -40.} and {20., 40.}

20 ////’Q\\
10 \

0
~10
-20 \ -

-40 -20 0 20 40

G adZz (G/m)
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System nane: | oopTubul ar

GradZR (G/m) (Conti nuous, Autonatic

Mode)
bet ween {20., -40.} and {20., 40.}

20

5 / T\
10

; /[ \
0 / \\

-5 _/ \
-40 -20 0 20 40
Z (mm)

G adZR (G/m)

System nane: | oopTubul ar

GradRZz (G/m) (Continuous, Autonatic

Mode)
bet ween {20., -40.} and {20., 40.}

20
£ e /T\
S 1, /1 \
N g / \\
0 / N\
_5 _/ &
-40 -20 0 20 40
Z (mm)

/

G ad

Syst em name: | oopTubul ar

GradRR (G/m) (Conti nuous, Autonatic

Mode)
bet ween {20., -40.} and {20., 40.}

15 N

g 10 / \
s ~
© 5 /

0
i ———
5 0N/
O _15 .y

_40 -20 0 20 40

Z (nm)

m 4-7-2 Solenoid: 2D Mapping
Thisisto reset the units to their default settings
Magneti caUser Units[];

1. Bz 2D field map on the axis
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Fi el dMap[ unshi el dedMRI, { Bz}, Li ne[{0, - 800}, {0, 800}1];

Syst em nane: unshi el dedMR

unshielded MRl 1.5 T superconducting
magnet

Bz (G) (Continuous, Autonatic Mde)
bet ween {0., -800.} and {0., 800.}

15000 - -
14800 // \\

@ 14600 \

2 14400

IN 14200 / \
14000
13800 | \

-756500250 0 250500750
Z (mm)

2. Bz, Br, Bm 2D field map for the MRI solenoid on aradial line at z=20 mm, from r=0 to r=100 mm,

FieldUnit isin Milli Gauss (for this plot only)

Fi el dMap[ unshi el dedMRI, { Bz, Br, Bn}, Li ne[ {0, 20}, { 750, 20} ], Fi el dUnit->M | | i

System nane: unshi el dedWRI

unshielded MRl 1.5 T superconducti ng
magnet

Bz (nT) (Continuous, Autonatic

Mode)

between {0., 20.} and {750., 20.}

1500

1250
— 1000
=

\
€ 750 \
\

500
250

0 \

I~
0 100200300400500600700
R (mm)

Bz

Syst em nane: unshi el dedMR

unshielded MRI 1.5 T superconducti ng
magnet

Br (nT) (Continuous, Autonatic

Mode)

between {0., 20.} and {750., 20.}

0 e
100 A\ve
T 200 [
-300 \/
_400 |

Br

0 100200300400500600700
R (mm)

Tesl a] ;
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System nane: unshi el dedMRI

unshielded MRl 1.5 T superconducti ng
magnet

Bm (nT) (Continuous, Autonatic

Mode)

between {0., 20.} and {750., 20.}

1400 ~
1200 A
£ 1000
£ 800 \\
£ 600 \
@ 400
\
\]

200

0 100200300400500600700
R (mm)

3. Potential, Flux 2D field map for the MRI solenoid on an axial line at r=200 mm, from z=-500 to
z=500 mm, FluxUnit isin Maxwell i.e. CGS emu unit (Gauss= cm?) (for this plot only)

Fi el dMap[ unshi el dedMRI, {Potenti al , Fl ux}, Li ne[ {200, - 500}, {200, 500}], Fl uxUnit->M I 1i
Weber] ;

System nane: unshi el dedMRI

unshi el ded MRl 1.5 T superconducting
magnet

Potential (uWb/m) (Continuous,

Aut omati ¢ Mode)

bet ween {200., -500.} and {200., 500.}

€ 150100 N

2 150080 [ \
2 150060 \\ /
— 150040 \ /
— 150020 \ /

150000 \— ~L/
= 149980

ent

Po

-400 -200 O 200 400
Z (mm)
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System nane: unshi el dedWRI

unshielded MRl 1.5 T superconducti ng
magnet

Fl ux (mAb) (Continuous, Automatic

Mode)
bet ween {200., -500.} and {200., 500.}

188. 625
1886 [\ A
188. 575 1\ /
188. 55 \ /
188. 525 \
188.5 \
188. 475
188. 45

(MAD)

Fl ux

-400 -200 O 200 400
Z (mm)

4. The 4 components of the Gradient (i.e. the tensor) map for the MRI solenoid on an axial line at
r=200 mm, from z=-400 to z=400 mm.

N.B. the cross gradient elements 9Bz/dr and dBr/9z are identical
Fi el dMap[ unshi el dedMRI, { G adZZ, G- adZR, G adRz, G adRR}, Li ne[ {200, - 400}, { 200, 400}]1];

Syst em nane: unshi el dedVR
unshielded MRl 1.5 T superconducting

magnet
GradZzZ (G/m) (Conti nuous, Automatic
Mode)
bet ween {200., -400.} and {200., 400.}
300 /
E 200 /
O 100 //
N // ~—
- -100
g 200 //
-300 /
-400 -200 0 200 400
Z (nm)
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System nane: unshi el dedWRl

unshielded MRl 1.5 T superconducting
magnet

GradZR (G/m) (Conti nuous, Automatic

Mode)
bet ween {200., -400.} and {200., 400.}

150 '
£ ool I
= ol [
.% 0 \ /'\\//\ l
S o\ / N/

00 \/

-400 -200 0 200 400
Z (mm)

Syst em nane: unshi el dedVR
unshielded MRl 1.5 T superconducting

nagnet
GradRZ (G/m) (Conti nuous, Automatic
Mode)
bet ween {200., -400.} and {200., 400.}
\ |
_. 150
= ol |
50
% 0 \ /TN N\ I
@ / ~ N\ /
S o\ / \
-100 \/ \/

-400 -200 0 200 400
Z (hm)

System nane: unshi el dedWRl

unshielded MRI 1.5 T superconducting
magnet

GradRR (G/m) (Conti nuous, Automatic

Mode)
bet ween {200., -400.} and {200., 400.}

300 |\
200 \\\
100

0 \\/A TN
-100 \\

-200

-300 \
-400 -200 0 200 400

G adRR (G/m)
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m 4-7-3 Loop: 3D Mapping

1. Bz 3D field map on aplane XZ i.e. orthogonal to the Y axis at the coordinate Y =5. The use of True

3D Graphics provides the capability of mapping the field on any plane orthogonal to one of the
axes.

Fi el dMap[ | oopFi | anent, { Bz}, Pl ane[ {- 20, 5, - 20}, {20, 5, 20}]11];

Syst em nane: | oopFi | ament

Bz (G) (Continuous,
bet ween {-20., 5.,

Aut omati ¢ Mode)
-20.} and {20., 5., 20.}

2. Bz 3D Contour Field Map on aplane XZ i.e. orthogonal the Y axis at the coordinate Y=0

Cont our Fi el dMap[ | oopTubul ar, { Bz}, Pl ane[ {- 20, 0, - 20}, {20, 0, 20}]11;
System nane: | oopTubul ar

Bz (G) (Continuous,

Aut omati ¢ Mode)
bet ween {-20., 0.,

~20.} and {20., 0., 20.)
20

10

-10

-20
-20 -10 0 10
Z (mm)

20

3. FHux 3D Contour Field Map on a plane through the magnetic system axis. This plot givesthe true
magnetic field lines (lines tangent to the vector field at any point).
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Cont our Fi el dMap[ | oopFi | anent, { Fl ux}, Pl ane[ {- 20, - 20}, {20, 20}]];
Syst em nane: | oopFi |l ament
Fl ux (uWb) (Continuous, Automatic

Mode)
between {-20., -20.} and {20., 20.}

=

L

-20 -10 0 10 20
Z (mm)

4. Vector plot map of the magnetic field on a plane through the magnetic system axis.

Vect or Fi el dMap[ | oopFi | ament, Pl ane[ {- 20, - 20}, {20, 20}]1];
Syst em nane: | oopFi | ament
vector field (Discrete, Automatic

Mode)
between {-20., -20.} and {20., 20.}

710 A G S e

- >

10

o e
- e e
B e e S A U —

-10

i e s U —

e e e e e e

20t e e

-20 -10 0 10 20
Z (mm)

m 4-7-4 Solenoid: 3D mapping

1. Bz 3D Field Map on aplane XZ i.e. orthogonal to the Y axis at the coordinate Y=100. The use of

True 3D Graphics provides the capability of mapping the field at any plane orthogonal to one of the

axes.
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Fi el dMap[ unshi el dedMRI , { Bz, Bx, By}, Pl ane[ { - 200, 100, - 200}, { 200, 100, 200}]];

Syst em nane: unshi el dedMR

unshielded MRI 1.5 T superconducti ng

magnet

Bz (G) (Continuous, Autonatic Mde)

bet ween {-200., 100., -200.} and {200., 100., 200.}

System nane: unshi el dedMRI

unshi el ded MRl 1.5 T superconducting

magnet

Bx (G) (Continuous, Automatic Mde)

bet ween {-200., 100., -200.} and {200., 100., 200.}

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0

System nane: unshi el dedWR

unshielded MRI 1.5 T superconducti ng

magnet

By (G) (Continuous, Automatic Mde)

bet ween {-200., 100., -200.} and {200., 100., 200.}

2. Bz 3D Contour Field Map on aplane XZ i.e. orthogonal the Y axis at the coordinate Y =0.
Cont our Fi el dMap[ unshi el dedMRI, { Bz}, Pl ane[ { - 200, 0, - 200}, { 200, 0, 200}]];

Syst em nane: unshi el dedMR

unshi el ded MRl 1.5 T superconducting

magnet

Bz (G) (Continuous, Autonatic Mde)

bet ween {-200., 0., -200.} and {200., 0., 200.}

200 [,

\
100
E o
X
-100
-200 t»
-200 -100 0 100 200

3. Hux 3D Contour Field Map on a plane through the magnetic system axis. This plot givesthe true
magnetic field lines (lines tangent to the vector field at any point).
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Cont our Fi el dMap[ unshi el dedMRI, { Fl ux}, Pl ane[{- 200, - 200}, {200, 200}]1];

Syst em nane: unshi el dedMR

unshielded MRl 1.5 T superconducti ng
magnet

Fl ux (uWh) (Continuous, Autonatic

Mode)

bet ween {-200., -200.} and {200., 200.}

200

100

-100

-200 -100 0 100 200
Z (mm)

4. Vector Plot Map of the magnetic field on a plane through the magnetic system axis.
Vect or Fi el dMap[ unshi el dedMRI, Pl ane[ {- 200, - 200}, { 200, 200} ], Nunber O Poi nt s- >10] ;

Syst em nane: unshi el dedvR

unshi el ded MRl 1.5 T superconducting
magnet

vector field (Discrete, Automatic

Mode)

bet ween {-200., -200.} and {200., 200.}

200

100

-100

-200
-200 -100 O 100 200

Z (mm)
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m Chapter 5: Field Calculation using Spherical Harmonics

m 51 Fundamentals of Spherical Harmonics

m 5-1-1 TheBasic Concepts

Spherical harmonics is the solution of Laplace equations in spherical coordinates that is formalized with Legendre
polynomia series. There are many ways to proceed for field calculation. The goal of the methodology used in
Magnetica is to provide accuracy, swiftness of calculation and versatility of use.

The basic principle is the separation of the complete formulain 2 subsets using appropriate factorization. One subset is
specific to the field generator source and the other depends only on the position of the target point. It is necessary to
distinguish the central region and the remote region, as they are different both in terms of source coefficients and in
terms of target field formulas.

This separation is particularly interesting for computer calculation. Indeed, the source coefficients need to be calculated
only once. Moreover, using appropriate normalization, the various system component coefficients can be ssimply
summed to obtain the global source coefficients of the system. It should be noted that appropriate spherical harmonics
formulas could be derived for al the field-related functions (field, flux, etc.). These formulas are all of the same type:
polynomial series that can be calculated rapidly and easily. For magnetic systems made of several components, the
advantage of the swiftness of the SH mode is even greater.

The Magnetica spherical harmonics functions are dependent of the 2 following parameters:

1. The position of the spherical coordinate (called the Legendre point). This point can be situated at
any place on the axis.

2. The system normalization radius (called the Legendre radius).

Although arbitrary, the choice of these parameters is not indifferent. The position of the Legendre point is basic for
setting the region where SH mode can be applied and the accuracy of the final result is related to the Legendre radius.

m 5-1-2 The Space Limitationsfor the Spherical Harmonics M ode and the L egendre Point Position

This concept is fundamental for the correct use of the spherical harmonics mode of calculation since, by definition, the
method cannot be applied everywhere. For any magnetic system, the central and the remote limiting radius are precisely
calculated. They are shown when using the function SHLimits (see paragraph 5-3-2).

A graphics display of these limits is generated using the function DrawSHL imits. More specifically, this graphic
displays shows:

= The strictly forbidden region defined as the region of absolutely no convergence of the Spherical
Harmonics series

» Onthe 2 sides of thisregion are zones where the accuracy of the SH mode is uncertain due to the
limited numbers of terms of the Magnetica algorithm. These 2 regions are also excluded in the SH
mode.

= On the 2 sides of the previous region, other zones concern the Automatic mode. When this modeis
selected, the switch between the SH and the VP modes is made automatically depending on
whether the target point is outside or inside these 2 regions.
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Aswe haveindicated in the previous Chapter, the use of the field function such as FieldPoint appended with the suffixes
VP or SH overrides the Automatic mode.

The position of the Legendre point is arbitrary. For axisymmetric systems, it can be set at any position on the axis. The
default position of the Legendre point is the origin. However, it can be set at any position on the axis using the system
option Legendr ePointPosition—svalue. This circumvents to a certain extent the inherent space limitations.

m 5-1-3 Legendre Radius and L egendre Sour ce Coefficients

The first and main reason for using a Legendre radius parameter is to provide a normalization of spherical harmonics
dimensions for a magnetic system made of several different dimension components. This parameter is arbitrary and,
theoretically, its value has no direct consegquence on field calculation. However, the choice is not indifferent. The
numerical values of the Legendre source coefficients depend strongly on the Legendre radius, as we will see in the
examples. Indeed, the coefficients of order N of the series vary with power (N). Due to the limited precision of the
computer real numbers, the coefficients of high order may reach numerical values where the computer number
truncation error becomes important. Magnetica chooses automatically the Legendre radius in appropriate relation with
the real size of the magnetic system and the L egendre point position. This minimizes numerical error.

Another reason for the choice of the Legendre Radius is the physical meaning attached to coefficients. Their values
represent the contribution to the magnetic field on the surface of the sphere for each of the successive orders of the
series. In asense, they measure in an orderly manner, the quality of the field on the surface of the sphere without doing
any field computation.

A good example of this useis its application to an MRI magnet. Indeed, MRI magnet design are requires an efficient
way to characterize field homogeneity in the region where the patient image is observed (ROI, region of interest). This
is a spherical volume of about 0.5 meters (20 inches) in diameter. Therefore, setting the Legendre radius at this value
provides a direct appreciation of the field quality in the ROI. The lower order (up to 6) coefficients must be very small
to achieve the necessary homogeneity.

The coefficients are calculated only once for a magnetic system and may be printed out at any time. The results print-out
can be done in different ways, either as the internal table (default output) or for other values of the Legendre radius
value (without affecting the internal table). Also, the output mode can generate either the actua values of the
coefficients or the relative value with respect to the first order coefficient.

The function L egendreCoefficients uses the system name as argument and produces the array of al coefficients. The
options: L egendreM ode-type and L egendr eRadius—value provide new versatile forms of results.

The first coefficient term stands for the order O (space-independent), and the other terms are sorted up to the order 20.
Thefirst term of the remote table starts at order 2.

Edited output can be displayed using the Verbose prefix. Various relevant items of information are printed as well as
the coefficients for both the central and the remote regions.
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m 5-2 Immediate Help

m 5-2-1 Optionsof Magnetic Systems Related to Spherical Harmonics

?AXSMagnet i cSyst em

AXSMagneticSystem [{compl, comp2, ... }, options ] defines
a new axis symmetric system made with the specified components .

Options : SystemLabel , MeshingLevel |,
LegendrePointPosition , LegendreRadius , LegendreOrder Details...

?Legendr eRadi us

LegendreRadius is an option for AXSMagneticSystem |,
that specifies the Legendre radius value for this system Details...

LegendreRadius as an option for LegendreCoefficients or VerboselLegendreCoefficients
allows displaying the Legendre coefficients inan alternative Legendre Radius . You may
specify a single value or a list of 2 values as the central and remote coefficients

?Legendr ePoi nt Posi ti on

LegendrePointPosition is an option for AXSMagneticSystem |,
specifies the position of the Legendre point on the Z-axis . Details...

?Legendr eOr der

LegendreOrder is an option for AXSMagneticSystem that specifies the number of
Legendre Coefficients used in the spherical harmonics  calculations Details...

m 5-2-2 Functionsand Directives for Spherical Har monics Calculation

?SHLinmits

SHLimits [system ] gives a list of the limits for the convergence region , the effective
limits ~ for SphericalHarmonics , the limits used for the Automatic mode Details...

?DrawSHLi mits

DrawSHLimits [system ] displays the magnetic system with its Spherical Harmonics  limits
Suffixing ~ DrawSHLimits with XY, XZ, YX, ... displays the chosen point of view. Details...

?Ver boseSHLim ts

VerboseSHLimits [system ] prints a detailed and formatted output of SHLimits Details...

?Legendr eCoefficients

LegendreCoefficients [system , options ] displays the
Legendre source coefficients of the system . The available options are:

LegendreMode -> AbsoluteMode | RelativeMode

LegendreRadius  -> radius | {centralRadius , remoteRadius } Details...

?Legendr eMode

LegendreMode is an option for LegendreCoefficients or VerboselLegendreCoefficients that
allows  specifying if you want to see the Legendre source coefficients of a system

as "RelativeMode " or as "AbsoluteMode ". By default the mode is AbsoluteMode Details...
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?Legendr eRadi us

LegendreRadius is an option for AXSMagneticSystem |,
that specifies  the Legendre radius value for this system Details...

LegendreRadius as an option for LegendreCoefficients or VerboselLegendreCoefficients
allows displaying the Legendre coefficients inan alternative Legendre Radius . You may
specify a single value or a list of 2 values as the central and remote coefficients

m 5-3 Circular Loop Field Calculation

m 5-3-0 Introduction

The first example is the basic circular loop aready used in the previous chapter (4-3).

In order to illustrate the effect of changing the position of the Legendre point, 2 cases are shown with the Legendre
point set either on or off center.

m 5-3-1 Entering Data

Case 1. single loop, filament type , Legendre point set at the center. The relevant data are:
= mean loop diameter: 100 mm
» axial position of theloop: 0 mm (i.e. onthe coordinate isocenter)
= winding diameter: 30 mm
= number of turns(right hand rule, i.e. counterclockwise): 20
= current intensity: 0.5 amperes

LoopFi | anment On = AXSMagnet i cSyst em[
{AXSCi r cul ar Loop[Copper OFHC, 100, 30, 0, 20, 0.5, FillingFactor -0.7]},
Syst enlLabel ->"Basic Loop, Legendre point on center"];

Case 2: the same loop, Legendre point set off the center using the option:
= LegendrePointPosition—» 100 (mm).

LoopFi | anent OF f = AXSMagneti cSyst enf

{ AXSCi r cul ar Loop[ Copper OFHC, 100, 30, 0, 20, 0.5, FillingFactor-0.7]},
Syst enLabel -> "Basic Loop, Legendre point off center : 100 nmi,
Legendr ePoi nt Posi tion -> 100];

m 5-3-2 Spherical Limit Data and Drawing

1. Case 1: the function SHL imits displays the raw data on the limits that can be used for further
calculation

SHLi m t s[ LoopFi | anent On]

({35., 65.}, {3255, 74.1 }, {2555, 89.05 }}

2. Case 1. the function VerbaoseSHL imits prints out the limits as edited and formatted output
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Ver boseSHLi m t s[ LoopFi | ament On]

M n Max
Conver gence Regi on 35. 65.
Limts for using SH 32.55 74.1
Limts for Automatic 25.55 89. 05

3. Same as 2 for Case 2. The limits are modified significantly by displacement of the Legendre point
Ver boseSHLi mi t s[ LoopFi | anent OF f ]

M n Max
Conver gence Regi on 96. 8034 126. 803
Limts for using SH 90. 0272 144. 556
Limts for Automatic 70. 6665 173. 721

4. Drawing the limits for case 1 using the function DrawSHL imits. The drawing shows clearly the 3
spherical regions. They are centered at the Legendre Point and at the origin.

Dr awSHLi mi t s[LoopFi | ament On1;

Syst em name: LoopFi | ament On
Basi ¢ Loop, Legendre point on center
2D view ZR

75

50

=75 [
-75 -50 -25 0 25 50 75
Z ()

5. Drawing the limits for Case 2. Now the 3 spherical regions centered on the L egendre point off
isocenter are very different from those of case 1.
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Dr awSHLi mi t s[LoopFi | ament Of f 1;

Syst em nane: LoopFi | anent OF f
Basi ¢ Loop, Legendre point off
center : 100 mMm

2D view ZR

150

100

50

S

~

@ -50

-100

-150
-50 0 50 100150 200 250
Z (mm)

m 5-3-3 Table of the L egendr e Sour ce Coefficients

The Legendre source coefficients can be displayed through different procedures.

N.B. the unit of coefficients being a magnetic field unit on the proper sphere, either central or remote, all the directives
related to changing units can be applied.

= Array of 2 listsof 21 coefficients for case 1. Thefirst list isfor the central coefficients and the
second is for the remote.
Legendr eCoef fi ci ent s[ LoopFi | anent On]
{{1.25664, 0, -1.88496, 0, 2.35619, 0, -2.74889, 0, 3.09251, O,
-3.40176, 0, 3.68524, 0, -3.94847, 0, 4.19525, 0, -4.42831, 0, 4.64973},

{0, 0, 1.25664, 0, -1.88496, 0, 2.35619, 0, -2.74889, 0, 3.09251,
0, -3.40176, 0, 3.68524, 0, -3.94847, 0, 4.19525, 0, -4.42831}}

= The 2 lists are shown as adouble vertical table that is easily readable using the Mathematica
functions TableForm and Transpose:
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Tabl eFor nf Tr anspose[ Legendr eCoef fi ci ent s[ LoopFi | ament On] ] ]

1. 25664 0

0 0

-1. 88496 1. 25664
0 0
2.35619 -1. 88496
0 0
-2.74889 2.35619
0 0

3. 09251 -2.74889
0 0

-3. 40176 3. 09251
0 0

3. 68524 -3.40176
0 0
-3.94847 3. 68524
0 0
4.19525 -3. 94847
0 0
-4.42831 4.19525
0 0
4.64973 -4. 42831

= Sorting out the first order central coefficient and the second order remote coefficient (the two tables
begin at coefficient order zero, so the list number is the order incremented by 1).

firstcentral =Legendr eCoef fi ci ent s[ LoopFi | amentOn] [[ 1, 1]]
secondr enot e=Legendr eCoef fi ci ent s[ LoopFi | amentOn] [ [ 2, 3] ]

1. 25664

1. 25664

= Changing the units of coefficientsinto Milli Tesla
Legendr eCoef fi ci ent s[ LoopFi |l anent On, Fiel dUnit-M | li Tesl a]

{{0. 125664, 0, -0.188496, 0, 0.235619, 0, -0.274889, 0, 0.309251, 0, -0.340176
0, 0.368524, 0, -0.394847, 0, 0.419525, 0, -0.442831, 0, 0.464973}

{0, 0, 0.125664, 0, -0.188496, 0, 0.235619, 0, -0.274889, 0, 0.309251
0, -0.340176, 0, 0.368524, 0, -0.394847, 0, 0.419525, 0, -0.442831}}

Edited output using the prefix Verbose. The coefficients are formatted and complementary data on the limiting radius
are given

Default print-out of Case 1 using the function Ver bosel egendr eCoefficients without options
= The system Legendre radius automatically calculated is 50 mm
» The spherical limits are respectively 32.55 and 74.1 mm

= The magnetic parity system is True, which impliesthat all coefficients of odd order are null.
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Ver boselLegendr eCoef fi ci ent s[LoopFi | ament On,
Legendr eRadi us » {10, 100}, FieldUnit - MI1i Tesl a]

Syst em Nane: LoopFi | ament On
System Legendre radi us 50. 000 mm
Printout Legendre radius central 10. 000 mMm
Printout Legendre radius renote 100. 000 mMm
System Legendre center position 0. 000 nmm
I nner spherical radius limt 32.550 nm
Quter spherical radius limt 74.100 mm
System nmagnetic parity True
System nagnetic constant field 0. 000 nmT
Mode: absolute Field (MIIi Tesla)

O der central coeff. renote coeff.
DO 0. 125663706 0. 000000000

D1 0. 000000000 0. 000000000

D2 -0. 007539822 0. 015707963

D3 0. 000000000 0. 000000000

>4 0. 000376991 -0. 005890486

D5 0. 000000000 0. 000000000

D6 -0. 000017593 0.001840777

D7 0. 000000000 0. 000000000

D8 7.916813000e-7 -0. 000536893

D9 0. 000000000 0. 000000000
D10 -3.483400000e-8 0. 000151001
D11 0. 000000000 0. 000000000
D12 1. 509500000e-9 -0. 000041525
D13 0. 000000000 0. 000000000
D14 0. 000000000 0. 000011246
D15 0. 000000000 0. 000000000
D16 0. 000000000 -3.012440900e-6
D17 0. 000000000 0. 000000000
D18 0. 000000000 8.001796000e-7
D19 0. 000000000 0. 000000000
D20 0. 000000000 -2.111585000e-7

Print-out for Case 1, using the function L egendr eSour ceCoefficients with the option L egendreM ode— RelativeM ode.

This print out shows:

= The central relative coefficients are the initial value of the Legendre polynomial derivative

» Theremote coefficients are identical to the central coefficients but with a difference of order of 2

N.B. Theserelations are strictly specific to the centered filament loop.
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Ver boselLegendr eCoef fi ci ent s[LoopFi | ament On, Legendr eMbde » Rel ati veMode]

Syst em Nane: LoopFi | ament On
System Legendre radi us 50. 000 nm
Printout Legendre radius central 50. 000 nm
Printout Legendre radius renote 50. 000 nm
System Legendre center position 0. 000 mMm

I nner spherical radius limt 32.550 nm
Quter spherical radius limt 74.100 mm
System magnetic parity True
System magnetic constant field 0.000 G

Mode: relative Field to D=0

O der central coeff. renote coeff.
D0 1. 000000000 0. 000000000
D1 0. 000000000 0. 000000000
D2 -1. 500000000 1. 000000000
D3 0. 000000000 0. 000000000
D4 1. 875000000 -1. 500000000
D5 0. 000000000 0. 000000000
D6 -2. 187500000 1. 875000000
D7 0. 000000000 0. 000000000
D8 2. 460937500 -2. 187500000
D9 0. 000000000 0. 000000000
D10 -2.707031250 2. 460937500
D11 0. 000000000 0. 000000000
D12 2.932617188 -2.707031250
D13 0. 000000000 0. 000000000
D14 -3. 142089844 2.932617188
D15 0. 000000000 0. 000000000
D16 3. 338470459 -3. 142089844
D17 0. 000000000 0. 000000000
D18 -3.523941040 3. 338470459
D19 0. 000000000 0. 000000000
D20 3.700138092 -3.523941040

Print-out for Case 2, using the function L egendr eSour ceCoefficients with the option L egendr eRadius—{ 50,250} .

This print-out shows that:

= The system Legendre radius automatically calculated is 111.803 mm
= The output Legendre radii are respectively 50 and 250 mm

» The meaning of the coefficients as the field contribution of the various orders on the surface of the
sphere, central and remote, can readily been interpreted.
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Ver boselLegendr eCoef fi ci ent s[LoopFi | ament Of f, Legendr eRadi us » {50, 250}]

Syst em Nane: LoopFi | ament O f
System Legendre radi us 111.803 mm
Printout Legendre radius central 50. 000 nm
Printout Legendre radius renote 250. 000 nm
System Legendre center position 100. 000 nm

I nner spherical radius limt 90. 027 nmm
Quter spherical radius limt 144.556 mm
System magnetic parity Fal se
System magnetic constant field 0.000 G

Mode: absolute Field (Gauss)

O der central coeff. renote coeff.
D0 0.112397036 0. 000000000
D1 -0. 134876443 0. 000000000
D2 0.101157332 0. 010053096
D3 -0. 058446459 -0. 012063716
(D7} 0.027312480 0. 009047787
D5 -0.010007832 -0. 005227610
D6 0. 002300543 0. 002442902
D7 0. 000315611 -0.000895128
D8 -0. 000785891 0. 000205767
D9 0. 000593506 0. 000028229
D10 -0. 000325649 -0. 000070292
D11 0. 000142869 0. 000053085
D12 -0. 000048500 -0. 000029127
D13 9. 520563900e-6 0. 000012779
D14 2.504379700e-6 -4.337967600e-6
D15 -4.101340900e-6 8.515451000e-7
D16 2.851425500e-6 2.239985000e-7
D17 -1.479713500e-6 -3.668351000e-7
D18 6. 146857000e-7 2.550393000e-7
D19 -1.931707000e-7 -1.323496000e-7
D20 2.931600000e-8 5. 497920000e-8

m 5-3-4 Ponctual Magnetic Field Calculation

All the magnetic field functions can be used with spherical harmonics, the only restriction being the forbidden regions
of space.

As stated in 5-1, the field functions automatically take advantage of the spherical harmonics mode when the coordinate
of the target point are situated in the proper regions. But using the suffix SH works out spherical harmonics calculations
in any position and generates an error message when the calculation can not be done correctly.

In the following examples calculation will be carried out with the 2 modes in order to compare the results, all for Case 1
(circular loop centered)

1. Field on the axis at the isocenter point (R=0,Z2=0). The VP and the SH modes give exactly the same
values as expected.
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rc=0; zc =0;
Fi el dPoi nt SH[LoopFi | ament On, {rc, zc}]
Fi el dPoi nt VP[LoopFi | ament On, {rc, zc}]

(0, 1.25664 }

(0, 1.25664 }

2. Target point near the winding. Although the target point is close to the winding, the difference
between the SH and the VP modesis very small (<0.0001)

N.B. the practical limits of the radius are such that the accuracy is better than 1 % at the limit, whatever the coil
geometry.

rc=32.1; zc =5; precis =12;
Nunber For m[Fi el dPoi nt SH[LoopFi | ament On, {rc, zc}], precis]
Nunber For m[Fi el dPoi nt VP[LoopFi | anent On, {rc, zc}], precis]

{0.304110254339 , 1.78429083004 }

{0.304058527682 , 1.78420370776 }

3. Target point in the winding.

rc =52; zc =5; precis =12;
Nunber For m[Fi el dPoi nt SH[LoopFi | ament On, {rc, zc}], precis]
Nurmber For m[Fi el dPoi nt VP[LoopFi | anent On, {rc, zc}], precis]

FieldPointSH : target point {52, 5} not in
t he meani ngful domai n. Use VectorPotential or Automatic node

Details...
$Aborted
{0.401264093924 , 0.459497176316 }

4. Target point near the winding but with changing the length units to inches and field units to Milli
Gauss.

War ning: from now on, lengths are in Inches, and fields are in Milli Gauss, until explicitly changed.

rc=123; zc=0.2; precis =12;

Magneti caUserUnits[Fiel dunit - MI1i Gauss, LengthUnit -» | nchl;
Nunber For m[Fi el dPoi nt SH[LoopFi | anent On, {rc, zc}], precis]
Nurmber For m[Fi el dPoi nt VP[LoopFi | anent On, {rc, zc}], precis]

(281.68064577 , 1739.24531252 )}
{281.64619312 , 1739.20232348 }
Resetting the units at the default values:
Magnet i caUserUnits[];

5. Magnetic Potential, Flux and Gradient at atarget point on axis (R=20 mm, Z=10 mm) for the
filament loop and the tubular loop. using MatrixForm, the gradient can be shown as a matrix
default units are:
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- Micro Weber / Meter for the magnetic potential
- Micro Weber for the magnetic flux

- Gauss/ Meter for the magnetic field gradient

rc =20; zc = 10;

Pot ent i al Poi nt SH[LoopFi | ament On, {rc, zc}]

Fl uxAr eaSH[LoopFi | anent On, {rc, zc}]

Gr adi ent Poi nt SH[LoopFi | ament On, {rc, zc}]

Mat ri xFor m[Gr adi ent Poi nt SH[LoopFi | ament On, {rc, zc}]]

(1. 24333}
(0. 156241}

({-23.4458, 12.9928)}, {12.9928, 14.4071}}

-23.4458 12.9928
( 12. 9928 14.4071

m 5-3-5 Field Map Graphics

As regards punctual calculations, al the field Map Graphics functions can be used in the spherical harmonics mode,
naturally with the same restrictions regarding the forbidden regions of space. The existing mode may be overridden and
the spherical harmonics mode is selected by using the option Cal cul at i onMbde — Spheri cal Har noni cs, asan
additional argument to the concerned function.

1. Thisexampleisfor the Case 1 of the circular loop centered for the Bz field map along the space plot,
defined by aradial lineat z= 75 mm fromr =0to r = 100 mm. Field unit isin Milli Gauss (for this
plot only) using the option Fi el dUnit =M | I i Gauss.

Fi el dMap[ LoopFi | ament On, { Bz}, Li ne[ {0, 75}, {100, 75}],

Cal cul ati onMbde- >Spheri cal Har noni cs,
FieldUnit->MIli Gauss];

Syst em nane: LoopFi | ament On

Basi ¢ Loop, Legendre point on center
Bz (mG) (Continuous, Spherica

Har noni cs)

between {0., 75.} and {100., 75.}

200

5 N
150
g 100 \

N
) N

50 -
\
0 20 40 60 80 100

R (mm)

2. 0Bz/6z component of Gradient Map for the same circular loop on an axia lineat r =5 mm from z =
-30 tor =30 mm
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Fi el dMap[ LoopFi | anent On, { G- adZzZ}, Li ne[ {5, - 30}, {5, 30}],
Cal cul ati onMbde- >Spher i cal Har noni cs] ;

Syst em nane: LoopFi | ament On

Basi ¢ Loop, Legendre point on center
G adzZzZ (G/m) (Continuous, Spherica
Har noni cs)

between {5., -30.} and {5., 30.}

20 —
N
10 N

0
10
N
20 N
30.20.10 0 10 20 30
z (mm

G adZz (G/m)

3. Field Plot Map of the magnetic field for the same case on a plane through the magnetic system axis

Fi el dMap[ LoopFi | ament On, { Bz}, Pl ane[ {- 20, - 20}, { 20, 20}],
Cal cul ati onMbde- >Spheri cal Har noni cs] ;

Syst em nane: LoopFil ament On

Basi ¢ Loop, Legendre point on center

Bz (G) (Continuous, Spherical Harnonics)
between {-20., -20.} and {20., 20.}

4. Flux 3D Contour Field Map on a plane through the magnetic system axis
N.B. this plot gives the true magnetic field lines (line tangent to the vector field at any point).
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Cont our Fi el dvap[ LoopFi | anent On, { Fl ux}, Pl ane[ { - 20, 80}, {20, 120}],
Cal cul ati onMbde- >Spher i cal Har noni cs] ;

Syst em nane: LoopFi |l ament On
Basi ¢ Loop,

Legendre point on center

Fl ux (uWb) (Continuous, Spheri cal
Har noni cs)
bet ween {-20., 80.} and {20., 120.}

=
—
£
.
—
Z (nmm)

m 5-4 Application to a MRI superconducting solenoids

m 5-4-0 Introduction

As indicated in the first section (5-1-2), MRI magnet design is a very demanding task for which the use of spherical
harmonics is particularly well adapted. The example is a magnetic system of 6 superconducting solenoids set at the

isocenter.

m 5-4-1 Entering Data

Magnetic system of 6 superconducting solenoids set at the center as 3 pairs set symmetrically around the isocenter.

super conducM©RI =
AXSMagnet i cSyst eni

{ AXSSol enoi d[ Super NoTi 4,
AXSSol enoi d[ Super NbTi 4,
AXSSol enoi d[ Super NbTi 4,
AXSSol enoi d[ Super NbTi 4,
AXSSol enoi d[ Super NbTi 4,
AXSSol enoi d[ Super NbTi 4,
SysteniLabel -> "6 coils

1240,
1240,
1240,
1240,
1240,
VRI

1280,
1280,
1280,
1320,
1320,

m 5-4-2 Spherical Limits Data and Drawing

1240, 1280, 300

180. 05374474797077, 635, 735.2202],
-180. 05374474797077, 635, 735.2202],
550. 1194910091477, 598, 735.2202],
-550. 1194910091477, 598, 735.2202],
874.8480174899299, 1015, 735.2202],
-874. 8480174899299, 1015, 735.2202]},

300,
250,
250,
250,
250,

1.5 T superconducti ng nagnet"];

1. Using the function VerboseSHL imitsto print out the limits as edited and formatted output

Ver boseSHLi mi t s[ super conducMVRI ]

M n
Conver gence Regi on 620. 728
Limts for using SH 577.277
Limts for Automatic 453. 131

Max

1198. 04
1365. 76
1641. 31
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2. Drawing the limits for the MRI magnet using the function DrawSHL imits. The drawing shows
clearly the 3 spherical regions. They are centered at the system isocenter

Dr awSHLi mi t s[super conducVRI ];

Syst em name: superconducMrl

6 coils MRI 1.5 T superconducting
magnet

2D view ZR

1500

1000

500

-1500
-15001000500 0 50010001500

Z (nmm)

m 5-4-3 Legendre Coefficients Table for MRI Superconducting Solenoids

This output has the print-out Legendre radius adjusted to representative values: ROI for the central region and room
dimensions for the remote region.

= The system Legendre radius automatically calculated is 909.383 mm.

= The output Legendre radius is respectively 250 and 2500 mm.

= The central coefficients of order 2 and 4 are very small which is specific to a magnet of good

homogeneity.
= The remote coefficients of the low order (2 to 6) are large which means an important stray field.
1. Display of array of source coefficients

Legendr eCoef fi ci ent s[ super conducMRl ]

{{15000., 1.36424x10°%?, -0.000833933, -9.09495x107'%, -0.014836,
2.6148x 10712, 4842.9, 3.18323x107°'?, -49591.6, -2.16005x 10712,
143440., -2.95586x107'2, -267536., 0., 417936., -1.97815x10%%,
~772603., -5.37739x10°', 1.87705x10°, 4.32578x107'!, -4.6495x10°},
(0., 0., 11121.9, 0., 27841.7, 0., 13450.2, 0., -55676.4, 0., -107595.,
7.27596x107%?, 5175.1, 0., 285436., 0., 356796., 0., -275331., 0., -1.29054x10%}}

2. Sorting out all the central coefficients with the irrelevant values chopped out using the Mathematica
function Chop

Chop[ Legendr eCoef fi ci ent s[ super conducMRI ] ][] 1]]

{15000., 0, -0.000833933, 0, -0.014836, 0, 4842.9, 0, -49591.6, 0, 143440.,
0, -267536., 0, 417936., 0, -772603., 0, 1.87705x10°%, 0, -4.6495x10°)}
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3. Editing the Legendre coefficients with central sphere Legendre radius set at 250 mm (ROI radius)
and 2500 mm for remote coefficients

Ver boselLegendr eCoef fi ci ent s[super conducMRl, Legendr eRadi us -» {250, 2500} ]

Syst em Nane: super conducM©R
System Legendre radi us 909. 383 mMm
Printout Legendre radius central 250. 000 nm
Printout Legendre radius renote 2500. 000 nm
System Legendre center position 0. 000 mMm

I nner spherical radius limt 577.277 mm
Quter spherical radius limt 1365. 764 nm
System nmagnetic parity True
System magnetic constant field 0.000 G

Mode: absolute Field (Gauss)

O der central coeff. renote coeff.
D0 15000. 000067887 0. 000000000
D1 0. 000000000 0. 000000000
D2 -0. 000063026 535. 302033980
D3 0. 000000000 0. 000000000
>4 -0. 000084740 177. 308722411
D5 0. 000000000 0. 000000000
D6 2. 090564502 11. 333837233
D7 0. 000000000 0. 000000000
D8 -1.617905108 -6.207741387
D9 0. 000000000 0. 000000000
D10 0. 353671288 -1. 587330253
D11 0. 000000000 0. 000000000
D12 -0. 049853894 0. 010102023
D13 0. 000000000 0. 000000000
D14 0. 005885907 0. 073724575
D15 0. 000000000 0. 000000000
D16 -0. 000822329 0. 012193769
D17 0. 000000000 0. 000000000
D18 0. 000150991 -0. 001245048
D19 0. 000000000 0. 000000000
D20 -0. 000028266 -0. 000772176

m 5-4-4 Magnetic Field Calculation

1. Target point in the central region (ROI): the difference between the SH and the VP mode is very
small.

rc =200; zc = 150; precis =12;

Magneti caUser Uni t s[Fi el dUnit - Tesl a];

Nunber For m[Fi el dPoi nt SH[super conducMRl, {rc, zc}], precis]
Nunber For m[Fi el dPoi nt VP[super conducMRl, {rc, zc}], precis]

{0. 0000871959865189, 1.49999340293}

{0. 000087195906579, 1.49999340298}

2. Target point away from the winding (stray field). Field unit in Milli Gauss, results using the verbose
function:
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rc =3000; zc =1000;

Magnet i caUser Uni t s[Fi el dUnit -» Gauss];

Ver boseFi el dPoi nt [super conducMRl, {rc, zc}, Cal cul ati onMbde - Spheri cal Har noni cs]
Ver boseFi el dPoi nt [superconducMRl, {rc, zc}, Cal cul ati onMbde -» Vect or Pot enti al ]

Syst em nane: super conducMR
The magnetic field (in Gauss) at the point {3000, 1000} (in MIIi Meter)
Cal cul ati on node: Automatic Mde

Br 96.176960 G
Bz -89. 661038 G
Bm 131. 488058 G

Syst em name: super conducVR
The magnetic field (in Gauss) at the point {3000, 1000} (in MIIli Meter)
Cal cul ati on node: Automatic Mde

Br 96. 176960 G
Bz -89. 661038 G
Bm 131. 488058 G

3. Bz 2D Field Map in central region for an axial line at r=0 from z =-200 0 to z = 200 mm. Field unit is
in Tesla (for this plot only)

Fi el dMap[ super conducMl, { Bz}, Li ne[ {0, - 200}, {0, 200} ],
Cal cul ati onMbde- >Spher i cal Har noni cs,
Fi el dUnit-> Tesl a];

Syst em nane: superconduchMR

6 coils MRI 1.5 T superconducting
magnet

Bz (T) (Continuous, Spherical Harnonics)
between {0., -200.} and {0., 200.}

1. 50003 \ /
1. 50003 \ /
~ 1.50002 \ /
1. 50002
& 1.50001 \\ //
1.5029; \C //
~200 -100 0 100 200

Z (mm)

4. Bz 3D Field Map on a plane through the axis in the central region (ROI).
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Fi el dMap[ super conducMl , { Bz}, Pl ane[ { - 250, - 250}, {250, 250}],
Cal cul at i onMode- >Spheri cal Har noni cs,
FieldUnit->M11li Tesla];

System nane: super conducMR

6 coils MRl 1.5 T superconducting
magnet

Bz (nT) (Continuous, Spheri cal

Har noni cs)
bet ween {-250., -250.} and {250., 250.}

5. Bz 3D Contour Field Map on a plane through the magnetic system axis:

Cont our Fi el dMap[ super conducMRl, { Bz}, Pl ane[ { - 250, - 250}, { 250, 250} ],
Cal cul at i onMode- >Spheri cal Har noni cs] ;

Syst em nare: superconducMRl

6 coils MRI 1.5 T superconducting

magnet

Bz (G) (Continuous, Spherical Harnonics)
bet ween {-250., -250.} and {250., 250.}

Z N

N %
-200-100 0 100 200
Z (mm
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m Chapter 6: Fundamentals on Ferromagnetism

m 6-1 Introduction

A magnetic field can be generated by a device without any externa electric current but taking advantage of the magnetic
properties of the matter from which the device is made. As we will see in Section 6.3, this magnetic field can aso be
related to electric currents which are not visible being microscopic whereas, for current-carrying devices, they are
measurable being macroscopic.

The magnetic field generated depends simultaneously on 4 factors:

= theintrinsic property of the materials (i.e. its magnetization)
= the geometric shape of the device
= the magnetic environment (i.e. the intensity of the magnetic field into which the deviceis plunged).

= the history of the interaction between the material s and the magnetic environment.
The relationship between these 4 factors is very intricate. The magnetic properties of the matter are the most important
factor. A detailed account of these properties is developed in the Appendix B.1 "Physical and Magnetic Properties of
Materials'. But afirst glance at the situation shows that all the materials can be classified in the following categories:

= Common materials. They have avery weak response to the magnetic field environment. This response
is expressed by the magnetic susceptibility (v). The value of the relative susceptibility isin the
range of 107°. Most of the known substances, whether natural, artificial, synthetic, or biological,
etc. belong to this category. We can distinguish 2 types of materials:

= paramagnetic materials. They have a positive response (y> 0)
= diamagnetic materials. They have a negative response (y< 0)

= Ferromagnetic materials. They have avery stong response to the magnetic environment. The relative
susceptibility can reach values ranging for few hundred up to amillion. These properties are limited
to materialsinvolving only a very few atomic elements, essentially iron, but also nickel, cobalt and
some rare earth elements as Samarium or Neodymium. The magnetic properties depend not only
on the composition on the substance, but also on its physical and chemical states aswell as on the
history of the magnetization process.

In terms of magnetostatics, we can distinguish the following ferromagnetic materials:

= hard ferromagnetic materials. These materials permanently keep atrace of the magnetic field to
which they wereinitially subjected. This property is specific to a certain direction of the substance
inrelation to its crystal structure. This category of ferromagnetic material includes all permanent
magnet devices. The most commonly used hard ferromagnetic materials at present are the ferrites
(Iron oxide added to special chemical compounds) and Neodymium, Iron and Boron (NIB)
compounds. Alnico steel (aloy of Iron, Nickel and Cobalt with a certain amount of Aluminum), is
still used in some applications such as the magnetic compass needle.

= soft ferromagnetic materials. One can consider these materials as having areversible response to
the magnetic field environment; i.e. when the magnetic field is reduced to nothing, their

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0 76

magnetizatiometurnsto nothingregardles®f the magnetidield to which theyhavebeen
submitted.This categorycansubdividein 2 subsets:

= isotropicsoftferromagnetigcalledgrainsnot oriented).Their susceptibilityis the samefor all
directions.

= anisotropicsoft ferromagneti¢calledgrainsoriented).Their susceptibilitypresentslifferent
valueswith respecto the crystalstructureorientation.
The calculationof the magnetidield of a devicemadeof magnetiomaterialproceedith a complexmethodologyWe

haveto takeinto accountall the factorsand, moreover,their relationsare most often very unlinear. The basic
methodologyis developedurtherin this chapter.

The next3 chaptersaredevotedo theimplementatiorof the method:

In Chapter7, we will startwith the simplestsituation:the caseof a barof cylindrical form madeof
permanentnagnetizatiormaterialandwithoutany magneticenvironment.

In Chapter8, we will goto morecomplexsituationsnvolving materialswith variablemagnetizatiorof
muchmorecomplexgeometricshape.

In Chapter9, we will dealwith moreadvancedituations.

m 6-2 TheBases: Definitions and Relations

The origin of magnetizatiorof matteris directly relatedto the electronsof the atomicelementf which the substance
in questionis made.For commonmaterials electronorbital motion, andfor ferromagnetianaterialselectronspin are
takeninto account.Eachelectroncanbe consideredas a tiny currentloop (i.e. a dipole) producinga very small
magneticfield. But in any device,evena deviceof small dimensionsthe electronsare very numerousand their
magneticeffectcanbecomemportantdueto a collective behavior Whenthe magneticfield of the environmenis null,
the motion of the electronss randomlydistributed.The resultingfield generatedy the deviceis alsonull. But if an
externalfield is applied,thedipolemayhave2 typesof reactions:

1. aclassicaklectromagneticeactionaccordingo Lenz'slaw (flux conservation)

2. analignmentof the elementandipoleson the externalmagnetidield.

For diamagnetianaterialsthefirst effectis predominantvhereador paramagnetiandall the morefor ferromagnetic
materials,the secondeffectis the mostimportant.In the caseof ferromagnetianaterials the crystal structureof the
substanceglaysa very importantrole. The tiny dipolesinteractwith eachother. This processnitiatesa collective
behaviorfor a smallvolumeof substancealledthe magneticdomain.In any particulardomain,thetiny dipolesareall
alignedin sucha way that,de factq their collective behaviorgenerates large dipole of the size of the domain.The
variousdomainsof the substanceare separatedy a thin wall which dependson the internal stateof the matter.
Chemicalcomposition,atomicimpurities,internal mechanicaktress dislocationsare the key factorsdeterminingfor
domainsizeanddomainwall behavior.

We will now usethis basicphysicalconceptdor magneticfield calculationstartingwith the definition of the various
termsemployedandcontinuingwith thebasicformulas.

= Magnetization or | ntensity of Magnetization (acronymM). Thisis the volumedensityof the
magnetiadipoles
= Magnetic domain: Actual elementarywolumeof thedevicewith its own specific

Magnetization EachdomaincanhavedifferentmagnetizationT he dimensionf the physicaldomain

©1998-2003MVagneticasoft



MagneticaUser Book- Versionl1.0

77

can be afraction of micrometer, as in film used for magnetic recording, up to several micronsin
high magnetic permeability materials.

= Magnetic cell. Thisisan abstract notion that extends the notion of domain for cal culating purposes
and represents the elementary volume of the device (i.e. its own specific Magnetization). The cell
concept is paramount in the algorithm of field calculation.

= Magnetizing field or Magnetic field intensity (acronym Hm or H): The external magnetic field
applied to a particular domain (and, by extension, to a cell). It must be pointed out that this proper
definition implies that any field external to the domain (or cell) must be accounted for.
Consequently, from the viewpoint of calculation, we have to distinguish the following 2 cases:

1. The deviceismade of only 1 cell. In that case, Hm is the external field to the device.

2. The device is made of several cells. In that case, Hm includes, for each cell, both the external field
to the device and the magnetic field contribution of all other cells.

Thefirst case is mathematically quite simple but physically very approximate. Most books on
€lectro-magnetism deal only with this approach.

The second case is much more difficult to manipulate, but physically more accurate.

Discretization or meshing: Thisis the measurement of the division of adevice into cells. The higher
the meshing (and the number of cells), the better is the simulation of the magnetic behavior of the
device (and the field calculation). In Magnetica, the discretization is automatic but is parametrized
with 4 levels of meshing.

= level 1 very minimum meshing — crude approximation, for preliminary tests,
= level 2 minimum meshing — first order approximation for fast calculation, (default case)
= level 3 moderate meshing —» second order approximation, good cal culation time,

= level 4 extensive meshing — fair order approximation, but major memory requirements and long
calculation time.

Induction or M agnetic flux density or global Magnetic field (acronym B). Thisis ssmply the sum
of the magnetization M and the Magnetizing field Hm. Assuming a coherent system of magnetic
units, we have :

B=M+Hm(1)

= Law of magnetization: Thisrelationship between the magnetization M and the magnetizing field
Hm s part of solid state physics. It is specific for each substance. Practically, the law isillustrated
graphically with a plot of the curve of magnetization that has been measured experimentally. This
relationship can be expressed in different ways:

«M=f(HmM)

M= x. Hm (2)

where y istherelative volume susceptibility.
=B =f(Hm)
B = HM(3)
where u istherelative volume per meability

Both ¢ and y are dimensionless parameters when B, M and Hm are given in a coherent system of magnetic units.
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Considering equations (1, 2, 3), u and y are then very simply related. We have:

n=1+y 4)

In scientific books, commercia notices or handbooks, several other definitions are used for x4 and y. They can be
expressed in different units such as Henry/m or they also can be referred to the mass of the matter and not to the
volume. The transformation of these data into the relative volume values is only a problem of proper numerical
conversion. The factor uy, the permeability of the vacuum is involved in the first case in association with the specific
weight of the matter in the second case.

= Geometry factor: This concept although simplistic isthe most difficult to formalize. It will be fully
developed in the paragraph 6.4. The effect of the geometry of the cell is materialized by a
numerical term called the Demagnetization coefficient D. This coefficient can be calculated
directly using the Maxwell equations. D represents the relative reduction of the magnetic flux
density B due the size of the cell.

D=1-+ (5)

If we consider avery long bar, B tends towards M and, therefore, the demagnetization coefficient tends towards zero.
Reciprocally, for avery short bar, aflat pancake or adisk, B tends towards 0 and, consequently, D tends towards 1.

Considering the cell as a volume entity, the notion of demagnetization coefficient must be extended to al directionsin
space. As the result, the demagnetization coefficient is a vector. It can be shown that sum of the vector componentsis
the unity. Thisis an asymptotic relation that is perfectly applicable to cuboid 3D cells and to cylindrical cells only when
the cells are distant from the axis.

2. Di (i space component) — 1 (6)

The demagnetization coefficient concept is avery important factor in the methodology of field calculation for magnetic
devices.

m 6-3 Magnetic Dipole, Magnetization and Surface Currents

The elementary magnetic dipole can be simulated by a current loop of electrons rotating on a circular orbit of avery tiny
radius Rd as shown in next figure.

the elementary magnetic DIPOLE

Magnetic Field vector

South Pole

U\
Loop Currente x f 4 \¢\¢

L
/
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The cylindrical bar can be seen as a set of magnetic domains (or cells) made of a huge number of elementary dipoles. In
the case of axia rigid magnetization, each of the domains (or cells) isidentical and aligned on the axial direction as

shown in the next figure. In other types of magnetization, the domains (or cells) are not identical, neither in direction
nor in magnetization intensity.

cylindrical BAR MAGNET
uniform axial MAGNETIZATION

SOUTH
pole

NORTH
ole

al Meld Bz

The representation of this physical model isillustrated in the next figure showing the bar cutaway.

Axial magnetization bar magnet — cutaway
elementary domaines (cells)

Assuming uniform axial magnetization, the dipole volume density is constant for any cross section of the bar. The
global outcome of the elementary dipolesis a surface current of axial current density J,,. Thislinear current density J,

isdirectly related to the Magnetization M through the Maxwell equations and then the equivalent number of Amperes x
Turns can be calculated from the length bf of the bar:

J<p = (7)

Nat = J, x bf :%/l—xbf ®)

Vv

The next 2 figures allow visualizing the concept of surface current.

- cross-section of the cylindrical bar
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Axial magnetization bar magnet cross section
elementary dipoles and gobal surface current

J¢ global surface current

- axial cutaway of the cylindrical bar. The surface currents are a theoretical current sheet of null
thickness.

Axial magnetization bar magnet — cutaway
schematic of surface currents

J¢ azimuthal surfage currents (forward)

ial magnetization

J¢ azimuthal surfacq currents (backward)

The result of this physical model of the cylindrical bar is a solenoid of the same dimensions made of a very thin winding

(current sheet) with the same linear current density J, (and amperes x turns). as shown in the next figure.
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thin SOLENOID equivalent to magnetic bar
(of rigid axial magnetization)

=

field vectors f

m 6-4 Cell Geometry and Demagnetization Coefficient

The concept of Magnetic Flux induction B at the center of a cylindrical bar of a permanent magnet material, equation 1,
isapure hypothetical concept. It is similar to the famous Richard Feyman Brick problem. | quote:

"What is the middle plane of concrete brick? Very simple answer! Just cut the brick into 2 parts. But you still do not
know what is inside the brick since what you observe is again the surface of the bar. Simply a new surface.”, end of
quote.

It is the same thing with the magnetic field of a bar. What we can observe and measure, is the field at the surface of a
pole. From the solution of the Maxwell equations and the equivalent current sheet solenoid model, it can be shown that
the field at the center of the surface is just half the strength of the magnetic flux at the center of the magnet. Then, if the
2 bar magnets are set very close to eachother, the north pole of the first faces the south of the second, the total field
inside the gap, being the summation of the contributions, is the magnetic flux at the center of each magnet. The next
figure shows the practical realization of the situation with a single magnet bent on a circular path with a small gap
between the 2 poles.
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C shape bar magnet
field in the gap

NORTH
SOUTH pole

The next figure shows the magnetic flux line at the center of the cylindrical bar.

Bar magnet
Induction Field line
in the central region

200 ¢

100 ¢

—100 ¢

=200 ¢

-200 =100 0 100 200

The figure shows clearly that at the center of an infinite bar, the field lines are strictly parallel to the axis. Thisimplies

that the only real field component is the axial component Bz and, therefore, the radial component Br is null.

Consequently, the application of equation 5 giveswith Bz = M:
Dz=0 9)
Dr=1 (20)

When the cell is not on the axis, Br is not null and the 2 demagnetization components have numerical values between 0

and 1.

_ Bz
pz=1-2 (11)
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Dr=1-2 (12)

m 6-5 Functional M agnetization

The solution of Magnetostatics for magnetic systems with magnetic components requires solving simultaneously the
mathematical formulas related to the 2 following independent physical concepts:

1. The Maxwell equations which can be seen as a geometrical relation between the sources of the field
and the cell target point where the magnetization and the proper magnetizing field must be
calculated. The term "sources' means all magnetic field generator components or sub-components
such asthe cells external to the target cell. The law of magnetic field composition impliesthat the
global magnetic field B of the target cell is simply the linear vector summation of all magnetic
source contributions.

Bg = 3 Be (elementary source) (13)

2. The law of magnetization of the materials, equation (2), applies to the specific material of the cells
(see appendix B.1).
Further, since Magnetostatics implies time-independent situations, we assume that the material isin perfect equilibrium
with itslocal environment at the cell level. This hypothesisis very acceptable even at higher frequencies if the magnetic
system and the electrical circuits are constructed in such a way as to minimize the eddy currents and the conductor
surface currents.

The type of solution depends on both the geometrical magnetic interactions and the law of magnetization.

The simplest solution occurs for a magnetic system simulated with a single cell. Then the geometrical field relation is
simply dependent on the magnetic field produced, in the cell, by al the external generators (called excitation field). It
should be pointed out that most education textbooks use implicitly this elementary model.

When the magnetic system is simulated with multiple cells, it is necessary for each cell, to complement the external field
by the interaction effect of every other cell. Thisleadsto an interaction matrix source/ target cells.

The law of magnetization can be devel oped with the following models:

= rigid magnetization: The model applies only to the hard ferromagnetic materials. Then functional
magnetization is just the intrinsic remanent magnetization of the substance.

= linear magnetization: The model implies a constant susceptibility, the magnetization being
proportional to the magnetizing field. This model appliesto all common materials whether
diamagnetic or paramagnetic, and also to hard feromagnetics assuming they are operated within
their safe range (see Appendix B.1). It isalso possible to use it for soft ferromagnetic materials
within arestricted range of operation.

= non linear magnetization: This model applies essentially to soft ferromagnetics for al ranges of
application without restriction.
The simultaneous solution of the 2 equations produces for each cell the functional magnetization as well as the
corresponding magnetizing field. Due to the effect of cell interaction, this resulting magnetizing field (called functional
magnetization) can be very different from the initial magnetization resulting directly from the external excitation
field (through equation 3).
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m Chapter 7: Magnetic Field Calculation for Permanent Magnet

m 7-1 General Concepts
Hard ferromagnetic materials are characterized by 3 main features:

= Intrinsic remanent magnetization (acronym Mr) Thisisthe permanent magnetic field generated
by the substance when no external (excitation) field is applied. The field is specific to adirection
called the principal direction. The directions orthogonal to this direction are called transver sal
directions.

= Coercivefidd (acronym Hcoer) The coercive field sets the limits of application of the substance as
amagnetic field generator. If the magnetizing field, within any point of the substance, becomes
lower than Hcoer, then a catastrophic demagnetization process occurs and the substance may
partially or even totally loseitsinitial magnetization. Therefore, it is compulsory that the operating
range of a permanent magnet stay above and away from the coercive field.

= relative susceptibility The relative susceptibilty of hard ferromagnetic materialsis around or smaller
than 1 and they appears very constant as long as the applied magnetizing field stays in the normal
operating range. It is necessary to distinguish the susceptibility in the principal direction whose
meaning is dM/dHm (usually called dynamic susceptibility) and susceptibility in the transverse
direction. The transversal susecptibility is greater than the principal susceptibility; their ratiois
around 2 for most materials.
The fact that the relative susceptibility of hard ferromagnetic materials is small and sometimes even not well known

suggests the use of 2 different approaches for the field calculation. Thisisrealized in Magnetica by using two different
types of magnetic components:

= neglecting completely the susceptibility: the intrinsic remanent magnetization isan invariant. This
model of component is: AXSRigidM agneticComponent

= taking into account the susceptibility both principal and transversal. This model of component is:
AXSHar dM agneticComponent

The next 2 sections treat each of these 2 models of components.

m 7-2 Cylindrical Bar Magnet of Rigid Magnetization M aterial

m 7-2-1 Introduction

The figure below shows a typical bar magnet. Thisis a cylinder of a hard ferromagnetic magnetic material such as any
type of commercial ferrite.
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cylindrical BAR MAGNET
uniform axial MAGNETIZATION

SOUTH
pole

NORTH

eld Bz

The magnet is characterized by its magnetic poles: the South pole on one side and the North pole on the other side. A
magnetic pole is accurately defined as the point at the surface of the substance where the direction of the field is strictly
orthogonal to the surface. In any single magnet, there are only 2 points that meet this situation. When the field enters the
surface, thisis the South pole and when it leaves it, thisis the North pole. North and South poles cannot be separated. If
the bar is cut into 2 pieces, then we obtain again 2 magnets, each with a North and a South pole. The next figure shows
thefield linein front of the North pole (for the further examples, see Case 1).

Bar magnet
Induction Field line
at the pole surface
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m 7-2-2 Immediate Help

The Magnetica symbolic name for the cylindrical bar made of rigid magnetization material set in a 2D axisymmetrical
spaceis referred to with the function AXSRigidM agneticComponent. The data of this component are:

= the material name (chosen among the table of Magnetica materials, see B.1).
= theinner diameter : for abar centered on the axisthisisO.

= the outer diameter

= the magnet length

= the axia position of the center of the bar

thefilling factor of the active hard ferromagnetic substance.
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= the angular direction of the magnetization with respect to the axial direction.

The intrinsic remanent magnetization (i.e the rigid value of the magnetization) of the material isimplicit according to its
name. However, it is possible (optionally) to modify the magnetization value by using the option:
RemanentM agnetization — value.

? AXSRi gi dMagnet i cConmponent

AXSRigidMagneticComponent  [material , innerDiameter , outerDiameter , length , position , options ]

builds a Magnetica object which represents a cylindrical magnet (bar, ring ), made of material
with  rigid (permanent and invariant ) magnetization in 2D cylindrical axis symmetric space

Options : RemanentMagnetization , FillingFactor , MagnetizationAngle , Temperature Details...

? Remanent Magneti zati on

Option for AXSRigidMagneticComponent and AXSHardMagneticComponent , allows setting  the
Magnetization strength (if  different from the material data ) in gauss Details...

Opt i ons [AXSRi gi dMagnet i cConponent ]

{RemanentMagnetization - Automatic , FillingFactor -1,
MagnetizationAngle - 0, Temperature - Automatic }

The properties of Magnetica materials can be accessed using the command Properties with the name of the material as
argument. (For detailed account of Magnetica materials see Appendix B.1).

?Properties

Properties  [system , options ] gives the technical details of a
magnetic system . With the option ComponentsList ->list or ComponentsList —>
Al , it also gives the properties of the specified list of components of s.

See ?ComponentsList  Details...

Properties  [material , options ] displays the properties of the given material
With Temperature >value it gives the information at the specified temperature

As we have indicated in the previous chapter (see 4.2) data and results can be expressed in any relevant units. The
global command M agneticaUser Unitg[...] sets units with immediate effect and for any further field calculation. It can
be overridden for any selective calculation using the same specifications as additional option arguments for the
concerned function. At any moment, the units that are taken into account can be accessed with M agneticaCurrent-

Units]

Magnet i caCurrent Uni t s[]

Length Milli Meter
Magnetic  field Gauss

Magnetic  potential Micro Weber/Meter
Magnetic  flux Micro Weber
Magnetic field  gradient Gauss /Meter
Inductance Micro Henry
Magnetic  energy Joule

Magnetic moment Micro Ampere Meter 2
Current  intensity Ampere

Power Watt

Voltage Volt

Electrical Resistance Ohm

The technical specification of a system can be accessed with the command Pr opert i es thistime using the name of
the magnetic system as argument.
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?Properties

Properties
magnetic
Al , it also gives

See ?ComponentsList  Details...

Properties  [material , options
With Temperature ->value it

[system , options ] gives

?Conponent sLi st

ComponentsList is an option
system . One can gives
or a list of numbers and lists
{1,2, {7,110}, 12} is equivalent

m 7-2-3 Material Properties

system . With the option
the properties

] displays

used to define
only a list

the technical
ComponentsList

of numbers,
representing
to ComponentsList

of the specified list

the properties
gives the information

a sublist

intervals
->{1,2,7,8,9,10, 12} Details...

details of a

>list or ComponentsList >
of components of s.

material
temperature

of the given
at the specified

of components of a given
like ComponentsList ->{1, 3, 6},
Example ComponentsList

>

We will useatypicalferrite asthehhardferromagnetienaterialfor the examplecasesThe physicalandmagneticdataof
this ferrite (Magnetica ref : Ferrit2) areobtainedusingthe commandPr operties with the nameasargumentThe main

featuresare:

» intrinsicremanenmagnetization

= coercivefield

= relativesusceptibility

Properties[Ferrit?2]

Hcoer

Mr : 4200Gausdq0.42Tesla,334200Amp/m)

material name
material category
designation
specific weight  (g/cm3)
dilation coefficient

(relative linear  change )
resistivity (Ohm x cm)
Coefficient temperature  resistivity
intrinsic remanent magnetic field (G)
intrinsic coercive  field (G)
principal dynamic relative susceptibility
secondary relative susceptibility
temperature  coefficient susceptibility
temperature  coefficient remanent field
temperature  coefficient coercive  field

--3200Gauss(0.32 Tesla,254600Amp/m)

N.B. thesearenominalvalues.In practice for industrialproductsa dispersiorof £3.5 percentis standard.

principal ypr : 0.10 and transverseytr : 0.20

Ferrit2
Permanent magnet
Ferrite 02 (42/32)

4.900000
0.000013

0.000250
0.001000

4200.000000
-3200.000000
0.100000
0.200000
0.000000
-0.002000
0.004000

The magnetizatiorcurvescanbe shownusingthe commandM aterialM agnetizationCur ves followed by the nameas

argument.

Mat eri al Magneti zati onCurves[ Ferrit2, { Morincipal, Mransversal}]
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Material Magnetization Curve
Ferrit2 temperature 20° celsius
Ferrite 02 (42/32)

M Magnetization Principal f (Hm

4000
2000
0
-2000
-4000

(G

M pri nci pal

-4000-2000 O 2000 4000
Hm Magnetizing Field (G

Material Magnetization Curve

Ferrit2 temperature 20° celsius
Ferrite 02 (42/32)
+~M Magnetization Transversal f (H
@™ 1000 = (Hm
= 500 ,/
(7]
o 0
>
2 _500 ~
© /
= _1000
= -400G-2000 O 2000 4000

Hm Magnetizing Field (G

m 7-2-4 Entering Data

The examples are based on rigid model of a cylindrical bar of 20 mm in diameter made of ferrite (reference Ferrit2), the
magnetization being oriented along the axis.

We will illustrate the examples with the 4 following cases :

1. along bar (80 mm) :

barmagnet 1 = AXSMagneti cSystem[
{AXSRi gi dMagnet i cConponent [Ferrit2, 0, 20, 80, 0]},
SystemlLabel ->"Ferrit2 |l ong bar nagnet, (rigid magnetization)"];

2. ashort bar, pellet like (10 mm) :

bar magnet 2 = AXSMagneti cSyst em[
{AXSRi gi dvagneti cConponent [Ferrit2, 0, 20, 10, 0]},
Systeniabel ->"Ferrit short bar nagnet, (rigid magnetization)"];

3. the same long bar (80 mm), but setting the intrinsic remanent magnetization at the arbitrary value of
4000 Gauss:
bar magnet 3 = AXSMagneti cSyst em[
{AXSRi gi dMagnet i cConponent [Ferrit2, 0, 20, 80, O,

Remanent Magneti zati on -> 40007},
Systeniabel ->"Ferrit |long bar magnet, (rigid magnetization at 4000 g)"];

4. the current sheet solenoid equivalent to the long cylindrical bar of case 1. The application of
equation (6- 8) gives anumber of amper*turns of 26738.030 which can be made with 1000 turns of
0.01 mm wire carrying 26.73803 amperes.
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N.B. these values are not realistic but just to illustrate the relations:

anpbar 1 = 26. 7380304394;
sol equi vbar 1 = AXSMagnet i cSyst en[

{AXSSol enoi d[Copper OFHC, 19.99, 20. 01, 80, 0, 1000, anpbarl, FillingFactor -»0.7]},

Syst emLabel -> "sol enoi d equi val ent | ong bar case 1"];

m 7-2-5 System Drawing and Technical Specifications
Drawing of the long bar; case 1

Dr awSyst em2D[bar nagnet 1, ShowArrows -» True];

System nane: bar magnet 1

Ferrit2 |long bar nmagnet, (rigid
magneti zati on)

2D vi ew ZR

40

40

-40 -20 O 20 40
Z (mm)

Drawing of the solenoid equivalent to the long bar; case 4
Dr awSyst en2D] sol equi vbar 1] ;

Syst em nane: sol equi vbar1
sol enoi d equi val ent | ong bar case

1
2D view ZR
40
20
E o
x
-20
-40

-40 -20 O 20 40
Z (mm)

Drawing of the short bar; Case 2
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Dr awSyst em2D[bar nagnet 2, ShowArrows -» True];

Syst em nane: bar nmagnet 2

Ferrit short bar magnet, (rigid
magneti zati on)

2D view ZR

10

Technical specifications of the long bar Case 1:
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Properti es[ bar magnet 1, Conponent sLi st->Al | ]

General properties
System name:

System magnetic parity

System Legendre radius

Magnetic field at the origin (G)
Field magnitude at the origin (G
System mass (Kg)

System nominal power (W

System effective power (W
Number of components

Number of components with rigid  magnetization

Conmponent nunber 1

Type of component cylindrical
Geonetry of the cylindrical

magnetic structure

bar magnet 1
True

20.6155

{0, 4074.6 }
4074.6
0.12315

0

0
1
1

rigid  magnet

Nominal inner diameter (mm 0.00000
Effective inner  diameter (mm 0.00000
Nominal outer diameter (mm 20.00000
Effective outer diameter (mm 20.00000
Nominal mean diameter (mm 10.00000
Nominal axial length (mm 80.00000
Effective axial  length (mm 80.00000
Magneti c specifications

of the structure
Material Ferrite 02 (42/32)
Material ~ temperature (°Celsius ) 20.00000
Intrinsic and effective

magnetic properties
Remanent magnetic field (G) 4200.00000
Coercive magnetic field (G) -3200.00000
Dynamic principal susceptibility 0.10000
Secondary susceptibility 0.20000
Angle of magnetization (degrees ) 0.00000
Axial magnetization (G) 4200.00000
Radial magnetization (G) 0.00000
Effective remanent magnet. field (G 4200.00000
Effective coercive  field (G -3200.00000
Techni cal specifications

of the structure
Nominal resistivity (Q-cm) 0.00025
Material mass density  (g/cnmm3) 4.90000
Filling factor of winding (% 100.00000
Mass of the material (kg) 0.12315
Nominal magnet resistance (Q) 0.00010
Position of the structure

(in the referential space system)
Structure center coord .Z (mm 0.00000
Effective inner radius (mm 0.00000
Effective outer radius (mm 10.00000
Effective lower Z extremum (mm -40.00000
Effective higher Z extremum (mm 40.00000

Technical specifications of the solenoid equivalent to the long bar case 4:
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Properties[sol equi vbar 1, Conponent sLi st ->Al | ]

General properties

System name:

sol equi vbar 1

System magnetic parity True
System Legendre radius 25.6136
Magnetic field at the origin (G) {0, 4074.6 }
Field magnitude at the origin (G 4074.6
System mass (Kg) 0.0000392322
System nominal power (W 1.10631 x 107
System effective power (W 1.10631 x 107
Number of components 1
Number of current carrying component 1
Conponent nunber 1
Type of component : cylindrical solenoid
Ceonetry of the cylindrical current

sol enoi d
Nominal inner diameter (mm 19.99000
Effective inner diameter  (mm 19.99000
Nominal outer diameter (mm 20.01000
Effective outer diameter (mm 20.01000
Nominal mean diameter  (mm 20.00000
Nominal axial length (mm 80.00000
Effective axial length (mm 80.00000
W ndi ng specifications
Material : high conductivity OFHC Copper
Winding temperature (°C 20.00000
Nominal resistivity (R-cm) 1.72400 e-6
Effective resistivity 1.72400 e-6
Nominal volume relative susceptibility -6.10000 e-7
Effective susceptibility -6.10000 e-7
Material mass density  (g/cnmm3) 8.92000
Filling factor of winding (% 70.00000
Mass of the material (kg) 0.00004
Position of the solenoid

(in the referential space system)
Solenoid center coord .Z (mm 0.00000
Effective inner radius  (mm 9.99500
Effective outer radius (mm 10.00500
Effective lower Z extremum (mm -40.00000
Effective higher Z extremum (mm 40.00000
El ectrical specifications of

t he sol enoi d
Number of turns (in series ) 1000.00000

Direction according
right hand rule

Direction of the turns

counterclockwise

+

Type of curent density constant

Current  (per turns ) (A) 26.73803
Total winding current (A-turns ) 26738.03044
Conductor current  density  (A/mm2) 381971.86342
Nominal solenoid resistance (Q) 15474.58781
Effective solenoid  resist (Q) 15474.58781
Nominal voltage drop (V) 413760.00000
Effective voltage drop (V) 413760.00000
Nominal solenoid power (W 1.10631 e7
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Ef fective sol enoid power (W 1.10631e7
Conduct or di nensi ons

Conduct or geonetry circul ar

Ef fecti ve conductor dianeter (mm) 0. 00944
Nom nal conductor |ength (mm) 62831. 85307
Ef fective conductor length (mm) 62831. 85307

m 7-2-6 Punctual Field Calculation

The magnetic field calculation proceeds exactly as for current carrying devices. All the field calculation functions can
be applied without any restriction (see Chapter 4.4, 4.5 and 4.6). We will emphasize some specia features of the
cylindrical bar magnet.

1. Field on the axis at the isocenter point (R=0,2=0) of the magnet.

There is a question of denomination of this physical data. In term of the common practice, it should be
called magnetic induction. We have seen in Chapter 6 on the fundamental s of ferromagnetism, the
various denominations and the related concepts. In any case, whatever the denomination, the
magnetic field at the isocenter refers to a physical datum which may be considered, for al
materials, as the global magnetic field at the center at bar the center. It can be measured by cutting
the magnet into 2 pieces leaving avery small gap in between and taking field measurement in the
gap. We can notice that the isocenter induction field (4074.6 Gauss) is smaller than the intrinsic
remanent magnetization (4200 gauss) in agreement with the concept of demagnetization coefficient
(see paragraph 6.4) .

Fi el dPoi nt [bar magnet 1, {0, 0}]
{0, 4074.6}

The isocenter field of the equivalent current sheet solenoid, case 4, appears exactly the same as the isocenter induction
field for the long bar, Case 1.

Fi el dPoi nt [sol equi vbar1, {0, 0}]

(0, 4074. 6}

The induction field isocenter is proportional to the intrinsic remanent magnetization as shown by the comparison
between Cases 1 and 3 for the long bar respectively 4200 and 4000 for M and 4074.6 and 3880.57 for B:

Fi el dPoi nt [bar magnet 3, {0, 0}]
{0, 3880.57}

The induction field isocenter depends strongly on the bar length (all the other factors being identical): respectively
4074.6 and 1878.3 gauss for the long and the short magnet, Cases 1 and 2.

Fi el dPoi nt [bar magnet 2, {0, 0}]
{0, 1878. 3}

The difference of the induction field isocenter with the intrinsic remanent field respectively 125.6 and 2327.7 gauss,
expresses the adverse effect of reducing the length of the bar. The Dz demagnetization coefficients calculated by
equation 6.8 for the long bar and the short bar are respectively: 0.0299 and 0.5542.

2. Magnetic field at the surface of the pole.

The following values show that the field of asingle pole is always smaller than half theintrinsic
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remanenimagnetizatior{i.e. 2100Gauss)andthatthe discrepancyncreaseshe shorterthe device
is.
ForthelongbarCasel, it is 2084Gauss:

precis =12;
Nunber For m[Fi el dPoi nt [bar magnet 1, {0, 40}], precis]

{0, 2083. 7835411}

FortheshortbarCase2, it is:

precis =12;
Nunber For m[Fi el dPoi nt [bar magnet 2, {0, 5}], precis]

(0, 1484.92424049)

m 7-2-7 Legendre Source Coefficients

The calculationof the LegendreSourceCoefficientsproceedshe sameway asfor currentcarryingcomponents.

1. Thedrawingof theregion'dlimits for thelong bar,casel, showsthe nonexistenceof the central
regionsincethe Legendrepointis insidethe bar.

Dr awSHLi m t s[bar magnet 1]

System nane: bar magnet 1

Ferrit2 long bar magnet, (rigid
magneti zation)

2D vi ew ZR

40
20
E o
© _20
-40
-40 -20 0 20 40
Z (mm)
- Graphics -

2. Thefollowing tableshowsindeedthatthe centralsourcecoefficientsarenull whereagheremote
coefficientsextendingup to infinity arerealnumbersRemotecoefficientsarealwayscalculable.
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Ver boselLegendr eCoef fi ci ent s[bar magnet 1, Legendr eRadi us -»> {100, 100}]

Syst em Nane: bar magnet 1
System Legendre radi us 20.616 nm
Printout Legendre radius central 100. 000 mm
Printout Legendre radius renote 100. 000 nm
System Legendre center position 0. 000 mMm
I nner spherical radius limt 0. 000 nm
Quter spherical radius limt 47.003 mm
System magnetic parity True
System magnetic constant field 0.000 G

Mode: absolute Field (Gauss)

O der central coeff. renote coeff.
D0 0. 000000000 0. 000000000
D1 0. 000000000 0. 000000000
D2 0. 000000000 16. 800000000
D3 0. 000000000 0. 000000000
> 0. 000000000 5. 124000000
D5 0. 000000000 0. 000000000
D6 0. 000000000 1. 091790000
D7 0. 000000000 0. 000000000
D8 0. 000000000 0. 189601650
D9 0. 000000000 0. 000000000
D10 0. 000000000 0. 027383573
D11 0. 000000000 0. 000000000
D12 0. 000000000 0. 003097785
D13 0. 000000000 0. 000000000
D14 0. 000000000 0. 000194743
D15 0. 000000000 0. 000000000
D16 0. 000000000 -0. 000023209
D17 0. 000000000 0. 000000000
D18 0. 000000000 -0. 000011651
D19 0. 000000000 0. 000000000
D20 0. 000000000 -2.738973900e-6

m 7-2-8 Field Map Graphics
The magnetic field mapping can be al so executed without restriction just as for current carrying devices (see Chapter 4).

1. Field map of the long bar, case 1, on aradiuslinein front of the North pole for the magnetic field
vector Bz (axia), Br (radial) and Bm. The Bz vector stays practically constant in front of the pole
but falls off drastically after. The Br vector is zero on the axis and at amaximun at the edge of the
pole.

N.B. This command implies a so-called continuous plot, with the default number of points, i.e. 25. But thisis a

minimum and for the field Br, which varies quickly at the corner of the cylinder, the number of calculated pointsis
much larger.

Fi el dvap[bar magnet 1, {Bz, Br, Bm}, Li ne[{-30, 40}, {30, 40}]1]
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System nane: b

armagnet 1

Ferrit2 |l ong bar magnet, (rigid

magneti zati on)

Bz (G) (Continuous, Autonatic Mde)

bet ween {-30.,

40. } and {30., 40.}

2000
1500
S
1000
N
i
500
0
-30 -20 -10 O 10 20 30
R (mm)
Syst em nane: bar magnet 1
Ferrit2 long bar magnet, (rigid
magneti zati on)
Br (G) (Continuous, Automatic Mde)
bet ween {-30., 40.} and {30., 40.}
4000
2000
o
O —
ol
-2000
-4000
-30 -20 -10 O 10 20 30
R (mm)
System nane: bar magnet 1
Ferrit2 |l ong bar magnet, (rigid
magneti zati on)
Bm (G) (Continuous, Autonatic Mde)
bet ween {-30., 40.} and {30., 40.}
5000
4000
© 3000 LLJ
S
m 2000
1000 / \
0 m——] T —
-30 -20 -10 O 10 20 30
R (mm)

2. Field map plot exactly asin the previ

ous plot but using the FieldM apPoints command.
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N.B. The next plot implies using the default number of points, i.e. 25. This carries out the calculation at exactly 25
points equally distributed. This way of plotting cuts the highest peak values at the corner of the cylinder, giving a
graphic representation with a very different look.

Fi el dMapPoi nt s[bar magnet 1, {Bz, Br, Bm}, Line[{-30, 40}, {30, 40}]]

System nane: bar magnet 1

Ferrit2 |l ong bar magnet, (rigid
magneti zati on)

Bz (G) (Discrete, Automatic Mde)
bet ween {-30., 40.} and {30., 40.}

2000
1500
o
~ 1000
N
i
500
0
-30 -20 -10 O 10 20 30
R (points)
Syst em nane: bar magnet 1
Ferrit2 long bar magnet, (rigid
magneti zati on)
Br (G) (Discrete, Automatic Mde)
bet ween {-30., 40.} and {30., 40.}
1500 A
1000 // \\
= 0 T —
—
@ -500 \\ /
-1000 \/
-1500 V
-30 -20 -10 0 10 20 30
R (points)
System nane: bar magnet 1
Ferrit2 long bar magnet, (rigid
magneti zati on)
Bm (G) (Discrete, Automatic Mde)
bet ween {-30., 40.} and {30., 40.}
2500
2000
O 1500

£ 1000 / \

/ \

-30 -20 -10 O 10 20 30
R (points)
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3. Field line map of the long bar, Case 1, on a plane through the axis, using extended graphics drawing
parameter definition (25 x 25 points).

Cont our Fi el dvap[bar nagnet 1, {Fl ux}, Pl ane[{-30, -50}, {30, 50}], Nunber O Poi nts -» 25]

Syst em nane: barmagnet 1

Ferrit2 long bar magnet, (rigid
magneti zati on)

Fl ux (uWh) (Continuous, Autonatic
Mode)

bet ween {-30., -50.} and {30., 50.}

30
20
~ 10
E o
x 10
_20
30

4. Same field line map but for the short bar, Case 2, on a plane through the axis.
Cont our Fi el dvap[bar magnet 2, {Fl ux}, Pl ane[{-30, -50}, {30, 50}], Nunber O Poi nts - 25]

Syst em nane: bar nagnet 2

Ferrit short bar nagnet, (rigid
magneti zati on)

Fl ux (uWb) (Continuous, Autonatic
Mode)

bet ween {-30., -50.} and {30., 50.}

-40 -20 0 20 40
Z (mm)

5. Stray magnetic field line map of the long bar, Case 1, on aplane through the axis.
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Dr awl soFi el dLi nes[bar magnet 1, {30, 20, 10, 5, 1},
Angul ar Range -» {0, 360}, Number Of Poi nts -» 40, Fi el dUnit -» Gauss];

System name bar magnet 1

Ferrit2 |l ong bar magnet, (rigid

magneti zati on)

Magnetic iso Field lines

Field magnitude (G) {30., 20., 10., 5., 1.}

2D view ZR
200 [ [
100 | | — |
|
3 \ \
£ oH——1t4 H+——
« —=—
~100 | / |
-200 | |
-200 -100 0 100 200

Z (mm

m 7-3 Cylindrical Bar of Linear Magnetization Material

m 7-3-1 Introduction

In order to take into account the linear variation of the magnetization with the applied magnetizing field, it is necessary,

as indicated in the previous section, to subdivide the components into several small cells each with a uniform

magnetization. Even if no excitation field is applied, when the magnet is set alone, each cell will be influenced by the

interaction of all the other cells. This implies the use of a new axisymmetric component: AXSHardM agnetic-
Component. The arguments are exactly the same as for the rigid case. However, the process of validation is very

different since the component is divided into cells.

m 7-3-2 Immediate Help

?Meshi ngLevel

MeshingLevel is an option for AXSMagneticSystem that
specifies the granularity of the meshing. (1 -> Sparse, 2 -> intermediate (
default ), 3 -> High density , 4 -> Very high density ) Details...

? AXSHar dMagnet i cConponent

AXSHardMagneticComponent [material , innerDiameter
outerDiameter , length , position , fillingFactor , magnetizationAngle , options ]

builds a Magnetica object which represents a cylindrical magnet (bar, ring ), made of material

with permanent (rigid or linear ) magnetization in 2D cylindrical axis symmetric

Options : see RemanentMagnetization , Temperature , Rigid , ComponentMeshing Details...
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?Rigid

Option for AXSHardMagneticComponent . With Rigid ->
True the magnetization is constant (instead of linear ) Details...

? Conponent Meshi ng

ComponentMeshing is an option for AXSHardMagneticComponent or
AXSSoftMagneticComponent  that  specifies the meshing of the component .
ComponentMeshing -> Automatic or ComponentMeshing >
{nbRadialCells , nbAxialCells }. Detalils...

Functional magnetization can be displayed by using either of the 2 following commands:

? Magneti zati onTabl e

MagnetizationTable [system , opts ]
gives the magnetization table of the magnetic

components (ferro , magnets ) ComponentsList -> {components } or {{1,3}}
CellsList -> {1,2,3} or {{1,3}}

FullDetails -> True |False
CondensedForm -> True |False
Details...

? Magneti zati onCurves

MagnetizationCurves [system , functions , opts ]

plots the magnetization curves of the magnetic components (ferro , magnets ) of the system .
The available functions are Mr, Mz Mm Mp Mt, Hr, Hz, Hm Hp, Ht, Br, Bz, Bm Bp,

Bt, Susceptibility , SusceptibilityT , Permeability , PermeabiltyT . The options are

PlotColumns  -> {columns number}

PlotRows -> {rows number }

ComponentsList > {components } or {{1,3}}

ShowComponentLimits -> (True |False ) Details...

m 7-3-3 Entering Data

The examples are based on the same long cylindrical bar 20 mm in diameter, 80 mm long, made of the same ferrite
(reference Ferrit2), the magnetization being oriented along the axis. We will illustrate the examples with the 4 following
cases, each set at adifferent meshing level.

Case 5: meshing level 1 for crude approximation and quick answer

bar magnet meshl = AXSMagnet i cSyst em[
{AXSHar dMagnet i cConponent [Ferrit2, 0, 20, 80, 0]},
SystenlLabel -» "Ferrit |ong bar nagnet, (neshing level 1)",
Meshi ngLevel - 17;

Case 6: meshing level 2 for realistic approximation (default meshing)

bar magnet mesh2 = AXSMagnet i cSyst em[
{AXSHar dMagnet i cConponent [Ferrit2, 0, 20, 80, 0]},
Systeniabel - "Ferrit | ong bar magnet, (default nmeshing |evel)"];

Case 7: meshing level 3 for good approximation

bar magnet mesh3 = AXSMagnet i cSyst en[
{AXSHar dMagnet i cConponent [Ferrit2, 0, 20, 80, 0]},
SysteniLabel - "Ferrit |ong bar magnet, (meshing |level 3)", MeshinglLevel - 3];

Case 8: meshing level 4 for excellent approximation but major memory requirements and long
calculation time
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bar magnet mesh4 = AXSMagnet i cSyst em[
{AXSHar dMagnet i cConponent [Ferrit2, 0, 20, 80, 0]},
SystenlLabel -» "Ferrit |ong bar nagnet, (neshing |level 4)",
Meshi ngLevel - 47;

m 7-3-4 Technical Specifications

System and component technical data and the permanent magnet component technical data for the case 7 (default
meshing). Main feature: number of cells= 36

Properti es[ bar magnet mesh3, Conponent sLi st - >Al | ]
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General properties

System name: bar magnet mesh3
System magnetic  parity False

System Legendre radius 20.6155
Magnetic field at the origin (G) {0, 4060.33 }
Field magnitude at the origin (G 4060.33
System mass (Kg) 0.12315
System nominal power (W 0

System effective power (W 0

Number of components 1

Number of ferro -magnetic (non rigid ) components 1

Number of components with permanent magnetization 1

n° type first cell last cell radial  cells axial cells

1 permanent 1 36 2 18

Conponent nunber 1

Type of component cylindrical permanent magnet
Automatic  meshing

Geonetry of the conponent

Nominal inner diameter (mm 0.00000
Effective inner  diameter (mm 0.00000
Nominal outer diameter (mm 20.00000
Effective outer diameter (mm 20.00000
Nominal mean diameter (mm 10.00000
Nominal axial length (mm 80.00000
Effective axial  length (mm 80.00000
Magnetic specifications

of the conponent

Material Ferrite 02 (42/32)
Material ~ temperature (°Celsius ) 20.00000
Intrinsic and effective

magnetic properties

Magnet magnetization function linear
Remanent magnetic field (G) 4200.00000
Coercive magnetic field (G) -3200.00000
Dynamic principal susceptibility 0.10000
Secondary susceptibility 0.20000
Angle of magnetization (°C) 0.00000
Axial  magnetization (G) 4200.00000
Radial magnetization (G) 0.00000
Effective remanent magnet. field (G) 4200.00000
Effective coercive  field (G -3200.00000
Techni cal specifications

of the conponent

Nominal resistivity (Q-cm) 0.00025
Material mass density  (g/cmm3) 4.90000
Filling factor  of structure (% 100.00000
Mass of the material (kg) 0.12315
Nominal magnet resistance (Q) 0.00010

Position of the conponent
(in the referential space system)

Structure center coord .Z (mm 0.00000
Effective inner radius (mm 0.00000
Effective outer radius (mm 10.00000
Effective lower Z extremum (mm -40.00000
Effective higher Z extremum (mm 40.00000

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0

103

m 7-3-5 Punctual Field Calculation

1. Magneticfield attheisocentercenterof the bar.
= Caseb, meshingevel 1: Bz = 4056.77Gauss
Fi el dPoi nt [bar magnet neshl, {0, 0}]

(0, 4056. 77}

= Caseb, meshingevel 2 (default):Bz = 4057.11Gauss
Fi el dPoi nt [bar magnet mesh2, {0, 0}]

(0, 4057.11)

= Caser, meshingevel 3: Bz = 4060.33Gauss
Fi el dPoi nt [bar magnet nesh3, {0, 0}]

(0, 4060. 33}

= CaseB, meshingevel4 : Bz= 4060.94Gauss
Fi el dPoi nt [bar magnet mesh4, {0, 0}]

(0, 4060. 94}

2. Magneticfield in front of the North pole; meshingevel 3 : 2000.25Gauss.

Fi el dPoi nt [bar magnet mesh3, {0, 40}]

(0, 2000. 25}

m 7-3-6 Legendre Source Coefficients

The calculationof the LegendreSourcecoefficientsproceedshe sameway asfor therigid case.

= Case’: Theregion'dimits areidenticalwith thoseof therigid model(seesection6-2-5). The source

coefficientsareasfollows:
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Ver boselLegendr eCoef fi ci ent s[bar magnet nesh3, Legendr eRadi us » {100, 100}]

Syst em Nane:

System Legendre radi us
Printout Legendre radius central
Printout Legendre radius renote
System Legendre center position

I nner spherical radius limt
Quter spherical radius limt

System magnetic parity
System magnetic constant field

bar magnet mesh3

[EnY
o

OO 0000000000k OUOo oo

Mode: absolute Field (Gauss)
O der central coeff.
DO 0. 000000000
D1 0. 000000000
D2 0. 000000000
D3 0. 000000000
> 0. 000000000
D5 0. 000000000
D6 0. 000000000
D7 0. 000000000
D8 0. 000000000
D9 0. 000000000
D10 0. 000000000
D11 0. 000000000
D12 0. 000000000
D13 0. 000000000
D14 0. 000000000
D15 0. 000000000
D16 0. 000000000
D17 0. 000000000
D18 0. 000000000
D19 0. 000000000
D20 0. 000000000

m 7-3-7 Field Map Graphics

|
N O

100. 000
100. 000

20. 616

0. 000
0. 000
47.003
Fal se
0.000 G

333333

renote coeff
0
. 000000000
. 636205723
. 000000000
. 017886078
. 000000000
. 058261930
. 000000000
. 181714748
. 000000000
. 025854087
. 000000000
. 002846702
. 000000000
. 000160543
. 000000000
. 000026667
. 000000000
. 000011762
. 000000000
.679633100e-6

000000000

1. Field map of the ferrite bar on an axial line crossing the North pole. There is perfect continuity of Bz
when the surface of the bar is crossed (at Z = 40 mm).

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0 105

Fi el dMap [bar nagnet mesh3, {Bz}, Line[{0, 30}, {0, 50}11;

Syst em nane: bar magnet mesh3
Ferrit |long bar magnet, (meshing
| evel 3)

Bz (G) (Continuous, Automatic Mde)
between {0., 30.} and {0., 50.}

3500
3000 N
& 2500
=~ 2000
A 1500
1000 \\\\\\\\\
30 35 40 45 50

Z (nmm)

2. Fieldline mapof theferrite baron a planethroughthe axis, usingextendedyraphicgparameter
definition (25 x 25 points).

Cont our Fi el dvap[bar magnet nesh3, {Fl ux},
Pl ane[{-30, -50}, {30, 50}], Number Of Poi nts -» 25];

Syst em nane: bar magnet mesh3

Ferrit |long bar magnet, (nmeshing

| evel 3)

Fl ux (uWh) (Continuous, Autonatic
Mode)

bet ween {-30., -50.} and {30., 50.}

30
20
= 101 #
E ,———
x -10~ N
-20
-30

-40 -20 O 20 40
Z (mm)

m 7-3-8 Functional Magnetization (table and curves)

The functionalmagnetizatiorfor a magneticsystemis theresultof the solutionof simultaneougquationsomingfrom
Maxwell geometricalrelationsand the law of magnetizationof the substances.Consequentlythe functional
magnetizatiorof eachcellis in perfectmagneticequilibriumwith its environment.

Therelevantdatacanbe displayedusingthe commandsvi agnetizationT able for thetableof valuesor M agnetization-
Curves for graphplots.

M agnetizationT able showsvariousdatafor a selectedsetof the system'sells,generalbutput(anddefaultcommand)
= type,dimensionandcentercell coordinates
= functionalMagnetizationintensityM

andwhentheeditingoptionFullDetailsis setto True:

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0 106

= functional Magnetizing field Hm
= induction field B (i.e. global field M + Hm)

these data are vectors given for both the system coordinates and the material principal magnetization
direction

= Y and u relative dynamic susceptibility and permeability in the principal and in the transversal
directions

= the degree of margin between the functional magnetizing field and the coercive field as well as the
warning flag (safe/ unsafe) if the margin becomes negative.

The option command CondensedFor m controls the display of the table.

1. Cells 1 to 3 for the system Case 7 (default meshing)

Magnet i zat i onTabl e[ bar magnet nesh3, Cel | sLi st->{1, 2, 3},
CondensedFor m >Tr ue]

n° type first cell last cell radial  cells axial cells
1 permanent 1 36 2 18

Length unit : mm

Functional Magnetization Intensity unit (M: G
Functional Magnetizing  field  unit (H: G
Induction field  unit (B): G
type raQiaI Qim . ra(_jial pos. Mr maghnitude
axial  dim. axial  pos. Mz
Cell 1 5. 0 0.
Conp. 1 Permanent 4.44444 377778 404187 404187
Cell 2 5. 0 0.
Conp. 1 Permanent 444444 -33.3333 410875 410875
Cell 3 5. 0 0.
Conp. 1 Permanent 4.44444 288889 414579 414579

2. Full details datafor Cells 26 to 29 for the same system Case 7 (default meshing)

The M, B, H vectors are given in relation both to system coordinates and to the material direction of magnetization.
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Magnet i zat i onTabl e[ bar magnet nesh3, Ful | Det ai | s- >True, Cel | sLi st->{{26, 29}},
CondensedFor m >Tr ue]
n° type first cell last cell radial  cells axial cells

1 permanent 1 36 2 18
Length unit : mm
Functional Magnetization Intensity unit (M:G
Functional Magnetizing  field  unit (H: G
Induction field  unit (B): G
type raQiaI Qim. raQiaI pos.
26 aX|§I dim. ax;al5 pos.
Ce . .
Conp. 1 permanent 4.44444 ~6.66667
Hm -9.517939 Hm -129.778075 Hmoa 130.126630 Hm -129.778075 Hm -9.51
M -1.903588 M 4187.022190 Mnod  4187.022630 M, 4187.022190 M -1.90:
Br -11.421527 B, 4057.244120 Bm 4057.260190 By 4057.244120 Bt -11.42:
Xp 0.100000 Xt 0.200000 Up 1.100000 Ut 1.200000
angle 0. Mm 4200.0000 H;; -3200.0000 marging 3070.2000 rel . marg.
Cel | 27 5. 7.5
Conp. 1 permanent 4.44444 _2.22222
Hm -2.981529 Hm -122.341433 HMoa 122.377758 Hm -122.341433 Hr -2.9¢
M -0.596306 M, 4187.765860  Mnoq 4187.765900 M,  4187.765860 M -0.59
Br -3.577835 B, 4065.424420 Bm 4065.426000 By 4065.424420 Bt -3.57
Xp 0.100000 Xt 0.200000 Up 1.100000 Ut 1.200000
angle 0. Mm 4200.0000 Hj -3200.0000 marging 3077.7000 rel . marg.
Cell 28 5. 7.5
Conp. 1 permanent 4.44444 2.22222
Hm 2.981529 Hm -122.341433 Hnhoa 122.377758 Hm -122.341433 Hm 2.9¢
M 0.596306 M, 4187.765860  Myog 4187.765900 M, 4187.765860 M 0.591
Br 3.577835 B, 4065.424420 Bm 4065.426000 By 4065.424420 Bt 3.57
Xp 0.100000 Xt 0.200000 Up 1.100000 Ut 1.200000
angle 0. Mm 4200.0000 H; -3200.0000 marging 3077.7000 rel . marg.
Cell 29 5. 7.5
Conmp. 1 permanent 4.44444 6.66667
Hm 9.517939 Hm -129.778075 HMhoa  130.126630 Hm -129.778075 Hrm 9.51
M 1.903588 M 4187.022190  Mnog 4187.022630 M  4187.022190 M 1.90:
By 11.421527 B, 4057.244120 Bn 4057.260190 B, 4057.244120 Bt 11.42:
Xp 0.100000 Xt 0.200000 Up 1.100000 Ut 1.200000
angle 0. Mm 4200.0000 H.i -3200.0000 marging 3070.2000 rel . marg.

3. Plot of the functional magnetization Mz and magnetizing field Hmz along an axial line for the same

Magneti zati onCur ves[bar magnet mesh3, {Mz, Hz}, ConponentsList » {1}, Pl ot Rows » {1}]
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Syst em nane: bar magnet nesh3
Ferrit long bar magnet, (neshing
| evel 3)

Functi onal Magnetization M
map on axial direction

4200
—
4150 /| N
9 / \
4100/
2 ] \
4050 | \
1
4000 Gorp

0 2.5 5 7.51012.51517.5
cell center

System nane: bar magnet nesh3
Ferrit long bar magnet, (nmeshing
| evel 3)

Functi onal magnetizing field Hz
map on axial direction

0
—

__ -500 / N

9 / \
_1000_/

2 / \
-1500 T \)
2000 Gompp 1

0 2.5 5 7.51012.51517.5
cell center

4. Plot of Mz and Hz field along aradial line for the same Case 7.
Magneti zati onCur ves[bar magnet mesh3, {Mz, Hz}, ConponentslList » {1}, Pl ot Col umms - {1}]

Syst em nare: bar magnet nesh3
Ferrit |long bar nmagnet, (meshing
| evel 3)

Functi onal Magnetizati on M
map on radial direction

4070 -
L~
@ 4060 ///,;/’/
& 4050 ——
4040 —
Conp. |1

1 1.2 1.4 1.6 1.8 2
cell center
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System nane: bar magnet nesh3
Ferrit |long bar magnet, (meshing
| evel 3)

Functi onal magnetizing field Hz
map on radial direction

~1300 -
—
@ -1400 /,/
n -1500 _—
-1600 — o
onmp. |1

1 1.2 1.4 1.6 1.8 2
cell center

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0 110

m Chapter 8: Systems with Soft Magnetic Materials Components

m 8-1 Introduction

This chapter deals with soft ferromagnetic materials. These materias are intensively used in most electrical devices such
as. motors, aternators, transformers, inductance coils, magnetic shielding. The key to their magnetic behavior is both a
very large magnetic response to even a small magnetic field excitation and secondly, as opposed to hard ferromagnetics,
areversible response.

Soft ferromagnetic materials are characterized by 2 basic features (see Appendix B.1 for a detailed explanation):

= asaturation of the magnetization when the applied magnetizing field becomes very large. This
corresponds to a complete alignment of the elementary dipoles on the applied field. The relevant
parameter isthe saturation magnetization Ms.

= anon linear variation of the permeability (or the susceptibility) with the applied field. The

permeability goesto amaximum (upeak or ypeak) for agiven magnetizing field (Hpeak). These
last parameters heve avery large number of applications since in many cases soft magnetic
materials are employed as amplifiers of the magnetizing field. This objective isfully met when the
excitation field is below the peak. Magnetica offers the possibility of using both alinear or anon
linear model of the magnetization curve. The linear model implies a constant permeability (and
susceptibility) based on the approximation of the actual magnetization curve below the peak. It
should be noted that many engineering models of magnet circuit calculation assumes implicitly a
linear model.

The magnetic field calculation for this type of component implies discretization into several cells. It requires using the

component function: AX SSoftM agneticComponent.

Increasing the number of cells improves the accuracy of the results. The meshing can be entirely automatic with 4

possible levels, level 2 being the default value. The choice between a linear and a non linear permeability model is

optional, the non linear model being the default case.

m 8-2 Immediate Help

? AXSMagnet i cSyst em

AXSMagneticSystem [ {compl, comp2, ... }, options ] defines
a new axis symmetric system made with the specified components .

Options : SystemLabel , MeshingLevel |,
LegendrePointPosition , LegendreRadius , LegendreOrder Details...

? Meshi ngLevel

MeshingLevel is an option for AXSMagneticSystem that
specifies the granularity of the meshing. (1 -> Sparse, 2 -> intermediate (
default ), 3 -> High density , 4 -> Very high density ) Details...
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? AXSSof t Magnet i cConponent

AXSSoftMagneticComponent  [material
innerDiameter , outerDiameter , length , position | fillingFactor , options ]

builds a Magnetica object which represents a cylindrical

component (bar, ring ), made of material  with isotropic reversible (linear
or non-linear ) magnetization in 2D cylindrical axis symmetric space
Options : see LinearPermeability , Temperature , ComponentMeshing Details...

Opt i ons [AXSSof t Magnet i cConponent ]

{LinearPermeability - False , FillingFactor -1,
ComponentMeshing - Automatic , Temperature - Automatic }

?Li nearPerneability

Option for AXSSoftMagneticComponent . With LinearPermeability —>
True the magnetization function is assumed to be linear Details...

?Properties

Properties  [system , options ] gives the technical details of a
magnetic system . With the option ComponentsList >list or ComponentsList >
Al , it also gives the properties of the specified list of components of s.

See ?ComponentsList  Details...

Properties [material , options ] displays the properties of the given material
With Temperature ->value it gives the information at the specified temperature

?FieldPointOrigin

FieldPointOrigin [s] is a shortcut for VerboseFieldPoint [s, {0,0,0}] Details...

?Magneti zati onTabl e

MagnetizationTable [system , opts ]
gives the magnetization table of the magnetic
components (ferro , magnets ) ComponentsList -> {components } or {{1,3}}
CellsList -> {1,2,3} or {{1,3}}
FullDetails > True |False
CondensedForm -> True |False
Detalils...

?Mat eri al Magneti zati onCurves

MaterialMagnetizationCurves [material , magnetizationFunctions ,options ] plots for the given
material , the magnetization curve of each of function of magnetizationFunctions

Options : MagnetizingFieldRange , Temperature , NumberOfPoints , PlotScale , CurveType
Units : MagnetizingUnit , MaterialMagnetizationUnit , InductionUnit , FieldUnit Details...

?Magneti zi ngFi el dRange

MagnetizingFieldRange is an option for MaterialMagnetizationCurves or
MaterialMagnetizationTable that determines the range for the magnetizing field
For Permanent magnet material , possible values are {valuel ,value2 }, Operational

Extended or Automatic , and for other material {valuel ,value2 } or Automatic Details...

?Pl ot Scal e

PlotScale is an option for FieldMap and other field drawing functions
Possible values : LinearMap , LinearLogMap , LogLinearMap LogLogMap Details...
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?Magnet i zi ngUni t

MagnetizingUnit is an option used to specify the unit of the magnetizing field (H) Details...

m 8-3 Cylindrical Bar of Reversible Magnetization Material

m 8-3-1 Introduction

The first example is a bar of the same dimensions as the long cylindrical bar magnet developed in Chapter 7 but set in
the center of a solenoid that generates the excitation field for soft ferromagnetic material. All the field calculation
functions (see Chapter 4) can be applied without restriction. We will just emphasi ze bel ow some special features.

m 8-3-2 Common Steel Properties

The physical and magnetic data of common steel (Magnetica reference : SteelCommonl) are obtained using the
command Properties and the Magnetization and the permeability curves through the command M aterialM agnetization-
Curves. Their main features are:

» The saturation magnetization is Ms : 20500 Gauss (2.05 Tesla)
= The peak of permeability occurringat Hm : 3.15 Gauss (251 Amp/m)
= with the relative permeability ppeak : 2334

Properties[St eel Conmpnl]

material name SteelCommon1
material category Ferromagnetic reversible non linea
designation Commonsteel annealed (H1)
specific weight  (g/cm3) 7.860000
dilation coefficient 0.000012
(relative linear  change )
resistivity (Ohm x cm) 0.000010
Coefficient temperature  resistivity 0.001000
relative volume magnetic 2100.238863
(linear ) susceptibility
temperature  coefficient susceptibility -0.000200
saturation magnetization (G) 20500.000000
coercive  field 1.080000
(continuous  reversibility limt , G
temperature  coefficient saturation mag -0.000200
peak magnetizing field (G) 3.152921
peak magnetization (G) 7357.652663
peak susceptibility (relative to vacuum) 2333.598736
coefficient of linearization for susceptibility 0.900000

The following curves show the comparative plots of the experimental curve (Blue) of the non linear model and the
linear model curve. It is obvious that the linear model loses all precision above the Magnetizing field peak. The
comparison with permeability is significant. It should be noted that many engineering models of magnet circuit
calculation assume implicitly alinear model.
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Magnet i caUser Uni t s[ Fi el dUni t »Gauss] ;
Mat eri al Magneti zati onCur ves[ St eel Coomonl, { M Per neabi | i ty},

Cur veType- >Conpari son]

Material ~ Magnetization Curve
SteelCommonl temperature 20° celsius
Commonsteel annealed (H1)

M Magnetization f (Hm

Type of plot : Linear /Linear

20000
& 15000 -
< 10000

= 5000 /

0
0 5 10 15 20
Hm Magnetizing Field (G

Material ~ Magnetization Curve
SteelCommonl temperature 20° celsius
Commonsteel annealed (H1)

© Permeability f (Hm

Type of plot : Linear /Linear

2000 /f\

1500

1000 /I —~
500 |

0 5 10 15 20
Hm Magnetizing Field (G

m 8-3-3 Entering Data

The data of the magnetic system include both the solenoid (AXSSolenoid) and the soft ferromagnetic material bar
(AXSSoftM agneticComponent ) with component data such as described in the introduction of Chapter 6. The meshing
level has the default value (2) which gives 30 cells for the 2 cases of the example.

Case 1: the material magnetizing model is non-linear (experimental curve)

bar st eel 1 = AXSMagnet i cSyst em[
{AXSSol enoi d[Copper OFHC, 100, 200, 100, 0, 200, 20, FillingFactor ->0. 61,

AXSSof t Magnet i cConponent [St eel Conrmonl, 0, 20, 80, 01},
Syst enlLabel -» "Bar of Conmon Steel in a sol enoid"];

Case 2: the material magnetizing model is linear (approximation for low fields)

bar st eel 2 = AXSMagnet i cSyst em[
{AXSSol enoi d[Copper OFHC, 100, 200, 100, 0, 200, 20, FillingFactor -»>0.6],

AXSSof t Magnet i cConponent [St eel Cormonl, 0, 20, 80, O,
Li nearPerneabi l ity -> True]}, SystenlLabel »
"Bar of Common Steel (linear)in a solenoid"]

- AXSMagneticSystem : {-solenoid -, -soft -} -

m 8-3-4 System Drawing and Technical Specifications

Drawing Case 1 (samefor 2)

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0

114

Dr awSyst em2D[bar st eel 1]

System name: barsteel 1

Bar of Commpn St eel
2D view ZR

in a sol enoid

100

50

-100

-100 -50 0

- Graphics -
Technical dataCase 1

Properties[barsteel 1]

50 100

CGeneral properties

System name:
System magnetic  parity
System Legendre radius

Magnetic field at the origin

(G

Field magnitude at the origin (G

System mass (Kg)

System nominal power (W
System effective power (W
Number of components
Number of current carrying
Number of ferro -magnetic

component

(non rigid ) components

Number of components with reversible magnetization
n° type first cell last cell radial  cells
2 soft 1 30 2

m 8-3-5 Field Calculation and Functional M agnetization

1. Induction field Bz (i.e the global field) at the bar isocenter (Case 1, non linear model).
Fi el dPoi nt Ori gi n[ bar st eel 1]

System name: barsteel 1

The magnetic field (in Gauss) at the origin

Calculation mode: Automatic
Br 0.000000 G
Bz 2679.735408 G
Bm 2679.735408 G

Mode

barsteel 1
True
55.9017
{0, 2679.74 )
2679.74
12.8079
43.3288
43.3288

2

1

1

1

cells

15

2. Induction field Bz (i.e the global field) at the bar isocenter (Case 2, linear model).
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Fi el dPoi nt Ori gi n[ bar st eel 2]

System name: bar st eel 2

The magnetic field (in Gauss) at the origin
Calculation mode: Automatic Mode

Br 0.000000 G

Bz 3747.284100 G

Bm 3747.284100 G

The 2 following calculations illustrate the magnetization for the inner central cell, radial coordinate r=0, i.e. on the axis

and axial coordinate z=1.333mm from central radial plane. We have for the Case 1 (non linear):

» 282.559 gauss: excitation field created by the solenoid.
= 1.497 gauss: functional magnetizing field.

But the resulting magnetic field is the sum of the excitation field and the interaction of the 89 other cells:

= 2732.305 gauss. magnetization intensity
= 2733.802 gauss:. induction field

= 1825.500
» 1826.500

3. Induction field Bz (i.e. the global field) at cell 16 center (Case 1)
Nunber For m[Fi el dPoi nt [barsteel 1, {0, 1.33333333}], 9]

- relative susceptibility
: relative permesability

(0, 2678.33607 )

Ver boseFi el dPoi nt [barsteel 1, {0, 1.33333333}, ConponentsList » All]

System name: barsteel 1

The magnetic field (in Gauss) at the point

Calculation mode: Automatic
Component n° 1
Component type : cylindrical
Br 0.000000 G
Bz 282.558958 G
Bm 282.558958 G
Component n° 2
Component type : cylindrical
Br 0.000000 G
Bz 2395.777108 G
Bm 2395.777108 G
Total

Br 0.000000 G
Bz 2678.336067 G
Bm 2678.336067 G

Mode

solenoid

reversible magnetization

4. Magnetization data at cell 16 center (Casel)

(0, 1.33333 }(in Mili
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Magnet i zat i onTabl e[ bar st eel 1, Conponent sLi st ->{2}, Cel | sLi st->{{16, 16}}, CondensedForm
->True, Ful | Det ai | s->Tr ue]

n° type first cell last cell radial  cells axial  cells
2 soft 1 30 2 15

Length unit : mm

Functional Magnetization Intensity unit (M: G
Functional Magnetizing  field  unit (H: G
Induction field  unit (B): G
type raQiaI Qim. ra(_jial pos.
axial  dim. axial pos.
Cell 16 soft 5. 7.5
Conp. 2 5.33333 -37.3333

Hm -0.453405 Hm 1.309603 HMhod 1.385870

M -776.918214 M 2244.031130 Mnod  2374.716330

B, -777.371619 B, 2245.340730 Bn 2376.102200
X 1713.519860 U 1714.519860

The 2 following calculations show the field in front of the bar, (bar pseudo pole€), coordinate r=0 and z=40 mm. We
have:

= 941.538 gauss: total field coming from
= 227.849 gauss:. contribution of the solenoid.
= 713.689 gauss: contribution of the material of the bar

5. Magnetic field Bz (i.e. the global field) at the bar axial surface (Case 1)
Fi el dPoi nt [barsteel 1, {0, 40}]

(0, 916.57 }

Ver boseFi el dPoi nt [ bar st eel 1, {0, 40}, Conponent sLi st->Al | ]

System name barsteel 1
The magnetic field (in Gauss) at the point {0, 40} (in Milli Meter )
Calculation mode: Automatic  Mode

Component n° 1

Component type : cylindrical solenoid
Br 0.000000 G
Bz 227.848670 G
Bm 227.848670 G

Component n° 2

Component type : cylindrical , reversible magnetization
Br 0.000000 G

Bz 688.721605 G

Bm 688.721605 G

Total

Br 0.000000 G

Bz 916.570276 G

Bm 916.570276 G

6. Magnetic field Bz (i.e. the global field) at the bar axial surface (Case 2)
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Fi el dPoi nt [bar steel 2, {0, 40}]

(0, 1287.87 )

Ver boseFi el dPoi nt [ bar st eel 2, {0, 40}, Conponent sLi st->Al | ]

System name: bar st eel 2
The magnetic field (in  Gauss)

at the point {0, 40} (in

Calculation mode: Automatic Mode

Component n° 1

Component type : cylindrical solenoid
Br 0.000000 G
Bz 227.848670 G
Bm 227.848670 G

Component n° 2

Component type : cylindrical ,
Br 0.000000 G

Bz 1060.020380 G

Bm 1060.020380 G
Total

Br 0.000000 G

Bz 1287.869050 G

Bm 1287.869050 G

reversible magnetization

7. Field plot on the axis around the bar axial surface (Case 1)

Fi el dMap[barsteel 1, Bz, Line[{

0, 30}, {0, 503171;

System name: barsteel 1
Bar of Commobn Steel in a solenoid

Bz (G) (Continuous

, Automatic  Mode)

between {0., 30.} and {0., 50.}

1600 AN

1400 \

(D: 1200 \

A 1000 \

0 N
800 ~—
600 ~—
30 35 40 45 50
Z (mm

8. Field line inside and around the bar (Case 1).
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Cont our Fi el dvap[barsteel 1, Fl ux, Pl ane[{-30, -50}, {30, 50}],

System nane: barsteel 1
Bar of Common St eel

in a solenoid

Flux (uWb) (Continuous, Automatic
Mode)
bet ween {-30., -50.} and {30., 50.}

30
20
= 10
E o
x -10
-20
-30

m 8-4 Cylindrical Shielding of a Super conducting Solenoid

m 8-4-1 Introduction

Number OF Poi nt s » 257;

The example is a cylindrical shell made of silicium steel used for the shielding of the stray field of a strong MRI
magnet. This example shows the application of the method to standard high permeability industrial steel used in small
thicknesses. Shielding efficiently means using the minimum amount of material for the greatest reduction of the stray
field. This implies working with a high excitation magnetization field. Consequently, the use of the non linear

magnetization model appears very suitable.

m 8-4-2 Silicium Steel Properties

Silicon steels (commercialy called electrical steels) are the most used materials in all the electrical industry (motor,
aternator, transformer manufacturing). Their production amounts to millions of tons. Their magnetic properties are
strictly controlled. They have a much higher permesbility than common steel so that they are excellent as magnetic field
amplifiers. These materials are highly sophisticated substances based on iron but including small amounts of silicium as
well as some other elements such as aluminum. The example is based on a high silicium content steel (ref : SiSteel3)

with the following properties and magnetization curves:

= The saturation magnetizationis Ms
= The peak of permeability occursat Hm
= where the relative permeability is  upeak : 9062

: 19800 Gauss (1.98 Tesla)
: 0.86 Gauss (68 Amp/m)
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Properties[Si Steel 3]

material name SiSteel3
material  category Ferromagnetic reversible non linea
designation Silicon steel sheet , grains NQ t
specific weight  (g/cm3) 7.600000
dilation coefficient 0.000012
(relative linear  change )
resistivity (Ohmx cm) 0.000010
Coefficient temperature  resistivity 0.001000
relative volume magnetic 8155.441381
(linear ) susceptibility
temperature  coefficient susceptibility -0.000300
saturation magnetization (G) 19800.000000
coercive field 0.240000
(continuous  reversibility limt , G
temperature  coefficient saturation mag -0.000300
peak magnetizing field (G) 0.859414

peak magnetization (G) 7787.668008
peak susceptibility (relative to vacuum) 9061.601534
coefficient of linearization for susceptibility 0.900000
Magnetization and permeability curves

Mat eri al Magneti zati onCurves[ Si Steel 3, {M Perneabi lity}]

Material Magnetization Curve

SiSteel3 temperature 20° celsius

Silicon steel sheet , grains NQ high Silicon content , (S3)

M Magnetization f (HmM
Type of plot : Linear /Linear

12000 _—

10000 //

8000
2 /
s 6000 /

4000 /
2000
0 /

0 1 2 3 4
Hm Magnetizing  Field (G)
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Material Magnetization Curve
SiSteel3 temperature 20° celsius
Silicon steel sheet , grains NQ high Silicon content , (S3)
u Permeability f (Hm
Type of plot Linear /Linear
8000 //\ \\
6000
3 /, \\\\\\\\
4000 \
/ \
2000 /
0 1 2 3 4
Hm Magnetizing  Field (G)

m 8-4-3 Entering Data

The example starts with an unshielded magnet (Case 1) and continues with a shielded magnet of thicknesses of: 3 mm
(Case 2), 10 mm (Case 3) and 30 mm (Case 4). The meshing level is at the default value (i.e. 2 -> 30 cells).

Case 1: MRI magnet without shield

unshi el dMRI =
AXSMagnet i cSyst eni

{ AXSSol enoi d[ Super NoTi 4,
AXSSol enoi d[ Super NbTi 4,
AXSSol enoi d[ Super NbTi 4,
AXSSol enoi d[ Super NbTi 4,
AXSSol enoi d[ Super NbTi 4,
AXSSol enoi d[ Super NbTi 4,
Syst enLabel ->

"unshi el ded MRI

1240, 1280, 300
1240, 1280, 300
1240, 1280, 250
1240, 1280, 250
1240, 1320, 250
1240, 1320, 250

180. 05374474797077, 635, 735.2202],
-180. 05374474797077, 635, 735.2202],
550. 1194910091477, 598, 735.2202],
-550. 1194910091477, 598, 735.2202],
874.8480174899299, 1015, 735.2202],
-874. 8480174899299, 1015, 735.2202]},

1.5 T superconducti ng nagnet"];

Case 2: same MRI magnet with a cylindrical shell 3 mm thick

t hi ck=3;

dshel | i n=3000;

dshel | out =dshel | i n+2*t hi
shi el dedMRI 1=
AXSMagnet i cSyst eni

{ AXSSol enoi d[ Super NoTi 4,
AXSSol enoi d[ Super NbTi 4,
AXSSol enoi d[ Super NbTi 4,
AXSSol enoi d[ Super NbTi 4,
AXSSol enoi d[ Super NbTi 4,
AXSSol enoi d[ Super NbTi 4,

ck;

1240, 1280, 300
1240, 1280, 300
1240, 1280, 250
1240, 1280, 250
1240, 1320, 250
1240, 1320, 250

180. 05374474797077, 635, 735.2202],
-180. 05374474797077, 635, 735.2202],
550. 1194910091477, 598, 735.2202],
-550. 1194910091477, 598, 735.2202],
874. 8480174899299, 1015, 735.2202],
-874. 8480174899299, 1015, 735.2202],
dshel | out, 5000, 0]},

AXSSof t Magnet i cConponent [ Si St eel 3, dshel |'i n,

Syst enlabel

> "MRI

1.5 T superconducting nmagnet with 10 mm Si

Case 3: same MRI magnet with a cylindrical shell 10mm thick

st eel

shield"];
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t hi ck=10;

dshel | i n=3000;

dshel | out =dshel | i n+2*t hi ck;

shi el dedMRI 2=

AXSMagnet i cSyst eni

{ AXSSol enoi d[ Super NbTi 4, 1240, 1280, 300, 180.05374474797077, 635, 735.2202],
AXSSol enoi d[ Super NbTi 4, 1240, 1280, 300, -180.05374474797077, 635, 735.2202],
AXSSol enoi d[ Super NoTi 4, 1240, 1280, 250, 550.1194910091477, 598, 735.2202],
AXSSol enoi d[ Super NbTi 4, 1240, 1280, 250, -550.1194910091477, 598, 735.2202],
AXSSol enoi d[ Super NoTi 4, 1240, 1320, 250, 874.8480174899299, 1015, 735.2202],
AXSSol enoi d[ Super NbTi 4, 1240, 1320, 250, -874.8480174899299, 1015, 735.2202],
AXSSof t Magnet i cConponent [ Si St eel 3, dshel I'i n, dshel | out, 5000, 0]},

Systeniabel -> "MRl 1.5 T superconducting nagnet with 10 nm Si steel shield"];

Case 4: same MRI magnet with a cylindrical shell 30 mm thick

t hi ck=30;

dshel | i n=3000;

dshel | out =dshel | i n+2*t hi ck;

shi el dedMRI 3=

AXSMagnet i cSyst eni

{ AXSSol enoi d[ Super NbTi 4, 1240, 1280, 300, 180.05374474797077, 635, 735.2202],
AXSSol enoi d[ Super NbTi 4, 1240, 1280, 300, -180.05374474797077, 635, 735.2202],
AXSSol enoi d[ Super NbTi 4, 1240, 1280, 250, 550.1194910091477, 598, 735.2202],
AXSSol enoi d[ Super NbTi 4, 1240, 1280, 250, -550.1194910091477, 598, 735.2202],
AXSSol enoi d[ Super NoTi 4, 1240, 1320, 250, 874.8480174899299, 1015, 735.2202],
AXSSol enoi d[ Super NbTi 4, 1240, 1320, 250, -874.8480174899299, 1015, 735.2202],
AXSSof t Magnet i cConponent [ Si St eel 3, dshel I'i n, dshel | out, 5000, 0]},

Systeniabel -> "MRl 1.5 T superconducting nagnet with 10 nm Si steel shield"];

m 8-4-4 System Drawing and Technical Specifications
Drawing of Case 2: MRI coils and cylindrical shell

Dr awSyst en2D[shi el dedVRI 17;

Syst em nane: shi el dedMRI 1

MRl 1.5 T superconducti ng magnet
with 10 nm Si steel shield

2D view ZR

E I
3 LU

-20001000 0 10002000
Z (mm

Technical data of Case 2: shielded MRI, 3 mm thick
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Properties[shi el dedMRI 1]

CGeneral properties

System name: shi el dedMRI 1
System magnetic  parity False

System Legendre radius 1768.87
Magnetic field at the origin (G) {0, 15019.4 }
Field magnitude at the origin (G 15019.4
System mass (Kg) 1249.23
System nominal power (W 0.

System effective power (W 0

Number of components 7

Number of current  carrying component 6

Number of ferro -magnetic (non rigid ) components 1

Number of components with reversible magnetization 1

n° type first cell last cell radial  cells axial cells

7 soft 1 30 1 30

m 8-4-5 Field Calculation and Functional M agnetization

1. Isocenter magnetic field
We can see that the shielding increases somewhat the isocenter field
Case 1. unshieldedMRI: 15000 Gauss (1.5 Tesla)
Fi el dPoi nt [unshi el dVRI, {0, 0}]
{0, 15000. }
Case2: shidded MRI: 15019 Gauss (1.5019 Tedla). The shield generates an extra 19 Gauss at the
isocenter
Fi el dPoi nt [shi el dedMRI 1, {0, 0}]
{0, 15019.4 }
Case 3: shielded MRI: 15059 Gauss (1.5059 Tesla). The shield generates an extra 59 Gauss at the
isocenter
Fi el dPoi nt [shi el dedMRI 2, {0, 0}]
{0, 15059.5 }
Case 4. shielded MRI : 15145 Gauss (1.5145 Tedla). The shield generates an extra 145 Gauss at the
isocenter
Fi el dPoi nt [shi el dedMRI 3, {0, 0}]

(0, 15145.7 )

2. Shielding effect calculated at a point 3000 mm off axis on the central radial plane
Case 1: unshielded MRI : stray field 129.4 Gauss
Case 2: shielded 3mm : stray field 124.4 Gauss, shielding effect 5 Gauss
Case 3: shielded 10 mm : stray field 113.4 Gauss, shielding effect 16 Gauss
Case 4. shielded 30 mm : stray field 85.4 Gauss, shielding effect 45 Gauss
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rc =3000; zc =0;

Ver boseFi el dPoi nt [unshi el dMRI, {rc, zc}]
Ver boseFi el dPoi nt [shi el dedMRI 1, {rc, zc}]
Ver boseFi el dPoi nt [shi el dedMRI 2, {rc, zc}]
Ver boseFi el dPoi nt [shi el dedMRI 3, {rc, zc}]

Syst em nane: unshi el dMRI
The magnetic field (in Gauss) at the point {3000, 0} (in MIIi
Cal cul ati on npode: Automatic Mde

Br 0. 000000 G
Bz -129. 435019 G
Bm 129. 435019 G

System nane: shi el dedMRI 1
The magnetic field (in Gauss) at the point {3000, O} (in MIIi
Cal cul ati on node: Automatic Mde

Br 0. 000000 G
Bz -124. 421536 G
Bm 124. 421536 G

Syst em nane: shi el dedMRI 2
The magnetic field (in Gauss) at the point {3000, O} (in MIIi
Cal cul ati on node: Automatic Mde

Br 0. 000000 G
Bz -113. 344577 G
Bm 113. 344577 G

System nane: shi el dedMRI 3
The magnetic field (in Gauss) at the point {3000, O} (in MIIi
Cal cul ati on node: Automatic Mde

Br 0. 000000 G
Bz -85.377007 G
Bm 85. 377007 G

3. System Legendre source coefficients for the Case 4 shielded MRI 30mm

Met er )

Met er)

Met er)

Met er)
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Ver boselLegendr eCoef fi ci ent s[shi el dedMRI 3, Legendr eRadi us -» {250, 2000} ]

Syst em Nane: shi el dedMRI 3
System Legendre radi us 1775.876 mm
Printout Legendre radius central 250. 000 mm
Printout Legendre radius renote 2000. 000 nm
System Legendre center position 0. 000 mMm
I nner spherical radius limt 577.277 mm
Quter spherical radius limt 3341. 367 nmm
System magnetic parity Fal se
System magnetic constant field 0.000 G
Mode: absolute Field (Gauss)

O der central coeff. remote coeff.
DO 15145. 716210802 0. 000000000
D1 0. 000000000 0. 000000000
D2 -3.284322716 755. 186244641
D3 0. 000000000 0. 000000000
D4 -0. 036579248 746. 361577872
D5 0. 000000000 0. 000000000
D6 2.091823076 493. 368897819
D7 0. 000000000 0. 000000000
D8 -1. 617913155 -778.101567208
D9 0. 000000000 0. 000000000
D10 0.353671179 -1559. 623810719
D11 0. 000000000 0. 000000000
D12 -0. 049853891 2556. 195811151
D13 0. 000000000 0. 000000000
D14 0. 005885907 11408. 028684260
D15 0. 000000000 0. 000000000
D16 -0. 000822329 5565. 292211713
D17 0. 000000000 -4..090000000e-10
D18 0. 000150991 -48576. 674149276
D19 0. 000000000 -8.343000000e-10
D20 -0. 000028266 -120586. 713055288

4. Variation of the stray field with the radial distance for the Case 4 shielded MRl 30mm

Fi el dMap[shi el d

edMVRI 3, Bm Line[{2000, 0}, {7000, 0}1]

System nane: shi el dedMRI 3

VR
Wit
Bm
bet

{- Graphics -}

200 \
& 150 \\\\
£ 100
m
50 \

1.5 T superconducti ng nmagnet
h 10 mm Si steel shield

(G) (Continuous, Autonmatic Mode)
ween {2000., 0.} and {7000., 0.}

N

~

\\\

2000 3000 4000 5000 6000 7000
R (mm)
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5. Isofield lines of 30, 20, 10, 5, 1 gauss for the Case 4 shielded MRI 30mm
Dr aw soFi el dLi nes[shi el dedMRI 3, {30, 20, 10, 5, 1},

Angul ar Range -» {0, 360}, Number Of Poi nts -» 40, Fi el dunit -» Gauss];

Syst em nane:

shi el dedMVRI 3

MRI 1.5 T superconducti ng nagnet

with 10 mm Si

st eel

Magnetic iso Field |lines
Fiel d magni tude (G) {30.,

2D view ZR

shield

20., 10.

15000
10000

5000 /.
3 01
y 5000\

=

-10000

5

-15000

6. Functional magnetization Mz and magnetizing field Hz, along an axial line for the Case 4 (30 mm

shell)

Magneti zati onCurves[shi el dedvRI 3, {Mz, Hz}, ConponentsLi st » {7}, Pl ot Rows » {1}]

Syst em nane:

with 10 nm Si steel shield
Functi onal Magnetization Mz
map on axial direction
5000
0 N Y
N
@ -5000 \\
~ -10000 \ /
% -15000 \ Y4
~20000 3—/
25000 p-

Z (mm)

|
\
\
|
-20000-10000 O 10000 20000

shi el dedMRI 3
MRl 1.5 T superconducting nmagnet

5 10 15 20 25 30

cell center
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System name: shi el dedMRI 3
MRl 1.5 T superconducting nmagnet
Si steel shield

with 10 mm

Functional magnetizing  field Hz
map on axial direction
0
a0 N\
o \ /
< -200 \ /
-300 \ //
-400 ~——
-500 Com p 1

0O 5 10 15 20 25 30
cell center

7. Magnetizatiomat the extremityof the shell, Case4 shell30 mm.

The cell'sfunctionalmagnetizatiorandthe magnetizindield aresmall, respectivelyaround1100Gaussand0.4 Gauss

Magnet i zat i onTabl e[ shi el dedMRI 3, Conponent sLi st->{7}, Cel | sLi st->{{1, 4}}, CondensedFor
m >True, Ful | Det ai | s- >Tr ue]

n° type first cell
7 soft 1

Length unit : mm
Functional Magnetization
Functional Magnetizing
Induction field  unit

Cell 1

Comp. 7
Hm -0.061134 Hm
M -276.551431 M
B, -276.612565 =
X 4523.710340 U

Cell 2

Comp. 7
Hm -0.067562 Hm
M -314.424747 M
B, -314.492309 B,
X 4653.857790 U

Cell 3

Comp. 7
Hm -0.101596 Hm
M -370.127569 M
B, -370.229165 B,

X 3643.143410 U
Cell 4
Comp. 7
Hm -0.161199 Hm
M -436.327733 M,
B, -436.488932 =
X 2706.765790  u

last cell
30

Intensity
field  unit

type

soft

0.378757
1713.385120
1713.763880
4524.710340

soft

0.386961
1800.861610
1801.248570
4654.857790

soft

0.298058
1085.867640
1086.165700
3644.143410

soft

-0.131122
-354.917809
-355.048931
2707.765790

radial cells axial
1
unit (M: G
(H): G
(B): G
radial dim.
axial dim.
30.
166.667

HMhod 0.383659
Mnod  1735.560220
Bn 1735.943880

30.
166.667
HMhod 0.392815
Mnod  1828.104330
Bm 1828.497150

30.

166.667
HMod 0.314897
Mnod  1147.215310
Bm 1147.530200

30.
166.667
HMhod 0.207794
Mnod  562.448701
Bm 562.656495

8. Magnetizatioratthe middle of the shell, Case4 shell 30 mm

The cell'sfunctionalmagnetizatiorappeawnery closeto the saturation19300gaussrersus19800gauss

cells
30

radial  pos.

axial  pos.
1515.
-2416.67

1515.
-2250.

1515.
-2083.33

1515.
-1916.67
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Magnet i zat i onTabl e[ shi el dedMRI 3, Conponent sLi st->{7}, Cel | sLi st->{{44,47}}, CondensedF
orm >Tr ue, Ful | Det ai | s- >Tr ue]

n° type first cell last cell radial  cells axial  cells
7 soft 1 30 1 30

Length unit : mm

Functional Magnetization Intensity unit (M: G
Functional Magnetizing  field  unit (H: G
Induction field  unit (B): G

m 85 Cylindrical Sheet of Mu Metal (Earth Magnetic Shielding)

m 8-5-1 Introduction

The exampleis a cylindrical shellmadeof Mu metalusedto obtainanamagnetidox, i.e. a volumewith the Earth's
magneticfield reducedasmuchaspossible This box wasdesignedor biological researchgrowing bacteriaoutsideof
the Earth'smagnetidield.

The exampleshowsthe applicationof the softwarefor very high permeabilitymaterialsusedin very thin sheetslt
showsalsothe use of the specialmagneticcomponentfeature AXSL ar geM agneticSour ce to dealwith the Earth's
magneticfield.

m 8-5-2 Mu Metal Properties

The Mu metalis a very high permeabilitymaterial(x = 100 000) which is madeof an alloy of Iron andNickel. Mu
metal is intensivelyusedfor magneticfield shieldingpurposeshut exclusivelywhenthe field is alreadylow. For
instanceMu metalis coatedinsidethe caseof high definition CRT monitorsor TVs to reducethe adversesffectof the
Earth'smagneticfield. It shouldbe notedthatindustry producesa wide rangeof high permeabilitymaterialsotherthan
Mu metal. The exampleis basedon a standardMu metal (ref: MuMetall). Pertinentdataarethe magnetizatiorat
saturationand the permeability. The information and the curvesare obtainedusing the commandPr operties and

M aterialM agnetizationCurves. Its mainfeaturesare:

= Thesaturatiormagnetizations Ms :7800Gausq0.78Tesla)

= Thepeakof permeabilityoccursatHm : 0.0.32Gauss(2.5Amp/m)
= wheretherelativepermeability ppeak is: 105320
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Properties[ MuMet al 1]

material
material
designation

name
category

specific
dilation
(relative
resistivity
Coefficient

weight
coefficient
linear
(Ohm x cm)
temperature

relative
(linear
temperature
saturation
coercive
(continuous
temperature

coefficient
magnetization
field
reversibility
coefficient

field
(e

peak magnetizing
peak magnetization
peak susceptibility
coefficient of

(relative
linearization

(g/cm3)

change )

resistivity

volume magnetic
) susceptibility

susceptibility
(©)

limt , G
saturation mag
(G)

to vacuum)
for susceptibility

MuMetall
Ferromagnetic reversible non linea
Mu metal standard annealed , 0.1 r
8.700000
0.000013
0.000058
0.001000

94788.251479

-0.000300
7800.000000
0.015000

-0.000300

0.032237
3395.227999
105320.279421
0.900000

Mat eri al Magneti zati onCurves[ MuMetal 1, { M Per neabi |l ity},

Magneti zi ngUni t->M | 1i Gauss]
Material Magnetization Curve
MuMetall temperature 20° celsius
Mu metal standard annealed , 0.1 mmsheet (I12)
M Magnetization f (HmM
Type of plot : Linear /Linear
6000 — —
5000 —
@ 4000 //
~ 3000 /
= 2000 //
1000
ol/
0 25 50 75 100125150
Hm Magnetizing Field (mG
Material Magnetization Curve
MuMetall temperature 20° celsius
Mu metal standard annealed , 0.1 mmsheet (I12)
u Permeability f (HmM
Type of plot : Linear /Linear
100000 N\
90000 / \
80000 {
~ 70000 [
60000 | ~
50000 | S
40000 - ~
30000
0 25 50 75 100125150

Hm Magnetizing

Field (mG
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m 8-5-3 Entering Data

The examplesconsistof 2 casesa singlesheetbox (Casel) anda doublesheetdhox (Case?). It is assumedhatthe
Earth'smagneticfield is orientedalongthe axis of the box. The thicknessof the Mu metalsheetis 0.1 mm andthe
meshinglevelis setat 2.

Casel : singlesheethox

i nner Di am= 200;
dem Lengt h = 300;
thick =.1;
out er Di am=i nner Di am+ 2 %t hi ck;
di skPosi ti on = N[ (dem Lengt h +t hi ck) /2];
amagbox1 =
AXSMagnet i cSyst em[ {
AXSLar geMagnet i cSour ce[0. 4589],
AXSSof t Magnet i cConponent [MuMet al 1,
i nner Di am outerD am demi Length/2, -dem Length/4.1,
AXSSof t Magnet i cConponent [MuMet al 1, i nner Di am out er Di am
denm Length/2, demi Length /4.1,
AXSSof t Magnet i cConponent [MuMet al 1, 0, outerDi am thick, -di skPosition],
AXSSof t Magnet i cConponent [MuMet al 1, 0, out erDi am thick, di skPosition]},
Systeniabel -> "Amagnetic Box Mu netal 0.1 nmthick", MeshingLevel - 27;

Case2 : doublesheethox

i nner Di am= 200;
dem Lengt hl = 300;
thick =.1;
out er Di am=i nner Di am+ 2 %t hi ck;
di skPosi tion = N[ (denm Lengt hl +t hi ck) /2];
gap = 30;
dem Lengt h2 = demi Lengt hl + gap;
amaghbox2 =
AXSMagnet i cSyst em[ {
AXSLar geMagnet i cSour ce[0. 45891,
AXSSof t Magnet i cConponent [MuMet al 1,
i nner Di am out erDi am dem Lengthl/2, -dem Lengthl/4.],
AXSSof t Magnet i cConponent [MuMet al 1, i nner Di am out er Di am
dem Lengthl/2, dem Lengthl/4.1],
AXSSof t Magnet i cConponent [MuMet al 1, 0, outerDi am thick, -di skPosition],
AXSSof t Magnet i cConmponent [MuMet al 1, O, outerDi am thick, di skPosition],
AXSSof t Magnet i cConponent [MuMet al 1, i nner Di am+ gap,
out er Di am+ gap, dem Length2/2, -deni Length2/4.1,
AXSSof t Magnet i cConmponent [MuMet al 1, i nner Di am+ gap,
out er Di am+ gap, deni Length2 /2, deni Length2/4.1,
AXSSof t Magnet i cConponent [MuMet al 1, 0, out er Di am+ gap, thi ck,
-di skPosi tion-gap /2], AXSSoft Magneti cConponent [
MuMet al 1, 0, out er Di am+gap, thick, di skPosition+gap/2]},
SysteniLabel -> "Amagnetic Box Mu netal 0.1 mmthick", MeshinglLevel » 2];

m 8-5-4 System Drawing and Technical Specifications

Drawingthesinglesheetbox
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Dr awSyst en2DXZ[amagbox1];

System name: anagbox1
Amagnetic Box Mu nmetal 0.1 mmthick
2D view XZ

150

100

-150-100-50 0 50 100 150
X (mm)

Drawing the double sheet box

Dr awSyst en2DXZ[amagbox2];

Syst em nane: amagbox2
Amagnetic Box Mu netal 0.1 mmthick
2D view XZ

150

100
50

N -50

-100

-150

-156-100-50 0 50 100150
X (mm)

Technical data of the double sheet box
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Properti es[anagbox2]

CGeneral properties

System name: amagbox?2
System magnetic  parity True

System Legendre radius 150.631

Magnetic field at the origin (G) {0, 0.00453201 }
Field magnitude at the origin (G 0.00453201
System mass (Kg) 0.498804

System nominal power (W 0

System effective power (W 0
Number of components 9
Number of ferro -magnetic (non rigid ) components 8
Number of components with reversible magnetization 8
Number of large sources 1
n° type first cell last cell radial  cells axial cells
2 soft 91 120 1 30
3 soft 121 150 1 30
4 soft 31 60 30 1
5 soft 181 210 30 1
6 soft 61 90 1 30
7 soft 151 180 1 30
8 soft 1 30 30 1
9 soft 211 240 30 1

m 8-5-5 Field Calculation and Functional M agnetization

1. Magneticfield atthe origin, unitsin Nanotesla.The Earth'smagnetidield is 45890nT

Casel: singlesheetox: Thefield is 1568nT, reductionof 44321nT. Theremainingfield is 3.4%
of theinitial field.

Magnet i caUser Uni t s[Fi el dUnit - Nano Tesl aJ;
Fi el dPoi nt [anagbox1, {0, 0}]

{0, 1567.99 }
Case2: doublesheetbox: Thefield is 453nT, reductionof 45437nT. Theremainingfield is 0.9%of
theinitial field
Fi el dPoi nt [anagbox2, {0, 0}]

(0, 453.201 }

2. Variationof theBz field onanaxialline for the Case2 doublesheetox
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Fi el dMap[amagbox2, Bz, Line[{0, -400}, {0, 400}]11;

Syst em name: amagbox?2

Amagnetic Box Mu nmetal 0.1 mmthick
Bz (nT) (Continuous, Automatic
Mode)

bet ween {0., -400.} and {0., 400.}

80000 // \\
£ 60000 | _- <
~ 40000
N
@ 20000

0
-400 -200 0 200 400
Z (mm)

3. Contour plot of the Bz field on an axial line for the Case 2 double sheet box

Cont our Fi el dvap[anmagbox2, Bz,
Pl ane[{-50, -60}, {50, 60}], Nunber O Poi nts -» 25, Vi ewType -» Vi ew3DXZ];

Syst em name: amagbox?2

Amagnetic Box Mi netal 0.1 nmthick
Bz (nT) (Continuous, Autonmatic
Mode)

bet ween {-50., -60.} and {50., 60.}

=
A

60

40

e lI——————————
-40 -20 O 20 40
R (mm)

4. Variation of the functional magnetization Mz in the external sheet for the Case 2 double sheet box.

Field unitsin Gauss
Magnet i caUser Uni t s[Fi el dUnit -» Gauss];

Magneti zati onCur ves[anagbox2, {Mz, M, Mm}, ConponentsList » {6, 7}, Pl ot Rows -> {1}]
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System nane: amagbox2

Amagnetic Box Mu netal 0.1 mmthick
Functi onal Magnetizati on Mz

map on axial direction

1400 — —~

@ 1200 /
gv 1000 /
800 / \

Conp. | 6 Canp. | 7
0 10 20 30 40 50 60
cell center

600

Syst em nane: anmagbox2

Amagnetic Box Mu netal 0.1 nmthick
Functi onal Magnetization M

map on axial direction

1
—~ 0.5
—]
-0.5+—
=0/
-1.5 Com. | 6 Conp. | 7

0O 10 20 30 40 50 60
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System nane: amagbox2

Amagnetic Box Mu netal 0.1 mmthick
Functi onal Magnetizati on Mn

map on axial direction

1400 — ~

@ 1200 //
1000

= 800 / \
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600 . .
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cell center

5. Magnetizatiomat the extremityof the outersheetCase2. The cell'sfunctionalmagnetizationss
1410Gausswith a permeabilityof 80000which s a very effectiveshieldingcondition.
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Magnet i zat i onTabl e[ amagbox2, Conponent sLi st ->{7}, Cel | sLi st->{{151, 154}}, CondensedFor
m >Tr ue, Ful | Det ai | s->Tr ue]

n° type first cell last cell radial  cells axial  cells
2 soft 91 120 1 30
3 soft 121 150 1 30
4 soft 31 60 30 1
5 soft 181 210 30 1
6 soft 61 90 1 30
7 soft 151 180 1 30
8 soft 1 30 30 1
9 soft 211 240 30 1
Length unit : mm
Functional Magnetization Intensity unit  (M:G
Functional Magnetizing  field  unit (H): G
Induction field  unit (B): G
type ra(jial .dim . raQiaI pos.
axial dim. axial  pos.
Cell 151 it 0.1 115.05
Conp. 7 S0 5.5 2.75
Hm 8.393280 e-8 Hm 0.017508 HMhod 0.017508

M 0.006783
By 0.006783
X 80818.794800

Cel |l 152
Comp. 7

Hrm 2.520324 e-7

M 0.020362
By 0.020362
X 80789.733800

Cel | 153
Conp. 7

Hm 4.208376 e-7

M 0.033975

B 0.033975
X 80731.420200
Cell 154
Conp. 7
Hm 5.908323 e-7
M 0.047647
Br 0.047647
X 80643.467800

M 1415.011810 Mnod  1415.011810
B, 1415.029310 Bm 1415.029310

1 80819.794800

0.1 115.05
soft 5.5 8.25
Hm 0017502  Hmog  0.017502
M, 1413.985950  Muog 1413.985950
B, 1414.003460 B, 1414.003460
L 80790.733800
0.1 115.05
soft 55 13.75
Hm 0017489  Hmwg  0.017489
M 1411.931760  Mnog 1411.931760
B, 1411.949250 B, 1411.949250
L 80732.420200
0.1 115.05
soft 55 19.25
Hm 0017470  Hmog  0.017470

M 1408.844200 Mnod  1408.844200
B, 1408.861670 Bm 1408.861670

1 80644.467800
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m Chapter 9: Magnetic System Applications

m 9-1 Introduction

This chapter deals with extended applications of the AX SSoftM agneticComponent.

The first example proceeds with a complex magnetic system made of only hard and soft ferromagnetic materials.

The second example is the application of the method to solve the magnetization of either diamagnetic or paramagnetic

common materials submitted to a very high magnetic field.

m 9-2 Immediate Help

?AXSMagnet i cSystem

AXSMagneticSystem [{compl, comp2, ... }, options ] defines
a new axis symmetric system made with the specified components .

Options : SystemLabel , MeshingLevel |,
LegendrePointPosition , LegendreRadius , LegendreOrder Details...

?Meshi ngLevel

MeshingLevel is an option for AXSMagneticSystem that

specifies the granularity of the meshing. (1 -> Sparse, 2 -> intermediate

default ), 3 -> High density , 4 -> Very high density ) Details...
? AXSSof t Magnet i cConponent

AXSSoftMagneticComponent  [material
innerDiameter , outerDiameter , length , position , fillingFactor , options ]

builds a Magnetica object which represents a cylindrical

component (bar, ring ), made of material with  isotropic reversible (linear
or non-linear ) magnetization in 2D cylindrical axis symmetric space
Options : see LinearPermeability , Temperature , ComponentMeshing Details...

Opt i ons [AXSSof t Magnet i cConponent ]

{LinearPermeability - False , FillingFactor -1,
ComponentMeshing - Automatic , Temperature - Automatic }

?Li near Perneability

Option for AXSSoftMagneticComponent . With LinearPermeability >
True the magnetization  function is assumed to be linear Details...

?Properties

Properties  [system , options ] gives the technical details of a
magnetic system . With the option ComponentsList ->list or ComponentsList

All , it also gives the properties of the specified list of components of s.

See ?ComponentsList  Details...

Properties  [material , options ] displays the properties of the given material
With Temperature ->value it gives the information at the specified temperature
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?Fi el dPointOrigin

FieldPointOrigin [s] is a shortcut for VerboseFieldPoint [s, {0,0,0}] Details...

?Magneti zati onTabl e

MagnetizationTable [system , opts ]
gives the magnetization table of the magnetic

components (ferro , magnets ) ComponentsList -> {components } or {{1,3}}
CellsList -> {1,2,3} or {{1,3}}

FullDetails -> True |False
CondensedForm -> True |False
Details...

?Mat eri al Magneti zati onCurves

MaterialMagnetizationCurves [material , magnetizationFunctions ,options ] plots for the given
material , the magnetization curve of each of function of magnetizationFunctions

Options : MagnetizingFieldRange , Temperature , NumberOfPoints , PlotScale , CurveType
Units : MagnetizingUnit , MaterialMagnetizationUnit , InductionUnit , FieldUnit Details...

?Magneti zi ngFi el dRange

MagnetizingFieldRange is an option for MaterialMagnetizationCurves or
MaterialMagnetizationTable that determines the range for the magnetizing field
For Permanent magnet material , possible values are {valuel ,value2 }, Operational

Extended or Automatic , and for other material {valuel ,value2 } or Automatic Details...

?CurveType
CurveType is an option for MaterialMagnetizationCurves
that specifies , for non-linear  magnetization material , the type
of curve (Experimental , LinearModel or Comparison ) Details...
?Pl ot Scal e

PlotScale is an option for FieldMap and other field drawing functions
Possible values : LinearMap , LinearLogMap , LogLinearMap LogLogMap Details...

?Magnet i zi ngUni t

MagnetizingUnit is an option used to specify the unit of the magnetizing field (H) Details...

= 9-3 NIB (Neodymium Iron Boron) M agnet

m 9-3-1 Introduction

The example is an H shaped permanent magnet made of 2 polar pieces of high performance permanent magnet material
(NIB: Neodymium Iron Boron compound) combined with a yoke of standard pure iron steel acting as a magnetic flux
return path.

The example shows the application of the software for a complex magnetic system made only of hard and soft
ferromagnetic materials.
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m 9-3-2 Materials Properties. NIB Magnet and Soft Industrial Iron

NIB compounds are the most recent and the most powerful hard ferromagnetics ever found. Their use is spreading in
many sectors of electrical machinery and magnet technology including large MRI magnets. Several specific products
have been marketed. The example is based on a high coercive field material (Magnetica ref: NI Bcomp4). Full physical
and magnetic properties and magnetization curves are obtained using the command Properties and Material-

M agnetizationCur ves followed by the name as argument (see paragraph 7.1.2 or appendix B.1 for more complete
explanations).

The main features of this NIB compounds are:
= Intrinsic remanent magnetization  Mr : 12000 Gauss (1.2 Tesla, 954930 Amp/m)
= Coercivefield Hcoer :-20000 Gauss (-2 Tesla, 1591550 Amp/m)

Properti es[ Nl Bconp4]

material name NIBcomp4
material  category Permanent magnet
designation NdFeB compound U4 (120/200)
specific weight  (g/cm3) 7.500000
dilation coefficient 4.000000 e-6
(relative linear  change )
resistivity (Ohmx cm) 0.000150
Coefficient temperature  resistivity 0.001000
intrinsic remanent magnetic field (G) 12000.000000
intrinsic coercive field (G) -20000.000000
principal dynamic relative susceptibility 0.100000
secondary relative susceptibility 0.200000
temperature  coefficient susceptibility 0.000000
temperature  coefficient remanent field -0.001200
temperature  coefficient coercive  field -0.006000

Mat eri al Magneti zati onCur ves[N Bconp4, {Mri nci pal },
Magneti zi ngUni t - Tesl a,
Mat eri al Magneti zati onUnit - Tesl a]

Material Magnetization Curve

NIBcomp4 temperature 20° celsius
NdFeB compound U4 (120/200)

M Magnetization Principal f (HmM
= 15 E——

1 — |

g 0.5

— 0

S -05

= -1

S 15

= -3-2-10 1 2 3

Hm Magnetizing Field (T)

The yoke is made of a standard magnetic steel. Industry produces for magnetic applications a range of steels which de
facto, are very pure iron metals marketed in a well-annealed state and with well-specified magnetic properties. The
example is based on atypical material (ref: Ironlnd3). Pertinent physical and magnetic data and magnetization curves
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are obtained using the commands Pr operties and M aterialM agnetizationCur ves. Its
main features are:

= Saturation magnetization Ms ;21550 Gauss (2.155 Tedla)
» Peak of permesbilityat  Hm :2.09 Gauss (166 Amp/m)
= With relative permeability upeak : 4785

Properties[|ronl nd3]

material name Ironind3
material ~ category Ferromagnetic
designation Industrial

specific weight  (g/cm3)
dilation coefficient

(relative linear  change )

resistivity (Ohm x cm)

Coefficient temperature  resistivity

relative volume magnetic 4305.818592
(linear ) susceptibility

temperature  coefficient susceptibility

saturation magnetization (G) 21550.000000

coercive field

(continuous  reversibility limt , G

temperature  coefficient saturation mag

peak magnetizing field (G)

peak magnetization (G) 9987.709726
peak susceptibility (relative to vacuum) 4784.242880
coefficient of linearization for susceptibility

Mat eri al Magneti zati onCurves[|ronl nd3, {M Perneability}]

Material Magnetization Curve
Ironind3 temperature 20° celsius
Industrial Iron middle annealed (Al)
M Magnetization f (Hm
Type of plot : Linear /Linear
15000
12500 ~
@ 10000
~ 7500
= 5000 /

2500
o/
0 2 4 6 8 10
Hm Magnetizing Field (G

non linea
annealed
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Material Magnetization Curve

Ironind3
Industrial

temperature 20° celsius
Iron middle annealed (Al)

u Permeability f (Hm
Type of plot : Linear /Linear

4000 / \\
N\
, 3000 / N
2000 / —
1000
0O 2 4 6 8 10

Hm Magnetizing Field (G

m 9-3-3 Entering Data

The examples show 2 cases that are identical except for the length air gap. Meshing level is set to 1 for quick evaluation.

Case 1: small air gap (high field)

ai rgaplLengt h = 20;
pol eDi anet er = 80;

pol eLengt h = 20;

pol ePosi tion = (pol eLengt h+ai rgapLength) /2;

yokeDi am= 120;
yokepol eLengt h =
ri ngLengt h = 6;

ri ngPosition =pol ePosition+ (pol eLength-ringLength) /2;
yokepol ePosi ti on = pol ePosi ti on+ (pol eLengt h + yokepol eLengt h) / 2;

yokeshel | Thi ck =

8;

5;

yokeshel | Di am= yokeDi am+ 2 = yokeshel | Thi ck;
yokeshel | Lengt h = 2 x yokepol ePosi ti on + yokepol eLengt h;

NI Bai r gapmagnet 1 = AXSMagnet i cSyst em[ {
AXSHar dMagnet i cConponent [Nl Bconp4, 0, pol eDi anet er, pol eLengt h, -pol ePosition],

AXSHar dvagnet i cConmponent [Nl Bconp4, 0, pol eDi anet er, pol eLengt h, pol ePosition],

AXSSof t Magnet i cConponent [I r onl nd3,

pol eDi anet er, yokeDi am ringLength, -ringPosition],

AXSSof t Magnet i cConponent [I ronl nd3, pol eDi anet er,

yokeDi am r

i ngLengt h, ringPosition],

AXSSof t Magnet i cConponent [I ronl nd3, 0, yokeDi am
yokepol eLengt h, -yokepol ePosi tion],

AXSSof t Magnet i cConponent [I ronl nd3, 0, yokeDi am
yokepol eLengt h, yokepol ePosi tion],

AXSSof t Magnet i cConponent [I ronl nd3, yokeDi am

yokeshel | Di
Syst emLabel

am yokeshel | Length, 0]},

->"NIB air gap magnet with iron yoke",

Meshi ngLevel - 17;

Case 2: large air gap (reduced field)
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ai rgaplLengt h = 60;

pol eDi anet er = 80;

pol eLengt h = 20;

pol ePosi tion = (pol eLengt h+ai rgapLength) /2;

yokeDi am= 120;

yokepol eLengt h = 8;

ri ngLengt h = 6;

ri ngPosition=pol ePosition+ (pol eLength-ringlLength) /2;
yokepol ePosi ti on = pol ePosi ti on+ (pol eLengt h + yokepol eLengt h) / 2;
yokeshel | Thi ck = 5;

yokeshel | Di am= yokeDi am+ 2 = yokeshel | Thi ck;

yokeshel | Lengt h = 2 x yokepol ePosi ti on + yokepol eLengt h;

NI Bai r gaprmagnet 2 = AXSMagnet i cSyst em[ {
AXSHar dMagnet i cConponent [Nl Bconp4, 0, pol eDi anet er, pol eLength, -pol ePosition],
AXSHar dvagnet i cConmponent [Nl Bconp4, 0, pol eDi anet er, pol eLengt h, pol ePosi tion],
AXSSof t Magnet i cConponent [I r onl nd3,
pol eDi anet er, yokeDi am ringLength, -ringPosition],
AXSSof t Magnet i cConponent [I ronl nd3, pol eDi anet er,
yokeDi am ringLength, ringPosition],
AXSSof t Magnet i cConponent [I ronl nd3, 0, yokeDi am
yokepol eLengt h, -yokepol ePosi tion],
AXSSof t Magnet i cConponent [I ronl nd3, 0, yokeDi am
yokepol eLengt h, yokepol ePosi tion],
AXSSof t Magnet i cConponent [I ronl nd3, yokeDi am
yokeshel | Di am yokeshel | Length, 01},
SystemlLabel ->"NIB air gap nmagnet with iron yoke",
Meshi ngLevel -»17;

m 9-3-4 System Drawing

Drawing of Case 1, small air gap
Dr awSyst em2DXZ[NI Bai r gapnmagnet 1, ShowAr r ows -» True];

System nane: NI Bai rgapmagnet 1
NI B air gap magnet with iron yoke
2D view XZ

60

40

20

~

N -20

- 40

-60

-60-40-20 0 20 40 60
X (mm)

Drawing of Case 2, large air gap

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0

141

Dr awSyst em2DXZ[NI Bai r gapnmagnet 2, ShowAr r ows -» True];

System name: NI Bai r gapnagnet 2
NI B air gap magnet with iron yoke
2D view XZ

40

20

~

N -20

_40

-60
RN

-60-40-20 0 20 40 60
X (mm

System technical dataof Case 1, small air gap
Properties[ Nl Bai r gapmagnet 1]

CGeneral properties

System name:

System magnetic parity

System Legendre radius

Magnetic field at the origin (G)

Field magnitude at the origin (G)

System mass (Kg)

System nominal power (W

System effective power (W

Number of components

Number of ferro -magnetic (non rigid ) components
Number of components with reversible magnetization
Number of components with permanent  magnetization

n° type first cell last cell radial
1 permanent 11 14 2
2 permanent 20 23 2
3 soft 6 10 5
4 soft 24 28 5
5 soft 1 5 5
6 soft 29 33 5
7 soft 15 19 1

m 9-3-5 Field and M agnetization Map

1. Isocenter magnetic field of Case 1, small air gap

NI Bai r gapmagnet 1

False

42.6464

{0, 7001.13 }

7001.13
4.69582

0

N O N NO

axial

= 7001.1 Gauss total field Thisis made of the following contributions:

= 4076.1 Gauss from the NIB polar pieces
= 2925.0 Gauss from theiron steel yoke

GRRPRPENN

cells
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Fi el dPoi nt [NI Bai r gapmagnet 1, {0, 0}]

(0, 7001.13 }

Fi el dPoi nt Ori gi n[NI Bai r gapmagnet 1, Conponent sLi st » Al | ]

System name: NI Bai r gapnagnet 1
The magnetic field (in Gauss) at the origin
Calculation mode: Automatic  Mode

Component n° 1

Component type : cylindrical permanent magnet
Br 0.000000 G
Bz 2038.073749 G
Bm 2038.073749 G

Component n° 2

Component type : cylindrical permanent magnet
Br 0.000000 G
Bz 2038.073749 G
Bm 2038.073749 G

Component n° 3

Component type : cylindrical , reversible magnetization
Br 0.000000 G
Bz 16.651020 G
Bm 16.651020 G

Component n° 4

Component type : cylindrical , reversible magnetization
Br 0.000000 G
Bz 16.651020 G
Bm 16.651020 G

Component n° 5

Component type : cylindrical , reversible magnetization
Br 0.000000 G
Bz 1139.094153 G
Bm 1139.094153 G

Component n° 6

Component type : cylindrical , reversible magnetization
Br 0.000000 G
Bz 1139.094153 G
Bm 1139.094153 G

Component n° 7

Component type : cylindrical , reversible magnetization
Br 0.000000 G

Bz 613.496486 G

Bm 613.496486 G

Total

Br 0.000000 G

Bz 7001.134330 G

Bm 7001.134330 G

2. Isocenter magnetic field of Case 2, large air gap
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» 3122.8 Gauss total field Thisis made of the following contributions:
= 2032.0 Gauss fromthe NIB polar pieces
= 1090.8 Gauss from the iron steel yoke

Fi el dPoi nt [NI Bai r gapmagnet 2, {0, 0}]

(0, 3122. 8}
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Fi el dPoi nt Ori gi n[NI Bai r gapmagnet 2, Conponent sLi st » Al | ]

System name: NI Bai r gapnagnet 2

The magnetic field (in Gauss) at the origin
Calculation mode: Automatic  Mode

Component n° 1

Component type : cylindrical permanent magnet

Br 0.000000 G

Bz 1016.013280 G

Bm 1016.013280 G

Component n° 2

Component type : cylindrical permanent magnet

Br 0.000000 G

Bz 1016.013280 G

Bm 1016.013280 G

Component n° 3

Component type : cylindrical reversible magnetization
Br 0.000000 G

Bz -20.679556 G

Bm 20.679556 G

Component n° 4

Component type : cylindrical reversible magnetization
Br 0.000000 G

Bz -20.679556 G

Bm 20.679556 G

Component n° 5

Component type : cylindrical reversible magnetization
Br 0.000000 G

Bz 412.156476 G

Bm 412.156476 G

Component n° 6

Component type : cylindrical reversible magnetization
Br 0.000000 G

Bz 412.156476 G

Bm 412.156476 G

Component n° 7

Component type : cylindrical reversible magnetization
Br 0.000000 G

Bz 307.817525 G

Bm 307.817525 G

Total

Br 0.000000 G

Bz 3122.797926 G

Bm 3122.797926 G

3. Bz field plot on an axial line Case 1, small gap
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Fi el dMap [Nl Bai rgapmagnet 1, Bz, Li ne[{-50, 0}, {50, 0}11;

0.7
0.6
0.5
-

~ 0.4
N
@3
0.2
0.1

System name: NI Bai rgapnagnet 1

NI B air gap magnet with iron yoke
Bz (T) (Continuous, Autonatic Mode)
between {-50., 0.} and {50., 0.}

/ AN

/ \

/ \

[ 4 A)

-40 -20 0 20 40
R (mm)

4. Plot of functional magnetization and magnetizing field in the NIB polar piece along aradial line
(starting from the axis), Case 1 small gap

Magneti zat i onCur ves[N Bai r gapnagnet 1

{Mz, Hz}, ConponentsList » {1}, Pl ot Col ums - {1}]
System nane: NI Bai rgapnagnet 1
NI B air gap nagnet with iron yoke
Functi onal Magnetizati on Mz
map on radial direction
1.17
1.165 —
= 1.16 _—
T el
—
1.15 Conp—1

0.3
~0. 35 —
= 0.4 e
T 0.45 e
/
0.5 Comp—11

1 1.2 1.4 1.6 1.8 2
cell center

System nane: Nl Bai rgapmagnet 1

NI B air gap magnet with iron yoke
Functional magnetizing field Hz
map on radial direction

1 1.2 1.4 1.6 1.8 2
cell center
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5. Table of functional magnetization and magnetizing field in the NIB polar piece, Case 1 small gap

Magneti zati onTabl e[Nl Bai rgapnagnet 1, Cel | sLi st » {{11, 14}}, Ful | Detail s -» True,
CondensedFor m- True]

n° type first cell last cell radial  cells axial cells
1 permanent 11 14 2 2

2 permanent 20 23 2 2

3 soft 6 10 5 1

4 soft 24 28 5 1

5 soft 1 5 5 1

6 soft 29 33 5 1

7 soft 15 19 1 5

Length unit : mm

Functional Magnetization Intensity unit (M: G
Functional Magnetizing  field  unit (H: G
Induction field  unit (B): G
type ra(_jial _dim. ra(_jial pos.
axial dim. axial pos.
%HD 1% permanent %8 (_)25.
Hm 0.000000 Hm -4749.782650 Hmhwod 4749.782650 Hm -4749.782650 Hm
M 0.000000 M 11525.021700 Mnoda  11525.021700 M 11525.021700 M
By 0.000000 B, 6775.239090 Bn 6775.239090 B, 6775.239090 B
Xp 0.100000 Xt 0.200000 Up 1.100000 Ut 1.200000
angle 0. Mm 12000.0000 H; -20000.0000 marging 15250.0000 rel . ma
%Inlp 1% permanent %8 915.
Hm 0.000000 Hm -4375.191310 HMhoa 4375.191310 Hm -4375.191310 Hm
M 0.000000 M 11562.480900 Mnod  11562.480900 M  11562.480900 M
By 0.000000 B, 7187.289560 Bm 7187.289560 B, 7187.289560 Bt
Xp 0.100000 Xt 0.200000 Up 1.100000 Lt 1.200000
angle 0. Mm 12000.0000 H; -20000.0000 marging 15625.0000 rel . ma
el 20 2
Hm  347.242569 Hm -3220.159450 Hmoa 3238.827610 Hm -3220.159450 Hm 3¢
M 69.448514 M 11677.984100 Mnoda  11678.190600 M 11677.984100 M 6
Br 416.691083 B, 8457.824610 Bm 8468.082930 By 8457.824610 Bt 41
Xp 0.100000 Xt 0.200000 Hp 1.100000 Lt 1.200000
angle 0. Mm 12000.0000 H,; -20000.0000 marging 16780.0000 rel . mal
S, 1 20 %
Hm  1071.829610 Hm -3939.325360 Hmwoa 4082.536340 Hm -3939.325360 Hm 10
M 214.365921 M 11606.067500 Mnoda  11608.047000 M  11606.067500 M 21
By 1286.195530 B, 7666.742100 Bn 7773.881490 By 7666.742100 Bt 12¢
Xp 0.100000 Xt 0.200000 Up 1.100000 Lt 1.200000
angle 0. Mm 12000.0000 H; -20000.0000 marging 16061.0000 rel . ma

6. Plot of functional magnetization Mz, Mr, and M modulus in the yoke iron polar piece along aradial
line (starting from the axis), Case 1, small gap

Magneti zat i onCur ves[Nl Bai r gapnmagnet 1,
{M, Mz, Mr}, ConmponentsList » {5}, Pl ot Col ums » {1}]
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System nane: NI Bai rgapmagnet 1
NI B air gap magnet with iron yoke
onal Magnetization M

di rection

Functi

map on radia
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Syst em name: NI Bai r gapnagnet 1
NI B air gap magnet with iron yoke

Functi ona

map on radia

T
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Magneti zati on Mz
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System nane: NI Bai rgapmagnet 1
NI B air gap magnet with iron yoke

Functi ona

map on radia
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7. Table of Mz, Mr, and M modulus (functional magnetization) in the yoke iron polar piece, Case 1,

small gap

Magneti zati on Mm
direction
~
//
Pl
e
7
Conp. 5
1 2 3 4 5
cell center
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Magneti zat i onTabl e[NI Bai r gapmagnet 1, Cel | sLi st » {{1, 5}}, Full Details - True,

CondensedFor m- True]

n° type first cell last cell
1 permanent 11 14
2 permanent 20 23
3 soft 6 10
4 soft 24 28
5 soft 1 5
6 soft 29 33
7 soft 15 19
Length unit : mm
Functional Magnetization Intensity unit
Functional Magnetizing  field  unit
Induction field  unit
type
%lmlj 15 soft
Hm 1.000000 e-13 Hm 1.228543
M 4.346000 e-10 M 3984.150780
By 4.347000 e-10 B, 3985.379320
X 3242.989440 i 3243.989440
%lrrlp 25 soft
Hm -1.665358 Hm 0.876429
M -7866.131590 M 4139.712900
B, -7867.796950 B, 4140.589330
X 4723.387620 u  4724.387620
%lrrlp 35 soft
Hm -5.008301 Hm 1.816382
M -13921.504500 M 5048.972610
Br -13926.512800 B, 5050.789000
X 2779.686100 i 2780.686100
%lmlj 45 soft
Hm  -23.334260 Hm 0.047429
M -17302.693500 M 35.169030
B, -17326.027800 B, 35.216459
X 741.514563 i 742514563
%lrrlp 55 soft
Hm -2.762674 Hm 0.202081
M -12418.586900 M, 908.379570
B, -12421.349600 B, 908.581651
X 4495.133060 i 4496.133060

radial cells

P OIOTOTOIN N

(M: G

(H): G

(B): G

dim.

dim.

12.

8.
1.228543

3984.150780

3985.379320

radial
axial

HMod
Mnod
Bm

12.
8.
1.881899
8888.939710
8890.821610

HMhoq
M’nod
Bm

12.
8.
5.327506
14808.795100
14814.122600

HMod
M‘nod
Bm

12.
8.
23.334308
17302.729300
17326.063600

HMod
Mnod
Bm

12.
8.
2.770055
12451.765100
12454.535200

HMhoq
M‘nod
Bm

axial

radial

axial

cells

GRRPRPEPNN

poSs.

pos.
0
-34.

18.
-34.

30.
-34.

42.
-34.

54.
-34.
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m 9-4 Paraand Diamagnetic Materialsunder aVery High Field

m 9-3-1 Introduction

The example is an extension of the method applied to common diamagnetic or paramagnetic materials. Usually their
magnetic behavior can be neglected. However, under very high magnetic fields such as used in magnetic resonance
spectroscopy (up to 20 Tesla) the magnetization of the materials that congtitute the coil sensor interferes with the
resonance signal. The example shows the application of the software for this very special magnetic problem. 3 cases are
developed each with different materials.

m 9-3-2 Materials Properties

1. Materia : copper OFHC Volume relative diamagnetic susceptibility: - 0.000 000 61
Properti es[ Copper OFHC]

materi al nane Copper OFHC

materi al category Resi stive current carrying

desi gnati on hi gh conductivity OFHC Copper

specific weight (g/cnB) 8. 920000

dil ation coefficient 0. 000016
(relative linear change)

resistivity (Chmx cm) 1. 724000e-6

Coefficient tenperature resistivity 0. 003930

relative vol ume nmagnetic -6.100000e-7
(linear) susceptibility

tenperature coefficient susceptibility 0. 000010

2. Material: electrical quality aluminum Volume relative paramagnetic susceptibility: 0.000 001 40
Properties[ Al unkl ec]

materi al name Al unEl ec

materi al category Resi stive current carrying
desi gnati on hi gh conductivity A um num
specific weight (g/cnB) 2. 700000

dil ation coefficient 0. 000022

(relative linear change)

resistivity (Chmx cm) 2.820000e-6

Coefficient tenperature resistivity 0. 004200

relative vol ume nmagnetic 1. 400000e-6
(linear) susceptibility

tenmperature coefficient susceptibility -0. 000010

3. Material: copper aluminum composite Volume relative paramagnetic susceptibility: 0.000 000 029
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Properti es[ Conposit 1]

materi al name Conpositil

materi al category Resi stive current carrying

desi gnati on Copper (.682) and Al um num (.318) Conposit

speci fic weight (g/cnB) 7.540000

dil ation coefficient 10. 000000e -7
(relative |inear change)

resistivity (Chmx cm) 1. 970000e-6

Coefficient tenperature resistivity 0. 000000

relative vol ume magnetic 2.920000e-8
(linear) susceptibility

temperature coefficient susceptibility 0. 000000

m 9-3-2 Enteringthe Data

The examples show 3 cases for atiny sensor coil submitted to an excitation field of 10 teslas using a meshing level of 1
for quick evaluation :

Case 1: copper coil sensor (copper is adiamagnetic material)
Case 2: duminum coil sensor (aluminum is a paramagnetic material)

Case 3: copper-aluminum composite coil sensor (the compositeis quasi amagnetic; susceptibility very
low)

Case 1: copper coil sensor (diamagnetic)

i nnerDi am= 0. 1;
| ength = 0. 01;
t hick = 0. 001;
out er Di am=i nner Di am+ 2 =t hi ck;
positionl=Ilength%x3/2+15=«thick;
position2 =1ength/2 +5=thick;
bAppl i ed = 100000;
sensor 1 = AXSMvagneti cSyst em[{
AXSLar geMagnet i cSour ce[bAppl i ed],
AXSSof t Magnet i cConponent [
Copper OFHC, i nnerDi am outerDi am | ength, -positionl],
AXSSof t Magnet i cConmponent [Copper OFHC, i nner Di am outerDi am | ength, -position2],
AXSSof t Magnet i cConponent [Copper OFHC, i nner Di am outerDi am | ength, position2],
AXSSof t Magnet i cConponent [Copper OFHC, i nner Di am out er Di am | ength, positionl]},
SystemlLabel -> "doubl e Copper flat conductor” , MeshingLevel -»17;

Case 2: duminum coil sensor (paramagnetic)
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i nnerDi am= 0. 1;

| ength = 0. 01;

t hick = 0. 001;

out er Di am=i nner Di am+ 2 %t hi ck;

positionl=Ilength%3/2+15=«thick;

position2=Ilength/2+5%*thick;

bAppl i ed = 100000;

sensor 2 = AXSMvagnet i cSyst em[ {
AXSLar geMagnet i cSour ce[bAppl i ed],
AXSSof t Magnet i cConponent [Al urnEl ec, i nnerDi am outerDi am | ength, -positionl],
AXSSof t Magnet i cConponent [Al unEl ec, i nner Di am outerDi am | ength, -position2],
AXSSof t Magnet i cConponent [Al unEl ec, i nner Di am out er Di am | ength, position2],
AXSSof t Magnet i cConponent [Al unEl ec, i nnerDi am outerDi am | ength, positionl]},

Systenliabel -> "double Al um niumflat conductor" , MeshingLevel -»17;

Case 3: copper-aluminium composite coil sensor (quasi amagnetic)

i nnerDi am=0. 1;
I ength =0.01;
t hick =0.001;
out er Di am=i nner Di am+ 2 %t hi ck;
positionl=length%*3/2+15%thick;
position2=1length/2+5%thick;
bAppl i ed = 100000;
sensor 3 = AXSMWagnet i cSyst em[
{AXSLar geMagnet i cSour ce[bAppl i ed],
AXSSof t Magnet i cConponent [Conposi t1, i nnerDi am outerDi am |ength, -positionl],
AXSSof t Magnet i cConponent [Conposi t 1, i nner Di am outerDi am | ength, -position2],
AXSSof t Magnet i cConponent [Conposi t 1, i nner Di am outerDi am | ength, position2],
AXSSof t Magnet i cConponent [Conposi t1, i nner Di am outerDi am | ength, positionl]},
SystenmlLabel -> "doubl e conposite Al um ni unyCopper flat conductor",
Meshi ngLevel -»17;

m 9-3-3 System Drawing

Drawing Case 1. (the geometry isidentical for all cases)
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Dr awSyst en2D[sensor 1];

System name: sensorl
doubl e Copper flat conductor
2D view ZR

-0.04-0.02 0 0.02 0.04
Z (mm

System technical data Case 1

Properti es[sensor 1]

Ceneral properties

System name:

System magnetic  parity

System Legendre radius

Magnetic field at the origin (G)
Field magnitude at the origin (G
System mass (Kg)

System nominal power (W

System effective power (W
Number of components

Number of ferro -magnetic (non rigid ) components

Number of components with reversible magnetization
Number of large sources
n° type first cell last cell radial  cells
2 soft 1 5 1

3 soft 6 10 1

4 soft 11 15 1

5 soft 16 20 1

m 9-3-4 Field and Magnetization Map

Tesla

axial

sensorl

True

0.056052

{0, 100000. }
100000.
1.13213 %1071
0

= A~ M OO

cells

goror ol

1. Case 1, copper coil. The magnetic perturbation of the coil winding at the isocenter is 23.22 Nano
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Magnet i caUser Uni t s[Fi el dUnit -» Nano Tesl aJ;

Fi el dPoi nt Ori gi n[sensor 1, ConponentsList » {2, 3, 4, 5}]

System name: sensorl
The magnetic field (in Nano Tesla ) at the origin

Calculation

Component
Component
Br

Bz

Bm

Component
Component
Br

Bz

Bm

Component
Component
Br

Bz

Bm

Component
Component
Br

Bz

Bm

Total
Br
Bz
Bm

2. Case 2: Aluminum coil. The magnetic perturbation of the coil winding at the isocenter is -53.36

Nano Tesla

mode: Automatic

n° 2

type : cylindrical

0.000000
1.718580
1.718580

n° 3

nT
nT
nT

type : cylindrical

0.000000
9.910264
9.910264

n° 4

nT
nT
nT

type : cylindrical

0.000000
9.910264
9.910264

n° 5

nT
nT
nT

type : cylindrical

0.000000
1.718580
1.718580

0.000000
23.257688
23.257688

nT
nT
nT

nT
nT
nT

Mode

reversible magnetization

reversible magnetization

reversible magnetization

reversible magnetization
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Fi el dPoi nt Ori gi n[ sensor 2, Conponent sLi st »{{2, 5} }]

System name sensor 2

The magnetic field

Calculation

Component
Component
Br

Bz

Bm

Component
Component
Br

Bz

Bm

Component
Component
Br

Bz

Bm

Component
Component
Br

Bz

Bm

Total
Br
Bz
Bm

n° 2

type : cylindrical

0.000000
-3.944282
3.944282

n° 3

nT
nT
nT

type : cylindrical

0.000000
-22.744863
22.744863

n° 4

nT
nT
nT

type : cylindrical

0.000000
-22.744863
22.744863

n° 5

nT
nT
nT

type : cylindrical

0.000000
-3.944282
3.944282

0.000000
-53.378290
53.378290

nT
nT
nT

nT
nT
nT

Mode

reversible

reversible

reversible

reversible

(in Nano Tesla ) at the origin
mode: Automatic

magnetization

magnetization

magnetization

magnetization

3. Case 3, copper-aluminum coil. The magnetic perturbation of the coil winding at the isocenter is-1.10

Nano Tesla
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Fi el dPoi nt Ori gi n[ sensor 3, Conponent sLi st »{{2, 5} }]

System name sensor 3
The magnetic

Calculation mode: Automatic  Mode

Component n° 2

Component type : cylindrical , reversible magnetization
Br 0.000000 nT

Bz -0.082266 nT

Bm 0.082266 nT

Component n° 3

Component type : cylindrical , reversible magnetization
Br 0.000000 nT

Bz -0.474393 nT

Bm 0.474393 nT

Component n° 4

Component type : cylindrical , reversible magnetization
Br 0.000000 nT

Bz -0.474393 nT

Bm 0.474393 nT

Component n° 5

Component type : cylindrical , reversible magnetization
Br 0.000000 nT

Bz -0.082266 nT

Bm 0.082266 nT

Total

Br 0.000000 nT

Bz -1.113319 nT

Bm 1.113319 nT

field (in Nano Tesla ) at the origin

4. Plot of the Bz field on an axial line for Case 3 copper-aluminum composite coil.

Magneti caUser Uni t s[Fi el dUnit - Tesl a];
Fi el dMap[sensor 3, Bz, Line[{0.03, -0.03}, {0.03, 0.03}11;

System name: sensor3

doubl e conposite Al um ni unyCopper

flat conductor

Bz (T) (Continuous , Automatic Mode)
between {0.03, -0.03 } and {0.03, 0.03}

10\ /
— \/\ N\ /'\/

N\
NEAVALVY,

\V \V
-0.03-0.02-0.01 0 0.01 0.02 0.03
Z (mm

Bz
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5. Contourplot of themagnitudeBm of the magneticfield on a rectangleof 0.06mm»».06 mm
dimensionsfor the Case3 copper-aluminuntompositecoil.

Cont our Fi el dvap[sensor 3, {Bm},
Pl ane[{-0. 03, -0.03}, {0.03, 0.03}], Nunber O Points -» 301];

System name: sensor3
doubl e conposite Al uni ni unyCopper
flat conductor

Bm (T) (Continuous, Autonatic Mode)
bet ween {-0.03, -0.03} and {0.03, 0.03}

0.02
0.01
E o
[n'd
-0.01
-0.02
_0.03 N\ N
-0.03-0.020.01 0 0.010.020.03
Z (nmm)
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m Chapter 10: Fundamentals of Inductance

m 10-1 Fundamentals of Inductance

m 10-1-1 TheBasic Conceptsof Inductance

The conceptof inductanceappeargyenerallyas somethingconnectedwith the time varying applicationsof electrical
circuits. This approachsuggestsmistakenly,thatinductances not within the scopeof magnetostaticfOn the other
hand,if we look atthe physicaldefinition of inductanceit is simply the ratio of the magnetidlux in acircuit dividedby
a pertinentcurrentintensity,both basicdataof magnetostatickor currentcarryingcomponents:

r= ¢ 1)

More specifically,theflux ¢ is theflux generatean the targetcircuit (t) from the sourcecircuit (s). The definition of
sourceandtargetappeargssentiafor agoodunderstandingf inductancecalculationmethodology.

Thefollowing inductanceconceptsnustbe distinguished:

= Self-inductance. The sourceandtargetareidenticalbut the methodologyof calculationremains
unchangedTheself-inductancef (t) in thecircuit (t) is theinductanceesultingfrom theflux ¢ (t)
generatedy its own currenti(s):

¢ (t)

L(t):i 5)

(2)

Self-inductances a positivenumberwhateveithe directionof rotationof theturns,clockwiseor
counterclockwiseandthedirectionof current.Indeed/ is proportionalto the squareof the
numberof turns.

» Mutual inductance M betweer currentcarryingcircuits.In thatcasethe sourceandtargetare
distinct. The mutualinductanceesultingfrom the magnetidlux generatedby the sourcecircuit (s)
actingonthetargetcircuit (t) is:

M) = S 3

It canbeshown,from theapplicationof Lenz'slaw for the conservatiorof flux, thatthereciprocal
mutualinductancgt-s) is identicalto the directmutualinductancgs-t):

M(t-s) = % = M(s-t) (4)

It is now necessaryo definemorepreciselythe signto be usedfor M. Thesigndependsiot only on
the directionof thewinding, eitherclockwiseor counterclockwisebutalsoon howthe 2 circuits
areconnected.If the2 circuitsarenot connectedthe signdepend®nly onthedirectionof the
winding If thewinding areidentical:the signis positive;if theyaredifferent,thenthesignis
negativelf 2 circuitsareelectricallyseriesconnectedvith identicalwinding directions then M
is positive.Otherwiseit is negative The next2 figuresshowthesecases.

Figurel: the2 coil systemsareidenticallywoundandelectricallyseriesconnectedthenthe signof
M is positive.
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Schematic of inductance coupling
between 2 current carrying coils
magnetically in series

curregt +

self L11

col
self L22

Figure2: the 2 coils arewoundin oppositedirectionsandelectricallyseriesconnectedthenthe sign
of Mis negative.
Schematic of inductance coupling

between 2 current carrying coils
magnetically in opposition

curregt +

self L11
coil

self L22

It mustbe pointedout, thatMagnetica automatically takescareof the signof M from thedata
definingthe magneticsystem'surrent-carrying.

= Therule of association of selfandmutualinductanceThe questionis, whatis thetotalinductanceof
amagneticsystemmadeof severakurrentcarryingcoils.

To understandhis conceptlet'stakea magneticsystemmadeof 2 identicallywoundcoils and
electricallyseriesconnectedandthereforemagneticallyseriesconnectegsshownin the
previousFigurel) thenthetotal inductanceof the systemis:

Stotal = 2x L+ 2xM (5)

It canbe shownthatthe self-inductancef a coil is proportionalto the squareof the numberof turns
Ns, thefactorof proportionalityFself dependingnthesizeof the coil andonits shape(seefor
instancethe Grover-Nagaok&ormulafor approximatecalculationof £) .

L = Fself x Ns? (6)

Similarly, it canbe shownthatmutualinductances proportionatlto the productof the numberof
turnsof the sourceNs andtargetNt, thefactorof proportionalityFmutual dependingnthesize
andshapeof the 2 coils andalsoon their relativepositions.
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M =Fmutual x Ns x Nt (7
The 2 coils beingidenticalwith thereforethe samenumberof turns,the mutualinductancesquation
becomes:
M = Fmutual x Ns? (8)

Now let'simaginethatthe 2 coils areidenticalcoils andthattheyaremergedsuchthattheybecomea
singlecoil. Thenit canbeshownthatFmutual — Fself sincethe sizeandshapeareidenticaland
thattherelativepositiondependencbecomesnaximal,whichis the casefor self-inductance.
Consequentlythe mutualinductanceM becomesdenticalto £. Thisis themaximumpossible
magnitudefor M.

M =L €)
Therefore thetotal inductanceof 2 identicalmergedcoils becomes
L2 =Stotal = 4x.L1 (10)
If the2 coilsarenotidenticalandif the samerationaleis pursuedor the mergingprocessit canbe
shownthatthe maximumof the mutualinductances givenby thefollowing relation:
Mmaximum = VLsx Lt (12)
where/Ls and.Lt aretherespectiveself-inductancef the sourceandtarget.

= theinductance coupling. This conceptencompassabhe measuremertf the efficiencyof the
magneticcouplingbetweer? coils. It is of the utmostimportanceor all problemsnvolving
coupledinductivedevices.Thefollowing factorsareused:

» thecoupling coefficient: thisis theratio betweerthe effectivemutualinductanceMst andthe
maximum(theoretical)ymutualinductance:

— Mst _ Mst
Cc(sot) = e =y (12

= thecoupling efficiency. this measuresheefficiencyin termsof magneticoowertransmitted
(energyperunit of time):

_ 2 _ Mst?
Ce(s»t) = Cc el T (13)

= theleakagecoefficient this measureshenonefficiency(i.e.theleakage)n termsof
electromagnetipower:

-Mst
Ck(s»f) = 1-Ce = LxlMr (14)

= thetransformation coefficient this gives,for atransformerj.e. adevicemadeof 2 independent
coils, the effectiveratio betweernthe secondaryoltageandthe primaryvoltage.lt canbe shown
thatthis ratio is the quotientof therespectivdlux. In the caseof goodmagneticcoupling,this
coefficientapproacheasymptoticallythetheoreticakransformatiorratiowhichis simply the
ratio of thenumberof turns.

_ gct+pest _ vVt Nt
Ctr(s-t) = oorgcs Vs - (15)

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0 160

m 10-1-2 The Conceptsof Ferrolnductance

Thisis an extension of the concept of inductance for magnetic systems including ferromagnetic structures. Under the
excitation of the magnetic field generated by the source coil (s) the ferromagnetic structures become magnetized and
that induces a new flux ¢f on the target coil creating a complementary self-inductance #5(t): the ferro inductance.

This concept is displayed in the next figure.
Figure 3 represents asingle current-carrying coil with abar of soft ferromagnetic material at the center.

Schematic of ferro inductance coupling
between a current carrying coil
and a ferromagnetic core

current
+ current

self Lc ferro indutance

The magnetization Mc(s) of the ferromagnetic structures depends both on the structures shape, size and magnetic
properties of the material as well as the coil current intensity and position with respect to the magnetic structure. On the
one hand, it is obvious that materials with high magnetic permeability are naturally much more efficient than low
permeability materials and also that the effect will be improved if the ferromagnetic structures are set very close to the
winding.

We have explained in Chapter 6 the basic principle for the calculation of magnetization and shown in Chapter 8 the
result of the calculation for a cylindrical bar of common steel excited by a single solenoid (section 8.3). The solution
provides the magnetization M for all volumes of the ferromagnetic structure via the characteristics of the magnetic cells.
This is equivalent to having the full definition of the "magnetic circuit”, such as described in most textbooks on
electrical engineering (but without providing any solutions). As we have shown in these chapters, each magnetic cell
can be processed as afield generator allowing for the precise calculation of the magnetic flux on the target coil.

» Ferro Sdlf- Inductance #s. Asfor direct self-inductance, the source and the target are confounded
and the excitation of the ferromagnetic is considered to be due only to the source coil.

Ft) = £ (16)

= Ferro Mutual Inductance ¥m. This concept arises in the same way as for the direct mutual
inductance in the case of 2 (or more) coils with the same defintion of source and target. Equation
(3), becomes:

Fin(s— t) = #i(stot)

i(s)

(17)

Magnetica uses a specific and proprietary algorithm (patent pending) to calculate both the ferroself and the ferromutal
inductance.

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0 161

m 10-1-3 The Concept of Total Inductance

» Total Self Inductance G . Thisissimply the summation of the 2 effects, the direct (current wise)
inductance from the electrical coil and the inductance from the ferromagnetic components:

Gt) = L(t) + F3(t) (18)
= Total Mutual Inductance Mg. Thisis applicablein away similar to self-inductance:
Mg(t) = Mc(t) + Fm(t) (29)

The concept of total inductance, including both the direct inductance and ferro inductance, is fundamental in the
physics of many electromagnetic devices such as the transformers.

= Inductance Coupling (in the case of aferromagnetic core): The formulas for the inductance coupling
in the case of aferromagnetic core must now incorporate the contribution of both the air core
coupling and the iron core coupling. The formulas for the various coefficients become the
following:

= Coupling Coefficient: thisis the ratio between the total actual mutual inductance Mg and the
maximum total mutual inductance:

_ Magst _ Mst + Fm(st)
fc(s»t) = = =77 = @ 20
Ce(s>1) Mmax VLsx Lt +Fm(st) (20)

The direct consequence of using a ferromagnetic core around the current-carrying coils is to increase substantially the
coupling coefficient rendering the AC voltage transformer an efficient device.

= Coupling Efficiency: this measures the efficiency in terms of electromagnetic power (energy per

unit of time)
Cfe(s»t) = Cfc? (21)
= L eakage Coefficient: this measures the non efficiency (i.e. the leakage) in terms of electromagnetic
power
Cfk(s»t) = 1- Cfe (22)

» Transformation Coefficient: the definition is the same as for the air core transformer, but takes
into account the contribution of the iron core, the formula becomes;

— S _ _goO+STO+P(SDHAI(S) Vi Nt
Cftr(s-t) = P9s O tel(9tecisrreits) Vs Ns (23)

m 10-1-4 Magnetic Energy

Magnetic energy is associated with a magnetic field. In some devices, magnetic energy is of utmost importance and its
calculation becomes an essential feature. Magnetic energy calculation is directly related to inductance calculation. The
basic general equation for magnetic energy is:

Wmag = 2 fBZd’v (24)

2Xuv

where the integration must be carried out for all space up to infinity . It can be shown that the magnetic energy of an
electrica circuit or ferromagnetic core can be calculated using the relevant inductance for specific single inductance
elements:

Wsdlf = 3 Lx im? (25)
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Wmutual = 3 Mc(sort) x i(9 x i) (26)
WFerroSelf = 3 #s x (2 (27)
WFerromutual = % Fm(sort) x i(9) x i) (28)

The 4 above equations give only the part of the global magnetic energy which is available in the current carrying coils
due to the magnetic coupling. However, the total magnetic energy of the ferromagnetic components can be calcul ated
using Equation (24) where B means the total induction field (M + Hm) and where the integration is carried out for the
full volume of the magnetic components.

m 10-2 Inductance Calculation Using Magnetica

m 10-2-1 Inductance Calculation: Basic Principles

As we have seen in the previous section, the inductance calculation is fundamentaly related to magnetostatics.
Nevertheless, its use concerns a large number of time-dependent electromagnetic problems and the corresponding
devices. It is not wihin the scope of Magnetica to solve these problems, but only to develop results useful for their
solution.

The results of inductance calculation can be presented in various ways depending on the complexity of the magnetic
system and on the objectives of the calculations.

The simplest case is a magnetic system with a single current carrying circuit. Then its inductance is the self-inductance
L which isgiven by Equation (2) or (18), wheret refersto the target coil.

L=L(t) or L=gG(t) (29)

For multi-component magnetic systems, the most convenient and significant expression to visualize al the relevant
elementsis the inductance matrix (shown here for a 2 circuit system):

(Lll I\/Il2)

me M1 L22

(30)

where the matrix rows are seen as the magnetic source components and the matrix columns as the target components.
The question of the sign of each element now becomes an intrinsic feature since the magnetic behavior of the circuits
depends on the way the coils are both wound and connected (series, opposition, independent).

The implementation of the concept of ferro inductance is carried out through rules similar to those of air core
inductance so that the association of air core inductances and ferro core inductances is straightforward. The ferro
self-inductance s of a current-carrying component is calculated by assuming it is the only source, all other sources
being ignored.

Similarly ferro mutual inductance ¥m is calculated assuming that only the relevant pair of current carrying components
is active and taking into account the correct association rule. This method provides satisfactory values for the pair
Fm(1-2) and Fm(2—1), the small differences being accountable to the non linearity of the magnetization curves and
the approximation on the current data, particularly the meshing level.

Consequently the ferromagnetic inductance matrix is:

mf (7"511 FmL2 )

FmRl ¥s22 (1)

Then the total inductance matrix is simply the summation of the 2 contributing matrices:
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mt =mc + mf =

(mtll mt12) (32)

mt21 mt22

For the complete magnetic system, the total inductance is simply the summation of all matrix elements (which entails
taking into account all their respective signs due to electric connections and direction of the windings). The total
inductance corresponds to the self-inductance of the system assuming that all the coils are electrically series connected:

Ltotal = X (DU1l+DUt12 + M2l + De22) (33)

The matrix representation applies to all inductance-related physical data such as magnetic flux and magnetic energy.
The total flux matrix Mgt is given by the following equations where i1 and i2 are the current intensities in the
respective coils.

Met ( mt1l mtl2

21 mi2e) XL P2) (34)

The total magnetic energy matrix M&t issimilarly.

mt1l mtl2

1 . .
et =EX(|1 12) X (ni21 mt22

)x(il i2) (35)

m 10-2-2 Inductance Calculation : Magnetica Definitions and Syntax

Inductance calculations can be done many ways depending on the objective pursued. The basic Magnetica functions
and options are: (see the next chapter on Immediate Help for details on the function syntax).

» Selflnductance: basic inductance of a single current carrying component with option for the direct
(air core) contribution and the ferro contribution.

= Mutuallnductance: basic cross-inductance of a pair of current carrying components with the same
basic option.

= Systemlnductance: complete inductance cal culation taking into account all the components of a
magnetic system.

» |nductanceM atrix: inductance elements for magnetic systems made of single or multi
current-carrying components and shown as a square matrix source / target

= Fluxl nductanceM atrix: flux inductance elements of the flux system matrix similar to the Inductance
Matrix.

= MagneticEnergyMatrix: inductance magnetic energy elements of the magnetic energy system matrix
similar to the Inductance Matrix.

= InductanceCoupling : calculation of the magnetic coupling parameters between 2 current carrying
coils of amagnetic system. The method is based on the traditional formulas found in Electrical
Engineering textbooks. This can be applied to any pair of coils and Magnetica takes into account
the ferromagnetic core. But, it must be remembered that these formulas assume a very crude
approximation for the magnetic circuit and that they do not take into account the effect of the
frequency.

= Transformer Analysis. calculation of the relevant parameters of a monophase transformer for agiven
frequency and load. The method takes into account the complete geometry of the current-carrying
coilsaswell as of the ferromagnetic structure using the Magnetica standard for entering data. The
frequency of the current is also a parameter of the TransformerAnalysis algorithm. Theresultisa

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0 164

muchbetterapproximatiorof the transformer'oehaviormprovidingmanyusefuldatasuchasactive
andreactivecurrents phaseangleandpowerlosses.

= Transformer M agneticL osses. calculationof the magnetidossesn theferromagnetistructureof a
transformemadeof materialswith known curvesof lossesversusthe Inductionandfor agiven
frequency(N.B. for Silicon SteelandMuMetal exclusively)

= Option Parameters

= ContributionType: This optionparametespecifieshe scopeof applicationsof the basicfunctions
accordingto the following choice:

= Proper: thecalculationis restrictedio the currentcarryingcomponenspecified(this is the default
option)

= Ferro: thecalculationappliesto the contributionof all Ferromagneticomponentgin caseof
absencef suchcomponentshe null valueis returned).

= Total: thisworksoutthe 2 previouscalculationsandgivesthe globalinductance
= PrecisionL evel: This optionparametespecifiesthe precisionof the calculation:

= Level 1: to providesat least, aprecisionin therangeof 0.1 percentj.e. 3 decimalplacesThisis
the defaultcase This precisionis sufficientfor mostof the applications.

» Level 2: theprecisionis in therangeof 10 ppm,i.e. 5 decimalplaces.Thecalculationis much
longer.

= Level 3: theprecisionis in therangeof 0.1 ppm,i.e. 7 decimalplaces.The calculationis much,
muchlonger.

= ComponentsList: This optionparametespecifiesghelist of the component®f the magneticsystem
onwhichtheinductancecalculationwill bedone.

= VerboseSelfinductance]....] Prefixingwith theword "Verbose"any of the previousfunctions
providesa detailedand/orformattedoutputfor selfinductance.

The Magnetica defaultunits for inductanceand magneticenergyare respectivelyMicro Henry and Micro Joules.
However,anyotherunitscanbe usedusingM agneticaUser Unitg[InductanceUnit>Henry] functionfor instance.

The completesetof actualMagnetica unitsis displayedwith:

Magnet i caCurrent Uni t s[]

Length MITi Meter
Magnetic field Tesl a

Magneti c potenti al M cro Weber /Met er
Magnetic fl ux M cro Weber
Magnetic field gradient Gauss/Met er

| nduct ance M cro Henry
Magneti c ener gy Joul e

Magneti c nonent M cro Anpere Meter?
Current intensity Amper e

Power Wat t

Vol t age Vol t

El ectrical Resistance Chm
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m 10-2-3 Basic Inductance Parameters and Approximate Formulas

The precisecalculationof inductances anintricate processmplying manyparameterssomerelatedto the shapeof the
winding, and for mutual or ferro inductanceto the distancebetweenthe componentsHowever,2 parametergare
prominent:

1. thedimensionof the coils materializedoy the meancoil diameter
2. thenumberof turnsof conductors:
= for self-inductancendferroinductancehe effectdepend®n the squareof the numberof turnsNt,

thefield beingproportionalto Nt andtheflux in circuit beingproportionatto thefield andagain
to thenumberof turns.

= for mutualinductancehisis the productNs x Nt

The dependencen coil shapeandrelativedistanceds very unlinearandcannotbe givenby simpleformulas.

Many publicationsand bookshavebeendevotedto inductancecalculationandall Electrical Engineeringhandbooks
give approximategormulas,tablesandcurves.The mostusedof thesedormulasareknown asNagaoka'sGrover'sor
Terman'sformulasfrom the namesof their authors.A good accountis given in the book by Grover: (Grover,
Inductance<CalculationWorking Formulasand Tables,Dover, 1946). But the precisionof theseformulasis rather
limited, usuallyin the percentrangeor less,andin the bestcasedo a few thousandsThis requiresinterpolationon
numericaltablesandthe processs quitelaborious Moreovertheir rangef applicationsarealsolimited.

The Nagaoka-Groveformulaappliesato thin solenoid.The coefficientsFnagaokandFsolenoidaregivenfrom tables
asfunctionsof theratiosdependingn boththelengthb andthe heighth of thewinding andthe meandiameterdm.
For dimensionsn mm, theresultis in uHenry,andwe have:

£Lng = 0.0009865 x d—g’z x Nturns? x (Fnagaoka-Fsolenoid) (36)

The Groverformulaappliesto a thick solenoidincluding a solenoidof squarecrosssection.The coefficientFgroveris
afunctionof theratioh/ dm andb /dm asdefinedabove We havethen,usingthe sameunits:

Lgr =0.00005 x dm x Nturns® x Fgrover (37)

Brook's configurationis a specialcaseof squaresolenoidfor which the inner radiusis identicalto the side of the
winding (seenextfigure). This configurationis often presentedsgeneratinghe highestinductancdor a givenamount
of winding materialbut this appearwalid only undercertainconstraints.

Lbr =0.0008497 x dm x Nturns? (38)

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0 166

Magnetic System : solenoid2
square solenoid type BROOK
2D View ZR
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m 10-3 Inductance Applications

m 10-3-1 Introduction

Although the basic concept and the basic methodology of the calculation of inductance are related to the
Magnetostatics, the applications of inductance deal essentially with time varying devices. Then, we can question if the
inductance calculated from the static case can be used for such time varying circuits. A first answer is obtained from the
fundamental Physics involved in these devices. That implies that the magnetic coupling is the dominant phenomenon
and consequently that the electromagneticradiation coupling is a minor phenomenon. If d is the dimension of the
device (mm) and f the frequency (Hertz), the condition is given by the formula (related to the speed of the light):

d x f <« 5x10° (39)

For the domestic AC power device with a frequency in the range of 50 / 60 Hertz and dimensions of a meter or less, the
condition is straightforward: the coupling is totally magnetic. For electronic devices the answer is sensitive. In the
gigahertz range, the dimensions are of the order of a millimeter.

Assuming that this basic condition is fulfilled, then inductance appears as a physical concept independent of frequency.
However, various secondary phenomena connected to the properties of the materials may alter the fundamental
behavior of the device. Time changing voltage generates "eddy currents' particularly if the substance of the coils is
used in auniform bulk state. Suitable division of the substance into thin electrically isolated foils, reduces drastically
the deleterious eddy current effect. At very high frequencies, a new phenomenon occurs: the "skin effect”. The
distribution of the current inside the conductors is modified so that the resulting flux and therefore the static inductance
calculation becomes altered.

Nevertheless, these secondary deleterious effects can be drastically reduced if the materials are properly adapted.
Exhaustive experimenta studies made a few decades ago, on inductance devices show a decrease of only 5% in the
high frequency range with the theoretical, zero frequency, inductance. (Terman, Radio Engineers Handbook , 1943).

On the other hand, since these effects are specific to substance and not related to the fundamental methodology of
calculation, it is always possible to append to the basic Magnetica software a special function in order to take them into
consideration in the case where these substances are used.

The applications of inductance to practical device analysis or design can be classified into 3 main categories :

= devices related to resonant circuits,

= devices related to magnetic coupling circuits such as transformers,
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= specialapplicationglevices.

m 10-3-2 ResonantCircuits Analysis

A resonantircuit impliesthe useof a capacitorassociateavith aninductanceThebasicformulafor resonantircuit is:

_ 1
fr = 2axVYLxC (40)

wherefr is in Hertz,whenL in HenryandC in Farad.In the caseof a devicewith a ferromagneticcore, thetotal
inductancemustbeused.

Thetopicsrelatedto resonantircuitsarenumeroussuchas:

= measuremerndf aninductanceknowingfr andC
= generatinga specificresonantrequencyfr for agivencoil by adjustingC

= designinganinductance. with specialconstraintgo obtaina specificresonanfrequencyfr usinga
givencapacitorC.
Designingis the mostexactingtaskandthe constraintamustbe clearly definedbeforestartingthe design.For instance,
if the constraintis simply the minimizationof the dimensionsthenusingBrooks'sapproximatdormulais afirst guess.
It is, thenpossibleto proceedwith betterdatato improvethe design.SeeChaperl3 on inductanceApplication, Casesl
and2.

m 10-3-3 Transformer Analysis

A transformercanbe looked uponasa magneticcoupling deviceactuatedoy an electricalnetworkwith a constant
alternatingsinevoltageat a given frequencyon the primary circuit to provide poweron a given externalload on the
secondangircuit.

The dataresultingfrom the methodologycalculationdevelopedn section10-1 leadto a valuableanalysisof the
characteristicandefficiency of the transformeiusingthe properhypothesisindeed the inductancecouplingrelations
shown(Equationsl2/15for air coreor 20/23for iron core)imply knowledgeof the currentintensitiesfor all windings
involved. On the otherhand,a transformeris definedas a deviceactuatedby an electricalsinusoidalconstantrms
voltagein orderto producea different voltagewith little distortionin phase. Consequentlya priori, the current
intensitiesarenotknown. It is thereforenecessaryo assumenitial valuesfor thesedatain orderto startthe calculation
andthen, after a first trial, an iterative proceduremustbe usedto completethe calculationwith resultsof greater
accuracy.

As anexampleet's considera singlephasedransformerasbeinga 2 current-carryingoil devicewith a softiron core
loadedfrom a constanprimaryvoltageV 1 of frequencyf setto generatea secondaryoltageV2 in anelectricalcircuit
suchthattheload currentintensityis 12. Thenwe havethefollowing :

= Transformepower.This very crudedefinition containsa fundamentabpecificationthe nominal
power:

Pwn = V2 x 2 (41)
= Nominalprimary currentintensityl1l. Assuming.asafirst guessperfectefficiencyin the electrical

powertransferbetweerthe primary andthe secondarythenthe currentintensityin the primaryis
calculatedas:

11 =12 x 3 (42)
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= Number of turns N1 and N2. If the purpose of the calculation is the analysis of a given transformer,
then the number of turnsis known. But, on the other hand, if the objectiveis the design of anew
transformer, then these data must be guessed. However, the ratio of the number of turns must obey
the nominal transformation ratio:

N2 _ V2
N - v (43)

= Transformer dimensions and miscellaneous data. Here again, if the objectiveisthe analysis of afully
described transformer, al the data are known. That includes: dimensions of the coils (primary and
secondary), iron core dimensions as well as the nature of the ferromagnetic materials. If not, the
unknown data must be guessed using useful technical information that can be deduced from
common engineering practice. The simplest way is probably to start with the data of asimilar
transformer and progressively to refine the data. Magnetica offersin the case examples a certain
number of different transformers from which the new design can be started.

The analysis requires that all the data of the magnetic system are settled. That includes for a single phase transformer :

= the data of the primary coil
= the data of the secondary coil

= the data of the iron core; it can be divided in several sub-components such as the central core, the 2
side armatures and the return yoke so that the "magnetic circuit" presents agood closed path.
The validation of this magnetic system is followed by the calculation of InductanceMatrix which provides all the

necessary data for a thorough analysis of transformer behavior using the special functions TransformerAnalysis and
Transformer M agneticL osses.

= Magnetic specifications of the iron core. Thisincludes M the functional magnetization, B the
induction and Hm the magnetizing field (see Chapter 6 and 8). The complete set of magnetic data
of the cells of the ferromagnetic coreis available. Thisallows for avery precise calculation of the
effects that are dependent on M, B or Hm such as flux coupling and magnetic |osses.

= Inductance specifications of the magnetic system. The total inductance matrix 0t (Equation 32) and
total flux inductance matrix Mgt (Equation 34) provide all data necessary for the inductance
coupling and transformer analysis.

= Coilsresistance R1 and R2. These data are calculated in the validation process

= Angular frequency w and reactive coil impedance Z1 and Z2 are calculated from the frequency f and
thetotal self-inductance G11 and G22:

w =2x xf (44)
Z1= wx@Gll (45)
2= wx@G22 (46)

The TransformerAnalysis function processes various data and generates the following results:

= actual secondary voltage: V2e
= active, reactive and modulus for primary and secondary current intensities

= magnetic losses in the iron core, (restricted to ferromagnetic materials for which the curve of lossesis
known and published: Silicon Steels and MuMetal)

= Joule effect losses in the electrical conductors of the primary and secondary winding
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= phase angle ¢ and Power factor Cos(yp)

= transformer power efficiency

The precision of the results depends on the validity of the initial guess for the current intensities |1 and 1 2. If the final
total (modulus) intensities i1t and i2t differ substantially from 11 and 12, it is necessary to undertake a new calculation
using ilt and i2t asinitial values. The method appears to converge very rapidly (with 3 iterations the results are better
than 1%).

Further insight into transformer behavior can be obtained through a point by point analysis in a single period, the

electrical current intensities and the voltage being parameterized with time. The generated secondary voltage and

current appear as a distortion of the primary sine voltage due to the non linearity of the law of magnetization of the
ferromagnetic core.

Section 13-5 displays data and results for the case of a domestic network step-down transformer 15000/220 volts of
50KVA power and shows the curves of various parameters as a function of the load. Further examples are given in the
demonstration cases Appendix.

m 10-3-4 Special Applications Devices

This is the case of IRM superconducting magnets. These devices of large dimensions are made of several electrically
connected solenoids. The permanent electrical current passed in the coils generates a constant magnetic field of high
strength (currently from 1 to 4 Tesla). Conseguently, the stored magnetic energy is very great, in the range of several
Megajoules. It is of the utmost importance to evaluate the behavior of the coils in the case of an accident such as the
breakdown of a superconducting wire. This implies knowing the magnetic energy as well as the system inductance
matrix (See Chapter 13 on Inductance Application, Case 5).
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m Chapter 11: Inductance Calculations

m 11-1 Introduction

This chapter deals with "direct" inductance cal culations where the inductance is strictly restricted to current-carrying
components. In comparison with the ferro inductance as presented in the previous chapter (see 10-1-2), the present
inductance could be called Proper inductance.

The chapter shows inductance calculations for the following cases :

1. Self-inductance of a circular loop.

2. Self-inductance of a square solenoid.

3. Sdf-inductance of along solenoid.

4. Mutual inductance of a pair of loops.

5. Mutual inductance of apair of square solenoids, set side by side.

6. Mutual inductance of apair of radially superposed long solenoids.

m 11-2 Self-inductance Calculation of Circular L oop

m 11-2-1 Introduction

The circular loop inductance calculation is performed using the 2 different types of modelization of the circular loop,
either the filament mode or the tubular mode (see Chapt er 4, Section 4).

For the filament mode, the calculation is theoretically impossible since the theoretical winding dimension is null.
However, the exact dimension of the winding is used to calculate the self-inductance through an approximation of the
flux inside the winding.

For the tubular mode, the assumption of constant current density enables a much more precise calculation but the
calculation time is considerably increased.

The next examples of inductance calculations are based on the same loop as in Section 4-4. Self-inductance is carried
out according to both modes.

m 11-2-2 Entering and Drawing the Data
The relevant data are:

= Mean loop diameter: 100 mm,

= Winding diameter: 30 mm,

= Axial position of the loop: 0, (origin centered),

= Number of turns (right hand rule, i.e. counterclockwise): 20,

= Current intensity: 0.5 Ampere.
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| oopFi | anent = AXSMagnet i cSyst em[

{AXSGi r cul ar Loop[Copper OFHC, 100, 30, 0, 20, 0.5, FillingFactor -»>0.7]1}]

| oopTubul ar = AXSMagnet i cSyst em[ {AXSCi r cul ar Loop[Copper OFHC,
100, 30, 0, 20, 0.5, FillingFactor -> 0.7, Filanent Mode -> Fal se]}]

- AXSMagneticSystem: {-l oop-} -

- AXSMagneticSystem: {-l oop-} -
Coil 2D drawing

Dr awSyst en2D[| oopFi | anent ]

Syst em name: | oopFi | anent

2D view ZR

60
40

20

~

x -20

~40

-60

-60-40-20 0 20 40 60
Z (mm)

- Graphics -

m 11-2-3 Sdlf-inductance Calculation

Basic inductance calculations at default precision level (level 1); inductanceisin Micro Henry.

Sel f I nduct ance[l oopFi | ament, 1]
Sel f I nduct ance[l oopTubul ar, 1]

41. 125

39. 7611

Same calculations but using the NumberForm function to obtain screen output with 12 decimal digits. The internal

accuracy isto 16 decimal digits.

Number For m[Sel f | nduct ance[l oopFi | ament, 1], 12]
Nunmber For m[Sel f | nduct ance[l oopTubul ar, 1], 12]

41. 1249901127

39. 7611108556

Setting the inductance unit in Henry:
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Magnet i caUser Uni t s[I nduct anceUnit -» Henry]
Sel f I nduct ance[l oopFi | anent, 1]
Sel f I nduct ance[l oopTubul ar, 1]

{I nductanceUnit - Henry, FieldUnit - Tesl a}
0. 000041125
0. 0000397611

Basic magnetic flux calculation, unit in Micro Weber:

Sel f Fl uxl nduct ance[l oopFi | ament, 1]
Sel f FI uxl nduct ance[l oopTubul ar, 1]

20. 5625
19. 8806
Basic magnetic energy calculation, unit in Micro Joule:

Sel f Magnet i cEner gy [l oopFi | ament, 1]
Sel f Magnet i cEner gy [l oopTubul ar, 1]

5.14062x10°®
4.97014x10°6
Setting the MagneticEnergy unit into Joule:

Magnet i caUser Uni t s[Magneti cEner gyUnit - Joul e]
Sel f Magnet i cEner gy [l oopFi | anent, 1]
Sel f Magnet i cEner gy [l oopTubul ar, 1]

{Magneti cEnergyUnit - Joul e, I nductanceUnit - Henry, Fiel duUnit - Tesl a}
5.14062x 1078
4.97014x10°®

Restoring the default units. Then displaying self-inductance cal culations with the "Verbose" version of the functions.
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Magneti caUser Units[];

Ver boseSel f I nduct ance[l oopTubul ar, 1]

Ver boseSel f Fl uxl nduct ance[l oopTubul ar, 1]
Ver boseSel f Magnet i cEner gy[l oopTubul ar, 1]

System name: | oopTubul ar
Self inductance
Precision Level : 1

Component n° 1

Component type : circular loop winding

Number of turns : 20.

Current : 0.500000 A

Proper self inductance : 39.761111 puH
Ferromagnetic contribution : 0.000000 uH
Total self inductance : 39.761111 uH

System name: | oopTubul ar
Self flux inductance
Precision Level : 1

Component n° 1

Component type : circular loop winding

Number of turns : 20.

Current : 0.500000 A

Proper self inductance : 19.880555 Wb
Ferromagnetic contribution : 0.000000 pWb
Total self inductance : 19.880555 Wb

System name: | oopTubul ar
Self magnetic energy
Precision Level : 1

Component n° 1

Component type : circular loop winding

Number of turns : 20.

Current : 0.500000 A

Proper self inductance : 4970139 e-6 J
Ferromagnetic contribution : 0.000000 J
Total self inductance : 4970139 e-6 J

Self-inductance with precision level 2 (at least 5 decimal digits of precision).

Nunmber For m[Sel f | nduct ance[l oopFi | ament, 1, Preci sionLevel » 2], 12]
Nunmber For m[Sel f | nduct ance[l oopTubul ar, 1, Preci sionLevel » 2], 12]

41.1252393014
39.73912736

Self-inductance cal culation with precision level 3 (at least 7 decimal digits of precision).

Nunmber For m[Sel f | nduct ance[l oopFi | ament, 1, Preci sionLevel » 3], 12]
Nunmber For m[Sel f | nduct ance[l oopTubul ar, 1, Preci sionLevel -» 3], 12]

41.1252772737

39.7346849847
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m 11-3 Sef-inductance Calculation of Square Solenoids

m 11-3-1 Introduction
The self-inductance of a solenoid depends on both

= the shape of the rectangular winding cross section, the simplest being a rectangle with equal sides: a
square.

= the distance between this rectangle and the coordinate axis: the inner diameter.
The next examples of self-inductance calculations are based on sguare cross section solenoids with variable radial
positions:

= Case 1: winding close to the axis.

= Case 2: winding at the so called Brook configuration. The inner diameter is equal to the side of the
square.

= Case 3: winding far from the axis.

m 11-3-2 Entering and Drawing the Data

= Case 1. winding close to the axis, relevant data:
- inner diameter: 10 mm,
- outer diameter: 50 mm, (resulting winding height 20 mm and mean diameter 30 mm),
- solenoid length: 20 mm,
- axial position of the solenoid: 0, (i.e. origin centered),
- number of turns (right hand rule, i.e. counterclockwise): 400
- current intensity: 0.2 Ampere,
- conductor diameter: 0.2 mm.

sol enoi d1 = AXSMagnet i cSyst em[
{AXSSol enoi d[Copper OFHC, 10, 50, 20, 0, 400, 0.2, ConductorDi aneter -> 0. 2]},
Syst enlLabel -»> "square sol enoid set close to the axis"]

- AXSMagneticSystem: {-sol enoid-} -

Solenoid 2D drawing:
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Dr awSyst em2D[sol enoi d1]

Syst em nane: sol enoi d1

square sol enoid set close to the

axi s
2D view ZR
20
10
E o
© _10
-20
-20 -10 0 10 20
Z (mm)
- Graphics -

Solenoid technical data (general dataonly):
Properti es[sol enoi d1]

CGeneral properties

Syst em nane:

System nmagnetic parity

System Legendre radi us

Magnetic field at the origin (G
Fi el d magni tude at the origin(G
System mass  (Kg)

Syst em nomi nal power (W

System effective power (W

Nurmber of conponents

Number of current carryi ng conponent

sol enoi d1
True

15. 9629

{0, 29.3053}
29. 3053

0. 0105644

0. 82752

0. 82752

1

1

= Case 2: winding at the so called Brook configuration. The data are identical to those of Case 1, with
the exception of the coil dimensions. New relevant data are:

- inner diameter: 20 mm,

- outer diameter: 40 mm, (resulting winding height 10 mm and mean diameter 30 mm),

- winding length: 10 mm.

sol enoi d2 = AXSMagnet i cSyst en

{AXSSol enoi d[Copper OFHC, 20, 40, 10, 0, 400, 0.2, ConductorDi aneter -> 0. 2]},
Syst enlLabel - "square sol enoi d type BROOK"]

- AXSMagneticSystem: {-sol enoid-} -

Coil 2D drawing:
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Dr awSyst em2D[sol enoi d2]

Syst em nane: sol enoi d2
square sol enoid type BROOK

2D view ZR
20
10
E o
o
-10
-20
-20 -10 0 10 20
Z (mm)
- Graphics -

Cail technical data (general dataonly):

Properti es[sol enoi d2]

CGeneral properties

Syst em nane:

System nmagnetic parity

System Legendre radi us

Magnetic field at the origin (G

Fi el d magni tude at the origin(G
System mass  (Kg)

Syst em nomi nal power (W

System effective power (W

Nurmber of conponents

Number of current carryi ng conponent

sol enoi d2
True

15. 3078

{0, 32.7267}
32. 7267

0. 0105644
0. 82752

0. 82752

1

1

= Case 3: winding far from the axis. The data are identical to those of Case 1, with the exception of coil

dimensions. The new relevant data are:

- inner diameter: 25 mm,

- outer diameter: 35 mm, (resulting winding height 5 mm and mean diameter is 30mm),

- winding length: 5 mm.

sol enoi d3 = AXSMagnet i cSyst en

{AXSSol enoi d[Copper OFHC, 25, 35, 5, 0, 400, 0.2, ConductorDi aneter » 0. 2]},

Syst enlLabel - "square sol enoid set far"]

- AXSMagneticSystem: {-sol enoid-} -

Coil 2D drawing:
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Dr awSyst em2D[sol enoi d3]

System name: sol enoi d3
square sol enoid set far

2D view ZR
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5
E o
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- Graphics -

Cail technical data (general dataand component data):

Properties[sol enoi d3, ConponentsLi st » {1}]

CGeneral properties

System name:

System magnetic  parity

System Legendre radius

Magnetic  field at the origin (G)
Field magnitude at the origin (G
System mass (Kg)

System nominal power (W

System effective power (W
Number of components

Number of current carrying  component

Conponent nunber 1

Type of component :

Ceonetry of the cylindrical current

sol enoi d
Nominal inner diameter (mm
Effective inner diameter (mm

Nominal outer diameter (mm
Effective outer diameter (mm
Nominal mean diameter  (mm
Nominal axial length (mm
Effective axial length (mm
W ndi ng specifications
Material : high conductivity
Winding temperature (°C)
Nominal resistivity (Q-cm)
Effective resistivity

Nominal volume relative susceptibility

Effective susceptibility
Matarial mace dencitv (A /om0

OFHC Copper

sol enoi d3

True

15.0888

{0, 33.3444 3

33.3444

0.0105644

0.82752

0.82752

1

1

cylindrical solenoid

25.00000
25.00000
35.00000
35.00000
30.00000
5.00000
5.00000
20.00000
1.72400 e-6
1.72400 e-6
-6.10000 e-7
-6.10000 e-7
f a2nNN
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L L L I \Y/ e, s vev v

Filling factor of winding (% 50. 26548
Mass of the material (kg) 0. 01056
Position of the sol enoid

(in the referential space system

Sol enoi d center coord.Z (mm) 0. 00000
Ef fective inner radius (mm) 12. 50000
Ef fective outer radius (nmm) 17. 50000
Ef fective | ower Z extremum (nm) -2.50000
Ef fective higher Z extremum (nm) 2.50000

El ectrical specifications of
t he sol enoi d

Number of turns (in series) 400. 00000
Di rection according the count er cl ockwi se
right hand rule :

Direction of the turns +

Type of curent density const ant

Current (per turns) (A) 0. 20000
Total winding current (A-turns) 80. 00000
Conductor current density (A/mm2) 6. 36620
Nomi nal sol enoid resistance (Q) 20. 68800
Ef fective solenoid resist. (Q) 20. 68800
Nomi nal voltage drop (V) 4.13760
Ef fective voltage drop (V) 4.13760
Nomi nal sol enoid power (W 0. 82752
Ef fective sol enoid power (W 0. 82752
Conduct or di nensi ons

Conduct or geonetry circul ar

Ef fecti ve conductor dianeter (mm) 0. 20000
Nom nal conductor |ength (mm) 37699. 11184
Ef fective conductor length (mm) 37699. 11184

m 11-3-3 Sdf-inductance Calculations

Only appropriate results are given for this example, see Section 10-2 for the complete set of self-inductance functions.
Basic inductance calculation at default precision level (level 1), inductanceisin Micro Henry.

Sel f I nduct ance[sol enoi d1, 1]
Sel f I nduct ance[sol enoi d2, 1]
Sel f I nduct ance[sol enoi d3, 1]

2396. 83
4079. 01

6038. 14

The approximate formulas, Equation 36 in Chapter 10, using the tables from the Grover book gives respectively for the
Grover coefficient and the inductance (in Micro Henry):

= Case 1 (winding close to the axis): CGrover = 9.98509, Self =2396.42
= Case 2 (winding Brook configuration): CGrover = 16.9951, Self = 4078.82
= Case 3 (winding far form the axis): CGrover = 25.1618, Self = 6038.83
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The agreemenbetweerthe 2 calculationss very good,the accuracyis in therange5x 10™°. However,asopposedo
the statemenin Grover'sbook, the optimumof the self-inductancevith respecto theamountof materials(37.7 meters
of wire in all casespccursfor the Case3 andnot for the Brook configurationCase2.

Self-inductancealculationwith precisionlevel 2 (atleast5 decimaldigits of precision),unit setin Milli Henry:

Magnet i caUser Uni t s[I nduct anceUnit - M| |i Henry];

Nurmber For m[Sel f | nduct ance[sol enoi d1, 1, PrecisionLevel » 2], 12]
Nurmber For m[Sel f | nduct ance[sol enoi d2, 1, PrecisionLevel » 2], 12]
Nunber For m[Sel f I nduct ance[sol enoi d3, 1, PrecisionLevel » 2], 12]

2.39619823503
4.07850996365

6. 03766491547

Self-inductancealculationwith level 3 (atleast7 decimaldigits of precision),unit remainsn Milli Henry:

Nunber For m[Sel f | nduct ance[sol enoi d1, 1, PrecisionLevel -» 3], 12]
Nurmber For m[Sel f | nduct ance[sol enoi d2, 1, PrecisionLevel » 3], 12]
Nurmber For m[Sel f | nduct ance[sol enoi d3, 1, PrecisionLevel -» 3], 12]

2.39619613226
4.07850786832

6. 03766282301

m 11-4 Sef-inductance Calculations of Rectangular Section Solenoids

m 11-4-1 Introduction
The nextexampleof self-inductancealculationsarebasedn 2 radically differentsolenoids:

» Casel: thin solenoidcurrentsheetike,

= Case2: thick solenoid,pancakdike.

m 11-4-2 Entering and Drawing the Data

= Casel.: thin, currentsheetype,solenoid Relevantdata:(N.B. this solenoidhasbeenbuilt for useas
self-inductanceeference)

- innerdiameter541.090mm,

- outerdiameter542.358mm(madeof a singlelayerof roundenamelcopperwire)
- winding length:305.51mm,

- axial positionof theloop: O (i.e. origin centered),

- numberof turns(right handrule, i.e. counterclockwise)440,

- currentintensity:0.35Ampere,

- conductodiameter0.632mm.
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sol enoi d4 = AXSMagnet i cSyst em[ {AXSSol enoi d [Copper OFHC,
541. 090, 542. 358, 305.51, 0, 440, 0. 35, Conduct or Di aneter -> 0. 634]},
Syst enLabel »"thin solenoid single |ayer of small wire"]

- AXSMagneticSystem: {-sol enoid-} -
Coil 2D drawing:

Dr awSyst en2D[sol enoi d4];

Syst em nane: sol enoi d4
thin solenoid single |ayer of snall

wire
2D view ZR
300
200
. 100
E
@ -100
-200

0
-300-200-100 0O 100 200 300
Z (mm)

Cail technical data:
Properti es[sol enoi d4]

Ceneral properties

Syst em nane: sol enoi d4
System magnetic parity True

System Legendre radi us 290. 894
Magnetic field at the origin (G {0, 3.11162}
Fi el d magnitude at the origin(G 3.11162
System mass  (Kg) . 1087

Syst em nomi nal power (W . 0094
System effective power (W . 0094

Number of conponents
Nunmber of current carryi ng conponent

P P O ON

= Case 2: thick solenoid, pancake like. Relevant data: (N.B.: this solenoid has been built for usein MRI
magnet research)

- inner diameter: 856 mm,

- outer diameter: 1530 mm, (made of a single disk of wound rectangular copper ribbon)
- winding length: 51 mm,

- axial position: O (origin centered),

- number of turn (right hand rule, i.e. counterclockwise): 254

- current intensity: 150 Amperes,
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- condutor dimensions; 2.5 mm x 20 mm.

sol enoi d5 = AXSMagnet i cSyst em[ {AXSSol enoi d[Copper OFHC, 856, 1530, 51, 0, 254, 150,
Conduct or Hei ght Wdth - {2.5, 20}]}, SystenlLabel -» "pancake resistive coil"]

- AXSMagneticSystem: {-sol enoid-} -
Coil 2D drawing:

Dr awSyst enm2D[sol enoi d5]

Syst em nane: sol enoi d5
pancake resistive coil
2D view ZR

750

500

250

x -250

-500

-750

-750-500-250 0 250 500 750
Z (mm)

- Graphics -
Coail technical data:
Properties[sol enoi d5]

General properties

Syst em nane: sol enoi d5
System magnetic parity True

System Legendre radi us 596. 712
Magnetic field at the origin (G {0, 412.108}
Fi el d magnitude at the origin(G 412.108
System mass  (Kg) 424.579

Syst em nomi nal power (W 7385. 4
System ef fective power (W 7385. 4
Nunmber of conponents 1

Nunmber of current carrying conponent 1

m 11-4-3 Sdlf-inductance Calculations

= Case 1: thin solenoid, current sheet type.

Basic inductance calculations at default precision level (level 1), inductanceisin Milli Henry.
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Magnet i caUser Uni t s[I nduct anceUnit - M| |i Henry]
Sel f I nduct ance[sol enoi d4, 1]

{InductanceUnit - Henry Milli  }
101.667

Ver boseSel f I nduct ance[sol enoi d4, 1]

System name: sol enoi d4
Self inductance
Precision Level : 1

Component n° 1

Component type : cylindrical solenoid

Number of turns : 440.

Current : 0.350000 A

Proper self inductance : 101.667378 mH
Ferromagnetic contribution : 0.000000 mH
Total self inductance : 101.667378 mH

Self-inductancealculationswith precisionlevel 2 (5 decimaldigits of precision),unitin Milli Henry.
Nurmber For m[Sel f | nduct ance[sol enoi d4, 1, PrecisionLevel » 2], 12]

101.66734766

theapproximatdormula, Equation37 of Chapter10usingthetablefrom Grover'sbookgivesthe
following results:

Self=101.69(x0.1) Milli Henry
Theagreemenbetweerthe 2 calculationss very good,theaccuracyis in therangel0™.
The storedmagneticenergyat currentintensityof 0.35Ampereis:

Sel f Magnet i cEner gy[sol enoi d4, 1]
Ver boseSel f Magnet i cEner gy[sol enoi d4, 1]

0.00622713

System name: sol enoi d4
Self magnetic energy
Precision Level : 1

Component n° 1

Component type : cylindrical solenoid

Number of turns : 440.

Current : 0.350000 A

Proper self inductance : 0.006227 J
Ferromagnetic contribution : 0.000000 J
Total self inductance : 0.006227 J

= Case2: thick solenoid pancakeype.

Basicinductancecalculationsat defaultprecisionlevel (level 1), inductancas in Milli Henry.
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Magnet i caUser Uni t s[I nduct anceUnit - M| |i Henry]
Sel f I nduct ance[sol enoi d5, 1]

{InductanceUnit - Henry Milli  }
98.1242

Ver boseSel f I nduct ance[sol enoi d5, 1]

System name: sol enoi d5
Self inductance
Precision Level : 1

Component n° 1

Component type : cylindrical solenoid

Number of turns : 254,

Current : 150.000000 A

Proper self inductance : 98.124209 mH
Ferromagnetic contribution : 0.000000 mH
Total self inductance : 98.124209 mH

Self-inductancealculationwith precisionlevel 2 (5 decimaldigits of precision)unitin Milli Henry.
Nurmber For m[Sel f | nduct ance[sol enoi d5, 1, PrecisionLevel » 2], 12]

98.110533218

the approximatdormula, Equation36 Chapterl0, usingthetablefrom Grover'sbookgivesthe
following results:

Self=97.811Milli Henry
Theagreemenbetweerthe 2 calculationss good,theaccuracyis in range3 10°3.
The storedmagneticenergyat currentintensityof 150 Ampereis:

Sel f Magnet i cEner gy[sol enoi d5, 1]
Ver boseSel f Magnet i cEner gy[sol enoi d5, 1]

1103.9
System name: sol enoi d5

Self magnetic energy
Precision Level : 1

Component n° 1

Component type : cylindrical solenoid

Number of turns : 254,

Current : 150.000000 A

Proper self inductance : 1103.897352 J
Ferromagnetic contribution : 0.000000 J
Total self inductance : 1103.897352 J

m 11-5 Mutual Inductance of Pair of Circular L oops

m 11-5-1 Entering and Drawing the Data

= Casel: systemwith 2 identicalloops.Therelevantdataare:
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- mean loop diameter: 200mm,

- winding diameter: 50mm,

- axial position: -50 for one loop and 50 for the other,

- number of turns (right hand rule, i.e. counterclockwise): 100,
- current intensity: 2 amperes.

pai r| oopi denti c = AXSMagnet i cSyst en
{AXSCGi r cul ar Loop[Copper OFHC, 200, 50, -50, 100, 2, FillingFactor ->0.6],
AXSCi r cul ar Loop[Copper OFHC, 200, 50, 50, 100, 2, FillingFactor ->0.6]},
SystenlLabel -»>"pair of identical filament |oops"]

- AXSMagneticSystem: {-l oop-, -loop-} -

Dr awSyst enm2D[pai r | oopi denti c]

System nane: pairl oopidentic
pair of identical filament | oops

2D view ZR
- o .
50
E
® 50
RE 28 -
-100 -50 0 50 100
Z (nmm)
- Graphics -

= Case 2: system with 2 dissimilar loops. The relevant data are for the two loops:
- mean diameter: 400 mm and 700 mm,
- winding diameter: 150 mm and 60 mm,
- axial position of the loops: -150 mm and 50 mm,
- number of turns: 60 and 100
- current intensity: 2 amperes and 1.2 amperes.

pai rl oopdi ssi m= AXSMagnet i cSyst em[
{AXSGi r cul ar Loop[Copper OFHC, 400, 150, -150, 60, 2, FillingFactor ->0. 6],
AXSCi r cul ar Loop[Copper OFHC, 700, 60, 50, 100, 1.2, FillingFactor -»>0.6]},
SystenlLabel -»>"pair of dissimlar filanment |oops"]

- AXSMagneticSystem: {-l oop-, -loop-} -
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Dr awSyst em2D[pai r | oopdi ssi m|

Syst em nane: pairl oopdi ssim
pair of dissinmilar filament |oops

2D view ZR
400
@
200
E o
o
-200
-400 hd
-400 -200 0 200
Z (nmm)
- Graphics -

m 11-5-2 Mutual Inductance of Identical L oops

Magnet i caUser Uni t s[l nductanceUnit -> M I1i Henry]

{I nductanceUnit - Henry M I1i}

Mut ual | nduct ance[pairl oopi dentic, {1, 2}]

0. 497252

Ver boseMut ual | nduct ance[pai rl oopi dentic, {1, 2}]

Syst em name: pairl oopidentic
Miut ual i nductance

Precision Level : 1

Primary coil
Conmponent nunber : 1
Conmponent cat egory: circul ar | oop w nding
Circuits current 2.000000 A
Number of turns: 100. 000000
Mut ual i nduct ance 0.497252 nH

| nduct anceMat ri x[pai r| oopi denti c]

({{2.27842, 0.497252)}, {0.497252, 2.27842}}, {1, 2})

Secondary coi |

2
circul ar | oop wi nding
2.000000 A
100. 000000
0. 497252 nH

I nduct anceMat ri x[pai rl oopi dentic][[1]] // MatrixForm

2.27842 0.497252
0.497252 2.27842
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Ver bosel nduct anceMat ri x[pai rl oopi denti c]

Syst em name: pairl oopidentic

I nductance matrix (in MIli Henry)
Precision Level : 1
1 2
1 2.2784 0. 4973
2 0. 4973 2.2784

I nvol ved conponent s

conponent s type nb turns
1 | oop 100.
2 | oop 100.

To obtain the summary of Flux information

current
2. 000000 A
2. 000000 A

Ver boseFl uxl nduct anceMat ri x[pai r | oopi denti c]

Syst em name: pairl oopidentic

Fl ux i nductance matrix (in Mcro Wber)

Precision Level : 1

1 2
1 4556. 8355 994. 5042
2 994. 5042 4556. 8355

I nvol ved conponent s

conponent s type nb turns
1 | oop 100.
2 | oop 100.

current
2. 000000 A
2. 000000 A

I nduct anceCoupl i ng[pai rl oopi dentic, {1, 2}]

{{0.218244, Irrelevant}, {0.0476307, Irrel evant},
{0.952369, Irrelevant}, {1., Irrelevant}}

NB : the term Irrelevant is related to the ferromagnetic contribution which isirrelevant in the absence of ferromagnetic

components.
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Ver bosel nduct anceCoupl i ng[pai rl oopi dentic, {1

Syst em name: pairl oopidentic
I nduct ance Coupl i ng
Preci sion Level : 1

Number of conponents 2

Number of current carrying conponent 2
primary coi

Conmponent nunber : 1. 0000

Conponent cat egory: | oop

Circuits current (A): 2. 0000

Nunmber of turns: 100. 0000

Transfo turn ratio 1. 000

air core data

Sel f inductance (nH) 2.2784

Mut ual induc. 1->2 (nH) 0. 4973

Sel f flux (uW) 4556. 8355

Mitual flux 1->2 (uW) 994. 5042

air core

Coupl i ng coefficient 0. 218244

Ef fi ci ency coefficient 0. 047631

Leakage coefficient 0. 952369

Transformation coeff. 1. 0000

m 11-5-3 Mutual Inductance of Dissimilar L oops

Mut ual | nduct ance[pairl oopdi ssim {1, 2}]

0. 850428

Ver boseMut ual | nduct ance[pai rl oopdi ssim {1, 2}]

System nane: pai rl oopdi ssim
Mut ual i nductance
Precision Level : 1
Primary coi
Conponent nunber: 1
Conponent cat egory: circular | oop w nding

Circuits current 2.000000 A
Nunmber of turns: 60. 000000
Mut ual i nduct ance 0. 850428 nH

I nduct anceMat ri x[pai r | oopdi ssi m|

({{1.28745, 0.850428}, {0.850428, 12.6294}}, {1,

2}]

secondary coi
2.0000
| oop
2.0000
100. 0000

2.2784

4556. 8355

Secondary coi

2
circul ar | oop wi nding
1. 200000 A
100. 000000
0. 850428 nH

23}

I nduct anceMat ri x[pai r | oopdi ssim [[1]] // MatrixForm

1.28745 0.850428
(0.850428 12. 6294
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Ver bosel nduct anceMat ri x[pai r| oopdi ssi m

System nane: pairl oopdi ssim

I nductance matrix (in MIli Henry)
Precision Level : 1
1 2
1 1. 2874 0. 8504
2 0. 8504 12. 6294

I nvol ved conponent s

conponent s type nb turns current
1 | oop 60. 2.000000 A
2 | oop 100. 1. 200000 A

To obtain the summary of Flux informations

Ver boseFl uxl nduct anceMat ri x[pai r | oopdi ssi m

System nane: pairl oopdi ssim
Fl ux i nductance matrix (in Mcro Wber)
Precision Level : 1
1 2
1 2574. 8974 1700. 8554
2 1020. 5133 15155. 3210

I nvol ved conponent s

conmponent s type nb turns current
1 | oop 60. 2. 000000 A
2 | oop 100. 1.200000 A
| nduct anceMat ri x[pai rl oopdi ssim | nductanceUnit - MI1i Henry]

({{1.28745, 0.850428}, {0.850428, 12.6294}}, {1, 2}}

| nduct anceCoupl i ng[pai rl oopdi ssim {1, 2}]

{{0.210902, Irrel evant}, {0.0444796, Irrelevant},
{0.95552, Irrelevant}, {4.68825, Irrelevant}}
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Ver bosel nduct anceCoupl i ng[pai rl oopdi ssim {1, 2}]

System nane: pairl oopdi ssim
I nduct ance Coupl i ng
Preci sion Level : 1

Number of conponents 2
Number of current carrying conponent 2
primary coil secondary coil

Conmponent nunber : 1. 0000 2.0000
Conponent cat egory: | oop | oop
Circuits current (A): 2. 0000 1. 2000
Nunmber of turns: 60. 0000 100. 0000
Transfo turn ratio 1.667
air core data
Sel f inductance (nmH) 1.2874 12. 6294
Mut ual induc. 1->2 (nH) 0. 8504
Sel f flux (uW) 2574. 8974 15155. 3210
Mitual flux 1->2 (uW) 1700. 8554

air core
Coupl i ng coefficient 0. 210902
Ef fi ci ency coefficient 0. 044480
Leakage coefficient 0. 955520
Transformati on coeff. 4.6882

m 11-6 Mutual Inductance of Solenoids Set Side by Side

m 11-6-1 Entering and Drawing the Data

System with 2 identical square cross section solenoids set side by side

pai rsol i denti c = AXSMagnet i cSyst em[

{AXSSol enoi d[Copper OFHC, 175, 225, 25, -30, 200, 2, FillingFactor ->0. 61,
AXSSol enoi d[Copper OFHC, 175, 225, 25, 30, 200, 2, FillingFactor -»0.6]},

SystenlLabel - "pair of identical sol enoids"]

- AXSMagneti cSystem: {-sol enoid-, -solenoid-} -

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0

190

Dr awSyst em2D[pai r sol i denti c]

System nane: pairsolidentic
pair of identical solenoids
2D view ZR

100 B B
50
E
'
-50
~100 B B
~100 50 O 50 100
Z (nmm)
- Graphics -

m 11-6-2 Mutual Inductance of Similar Solenoids

Mut ual | nduct ance[pairsolidentic, {1, 2}]

3. 73709

I nduct anceMat ri x[pai rsol i dentic]

({{11.4721, 3.73709}, {3.73709, 11.4721}}, {1, 2})

I nduct anceMat ri x[pai rsol i dentic, PrecisionLevel -2][[1]] // MatrixForm

11. 4713 3.73728
3.73728 11.4713

Ver bosel nduct anceMat ri x[pai rsol i dentic, PrecisionLevel - 3]

System nane: pairsolidentic

I nductance natrix (in MIIli Henry)
Preci sion Level : 3
1 2
1 11. 4713 3.7373
2 3.7373 11.4713

I nvol ved conponents

conponent s type nb turns current
1 sol enoi d 200. 2.000000 A
2 sol enoi d 200. 2.000000 A
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Ver boseFl uxl nduct anceMat ri x[pai rsol i denti c]

System name pairsolidentic

Flux inductance matrix (in Micro Weber)

Precision Level : 1

1 2
1 22944.1113 7474.1768
2 7474.1768 22944.1113

Involved  components

components type nb turns current
1 solenoid 200. 2.000000 A
2 solenoid 200. 2.000000 A

Ver boseMagnet i cEnergyMat ri x[pairsolidentic, Magneti cEnergyUnit - M 11i Joul e]

System name pairsolidentic

Magnetic energy matrix (in Mili  Joule )
Precision Level : 1

1 2

1 22.9441 7.4742

2 7.4742 22.9441

Involved  components

components type nb turns current
1 solenoid 200. 2.000000 A
2 solenoid 200. 2.000000 A

Ver boseSel f I nduct ance[pai rsolidentic, Al ]

System name pairsolidentic
Self inductance
Precision Level : 1

Component n° 1

Component type : cylindrical
Number of turns : 200.
Current : 2.000000 A

Proper self inductance
Ferromagnetic contribution
Total self inductance

Component n° 2

Component type : cylindrical
Number of turns : 200.
Current : 2.000000 A

Proper self inductance
Ferromagnetic contribution
Total self inductance

Total (in series )

Proper self inductance
Ferromagnetic contribution
Total self inductance

solenoid
11.472056 mH
0.000000 mH
11.472056 mH

solenoid

11.472056 mH
0.000000 mH
11.472056 mH

22.944111 mH
0.000000 mH
22.944111 mH

I nduct anceCoupl i ng[pairsolidentic, {1, 2}]

{{0.325756 , Irrelevant }, {0.106117 , Irrelevant 1,

{0.893883 , Irrelevant 3, {1.,

Irrelevant 1}
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m 11-7 Mutual inductance of Superimposed Solenoids

m 11-7-1 Entering and Drawing the Data

System with 2 dissimilar superposed square cross section solenoids.

pai r sol di ssi m= AXSMagneti cSyst em[
{AXSSol enoi d[Copper OFHC, 260, 320, 150, 0, 500, 2, FillingFactor -> 0. 6],
AXSSol enoi d[Copper OFHC, 150, 250, 100, 0, 80, 15, FillingFactor ->0.6]1},
Syst enLabel -» "pair of dissimlar superposed sol enoi ds"]

—~ AXSMagneti cSystem: {-sol enoid-, -solenoid-} -

Dr awSyst em2D[pai r sol di ssi

System nane: pairsol dissim
pair of dissinilar superposed sol enoi ds
2D view ZR

150

100
50

x -50
-100

-150

-150-100-50 0 50 100150
Z (mm)

- Graphics -

m 11-7-2 Mutual Inductance of Dissimilar Solenoids

Mut ual | nduct ance[pairsol dissim {1, 2}]

5.3942

I nduct anceMat ri x[pai rsol di ssi m

({{65.5243, 5.3942}, {5.3942, 1.01098}}, {1, 2}

| nduct anceMat ri x[pai rsol di ssim PrecisionLevel -»2][[1]] 7/ MatrixForm

65.52 5.39474
5.39474 1.01059
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Ver bosel nduct anceMat ri x[pai rsol di ssim Preci si onLevel - 3]

Syst em name: pairsol di ssim

I nductance matrix (in MIli Henry)
Preci sion Level : 3
1 2

1 65. 5200 5. 3947

2 5.3947 1.0106

I nvol ved conponent s

conponent s type nb turns current
1 sol enoi d 500. 2.000000 A
2 sol enoi d 80. 15. 000000 A

Ver boseFl uxl nduct anceMat ri x[pai r sol di ssi m

Syst em name: pairsol di ssim

Fl ux i nductance matrix (in Mcro Wber)

Precision Level : 1

1 2
1 131048.5910 10788.4000
2 80913.0002 15164.7168

I nvol ved conponents

conponent s type nb turns current
1 sol enoi d 500. 2.000000 A
2 sol enoi d 80. 15. 000000 A

Ver boseMagnet i cEner gyMatri x[pai rsol di ssim Magneti cEnergyUnit - MI1i Joul e]

Syst em name: pairsol di ssim

Magnetic energy matrix (in MIli Joule)
Precision Level : 1
1 2
1 131. 0486 80. 9130
2 80. 9130 113. 7354

I nvol ved conponents

conponent s type nb turns current
1 sol enoi d 500. 2.000000 A
2 sol enoi d 80. 15. 000000 A
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Ver boseSel f I nduct ance[pai rsol di ssim All ]

System name: pairsol di ssim
Self inductance
Precision Level : 1

Component n° 1

Component type : cylindrical solenoid

Number of turns : 500.

Current : 2.000000 A

Proper self inductance : 65.524295 mH
Ferromagnetic contribution : 0.000000 mH
Total self inductance : 65.524295 mH

Component n° 2

Component type : cylindrical solenoid

Number of turns : 80.

Current : 15.000000 A

Proper self inductance : 1.010981 mH
Ferromagnetic contribution : 0.000000 mH
Total self inductance : 1.010981 mH
Total (in series )

Proper self inductance : 66.535277 mH
Ferromagnetic contribution : 0.000000 mH
Total self inductance : 66.535277 mH

I nduct anceCoupl i ng[pai rsol dissim {1, 2}]

{{0.662757 , Irrelevant }, {0.439247 , Irrelevant 1,
{0.560753 , Irrelevant }, {0.122443 , Irrelevant 1}

Ver bosel nduct anceCoupl i ng[pai rsol di ssim {1, 2}]

System name: pairsol di ssim
Inductance  Coupling

Precision Level : 1
Number of components 2
Number of current carrying  component 2
primary  coil secondary coil

Component number : 1.0000 2.0000
Component category : solenoid solenoid
Circuits current  (A): 2.0000 15.0000
Number of turns : 500.0000 80.0000
Transfo turn ratio 1 / 6.250
air core data
Self inductance (mH 65.5243 1.0110
Mutual induc . 1->2 (mH 5.3942
Self flux (Wb 131048.5910 15164.7168
Mutual flux 1->2 (uWb 10788.4000

air core
Coupling coefficient 0.662757
Efficiency coefficient 0.439247
Leakage coefficient 0.560753
Transformation coeff . 1 / 8.1671
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m Chapter 12 : Ferro Inductance Calculations

m 12-1 Introduction

This chapter deals with "ferro" inductance calculation, i.e. the induced inductance brought upon a current-carrying coil
by the ferromagnetic core components excited by the source coil. The ferro inductance is a contribution to the coil total
inductance in addition to the Proper inductance.

This chapter shows Ferro inductance calculations for the following cases :

1. Ferro Self-inductance of acircular loop.

2. Ferro Sdlf-inductance of a square solenoid.

3. Ferro Self-inductance of along solenoid.

4. Ferro mutual inductance of a pair of loops.

5. Ferro mutual inductance of a pair of square solenoids, set side by side.

6. Ferro mutual inductance of a pair of radially superposed long solenoids.

The ferromagnetic core can have any axisymmetric shape but in al cases shown theiron core is an axia soft iron bar set
at the center of the system and made of different non linear soft ferromagnetic materials.

m 12-2 Ferro Sdf-inductance of a Circular L oop

m 12-2-1 Entering and Drawing the Data

Single circular loop and an axial soft ferromagnetic cylindrical bar.

| oopf errol = AXSMagneti cSyst em[
{AXSGi r cul ar Loop[Copper OFHC, 275, 80, 0, 120, 150, FillingFactor -> 0. 6],
AXSSof t Magnet i cConponent [St eel Cormonl, 0, 160, 350, 0]},
Syst enlLabel - "single |oop and ferromagnetic core"]

- AXSMagneticSystem: {-l oop-, -soft-} -
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Dr awSyst em[| oopf errol]

System name: | oopferrol
single |l oop and ferronagnetic core
3D vi ew ZYX

0
Z (nm 100

- Graphics3D-

Dr awSyst en2D[| oopf errol]

Syst em name: | oopferrol
single | oop and ferromagnetic core
2D vi ew ZR

150
100
50

x -50
-100

-150

-150100-50 0 50 100150
Z (mm)

- Graphics -

m 12-2-2 Ferro Self-inductance of Circular Loop

Induction field Bz (i.e. total magnetic field or flux density) at the center of the bar
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Fi el dPoi nt Ori gi n[l oopferrol]

System nane: | oopferrol
The magnetic field (in Gauss) at the origin
Cal cul ati on node: Automatic Mde

Br 0. 000000 G
Bz 3452. 188421 G
Bm 3452. 188421 G

SelfInductance for the first component of the system, using the ContributionType option, that alows selecting either the
Proper Selfinductance, or the Ferro Selflnductance or the Total. The default unit is Micro Henry:

Sel f I nduct ance[l oopferrol, 1, Contri buti onType - Proper]
Sel f I nduct ance[l oopferrol, 1, Contri buti onType » Ferro]
Sel f I nduct ance[l oopferrol, 1, Contributi onType -» Tot al ]

4.14529
6. 56634

10. 7116

SelfFluxInductance: total magnetic Flux for the first component of the system. Unit is set in Milli Weber.

Magnet i caUser Unit s[Fl uxUnit - M1 1i Weber];

Sel f Fl uxI nduct ance[l oopferrol, 1, ContributionType - Proper ]
Sel f Fl uxl nduct ance[l ocopferrol, 1, Contri buti onType -» Ferro]
Sel f Fl uxl nduct ance[l ocopferrol, 1, Contri buti onType -» Total ]
Magneti caUser Units[];

621. 793
984. 951
1606. 74
SelfMagneticEnergy: magnetic energy for the first component of the system. Unit is set in Joule

Magnet i caUser Uni t s[Magneti cEnergyUnit -» Joul e]

Sel f Magneti cEner gy[l oopferrol, 1, Contributi onType - Proper ]
Sel f Magneti cEnergy[l oopferrol, 1, ContributionType - Ferro]
Sel f Magneti cEner gy[l oopferrol, 1, Contri buti onType - Tot al ]
Magneti caUser Units[];

{Magneti cEnergyUnit - Joul e}
46. 6345
73.8713
120. 506

VerboseSelfInductance: formatted data of the self-inductance for the first component of the system. Default unit (Micro
Henry).
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Ver boseSel f I nduct ance[l oopferrol, 1]

System name: | oopferrol
Self inductance
Precision Level : 1

Component n° 1

Component type : circular loop winding

Number of turns : 120.

Current : 150.000000 A

Proper self inductance : 4145.288709 uH
Ferromagnetic contribution : 6566.338185 uH
Total self inductance : 10711.626894 uH

V erboseSel fFH uxInductance: formatted data of the self flux inductance for the first component of the system. Unit is set
in Milli Weber.

Ver boseSel f Fl uxl nduct ance[l oopferrol, 1, FluxUnit - M1 1i Wber ]

System name: | oopferrol
Self flux inductance
Precision Level : 1

Component n° 1

Component type : circular loop winding

Number of turns : 120.

Current : 150.000000 A

Proper self inductance : 621.793306 mWb
Ferromagnetic contribution : 984.950728 mWb
Total self inductance : 1606.744034 mWb

V erboseSelfMagneticEnergy: formatted data of the magnetic energy for the first component of the system. Unit isset in
Joule.

Ver boseSel f Magneti cEnergy[l oopferrol, 1, Magneti cEnergyUnit - Joul e]

System name: | oopferrol
Self magnetic energy
Precision Level : 1

Component n° 1

Component type : circular loop winding

Number of turns : 120.

Current : 150.000000 A

Proper self inductance : 46.634498 J
Ferromagnetic contribution : 73.871305 J
Total self inductance : 120.505803 J

m 12-3 Ferro Sdf-inductance of a Squar e Section Solenoid

m 12-3-1 Entering and Drawing the Data

Single square section solenoid and an axial soft ferromagnetic cylindrical bar

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0 199

sol ferrol = AXSMagnet i cSyst em[
{AXSSol enoi d[Copper OFHC, 215, 375, 80, 0, 120, 150, FillingFactor ->0.6],
AXSSof t Magnet i cConponent [l ronl nd3, 0, 160, 350, 01},
Syst enLabel - "single square solenoid with ferronmagnetic core"]

- AXSMagneticSystem: {-sol enoid-, -soft-} -
Dr awSyst em[sol ferrol]

System nane: sol ferrol

single square solenoid with ferromagnetic
core

3D vi ew ZYX

- Graphics3D-
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Dr awSyst em2D[sol f errol]

System nane: sol ferrol
singl e square solenoid with ferromagnetic

core
2D view ZR
200
100
E
[0
-100
-200

-200 -100 0 100 200
Z (mm)

- Graphics -

m 12-3-2 Ferro Self-inductance of a Squar e Section Solenoid

Induction field Bz (i.e. total magnetic field or flux density) at the center of the bar
Fi el dPoi nt Ori gi n[sol ferrol]

System nane: sol ferrol
The magnetic field (in Gauss) at the origin
Cal cul ation node: Automatic Mde

Br 0. 000000 G
Bz 3212. 042336 G
Bm 3212. 042336 G

SelfInductance for the first component of the system, using the ContributionType option, that alows selecting either the
Proper Selflnductance, or the Ferro Selflnductance or the Total. The default unit is Micro Henry:

Sel f I nduct ance[sol ferrol, 1, Contributi onType - Proper]
Sel f I nduct ance[sol ferrol, 1, ContributionType » Ferro]
Sel f I nduct ance[sol ferrol, 1, ContributionType » Tot al ]

4111.13
5989. 21

10100. 3

SelfFluxInductance: total magnetic Flux for the first component of the system. Unit is set in Milli Weber
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Magnet i caUser Unit s[Fl uxUnit - M1 1i Weber];

Sel f Fl uxl nduct ance[sol ferrol, 1, Contributi onType - Proper ]
Sel f FI uxl nduct ance[sol ferrol, 1, Contri buti onType -» Ferro]
Sel f FI uxl nduct ance[sol ferrol, 1, Contri buti onType -» Total ]
Magneti caUser Units[];

616.67
898.382

1515.05

SelfMagneticEnergy: magnetic energy for the first component of the system. Unit is set in Joule.

Magnet i caUser Uni t s[Magneti cEnergyUnit -» Joul e]

Sel f Magneti cEner gy[sol ferrol, 1, Contri buti onType - Proper ]
Sel f Magneti cEnergy[sol ferrol, 1, Contri buti onType -» Ferro]
Sel f Magneti cEner gy[sol ferrol, 1, Contri buti onType -» Total ]
Magneti caUser Units[];

{MagneticEnergyUnit - Joule }
46.2503
67.3787

113.629

V erboseSelfInductance: formatted data of the self-inductance for the first component of the system. Default unit (Micro
Henry).

Ver boseSel f I nduct ance[sol ferrol, 1]

System name sol ferrol
Self inductance
Precision Level : 1

Component n° 1

Component type : cylindrical solenoid

Number of turns : 120.

Current : 150.000000 A

Proper self inductance : 4111.134187 uH
Ferromagnetic contribution : 5989.213516 pH
Total self inductance : 10100.347702 uH

V erboseSel fFluxInductance: formatted data of the self flux inductance for the first component of the system. Unit is set
in Milli Weber.
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Ver boseSel f Fl uxl nduct ance[sol ferrol, 1, FluxUnit - MI1i Weber]

System name sol ferrol
Self flux inductance
Precision Level : 1

Component n° 1

Component type : cylindrical solenoid

Number of turns : 120.

Current : 150.000000 A

Proper self inductance : 616.670128 mWb
Ferromagnetic contribution : 898.382027 mWhb
Total self inductance : 1515.052155 mWb

V erboseSelfMagneticEnergy: formatted data of the magnetic energy for the first component of the system. Unit isset in
Joule.

Ver boseSel f Magneti cEnergy[sol ferrol, 1, Magneti cEnergyUnit - Joul e]

System name: sol ferrol
Self magnetic energy
Precision Level : 1

Component n° 1

Component type : cylindrical solenoid

Number of turns : 120.

Current : 150.000000 A

Proper self inductance : 46.250260 J
Ferromagnetic contribution : 67.378652 J
Total self inductance : 113.628912 J

m 12-4 Ferro Sdf-inductance of a Long Solenoid

m 12-4-1 Entering and Drawing the Data

Single long solenoid and an axial soft ferromagnetic cylindrical bar.

sol ferro2 = AXSMagnet i cSyst en
{AXSSol enoi d[Copper OFHC, 215, 265, 348, 0, 120, 150, FillingFactor -> 0. 61,
AXSSof t Magnet i cConponent [Si St eel 2, 0, 160, 350, 0]},
Syst enlLabel - "l ong sol enoid with ferromagnetic core"]

- AXSMagneticSystem : {-solenoid -, -soft -} -
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Dr awSyst em[sol f erro02]

Syst em name: sol ferro2

Il ong solenoid with ferromagnetic
core

3D vi ew ZYX

X (nmadQ
0
-10

-100 o
Z (mfm 100

- Graphics3D-

Dr awSyst en2D[sol f erro2]

System name: sol ferro2

I ong solenoid with ferromagnetic
core

2D view ZR

150

100 | ———
1

y -50
~100
-150

-15010650 0 50100150
Z (mm)

- Graphics -

m 12-4-2 Ferro Self-inductance of a L ong Solenoid

Induction field Bz (i.e. total magnetic field or flux density) at the center of the bar
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Fi el dPoi nt Ori gi n[sol ferro2]

System nane: solferro2
The magnetic field (in Gauss) at the origin
Cal cul ati on node: Automatic Mde

Br 0. 000000 G
Bz 2581. 031978 G
Bm 2581. 031978 G

SelfInductance for the first component of the system, using the ContributionType option, that alows selecting either the
Proper SelfInductance, or the Ferro SelfInductance or the Total. The default unit is Micro Henry:

Sel f I nduct ance[sol ferro2, 1, Contributi onType -» Proper]
Sel f I nduct ance[sol ferro2, 1, ContributionType » Ferro]
Sel f I nduct ance[sol ferro2, 1, ContributionType » Tot al ]

1645. 83
4616. 04
6261. 87

SelfFluxInductance: total magnetic Flux for the first component of the system. Unit is set in Milli Weber.

Magnet i caUser Unit s[Fl uxUnit - M1 1i Weber];

Sel f Fl uxI nduct ance[sol ferro2, 1, Contributi onType - Proper]
Sel f FI uxl nduct ance[sol ferro2, 1, Contri buti onType -» Ferro]
Sel f FI uxl nduct ance[sol ferro2, 1, Contri buti onType -» Total ]
Magneti caUser Units[];

246. 874
692. 406
939. 28
SelfMagneticEnergy: magnetic energy for the first component of the system. Unit is set in Joule.

Magnet i caUser Uni t s[Magneti cEnergyUnit -» Joul e]

Sel f Magneti cEner gy[sol ferro2, 1, Contri buti onType - Proper ]
Sel f Magneti cEnergy[sol ferro2, 1, ContributionType - Ferro]
Sel f Magneti cEner gy[sol ferro2, 1, Contri buti onType - Total ]
Magneti caUser Units[];

{Magneti cEnergyUnit - Joul e}
18. 5155

51. 9304

70. 446

VerboseSelfInductance: formatted data of the self-inductance for the first component of the system. Default unit (Micro
Henry).
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Ver boseSel f I nduct ance[sol ferro2, 1]

System name: sol ferro2
Self inductance
Precision Level : 1

Component n° 1

Component type : cylindrical solenoid

Number of turns : 120.

Current : 150.000000 A

Proper self inductance : 1645.825760 uH
Ferromagnetic contribution : 4616.039742 puH
Total self inductance : 6261.865501 uH

V erboseSel fFH uxInductance: formatted data of the self flux inductance for the first component of the system. Unit is set
in Milli Weber.

Ver boseSel f Fl uxl nduct ance[sol ferro2, 1, FluxUnit - M1 li Weber ]

System name: sol ferro2
Self flux inductance
Precision Level : 1

Component n° 1

Component type : cylindrical solenoid

Number of turns : 120.

Current : 150.000000 A

Proper self inductance : 246.873864 mWb
Ferromagnetic contribution : 692.405961 mWb
Total self inductance : 939.279825 mWb

V erboseSelfMagneticEnergy: formatted data of the magnetic energy for the first component of the system. Unit isset in
Joule

Ver boseSel f Magneti cEnergy[sol ferro2, 1, Magneti cEnergyUnit - Joul e]

System name: sol ferro2
Self magnetic energy
Precision Level : 1

Component n° 1

Component type : cylindrical solenoid

Number of turns : 120.

Current : 150.000000 A

Proper self inductance : 18.515540 J
Ferromagnetic contribution : 51.930447 J
Total self inductance : 70.445987 J

m 12-5 Ferro Mutual Inductance of Circular Loops

m 12-5-1 Entering and Drawing the Data

A pair of circular loops, set symmetrically with respect to the middle plane and an axial soft ferromagnetic cylindrical
bar.
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| ooppai rferrol = AXSvagneti cSyst em[{
AXSGi r cul ar Loop[Copper OFHC, 275, 80, -80, 120, 150, FillingFactor » 0. 6],
AXSCi r cul ar Loop[Copper OFHC, 275, 80, 80, 120, 150, FillingFactor -» 0. 61,
AXSSof t Magnet i cConponent [St eel Cormonl, 0, 160, 350, 0]}
SystenlLabel - "pair of |oops and ferronagnetic core"]

—~ AXSMagneti cSystem: {-l oop-, -loop-, -soft-} -

Dr awSyst em[| ooppai rferrol]

System nane: | ooppairferrol
pair of |oops and ferromagnetic
core

3D vi ew ZYX

X (mmoQ
0

- Graphics3D-

Dr awSyst em2D[| ooppai rferrol]

System nane: | ooppairferrol
pair of | oops and ferromagnetic
core

2D vi ew ZR

150
100
= 50
E o

-100
-150

-15010050 0 50100150
Z (mm)

- Graphics -
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m 12-5-2 Ferro Mutual Inductance of Circular Loops

Induction field Bz (i.e. total magnetic field or flux density) at the center of the bar
Fi el dPoi nt Ori gi n[l ooppai rferrol]

System name: | ooppairferrol
The magnetic field (in Gauss) at the origin
Cal cul ati on node: Automatic Mde

Br 0. 000000 G
Bz 5273. 405637 G
Bm 5273. 405637 G

Mut ual | nduct ance[l ooppairferrol, {1, 2}, Contributi onType - Proper ]
Mut ual | nduct ance[l ooppai rferrol, {1, 2}, Contributi onType - Ferro]
Mut ual | nduct ance[l ooppai rferrol, {1, 2}, Contributi onType -» Total ]

783. 422
4107. 03

4890. 45

Ver bosel nduct anceMat ri x[| ooppai rferrol]

System name: | ooppairferrol
I nductance natrix (in Mcro Henry)
Precision Level : 1
1 2
1  4145.2887 783. 4223
2 783.4223  4145. 2887

I nvol ved conponent s

conponent s type nb turns current
1 | oop 120. 150. 000000 A
2 | oop 120. 150. 000000 A

Ver bosel nduct anceMat ri x[| ooppai rferrol, ContributionType - Ferro]

System nane: | ooppairferrol
I nductance natrix (in Mcro Henry)
Precision Level : 1
1 2
1 5567.8592 4107.0297
2 4107. 0297 5567. 8592

I nvol ved conponents

conponent s type nb turns current
1 | oop 120. 150. 000000 A
2 | oop 120. 150. 000000 A
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Ver bosel nduct anceMat ri X[l ooppai rferrol, ContributionType - Total ]

System name: | ooppairferrol
I nductance natrix (in Mcro Henry)
Precision Level : 1
1 2
1 9713. 1479 4890. 4520
2 4890. 4520 9713. 1479

I nvol ved conponents

conponent s type nb turns current
1 | oop 120. 150. 000000 A
2 | oop 120. 150. 000000 A

I nduct anceMat ri x [l ooppairferrol][[1]] // Matri xForm

4145.29 783. 422
( 783.422 4145.29

Ver boseFl uxl nduct anceMat ri x[| ooppai rferrol, FluxUnit - MIIi Weber]

System nane: | ooppairferrol

Fl ux i nductance matrix (in MI1i \Wber)
Precision Level : 1
1 2

1 621. 7933 117. 5133
2 117. 5133 621. 7933

I nvol ved conponent s

conponent s type nb turns current
1 | oop 120. 150. 000000 A
2 | oop 120. 150. 000000 A

Ver boseFl uxl nduct anceMatri x[| ooppai rferrol,
Fl uxUnit - M| 1i Weber, ContributionType -» Ferro]

System nane: | ooppairferrol

Fl ux i nductance matrix (in MI1i Wber)
Precision Level : 1
1 2

1 835. 1789 616. 0545
2 616. 0545 835. 1789

I nvol ved conponents

conponent s type nb turns current
1 | oop 120. 150. 000000 A
2 | oop 120. 150. 000000 A
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Ver boseFl uxl nduct anceMat ri x[| ooppai rferrol,
FluxUnit - M11li Weber, ContributionType - Total ]

System name: | ooppairferrol

Fl ux i nductance matrix (in MI1i Wber)
Precision Level : 1
1 2

1 1456. 9722 733.5678
2 733.5678 1456. 9722

I nvol ved conponent s

conponent s type nb turns current

1 | oop 120.
2 | oop 120.

FI uxl nduct anceMat ri x[| ooppairferrol, Contributi onType - Total ]

({{1.45697x10°, 733568.}, {733568., 1.45697x10°}}, (1, 2})}

Ver boseMagnet i cEner gyMatri x[| ooppai rferrol, Magneti cEnergyUnit - Joul e]

System name: | ooppairferrol

150. 000000 A
150. 000000 A

Magnetic energy matrix (in Joul e)

Precision Level : 1

1 2
1 46. 6345 8. 8135
2 8. 8135 46. 6345

I nvol ved conponents

conponent s type nb turns current

1 | oop 120.
2 | oop 120.

150. 000000 A
150. 000000 A

Ver boseMagnet i cEner gyMat ri x[| ooppai rferrol,

Contributi onType -» Ferro, Magneti cEnergyUnit - Joul e]

System name: | ooppairferrol

Magnetic energy matrix (in Joul e)

Precision Level : 1

1 2
1 62. 6384 46. 2041
2 46. 2041 62. 6384

I nvol ved conponents

conponent s type nb turns current

1 | oop 120.
2 | oop 120.

150. 000000 A
150. 000000 A

Magnet i cEner gyMat ri x[| ooppai rferrol,

Contri butionType » Ferro, Magneti cEnergyUnit - Joul e]

({{62.6384, 46.2041}, {46.2041, 62.6384}}, (1, 2}}
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Ver boseMagnet i cEner gyMatri x[| ooppai rferrol
Contri butionType - Total, Magneti cEnergyUnit - Joul e]

System name: | ooppairferrol
Magnetic energy matrix (in Joule)

Precision Level : 1

1 2
1 109. 2729 55.0176
2 55. 0176 109. 2729

I nvol ved conponent s

conponent s type nb turns current
1 | oop 120. 150. 000000 A
2 | oop 120. 150. 000000 A

I nduct anceCoupl i ng[l ooppai rferrol, {1, 2}]

(0. 188991, 0.592616}, {0.0357176, 0.351193}, {0.964282, 0.648807}, (1., 1.}}

Ver bosel nduct anceCoupl i ng[l ooppai rferrol, {1, 2}]

System name: | ooppairferrol
I nduct ance Coupl i ng

Preci si on Level 1
Number of conponents 3
Nunmber of current carryi ng conponent 2
Nunmber of ferro-magnetic (non rigid) conponents 1
Number of conponents with reversible magnetization 1
primry coil secondary coil

Conmponent nunber : 1. 0000 2.0000
Conponent cat egory: | oop | oop
Circuits current (A): 150. 0000 150. 0000
Nunmber of turns: 120. 0000 120. 0000
Transfo turn ratio 1. 000
air core data
Sel f inductance (uH) 4145. 2887 4145. 2887
Mut ual induc. 1->2 (uH) 783. 4223
Sel f flux (uWb) 621793. 3060 621793. 3060
Mutual flux 1->2 (uWb) 117513. 3430
ferro core data
Sel f inductance (uH) 5567. 8592 5567. 8592
Mut ual induc. 1->2 (uH) 4107. 0297
Sel f flux (uWb) 835178. 8730 835178. 8730
Mitual flux 1->2 (uWb) 616054. 4600

air core with ferro core
Coupl i ng coefficient 0. 188991 0. 592616
Ef fi ci ency coefficient 0. 035718 0. 351193
Leakage coefficient 0. 964282 0. 648807
Transformati on coeff. 1. 0000 1. 0000

m 12-6 Ferro Mutual Inductance of Squar e Section Solenoids

m 12-6-1 Entering and Drawing the Data

A pair of sguare cross section solenoids, set symmetrically with respect to the middle plane and an axial soft
ferromagnetic cylindrical bar.
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sol pai rferrol = AXSMagneti cSyst em[

{AXSSol enoi d[Copper OFHC, 215, 375, 80, -80, 120, 150, FillingFactor - 0. 6],
AXSSol enoi d[Copper OFHC, 215, 375, 80, 80, 120, 150, FillingFactor - 0.6],
AXSSof t Magnet i cConponent [l ronl nd3, 0, 160, 350, 01},

Syst enlLabel - "pair square solenoids with ferronagnetic core"]

- AXSMagneti cSystem: {-sol enoid-, -solenoid-, -soft-} -
Dr awSyst em[sol pai rferrol]

System nane: sol pairferrol

pair square solenoids with ferronagnetic
core

3D vi ew ZYX

- Graphics3D-

Dr awSyst en2D[sol pai rferrol]

System nane: sol pairferrol

pair square sol enoids with ferromagnetic
core

2D view ZR

200
100

o
-100
-200
-200 -100 O 100 200
Z (mm)
- Graphics -
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m 12-6-2 Ferro Mutual Inductance of Squar e Section Solenoids

Induction field Bz (i.e. total magnetic field or flux density) at the center of the bar

Fi el dPoi nt Ori gi n[sol pai rferrol]

System name: sol pairferrol
The magnetic field (in Gauss) at the origin
Cal cul ati on node: Automatic Mde

Br 0. 000000 G
Bz 5050. 199689 G
Bm 5050. 199689 G

Mut ual | nduct ance[sol pairferrol, {1, 2}, Contri buti onType - Proper ]
Mut ual | nduct ance[sol pairferrol, {1, 2}, Contributi onType -» Ferro]
Mut ual | nduct ance[sol pairferrol, {1, 2}, Contributi onType - Tot al ]

957. 298
3924. 42

4881. 72

Ver bosel nduct anceMat ri x[sol pai rferrol]

System name: sol pairferrol
I nductance natrix (in Mcro Henry)
Precision Level : 1
1 2
1 4111.1342 957. 2979
2 957.2979  4111.1342

I nvol ved conponent s

conponent s type nb turns current
1 sol enoi d 120. 150. 000000 A
2 sol enoi d 120. 150. 000000 A

Ver bosel nduct anceMatri x[sol pairferrol, ContributionType - Ferro]

System nanme: sol pairferrol
I nductance natrix (in Mcro Henry)
Precision Level : 1
1 2
1 5054.3533 3924.4226
2 3924.4226  5054. 3533

I nvol ved conponents

conponent s type nb turns current
1 sol enoi d 120. 150. 000000 A
2 sol enoi d 120. 150. 000000 A
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Ver bosel nduct anceMat ri x[sol pairferrol, ContributionType- Total ]

System nanme: sol pairferrol
I nductance natrix (in Mcro Henry)
Precision Level : 1
1 2
1 9165. 4874 4881. 7205
2 4881. 7205 9165. 4874

I nvol ved conponents

conponent s type nb turns current
1 sol enoi d 120. 150. 000000 A
2 sol enoi d 120. 150. 000000 A

I nduct anceMatri x[sol pairferrol][[1]] // MatrixForm

4111.13 957.298
(957.298 4111.13

Ver boseFl uxl nduct anceMat ri x[sol pairferrol, FluxUnit - MIli Weber ]

System nanme: sol pairferrol

Fl ux i nductance matrix (in MI1i \Wber)
Precision Level : 1
1 2

1 616. 6701 143. 5947
2 143. 5947 616. 6701

I nvol ved conponent s

conponent s type nb turns current
1 sol enoi d 120. 150. 000000 A
2 sol enoi d 120. 150. 000000 A

Ver boseFl uxl nduct anceMatri x[sol pai rferrol,
Fl uxUnit - M| 1i Weber, ContributionType -» Ferro]

System nanme: sol pairferrol

Fl ux i nductance matrix (in MI1i Wber)
Precision Level : 1
1 2

1 758. 1530 588. 6634
2 588. 6634 758. 1530

I nvol ved conponents

conponent s type nb turns current
1 sol enoi d 120. 150. 000000 A
2 sol enoi d 120. 150. 000000 A
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Ver boseFl uxl nduct anceMat ri x[sol pai rferrol,

FluxUnit - M11li Weber, ContributionType - Total ]

System nanme: sol pairferrol

Fl ux i nductance matrix (in MI1i Wber)
Precision Level : 1
1 2

1 1374. 8231 732. 2581
2 732. 2581 1374. 8231

I nvol ved conponent s

conponent s type nb turns
1 sol enoi d 120.
2 sol enoi d 120.

FI uxl nduct anceMat ri x[sol pairferrol, ContributionType - Tot al ]

({{1.37482x10°, 732258.}, ({732258., 1.37482x10%}}, {1, 2}}

Ver boseMagnet i cEner gyMatri x[sol pai rferrol, Magneti cEnergyUnit - Joul e]

System name: sol pairferrol
Magnetic energy matrix (in Joul e)

Precision Level : 1

1 2
1 46. 2503 10. 7696
2 10. 7696 46. 2503

I nvol ved conponents

conponent s type nb turns
1 sol enoi d 120.
2 sol enoi d 120.

Ver boseMagnet i cEner gyMatri x[sol pai rferrol,

current
150. 000000 A
150. 000000 A

current
150. 000000 A
150. 000000 A

Contributi onType -» Ferro, Magneti cEnergyUnit - Joul e]

System name: sol pairferrol
Magnetic energy matrix (in Joul e)

Precision Level : 1

1 2
1 56. 8615 44,1498
2 44, 1498 56. 8615

I nvol ved conponents

conponent s type nb turns
1 sol enoi d 120.
2 sol enoi d 120.

current
150. 000000 A
150. 000000 A
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Ver boseMagnet i cEnergyMat ri x[sol pai rferrol,
Contri butionType - Total, Magneti cEnergyUnit - Joul e]

System nanme: sol pairferrol
Magnetic energy matrix (in Joule)

Precision Level : 1

1 2
1 103. 1117 54,9194
2 54.9194 103. 1117

I nvol ved conponent s

conponent s type nb turns current
1 sol enoi d 120. 150. 000000 A
2 sol enoi d 120. 150. 000000 A

I nduct anceCoupl i ng[sol pai rferrol, {1, 2}]

({0. 232855, 0.607515}, {0.0542214, 0.369074}, {0.945779, 0.630926}, {1., 1.}}

Ver bosel nduct anceCoupl i ng[sol pairferrol, {1, 2}]

System nanme: sol pairferrol
I nduct ance Coupl i ng

Preci si on Level 1
Number of conponents 3
Nunmber of current carryi ng conponent 2
Nunmber of ferro-magnetic (non rigid) conponents 1
Number of conponents with reversible magnetization 1
primry coil secondary coil

Conmponent nunber : 1. 0000 2.0000
Conponent cat egory: sol enoi d sol enoi d
Circuits current (A): 150. 0000 150. 0000
Nunmber of turns: 120. 0000 120. 0000
Transfo turn ratio 1. 000
air core data
Sel f inductance (uH) 4111. 1342 4111. 1342
Mut ual induc. 1->2 (uH) 957. 2979
Sel f flux (uWb) 616670. 1280 616670. 1280
Mutual flux 1->2 (uWb) 143594. 6810
ferro core data
Sel f i nductance (uH) 5054. 3533 5054. 3533
Mut ual induc. 1->2 (uH) 3924. 4226
Sel f flux (uWb) 758152. 9880 758152. 9880
Mutual flux 1->2 (uWb) 588663. 3960

air core with ferro core
Coupl i ng coefficient 0. 232855 0. 607515
Ef ficiency coefficient 0. 054221 0. 369074
Leakage coefficient 0.945779 0. 630926
Transformati on coeff. 1. 0000 1. 0000

m 12-7 Ferro Mutual Inductance of Pair of L ong Solenoids

m 12-7-1 Entering and Drawing the Data

A pair of radially superposed solenoids of long rectangular cross section, and an axial soft ferromagnetic cylindrical bar.
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sol pai rferro2 = AXSMagneti cSystem[{
AXSSol enoi d[Copper OFHC, 215, 265, 348, 0, 120, 150, FillingFactor » 0. 6],
AXSSol enoi d[Copper OFHC, 162, 212, 348, 0, 120, 150, FillingFactor -» 0. 61,
AXSSof t Magnet i cConponent [Si St eel 2, 0, 160, 350, 01},
SystenlLabel - "pair of |ong superposed sol enoids with ferromagnetic core"]

- AXSMagneti cSystem: {-sol enoid-, -solenoid-, -soft-} -
Dr awSyst em[sol pai rferro2]

Syst em name: sol pairferro2

pair of |ong superposed sol enoi ds
wi th ferromagnetic core

3D view ZYX

-100 0
Z (mm 100

- Graphi cs3D-

Dr awSyst en2D[sol pai rf erro2]

System nane: sol pairferro2
pair of |ong superposed sol enoi ds
wi th ferromagnetic core

2D view ZR

150
100

— 50
E o
x 90
-100
-150

-15010650 0 50100150
Z (nmm)
- Graphics -
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m 12-7-2 Ferro Mutual Inductance of L ong Solenoids

Induction field Bz (i.e. total magnetic field or flux density) at the center of the bar

Fi el dPoi nt Ori gi n[sol pai rferro2]

System name: sol pairferro2
The magnetic field (in Gauss) at the origin
Cal cul ati on node: Automatic Mde

Br 0. 000000 G
Bz 5351. 936535 G
Bm 5351. 936535 G

Mut ual | nduct ance[sol pairferro2, {1, 2}, Contri buti onType - Proper ]
Mut ual | nduct ance[sol pairferro2, {1, 2}, Contri buti onType -» Ferro]
Mut ual | nduct ance[sol pairferro2, {1, 2}, Contributi onType - Tot al ]

1066. 02
5008. 05

6074. 07

Ver bosel nduct anceMat ri x[sol pai rferro2]

System name: sol pairferro2
I nductance natrix (in Mcro Henry)
Precision Level : 1
1 2
1 1645.8258 1066. 0167
2 1066.0167  1036. 3390

I nvol ved conponent s

conponent s type nb turns current
1 sol enoi d 120. 150. 000000 A
2 sol enoi d 120. 150. 000000 A

Ver bosel nduct anceMatri x[sol pairferro2, ContributionType - Ferro]

Syst em nanme: sol pairferro2
I nductance natrix (in Mcro Henry)
Precision Level : 1
1 2
1 4616.0397 5008. 0506
2 5007.4878 5434.8157

I nvol ved conponents

conponent s type nb turns current
1 sol enoi d 120. 150. 000000 A
2 sol enoi d 120. 150. 000000 A

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0 218

Ver bosel nduct anceMat ri x[sol pairferro2, ContributionType- Total ]

Syst em nanme: sol pairferro2
I nductance natrix (in Mcro Henry)
Precision Level : 1
1 2
1 6261.8655 6074.0673
2 6073. 5045 6471. 1547

I nvol ved conponents

conponent s type nb turns current
1 sol enoi d 120. 150. 000000 A
2 sol enoi d 120. 150. 000000 A

I nduct anceMatri x[sol pairferro2][[1]1] // MatrixForm

1645. 83 1066. 02
( 1066. 02 1036. 34

Ver boseFl uxl nduct anceMat ri x[sol pairferro2, FluxUnit - MIli Weber ]

Syst em nanme: sol pairferro2

Fl ux i nductance matrix (in MI1i \Wber)
Precision Level : 1
1 2

1 246. 8739 159. 9025
2 159. 9025 155. 4509

I nvol ved conponent s

conponent s type nb turns current
1 sol enoi d 120. 150. 000000 A
2 sol enoi d 120. 150. 000000 A

Ver boseFl uxl nduct anceMatri x[sol pai rferro2,
ContributionType-Ferro, FluxUnit - MI1i Weber]

Syst em nanme: sol pairferro2

Fl ux i nductance matrix (in MI1i Wber)
Precision Level : 1
1 2

1 692. 4060 751. 2076
2 751. 1232 815. 2224

I nvol ved conponents

conponent s type nb turns current
1 sol enoi d 120. 150. 000000 A
2 sol enoi d 120. 150. 000000 A
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Ver boseFl uxl nduct anceMat ri x[sol pai rferro2,
ContributionType- Total, FluxUnit - MI1i Wber ]

Syst em nanme: sol pairferro2

Fl ux i nductance matrix (in MI1i Wber)
Precision Level : 1
1 2

1 939. 2798 911. 1101
2 911. 0257 970. 6732

I nvol ved conponent s

conponent s type nb turns current
1 sol enoi d 120. 150. 000000 A
2 sol enoi d 120. 150. 000000 A

Ver boseMagnet i cEner gyMatri x[sol pai rferro2, Magneti cEnergyUnit - Joul e]

Syst em nanme: sol pairferro2
Magnetic energy matrix (in Joul e)

Precision Level : 1

1 2
1 18. 5155 11. 9927
2 11. 9927 11. 6588

I nvol ved conponents

conponent s type nb turns current
1 sol enoi d 120. 150. 000000 A
2 sol enoi d 120. 150. 000000 A

Ver boseMagnet i cEner gyMatri x[sol pai rferro2,
Contributi onType » Ferro, Magneti cEnergyUnit - Joul e]

System name: sol pairferro2
Magnetic energy matrix (in Joul e)

Precision Level : 1

1 2
1 51. 9304 56. 3406
2 56. 3342 61. 1417

I nvol ved conponents

conponent s type nb turns current
1 sol enoi d 120. 150. 000000 A
2 sol enoi d 120. 150. 000000 A

Ver boseMagnet i cEnergyMat ri x[sol pai rferro2,
Contributi onType -» Total , Magneti cEnergyUnit - Joul e]

System name: sol pairferro2
Magnetic energy matrix (in Joul e)

Precision Level : 1

1 2
1 70. 4460 68. 3333
2 68. 3269 72.8005

I nvol ved conponents

conponent s type nb turns current
1 sol enoi d 120. 150. 000000 A
2 sol enoi d 120. 150. 000000 A
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I nduct anceCoupl i ng[sol pairferro2, {1, 2}]

({0.816246, 0.961992}, {0.666258, 0.925429},
(0. 333742, 0.0745708), {0.77525, 1.01701}}

Ver bosel nduct anceCoupl i ng[sol pairferro2, {1, 2}]

System name: sol pairferro2
I nduct ance Coupl i ng

Preci sion Level 1
Number of conponents 3
Number of current carryi ng conponent 2
Number of ferro-nmagnetic (non rigid) conmponents 1
Number of conponents with reversible magnetization 1
primary coil secondary coil

Conmponent nunber : 1. 0000 2.0000
Conponent cat egory: sol enoi d sol enoi d
Crcuits current (A): 150. 0000 150. 0000
Number of turns: 120. 0000 120. 0000
Transfo turn ratio 1. 000
air core data
Sel f inductance (uH) 1645. 8258 1036. 3390
Mut ual induc. 1->2 (uH) 1066. 0167
Sel f flux (uW) 246873. 8640 155450. 8510
Mutual flux 1->2 (uWb) 159902. 5080
ferro core data
Sel f i nductance (uH) 4616. 0397 5434. 8157
Mutual induc. 1->2 (uH) 5008. 0506
Sel f flux (uW) 692405. 9610 815222. 3560
Mutual flux 1->2 (uW) 751207. 5940

air core with ferro core
Coupl i ng coefficient 0. 816246 0. 961992
Efficiency coefficient 0. 666258 0. 925429
Leakage coefficient 0. 333742 0. 074571
Transformati on coeff. 1/ 1.2899 1.0170
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m Chapter 13: Inductance Applications

m 13-1 Introduction

Thefollowing casesaregivenasexamplef Magnetica usesn electro-magnetiproblemsrelatedto inductance.

1. Calculationof aninductanceandLC resonancérequency.

2. Designinganair coreinductanceandeffectof aniron core.

3. Inductancamatrix andmagneticenergyof anunshieldedMRI superconductinghnagnet.
4. Inductancematrix andmagneticenergyof a shieldedMRI superconductinghnagnet.

5. Simulationof a singlephaseransformer.

m 13-2 Inductance and L C Resonance Frequency

m 13-2-1 Description

The problem:Whatis the inductanceof an antennamadeof 54 turnsof copperwire on a 2 meterdiametercircular
frame,whatis the resonanfrequencywhenthis antennds coupledwith a 1 Micro Faradcapacitorandwhat capacitor
will deliveral Kilo Hertzresonancéequency?

Results of the Analysis

1. inductanceof theantennal7570uHenry;
2. resonancérequencyusinga 1 yFaradcapacitor1200Hertz;

3. capacitorto obtaina 1000Hertzresonancérequency.

m 13-2-2 Antenna Coil: Data and Drawing

ant enl = AXSMagnet i cSyst em|[ {
AXSCGi r cul ar Loop[Copper OFHC, 2000, 25, 0, 54, 2, ConductorD ameter - 1.67]},
Systeniabel ->"2 neters dianeter, 54 turns antenna"]

-~ AXSMagneti cSystem: {-l oop-} -
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Dr awSyst em[ant enl]

System name: antenl
2 meters diameter, 54 turns antenna
3D view ZYX

X (0822
0
-50
-100

1000
500
Y (mm g
-500
-1000

- 100054

0
Z  (mm 509,55

- Graphics3D -

m 13-2-3 Antenna Coil: Inductance, Frequency and Capacitor Calculations
Inductanceof the coil
sel fant = Sel f 1 nduct ance[antenl, 1]

17570.

Ver boseSel f I nduct ance[antenl, 1]

System name. antenl
Self inductance
Precision Level : 1

Component n° 1

Component type : circular loop winding

Number of turns : 54.

Current : 2.000000 A

Proper self inductance : 17570.047895 uH
Ferromagnetic contribution : 0.000000 uH
Total self inductance : 17570.047895 puH

Resonanfrequencyantennaoupledwith a1 pFaradcapacitor
Resonant Frequency[sel fant, 1]
1200.7

Capacitorto obtaina 1 Kilo Hertzresonanfrequency

Resonant Capaci t or [sel fant, 1000]

1.44167
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m 13-3 Designing an Air Core and Iron Core Inductance

m 13-3-1 Description

Designobjective:inductancespecificationl Milli Henryassmallaspossibleusing0.2 mm copperwire bothas
Casel: anair coresolenoid.
Case2: aniron coresystem.

Results of the Design
1. Squaresolenoidof 280turnsusing13.7metersof 0.2 mm diametercopperwire.

2. Air coreinductance999.3uHenry.
3. Softiron coreinductancel436.1uHenry.

m 13-3-2 Preiminary Guess Calculation

Initial guessusingBrook coil approximategormula: the Brook type coil shapeprovidesan efficient way to designthe
coil in termsof the quantityof wire. Let'sassumenaverageliameterof 15 mm.

? Tur nsBr ookCoi |
TurnsBrookCoil Number of turns of a Brook's type coil of a given inductance Details...

Tur nsBr ookCoi | [15, 1000]

280.883

m 13-3-3 Design of the Air Core Solenoid

Air coresystemdatausinga 280turn coil

m | 1i HAi r Cor e = AXSMagnet i cSyst em[ {
AXSSol enoi d[Copper OFHC, 10, 20, 5, 0, 280, 0.1, ConductorDi aneter - 0. 21},
SystenlLabel ->"mlli Henry coil, air core"]

- AXSMagneticSystem : {-solenoid -} -
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DrawSyst em[ni | | i HAi r Cor e]

System nane: mlliHAirCore
mlli Henry coil, air core
3D view ZYX

- Graphics3D-

Dr awSyst en2D[mi | | i HAi r Cor e]

System nane: mlliHAirCore
mlli Henry coil, air core
2D view ZR
10
5
E o
vd
-5
-10
-10 -5 0 5 10
Z (mm)
- Graphics -

Self-inductance of the air core coil
sel fair = Sel flnductance[m | liHAirCore, 1]

999. 359
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Ver boseSel f I nductance[mil|i HAirCore, 1]

System name m | li HAirCore
Self inductance
Precision Level : 1

Component n° 1

Component type : cylindrical solenoid

Number of turns : 280.

Current : 0.100000 A

Proper self inductance : 999.358670 uH
Ferromagnetic contribution : 0.000000 uH
Total self inductance : 999.358670 uH

m 13-3-4 Design of the Ferromagnetic Core Solenoid

Adding aferromagnetic pellet asiron core

m | 1iH ronCore = AXSMagneti cSyst em[ {
AXSSol enoi d[Copper OFHC, 10, 20, 5, 0, 280, 0.1, ConductorDi aneter » 0. 2],
AXSSof t Magnet i cConponent [I ronl nd3, 0, 9.5, 5, 0]},
Systeniabel ->"nilli Henry coil, iron core"]

- AXSMagneticSystem : {-solenoid -, -soft -} -

DrawSyst em[ni | | i HI ronCor e]

System name: milliH ronCore
mlli Henry coil, iron core
3D view ZYX

- Graphics3D -
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Dr awSyst en2D[ni | | i HI ronCor e]

System name: mlliH ronCore
mlli Henry coil, iron core
2D view ZR

10

-10

-10 -5 0 5 10

- Graphics -
Self-inductance of theiron core coil

sel firon=Sel fl nductance[nilliHronCore, 1]

999.359

Ver boseSel f I nduct ance[nmi | |i H ronCore, 1]

System name: milli H ronCore
Self inductance
Precision Level : 1

Component n° 1

Component type : cylindrical solenoid

Number of turns : 280.

Current : 0.100000 A

Proper self inductance : 999.358670
Ferromagnetic contribution : 488.743590
Total self inductance : 1488.102259

uH
uH

m 13-4 Magnetic Energy of an Unshielded MRI Superconducting M agnet

m 13-4-1 Description

The MRI magnet is made of 3 pairs of superconducting coils and set to generate a 1.5 Tesla magnetic field. All the coils

arein series.
Results of the Analysis

1. total inductance, assuming all coilsin series: 11.93 Henry

2. stored magnetic energy: 3.22 Mega Joules.
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m 13-4-2 Entering and Drawing Data

System data:

sol super 1 = AXSMagnet i cSyst en

{AXSSol enoi d[Super NbTi 4, 1240, 1320, 250, -874.8480174899299, 1015, 735.221],
AXSSol enoi d[Super NoTi 4, 1240, 1280, 250, -550.1194910091477, 598, 735.221],
AXSSol enoi d[Super NbTi 4, 1240, 1280, 300, -180.05374474797077, 635, 735.221],
AXSSol enoi d[Super NbTi 4, 1240, 1280, 300, 180.05374474797077, 635, 735.221],
AXSSol enoi d[Super NoTi 4, 1240, 1280, 250, 550.1194910091477, 598, 735.221],
AXSSol enoi d[Super NoTi 4, 1240, 1320, 250, 874.8480174899299, 1015, 735.221]},

Syst enlLabel -> "unshielded MRl 1.5 T superconducting magnet" ]

- AXSMagneti cSystem:
{-sol enoi d-, -sol enocid-, -solenoid-, -solenoid-, -solenoid-, -solenoid-} -

Drawing

Dr awSyst em[sol super 1]

System nane: sol superl

unshielded MRI 1.5 T superconducting
magnet

3D vi ew ZYX

- Graphi cs3D-
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Dr awSyst en2D[sol super 1]

Syst em nane: sol superl
unshi el ded MR 1.5 T superconducting

magnet
2D view ZR
1000
E
o
-500
-1000
-1000-500 O 500 1000
Z (nm)
- Graphics -

m 13-4-3 Inductance and Magnetic Energy Calculations

Field at the origin:
Fi el dPoi nt Ori gi n[sol super 1]

System nane: sol superl
The magnetic field (in Gauss) at the origin
Cal cul ation node: Automatic Mde

Br 0. 000000 G
Bz 15000. 016390 G
Bm 15000. 016390 G

Inductance system calculation

I nduct anceMat ri x[sol super1, I nductanceUnit - M Ili Henry][[1]] // MatrixForm

1975.66 448.55 183.729 87.4547 43.1059 46.1938
448.55 691.051 244.349 98.0499 43.343 43.1059
183.729 244.349 726.855 271.679 98.0499 87.4547
87.4547 98.0499 271.679 726.855 244.349 183.729
43.1059 43.343 98.0499 244.349 691.051 448.551
46.1938 43.1059 87.4547 183.729 448.551 1975. 66
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Ver bosel nduct anceMat ri x[sol super 1, | nductanceUnit - M11li Henry]

System name: sol superl

Inductance  matrix  (in Milli Henry )
Precision Level : 1
1 2 3 4
1 1975.6628 448.5503 183.7292 87.4547 43.1059
2 448.5503 691.0506 244.3493 98.0499 43.3430
3 183.7292 244.3493 726.8548 271.6790 98.0499
4 87.4547 98.0499 271.6790 726.8548 244.3493
5 43.1059 43.3430 98.0499 244.3493 691.0506
6 46.1938 43.1059 87.4547 183.7292 448.5510
Involved  components
components type nb turns current
1 solenoid 1015. 735.221000 A
2 solenoid 598. 735.221000 A
3 solenoid 635. 735.221000 A
4 solenoid 635. 735.221000 A
5 solenoid 598. 735.221000 A
6 solenoid 1015. 735.221000 A
? Syst em nduct ance
Systeminductance [system ] returns a list with the total
Inductance , Fluxinductane and Magnetic Energy (see MagneticEnergyMatrix
The options are ContributionType , PrecisionLevel , Componentlist

Syst em nduct ance[sol super 1]

{1.19305 %107, 8.77157 x10°, 3.22452 x10%}

Ver boseSyst eml nduct ance[sol super1, | nductanceUnit -» Henry,

Fl uxUni t - Weber, Magneti cEnergyUnit » Mega Joul e]

System name: sol superl
System Inductance

Precision Level : 1

Number of components 6

Number of current carrying component 6
Proper

Inductance (H) 11.9305

Flux (Wb 8771.57

Energy (MJ) 3.22452

Syst em nduct ance[sol super 1, Magneti cEnergyUnit - Mega Joul e] [[3]]

3.22452

m 13-5 Magnetic Energy of a Shielded MRI Superconducting M agnet

m 13-5-1 Description

46.1938
43.1059
87.4547
183.7292
448.5510
1975.6628

).

Details...

Magnetic energy stored in the system coils (it is the third element of thelist returned by Syst em nduct ance).

The MRI magnet is made of 3 pairs of superconducting coils identical to the previous case but with a thick steel shield
surrounding the coils (mass 27 tons).
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The coils are series connected and the current intensity is adjusted to generate a 1.5 Tesla magnetic field.

Results of the Analysis

1. total inductance, assuming all coilsin series: 13.167 Henry

2. stored magnetic energy: 3.02 Mega Joules

m 13-5-2 Entering and Drawing Data

System data:

i ampf = 677. 412;

sol super 2 = AXSMagnet i cSyst en
{AXSSol enoi d[Super NbTi 4, 1240,
AXSSol enoi d[Super NoTi 4, 1240,
AXSSol enoi d[Super NoTi 4, 1240,
AXSSol enoi d[Super NoTi 4, 1240,
AXSSol enoi d[Super NoTi 4, 1240,
AXSSol enoi d[Super NoTi 4, 1240,

250,
250,
300,
300,
250,
250,

-874.8480174899299, 1015, ianpf],
-550. 1194910091477, 598, ianpf],
-180. 05374474797077, 635, ianpf],
180. 05374474797077, 635, ianpf],
550. 1194910091477, 598, ianpf],
874.8480174899299, 1015, ianpf],

AXSSof t Magnet i cConponent [St eel Cormbn2, 1600, 2000, 2400, 0],
AXSSof t Magnet i cConponent [St eel Cormpn2, 1300, 2000, 200, -1300],
AXSSof t Magnet i cConponent [St eel Cormpn2, 1300, 2000, 200, 13007},
SystenlLabel -> "shielded MRl 1.5 T superconducting magnet",

Meshi ngLevel - 2]

- AXSMagnet i cSystem: {-sol enoi d-,

-sol enoi d-, -sol enoi d-, -sol enoi d-,

Drawing

Dr awSyst en2D[sol super 2]

System nane: sol super?2

-sol enoi d-, -sol enoi d-,

-soft -, -soft-, -soft-} -

shielded MRl 1.5 T superconducti ng

nagnet
2D view ZR

1500

1000 P——

- 500
E o
@ -500 —— -

1000 . In——

-1500

-15001000500 0 500100500
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- Graphics -
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m 13-5-3 Inductance and Magnetic Energy Calculations

Field at the origin (this could take time)

Fi el dPoi nt Ori gi n[sol super 2]

Syst em nane:
The magnetic field (in Gauss) at the origin
Cal cul ati on npode: Automatic Mde

Br
Bz
Bm

sol super 2

0. 000000 G

15000. 349488 G
15000. 349488 G

Inductance system calculation (this could take time)

I nduct anceMat ri x[sol super 2,
I nductanceUnit -« M11i Henry, ContributionType- Total ]J[[1]]

({2293. 42, 534.188, 183.882, 62.8324, 19. 625, 13. 402},
(533.221, 772.423, 281.399, 93.748, 29.1166, 19. 6238},
(183. 637, 281.401, 813.079, 312.08, 93.7486, 62. 7596},
(62. 7596, 93.7486, 312.08, 813.079, 281.401, 183. 637},
(19. 6238, 29.1166, 93.748, 281.399, 772.423, 533.221},
(13. 402, 19. 625, 62.8324, 183.882, 534.189, 2293.42})

Ver bosel nduct anceMat ri x[sol super 2, | nductanceUnit -» Henry, Contributi onType - Tot al ]

System nane: sol super 2
I nductance matrix (in Henry)

Precision Level : 1
1 2 3 5

1 2.2934 0.5342 0. 1839 0. 0628 0. 0196
2 0. 5332 0.7724 0.2814 0. 0937 0. 0291
3 0. 1836 0.2814 0.8131 0.3121 0. 0937
4 0. 0628 0. 0937 0.3121 0.8131 0.2814
5 0. 0196 0. 0291 0. 0937 0.2814 0.7724
6 0.0134 0. 0196 0. 0628 0. 1839 0.5342
I nvol ved conponent s
conponent s type nb turns current

1 sol enoi d 1015. 677.412000 A

2 sol enoi d 598. 677.412000 A

3 sol enoi d 635. 677.412000 A

4 sol enoi d 635. 677.412000 A

5 sol enoi d 598. 677.412000 A

6 sol enoi d 1015. 677.412000 A

Syst em nduct ance[sol super 2, Contri butionType - Tot al
I nduct anceUni t - Henry, FluxUnit -» Wber, Magneti cEnergyUni t - Mega Joul e]

{13. 1672, 8919.6, 3.02112}

NOOOOoOo

. 0134
. 0196

0628
1836

. 5332
. 2934
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Ver boseSys

I nduct anceUnit -» Henry, FluxUnit - Wber, Magneti cEnergyUnit -» Mega Joul e]

tem nduct ance[sol super2, Contri butionType - Total,

Syst em nane: sol super?2

System | nd
Preci si on
Nurmber of
Nurmber of
Nurmber of
Nurmber of

| nduct ance
Flux (W)
Energy (M

uct ance

Level 1

conponent s 9

current carrying conponent 6

ferro-magnetic (non rigid) conponents 3

conmponents with reversi bl e nagneti zati on 3
Pr oper Ferro Tot al

(H) 11. 9305 1. 23665 13. 1672

8081. 88 837.721 8919. 6

) 2.73738 0. 283741 3. 02112

Magnetic energy stored in the system coils.

Magnet i cEn
Magneti c

({526. 211,
(122. 344,
(42.1343,
(14. 3998,
(4. 50255,

ergyMat ri x[sol super 2,
EnergyUnit -» Kil oJoul e, Contri butionType- Total ][[1]]

122.566, 42.1906, 14. 4165, 4.50282, 3.075},
177.227, 64.5652, 21.5099, 6. 68061, 4.50255},
64. 5656, 186. 556, 71.6047, 21.51, 14.3998},
21.51, 71.6047, 186. 556, 64.5656, 42. 1343},
6. 68061, 21.5099, 64.5652, 177.227, 122. 344},

{3.075, 4.50282, 14.4165, 42.1906, 122.566, 526.211}}

Syst em ndu
Contri bu

3.02112

ct ance[sol super 2,
tionType » Total, Magneti cEnergyUnit » MegaJoul e] [[3]]

m 13-6 Simulation of a Single Phase Transformer

m 13-6-1 Description

A single phase transformer can be viewed as apair of independent magnetically coupled electric circuits. The common

transformer has a soft i

The first questions are: why an iron core and how to is the effect of the ferromagnetic core to be appreciated.

ron core.

The use of the ferro inductance concept allows understanding this beneficia effect. We consider 3 cases of a monophase

transformer:

Case 1: without any iron core (i.e. air core).

Case 2: with alimited iron armature.

Case 3: with acompleteiron armature.

The magnetica functionalities:

= | nduct anceCoupl i ng,

= Tr ansf or mer Anal ysi s,

= Tr ansf or mer Magneti cLosses.
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provide a comprehensive analysis of transformer behavior. But there are significant differences between the various
results as seen in Section10-2-2. | nduct anceCoupl i ng works with usual formulas but the results are very
approximate whereas Tr ansf or nmer Anal ysi s gives more accurate results as well many useful data.
Transf or mer Magnet i cLosses is asubset of Tr ansf or ner Anal ysi s limited to the calculation of the
magnetic losses (hysteresis and eddy current) for specific materials.

The example concerns a 50KV A step-down transformer (15000/220 Volts) with an iron core made of Silicon Steel
(mild Si content) used as an insulated sheet 0.5 mm thick (this is a standard industrial material for transformer
construction).

m 13-6-2 Summary of the Analysis

The results are the following for anominal load of 200 Amperes (active current).

= Results from inductance coupling (crude approximation)

Cases air core partial armature full iron core
Coupling efficiency % 81.6 96.0 97.1
L eakage coefficient % 334 79 5.8
Power efficiency % 66.6 921 94.2
Transformation coefficient 87.32 66.83 68.31

= Results from transformer analysis (first calculation)
partial armature full ironcore

Voltage output effective F/ ol tL 224.4 219.6
Z impedance primary FDhmsat 50 HertzL 1480 10917
Z impedance secondary FDhmsat 50 HertzL 0.331 2.385
B inductance Hell mean valuel H>aussL 3912 13348
Primary phaseangle 71.6 24.7
Power factor % 315 90.8
Magnetic L osses WattL 13 339
Joule heat | osses WVattL 5677 543
Transformer power input HKilo WattL 50.5 48.3
Power efficiency % 88.8 98.0

= Results from transformer analysis (after 2 iterations)
partial armature full ironcore

Voltage output effective W oltL 223.5 219.3
Z impedance primary FDhmsat 50 HertzL 1480 10167
Z impedance secondary HDhmsat 50 HertzL 0.331 2.209
B inductance Hell mean val uel HGaussL 14814 13596
Primary phaseangle 71.6 26.3
Power factor % 315 89.6
Magnetic L osses WVattL 113 353
Joule heat |osses WVattL 5645 557
Transformer power input HKilo WattL 50.4 49.9
Power efficiency % 88.6 98.0

This shows very clearly the very beneficia effect of afull iron core versus partia iron core or air core. The transformer
power efficiencies are respectively 88.6% and 98.0% (values from Tr ansf or mer Anal ysi s) and 66.6%, 92.1% and
94.2% (vaues from | nduct anceCoupl i ng). The values calculated after 2 iterations using Tr ansf or ner -
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Anal ysi s differ only dightly from those of the initial calculation. The very large differences seen on the joule effect
power losses between the partial core and the full core transformer are due to the reactive current intensities. These

intensities are particularly important for the partial iron core as a consequence of a reduced ferro self-inductance in
comparison with the full iron core transformer.

The following figures show the variation of transformer performance versus the load (active current)
Figure 1: lossesin Watt

Transformer performance versus the load
type : Step—down (15000/220), 50 KVA
Power losses

Watt Blue(magnetic), Red(Joule heat), Brown(total)

800 / /

600 //

400 / /

2007/ —~

load (amp)
50 100 150 200
Figure 2: transformer power efficiency %
Transformer performance versus the load
type : Step—down (15000/220), 50 KVA
per cent power Efficiency
///
90 /
/
/
80 //
70
60 /
50 load (amp)
1 2 5 10 20 50 100 200

Figure 3: power factor (cos ¢)
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per cent

80

Transformer performance versus the load
type : Step—down (15000/220), 50 KVA

Power factor

Blue(primary), Red(secondary)

60

40

20

50

Figure 4: phase angle (¢)

Transformer performance versus the load
type : Step—down (15000/220), 50 KVA

Phase angle

100

degree Blue(primary), Red(secondary)

90

\

80

70

N\

60

N\

50

40

AN

N

——

m 13-6-3 Entering and Drawing Data

100 150 200

load (amp)
200

load (amp)

Case 2: system data of the transformer with limited ferromagnetic core. The information for Case 1 (without any iron

core) is obtained by using the option ContributionType->Proper.

transfolParti al =AXSMagneti cSyst enf
{ AXSSol enoi d[ Copper OFHC, 215, 265, 348, 0, 3380, 3, Fi |l | i ngFact or->0. 6],
AXSSol enoi d[ Copper OFHC, 162, 212, 348, 0, 50, 200, Fi | I i ngFact or - >0. 6],

AXSSof t Magnet i cConponent [ Si St eel 2, 0, 150, 350, 0] },
Syst enlLabel - >" nonophase transfornmer (partial

Meshi nglLevel - >2]

- AXSMagneti cSystem: {-sol enoi d-,

-sol enoi d-,

iron core)",

-soft-} -
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Dr awSyst enDXZ[ t ransf olParti al ];

System nane: transfolParti al
nmonophase transformer (parti al
iron core)

2D view XZ

150
100

= 0

-50
-100
-150

-15010650 0 50100150
X (mm)

Case 3: system data of the transformer with full ferromagnetic core

transf olFul | =AXSMagnet i cSyst enf

{ AXSSol enoi d[ Copper OFHC, 215, 265, 348, 0, 3380, 3, Fi | | i ngFact or - >0. 6],
AXSSol enoi d[ Copper OFHC, 162, 212, 348, 0, 50, 200, Fi | I i ngFact or - >0. 6],
AXSSof t Magnet i cConponent [ Si St eel 2, 0, 150, 350, 0],

AXSSof t Magnet i cConponent [ Si St eel 2, 0, 267, 50, - 201],

AXSSof t Magnet i cConponent [ Si St eel 2, 0, 267, 50, 201] ,

AXSSof t Magnet i cConponent [ Si St eel 2, 267, 327, 452, 0]},

Syst enlabel - >" nonophase transformer (full iron core)",

Meshi nglLevel - >2]

- AXSMagneti cSystem: {-sol enoid-, -solenoid-, -soft-, -soft-, -soft-, -soft-} -

Dr awSyst enDXZ[ t ransf olFul I ];

System nane: transfolFull
monophase transformer (full iron
core)

2D view XZ

200
100

E
N 100
200

-200-100 O 100 200
X (mm)
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m 13-6-4 Inductance Matrix

Inductance matrix system data of the transformer with air core

I nduct anceMatri x[transfolParti al,
I nduct anceUnit - M I Ili Henry, ContributionType- Proper][[1]] // Matri xForm

1305.73 12.5109
12,5109 0.17992

Ferro inductance matrix system data of the transformer with partial iron core

| nduct anceMat ri x[transfolParti al,
I nduct anceUnit - M I Ili Henry, ContributionType- Ferro][[1]] // MatrixForm

3405.3 54.612
( 54.6426 0.874463

Total inductance matrix system data of the transformer with partia iron core. We can observe that, even for a partia
iron core, the contribution of the ferro inductance is dominant in relation to the proper coil inductance.

I nduct anceMatri x[transfolParti al,
I nduct anceUnit - M I Ii Henry, ContributionType- Total J[[1]1] // Matri xForm

4711.03 67.1229
67.1535 1.05438

Ferro inductance matrix system data of the transformer with full iron core

| nduct anceMat ri x[transfolFul |,
I nduct anceUnit - M I Ili Henry, ContributionType- Ferro][[1]] // Matri xForm

334445 80.3325
79.8852 7.41124

Total inductance matrix system data of the transformer with full iron core. The contribution of ferro inductance becomes
overwhelming.

| nduct anceMatri x[transfolFul |,
I nduct anceUnit - M I Ii Henry, ContributionType- Total J[[1]1] // Matri xForm

34750.2 92.8434
92.3961 7.59116

m 13-6-5 Inductance Coupling and Transformer Analysis

Inductance coupling of the transformer with partial iron core

? 1 nduct anceCoupl i ng

InductanceCoupling [system , {nl, n2}, options ] returns the
inductance  coupling for the components nl and n2 in the system . The results
are {airCoupling , ferroCoupling }. If the system does not contains any
ferromagnetic material , ferroCoupling is equal to Irrelevant . Details...

I nduct anceCoupl i ng[transfolPartial, {1, 2}]

({0.816246 , 0.95973 }, {0.666258 , 0.921082 },
{0.333742 , 0.0789184 }, {0.0114523 , 0.014956 }}
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? Ver bosel nduct anceCoupl i ng

VerboselnductanceCoupling [system , {nl, n2}, options ] display the
inductance  coupling for the components nl and n2 in the system . Details...

Ver bosel nduct anceCoupl i ng[transfolParti al,
{1, 2}, InductanceUnit > MI1li Henry, FluxUnit - MIIi Weber]

System name transfolParti al
Inductance  Coupling

Precision Level 1
Number of components 3
Number of current carrying component 2
Number of ferro -magnetic (non rigid ) components 1
Number of components with reversible magnetization 1

primary  coil secondary coil
Component number : 1.0000 2.0000
Component category : solenoid solenoid
Circuits current (A): 3.0000 200.0000
Number of turns : 3380.0000 50.0000
Transfo turn ratio 1 / 67.600
air core data
Self inductance (mH 1305.7342 0.1799
Mutual induc . 1->2 (mH 12.5109
Self flux (mWb 3917.2025 35.9840
Mutual flux 1->2 (mWb 37.5327
ferro core data
Self inductance (mH 3405.2952 0.8745
Mutual induc . 1->2 (mH 54.6120
Self flux (mWb 10215.8857 174.8925
Mutual flux 1->2 (mWhb 163.8360

air core with ferro core
Coupling  coefficient 0.816246 0.959730
Efficiency coefficient 0.666258 0.921082
Leakage coefficient 0.333742 0.078918
Transformation coeff . 1 / 87.3187 1 / 66.8626
Transformer analysisin the case of apartial iron core
? Tr ansf or mer Anal ysi s
TransformerAnalysis [system , {nl, voltagel 1}, {n2, voltage2 }, activeLoad , options ] returns as
a list the results of VerboseTransformerAnalysis (see VerboseTransformerAnalysis ).

Use the option InputFrequency to override the default frequency . Details...

Opti ons[Tr ansf or ner Anal ysi s]

{PrecisionLevel -1, InputFrequency - 50, FullDetails - False }
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Ver boseTr ansf or mer Anal ysi s[transfolPartial, {1, 15000}, {2, 220}, 200]

System nane: transfolPartia
Anal ysi s of a nonophase Transforner
Transforner performance

Net wor k frequency (Hz) 50
Primary voltage (input) (V) 15000
Ef fective secondary voltage (V) 224.341
(Active) secondary |oad (A) 200
Total primary power (input) (W 50545. 3
Phase angle, ¢ (degree) 71. 6091
Power factor cos ¢ 0. 315498
B i nduction (effective average) (G) 2938. 31
Magnetic | osses power (W 12. 9717
Joul es | osses total (W 5664. 21
Total transformer |osses (W 5677. 18
Secondary | oad power (output) (W 44868. 1
Rel ative transforner | osses % 11. 2319
Transformer power efficiency % 88. 7681

Inductance coupling of the transformer with full iron core

I nduct anceCoupl i ng[transfolFul |, {1, 2}]

({0. 816246, 0.970558}, {0. 666258, 0.941982},
(0.333742, 0.058018}, {0.0114523, 0.01464})

Ver bosel nduct anceCoupl i ng[transfolFul |, {1, 2}]

System nane: transfolFul
I nduct ance Coupl i ng

Preci sion Level 1
Number of conponents 6
Number of current carryi ng conponent 2
Number of ferro-nagnetic (non rigid) conmponents 4
Number of conponents with reversible magnetization 4
primary coil secondary coi

Conmponent nunber : 1. 0000 2.0000
Conponent cat egory: sol enoi d sol enoi d
Crcuits current (A): 3. 0000 200. 0000
Number of turns: 3380. 0000 50. 0000
Transfo turn ratio 1 / 67.600
air core data
Sel f i nductance (uH) 1. 3057e6 179. 9200
Miutual induc. 1->2 (uH) 12510. 8907
Sel f flux (uW) 3.9172e6 35983. 9932
Mutual flux 1->2 (uWb) 37532. 6721
ferro core data
Sel f inductance (uH) 3. 3444e7 7411. 2400
Mut ual induc. 1->2 (uH) 80332. 5500
Sel f flux (uW) 1. 0033e8 1.4822e6
Mutual flux 1->2 (W) 240997. 6500

air core with ferro core
Coupl i ng coefficient 0. 816246 0. 970558
Efficiency coefficient 0. 666258 0. 941982
Leakage coefficient 0. 333742 0. 058018
Transformation coeff. 1 / 87.3187 1 / 68.3061

Transformer analysisin the case of afull iron core

1. Under the 200 Ampere nomina load
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Ver boseTr ansf or ner Anal ysi s[transfolFul |, {1, 15000}, {2, 220}, 200]

Syst em nane

transfolFul |

Anal ysi s of a nonophase Transforner
Transforner performance

Net wor k frequency (Hz)

Primary voltage (input) (V)

Ef fective secondary voltage (V)

(Active) secondary |oad (A)

Total primary power (input) (W

Phase angl e,

¢ (degree)

Power factor cos ¢

B i nduction

Magnetic | osses power (W

Joul es | osses tota

(effective average) (G
(W
Total transformer |osses (W
(out put) (W

Secondary | oad power

Rel ative transforner | osses %

Transformer power efficiency %

Transf or mer Magnet i cLosses[transfolFul | ]

{338. 95, 13348.}

Ver boseTr ansf or ner Anal ysi s[transf olFul |

2. Analysisfor load reduced to 10 Amperes

System nane: transfolFul
Anal ysi s of a nopnophase Transforner
Transforner performance
Net wor k frequency (Hz)
Primary vol tage (input) (V)
Ef fecti ve secondary vol tage (V)
(Active) secondary | oad (A)
(input) (W
Phase angle, ¢ (degree)

Total primary power

Power factor cos ¢

B i nduction (effective average) (G)
Magnetic | osses power (W

Joul es | osses tota

(W

Total transforner |osses (W

Secondary | oad power

Rel ative transformer | osses %

(out put )

(W

Transformer power efficiency %

50
15000
219.6
200
44801. 5
24. 7037
0. 908481
12944. 1
338. 95
542. 645
881. 594
43919. 9
1.96778
98. 0322

(1, 15000}, {2, 220}, 10]

50
15000
219.6
10
2631. 14
82. 7247
0. 126636
12944.1
338. 95
96. 1959
435. 145
2196.
16. 5383
83. 4617

3. Analysisfor a200 Ampere nominal |oad but with a 60 Hz network frequency
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Ver boseTr ansf or ner Anal ysi s[transfolFul |
{1, 15000}, {2, 220}, 200, I nput Frequency - 60]

System nane: transfolFull
Anal ysi s of a nonophase Transforner
Transforner performance

Net wor k frequency (Hz) 60
Primary voltage (input) (V) 15000
Ef fective secondary voltage (V) 219.6
(Active) secondary |oad (A) 200
Total primary power (input) (W 44842. 2
Phase angle, ¢ (degree) 20. 9572
Power factor cos ¢ 0. 933848
B i nduction (effective average) (G) 12944. 1
Magnetic | osses power (W 408. 163
Joul es | osses total (W 514. 128
Total transforner |osses (W 922. 291
Secondary | oad power (output) (W 43919.9
Rel ati ve transforner | osses % 2. 05675
Transformer power efficiency % 97. 9433

A more complete analysis can be obtained with the option FullDetails. For the full iron core transformer, 50 Hz at the
200 Ampere nominal load, we have:

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0

242

Ver boseTr ansf or mer Anal ysi s[transfolFul |,
{1, 15000}, {2, 220}, 200, Full Details - True]

System nane: transfolFull

Anal ysi s of a nonophase Transforner
System general data

Preci sion Level:

Nunmber of conponents

Nunmber of current carryi ng conponent

Nunmber of ferro-magnetic (non rigid) conponents
Number of conponents with reversible magnetization

Transforner performance

Net wor k frequency (Hz) 50
Primary voltage (input) (V) 15000
Ef fecti ve secondary vol tage (V) 219.6
(Active) secondary |oad (A) 200
Total primary power (input) (W 44801.5
Phase angle, ¢ (degree) 24. 7037
Power factor cos ¢ 0.908481
B i nduction (effective average) (G) 12944. 1
Magnetic | osses power (W 338.95
Joul es | osses total (W 542. 645
Total transforner |osses (W 881. 594
Secondary | oad power (output) (W 43919. 9
Rel ative transfornmer | osses % 1.96778
Transformer power efficiency % 98. 0322
Transforner Technical Data

Primary coil
Conponent Nunber 1. 000
Conponent cat egory sol enoi d
Nurmber of turns 3380. 000
Conponent nmass (Kg) 35. 107
Soft ferronmagnetic nmass (Kg) 186. 937
Resi stance (Q) 28. 449
| npedance (Q) 10917. 105
Nom nal transfo ratio 1 / 67.600
Ef fective transfo ratio 1 / 68.306
Nomi nal vol tage (V) 15000. 000
Nomi nal current (A) 3. 000
Ef fective vol tage (V) 15000. 000
B induction fromflux (G 12944. 057
B i nduction cell average(G) 13348. 002
Active current (A) 2.987
Reactive current (A) 1.374
Ef fective current (A) 3. 288
Phase angl e (degree) 24.704
Power factor 0. 908
Active power (W 44801. 512
Reacti ve power (W 20609. 860
KVA power (W 49314. 722
Joul e | oss power (W 307. 491
Total joule loss (W 542. 645
Magnetic | oss power (W 338. 950
Total loss (W 881. 594
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Many fundamental questions arise from these data. Indeed, what are the meanings and applications for the various

current intensities appearing in the calculations starting from the initial values given in the definition of the magnetic

system up to thefinal v

aues produced by TransformerAnalysis?

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0 243

The initial values must be thought of as approximate data necessary for calculating the Induction B in the magnetic
circuit of the transformer whereas the final values are specific to the transformer behavior under the proper active load.
Naturally, the initial values should ideally correspond to the final values. A better approximation can then be obtained
using these first values as input for a second calculation. It appears that this iterative process converges rapidaly: 2 or 3
iterations are sufficient to obtain highly precise results. Moreover, if we limit the outcome to the performance data, the
first approximation already provides satisfactory data, much better than the conventional method as given in most
professional books.

For instance, the results of the second and the third approximations for the above transformer are respectively:

transf o2Ful | =AXSMagnet i cSyst eni

{ AXSSol enoi d[ Copper OFHC, 215, 265, 348, 0, 3380, 3. 28, Fi | | i ngFact or - >0. 6],
AXSSol enoi d[ Copper OFHC, 162, 212, 348, 0, 50, 220, Fi | I i ngFact or - >0. 6],
AXSSof t Magnet i cConponent [ Si St eel 2, 0, 150, 350, 0],

AXSSof t Magnet i cConponent [ Si St eel 2, 0, 267, 50, - 201] ,

AXSSof t Magnet i cConponent [ Si St eel 2, 0, 267, 50, 201],

AXSSof t Magnet i cConponent [ Si St eel 2, 267, 327, 452, 0] },

Syst enlabel - >" nobnophase transformer (full iron core)”,

Meshi nglLevel - >2]

- AXSMagneticSystem: {-sol enoid-, -solenoid-, -soft-, -soft-, -soft-, -soft-} -
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Ver boseTr ansf or mer Anal ysi s[transfo2Ful |,
{1, 15000}, {2, 220}, 200, Full Details - True]

System nane: transfo2Full

Anal ysi s of a nonophase Transforner

System general data

Preci sion Level:
Nunmber of conponents

Nunmber of current carryi ng conponent
Nunmber of ferro-magnetic (non rigid) conponents
Number of conponents with reversible magnetization

Transforner performance

Net wor k frequency (Hz) 50
Primary voltage (i nput) 15000
Ef fecti ve secondary vol tage (V) 219. 315
(Active) secondary | oad 200
Total primary power (input) (W 44769. 6
Phase angle, ¢ (degree) 26. 09
Power factor cos ¢ 0. 898105
B i nduction (effective average) (G) 13151.
Magnetic | osses power (W 351. 39
Joul es | osses total (W 555. 141
Total transformer |osses 906. 531
Secondary | oad power (output) (W 43863. 1
Rel ative transfornmer | osses % 2.02488
Transformer power efficiency % 97.9751
Transforner Technical Data

Primary coil
Conponent Nunber 1. 000
Conponent cat egory sol enoi d
Nurmber of turns 3380. 000
Conponent nmass (Kg) 35. 107
Soft ferronmagnetic nass 186. 937
Resi stance (Q) 28. 449
| npedance (Q) 10263. 344
Nom nal transfo ratio 1 / 67.600
Ef fective transfo ratio 1 / 68.395
Nomi nal vol tage (V) 15000. 000
Nomi nal current (A) 3. 280
Ef fective vol tage (V) 15000. 000
B induction fromflux (G 13151. 048
B i nduction cell average (G 13566. 665
Active current (A) 2.985
Reactive current (A) 1.462
Ef fective current (A) 3.323
Phase angl e (degree) 26. 090
Power factor 0. 898
Active power (W 44769. 610
Reacti ve power (W 21922. 679
KVA power (W 49848. 991
Joul e | oss power (W 314.189
Total joule loss (W 555. 141
Magnetic | oss power (W 351. 390
Total loss (W 906. 531
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transf o3Ful | =AXSMagnet i cSyst enj

{ AXSSol enoi d[ Copper OFHC, 215, 265, 348, 0, 3380, 3. 323, Fi | | i ngFact or - >0. 6],
AXSSol enoi d[ Copper OFHC, 162, 212, 348, 0, 50, 222. 9, Fi | | i ngFact or - >0. 6] ,
AXSSof t Magnet i cConponent [ Si St eel 2, 0, 150, 350, 0],

AXSSof t Magnet i cConponent [ Si St eel 2, 0, 267, 50, - 201],

AXSSof t Magnet i cConponent [ Si St eel 2, 0, 267, 50, 201],

AXSSof t Magnet i cConponent [ Si St eel 2, 267, 327, 452, 0] },

Syst enlabel - >" nobnophase transformer (full iron core)”,

Meshi nglLevel - >2]

- AXSMagneti cSystem: {-sol enoi d-, -sol enoid-, -soft-, -soft-, -soft-, -soft-} -
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Ver boseTr ansf or mer Anal ysi s[transfo3Ful |,
{1, 15000}, {2, 220}, 200, Full Details - True]

System nane: transfo3Full

Anal ysi s of a nonophase Transforner
System general data
Preci si on Level
Nunmber of conponents
Nunmber of current carryi ng conponent
Nunmber of ferro-magnetic (non rigid) conponents
Number of conponents with reversible magnetization

Transforner performance

Net wor k frequency (Hz) 50
Primary voltage (input) (V) 15000
Ef fective secondary voltage (V) 219. 272
(Active) secondary |oad (A) 200
Total primary power (input) (W 44764.5
Phase angle, ¢ (degree) 26.3
Power factor cos ¢ 0. 896487
B i nduction (effective average) (G) 13179.1
Magnetic | osses power (W 353. 089
Joul es | osses total (W 557. 075
Total transformer |osses (W 910. 164
Secondary | oad power (output) (W 43854. 4
Rel ative transforner | osses % 2.03323

Tr ansf or me

r power efficiency % 97. 9668

Transfornmer Technical Data

Primary coil
Conponent Nunber 1. 000
Conponent cat egory sol enoi d
Nurmber of turns 3380. 000
Conponent nmass (Kg) 35. 107
Soft ferronmagnetic nmass (Kg) 186. 937
Resi stance (Q) 28. 449
| npedance (Q) 10169. 967
Nom nal transfo ratio 1 / 67.600
Ef fective transfo ratio 1 / 68.408
Nomi nal vol tage (V) 15000. 000
Nomi nal current (A) 3.323
Ef fective vol tage (V) 15000. 000
B induction fromflux (G 13179. 135
B i nduction cell average (G 13596. 327
Active current (A) 2.984
Reactive current (A) 1. 475
Ef fective current (A) 3.329
Phase angl e (degree) 26. 300
Power factor 0. 896
Active power (W 44764. 540
Reacti ve power (W 22123. 966
KVA power (W 49933. 294
Joul e | oss power (W 315. 253
Total joule loss (W 557. 075
Magnetic | oss power (W 353. 089
Total loss (W 910. 164

The convergence of the process is demonstrated by the successive values of
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m Appendix Al: Magnetica Built-in Cases

m Al-1 Introduction

Magnetica provides a large set of ready to use examples called predefined Magnetica Cases or simply Magnetica Cases.
We will describe next what exactly is meant by a Magnetica Case, how to use a Magnetica Case and how to search and
find, among the "Magnetica Cases' Data Base, the ones that correspond to certain criteria.

The two last sections will present more precise information about the themes associated with the Keywords.

m Al-2 How to Use a Magnetica Case ?

A Magnetica Case is a Magnetica expression corresponding to a predefined magnetic system stored in the "Magnetica-
Cases' Data Base.

It isreferred to by a number.
It is associated with thematic Keywords and textual descriptions that facilitate researching desired relevant Cases.
The materialsthat it involves can also be a basis for selecting Cases. (See next sections)
Y ou can get the evaluated expression corresponding to a Magnetica Casein the following way:
s = Magneti caCase[13]
- AXSMagneticSystem: {-l oop-, -loop-} -

Now, the expression has been stored in the variable named "s", and is ready to be used for calculations, drawings, and
maps as in the following inputs:

Fi el dPoi nt [s, {10, 100}]

{3. 47406, 9982. 32}
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But you can also get the input form of the expression of a MagneticaCase by using the DefinitionCase function:

DefinitionCase[13]

AXSMagnet i cSyst em[ {AXSCi r cul ar Loop[Super NoTi 5, 1000, 80, -250, 700, 794.6322],

AXSCi r cul ar Loop[Super NbTi 5, 1000, 80, 250, 700, 794.6322]},
SystemlLabel -> "superconducting 1 tesla tubular |oops Hel mholtz"]

and then modify some data, add or subtract some components, attribute a variable name and validate.

Y ou can obtain afull description of a MagneticaCase with the DescribeCase function:

Descri beCase[13]

case nunber: 13
t hemes: {El ectri cal Magnet}
superconducting 1 tesla, tubular |oops Hel mholtz

quasi second order simnulation of a MRl magnet | ook
for the Legendre coefficients (second order) and the
field Map

If a description of many Cases is desired, the DescribeCases (with an "s") function is provided. It takes as arguments a

list composed of humbers and intervals (list of two numbers) asin the following example:
Descri beCases[{1, 3, {5, 8}, 12}1;
givesthe description of Cases{1,3,5,6,7,8,12}. To see all the Cases, just type:

Descri beCases[Al | ];
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m Al1-3 The" Magnetica Cases' Data Base

Magnetica provides alarge set of predefined Magnetica Cases, also called the "Magnetica Cases' Data Base.
The main tool, namely the SearchCases function, for searching (and finding) the Cases corresponding to given criteriais
presented in the following section.

In the version of Magnetica you are using, the number of available Magnetica Casesis stored in the variable named:
$Nunber Magnet i caCases

131
These Magnetica Cases, can be used for different purposes such as:

= ademonstration tool to show, through concrete cases, the methodol ogy of specifying datafor any type
of magnetic system as well as how to use Magnetica.

= alearning and training tool for the science of Magnetostatics. Through a series of well-selected cases,
the various physics concepts are exposed, starting from the elementary circular loop up to the
amperian formulation of magnetic materials. A special entry deals with the fundamental's of
inductance calculations.

= an analysis and design tool for devices and apparatuses that are directly dependent on, or related to,
magnetic field calculations.

m Al-4 Searching Casesin the Data Base

m Al1-4-1 Introduction

In order to efficiently use the Magnetica Cases, Magnetica provides a searching tool, the SearchCases function, to
navigate throughout the "Magnetica Cases' Data Base. The use of specific Keywords or any other words allows
selecting and finding the Cases corresponding to a theme or aword.

m Al-4-2 Thematic and Material Keywords

To identify some themes of application and material categories, some short words have been reserved. They are called
Keywords, and the list of all of them, together with the corresponding meaning, is available by caling:
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CasesKeywor ds[]

Themat i ¢ keywor ds

Basi cHar dMagneti ¢ Learni ng and Trai ni ng supported throughhard rmagnetic

Basi cl nduct anceAi r Learning and Training related to inductance cal cul ati
Basi cl nduct ancel ron Learning and Training related to inductance cal cul ati
Basi cLoop Learni ng and Trai ning supported through circul ar | oof
Basi cSof t Magneti c Learni ng and Trai ning supported through soft magnetic
Basi cSol enoi d Learni ng and Trai ning supported through circul ar sole
Act i veShi el di ng Anal ysis and Design of active shielding

El ectri cal Magnet Anal ysi s and Design of electrical nagnet

EMCAut oShi el di ng Anal ysis and Design of EMC auto shiel ding

Fer r omagnet i cShi el di ng Anal ysis and Design of ferromagnetic shielding

I nduct anceCoi | Anal ysi s and Desi gn of inductance coil

Magnet i cEner gy Anal ysi s and Design of nagnetic energy in magnet

MRl Magnet Anal ysi s and Design of MRl nmgnet

Per manent Magnet Anal ysi s and Desi gn of pernmanent magnet

Sensor Coi | Anal ysi s and Desi gn of sensor coil

Tr ansf or ner Anal ysi s and Desi gn of transfornmer

Material rel ated keywords

Resi st or el ectrical resistive material

Super conduct or super conducting materi al

Di amagneti c di amagnetic materi al

Par amagneti c paramagnetic materi al

Har dFerro hard Ferromagnetics nateri al

Sof t Ferro soft Ferromagnetics materi al

Vacuum space vacuum propoperties (suppose the existence of L

As shown in the output, there are two kinds of Keywords, Thematic Keywords and Material Keywords.

Each Magnetica Case is internally associated to one or more Thematic Keywords, and the materials it involves also
connect it to the corresponding Material Keywords.

For Thematic Keywords, some are related to basic use, learning and training, and they begin with "Basic". The others
refer to applications, analysis and design. Each category of application will be more extensively developed in the two
last sections.

Material Keywords refer to the electrical and magnetic properties of the components involved in the magnetic system. A
special meaning is given to "Vacuum®. Thisis not a concrete material but the properties of space in the absence of any
materials. The magnetic field is transmitted perfectly well in the vacuum without any interference. The vacuum is
magnetically neutral, neither diamagnetic nor paramagnetic (susceptibility = 0, relative permeability = -1). It is
implicitly used in Magnetica calculations as the medium in between the concrete components of any magnetic system.
This can be more explicitly visualized for the Large Source component which generates, by definition, a constant
magnetic field at any target point in space.

It must be pointed out that, whatever the selection, all the Magnetica Cases can be used with all the functions of
Magnetica for field calculation, mapping and graphic display. The thematic approach is just atool that facilitates the
selection of relevant and significant examples.

m Al1l-4-3 Searching with Keywords

To obtain al the Magnetica Cases corresponding to a predefined Keyword (Theme or Material), just use this Keyword
between double quotes as argument for the function SearchCases, as in the following example:

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0

252

Sear chCases|[" Basi cLoop" ]

search magnetica cases for : basicl oop
10 exact matches 0 other matches

Page 1/1 exact match page:1/1

exact match cases :

case nunber: 1 Score (100.)

Basic current  carrying circular Loop
case nunber: 2 Score (100.)

Basic single Loop, Legendre radius : 100 mm
case nunber: 3 Score (100.)
Basic single Loop, Legendre point off center : 100 mm

case nunber: 4 Score (100.)

Basic single Loop, asymmetric position

case nunber: 5 Score (100.)

Basic single Loop, temperature 27 ° Celsius
case nunber: 9 Score (100.)

Helmholtz  Loop pair , Legendre radius : 150 mm
case nunber: 10 Score (100.)

Helmholtz  Loop pair , Temperature 27 ° Celsius
case nunber: 18 Score (100.)

single  filament loop in the Earth magnetic Field
case nunber: 8 Score (94.)

Helmholtz Loop pair (Basic data )

case nunber: 103 Score (94.)

Helmholtz  Loops pair in the Earth magnetic Field

All the relevant Cases are displayed with their associated number, and a short description. The associated number isthe

way to handle the Magnetica Case for al other functions MagneticaCase, DefinitionCase, DescribeCase.

When the number of matching Cases is too big, only the first page is displayed. Then to visualize the other pages, use

the PageNumber option
Sear chCases[" Basi cSol enoi d', PageNunber - 2]

search magnetica cases for : basicsol enoid
11 exact matches 0 other matches

Page 2/2 exact match page:2/2

exact match cases :

case nunber: 29 Score (93.)

MRI 1.0 T superconducting magnet unshielded

m Al-4-4 Free Searching

The SearchCases function also alows the use of any word (or part of a word) other than the predefined Keywords.

Indeed, each Magnetica Case is also associated to a textual description, displayed by the DescribeCase function. Using
words other than the Keywords launches the searching process on all the textual descriptions, to select the pertinent

Cases. Hereis an example:
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Sear chCases["spectro"]

search magnetica cases for: spectro

10 exact natches O ot her matches

Page 1/1 exact match page: 1/1

exact nmatch cases:

case nunber: 70 Score (90.)

NMR Spect roscopy sensor coil 6 turns Copper

case nunber: 71 Score (90.)

NMR Spect roscopy sensor coil 6 turns Gold

case nunber: 72 Score (90.)

NMR Spect roscopy sensor coil 6 turns Al um num

case nunber: 73 Score (90.)

NMR Spect roscopy sensor coil 6 turns Conposit Cu/Al
case nunber: 74 Score (90.)

NMR Spectroscopy sensor coil 6 turns Copper (inductance)
case nunber: 122 Score (90.)

NMR Spect roscopy sensor coil 4 turns Copper

case nunber: 123 Score (90.)

NMR Spect roscopy sensor coil 4 turns Al umi num

case nunber: 124 Score (90.)

NMR Spectroscopy sensor coil 4 turns Conposit Cu/A
case nunber: 125 Score (90.)

NMR Spect roscopy sensor coil 4 turns CGold

case nunber: 126 Score (90.)

NMR Spect roscopy sensor coil 4 turns Copper (i nductance)

m Al1-4-5 More Complex Searching

Finally, more complex searching can also be tried, by giving as an argument more than one word separated by blank
spaces, with the entire sentence being placed between double quotes, as in the following:

Sear chCases[" MRl nagnet super softferro"]

search magnetica cases for: nrimagnet softferro super
5 exact matches 68 ot her matches

Page 1/8 exact match page: 1/1

exact nmatch cases:

case nunber: 31 Score (92.3333)

MRl 1.5 T superconducting magnet, close shield

case nunber: 32 Score (92.3333)

MRl 1.5 T superconducti ng magnet, room shield

case nunber: 39 Score (92.3333)

MRl open superconducti ng nagnet, iron core, nmeshing 2
case nunber: 40 Score (92.3333)

MRl open superconducting nagnet, iron core, nmeshing 3
case nunber: 38 Score (92.)

MRl open superconducting nagnet, iron core, nmeshing 1

As shown in this example, it is possible to combine one or more Keywords with other free words. An internal algorithm
sorts the answers by pertinence. It is not aways perfect, but it is often helpful.
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m Al-5 Basic Magnetostatics

m A1-5-1 Introduction

This section covers the use of the predefined Cases as a learning and training tool for the fundamentals of
M agnetostatics.

m A1-5-2 Basic Magnetostatics: Magnetic Fields Generated by Electrical Current -
Keywords. BasicL oop and BasicSolenoid.

The aim of the chosen cases is to facilitate the understanding of the primary formulas and relations that govern field
calculation. The field generators are based on the electrical current that circulates in their winding and their geometric
shape is simple and easy to visualize. This starts with the theoretical circular loop which is afilament of current with an
infinitely small cross-section. The relevant field relations are thoroughly developed in Chapter 4 of the User Book on
the Vector Potential (VP) method and in Chapter 5 on the Spherical Harmonics (SH) method. Theses 2 methods are
applied in Magnetica. The VP method is the easiest to understand but the SH method, although more complex, presents
many very special properties, particularly swiftness, for computerized calculation. Using the Cases shows, through
punctual calculation or graphics maps, how the magnetic field and related functions (vector potential, flux and gradient)
are calculated, how they vary and how they are employed.

Then we proceed with the extension of theinitial formulation for the filament loop to more complex geometrical shapes
such as the circular tubular loop or a solenoid whose winding of sizable dimension is made of wires equally distributed
or even for Bitter type solenoids that have a current density that depends on the radius.

The required Keywords to get these Cases are BasicL oop and BasicSolenoid:
Sear chCases|["Basi cLoop" 1;

Sear chCases[" Basi cSol enoi d" ];

m A1-5-3 Basic Magnetostatics: Magnetic Field Generated by Magnetic M atter -
Keywords. BasicHardM agnetic and BasicSoftM agnetic.

This applies to magnetic field generators based on the physical properties of the matter. The origin is the electrons of
the atoms or even in case of ferromagnetics, the nucleus of the atoms. Though there is no visible macroscopic electrical
current, the matter can nevertheless become the source of a magnetic field.

How to relate the intrinsic magnetic properties of the matter to magnetic field calculation is a primordia concept of
magnetostatics. We use the Amperian approach that relates the magnetic properties directly to the microscopic surface
currents. This approach, asopposed to the coulombian approach, has the advantage of being physically correct without
restriction and also to allow using basic mathematical formulations similar to those of macroscopic current generators.

The prefixes Hard and Soft refer to the magnetic response of the matter to the excitation of an applied field: Hard is for
matter that retains a certain state of magnetization once the excitation has disappeared and, by opposition, Soft is used
for matter for which no magnetization remains.

Before doing any field calculations for permanent magnets or any structure made of magnetic materials, it is
recommended that the user become familiar with the material properties materialized with the relevant formulas and
their magnetization curves as shown in Chapter 6 and in Appendix B.1.

As for the previous section, the predefined Cases are chosen to facilitate understanding, starting from the simplest
situation of a bar of a permanent magnet assuming arigid law of magnetization (i.e. absolutely constant) as developed in
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Chapter 7 up to more elaborate situations that concern materials with linear and non linear laws of magnetization, (as
shown in Chapter 8 for soft materials) and finally, the complex situations used for some concrete applications.

Through the different predefined Cases, the various concepts and definitions can be progressively apprehended. They
concern either the intrinsic properties of materials (such as linear and the non linear law of magnetization, coercivity,
hysteresis curves) or the methodology of field calculation (such as structure discretization and cells, functional
magnetization, field formulas).

The required Keywords to get these Cases are BasicHardM agnetic and BasicSoftMagnetic:
Sear chCases|[" Basi cHar dMagneti c" ];

Sear chCases ["Basi cSof t Magneti c" ];

m Al1l-5-4 Inductance Calculation - Keywords: BasiclnductanceAir and Basicl nductancel ron.

Inductance defines the response of an electrical circuit to its magnetic environment. Inductance, as was shown in
Chapter 10, can be seen as a primordia application of the magnetostatics based on the magnetic coupling between
electrical circuits. Many practical devices such as inductance coils and electrical transformers are dependent on the
concept of inductance. Other devices such as the MRI superconducting magnets also have behavior also that depends on
inductance. The application of the concept of inductance to these devices will be treated in the next section. In the
present section, the basic methodology underlying the calculation of inductance in Magnetica, is progressively
explained.

There are 2 fundamental ideas to approach basic inductance calculations:

= either the magnetic system is made of only current-carrying components (in terms of inductor devices,
they are designated as "air core" and the corresponding Keyword is BasiclnductanceAir).

= or the magnetic system also has soft ferromagnetic components (devices are designated as "iron core"
and the corresponding Keyword is Basiclnductancelron).
The air core situation is the simplest and the starting circuit is the one turn loop for which the inductance has only one
eement: self-inductance. In the case of 2 (or more) circuits, a new element appears that characterizes the magnetic
interaction between the two circuits: mutual inductance. The inductance is then displayed as a matrix. From the concept
of inductance, other physical concepts are developed, such as magnetic flux (coupling) and magnetic energy.

Iron core devices are very important for certain applications, particularly for electrical transformers. The Magnetica
approach to field calculation has allowed developing a very innovative way of calculating the effect of theiron core. An
original concept, ferro-inductance, has purposely been introduced. Specific calculation methods (patent pending) have
been thoroughly developed.

The Keywords related to basic inductance cal culations are BasiclnductanceAir and Basiclnductancel ron.
Sear chCases[" Basi cl nduct anceAir"1;

Sear chCases[" Basi cl nduct ancel ron" ];

m A1-5-5 Magnetica Materials properties

Magnetica provides a large set of electrical and magnetic materials. They are all visible on the MagneticaMaterials
palette. However, the Magnetica Cases use only a reduced set of Magnetica materias. The list of these materialsis
given by
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CasesMaterial s[]

Material s Mat eri al categories Nurmber of cases invol ved
Al ni col {HardFerro} 1
Al untl ec {Resi stor, Paramagnetic} 3
Conpositl {Resi stor, Paramagnetic} 2
Copper FHar d {Resi stor, Di amagnetic} 1
Copper OFHC {Resi stor, Diamagnetic} 79
Ferritl {Har dFerr o} 6
Ferrit2 {HardFerro} 8
Gol d {Resi stor, Diamagnetic} 2
H ghPer nl {Har dFerro} 1

I ronl nd2 {Har dFerr o} 3
I ronl nd3 {Har dFerr o} 18
MuMet al 1 {HardFerro} 2
NI Bconmp2 {Har dFerro} 4
NI Bconmp3 {Har dFerro} 2
NI Bconmp4 {Har dFerro} 4
NI Bconp7 {Har dFerro} 1
Si Steel 2 {Har dFerro} 9
Si St eel 3 {Har dFerro} 7
St eel Commonl {Har dFerr o} 4
St eel Conmon2 {Har dFerr o} 1
Super NbTi 4 {Super conduct or, Di anagnetic} 24
Super NbTi 5 {Super conduct or, Di anagnetic} 5
Super NoTi 8 {Super conduct or, Di anagnetic} 1
Vacuum {Vacuumj 16

m A1-6 Applications

m Al-6-1 Introduction

Many apparatuses and devices used every day are dependent on or related to magnetic phenomenon. We have selected a
certain number of applications where Magnetica can be used as a tool for the analysis and/or design of relevant
apparatuses or devices.

These applications cover the following area:

- magnets: devices designed to generate magnetic fields.
- sensor coils: devices that receive amagnetic field signal.
- shieldings: apparatuses to reduce the del eterious effects of magnetic fields.
The inductance-related devices are treated independently as:
- inductance coils: devices designed to have a given inductance.
- magnetic energy devices. apparatuses where the magnetic energy is an important feature.

- electrical transformers: devices to step up or down the voltage in AC circuits.

m A1-6-2 How to Do Analysisand Design

Analysisis arelatively straight-forward process. It is simply necessary to set the data that represent the actual magnetic
system.
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- In case of doubt, it is advisable to use an example of the predefined Cases similar to the actual system
and modify, add or subtract old and new components as desired

- Then it is suggested to look for drawings using, for 2D graphics, the proper plane projection and to
finalize with 3D graphics.

- In case the actual system contains magnetic components, it is recommended to start validation with
the lowest meshing level. Indeed, the calculation time increases very quickly with the number of
cells (the dependence is a power between 2 and 3). In many situations, meshing level 2 is sufficient
to give the proper answer with an acceptable degree of accuracy. Naturally, meshing level 3
provides better results. Meshing level 4 must be used for exceptional situations, calculation time
may become prohibitive and memory requirements are considerable.

- Then analysis can proceed: it is recommended to select and use the proper magnetic field functions
and all the features of field mapping, verbose output and numerical results. It is should be
remembered that the default field cal culation mode is Automatic which means that whenever
possible, the Spherical Harmonics mode is used. However, it is always possible to switch to the
Vector Potential mode without restriction, either momentarily or for afull session.

- If working with inductance calculation is required, it should be remembered that the default precision
parameter is 1 providing aprecision of at least 3 decimal digits. Greater precision is possible, but
naturally at the expense of longer calculation time. In the case of a magnetic system with aniron

core, it is necessary to become familiar with the concept of ferro inductance which is a unusual new
concept brought by Magnetica.

Design proceeds much more heuristically.
- Before even starting, it is necessary to set clearly the objective and the irreducible constraints such as,
for instance, field strength and useful dimensions for magnets or electrical power for transformers.

- From this point, the best way will be to select among the predefined Cases those that are the closest to
the objective and then to start improving progressively the guessin order to reach the objective.

- Special situations arise for MRI high homogeneity magnets. The condition of high homogeneity
cannot be approached by asimpletrial and error process. Magneticasoft is able to propose
optimized magnetic systems that comply with given constraints. (If interested please inquire).

m Al1-6-3 Magnet Analysisand Design

This area of application is divided into 3 themes, corresponding to 3 keywords:

- Electrical magnets: the generation of magnetic field proceeds from an electrical current fed into a
winding.

- MRI magnets: this application is treated separately due to the actual importance and the special

features of such magnets, such as field homogeneity which is an absolute requirement for obtaining
asignificant image.

- Permanent magnets. devices made with hard ferromagnetic materials.
The Cases proposed by using the keywords Electrical, MRI and Per manent are given by:

SearchCases["El ectrical "]

Sear chCases["MRI " ]
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Sear chCases|[" Per manent " ]

m A1-6-4 Special Sensor Coil Analysisand Design

The Caseobtainedby usingthekeywordSensor Coil treatsomevery specialexamplesspecialbecaus®f theverytiny
dimensions(lessthan 1mm) and also specialbecauseof the magneticmaterialssince commondiamagneticand
paramagnetimaterials(copper aluminum,gold) areinvolved.

Sear chCases[" Sensor Coi | " ]

m A1-6-5 Magnetic Shielding Analysis and Design
This areaof applicationds dividedinto 3 themesgcorrespondingo 3 keywords:

- Ferromagnetic shielding:thereductionof the disturbingmagnetidield is obtainedoy addingsoft
iron type materialsthatareappropriatelydistributedaroundthe magneto achievethe desired
results.

- Active shielding:thereductionof thedistributingmagnetidield is obtainedby generatinga side
magneticfield (counterfield) thatopposeshe mainmagnetidield, the effectof the sidefield being
the greatestn theexternalregion.

- EM CAuto shielding:thisis avery specialthemerelatedto MRI superconductinghagnetgthe most
commonMRI magnets)In working conditions thesedevicesareelectricalcircuits of absolutelyO
resistanceThisimpliesthatthetotal magnetidlux staysconstannotwithstandinganydisturbance
from the outsideworld (Lenz'slaw). Dependingon the strengthandshapeof the disturbingsignal,
asmallvariationof current,andthereforeof themagnetidield mayoccursin the magnetlf this
eventoccursduringtheimagingprocessit generates noisewhich maybe harmfulto thefinal
imageor spectrumlt mustberememberedhatMRI imagingis ahypersensitiveprocesgthe
requirementatio noiseto signalmayreachl10°). Assessingherejectionmodedueto EMC Auto
shieldingallowsfor designingappropriatecountermeasures.

The Casegroposedy usingthekeywordsFer romagnetic, Active andEM CAuto aregivenby:

Sear chCases["Ferronmagneti c" ]
Sear chCases[" Acti ve"]

Sear chCases [" EMCAut 0" ]

m A1-6-6 Inductance Coil Analysisand Design

Along with the resistorandthe capacitor the inductancecoll, i.e. the inductor,is oneof the key component®f any
electricalor electroniccircuit. Inductorsarenecessaryo makeresonantircuitsthathavefrequencycharacteristicsThe
calculationof inductancecoils proceedgresentby empiricalmethodsandis very approximate Magnetica offers a
completelynew methodof calculationthatis both preciseand swift. With the useof the original conceptof ferro
inductancethe designof aniron coreinductorcanbe treatedin the sameway. The methodmay be appliedwithout
restrictionbothfor tiny inductorsusedin microelectroniccircuitsaswell asfor very largecoils usedin nuclearresearch
laboratoriesThe proposedCaseshowsomecrudeexamplesput any otherCaseexamplecanbe usedfor evaluationof
the coil'sinductance.

Usingthe keywordl nductanceCail givestherelevantCasedor inductancecalculation:
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Sear chCases["| nduct anceCoi | " ]

m A1-6-7 Magnetic Energy Analysis

Magneticenergyis storedby a magneticfield andthe availability of this energydependsn the magneticsystem's
inductancecharacteristics.

In someapplicationssuchasthe MRl magnetthe magneticenergyis a problemthathasto be dealtwith. Indeed the
magneticenergystoredin thesedeviceswhile in normaloperationis huge(of the orderof severalMegaJoules)in the
caseof atechnicalfailure suchasthe lossof superconductivitythe energyis liberatedcatastrophicallyan explosion
may occur.

Consequentlyin orderto avoid any dangerousutcome magnetdesignmusttake into accountthis specialfeature.
SinceMRI magnetsparticularlymagnetswith activeshielding,are madeof alargenumberof coils, the calculationof
the completeand detailedinductanceis a necessanput difficult task. This canbe donevery preciselyand quasi
instantaneouslyvith the Inductancefunctionsof Magnetica. Designingcircuits of optimal safetyis thus greatly
facilitated.

In other practicaldevicesusedin the mechanicaindustries,the magneticenergyof coils is the basisof magnetic
forming. This working processnakesuseof the magneticenergyof the coil whichis explosivelytransferredo the sheet
setin front of a mold. This energyheatsthe sheetallowing for plasticdeformationunderthe resultingelectromagnetic
forcesthat pushthe sheetstrongly onto the mold. Magneticinductancecalculationmethodscanbe usedto optimize
theseformattingdevicesandto improvefurtherthe magnetidorming process.

Using the keywordM agneticEner gy in the SearchCasefsinction showsexampleof magneticenergyrelatedto MRI
magnetdut any otherexamplecasecanbe usedto evaluatdts magneticenergy.

Sear chCases[" Magnet i cEner gy" ]

m A1-6-8 Transformer Analysis

The transformelis an essentiabevicefor the productionanddistributionof electricalpower.Public electricalsystems
use time variable current, sinusoidalalternativecurrent,or AC, with a constantfrequency(50 or 60 Hertz).
Transformersare very widely usedin public networksto adjust(stepup or down) the voltageto the mosteconomical
and practicalconditions.But they are also very commonlyusedin electronicsystemsin a much large rangeof
frequenciedor impedancanatchingbetweerthe key elementsf the system.Theselatter transformersareessentialn
audiosystemsut alsoin professionabndmilitary electronicsystemsDesigningtransformerss, thereforea common
taskof theresearclanddevelopmentlivisionsof the electricalandelectronicsndustries.

Basically,atransformeicanbe seenasa devicewith 2 circuitsthataremagneticallycoupled.In orderto havevery good
power efficiency, the magneticcouplingmustbe excellent. This implies the useof a ferromagnetiarmature(i.e. iron
core) madeof the appropriatamaterialsIn public electricalnetworks silicon steelshamelyelectricalsteels arewidely
used.In electronicsystemsmanyotherferromagnetianaterialsare used,including somehigh permeabilitymaterials.
All thesematerialsare called,accordingto our terminology,soft ferromagnetianaterials. Their magnetizatiorcurves
arevery non-linear.In orderto obtainhigh powerefficiency, it is absolutelynecessaryo makethe bestuseof the
non-lineareffectof theiron core.

So far, the calculationof transformerdasbeenvery primitive. It wasnot possibleto takeinto accountthe nonlinear
effect of the ferromagnetiomaterials.Moreover,the way of apprehendinghe magneticcircuit wasalsounrealistic.
Magnetica allows, throughthe discretizationof the magneticcircuit andthe precisemodelingof the magnetization
curve,for a completelynew approachto transformercalculation.The 2 specificfunctionsl nductanceCoupling and
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Transformer Analysis open up a hew methodology for transformer analysis. This will be a valuable asset for all
segments of the electrical and electronics industries.

The cases related to transformer analysis are obtained by using the keyword Transfor mer:

Sear chCases|[" Tr ansf ormer" ]
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m Appendix B1: Physical and Magnetic Properties of Magnetica
Materials

m B1-1 Fundamentals on Magnetica M aterials

m B1-1-1 Introduction

In Magnetica, the useof specificmaterialis implied for all the component®f a magneticsystem.This materialmustbe
chosenamongthe proposedist of Magnetica material. They areknown andusedby their calling name.The physical
propertiesof thesematerialsare completelyset. That allows for precisecalculationof the magneticfield underany
temperatureconditions.The physicaland magneticdataprovidedcomeeitherfrom handbookson materialsor from
publishednoticesor tablesof theindustrialproducers.

The choiceof therelevantmaterialis facilitated by usingthe specific palette"MagneticaMaterials(just click on the
material'sname seeAppendixB3 on palettes).

m B1-1-2 Typology of Magnetica Materials

The materialsaredividedinto 6 types:

1. ResistiveCurrent-carryindMaterials electricalconductorswith a specificresistivityatthe operating
temperatureThe conductorandthe coil dimensionssetthe coil resistancendconsequentlyhe
electricalpowernecessaryo drive the coil andgeneratehe magnetidield.

2. SuperconductoCurrent-carryindMaterials a zeroresistancelectricalconductoroperatecht
cryogenictemperatureslhe current-carryingapacityis a specificpropertyof thewire usedto
makethe coil andnota propertyof the bulk material. Magnetica dataarebasedn the published
specificationf atypical setof commerciallyavailableindustrialproducts.This explainswhy, in
Magnetica, wire diametelis anintrinsic propertyof superconductomaterials/products.

3. Reversibld inear Soft Ferromagnetiéaterials this modelingof thelaw of magnetizatiorassumes
alineardependencef magnetizatiorwith respecto the magnetizindield whichis equivalento a
constanipermeabilityor a constansusceptibility. Thelinearrelationis valid only in thelow range
of themagnetizindield. In the high range the magnetizatiorbecomegonstantdueto a saturation
effect (all the elementandipolesarealigned).Thelinearmodelingis afirst approximatiorfor the
calculationof the magneticbehaviorof devicesandapparatusessingsoft ferromagnetienaterials.
It is currentlyusedin the electricalindustry.In addition,this allows carryingout approximate
calculationdor materialswhoseprecisdaw of magnetizatioris notwell known.

4. ReversibldNon-LinearSoft Ferromagnetidaterials the actuallaw of magnetizatiorcomingfrom
experimentameasurements usedthrougha propermathematicainodelingof the experimental
curve.The permeabilitypresenta maximumat a givenmagnetizindield: thecrestpoint. The
mathematicasimulationmethod(patentpending)is a proprietarymethodof MagneticasoftThis
representatioallowsfor accuratecalculationfor electricaldevicesandapparatuseis any
applicationrange.
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5. HardFerromagneticAnisotropic,Permaneniagnets the dynamicsusceptibilityof the useful
materialsappeargjuasiconstanivhenthemagnetizingield stayswithin thelimits of the current
operatingrangeof applicationsThelimit, calledthe coercitivemagnetidield, is theminimum
(negative)appliedmagnetizindgield. Beyondthis limit the materialundergoes catastrophic
procesof demagnetizationThenthe materiallosesits capacityto generate magnetidield in the
initial direction.Consequentlywithin the operatindimits, alinearlaw of magnetizations assumed

6. GeneraMaterials this meansany materialof interestin the designor the analysisof
electromagnetidevicesor apparatusethatis notdependenbn theabovetypes.

An overviewof Magnetica materialgs givenby the paletteM agneticaM aterials.

m B1-1-3 Basic Properties

Magnetica materialsgeneraldata,applicableto all typesof materials,are a setof physicaland magneticproperties
which include:

- the specificweight
- thedilation coefficient:therelativevariationof the lineardimensionasa function of thetemperature.
- theelectricalresistivity at the nominaltemperaturé20° Celsius)

- theelectricalresistivity coefficient:therelativefirst ordervariationof resistivity asa function of
temperature,

- therelativevolumemagneticsusceptibilityat the nominaltemperaturé20° Celsius).For nonlinear
ferromagnetianaterialsthis is the averagevaluefor thelow magnetizatiomange.

- therelativevolumic magneticsusceptibilitycoefficient:thefirst ordervariationof the susceptibility
asafunctionof thetemperature.

Thesepropertiesare propertiesof the volumebulk substancedt shouldbe pointedout thatfor themagneticproperties,
we haveto distinguishbetweerintrinsic propertieof the substancasopposedo the functionalpropertieshatdepend
onthe shapeanddimensionf the sampleor the apparatusnadewith the substance.

The generalphysicaland magneticpropertiesof any Magnetica materialcan be shownby calling the function
Properti es with the propermaterialnameasargumentThe materialnamecanbe eithertypedor "clicked" from the
Palette.An optionalargumentallows settingthe temperaturdif differentfrom the nominaltemperature0° C). For
specifictypesof materials somecomplementarglataaregiven.

m B1-1-4 Curvesand Tables

The magneticpropertiescan also be displayed,either as tablesor as graphicplots, as functions of the applied
magnetizindield Hm. The 2 functionsto usearerespectively:

« Materi al Magneti zati onTabl e,
= Mat eri al Magneti zati onCur ves.

For isotropicmaterialsthe magnetidunctionsthatcanbe displayedor plottedareobtainedby usingthe
following symbols:

= B (Induction),

= M(Magnetizationalsocalledintensityof magnetigoolarization),

= Perneabi | i ty (relativepermeability),
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= Suscepti bility (relativesusceptibility),
= Rel ucti vi ty (relativereluctivity).

Thedataor thecurvescanbe setin anyrelevantunits: Tesla,GaussAmpere/Metergtc.
Specificapplicationgor everytype of materialaregivenin thefollowing sections.

For permanentnagneimaterialsthe magnetidunctionsthatcanbe displayedor plottedare:
= Mori nci pal (magnetizationn the principaldirection)

= M ransversal (magnetizationn thetransversatlirection)

Bpri nci pal (inductionfield in theprincipaldirection)

Bt ransver sal (inductionfield in thetransversatlirection)

m B1-2 Resistive Conductors

m B1-2-1 Resistive Conductors- Properties

This type of materialincludes28 differentitems:

= 14 singleatomicelementmetals:Aluminum (very pureannealedr standarcharddrawn),Copper
(very pureannealedr standarcharddrawn),Gold, Graphite Mercury,Niobium, Rhodium,Silver,
Tin, Titanium, TungstenZinc.

= 13alloys: ConstantanCopperCadmium,CopperChromium,Hardenederyllium Copper,Overaged
Beryllium Copper,TitaniumBeryllium Copper Zirconium Copper,Yellow Brass,RedBrass,
Silver (White) Brass,Duralumin,Magapyr,Bronze.

= 1 compositeCopperAluminum.
Therelevantpropertief theresistiveconductorsarestrictly the generalpropertiesset.
The following exampleCopper OFHC (OxygenFreeHigh Conductivity)at thedefaulttemperature:

Pr operti es[Copper OFHC]

materi al name Copper OFHC
materi al category Resi stive current carrying
desi gnation hi gh conductivity OFHC Copper
speci fic weight (g/cnB) 8. 920000
dil ation coefficient 0. 000016
(relative |linear change)
resistivity (Chmx cm) 1. 724000e-6
Coefficient tenperature resistivity 0. 003930
relative vol ume magnetic -6.100000e-7
(i near) susceptibility
temperature coefficient susceptibility 0. 000010

The samematerialpropertiesat thetemperaturef 45° Celsius:
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Properties  [CopperOFHC, Temperature - 45]

materi al nane Copper OFHC

materi al category

specific weight (g/cnB)
dilation coefficient
(relative |inear change)
resistivity (Chmx cm
Coefficient tenperature resistivity

relative vol ume nmagnetic
(linear) susceptibility
tenperature coefficient susceptibility

linear dilation (variation %

electrical resistivity (variation %
relative susceptibility (variation %
effective linear dilation coefficient
effective electrical resistivity (ohm-cm)
effective volume magnetic susceptibility

m B1-2-2 Resistive Conductors- Tablesand Graphics

8. 920000
0. 000016

1. 724000e-6
0. 003930

-6.100000e-7

o

. 000010

. 040500
. 825000
. 025000
. 000405
1.893383e-6

= O © O

-6.101525e-7

Resi stive current carrying
desi gnati on hi gh conductivity OFHC Copper

These materials present a very small magnetic dependence with respect to the applied magnetizing field Hm. However,
in high field magnetic resonance spectroscopy, their magnetic behavior becomes of interest. These materials have a

perfect linear magnetization: their susceptibility is very constant.

= Copper (diamagnetic): CopperOFHC (Oxygen Free High Conductivity) in the range O to 10 Telsas.

Tablewith astep of 1 Tesla.
MaterialMagnetizationTable [CopperOFHC, FieldUnit

Magnetization Table
CopperOFHC temperature 20 °Celsius
high conductivity OFHC Copper

Range for the magnetizing field : O.

Hm (T) M (T)
0. 000000 0. 000000
1. 000000 -6.100000e-7
2. 000000 -1.220000e-6
3. 000000 -1.830000e-6
4. 000000 -2.440000e-6
5. 000000 -3. 050000e-6
6. 000000 -3. 660000e-6
7. 000000 -4.270000e-6
8. 000000 -4.880000e-6
9. 000000 -5.490000e-6
10. 000000 -6.100000e-6

OCO~NOUITRARWNRFL,OO

- Tesla ,
NumberOfPoints - 11, MagnetizingFieldRange - {0, 10}1]

-~ 10. (T)

B (T)

. 000000
. 999999
. 999999
. 999998
. 999998
. 999997
. 999996
. 999996
. 999995
. 999995
. 999994

. 100000e
. 100000e
. 100000e
. 100000e
. 100000e
. 100000e
. 100000e
. 100000e
. 100000e
. 100000e
. 100000e

= Plot for CopperOFHC, magnetization curves: B (induction), M (magnetization), Susceptibility:
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Mat eri al Magneti zati onCurves[Copper OFHC, {B, M Susceptibility},

Fi el dUnit -» Tesl a, Magneti zi ngFi el dRange -» {0, 10}]

—

|_

~

=

N

m B1-3 Super

Material Magnetization Curve
CopperOFHC temperature 20° celsius
high conductivity OFHC Copper

B Induction f (Hm

Typeloof plot : Linear /Linear

8
6
m 4
2
0

0 2 4 6 8 10
Hm Magnetizing  Field (T)

Material Magnetization Curve
CopperOFHC temperature 20° celsius
high conductivity OFHC Copper

M Magnetization f (Hm

Type Oof plot : Linear /Linear

~1x10°® \\
-2x10°° \\
~3x10°° \\
~4x10°° ™~
-5x10°° AN
~6x10°° ~
0 2 4 6 8 10
Hm Magnetizing Field (T)
Material Magnetization Curve
CopperOFHC temperature 20° celsius
high conductivity OFHC Copper
x Susceptibility f (Hm
Type Oof plot : Linear /Linear
-2x10°7
~4x10°7
~6x1077
~8x10°7
~1x10°°
-1.2 x107°
0 2 4 6 8 10
Hm Magnetizing Field (T)
conductors

m B1-3-1 Superconductors- Properties

Thistype of material includes 10 items:

= 8 wires made of Niobium Titanium alloysimbedded in a copper matrix.
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= 2 wires made of Niobium Tin composites imbedded in a special matrix.

The relevant properties include the general properties and some specia specifications such as the wire diameter and the
current-carrying capacity in a given magnetic field.

The example: Niobium Titanium wire 1.5 mm in diameter: Super NoTi 5.

Properties[Super NoTi 5]

materi al name Super NbTi 5
mat eri al category Super conduct or current carrying
desi gnation Nb-TI superconductor wire (A36)
speci fic weight (g/cnB) 8. 350000
dil ation coefficient 0. 000000
(relative |inear change)
resistivity (Chmx cm) 0. 000000
Coefficient tenperature resistivity 0. 000000
rel ative vol ume nagnetic -0. 015600
(l'inear) susceptibility
tenperature coefficient susceptibility 0. 000100
nom nal dianeter (mm) 1. 500000
rati o Copper /superconduct or 6. 400000
critical intensity (Am) 1180. 000000
magnetic field for | critical (Tesla) 4.000000

m B1-3-2 Superconductors- Tablesand Graphics

These materials are highly diamagnetic. The soft superconductor materials, at cryogenic temperature, such as Tin, Lead
or Niobium, are even perfectly diamagnetic: y (relative susceptibility) = -1. However, the hard superconductors used in
magnet technology such as the Niobium-Titanium composite made of a bundle of very tiny filaments imbedded in a
Copper matrix, or the Niobium-Tin compound are imperfectly diamagnetic. The values given in the table are very
approximate and present little interest since these materials are used for their very high current-carrying capacity and not
for their magnetic properties.

Exampleis given for aNiobium-Titanium wire: Super NbTi 5 wire. Therange: 0 to 10 Tedlas, step of 1 Tesla.
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MaterialMagnetizationTable

MagnetizingFieldRange - {0, 10}, NumberOfPoints

Magnetization Table

SuperNbTi5 temperature 20 °Celsius

Nb-TI superconductor wire  (A36)

Range for the magnetizing field : O.

Hm (T) M (T)

0.000000 0.000000
1.000000 -0.015600
2.000000 -0.031200
3.000000 -0.046800
4.000000 -0.062400
5.000000 -0.078000
6.000000 -0.093600
7.000000 -0.109200
8.000000 -0.124800
9.000000 -0.140400
10.000000 -0.156000

Plot for Super NoTi 5, of the magnetization curves: B (induction), M(magnetization), and Suscepti bi l ity (y):

MaterialMagnetizationCurves

[SuperNbTi5 , FieldUnit

[SuperNbTi5 ,

- Tesla ,
-»11]

-- 10.

B (T)

0.000000
0.984400
1.968800
2.953200
3.937600
4.922000
5.906400
6.890800
7.875200
8.859600
9.844000

{B, M Susceptibility

FieldUnit - Tesla ,

Material
SuperNbTi5

Nb-TI superconductor

B Induction

Magnetization

MagnetizingFieldRange

temperature
wire
f (Hm

Curve
20° celsius
(A36)

- {0, 10}]

Tyfg of plot :

Linear /Linear

8 e
E 6
m 4
2
0
0 2 4 6 8 10
Hm Magnetizing Field (T)
Material Magnetization Curve
SuperNbTi5 temperature 20° celsius
Nb-TI superconductor wire (A36)
M Magnetization f (HmM
Type of plot : Linear /Linear
0
-0.025 \\
__ -0.05 \\
= N\
— -0.075 AN
= -0.1 ™
-0.125
-0.15 S
0 2 4 6 8 10
Hm Magnetizing Field (T)

(T)

},

X
-0.015600

-0.015600
-0.015600
-0.015600
-0.015600
-0.015600
-0.015600
-0.015600
-0.015600
-0.015600
-0.015600
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Material
SuperNbTi5

Magnetization
temperature

Nb-TI superconductor wire
f (Hm
Linear /Linear

x Susceptibility
Type of plot :
0

20° celsius
(A36)

-0.005

-0.01

« -0.015

-0.02

-0.025

-0.03

0 2 4 6

Hm Magnetizing Field

10

(T)

m B1-4 Soft Ferromagnetic Materialswith a Linear Law of M agnetization

m B1-4-1 Properties

This type of material presentsisotropic magnetic properties. It includes 6 different items:

= 2 different mild steels, Cobalt metal, Nickel metal, Mu metal, and a special theoretical material.

The relevant properties include the general properties in which the susceptibility data is the value for the low
magnetizing range and complementary specifications including the saturation magnetization and the coercitive field

seen as the continuous reversibility limit.
The example: CobaltLin

Properties[Cobal t Lin]

material name

material ~ category
designation
specific weight  (g/cm3)
dilation coefficient
(relative linear  change )
resistivity (Ohm x cm)
Coefficient temperature  resistivity
relative volume magnetic

(linear ) susceptibility
temperature  coefficient susceptibility
saturation magnetization (G)
coercive field

(continuous  reversibility limt , G

CobaltLin
Ferromagnetic

8.860000
0.000013

6.630000
0.005200

40.000000
-0.000300

17800.000000
0.700000

reversible linear
Cobalt metal annealed (linear

isotropic
magnetization

e-6
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Properties  [CobaltLin , Temperature - 0]

materi al name Cobal tLin
materi al category Ferromagnetic reversible |inear isotrof
desi gnati on Cobal t netal anneal ed (linear magneti ze
specific weight (g/cnB) 8. 860000
dil ation coefficient 0. 000013
(relative |inear change)
resistivity (Chmx cm) 6. 630000e-6
Coefficient tenperature resistivity 0. 005200
relative vol ume nmagnetic 40. 000000
(linear) susceptibility
tenperature coefficient susceptibility -0. 000300
saturation magneti zation (G) 17800. 000000
coercive field 0. 700000

(continuous reversibility limt,G)

linear dilation (variation % -0. 026000
electrical resistivity (variation % -10. 400000
relative susceptibility (variation % 0. 600000
effective linear dilation coefficient 0. 999740
effective electrical resistivity (ohm-cm) 5.940480e-6
ef fective vol une magnetic susceptibility 40. 240000

m B1-4-2 Tablesand Graphics

The linear modeling of the magnetization curves is applicable only at a low magnetizing field. For high magnetizing
fields the magnetization is limited to a maximal strength: the saturation magnetization Ms. Then the susceptibility y i.e.
the ratio of the magnetization to the magnetizing field, decreases as Ms/Hm. Consequently, the magnetization curves of
this model of soft ferromagnetic materials present 2 different shapes with a discontinuity for the critical magnetizing
field Hms:

Ms
Xlin

Hms=

(1)

= Magnetization curves for Cobalt pure metal: Cobal t Li n. The critical magnetizing field Hms stands
at 445 Gauss.
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MaterialMagnetizationTable [CobaltLin ]

Magnetization Table

CobaltLin  temperature 20 °Celsius

Cobalt metal annealed (linear  magnetization )
Range for the magnetizing field : 0. -- 890. (G)

Hm (G) M (G) B (G x
0.000000 0.000000 0.000000 40.000000
46.842105 1873.684211 1920.526316 40.000000
93.684211 3747.368421 3841.052632 40.000000

140.526316 5621.052632 5761.578947 40.000000
187.368421 7494.736842 7682.105263 40.000000
234.210526 9368.421053 9602.631579 40.000000
281.052632 11242.105263 11523.157895 40.000000
327.894737 13115.789474 13443.684211 40.000000
374.736842 14989.473684 15364.210526 40.000000
421.578947 16863.157895 17284.736842 40.000000
468.421053 17800.000000 18268.421053 38.000000
515.263158 17800.000000 18315.263158 34.545455
562.105263 17800.000000 18362.105263 31.666667
608.947368 17800.000000 18408.947368 29.230769
655.789474 17800.000000 18455.789474 27.142857
702.631579 17800.000000 18502.631579 25.333333
749.473684 17800.000000 18549.473684 23.750000
796.315789 17800.000000 18596.315789 22.352941
843.157895 17800.000000 18643.157895 21.111111
890.000000 17800.000000 18690.000000 20.000000
MaterialMagnetizationCurves [CobaltLin , {B, M Susceptibility }]
Material Magnetization Curve
CobaltLin temperature 20° celsius
Cobalt metal annealed (linear magnetization )
B Induction f (HmM
Type of plot : Linear /Linear
17500 a—
15000 //
— 12500
S/
® 5000 —/
250% /

0 200 400 600 800
Hm Magnetizing Field (G
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Material Magnetization Curve
CobaltLin temperature 20° celsius
Cobalt metal annealed (linear magnetization )
M Magnetization f (Hm
Type of plot : Linear /Linear
17500 7
15000 /’
_. 12500 /
O 10000 4
s 7500 /
5000 /
2500
/

0
0 200 400 600 800
Hm Magnetizing Field (G

Material Magnetization Curve

CobaltLin temperature 20° celsius
Cobalt metal annealed (linear magnetization )
x Susceptibility f (Hm

Type of ploé: Linear /Linear
4

s \

= 30

25 \

N
20 ™N

0 200 400 600 800
Hm Magnetizing Field (G

= Magnetization curves for the same material but in avery high magnetizing field upto 5 Teslas. The
figure shows that in alow magnetizing field Hm, the induction field B and the magnetization M,
are interchangeable (using the proper units). But when the Hm goes beyond the Hms point (445
Gauss) the 2 physical properties become different, the higher the Hm the greater the difference.

Mat eri al Magneti zati onCurves[CobaltLin, {B, M Perneability},
Pl ot Scal e » LogLi near Map, Fi el dunit -» Tesl a, Magneti zi ngFi el dRange -» {0, 5}]

Material Magnetization Curve

CobaltLin temperature 20° celsius

Cobalt metal annealed (linear  magnetization )
B Induction f (HmM

Type of plot : Log/Linear

B (T)
oRrNWbhUOO

—

—T1

0.00001 0.001 0.1
Hm Magnetizing  Field (T)
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Material Magnetization Curve

CobaltLin temperature 20° celsius
Cobalt metal annealed (linear  magnetization )
M Magnetization f (Hm
Type of plot : Log/Linear
1.75 =
15
125
= 1 ]
0.75
= 05
0.25 — i

0.00001 0.001
Hm Magnetizing

0.1
Field (T)

Material Magnetization Curve

CobaltLin temperature 20° celsius
Cobalt metal annealed (linear  magnetization )
n Permeability f (Hm
Type of plot : Log/Linear

40

30 —hi— e i

320
10 \

0.00001 0.001
Hm Magnetizing

0.1
Field (T)

m B1-5 Soft Ferromagnetic Materialswith a Non Linear Law of Magnetization

m B1-5-1 Properties

Thistype of material presents isotropic magnetic properties. It includes 10 items:

» 2 different common steels

» 3 quas pureiron steels (industrial products)

= 3 silicon steels and 2 high permeability materials.
The relevant properties include the general properties in which the susceptibility is an average value applicable in the
low magnetizing range and complementary specifications including the saturation magnetization and the coercitive field
seen as the continuous reversibility limit. These data are used when linear modeling is applied to this material. The other

complementary data include the temperature coefficient for the saturation magnetization, the initial values of

susceptibility and permeability (spontaneous magnetization) and the specifications at the crest of permeability: HmCr,
MCr, xCr and coefficient of linearization (parameter for calculating average susceptibility).

The crest point appears as a very important feature of this type of ferromagnetic material. Crest magnetization MCr has
a value around 35% of the saturation magnetization. The crest susceptibility and the crest magnetizing field vary
considerably, depending on the material. The lowest HmCr corresponds to the highest xCr.

The example Silicon Stedl: Si St eel 2.
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Properties[Si Steel 2]

materi al name Si Steel 2
materi al category Ferromagnetic reversi bl e non |ine
desi gnati on Silicon steel sheet, grains NO r
specific weight (g/cnB) 7. 650000
dilation coefficient 0. 000012
(relative |inear change)
resistivity (Chmx cm) 0. 000010
Coefficient tenperature resistivity 0. 001000
relative vol ume nmagnetic 5683. 886515
(linear) susceptibility
tenperature coefficient susceptibility -0. 000300
saturation magneti zation (G) 20700. 000000
coercive field 0. 100000
(continuous reversibility limt,G)
tenperature coefficient saturation nag -0. 000300
peak magnetizing field (G 1. 253865
peak magnetization (G) 7918. 693612
peak susceptibility (relative to vacuum 6315. 429461
coefficient of linearization for susceptibility 0. 900000
Propertiesat 35°C:
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Properties  [SiSteel2 , Temperature - 35]
materi al name Si Steel 2
materi al category Ferromagnetic reversi bl e non |ine
desi gnati on Silicon steel sheet, grains NO r
specific weight (g/cnB) 7. 650000
dil ation coefficient 0. 000012
(relative |inear change)
resistivity (Chmx cm) 0. 000010
Coefficient tenperature resistivity 0. 001000
relative vol ume nmagnetic 5683. 886515
(linear) susceptibility
tenperature coefficient susceptibility -0. 000300
saturation magneti zation (G) 20700. 000000
coercive field 0. 100000
(continuous reversibility limt,G)
tenperature coefficient saturation nag -0. 000300
peak magnetizing field (G 1. 253865
peak magnetization (G) 7918. 693612
peak susceptibility (relative to vacuum 6315. 429461
coefficient of linearization for susceptibility 0. 900000
linear dilation (variation % 0. 018000
electrical resistivity (variation % 1. 500000
relative susceptibility (variation % -0. 450000
effective linear dilation coefficient 1. 000180
effective electrical resistivity (ohm-cm 0. 000010
saturation field (variation % 1880. 796942
effective volume magnetic susceptibility 5658. 309025
effective saturation field (G 20606. 850000

m B1-5-2 Tablesand Graphics

The non linear magnetization curves have a very similar appearance for all materials but with considerable differences
for the relevant numerical values. The susceptibility curves are bell-shaped curves, the crest point being the reference
point of the curve. A plotting option allows comparing the linear approximation and the real experimental non linear
magnetization curves.

= Silicon Steel tablesfor: Si St eel 2.

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0

275

MaterialMagnetizationTable

Magnetization Table

SiSteel2  temperature 20 ° Celsius

Silicon steel sheet , grains NQ middle Si content (S2)
Range for the magnetizing field : 0. -- 7.28375 (G)

Hm (G) M (G) B (G X
0.000000 0.000000 0.000000 1663.675569
0.383355 920.313595 920.696950 2400.681221
0.766710 3922.614212 3923.380923 5116.161672
1.150066 7215.441273 7216.591339 6273.939112
1.533421 9347.145310 9348.678731 6095.616850
1.916776 10506.928727 10508.845503 5481.563379
2.300131 11320.769227 11323.069358 4921.793009
2.683486 11900.752545 11903.436031 4434.810253
3.066841 12298.837335 12301.904176 4010.261829
3.450197 12597.724680 12601.174877 3651.306256
3.833552 12841.865029 12845.698581 3349.860787
4.216907 13044.475316 13048.692223 3093.375120
4.600262 13215.085102 13219.685364 2872.680829
4.983617 13360.709256 13365.692873 2680.925954
5.366973 13486.602469 13491.969441 2512.888268
5.750328 13596.759489 13602.509817 2364.519034
6.133683 13694.255494 13700.389177 2232.631776
6.517038 13781.483009 13788.000047 2114.685029
6.900393 13860.320164 13867.220558 2008.627550
7.283749 13932.252337 13939.536086 1912.786019

[SiSteel2 ]

= Magnetization curves for this material:

MaterialMagnetizationCurves

[SiSteel2

, {B, M Permeability }]

Si content (S

iterial Magnetization Curve
steel2 temperature 20° celsius
con steel sheet , grains NQ middle
Induction f (Hm
oe of plot : Linear /Linear
000 -
12000 //
AlOOOO /’
O 8000
6000
“ 4000 /
2000
4
0 1 2 3 4 5 6 7

Hm Magnetizing

Field

(G
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tterial  Magnetization Curve
steel2 temperature 20° celsius
con steel sheet, grains NQ middle Si content
Magnetization f (HmM
ose of plot : Linear /Linear
14000 -
12000 g
10000 //
@ 8000
6000
= 4000 /
2000
0/
0 1 2 3 4 5 6 7
Hm Magnetizing Field (G
iterial Magnetization Curve
steel2 temperature 20° celsius
con steel sheet , grains NQ middle Si content
Permeability f (HmM
ose of plot : Linear /Linear
6000 \
5000 / \\\\
3 4000 I \
3000 ==
\
J ~
2000 |-/
0 1 2 3 4 5 6 7

Hm Magnetizing  Field (G

(S

= Comparison of the real magnetization curves and the linear model curves

Mat eri al Magneti zati onCurves[Si Steel 2, {B, M Perneability}, CurveType - Conpari son]

rial Magnetization Curve
2el2 temperature 20° celsius
)n  steel sheet, grains NQ middle Si content
duction f (Hm
v of plot : Linear /Linear
20000 /

15000 ///

o —

= 10000 A~

/
5000 /
o/
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Hm Magnetizing Field (G
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rial Magnetization Curve
2el2 temperature 20° celsius
n steel sheet , grains NQ middle Si content ¢
agnetization f (Hm
v of plot : Linear /Linear
20000 /

15000 /
© 10000 /4/
= /
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rial Magnetization Curve

2el2 temperature 20° celsius

n steel sheet , grains NQ middle Si content
armeability f (Hm

v of plot : Linear /Linear
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m B1-6 Hard Ferromagnetic Materialswith High Coercivity (permanent magnet materials)

m B1-6-1 Properties

This type of material presents strong anisotropic magnetic properties: the permanent magnetization is specific to a
certain direction. This set includes 15 different items:

= 6 Ferrite substances,
= 8 Neodymium Iron Boron composites

= 1 Alnico dloy.

The relevant properties include the general properties in which the susceptibility is the relevant (dynamic) value for the
principal direction of magnetization and complementary specifications including susceptibility in the transversa
direction (orthogonal to the principal direction), remanent magnetization, coercitive field, and temperature coefficients
for the susceptibility, the remanent magnetic field and the coercitive field.

The example: standard ferrite material: Ferri t 2.
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Properties  [Ferrit2 ]

materi al name Ferrit2

materi al category Per manent nagnet
desi gnati on Ferrite Q2 (42/32)
specific weight (g/cnB) 4.900000
dil ation coefficient 0. 000013

(relative |inear change)

resistivity (Chmx cm) 0. 000250
Coefficient tenperature resistivity 0. 001000
intrinsic remanent nagnetic field (G) 4200. 000000
intrinsic coercive field (G) -3200. 000000
principal dynamc relative susceptibility 0. 100000
secondary relative susceptibility 0. 200000
tenperature coefficient susceptibility 0. 000000
tenperature coefficient remanent field -0. 002000
tenperature coefficient coercive field 0. 004000

m B1-6-2 Tablesand Graphics
Example for theferrite Ferri t 2.
MaterialMagnetizationTable [Ferrit2 ]

Magnetization Table
Ferrit2 temperature 20 °Celsius
Ferrite 02 (42/32)

Range for the magnetizing field : -4800. -- 4800. (G

Hm (G) M principal (G) B principal (G) M transversal (C
-4800. 000000 -4680. 000000 -9480. 000000 -960. 0000C
-4294. 736842 -4629. 473684 -8924. 210526 -858. 9473¢€
-3789. 473684 -4578. 947368 -8368. 421053 -757.89473
-3284. 210526 -2925. 714286 -6209. 924812 -656. 8421C
-2778. 947368 3922. 105263 1143. 157895 -555. 78947
-2273.684211 3972. 631579 1698. 947368 -454. 73684
-1768. 421053 4023. 157895 2254. 736842 -353. 68421
-1263. 157895 4073. 684211 2810. 526316 -252. 63157
-757.894737 4124. 210526 3366. 315789 -151. 57894
-252. 631579 4174.736842 3922. 105263 -50. 52631
252. 631579 4225. 263158 4477. 894737 50. 52631
757. 894737 4275. 789474 5033. 684211 151. 57894
1263. 157895 4326. 315789 5589. 473684 252. 63157
1768. 421053 4376. 842105 6145. 263158 353. 68421
2273. 684211 4427. 368421 6701. 052632 454. 73684
2778.947368 4477. 894737 7256. 842105 555. 78947
3284. 210526 4528. 421053 7812. 631579 656. 8421C
3789. 473684 4578. 947368 8368. 421053 757.894732
4294. 736842 4629. 473684 8924. 210526 858. 9473¢
4800. 000000 4680. 000000 9480. 000000 960. 0000C

Plot of the magnetization curves for the standard ferrite, for the operating range in the positive direction of
magnetization.
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Mat eri al Magneti zati onCurves[Ferrit2, All]

Material ~ Magnetization Curve
Ferrit2 temperature 20° celsius
Ferrite 02 (42/32)

M Magnetization Principal f (Hm
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Material Magnetization Curve
Ferrit2 temperature 20° celsius
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B Induction Principal f (HmM
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Material Magnetization Curve

Ferrit2 temperature 20° celsius
Ferrite 02 (42/32)
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(G)

Mat eri al Magneti zati onCurves[Ferrit2, All, Magneti zi ngFi el dRange » Hyst er esi sCycl e]

ge)

M pri nci pal

(G)
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B transver sal

Material Magnetization Curve
Ferrit2 temperature 20° celsius
Ferrite 02 (42/32)

B Induction Transversal f (HmM
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Hysteresis Cycle
Ferrit2
Ferrite
M Magnetization Principal f (Hm

temperature 20° celsius
02 (42/32)

4000

2000
0
-2000

|

-4000

-300@20001000 0 1000003000
Hm Magnetizing Field (MagnetizingUnit )

Hysteresis Cycle

Ferrit2 temperature 20° celsius
Ferrite 02 (42/32)

B Induction Principal f (HmM
7500

5000 o I
2500 _— I

0 ,l

~2500 / ]
-5000 I /'/
-7500

-300620001000 0 1000003000

Hm Magnetizing Field (MagnetizingUnit

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0 281

Hysteresis Cycle

Ferrit2 temperature 20° celsius

Ferrite 02 (42/32)

M Magnetization Transversal f (HmM
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B transversal

m B1-7 General Materials

m B1-7-1 Properties

This category of material encompasses substances that may play a certain role in the magnetic calculation but are neither
current-carrying materials nor ferromagnetic substances. This type of material includes 14 different items:

= 4 gases. Dry air, Oxygen, Nitrogen and Helium.
3 water substances: Digtilled Water, Tap Water, and Sea Water.
4 plastic solid materials: Epox Glass, Phenolic Plastic, PolyEthylene Plastic, Silicon Resin.

2 liquid insulators: PFCarbon, TransformerQil.

= Thevacuum is considered as a medium with specific properties.

The relevant data properties of the general materials are strictly the general properties set.

The example: oxygen gas (strongly paramagnetic): Oxygen.
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Properties  [Oxygen]

materi al name Oxygen

materi al category General material

desi gnati on Oxygen gaz nornel tenperature & pressure

specific weight (g/cnB) 0. 001308

dil ation coefficient 0. 001130
(relative |inear change)

resistivity (Chmx cm) 1. 000000e9

Coefficient tenperature resistivity 0. 000000

relative vol ume nmagnetic 1.410000e-7
(linear) susceptibility

tenperature coefficient susceptibility -0. 003400

The samebutat 60° Celsius

Properties  [Oxygen, Temperature - 60]

materi al name Oxygen

materi al category General naterial

desi gnati on Oxygen gaz nornal tenperature & presst

specific weight (g/cnB) 0. 001308

dil ation coefficient 0. 001130
(relative linear change)

resistivity (Chmx cm) 1. 000000e9

Coefficient tenperature resistivity 0. 000000

relative vol ume nmagnetic 1. 410000e-7
(linear) susceptibility

tenperature coefficient susceptibility -0. 003400

linear dilation (variation % 4.520000
electrical resistivity (variation % 0. 000000
relative susceptibility (variation % -13. 600000
effective linear dilation coefficient 1. 045200
effective electrical resistivity (ohm-cm 1. 000000e9

effective volume magnetic susceptibility 1.218240e-7

m B1-7-2 Tablesand Graphics

Thesematerialsare very similar, in termsof magneticbehavior,to resistiveconductors.They havea very low
susceptibilitywhich canbe eitherpositive(paramagneticdr negative(diamagnetic).

= Examplefor Oxygen gas(paramagnetic).
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MaterialMagnetizationTable [Oxygen, FieldUnit - Tesla ,

MagnetizingFieldRange - {0, 10}, NumberOfPoints - 11]

Magnetization Table

Oxygen temperature 20 °Celsius

Oxygen gaz normal temperature & pressure

Range for the magnetizing field : 0. -- 10. (T)

Hm (T) M (T) B (T)

0.000000 0.000000 0.000000 1.410000 e
1.000000 1.410000 e-7 1.000000 1.410000 e
2.000000 2.820000 e-7 2.000000 1.410000 e
3.000000 4.230000 e-7 3.000000 1.410000 e
4.000000 5.640000 e-7 4.000001 1.410000 e
5.000000 7.050000 e-7 5.000001 1.410000 e
6.000000 8.460000 e-7 6.000001 1.410000 e
7.000000 9.870000 e-7 7.000001 1.410000 e
8.000000 1.128000 e-6 8.000001 1.410000 e
9.000000 1.269000 e-6 9.000001 1.410000 e
10.000000 1.410000 e-6 10.000001 1.410000 e

= Plot of some of the magnetization curves:

MaterialMagnetizationCurves [Oxygen, {B, M Susceptibility },

FieldUnit - Tesla , MagnetizingFieldRange - {0, 10}]
Material Magnetization Curve
Oxygen temperature 20° celsius
Oxygen gaz normal temperature & pressure
B Induction f (HmM
Type of plot : Linear /Linear
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Material Magnetization Curve
Oxygen temperature 20° celsius
Oxygen gaz normal temperature & pressure
M Magnetization f (HmM
Type of plot : Linear /Linear
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Material Magnetization Curve

Oxygen temperature 20° celsius

Oxygen gaz normal temperature & pressure
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Type of plot : Linear /Linear
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m Appendix B2: The Units in Magnetica.

m B2-1 Introduction

For all its internalcomputationsMagnetica usesa comprehensiveystemof unitsvery closeto theInternationalSystem
of units(SI system).

However,theuseris freeto chooseanyunitsfor input or output,the conversiorbetweeruserunitsandtheinternalunits
is entirely automatic.The choiceof the units canbe madeeitherfor a full Magnetica sessioror selectivelyfor any
particularfunctioncalculation.

Immediatehelpis availableeithercalling Units on the Magnetica palette"MagneticaBasicsor throughthe Magnetica
Help Browser.

m B2-2 Fundamentals on Magnetic Field Units

Magneticfield calculationdealswith 3 entities,B, M andH (or Hm) known underdifferentacronymsor namesand
assignedlifferentunits.

= B: Magneticinduction,alsocalled(evenin legaltexts)"densityof magneticflux" or "inductionfield"
or "densityof lines". The official unit of B in the Sl systemJegalinternationakystemjs Tesla.ln
the CGSEMU system(for "ElectroMagneticUnits") theunit is GaussTheconversion
Tesla/Gausss simple:1Tesla= 10000Gauss

= H or Hm: Magneticfield alsocalled"Magneticfield strength".Theunit of H in the Sl systemis the
Amperepermeter(Ampere/Meter)In the CGSEMU systemthe unit is the Oersted.
A first problemariseswhenwe look at a pointin spacein a vacuum.Clearly, thereis only one physicalentity that

representshe local magneticfield howeverit is producedwhatevemameit is calledor whateverthe official unitit is
assignedThis entity is a vectorwith amagnitudeanda direction.

Consequentlyin a vacuum,usingB or H to expresghe magneticfield is just a matterof conventionandof a proper
conversiorfactorbetweerunits.

The conversionOersted Gaussis very easysincethey haveexactlythe samemagnitude The conversionAmperef
Meterto Teslais morelaborious.The conversiorfactoris calledpy,andnamedvacuumpermeability:

Mo =4 71077 (1)
All thesedenominationsandunits areusedby physicistsandengineersaccordingto their currentpractice For instance,

geophysicistasethe Gammahatis simply aNanoTeslaor 10 Micro Gauss.

Whenwe wantto describethe magneticfield insidematter,it is necessaryo introducea new entity thatrepresentshe
magneticfield contributionof the substancelM. Thenthe distinctionbetweenB andHm becomesneaningful.ln a
coherensystemof units,we havethefollowing relation:

B=M +Hm (2)

This is alocal relationthatexpresseshe fact that matter,by itself, generates magneticfield which is addedto the
magneticfield comingfrom an externalsourceHm outsidethe local volumeandthe term InductionB meanghetotal
magneticfield in thelocal volumeof matter.

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0 286

= Hm: Magnetizing field expresses the ideathat it is the cause of the local magnetic excitation of the
matter that reacts by creating magnetic dipoles whose magnetic volume intensity isM. The
response of the matter M to the excitation is specific to each substance and is expressed by the law
of magnetization (see Chapter 6-2):
M =X xHm 3

» M: Magnetization. Thisis the most common name but it is also called Magnetic Polarization and
given the acronym J. There is no legal definition of the unit of M and therefore all previously
mentioned units are in use, depending on the practice.

= X: Susceptibility. It is adimensionless parameter in a coherent magnetic system of units. In that case
X iscalled the relative volume magnetic susceptibility or simply relative susceptibility. X can be
expressed with specific dimension units depending on the units for M and Hm. Also, it can be
expressed for a given mass of matter instead of avolume. Thisisthe case in most handbooks on
material properties. Proper conversion must be done to obtain the dimensionless val ue.

In the Magnetica system of unit conversion, the user is free to choose hig/her units according to his/her usual practice.

m B2-3 The Magnetica Units

m B2-3-1 The Symbolsfor the Magnetica Units

For all types of physical entities concerned by field calculation and applications, there are specific symbols that must be
properly used. The immediate help for the function Magnet i caUser Uni t s provides the entire list of Magnetica
symbol names:

? Magneti caUserUnits

MagneticaUserUnits [LengthUnit  -> Meter, .. ]
overrides  the default Magnetica units with user defined units .
The available units are :

LengthUnit (for all lengths )

FieldUnit (for the magnetic field )
PotentialUnit (for the magnetic potential )
FluxUnit (for the magnetic flux )
GradientUnit (for the magnetic field gradient )
InductanceUnit (for the inductance )
MagneticEnergyUnit (for the energy )

MagneticMomentUnit (for the magnetic moment)
CurrentintensityUnit (for the current intensity )
PowerUnit (for the power)

VoltageUnit (for the current voltage )
ResistanceUnit (for the electrical resistance ). Detalils...

The unit values are composed of a symbol name and of an optional prefix that states the value. A blank character (i.e. a
space), or the multiplication sign * must be used to separate the prefix from the unit name:

The most common, available prefixes are the following:
Pico, Nano, Micro, Milli, Centi, Deci, Kilo, Mega, Giga

The units can be given various designations such as :
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Fil el dunit

Potenti al Unit

Fl uxUni t

Gradi ent Uni t

Lengt hUni t
CurrentlntensityUnit
| nduct anceUni t
Magnet i cEner gyUni t
Magnet i cMonent Uni t

Gauss, Tesla, Anmpere/Meter
Weber / Meter, Gauss / Meter
Weber

Gauss / Met er

Meter, Inch, Foot, Feet,
Anper e

Henry

Joul e,

Anpere Meter 2

The function Magnet i caCur r ent Uni t s displays all the currently used units. If called before any change of unitsis
made we obtain the internal Magnetica system of units. They are:

Magneti caCurrent Units[]

Length

Magnetic field
Magneti c potenti al
Magnetic fl ux
Magnetic field gradient
I nduct ance

Magneti c ener gy
Magneti ¢ nonent
Current intensity
Power

Vol t age

El ectrical Resistance

MIli Meter

Gauss

M cro Weber /Met er
M cro Weber
Gauss/Met er

M cro Henry

Joul e

M cro Anpere Meter?
Anmper e

Wat t

Vol t

hm

Some additional units are available only at alocal level. For example:

Magneti zi ngFi el dUni t:

Mat eri al Magneti zati onUnit:

| nducti onUni t:

for the magnetizing field (Hm)
for the magnetization (M)

for theinduction field (B=HmM+M)

m B2-3-2 Levelsfor Specifying the Units
In Magnetica, units can be set in 3 different ways:

» The global level: units are set by using the function Magnet i caUser Uni t s in the following way:

Magneti caUser Units[Lengt hUnit -» Meter, FieldUnit -« MI1i Tesl a]

= The function level: units are specified as additional options for the function

Fi el dPoi nt [system {10, 12}, LengthUnit - Centi Meter, FieldUnit - MI|Ili Gauss]

= The argument level: the unit value is given together with the argument as in the following example:

Fl uxArea[system {10 Meter, 12 Centi Meter}]
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m B2-4 Examplesof Using Magnetica Unit System

m B2-4-1 Introduction

We show cases of 2 identical magnetic systems but defined with different units for the following applications:

1. Entering data for magnetic systems
2. Displaying punctual field calculations
3. Plotting field curves

m B2-4-2 Entering Data for Magnetic Systems

Magnetic system made of a single solenoid. This system is built first with the default units and then after some units are
changed at the global level

Case 1: magnetic system data

sol enoi d1 = AXSMagnet i cSyst en

{AXSSol enoi d[Al unEl ec, 600, 1200, 300, 0, 500, 160, FillingFactor - 0.6]},
Syst enlLabel - "generic sol enoi d"]

-~ AXSMagneti cSystem: {-sol enoid-} -
Changing the units for length and magnetic field: these units become the new Magnetica units for any
subsequent calculation.
Magnet i caUser Unit s[Fi el dUnit -» Tesl a, LengthUnit » Meter]

{FieldUnit -» Tesl a, LengthUnit —» Meter}

Case 2: entering data for the same magnetic system but using the new units:

sol enoi d2 = AXSMagnet i cSyst en

{AXSSol enoi d[Al untl ec, 0.6, 1.2, 0.3, 0, 500, 160, FillingFactor -»0.6]},
Syst enlLabel - "generic sol enoi d"]

- AXSMagneticSystem: {-sol enoid-} -

Wewill next verify, by computing the magnetic field at a given point, that these 2 magnetic systems
are the same.

m B2-4-3 Punctual field calculations

Punctual field calculation at coordinates r=z=0.1 Meter. (N.B.: the field unit is currently Tesla)
for Case 1:
Fi el dPoi nt [sol enoi d1, {0.1, 0.1}]

{0. 00715304, 0.10485}
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Ver boseFi el dPoi nt [sol enoi d1, {0.1, 0.1}]

Syst em nane: sol enoi d1
The magnetic field (in Tesla) at the point {0.1, 0.1} (in Meter)
Cal cul ati on node: Automatic Mde

Br 0.007153 T

Bz 0.104850 T

Bm 0.105094 T
for Case 2:

Fi el dPoi nt [sol enoi d2, {0.1, 0.1}]

{0. 00715304, 0.10485}

Ver boseFi el dPoi nt [sol enoi d2, {0.1, 0.1}]

Syst em nane: sol enoi d2
The magnetic field (in Tesla) at the point {0.1, 0.1} (in Meter)
Cal cul ati on npode: Automatic Mde

Br 0.007153 T
Bz 0.104850 T
Bm 0.105094 T

Changing the units, but only for this calculation:

- Length into Milli Meter
- Field into Micro Tesla
Fi el dPoi nt [sol enoi d1, {100, 100}, LengthUnit - M11li Meter, FieldUnit -» M croTesla]

(7153. 04, 104850. )

m B2-4-4 Plottingfield curves

Plot of the Bz component of the field along an axia line
Using the global units previously defined and still in use: Meter and Tedla:
Fi el dMap[sol enoi d1, {Bz}, Line[{0, -0.1}, {0, 0.1}1]

Syst em nane: sol enoi d1

generic sol enoid

Bz (T) (Continuous, Autonatic Mde)
between {0., -0.1} and {0., 0.1}

0. 109
~ 9 167
= 0. 106 - \
0. 105 — \
& Q1041 \
0.103 / \
0. 102
£0.10.050 0.050.1
Z (m)

{= Graphics -}
Changing, for this plot:

- the Length unit at the argument level
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- the Field unit at the function level
Fi el dMap[sol enoi d1, {Bz}, Line[{0, -3 Foot}, {0, 3Foot}], FieldUnit -» Gauss]

Syst em nane: sol enoi d1

generic sol enoid

Bz (G) (Continuous, Automatic Mde)
between {0., -0.9144} and {0., 0.9144}

1000 N
@ 800 / I\
~ 600
N 400 / \

2002 AN

=1 N~
-0.-aG 2. ZbG 75
Z (m

{- Graphics -}
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m Appendix B3: Using Magnetica Palettes

m B3-1 Introduction

Palettesare graphicobjects(windows)that containactive buttonsenablingyou to avoid typing in certainexpressions.
Theyallowsyouto pastecodesin your working notebook.

Magnetica providescertainpalettesthat are also convenientwaysto visualizethe mostcommonMagnetica features.
Hereis abrief descriptionof each:

« MagneticaBasics Paletteprovidesabrief overview(approach}jo the mostcommonlyused
Magnetica functionalities.

* MagneticaMaterials Palettedisplaysthe materialsavailablein Magnetica.

» MagneticaComponents Palette facilitatesthe elaboratiorof componentdy usingforms.

All theMagnetica Palettesarein the sub-menuFile > Palettes

m B3-2 MagneticaBasics Palette

m | ocation and Appearance:

Openthe"MagneticaBasicsPalettewith File > Palettes > MagneticaBasics. If it is correctlyinstalled,something
like thefollowing windowwill appear:
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A Maznat ica Trput Palette

Magnetica - General input help

This palette sumunarizes the mein Magnetica functionalities. Just click on the funetion
needed to paste it code in your working notebook.

To load Fagnetica click here then evalnate the expression pasted

i 2D AXiSymmetric systems

[ 3D Cartesian systems

m Description

The MagneticaBasic®alettegivesan overviewof the main functionalitiesof Magnetica, andallows the userto use
themquickly. Thetoplevelis dividedin 4 sections:

» 2D Axisymmetricsystemscomponentsgrawing,field calculationsfield maps for axisymmetric

systems.

» 3D Cartesiarsystemsfunctionalitiesfor cartesiarsystems.

» Materials:howto accessnaterialsnformationsandcurves.

* Units: howto obtainor modify units.
Click onthe"triangles"ontheleft to openthedesiredsectionandto proceed.

To useanyfunction,youjust haveto click on the buttonsto pastethe correspondingodein your working notebook.
Then,replacetheargumentdy therelevantvalues or variablenamesandevaluate.
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m B3-3 MagneticaMaterials Palette

m | ocation and Appearance:

Open the "MagneticaMaterials' Palette with File > Palettes > MagneticaMaterials. If it is correctly installed,
something like the following window will appear:

A Magnet ica Materials List

Magnetica - Materials

List of the materials available in Magnetica,
grouped by category

= Resistive current Carrying

Superconductor current Carrying

Ferromagnetic reversible non linear isotropic
Ferromagnetic reversible linear isotropic

Permanent magnet
Oeneral material

m Description
The "MagneticaMaterials' Palette presents all the materials available in Magnetica. They are grouped by categories.
Categories and their meaning are described in Appendix B1 on materials.

m Usage

1. Open the desired category.

2. Scan with the pointer the grid that appears, to see a description of each material at the bottom of the
palette.
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3. Click on the button corresponding to the material chosen and its name will be pasted in your working
notebook.

m B3-4 MagneticaComponents Palette

m | ocation and aspect:
Open the "MagneticaComponents" Palette with

File > Palettes > MagneticaComponents.

If it is correctly installed, something like the following window will appear:

Circular 1

filling £

m Description

This palette presents one button for each input type of kind of Magnetica component. Possible components are either
current-carrying components or magnetic components.

m Usage

When you click on a button, an other window that contains a form pops up. It describes each argument to give. It must
look like this:
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Solenoid with circular
conductor

Open Materials Palette

Necessary Arguments
material

[ CopperOFHC

riominal inver diarneter

Optional Arguments

Fill in the edit boxes, and click on the button "Paste Expression” at the end of the form. The expression corresponding
to this Magnetica component will be pasted in your working notebook.
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m Appendix B4: Practical Usage and Miscellaneous

m B4-1 Some Mathematica M anipulations

Magnetica proceedfrom Mathematica which is a powerful but complexcalculationandgraphicstool aswell asan
intricateprogramminganguage.

But Magnetica is designedso thatthe commonor hurriedusernot haveto go into Mathematica in depth.Toavoidany
possibleinterferencethefollowing rulesor tricks arerecommended:

« Working Session : aworking sessioris initialized assoonasMathematica (andMagnetica) have
beencalled.During a sessionall the computerobjectsarekeptin the memory:symbols,
expressiongjata,numericalresults graphics.This maybe useful,but for lengthycalculationghis
will reducethe efficiency of computatioror evenabruptlyendthe sessiorwith lossof dataif the

memoryrunsout.
You canenda sessioratanytime by either
- exiting Mathematica
- startinga newsessiorwithout quitting Mathematica by usingthe menucommandernel > Quit
Kernel
To avoidunpleasanproblemsyou areadvised:
- to saveyour notebooksegularly,andparticularlyif you havemanygraphics,
- to startnewsessionsepeatedly.

* Symbols Writing : useonly lower casdetters.In Mathematica, aswell asin Magnetica, someupper
caselettersareusedfor namingfunctions.In orderto avoidany possibleconflict, useonly lower

caselettersin your program.

» Expressions Use: anyMathematica andMagneticafunctionis aformal expressiomproducing
resultseithernumericalor graphicresults.You maybeinteresteckitherin simply displayingthe
resultsor in usingthemfor furthercalculation.However,remembethataddinga semi-colomatthe
endof anexpressiortanceldts final output. Thefollowing rulesmaybeapplied:

- in displayingraw resultsof a numericalexpressiongo notusea semi-colomasafinal character
N[Pi] > 3.14159

N[Pi]; > nothing

FieldPoint[solenoid1,{100,50}]> {38.5438,1108.12}

- furthermoreMagnetica is setwith a usefulprefix to displaynotonly thefinal resultbut alsoseveral
relevantitemsof data:this is donewith theVerbose prefix asfor instance:

VerboseFieldPoint[solenoid1,{100,508
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System sol enoi d1

the magnetic field (in Gauss) at the point {100, 50} (in MIli Meter)
Cal cul ation node: Autonatic Mde

Br 38.543850 G

Bz 1108. 118151 G

Bm 1108. 788287 G

* Numerical Calculation and Display : Mathematica offersthe possibility of executingcalculations
atanylevel of precision the defaultsituationbeingthe machineprecisionsetto 16/17decimal
digits on mostcomputersThis is the standardgrecisionprovidedby Magnetica for realnumbers.
But integershaveaninfinite precisionandwithin the processf calculation Mathematica inclines
to maintainthis precision.This mayresultin lengthycalculations. Magnetica carriesoutall the
adhoctransformationsvhendataareenteredandyou do not haveto worry aboutthis problem.But
you maybeinterestedn doingsidecalculationausing,de factq Mathematica. Thefollowing rules
may beapplied:

1. to convertanumberfrom anintegerform to realform:
- adda dotatthe endof the numberstring or usethe Mathematica functionN: example
18 1 internalintegernumber
18. > internalrealnumber
N[18] > internalrealnumber

2.to convertanumberfrom realform to integerform usethefollowing Mathematica functions:
Round,Floor or Ceiling

- Round[3.1416]> 3
- Floor[3.1416] > 3
- Ceiling[3.1416]> 4

3. to useanddisplayrealnumbersthe standarddefaultcase)of displayingarealnumberin
Mathematica is a6 digit (or less)expressiorbut agreatemumberof digits may be setor
displayedusingthefunctionsN or NumberFormwith theindicationof the numberof digits. The
exampleis givenfor Piwhichis anumberof primordialimportancean magnetostaticandwhich,
moreover hasa specialmeaningn Mathematica. Naming"Pi" is a specialreservechameand
althougharealirrationalnumberits basicprecisionis infinite.

3.1. settingandusingPi with a given precision
- standardb digits precision:N[Pi] > 3.14159
- 20digits precision:pinew= N[Pi,20] > 3.1415926535897932385

the functionN carriesout a numericalconversionthe symbolpinewcanbegiventhis numerical
valuefor furtheruse.Thenthis newsymbolis keptwithin the actualworking sessiorwith this
internalprecision.

3.2.DisplayingnumbersThefunction NumberForndoesnot affecttheinternalprecisionof the
numberbut only its display.Consequentlyhe maximumnumberof digits correspondso the
internalprecision It canbereducedut notincreased.

- NumberForm[pinew,12} 3.14159265359

©1998-2003Magneticasoft



MagneticaUserBook- Version1.0 298

3.3 Displayingthenumber'snternalprecision: the MathematicaFunctionPrecision givesthe actual
precisionin decimaldigits. Examples:

- Precision[Pi] > Infinity

- Precision[pinew}> 20

m B4-2 Magnetic Field Security Limits

It is knownthata static magnetic field hasavery limited effecton living cells but, dependingon its intensity,it may
producedefinite andimportanteffectson manyapparatusesr devices.Thefollowing tableis givenmerelyfor general
informationandnotasareferencdable.

Magneticfield intensityis givenin Gaussand Milli Tesla.lt mustbe rememberedhat the Earth’smagneticfield
intensityis around0.5 G (0.05mT).Its intensityvariesslightly goingfrom the North Pole (or SouthPole)to the equator
(betweerD.6 and0.3 gauss)But, it maybe stronglyaffectediocally by largedepositsf iron ore onthe Earth'scrust.

fieldlimt equi prent
0.5 G (0. 05 nm) medi cal nucl ear caner a
1G (0.1 nm) i near accel erator, cyclotron, positronen ssiontonography scanner

accurate nmeasuringscal e, electronmcroscope
color TV, videodisplay, CTscanners, imageintensifiers,
ultrasounddevice, lithotriptor

3G (0.3nm) power transforners, main el ectrical distributiontransforners
movi ng st eel equi pnent :
- Vehicular traffic, dunbwaiter, |oadingdock (trucktraffic)
-forklift truck, electrictransport cart,
—elevator, escalator, helicopter
5G (0.5nm) car di ac pacemaker, biosinul ati ondevices, neurosinulator
10 G (1 i) magnetictape, floppydiscs, hardcopyinager, |ineprinter
vi deo cassetterecorder, filmprocessor, credit card
t el ephone swi t chi ng equi pnent, X-raytube
| arge st eel equi pnent
- enmergency generator, commercial | aundry equi pnent
- food preparationarea, fuel storagetank,
- air condi tioni ng equi pnent, notor greater thanb5 horsepower

30 G (3 ) medi cal MRl equi prent : systemcont rol cabi net, heat exchanger for
nobi | e syst em gr adi ent coil cooling
50 G (5 ) t el ephones and nost MRl equi pnent i ncl udi ng et al det ect or
for screeni ng
100 G (10 m) servi ce nedi cal MRl equi prrent i ncl udi ng Oxygen noni tor, pneunatic

patient al ert control box

200 G (20 n) speci al nedi cal MRl equi prrent i ncl udi ng renot e oxygen sensor nodul e,
MRl roompenet ration panel, bl ower box, magnet rundown unit

300 G (80 n) | medical MR brainwave cart
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m Magnetica Reference Guide

= | ntroduction

The MagneticaReferenceGuideis a listing anda documentatiorof all the symbolsmanipulatedn Magnetica.This
includesthefollowing:

m Functi ons: functionsarethe basicway to manipulateMagneticaAs usualin Mathematica the standardsyntaxis
in theform:
FunctionNane[ argl, arg2,...,optionl, option2,...]
for eachfunctionthe syntaxis describedncludingmeaningof eachargumentandpossibleoptions.
= Opt i ons: manyfunctionscanbegivenoptionalargumentshatarespecifiedin theform of arule asfollows:
OptionName> OptionValue
Optionvaluescanbe numbersor predefinedvalues.
m Val ues: someoptionsandsomeargumentcanbe givenonly predefinedvalues.Thesearealsodocumenteagnd
relatedfunctionsarelisted.

= AngularRange

m Angul ar Range is anoptionfor Dr awl soFi el dLi nes-like functionsthatallowsto choosethe rangeof the polar
plot aroundthe origin.

= Angul ar Range mustbegivenalist of exactlytwo numericvaluesithefirst angleandthelastangleof therange.
m Angul ar Range valuesareexpresseth Degree.

m SeetheMagneticalserBook: Chapter4.

m Seealso:Dr awl soFi el dLi nes, Dr aw soFi el dLi neszZX.

m AXSBitter Solenoid

m AXSBi t t er Sol enoi d[ material, nominallnnDiameternominalOutDiameternominalLength position, number
Turns,intensity,disksWidth generatea Bitter solenoid.

m This generatea MagneticaAXiSymmetricComponent.

= This components similar to the AXSSolenoid,but the currentdensityis inverselyproportionnatto the radius(1/r),
insteadof beingconstant.

= Argumentl, thematerial mustbe chooseramongthe MagneticaMaterialsandis supposedo be a CurrentCarrying.
= Argument2, is theinnerdiameter of the structure(nominaldimension).

m Argument3, is the outerdiameter of the structure(nominaldimension).

= Argument4, is thelenghtof the solenoid,(nominaldimension).

= Argument5, is the positionof the centerof the solenoidon the Z-axis. (temperaturéndependent).

= Argumentb, is the numberof disks.

m Argument7, is the currentintensityperconductor signedaccordingto the directionof the current(+,-).

= Argument8, is thewidth of thedisksconstitutingthe Bitter Solenoid.

m Possibleoption:

Tenper at ur e: allowsto settheactualtemperatureéo anotheronethanthe nominaltemperatur@0°. This valuewill
be usedto evaluatehe exactdimensionsaandothertemperaturelependenproperties.
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= Relatedunits:

Lengt hUni t : affectsthe valuesgivento the inner diameter the outerdiameter the solenoidlength, the positionon
the Z-axisandthediskswidth.

Currentl ntensityUnit: affectsthevaluegivento thecurrentintensity.

m SeetheMagneticalserBook: Chapter3.

m Seealso:AXSMagnet i cSyst em AXSSol enoi d, Lengt hUni t,CurrentintensityUnit.

m AXSCircularL oop

= AXSCi r cul ar Loop[ material, nominalMidDiameterwindingNominalDiametemosition,numberTurnsintensity,
Fi I I'i ngFact or ->filling] generateastandarcturrentcircularloop.

m AXSCi r cul ar Loop[ material, nominalMidDiameterwindingNominalDiameterposition,numberTurnsintensity,
Conduct or Di anet er ->diameter] acircularloop, specifyingthe conductordiameterjnsteadof thefilling factor.

m AXSCGi r cul ar Loop[ material, nominalMidDiameterwindingNominalDiametemosition,numberTurnsintensity
without any information aboutthe condutoris understoodas superconductingvire, sincefor this kind of material
dimensionsarefixed propertiesof the material.

= This generatea MagneticaAXiSymmetriccomponent.

m A circular loop is current carrying winding, of circular crosssection.For a rectangularcrosssectionsee
AXSSol enoi d.

= Argumentl, the material,mustbe chooseramongthe MagneticaMaterialsandcanbe eithera CurrentCarryingor a
Superconductor.

= Argument? is thediameterof theloop, measuredrom the centerof thewinding.

= Argument3 is thediameterof thewinding, i.e. the sectionof theloop.

= Argument4 is the positionof thecenterof theloop on the Z-axis.

m Argument5 is the numberof turnsof thewinding, signedaccordingto the standardrientationright or left handside
(+,-).

= Argumentb is the currentintensityperconductor signedaccordingto the directionof thecurrent(+,-).

= Additionnal information on the condutordimensioncan be given by setting(only) one of the following options
Filli ngFact or orConduct orDi aneter.

= Without specifying neither the filling factor nor the conductordiametersupposethe winding is made of
superconductingvire.

m Otherpossibleoptions:

Tenper at ur e: all thedimensionargumentsaregivenasnominalvalues thatis the valueat the nominaltemperature
20°. This option specifythe actualtemperaturef the componenthatwill be usedto evaluatethe exactdimensionsand
othertemperaturelependenproperties.

Fi | ament Mode: (Tr ue or Fal se) allowsto assumeéhatcurrentis concentratedéh the centerof theloop. The default
valueis True.

= Relatedunits:

Lengt hUni t : affectsthe valuesgivento the midDiameterthe windingDiameterthe positionon the axis,andalsoto
theConduct or Di anet er option.

CurrentlntensityUnit: affectsthevaluegivento theintensity.

m SeetheMagneticalUserBook: Chapter2.

m See also: AXSMagneticSystem AXSSol enoid, FillingFactor, ConductorD aneter,
Tenper at ur e, Fi | ament Mbde, Lengt hUnit,CurrentlntensityUnit.
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m AXSHardM agneticComponent

m AXSHar dvagnet i cConponent [ material, nominallnnDiameternominalOutDiametemominalLengthposition
generates cylindrical magnet(baror ring) whosemagnetizatiorvary linearly with the appliedfield.

m This generatea MagneticaAXiSymmetricComponentlt is a Ferromagneticomponent.

= This componenkeepspermanentlya traceof magneticfield, andthe remainingmagnetizations referredto by the
terms"RemanenMagnetization"(AXSRi gi dMagnet i cConponent alsodoesso).

= This componentakesinto accountthe linear variation of the magnetizatiorwith the appliedmagnetizingdfield.
(AXSSof t Magnet i cConmponent dealswith linearandnon-linearvariation).In orderto do this, the componenis
subdividedinto cellseachwith uniform magnetization.

= Thethinnessof the meshingcanbe adjustedby usingthe option Conponent Meshi ng (seebelow). Otherwisethe
valuesaredeterminedy thesystemoptionMeshi ngLevel .

= Argumentl, the material, mustbe chooseramongthe MagneticaMaterialsandis supposedo be a PermanenMagnet.
m Argument2, is theinnerdiameterof the structurethatis 0 in caseof abar(nhominaldimension).

= Argument3, is the outerdiametetrof the structure(lnominaldimension).

= Argument4, is thelengthof the componen{nominaldimension).

= Argument5, is the positionof the centerof the componenbn the Z-axis (temperaturéndependent).

m Possibleoptionsare:

Fi 1 1'i ngFact or : to specifytherateof magnetionaterialin thecomponentThedefaultis 1.

Magnet i zat i onAngl e: to specify the anglebetweenthe (oriented)Z-axis andthe magnetizatiordirection. The
defaultvalueis 0.

Remanent Magnet i zat i on: to bespecifiedif the magnetizationmustbe takendifferentfrom the materialproperty.
Ri gi d: (Tr ue orFal se) allowsto considemunvariantmagnetizationThe defaultis Fal se.

Conponent Meshi ng: allows to specifythe numberof radial cells and axial cells of the componentThe default
settingis Aut omat i ¢ thattellsto referto thesystemmeshingevel.

Tenper at ur e: allowsto setthe actualtemperaturé¢o anotherone thanthe nominaltemperatur€0°. This valueis
usedto evaluatehe exactdimensionsandothertemperaturelependenproperties.

= Relatedunits:

Lengt hUni t : affectsthevaluesgivento theinnerdiameterthe outerdiameterthelength,the position.

Fi el dUni t or MaterialMagnetizationUnit:

m SeetheMagneticalserBook: Chapter7.

m See also: AXSMagnet i cSyst em AXSRi gi dMagnet i cConmponent , AXSSof t Magnet i cConponent
FillingFactor, Magneti zati onAngl e, Remanent Magneti zati on, Ri gi d, Conponent Meshi ng,
Tenperat ure,

m AXSL argeM agneticSour ce

m AXSLar geMagnet i cSour ce[ Bz simulatesan axisymmetriclarge magneticsourceproducingat any point a
constantmagnetidield, directedalongthe Z-axis,andwhosemagnitudes Bz

m This generatea MagneticaAXiSymmetricComponent.

= Theonly argumenspecifiesheintensityof themagnetidield, thedirectionbeingthe Z-axis.
m Theargumenis expressedh theunitof Fi el dUni t .

= SeetheMagneticalserBook: Chapt er 3.

m Seealso:AXSMagnet i cSystem Fi el dUni t.
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m AXSMagneticSystem

m AXSMagnet i cSyst enf {axscomponentl,axscomponent2,...}] builds a Magneticaobjectrepresentinga magnetic
system.

m Thefirst arguments alist of AxisymmetricComponents.

m Theprefix "AXS" standdor AXiSymmetric.

m The availableaxisymmetriccomponentsre: AXSCi r cul ar Loop, AXSSol enoi d, AXSBitter Sol enoi d,
AXSRi gi dvagnet i cConponent, AXSHar dMagneti cConponent, AXSSoft Magneti cConponent
and AXSLar geMagneti cSour ce.

m Thepossibleoptionsarethefollowing:

Syst emLabel : to specifyalabelto beattachedo thatsystem.

Meshi nglLevel : is only interestingfor systemscontainingFerromagneticComponentsit allows to choosethe
granularityof the meshingfor thesecomponentsThe defaultvalueis 2.

Legendr ePoi nt Posi ti on: affectsall SphericaHarmonicsfeaturesjncluding the definition of the SHLimits, the
calculationmodeetc. It specifieshe positionof the Legendrepoint onthe Z-axis. The defaultvalueis 0.

Legendr eRadi us: specifiegheLegendreaadiusvaluefor this systemThedefaultsettingis Aut onat i c.
Legendr eOr der : specifieghe numberof termsto usein SphericaHarmonicsseries.Thedefaultsettingis 20.

m SeetheMagneticalserBook: Chapter2, Chapter3.

m Seealso: AXSCi r cul ar Loop, AXSSol enoi d, AXSBi t t er Sol enoi d, AXSRi gi dMagnet i cConponent ,
AXSHar dMagnet i cConmponent , AXSSof t Magnet i cConponent , AXSLar geMagnet i cSour ce, System
Label , Meshi ngLevel ,Legendr ePoi nt Posi ti on, Legendr eRadi us, Legendr eOr der .

m AXSRigidM agneticComponent

m AXSRi gi dMagnet i cConponent [ material, nominallnnDiameter, nominalOutDiameter,nominalLength,
position] generatea cylindrical or abarmagnetmadeof rigid (constantmagnetizatiomaterial.

= This generatea MagneticaAXiSymmetricComponent.

m Thisis alsoa Ferromagneti€omponent(butit is not subdividednto cells).

m Magnetizationis takenfrom materialpropertyor canbe overridenwith anoption (seebelow). It is thenconsidered
unvariant,sothesusceptibilityis supposedull. For varyingmagnetizatiorseeAXSHardMagneticComponent.

= Argumentl, thematerial mustbe chooseramongthe MagneticaMaterialsandis supposedo bea Permanenkagnet.
= Argument2, is theinnerdiameterof the structure thatis 0 for a bar(nominaldimension).

m Argument3, is the outerdiameterof the structureg(lnominaldimension).

= Argument4, is thelengthof the componentnominaldimension).

= Argument5, is the positionof the centerof thecomponenbn the Z-axis (temperaturéndependent).

m Possibleoptionsare:

Fi I 1'i ngFact or : to specifytherateof magnetianaterialin thecomponentThedefaultvalueis 1.

Magnet i zat i onAngl e: to specifythe anglebetweenthe (oriented)Z-axis and the magnetizatiordirection. The
defaultvalueis 0.

Remanent Magnet i zat i on: to bespecifiedif the magnetizatiomustbe takendifferentfrom the materialproperty.
Tenper at ur e: allowsto settheactualtemperatureéo anotheronethanthe nominaltemperatur@0°. This valuewill
be usedto evaluatehe exactdimensionsandothertemperaturelependenproperties.

= Relatedunits:

Lengt hUni t : affectsthevaluesgivento theinnerdiameterthe outerdiameterthelength,the position.
?FieldUnit,MaterialMagnetizationUnit..

m SeetheMagneticalUserBook: Chapter?.
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m See also: AXSMagnet i cSyst em AXSHar dMagnet i cConponent , AXSSof t Magnet i cConponent ,
FillingFactor, Magneti zati onAngl e, Remanent Magneti zati on, Tenperat ure, Lengt hUni t,
Fi el dUnit.

m AXSSoftM agneticComponent

m AXSSof t Magnet i cConponent [ material, nominallnnDiameternominalOutDiametemominalLengthpositior]
generates cylindrical componentbaror ring) with isotropicreversible(linearor non-linear)magnetization.

= This generatea MagneticaAXiSymmetricComponentlt is a Ferromagneti€omponent.

= This components a reversiblemagnetizatiordevice,that is no remanentmagnetizatiorwithout magneticfield
excitation(unlike AXSRi gi dMagnet i cConponent andAXSHar dMagnet i cConponent ).

= This componenttakesinto accountthe variation (linear or non-linear)of the magnetizationwith the applied
magnetizingdfield. In orderto dothis, the components subdividednto cells,eachwith uniform magnetization.

= Thethinnesof the meshingcanbe adjustedby usingthe option Conponent Meshi ng (seebelow). Otherwisethe
valuesaredeterminedy thesystemoptionMeshi ngLevel .

= Argumentl, the material, mustbe chooseramongthe MagneticaMaterialsandcanbe any materialexceptPermanent
Magnet.

= Argument2, is theinnerdiameterof the componentthatis 0 in caseof abar(nominaldimension).

= Argument3, is the outerdiameterof the componenf{nominaldimension).

m Argument4, is thelengthof the componentnominaldimension).

m Argument5, is the positionof the centerof the componenbn the Z-axis (temperaturéndependent).

m Possibleoptions:

Fi 1 1'i ngFact or : to specifytherateof magnetionaterialin thecomponentThedefaultis 1.

Li near Per meabi l ity (True or Fal se): to specifyif the magnetizatiorfunctionis to be assumedinear. The
defaultis Fal se.

Commponent Meshi ng: allowsto specifythenumberof radial cellsandaxial cellsof the component.

Tenper at ur e: allowsto setthe actualtemperaturef the componento anotheronethanthe nominaltemperature
20°. Thisvaluewill beusedto evaluatehe exactdimensionsandothertemperaturelependenproperties.

= Relatedunits:

Lenght Uni t : affectsthevaluesgivento theinnerdiameterthe outerdiameterthelength,the position.

m SeetheMagneticalserBook: Chapter8 andChaptero.

m See also: AXSMagnet i cSyst em AXSHar dMagnet i cConponent , AXSRi gi dMagnet i cConponent ,
Fi | I'i ngFact or,Li near Per meabi | i t y, Conponent Meshi ng, Tenper at ure, Lengt hUni t .

m AXSSolenoid

m AXSSol enoi d[ material,nominallnnDiameternominalOutDiameter,nominalLength,position, numberTurns,
intensity,Fi | I i ngFact or ->filling] generates standardolenoid.

m AXSSol enoi d[ material,nominallnnDiameternominalOutDiameter nominalLength,position, numberTurns,
intensity,Conduct or Di anet er ->diameter] asolenoidmadeof roundwire, specifyingits diameter.

m AXSSol enoi d[ material,nominallnnDiameternominalOutDiameter,nominalLength,position, numberTurns,
intensity,Conduct or Hei ght W dt h->{height,width}] a solenoid,madeof rectangulasectionwire, specifyingthe
sectiondimensions.

m AXSSol enoi d[ material,nominallnnDiameternominalOutDiameter,nominalLength,position, numberTurns,
intensity] without giving informationaboutthe conductorsupposét is a superconductingvire, sincefor this kind of
materialdimensionsarecommerciallyfixed properties.
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= This generatea MagneticaAXiSymmetricComponent.

= This components a solenoid thatis a currentcarryingwinding of rectangulacrosssection.

m AXSSolenoidis a constancurrentdensitywinding. For currentdensityvaryingwith the radius(1/r) seeAXSBitter-
Solenoid.

= Argumentl, the material,mustbe chooseramongthe MagneticaMaterialsandcanbe eithera CurrentCarryingor a
Supercondutor.

= Argument2, is theinnerdiameter pf thewinding, (hominaldimension).

m Argument3, is the outerdiameter of thewinding, (hominaldimension).

= Argument4, is thelengthof the solenoid,(nominaldimension).

= Argument5, is the positionof the centerof the solenoidon the Z-axis. (temperaturéndependent).

= Arguments, is the numberof turnsof thewinding, signedaccordingto the standardrientationright or left handside
(+,°).

= Argument7, is the currentintensityperconductor signedaccordingto the directionof the current(+,-).

= Additionnal information on the conductordimensionsand shapecan be specifiedby (only) one of the following
option:

Fi | I i ngFact or : anumericvaluebetweerD and1, thatspecifythefilling rate.This settlesthe averagedimensions
of thewire.

Conduct or Di anet er : supposes circularsectionwire, andspecifiesits diameter.

Conduct or Hei ght W dt h: supposea rectangulasectionwire, andspecifiests dimensions.

m If noneof the previousoptionsis specified,thenthe solenoidis supposedo be a superconductingolenoid,since
dimensionsaarecommerciallyfixed propertieof superconductamaterials.

= Otherpossibleoption:

Tenper at ur e: allowsto setthe actualtemperatureéo anotheronethanthe nominaltemperature0°. This valuewill
be usedto evaluatehe exactdimensionsandothertemperaturelependenproperties.

= Relatedunits:

Lengt hUni t : affectsthevaluesgivento theinnerdiameterthe outerdiameterthe solenoidlength,the positionof the
Z-axis,andalsothevaluesgivento the optionsConduct or Di anet er, andConduct or Hei ght W dt h.
Currentl ntensityUnit: affectsthevaluegivento thecurrentintensity.

= SeetheMagneticalUserBook: Chapter3.

m See also: AXSMagnet i cSyst em AXSBitterSol enoi d, FillingFactor, ConductorDi aneter,
Conduct or Hei ght Wdt h, Lengt hUnit,CurrentlntensityUnit.

m CalculationMode

m Cal cul ati onMbde is anoptionfor almostall field calculationfunctionsandmappingsto punctuallymodify the
calculationmode.

= Thedefaultvalueis usuallyl nher i t ed, thattells to takeinto accounthe global calculationmode.
m Theotherpossiblevaluesare:Vect or Pot ent i al , Spheri cal Har noni cs andAut omati c.
m Settinganothewaluethanl nher i t ed forcespunctuallythe useof this valueascalculationmode.
m SeetheMagneticalserBook: Chapt er 5.

m Seealso:Magnet i caCal cul ati onMode, Fi el dPoi nt, Ver boseFi el dPoi nt, Fi el dMap,

s ComponentList

m Conponent Li st is anoptionfor somecalculationfunctionsusedto definea sublistof component®f a given
system.
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m The list can be specified with numbers and/or intervals. Intervals are specified with sublist of two elements:
Example: Conponent Li st->{1, 4, 5, 6, 7, 10} isequivalent to Conponent Li st->{1, {4, 7}, 10}.
m Other possible values are:

Al | : to select all possible components.

None: usualy the default value, to avoid any specification.

m See dso: Fi el dPoi nt, Ver boseFi el dPoi nt , MagnetizationTable, Magneti zationCurves

m ComponentMeshing

= Conponent Meshi ng is an option for AXSHar dMagnet i cConponent and AXSSof t Magnet i cConmponent
that specifies the number of radial and axial cellsto take for the meshing of the component.

= Conponent Meshi ng must be given alist of two positive integers being respectively the number of radial cells and
the number of axial cellsasfollows:

Conponent Meshi ng- >{nbRadialCellshbAxialCells}

= Conponent Meshi ng- >Aut omat i ¢ tellsto refer to value given to the system option Meshi ngLevel .

m See the Magnetica User Book: Chapter 6, Chapter 7, Chapter 8.

m See also: AXSHar dvagnet i cConponent , AXSSof t Magnet i cConmponent , Meshi ngLevel .

m CondensedForm

m CondensedFor mis an option for most "Ver bose" functions, and some other, that alows to have a more compact
display.

= In Ver boseFi el dPoi nt if the Conponent Li st option is used, then CondensedFor mallows to display the
infomationsin an array form.

m Inthe Magneti zat i onTabl e function, using the condensed form gives a better display for printing.

m See: Ver boseFi el dPoi nt, Ver boseFl uxAr ea, Ver bosePot ent i al Poi nt, Ver boseG adi ent -
Poi nt , Magneti zati onTabl e.

m Conductor Diameter

m Conduct or Di amet er isan option for AXSCi r cul ar Loop and AXSSol enoi d that allows to specify the wire
diameter value.

m Using this option indicates that the component is made of round wire.

= Conduct or Di anet er can be given any positive numeric value.

m The Conduct or Di anet er vaueisexpressed in the unit of Lengt hUni t .
m See the Magnetica User Book: Chapter 2, Chapter 3.

m See also: AXSSol enoi d, AXSCi r cul ar Loop, Lengt hUni t .

= ConductorHeightWidth

m Conduct or Hei ght W dt h is an option for AXSSol enoi d that alows to specify the dimensions of the
rectangular wire.

m Using this option indicates that the component is made of rectangular section wire.
m Conduct or Hei ght W dt h must be given alist of two positive numeric values as follows:
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Conduct or Hei ght W dt h -> {height,width}.

= TheConduct or Hei ght W dt h valuesareexpresseih theunit of Lengt hUni t .
= SeetheMagneticalUserBook: Chapter3.

m Seealso:AXSSol enoi d, Lengt hUni t .

m Contour FieddM apContinuous

m Cont our Fi el dMapCont i nuous|[ system, {fieldfunctionl, fieldfunction2,.}, Pl ane[ pointl, pointZ ]
ContourFieldMapwith the automatiadistributionof points.

m For detailedinformationaboutargumentspptions,units, ... seeCont our Fi el dMap.

m Cont our Fi el dMapCont i nuous choosethe appropriatedistribution of points, usingan internal Mathematica
algorithm,to producethe bestpossibleaccuratedisplay.Howeverit cantakea long time for complicatedsystemsFor
regulardistributionseeCont our Fi el dvapPoi nt s.

m Settingthe optionNunber OF Poi nt s to somevalueindicatesthe minimumnumberof pointsto usefor themap.

m See:Cont our Fi el dvap, Cont our Fi el dMapPoi nt s.

= ContourFiddMap

m Cont our Fi el dMap[ system, {fieldfunctionl, fieldfunction2,.}, Pl ane[ pointl, pointd ] displaysa contour
plot of eachfield function,for the givensystempon the rectangledefinedby its two oppositecornerspointl andpoint2.

= Thefirst arguments a magneticsystem:thatis the returnvalueof AXSMagnet i cSyst emor CARMagnet i c,,
System

m [f the systemis axisymmetric.the pointsin the directive Pl ane, canbe specifiedeitherby 3D spatialcartesian
coordinateqx,y,z}, or by their 2D axisymmetriccoordinategr,z} (Howeverthetwo pointsmustbe of the sametype).
For cartesiarsystemspnly cartesiarcoordinatesrepossiblefor pointsspecifications.

= The secondarguments thelist of the functionsto plot: the setof possiblefunctionsis differentfor axisymmetric
systemsandcartesiarsystemsit is alsodifferentif pointsspecificationsare2D axisymmetricor 3D cartesian:

m In caseof axisymmetricsystemandpointsdescribedy 2D axisymmetriccoordinantepossiblefunctions:

Br, Bz, Bm, Flux, Potential, Gradzz, GradRZ, GradZR, GradRZ, GradRR.

m In caseof axisymmetricsystemandpointsdescribedy 3D cartesiarcoordinatespossiblefunctions:

Bx, By, Bz, Bm, Flux, PotentialX, PotentialY, GradZz .

m In caseof cartesiarsystem:

To beimplemented...

m Thethird arguments the graphicaldirective Pl ane[ pointl, pointd thatdefinesthe spacewherethe plot mustbe
done.Thepointsmusthaveexactlytwo differentcoordinategthis definesa planenormalto onecanonicakxis).

= To know more aboutdistribution of pointsseeCont our Fi el dMapCont i nuous andCont our Fi el dMap,,
Poi nt s. Cont our Fi el dMap is ashortcutfor Cont our Fi el dMapCont i nuous.

m Possibleoptions:

Nunber O Poi nt s: allowsto choosehe numberof pointsto usefor thedrawing. The defaultis Aut ormat i c.

Cal cul at i onMode: thedefaultvalueis | nheri t ed, thatrefersto the global calculationmode.The othervalues
coercethelocal useof a specificmodeandcanbe:Vect or Pot ent i al , Spheri cal Har noni ¢s, Aut omati c.
= Relatedunits:

Lengt hUni t : to specifythe unit of the points.

FieldUnit, FluxUnit, PotentialUnit, GradientUnit : to specifythe outputunits.

m SeetheMagneticalserBook: Chapter4, Chapters.

m Seealso: Cont our Fi el dMapCont i nuous, Cont our Fi el dMapPoi nt s, Fi el dMap, Vect or Fi el dMvap,
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AXSMagnet i cSyst em Nunber O Poi nt s, Cal cul ati onMode, Lengt hUni t, Fi el dUnit, Fl uxUni t,
Potential Unit,GradientUnit.

m Contour FiddldM apPoints

m Cont our Fi el dMapPoi nt s[ system, {fieldfunctionl fieldfunction2,.}, Pl ane[ pointl,pointd ] ContourField
Map with aregulardistributionof points.

m For detailedinformationaboutargumentspptions,units, ... seeCont our Fi el dMap.

= Cont our Fi el dMapPoi nt s choosea regularlyspacedistributionbetweerthe limits of the display. This version
of ContourFieldMagps usuallyfasterthanCont our Fi el dMapCont i nuous butcouldbelessprecise.

m SettingtheoptionNunber Of Poi nt s to somevalueindicatesthe exactnumberof pointsto usefor themap.

m See:Cont our Fi el dvap, Cont our Fi el dvapCont i nuous.

m ContributionType

m Cont ri buti onType is an option for inductancefunctions,that allows to obtainthe propercaracteristicthe
ferromagneticontributionor thetotal.

m PossiblevaluesareProper, Ferro, Total

m Contri buti onType- >Pr oper givestheproperinductancenformation(self, mutual,flux, energy,..).

m Contri buti onType->Ferr o givesthe contributionof all ferromagneticcomponentgo the total inductance
informationaskedfor.

m Contri butionType®Tot al givesthe sumof the intrinsic inductanceinformation and the ferromagnetics
contributionto the effectiveglobalinductancenformation.

m SeeSel f I nduct ance, Sel f FI uxl nduct ance, Sel f Magnet i cEner gy,...

= CurrentlntensityUnit

mCurrentlntensityUnit istheoptionusedto specifytheunit of currentintensity.

m CurrentlntensityUnit canbeusedin Magneti caUser Uni t s for globalsettings,or in anyfunctionhaving
a currentintensityargumentfor local setting.

m |t canalsobeusedfor displayfunctions.

m Possiblevalue:Anper e.

m Thisvaluecanbe precededasa separatedvord, by anyprefix (Milli, Kilo,  Micro,... ).

m SeetheMagneticalserBook: AppendixUnits

m Seealso:Magnet i caUser Uni t s, AXSCi r cul ar Loop, AXSSol enoi d, AXSBi t t er Sol enoi d,

m CurveType

m CurveType is anoptionfor Mat eri al Magneti zat i onCur ves thatspecifiesthetype of curveto plot for non
linear magnetizationmaterial.

m PossiblevaluesareExper i nent al , Li near Model , Conpari son.
m With Cur veType®Exper i ment al , theexperimentaturveis drawn.
= With Cur veType®Li near Model , theapproximatdinearmodelis displayed.
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= With Cur veType®Conpar i son, both curves are displayed.
m See: Mat eri al Magneti zati onCurves.

= DrawingRange

= Dr awi ngRange isan option for Dr awSy st emtlike functions, that allows to define the range of the drawing.

m Possible valuesare Or i gi nCent er ed and Aut onati c.

= With DrawingRange ® OriginCentered the origin { 0, 0} or {0, 0, 0} isaways set at the center of the
display.

= With DrawingRange ® Automatic therange are automatically determined to show the system in the middle of
the display.

= Dr awi ngRange can also be used as an option for Dr awSHLi ni t s-like functions, and Dr aw soFi el d,,

Li nes-likefunctions.

m See: Dr awSyst em Dr awSyst enD, Dr awSyst enBD, Dr awSHLi mi t s, Dr aw soFi el dLi nes.

m Drawl soFieldLines

m Drawl soFi el dLi nes[ system, {fieldvaluel,fieldvalue2,.}] draws, in the default 2D-plane, one isofield line for
each fieldvaluei, around the magnetic system.

= Another plane and/or another axes order see the suffixed version of Dr awl soFi el dLi nes.

m The first argument is a magnetic system: that is the return value of AXSMagnet i cSyst emor CARMagneti c,,
System

m The second argument is alist of magnetic field values. One line is drawn for each field value corresponding to all
points where the magnitude of B equalsthisvalue.

= Thefield values are expressed in the unit of Fi el dUni t .

m Draw soFi el dLi nes isapolar plot. The plot is done by turning around the origin. The range are then specified
by angles (see below the Angul ar Range option).

= Only lines that are away from the system can be drawn.

m Possible options are;

Nunber O Poi nt s: alowsto choose the number of points used for the plot. The default is15.

Angul ar Range: alowsto select the angular range. The defaultis{ 0, 90} .

Cal cul ati onMode: the default is| nher i t ed, that refers to the global calculation mode. The other values coerce
the local use of a specific mode and can be: Vect or Pot ent i al , Spheri cal Har noni ¢s, Aut omati c.

= Related units:

Fi el dUni t : to specify the magnetic field values.

Lengt hUni t : to specify the unit of the output.

= See the Magnetica User Book: Chapter 4.

m See aso: Drawl soFi el dLi nesZX, AXSMagneti cSyst em Nunber Of Poi nt's, Angul ar Range,
Cal cul ati onMode, Fi el dUni t,LengthUnit.

m Drawl soFieldLinesZ X

m Dr awl soFi el dLi nesZX[ system, {fieldvaluel,fieldvalue2,.}] same as DrawlsoFieldLines but specifying the
point of view with the two last letters.
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m The possiblefunctions are: DrawlsoFieldLinesRZ, DrawlsoFieldLinesZR, DrawlsoField
LinesXY, DrawlsoFieldLinesXZ, DrawlsoFieldLinesYX, DrawlsoFieldLinesYZ, Drawlso
FieldLineszZX, DrawlsoFieldLineszZY

= For moredetailsabout(argumentspptions,..) seeDr aw soFi el dLi nes.

m Seealso:Dr awl soFi el dLi nes, AXSMagnet i cSyst em

m DrawSHL imits

m DrawSHLI mi t s[ system] displaysthesphericaharmonicdimits in the default2D-view.

m To specifyanothemplaneand/oranotheraxesorderseethe suffixedversionof Dr awSHLi mi t s.

m Thethreeregions:the convergentegion,the sphericalharmonicsegionandthe Automaticregionaredisplayedwith
differentcolors.

m SeeSHLi mi t s for moredetailsaboutthe meaningof theseregions.

m SeetheMagneticalserBook: Chapters.

m Seealso:Dr awSHLI mi t sZX, SHLi ni t s, Ver boseSHLi ni t s, AXSMagnet i cSyst em

m DrawSHLimitsZX

m DrawSHLI mi t sZX[ system] displaysthesphericaharmonidimits in the planespecifiedby the suffix.

m All possible functions are: DrawSHLimitsXY, DrawSHLimitsXZ, DrawSHLimitsYX, Draw ,,
SHLimitsYZ, DrawSHLimitsZX, DrawSHLimitsZY

m |Informationsaboutthe meaningof the dispayedegionsaregivenwith SHLi mi ts, DrawSHLi m t s.

m SeeDrawSHLi mits,SHLimits.

m DrawSystem2D

= Dr awSyst enD system] givesa2-dimensionakchematiarawingof the systemjn the defaultplane.

= To specifyanothemplaneand/oranotheraxesorderseethe suffixed versionof Dr awSy st en2D.
= For moredetails(argumentpptions,..) seeDr awSyst en2DXY, ...
m Seealso:Dr awSyst en2DZX, Dr awSyst enBD, Dr awSyst em AXSMagnet i cSyst em

m DrawSystem2DZ X ,DrawSystem2DXY,...

m Dr awSyst en2DZX[ system] givesa 2-dimensionaschematiarawingof the systemjn the planedefinedby thetwo
lastletters.

m Thepossiblefunctionsare:DrawSystem2DXY, DrawSystem2DYX, DrawSystem2DXZ, DrawSystem2 |,
DzX, DrawSystem2DYZ, DrawSystem2DZY .
m The suffix of Dr awSy st en2D definesthe axis of the drawing,thefirst letter specifyingthe horizontalaxe,andthe
secondheverticalaxe.
m Theargumenis amagneticsystemthereturnvalueof AXSMagnet i cSyst emor CARMaghet i cSyst em
m Eachcomponentolor depend®nits type:

. CurrentCarrying(loopsandsolenoids).

. Rigid magnetianagnet.

: Hardmagnetianagnet.
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. Softmagneticcomponentvith reversiblenonlinearmaterial.
. Softmagneticcomponentvith reversiblelinearmaterial.
. Soft magneticcomponentvith othermaterial.
m Possibleoptions:
ShowAr r ows: allowsto displaythe currentdirectionfor currentcarryingcomponentindthe magnetizatiordirection
for permanenimagneicomponentThedefaultis Fal se.
ShowCent r al Axes: allowsto displaythez-axis.Thedefaultis Tr ue.
ShowSpheri cal Li m t s: allowsto displaythelimits of valid areafor sphericalharmonicscalculationsThe default
is Fal se.
Dr awi ngRange: allowsto choosehowto determinetherangeof the display.Defaultis Aut ormat i c.
= SeetheMagneticalserBook: Chapter2, Chapter3....
m Seealso:Dr awSyst enD, Dr awSyst enBD, Dr awSyst em AXSMagnet i cSyst em ShowAr r ows, Show-
Cent r al Axe, ShowSpheri cal Li mi t s, Drawi ngRange.

m DrawSystem3D

m Dr awSyst enBD[ system] givesa3-dimensionatirawingof the systemwith the defaultview.

m To specifyanothewiew and/oranotheraxesorderseethe suffixedversionof Dr awSy st enBD.
= For moredetails(argumentpptions,..) seeDr awSyst enB8DXYZ...
m Seealso:Dr awSyst enBDZXY, Dr awSyst enD, Dr awSyst em AXSMagnet i cSyst em

m DrawSystem3DZXY ,DrawSystem3DZX,...

= Dr awSyst enBDZXY[ system] givesa 3-dimensionabirawingof the system the axis beingspecifiedby the letters
orderof thesuffix of DrawSystem3D.

m The possiblefunctions are: DrawSystem3DXYZ, DrawSystem3DXZY, DrawSystem3DYXZ, Draw ,
System3DYZX, DrawSystem3DZXY, DrawSystem3DZYX, DrawSystem3DXY, DrawSystem3DXZ,
DrawSystem3DYX, DrawSystem3DYZ, DrawSystem3DZX, DrawSystem3DZY .
= Thesuffix of DrawSystem3DQiefinesthe axesorderandtheview type.
= Theargumenis amagneticsystemthereturnvalueof AXSMagnet i cSyst emor CARMagnet i cSyst em
= Eachcomponentolor depend®nits type:
. CurrentCarrying(loopsandsolenoids).
. Rigid magnetianagnet.
. Hardmagnetianagnet.
. Softmagneticcomponentvith reversiblenonlinearmaterial.
. Soft magneticcomponentvith reversibleinearmaterial.
. Soft magneticcomponentvith othermaterial.
m Possibleoptions:
ShowCent r al Axe (Tr ue or Fal se): allowsto displaythe z-axis.Thedefaultis Tr ue.
Dr awi ngRange: allowsto choosehowto determinghe rangeof thedisplay.Defaultis Aut ormat i c.
= SeetheMagneticalserBook: Chapter2, Chapter3....
m Seealso: Dr awSyst em Dr awSyst enBD, Dr awSyst en2D,AXSMagnet i cSyst em ShowCent r al Axe,
Dr awi ngRange.
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= DrawSystem

m Dr awSyst enf system] givesadrawingof the systemwith the defaultview.

m SeeDr awSyst en2D andDr awSy st enBD for moredetailsaboutargumentspptions,views,axesorder, ...
= Dr awSy st enZXY-like functionsareshortcutgo Dr anwSy st enBDZXY-like ones.

= Dr awSyst enzX-like functionsareshortcutdo Dr awSy st enRDZX-like ones.

m Seealso:Dr awSyst enBDZXY, Dr awSy st en2DZX, AXSMagnet i cSyst em

m MagneticEnergyMatrix

m Magnet i cEner gyMat ri x[ system] returnsa summaryof all self and mutualmagneticenergiesof the current
carryingcomponent®f the magneticsystem.

= Theonly mandatoryargumenis a magneticsystem.

= TheoptionConponent sLi st allowsto selectthe componentnvolvedin thedisplay.

= Theoutputis in theform of alist of two elements:

thefirst is amatrix givenasalist of list, summarizinghe self andmutualmagneticenergies.

the seconds thelist of theinvolved componentumbers.

m Possibleoptions:

Component sLi st : allowsto selectthelist of componentso takeinto accountThedefaultvalueis Al | .

Contri buti onType: allowsto computethe Pr oper magneticenergieqdefault), the ferromagneticcontribution
(Fer r 0) to themagneticenergieor theTot al .

Preci si onLevel : specifiegheprecisionlevelamongl, 2 or 3. Default1.

= Relatedunits:

Magnet i cEner gy Uni t : to specifytheunit of theoutput.

m SeetheMagneticalserBook: Chapterl0, Chapterll

m See also: Ver boseMagnet i cEnergyMatri x, Sel f Magneti cEner gy, Mut ual Magneti cEner gy,
AXSMagnet i cSyst em AXSSol enoi d, AXSC r cul ar Loop, Contri buti onType, Preci si onLevel ,
Magnet i cEnergyUni t.

m Extended

m Ext ended is apossibleoptionvaluefor Magnet i zi ngFi el dRange.

m Ext ended setstherangeto includetheregionwherethe magnetmaterialhasanunstableébehavior.
m See(per ati onal ,Hyst eresi sCycl e, Magneti zi ngFi el dRange.

m FieldMapContinuous

= Fi el dMapConti nuous|[ system, {fieldfunctionl,fieldfunction2,.}, Li ne[ pointl, pointd ] FieldMapon a
line, with theautomatiadistributionof points.

= Fi el dvapCont i nuous| system, {fieldfunctionl,fieldfunction2,.}, Pl ane[ pointl,pointd ] FieldMapon a
planewith theautomatiadistributionof points.

m For detailedinformationaboutargumentspptions,units, ... seeFi el dMap.
m Fi el dMapCont i nuous choosehe appropriatedistributionof points,usinganinternalMathematica algorithm,to
producethe bestpossibleaccuratedisplay. Howeverit cantake a long time for complicatedsystemsFor regular
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distributionseeFi el dMapPoi nt s.
m Settingthe optionNunber OF Poi nt s to somevalueindicatesthe minimumnumberof pointsto usefor themap.
= SeeFi el dMap, Fi el dMapPoi nt s.

= FiddMap

m Fi el dvap[ system, {fieldfunctionl,fieldfunction2,.}, Line[ pointl,point? ] plotseachof thefield function,
for the givensystempntheline definedby pointl andpoint2.

m Fi el dMap|[ system, {fieldfunctionl, fieldfunction2,.}, Plane[ pointl, point] ] plots eachof the field
function, for thegivensystempon therectangledefinedby thetwo oppositecornergpointl andpoint2.

m The first arguments a magneticsystem:thatis the returnvalueof AXSMagnet i cSyst emor CARMagneti c,,
System

m If the systemis axisymmetricthe pointsin the directivesLi ne or Pl ane, canbe specifiedeitherby 3D spatial
cartesiancoordinategx,y,z}, or by their 2D axisymmetriccoordinatedr,z} (Howeverthetwo pointsmustbe of the
sametype).For cartesiarsystemspnly cartesiarcoordinatesarepossiblefor pointsspecifications.

= The secondarguments thelist of the functionsto plot: the setof possiblefunctionsis differentfor axisymmetric
systemsandcartesiarsystemsit is alsodifferentif pointsspecificationsare2D axisymmetricor 3D cartesian:

= |n caseof axisymmetricsystemandpointsdescribedy 2D axisymmetriccoordinantepossiblefunctions:

Br, Bz, Bm, Flux, Potential, Gradzz, GradRZ, GradZR, GradRZ, GradRR.

= |n caseof axisymmetricsystemandpointsdescribedy 3D cartesiarcoordinatespossiblefunctions:

Bx, By, Bz, Bm, Flux, PotentialX, PotentialY, GradZz .

m |n caseof cartesiarsystem:

To beimplemented...

= Thethird argumenis a graphicaldirectivethatdefinesthe spacewvherethe plot mustbe done:

SpecifyingLi ne[ pointl,pointd plotsthefunctionson theline betweerthe two points. The outputis thenalist of 2D
graphicsonefor eachfunctionaskedfor.

SpecifyingPl ane[ pointl,pointd plotsthefunctionson the planedefinedby its corners.The planemustbe normalto
oneof the canonicakxis (this happensvhenthetwo pointshaveexactlytwo differentcoordinates)The outputis thena
list of 3D graphicsponefor eachfunctionaskedfor.

m SeeFi el dMapCont i nuous andFi el dMapPoi nt s to know moreaboutdistributionof points.Fi el dMap is a
shortcutfor Fi el dMapCont i nuous.

= Possibleoptions:

Nunmber O Poi nt s: allowsto choosethe numberof pointsto usefor the drawing. The defaultis Aut omat i c. (25for
2D graphicsand15 for 3D graphics).

Cal cul ati onMode: thedefaultvalueis | nheri t ed, thatrefersto the global calculationmode.The othervalues
coercethelocal useof a specificmodeandcanbe:Vect or Pot ent i al , Spheri cal Har noni ¢s, Aut omati c.

Pl ot Scal e: allows,for 2D graphicsonly, to choosea linearor a logarithmicscaleon eachof the axis. The defaultis
Li near Map.

= Relatedunits:

Lengt hUni t : to specifytheunit of the points.

FieldUnit, FluxUnit, PotentialUnit, GradientUnit : to specifythe outputunits.

m SeetheMagneticalUserBook: Chapterd, Chapters.

m See also: Fi el dMapConti nuous, Fi el dMapPoi nts, Contour Fi el dMap, Vect or Fi el dMap,
AXSMagnet i cSyst em Nunber Of Poi nt s, Cal cul ati onMbde, Pl ot Scal e, Lengt hUni t, Fi el dUni t,
Fl uxUni t,Potential Unit,G adientUnit.

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0 314

m FiddMapPoints

m Fi el dMapPoi nt s[ system, {fieldfunctionl,fieldfunction2,.}, Li ne[ pointl, pointd ] FieldMapon aline,
with aregulardistributionof points.

m Fi el dMapPoi nt s[ system, {fieldfunctionl,fieldfunction2,.}, Pl ane[ pointl, pointd ] FieldMapon a plane
with aregulardistributionof points.

m For detailedinformationaboutargumentspptions,units, ... seeFi el dMap.

= Fi el dMapPoi nt s choosea regularlyspacedlistributionbetweerthe limits of the display. This versionof Field-
Map is usuallyfasterthanFi el dMapCont i nuous butcouldbelessprecise.

m SettingtheoptionNunber OF Poi nt s to somevalueindicatesthe exactnumberof pointsto usefor themap.

m SeeFi el dMvap, Fi el dvapCont i nuous.

m FieldPoint, FieldPointVP, FieldPointSH

= Fi el dPoi nt [ system, targetPoint] givesthe magneticfield generatedby the systemat the targetpoint, according
to theglobalcalculationmode.

m Fi el dPoi nt VP[ system, targetPoint] givesthemagnetidfield, usingthe Vector Potentiaimethodfor calculation.
m Fi el dPoi nt SH system, targetPoint] gives the magneticfield, using the SphericalHarmonicsmethodfor
calculation.

m Thefirst argumenis a magneticsystemthatis thereturnvalueof AXSMagneticSystenor CARMagneticSystem

m The secondargumentdefinesthe targetpoint. If the magneticsystemis axis symmetric,the targetpoint canbe
specifiedeitherby its 3D spacialcartesiancoordinategx, y, z or by its 2D axisymmetriccoordinateqr, z. For
cartesiarsystemspnly cartesiarcoordinatesrepossiblefor thetargetpoint.

= Theoutput:

if thetargetpointis specifiedwith {r,z} thentheoutputis in theform {Br,Bz}

if thetargetpointis specifiedwith {x,y,z}, thenthe outputis in theform {Bx, By, Bz}.

m Fi el dPoi nt (without any suffix) computeghe magneticfield, accordingto the global calculationmode.(see
Magnet i caCal cul ati onMbde).

m Possibleoptionsarethefollowing:

Conponent Li st : allowsto seethe contributionof eachcomponenspecifiedin thelist to the magneticfield value.
The outputis in theform {componentNumbergfieldpointl,fieldpoint2,.}, total}.

Cal cul ati onMode: thedefaultvalueis | nheri t ed, thatrefersto the global calculationmode.The othervalues
coercethelocal useof a specificmodeandcanbe:Vect or Pot ent i al , Spheri cal Har noni cs, Aut ormati c.
= Relatedunitsare:

Lengt hUni t : to specifytheunit of thetargetpoint.

Fi el dUni t : to specifytheunit of theoutput.

m SeetheMagneticaUserBook: Chapt er 4, Chapter 5.

m Seealso: AXSMagnet i cSyst em Conponent Li st, Cal cul ati onMode, Lengt hUnit, Fiel dunit,
Ver boseFi el dPoi nt .

m FiedPointOrigin

= Fi el dPoi nt Ori gi n[ system] is ashortcutto Ver boseFi el dPoi nt attheorigin{ 0, 0, 0}.
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m Fi el dPoi nt Ori gi n can be given any of the Ver boseFi el dPoi nt options.
m See: Ver boseFi el dPoi nt .

= FiedUnit

m Fi el dUni t isthe option used to specify the magnetic field unit.

m Fi el dUnit canbeusedin Magneti caUser Units for agloba setting, or in any function concerned with field
unit, for local setting.

m Possiblevalues are: Gauss, Tesla, Ampere/Meter, Oersted

m These values can be preceded, as a separated word, by any prefix (Milli, Kilo,  Micro,... ).

m See the Magnetica User Book: Appendix Units.

m Seedso: Magnet i caUser Uni ts, Magneti caCurrent Units, Fi el dPoi nt, Ver boseFi el dPoi nt,

m FilamentMode

m Fi | anent Mode isan option for AXSCi r cul ar Loop that allows to consider the current concentrated at the center
of the loop.

m Possible valuesare Tr ue or Fal se.

= Fi | anment Mbde- >Tr ue, the loop is seen as a wire of null radius, that implies an infinite current density. The
component is then called afilament loop.

= Fi | ament Mbde- >Fal se, theloop is seen asareal size winding. The component is then called tubular loop.

m See the Magnetica User Book: Chapter 4.

m See also: AXSCi r cul ar Loop.

m FillingFactor

mFi | I i ngFact or isan option of most of component functions, that allows to specify the filling rate of conductor or
magnetic material.

m Possible values are generally any real number between 0 and 1.

= For component made of wire, it is often impossible to have values greater than 7. .

m See the Magnetica User Book: Chapter 3, Chapter 7, Chapter 8.

m See also: AXSSol enoi d, AXSCi r cul ar Loop, AXSRi gi dMagnet i cConponent , AXSHar dvagnet i c-
Conponent , AXSSof t Magnet i cConponent .

m FluxArea, FluxAreaVP, FluxAreaSH

= F| uxAr ea[ axssystem, targetPoin returns the flux through the area bordered by the circle lying in the plane
normal to the z-axis, centered on the z-axis and containing the specified point.

= F| uxAr eaVP[ axssystem, targetPoin} returnsthe flux, using the vector potential method for calculation.

m F| uxAr eaSH[ axssystem, targetPoin} returnsthe flux, using the spherical harmonics method for calculation.

m Thefirst argument is an axis symmetric system: that is the return value of AXSMagnet i cSyst em

= The second argument defines the target point. It can be specified either by its 3D spatia cartesian coordinates {x, y, z}
or by its 2D axisymmetric coordinates {r, z}.

m Theoutput isin the form of asingle element list {fluxvalue}.
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m Fl uxArea (without suffix) computes the flux, according to the global calculation mode. (see Magnet i ca-
Cal cul ati onMbde).

= Possible options are the following:

Conponent Li st : alows to see the contribution of each component, in the specified list, to the flux value. The output
then becomes in the form: {componentsNumbefflux1, flux2,..}, total}. The default valueis None.

Cal cul at i onMode: the default value is | nher i t ed, from the global calculation mode. The other possible values
areVect or Pot ent i al , Spheri cal Har noni cs or Aut omati c.

m Related units are:

Lengt hUni t : to specify the unit of the target point.

Fl uxUni t : to specify the unit of the output.

m Seethe Magnetica User Book: Chapter 4 , Chapter 5.

m See also: AXSMagneti cSystem ConponentLi st, Cal cul ati onMbde, Lengt hUni t, Fl uxUni t,
Ver boseFl uxAr ea.

m Fluxl nductanceMatrix

m FluxInductanceMatrix[system] returns a summary of all self flux inductances and mutual inductances of the current
carrying components of the magnetic system.

= The only mandatory argument is a magnetic system.

= The option Conponent sLi st alowsto select the component involved in the display.

= The output isin the form of alist of two elements:

thefirst isamatrix given asalist of list, summarizing the self and mutual flux inductances.

the second is alist of the involved component numbers.

= Possible options:

Component sLi st : allowsto select the list of components to take into account. The default valueis Al | .

Contri butionType: alows to compute the Pr oper flux inductances (default), the ferromagnetic contribution
(Fer r o) to the flux inductances or the Tot al .

Preci si onLevel : specifiesthe precision level among 1, 2 or 3. Default 1.

= Related units:

Fl uxUni t : to specify the unit of the output.

m See the Magnetica User Book: Chapter 10, Chapter 11.

m See also: Ver boseFl uxl nduct anceMat ri x, Sel f Fl uxl nduct ance, Miut ual Fl uxl nduct ance,
AXSMagnet i cSyst em AXSSol enoi d, AXSCi r cul ar Loop, Contri buti onType, Preci si onLevel ,
Fl uxUni t .

m FluxUnit

m Fl uxUni t isthe option used to specify the magnetic flux unit.

m Fl uxUni t can be used in Magneti caUser Uni t s for aglobal setting, or in any function concerned with flux
unit, for local setting.

m Possible values: Weber, Maxwell

= These values can be preceded, as a separated word, by any prefix (Milli, Kilo,  Micro, ..).

m See the Magnetica User Book: Appendix Units.

m See also: Magnet i caUser Uni t s, Magneti caCurrent Units, Fl uxArea, Ver boseFl uxAr ea,
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m GradientPoint, GradientPointVP, GradientPointSH

m G adi ent Poi nt [ axssystem, targetPoint] returns the field gradient, of the system, at the the specified target
point.

m G adi ent Poi nt VP[ axssystem, targetPoint] returns the gradient, using the vector potential method for
calculation.

m G adi ent Poi nt SH[ axssystem, targetPoint] returns the gradient, using the spherical harmonics method for
calculation.

m Thefirst argument is an axis symmetric system: that is the return value of AXSMagnet i cSyst em

= The second argument defines the target point. It can be specified either by its 3D spatia cartesian coordinates {x, y, z}
or by its 2D axisymmetric coordinates{r, z}.

m Theoutput isin theform of alist of list (that can be displayed as a matrix with the MatrixForm command): {{ Bz dz,d
Bzli}, {eBrlozBrld}}.

= G adi ent Poi nt (without suffix), computes the gradient according to the global calculation mode. (see
Magnet i caCal cul ati onMbde).

m Possible options are the following:

Conponent Li st : allows to see the contribution of each component, in the specified list, to the gradient value. The
output then becomes in the form: {componentsNumber {gradient1,gradient2,...} total}.

Cal cul ati onMode: the default value is | nher i t ed, from the global calculation mode. The other possible values
are Vect or Pot ent i al , Spheri cal Har noni cs, or Aut onat i c.

m Related units are:

Lengt hUni t : to specify the unit of the target point.

Gr adi ent Uni t : to specify the unit of the output.

m Seethe Magnetica User Book: Chapter 4 , Chapter 5.

m See dlso: AXSMagnet i cSyst em Conponent Li st, Cal cul ati onMbde, Lengt hUni t, Gradi ent Uni t,
Ver boseG adi ent Poi nt .

m GradientUnit

m G adi ent Uni t isthe option used to specify the magnetic gradient unit.

m G adi ent Uni t can beused in Magnet i caUser Uni t s for aglobal setting, or in any function concerned with
potential unit, for local setting.

m Possible values: Gauss/Meter,  Tesla/Meter,...

m These values can be preceded, as a separated word, by any prefix (Milli, Micro,... ).

m See the Magnetica User Book: Appendix Unit.

m See also: Magneti cUser Units, Magneti caCurrent Units, G adi ent Poi nt, Ver boseG adi ent -
Poi nt ,...

m HysteresisCycle
m Hyst er esi sCycl e isan option value for Magnet i zi ngFi el dRange.

m Hyst er esi sCycl e adlowsto draw one hysteresis cycle ssimulation for the given permanent magnet material.
m See: Magnet i zi ngFi el dRange, Oper at i onal , Ext ended.
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m |nductanceCoupling

m | nduct anceCoupl i ng[ system, {componentlcomponentd} returns informations related to inductance
coupling between component1 and component2, in the magnetic system

m Thefirst argument is a magnetic system.
= The components are specified by their rank in the magnetic system.
= The second argument is alist of two numbers, the first corresponding to the source component, and the second to the
target.
= | nduct anceCoupl i ng can be only calculated between current carrying components.
= The output isin the following form:
{{coupling coefair core,couplingcoefferro core},
{efficiencycoefair core,efficiencycoefferro core},
{leakagecoefair core,leakagecoefferro core},
{transformationcoefair core,transformationcoefferro core}}.
m Possible options:
Preci si onLevel : specifiesthe precision level among 1, 2 or 3. Default 1.
m See the Magnetica User Book: Chapter 10, Chapter 12, Chapter 13.
m Seeaso: Ver bosel nduct anceCoupl i ng, AXSMagnet i cSyst em Pr eci si onLevel .

m |nductanceM atrix

m | nduct anceMat ri x[ system] returns a summary of all self inductances and mutual inductances of the current
carrying components of the magnetic system.

= The only mandatory argument is a magnetic system.

= The option Conponent sLi st allowsto select the component involved in the display.

= The output isin the form of alist of two elements:

thefirst isamatrix given asalist of list, summarizing the self and mutual inductances.

the second isthe list of the involved component numbers.

m Possible options:

Component sLi st : allowsto select the list of components to take into account. The default valueis Al | .

Cont ri buti onType: alowsto compute the Pr oper inductances (default), the ferromagnetic contribution (Fer r 0)
to the inductances or the Tot al .

Preci si onLevel : specifiesthe precision level among 1, 2 or 3. Default 1.

= Related units:

I nduct anceUni t : to specify the unit of the output.

m See the Magnetica User Book: Chapter 10, Chapter 11.

m See adso: Ver bosel nduct anceMatri x, Sel f1 nduct ance, Mut ual | nduct ance, AXSMagneti c-
System  AXSSol enoi d, AXSGircul arLoop, ContributionType, PrecisionLevel,

I nduct anceUni t .

= | nductanceUnit

m | nduct anceUni t isthe option used to specify the inductance unit.

m | nduct anceUni t canbeusedin Magneti caUser Uni t s for aglobal setting, or in any function concerned with
inductance calculations, for local setting.
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m Possible values: Henr y.

= These values can be preceded, as a separated word, by any prefix (Milli, Micro,  ...).

= See the Magnetica User Book: Appendix Units.

m See also: Magnet i caUser Uni t s, Magneti caCurrent Units, Sel fl nduct ance, Mut ual | nduct ance,
I nduct anceMatri x.

= |[rrelevant

m| rrel evant isasymbol returned by some functions to indicate that the computation asked for is meaningless.

= Example: Ferro inductance for a system that does not contain any ferromagnetic component.

m | egendreCoefficients

m Legendr eCoeffi ci ent s[ system] givesthe Legendre source coefficients of the system.

= The output isin the form {centralcoefficientsyemotecoefficients}

m The limits of the central region and the remote region are given by SHLi mi t s, and can be shown with Dr aw,
SHLim ts.

= The Legendr eCoef fi ci ent s are very dependent on the value of Legendr ePoi nt Posi ti on given to the
system.

= Thefirst coefficient term is the O order coefficient and the other terms are sorted up to the 20th order (or lessif the
Legendr eOr der was set for the system).

= Thefirst coefficient of the remote region effectively starts at order 2. By convention the orders 0 and 1 are set to 0.

= The coefficients are expressed in the unit of Fi el dUni t .

= To obtain amore detailed output try Ver boselLegendr eCoef fi ci ent s.

m Possible options are:

Legendr eRadi us: alows to specify the Legendre Coefficients for alternative Legendre radius. It is possible to
specify asingle value or alist of 2 values for the central and the remote coefficients. The default is Aut omat i c.
Legendr eMbde: allows to specify if the Legendre coefficients are expressed as absolute values or relative values. The
default isAbsol ut eMbde.

= Related options:

Fi el dUni t : to specify the unit of the output.

Lengt hUni t : to specify the unit of Legendr eRadi us.

m See the Magnetica User Book: Chapter 5.

m See aso: Ver boselLegendreCoefficients, SHLim ts, DrawSHLi mi ts, AXSMagneti cSystem
Legendr ePoi nt Posi ti on, Legendr eRadi us, Legendr eMode, Fi el dUni t, Lengt hUni t,

m LegendreMode

= Legendr eMbde is an option for Legendr eCoef fi ci ent s and Ver boseLegendr eCoef fi ci ent s, that
alows to display the absolute coefficients values or the relative coefficients values.

= Possible values are Absol ut eMbde or Rel ati veMbde.

= With Legendr eMode®Absol ut eMode the absolute values coefficients are displayed.

= With Legendr eMbde®Rel at i veMode the coefficients are computed relatively to the first coefficient.
m See: Legendr eCoeffi ci ents, Ver boseLegendr eCoef fi ci ent.
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m LegendreOrder

m Legendr eOr der isanoptionfor AXSMagnet i cSyst em thatdetermineshe numberof termsto usein spherical
harmonicscalculations.

m Legendr eOr der mustbegivenanintegervaluebetweer? and20.
= Thedefaultsettingis the maximum?20.

m SeetheMagneticalserBook: Chapters.

m Seealso:AXSMVagnet i cSyst em

m L egendrePointPosition

m Legendr ePoi nt Posi ti on is anoptionfor AXSMagnet i cSyst em thatallows to choosethe positionof the
LegendrepointontheZ-axis.

= TheLegendr ePoi nt Posi t i on canbegivenanysignednumericvalue.

= The positionof the Legendrepoint is takeninto accountin definition of the SHLimits, LegendreCoefficientsgndin
all field calculationausingthe Spher i cal Har noni cs mode.

m SeetheMagneticalserBook: Chapters.

m Seealso:AXSMagnet i cSyst em SHLi it s, Legendr eCoef fi ci ents, Ver boseSHLi mi t s, Ver bose-
Legendr eCoef fi ci ents.

m L egendreRadius

m Legendr eRadi us is an option for AXSMagnet i cSyst em Legendr eCoef fi ci ent s andVer bose,,
Legendr eCoef fi ci ent s thatallowsto specifieshelLegendreradius.

= As anoptionof AXSMagnet i cSyst em it specifiesthe Legendreradiusvaluefor this systenmthatwill betakeninto
accountin all calculationsOnly asinglevalue(or Aut omat i ¢) is possible.

= With Aut omat i ¢, theradiusis chooserto bein goodrelationwith thereal sizeof the system.

m As anoptionof Legendr eCoef fi ci ent s or Ver boseLegendr eCoef fi ci ent s it allowsto computethe
Legendrecoefficientswith alternativeradii thanthe onegivento the system A singlevalueor alist of 2 valuesare
possible.

= TheLegendr eRadi us valueis expresseth theunit of Lengt hUni t .

m SeetheMagneticalUserBook: Chapters.

m See also: AXSMagneti cSystem LegendreCoefficients, VerboselLegendreCoefficients,
Lengt hUni t .

= LengthUnit

m Lengt hUni t istheoptionusedto specifytheunit of all lengthtype values(dimensionsg¢oordinates,.).
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m Lengt hUni t canbeusedin Magnet i caUser Uni t s for global settings,or in mostfunctionsconcernedvith
lengthunit, for local setting.

m Possiblevaluesare:Met er, | nch, Foot , Feet ,...

m Thesevaluescanbeprecededy anyprefix(M | 1i,Ki |l o,M cro,...).

m SeetheMagneticalserBook: AppendixUnits.

m Seealso:Magneti caUserUnits.

m LinearLogMap
m Li near LogMap is anoptionvaluefor Pl ot Scal e.

m Setsalinearscaleonthe horizontalaxe,andalogarithmicscaleon theverticalaxe.
m SeeP| ot Scal e.

m LinearMap

m Li near Map is anoptionvaluefor Pl ot Scal e.

m Setsalinearscaleon bothhorizontalandverticalaxes.
m SeePl ot Scal e.

m LinearPermeability

m Li near Permeabi | i ty isanoptionfor AXSSof t Magnet i cConponent , thatallowsto forcethe magnetizatior
functionto belinear.

m PossiblevaluesareTr ue or Fal se.

m Li near Per meabi | i t y valuehasaneffectonly on componentsnadeof non-linearmagnetizationmaterial.

= In this case settingPer neabi | i t y- >Tr ue tells to usethelinearmodelof the magnetizatiorfunctionthatcanbe
shownby MaterialMagnetizationCurvesith the appropriateoption.

= SeetheMagneticalUserBook: Chapter8.

m Seealso:AXSSof t Magnet i cConponent , Mat eri al Magnet i zati onCur ves.

m LogLinearMap

m LogLi near Map is anoptionvaluefor Pl ot Scal e.

m Setsalogarithmicscaleonthehorizontalaxe,andalinearscaleon theverticalaxe.
= SeeP| ot Scal e.

= LogLogMap
m LogLogMap is anoptionvaluefor Pl ot Scal e.

m Setsalogarithmicscaleon both horizontalandvertical axes.
m SeeP| ot Scal e.
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m MagneticaCurrentUnits

m Magneti caCurrent Unit s[] displaystheunitsthatarecurrentlytakeninto account.

= Eachunit hasa currentsettingeitherthe onespecifiedby the user,or the defaultone.
m SeetheMagneticalserBook: AppendixUnits.
m Seealso:Magneti caUserUnits.

m MagneticaUser Units

m Magnet i caUser Uni t s[ unitSpecifications] overrideshecurrentlyusedMagneticaunitswith thosespecified.
m Mhgnet i caUser Uni t s[] resetsall unitsto theirdefaultvalues.

m Specificationsaaredoneasoptionsasin thefollowing example:

MagneticaUserUnits[LengthUnit->Micro Meter,  FieldUnit->Milli Gauss]

m A unit specificationis composedvith a unit type (LengthUnit,FieldUnit,...)on theleft of the arrowanda unit or unit
valuecomposedvith aneventualprefix (Milli, Micro, Kilo,...) ablank(aspaceor a* ) andunit name(GaussMeter,...).
m Seeeachunit typeto getthe possibleunit values.

m The possibleunits are: LengthUnit, FieldUnit, PotentialUnit, FluxUnit, GradientUnit, n
InductanceUnit, MagneticEnergyUnit, MagneticMomentUnit  , CurrentintensityUnit,
PowerUnit, VoltageUnit, ResistanceUnit

= Mostcommonprefixesare:

Ter a (10712),G ga (1079),Mega (1076),Ki | o (10"3),

Deci (10"-1),Centi (107-2),M 11 (107-3),M cr o (107-6),Nano (107-9),Pi co (107-12),

m SeetheMagneticalserBook: AppendixUnits

m Seealso: MagneticaCurrent Units, LengthUnit, FieldUnit, Potential Unit, Fl uxUnit,
Gradi entUnit, | nductanceUnit, Magneti cEnergyUnit, Magneti cMonentUnit, Current-
IntensityUnit, PowerUnit, VoltageUnit, ResistanceUnit,

m MagneticEner gyUnit

= Magnet i cEner gyUni t istheoptionusedto specifythe magneticenergyunit.

= Magnet i cEnergyUni t canbe usedin Magnet i caUser Uni t s for a global setting,or in any function
concernedvith magneticenergycalculationsfor local setting.

m PossiblevaluesJoul e,

m Thesevaluescanbe precededasa separatedavord, by any prefix (Milli, Kilo,  Micro,... ).

m SeetheMagneticalUserBook: AppendixUnit.

m Seealso:Magnet i cUser Uni t s, Magneti caCurrent Units, Sel f Magnet i cEner gy, Mut ual Magneti c-
Ener gy, Magneti cEnergyMatri x,...

m MagnetizationAngle

= Magneti zati onAngl e is an option for AXSRi gi dMagnet i cConponent and AXSHar dMagneti c,,
Component , thatallowsto setthe anglebetweerthe orientedZ-axisandthe magnetizatiordirection.

m Magneti zat i onAngl e canbegivenanynumericvalue.
m TheMagnet i zat i onAngl e valueis expresseéh Degree.

©1998-2003MVagneticasoft



MagneticaUserBook- Version1.0 323

m The default valueis 0.
m See the Magnetica User Book: Chapter 6, Chapter 7.
m See also: AXSRi gi dvagnet i cConmponent , AXSHar dvagnet i cConponent .

m MagnetizationCurves

m Magneti zati onCur ves| system,function§ plots curves of magnetization functions according to the
magnetization state of the system.

m Thefirst argument is a magnetic system.

m The second argument is the function to plot or alist of the functions to plot.

m Magneti zati onCur ves displays the magnetization state of the Cells of Ferromagnetic Components (AXSHard-
MagneticComponent and A X SSoftM agneticComponent).

= When a magnetic system containing components with cells is evaluated, Magnetica computes the magnetization state
of al the cellsin this system. The Magnet i zat i onCur ves function intend to display this computed magnetization
state.

= The plot is done by examining the component(s) cell by cell, scanning the cross section either radially or axialy and
by selecting the rows or columns to plot.

= For Hard Components (AXSHar dMagnet i cConponent ) the possible functions are:

M, M, Mm M, M, H, Hz, Hmn Hp, H, Br, Bz, Bm Bp, Bt, Susceptibility,
SusceptibilityT, Perneability, PerneabilityT.

= For Soft Components (AXSSof t Magnet i cConmponent ) the relevant functions are only:

M, M, Mn H, Hz, Hm Br, Bz, Bm Susceptibility, Perneability.

= The meanings of these functionsis described in the following:

M, Mz, Mn to get the magnetization of the cells respectively in the Radial direction, in the Axia direction or the
Magnitude.

Hr, Hz, Hm to get the magnetizing field at the center of the cells respetively in the Radial direction, in the Axial
direction or the Magnitude.

Br, Bz, Bm to gettheinduction field (H+M) in the cells respectively in the Radial direction, in the Axial direction
or the Magnitude.

Mp, M :to get the magnetization in the Principal and Transversal directions.

Hp, Ht : to get the magnetizing field in the Principal and Transversal directions.

Bp, Bt :togettheinduction fieldinthe Principal and Transversal directions

Susceptibiliy, SusceptibilityT:togetthesusceptibility inthe Principal and the Transversal directions.
Permeabi lity, PermeabilityT:togetthe permeability inthe Principal and the Transversal directions.

m Possible options:

Conponent sLi st : alowsto select alist of components to take into account for the plot. The default is{ 1} .

Pl ot Rows: alows to scan the component(s) in the axial direction and to specify the rows to plot. This option cannot
be used with Pl ot Col umms.

Pl ot Col umms: allows to scan the component(s) in the radial direction and to specify the columns to plot. This option
cannot be used with Pl ot Rows.

ShowConponent sLi i t s: when many components are ploted together this option alows to display the limits of the
components. Default is Tr ue.

m Seethe Magnetica User Book: Chapter 7, Chapter 8, Chapter 9.

m See aso: Magneti zati onTabl e, Conponent sLi st , AXSMagnet i cSyst em AXSHar dMagneti c-
Conmponent , AXSSof t Magnet i cConponent .
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m MagnetizationTable

m Magneti zati onTabl e[ syst en] displays a table summerazing the magnetization state of the cells of the
magnetic components of the system.

m Thefirst argument is a magnetic system.

m Magneti zati onTabl e is only concerned by components with Cells (AXSHar dMagnet i cSyst em and
AXSSof t Magnet i cSyst en).

= When a magnetic system containing components with cellsis evaluated, Magnetica computes the magnetization state
of al the célls in this system. The Magnet i zat i onTabl e function intend to display all relevant informations
describing these states.

m Possible options:

Component sLi st : allowsto select the component(s) to take into account. Default isAl | .

Cel | sLi st : alowsto select more specifically the cellsto display. Default isAl | .

Ful | Det ai | s: to get more or less details. DefaultisFal se.

CondensedFor m to get acompact display. Default Tr ue.

= See the Magnetica User Book: Chapter 7, Chapter 8, Chapter 9.

m See also: Magneti zati onCurves, Conponent sLi st, AXSMagnet i cSyst em AXSHar dvagnet i c-
Conponent , AXSSof t Magnet i cConponent .

» MagnetizingFieldRange

m Magneti zi ngFi el dRange is an option for Mat eri al Magneti zati onCurves and Materi al ,,
Magnet i zat i onTabl e that allows to set the range for the magnetizing field.

m The values are set as {valuel,value2}where the valuei are numeric values.

m Magnet i zi ngFi el dRange values are expressed in the unit of Magnet i zi ngUni t if itisset, and in the unit of
Fi el dUni t otherwise.

= For permanent magnet material, other possible values are Oper at i onal , Ext ended, Hyst er esi sCycl e or
Aut omati c.

= For material from other category, only Aut omat i ¢ ispossible.

m See the Magnetica User Book: Appendix Materials.

m See aso: Material Magneti zati onCurves, Material Magneti zati onTabl e, Operati onal ,
Ext ended, Hyst er esi sCycl e, Magneti zi ngUni t, Fi el dUni t .

m MaterialMagnetizationCurves

m Mat eri al Magneti zati onCur ves[ material, {magnetizationFunctionl,magnetizationFunctiong]...plots,
for the given material, the magnetization curve of each of the function of magnetizationFunctioni.

= Thefirst argument is a Magnetica material name, see the palette...
m The second argument is thelist of the functions to plot.
m [f the material is a permanent magnet then the possible functions are;

Mprincipal, Bprincipal, Mtransversal, Btransversal
m |[f the material isfrom another category, the possible functions are:
M, B, Susceptibility, Permeability, Reluctivity

m Possible options are:
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Magnet i zi ngFi el dRange: allowsto determingherangefor the magnetizindield. Thedefaultis Aut ormati c.
Tenper at ur e: allowsto havethe magnetizationnformationsof the materialat a specifiedtemperatureThe defaultis
Aut omat i ¢ (nominaltemperature).

Nunber O Poi nt s: allowsto choosehe numberof pointsfor the plot. Defaultis 15.

Pl ot Scal e: allowsto choosea linearor logarithmicscaleon eachof the axis.

Cur veType: For nonlinear reversiblemagnetizatiommaterials,allows to havethe experimentakurves,the linear
model,or both.Defaultis Exper i nent al .

= RelatedUnits:

Magnet i zi ngUni t : allowsto specificallysetthe unit of themagnetizingield on the horizontalaxis of the graphic.
Magnet i zat i onUni t : allowsto specificallysettheunitof M Mori nci pal , M ranver sal .

I nduct i onUni t : allowsto specificallysettheunit of B, Bpri nci pal , Bt ransver sal .

Fi el dUni t : is theunit thatis takeninto accountwhenthe previousspecificunitsarenot set.

m SeetheMagneticaUseBook: AppendixMaterials

m Seealso:Mat eri al Magneti zati onTabl e, Properti es, Magneti zi ngFi el dRange, Tenper at ur e,
Nunmber O Poi nt s, Pl ot Scal e, CurveType, Fi el dUni t, Magneti zi ngUni t, Magneti zati onUnit,
I nductionUnit.

m MaterialMagnetizationTable

= Mat eri al Magneti zat i onTabl e[ material] gives a table form of the informationsusedby Mat eri al ,,
Magneti zati onCurves.

m Thefirst arguments a Magneticamaterialname seethe palette...

= Eachrelevantmagnetizatiofunctionaredisplayedn a column.

m Possibleoptionsare:

Magnet i zi ngFi el dRange: allowsto determingherangefor the magnetizindield. Thedefaultis Aut ormat i c.
Tenper at ur e: allowsto havethe magnetizationnformationsof the materialat a specifiedtemperatureThe defaultis
Aut omat i ¢ (nominaltemperature).

Nunber O Poi nt s: allowsto choosethe numberof rowsin thearray.Defaultis 15.

= RelatedUnits:

Magnet i zi ngUni t : allowsto specificallysetthe unit of themagnetizingield.

Magnet i zat i onUni t : allowsto specificallysettheunitof M Mori nci pal , M ranver sal .

I nduct i onUni t : allowsto specificallysettheunit of B, Bpri nci pal , Bt ransver sal .

Fi el dUni t : is theunit thatis takeninto accountwhenthe previousspecificunitsarenot set.

= SeetheMagneticaUseBook: AppendixMaterials

m Seealso:Mat eri al Magneti zati onCurves, Properti es, Magneti zi ngFi el dRange, Tenper at ur e,
Nunber O Poi nt s, Fi el dUni t, Magneti zi ngUni t, Magneti zati onUnit, | nductionUnit.

m MeshingL evel

m Meshi nglLevel isanoptionfor AXSMagnet i ¢ Syst emthatspecifythegranularityof the meshings.

m Thepossiblevaluesareonly: 1,2, 3 or 4.

= Only FerromagneticComponentsare affectedby this setting (that are AXSHar dMagnet i cConponent and
AXSSof t Magnet i cConmponent ).

= The granularityof the meshingfor thesecomponentganbe chooserto be sparsg1), intermediatg2), high density
(3), very high density(4).

= The higherthe meshinglevel is the higherthe cells arenumerousandthe betteris the simulationof the magnetic
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behaviorof devicesputthetime calculationcanbeimportant.

= With alow meshindevel,the computationsrefasterbutlessprecise.

m Meshingcanbe morefinely specifiedatthecomponentevel, by usingthe option ComponentMeshing.
m SeetheMagneticalserBook: Chapters, Chapter7, Chapter8.

m Seealso:AXSMagnet i cSyst em Conponent Meshi ng,

m MagneticaCalculationM ode

m Magnet i caCal cul ati onMbde[ mode] setsthe globalcalculationmodeto mode.
m Magnet i caCal cul ati onMbde[] displaysthecurrentcalculationmode.

= Theglobalcalculationmodeis the modetakeninto accountin all kind of field computationgpunctualfield functions,
field maps,..), whentheCal cul at i onMode optionis settol nheri t ed.

m Possiblevaluesfor mode are:

Vect or Pot ent i al : thevectorpotentialmethodis used.Computationgrepossibleat any point.

Spheri cal Har moni cs: the sphericalharmonicsseriesare used.Computationsare not possibleeverywhereThe
SHLi i t s functiongivesthelimits of use,andDr awSHLi mi t s displaysthem.

Aut onat i ¢: aninternalalgorithm switch betweenthe two modesto providethe bestresultin term of speedand
accuracy.

m SeetheMagneticalserBook: Chapter4, Chapters.

m Seealso: Vect or Pot enti al , Spheri cal Har noni cs, Cal cul ati onMode, SHLi nits, Ver bose-
SHLim ts,DrawSHLi mits.

= MutualM agneticEner gy

= Mut ual Magnet i cEner gy[ system,{componentnumber1,componentnumber2}] computesthe magneticenergy
correspondindo the mutualinductancebetweerthe componentspecified.

m Thefirst arguments amagneticsystem.

= Thecomponentsirespecifiedby theirrankin the magneticsystem.

m The secondarguments alist of two numbersthefirst correspondingo the sourcecomponentandthe secondo the
target.

= Mutual magneticenergycanbeonly calculatecbetweercurrentcarryingcomponents.

m Possibleoptionsare:

Contri buti onType: allows to computethe Pr oper mutual magneticenergy (default), the ferromagnetic
contribution(Fer r 0) to themutualmagneticenergyor theTot al .

Preci si onLevel : specifiegheprecisionlevelamongl, 2 or 3. Default1.

= Relatedunits:

Magnet i cEner gy Uni t : to specifytheunit of theoutput.

m SeetheMagneticalserBook: Chapterl0, Chapterll

m See also: Ver boseMut ual Magnet i cEner gy, Sel f Magneti cEner gy, Magneti cEnergyMatri x,
AXSMagnet i cSyst em AXSSol enoi d, AXSCi r cul ar Loop, Contri buti onType, Preci si onLevel ,
Magnet i cEnergyUni t.

m MutualFluxlnductance

= Mut ual Fl uxl nduct ance[ system{compnumberl,compnumbef2komputesthe flux generatedy the first
componenthroughthe geometryof thesecond.
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= Thefirst argument is a magnetic system.

= The components are specified by their rank in the magnetic system.

m The second argument is a list of two numbers, the first corresponding to the source component, and the second to the
target.

= Mutual flux inductance can be only calcul ated between current carrying components.

= Possible options:

Contri butionType: alows to compute the Proper mutual flux inductance (default), the ferromagnetic
contribution (Fer r 0) to the mutual flux inductance or the Tot al .

Preci si onLevel : specifiesthe precision level among 1, 2 or 3. Default 1.

= Related units:

FI uxUni t : to specify the unit of the output.

m See the Magnetica User Book: Chapter 10, Chapter 11.

m See aso: Ver boser Mut ual Fl uxl nduct ance, AXSMagnet i cSyst em AXSSol enoi d, AXSCi r cul ar -
Loop, Cont ri buti onType, Preci si onLevel ,Fl uxUnit.

» Mutuallnductance

= Mut ual | nduct ance|[ system,{component1,component2}] computes the mutual inductance between the two
components of the given magnetic system.

= Thefirst argument is a magnetic system.

= The components are specified by their rank in the magnetic system.

m The second argument is a list of two numbers, the first corresponding to the source component, and the second to the
target.

= Mutual inductance can be only calculated between current carrying components.

m Possible options:

Contri butionType: alowsto compute the Pr oper mutual inductance (default), the ferromagnetic contribution
(Fer r 0) to the mutual inductance or the Tot al .

Preci si onLevel : specifiesthe precision level among 1, 2 or 3. Default 1.

= Related units:

I nduct anceUni t : to specify the unit of the output.

m See the Magnetica User Book: Chapter 10, Chapter 11.

m See adso: Ver boser Mut ual | nduct ance, AXSMagnet i cSyst em AXSSol enoi d, AXSC r cul ar Loop,
Contri buti onType, Preci sionLevel , I nduct anceUni t.

= Number OfPoints

= Nunrber O Poi nt s isacommon option for most of graphic functions that allows to choose the number of points to
use.

= Nunber Of Poi nt s can be given any positive integer value.

m [f the distribution of points is automatically choosen, the value given to Nurmber Of Poi nt s is the minimum of
number of points to use.

m |f the distribution is taken to be regularly spaced, the value of Nunmber Of Poi nt s is the exact number of points to
use.

= See: Fi el dMap, Cont our Fi el dMVap, Drawl soFi el dLi nes, Magneti zat i onCur ves,...
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m Operational

m Oper at i onal isapossible option value for Magnet i zi ngFi el dRange.

m Oper at i onal alowsto set the range so that the unsafe region is excluded.
m See: Ext ended, Hyst er esi sCycl e, Magneti zi ngFi el dRange.

= PlotScale

m P| ot Scal e isan option for most 2D graphics functions, allows to set linear or logarithmic scale on each axes.

m Possible values are: Li near Map, LogLi near Map, Li near LogMap, LogLogMap.

m The default setting isusualy Li near Map.

m See the Magnetica User Book: Chapter 4.

m See dlso: Fi el dMvap, Mat eri al Magneti zati onCurves, Li near Map, Li near LogMap, LogLi near Map,
LogLogMap.

= PotentialPoint, Potential PointV P, Potential PointSH

m Pot ent i al Poi nt [axssystem, targetPoint] returns the azimuthal value of the magnetic vector potential of the
system, at the specified target point.

m Pot ent i al Poi nt VP[axssystem, targetPoint] returns the potential, using the vector potential method for
calculation.

m Pot ent i al Poi nt SH[axssystem, targetPoint] returns the potential, using the spherical harmonics method for
calculation.

m Thefirst argument is an axis symmetric system: that is the return value of AXSMagnet i cSyst em

= The second argument defines the target point. It can be specified either by its 3D spatial cartesian coordinates {x, y, z}
or by its 2D axisymmetric coordinates {r, z}.

= Theoutput isin the form of asinglelist representing the only non-null cylindrical coordinate, i.e. the azimuthal. 8A <.
m Pot enti al Poi nt (without suffix) computes the potential, according to the globa calculation mode. (See
Magnet i caCal cul ati onMbde).

m Possible options are the following:

Conponent Li st : allows to see the contribution of each component, in the specified list, to the potential value. The
output then becomes in the form: {componentsNumber { potential 1,potential2,.. } total}.

Cal cul ati onMode: the default value is | nher i t ed, from the global calculation mode. The other possible values
areVect or Pot enti al , Spheri cal Har noni cs, or Aut onati c.

= Related units are:

Lengt hUni t : to specify the unit of the target point.

Pot ent i al Uni t : to specify the unit of the output.

m Seethe Magnetica User Book: Chapt er 4, Chapter 5.

m Seeaso: AXSMagnet i cSyst em Conponent Li st, Cal cul ati onMbde, Lengt hUni t, Potenti al Uni t,
Ver bosePot ent i al Poi nt .

= PotentialUnit

m Pot ent i al Uni t isthe option used to specify the magnetic potential unit.
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m Pot enti al Uni t canbeusedin Magnet i caUser Uni t s for aglobalsetting,or in anyfunctionconcernedvith
potentialunit, for local setting.

m Possiblevalues\Weber/Meter,  Maxwell/Meter,...

m Thesevaluescanbe precededasa separatedavord, by any prefix (Milli, Micro,... ).

m SeetheMagneticalserBook: AppendixUnits.

m Seealso:Magneti cUser Uni ts, Magneti caCurrent Units, Pot enti al Poi nt, Ver bosePot enti al -
Poi nt ,...

m Power Unit

= Power Uni t istheoptionusedto specifytheunit of power.

m Power Uni t canbeusedin Magnet i caUser Uni t s for aglobalsetting,or in anyfunctionconcernedvith power
unit, for local setting.

m Possiblevalue:Wat t .

This valuecanbe precededasa separatedvord, by anyprefix(M I 1 i , Ki | o, Mega, ...).

Seethe MagneticaUserBook: AppendixUnits.

Seealso:Magnet i caUser Uni t s, Magnet i caCurrent Uni t s, Ver boseTr ansf or mer Anal ysi s.

m PrecisonLevd

m Pr eci si onLevel isanoptionfor inductancdunctions,thatallowsto selectthe precisioncomputatiodevel.

= Possiblevaluesare:1,2 or 3.

m Forquick evaluationchoosel.

m Forhigh precisionchooses.

= Theintermediate?, is oftenenoughprecise.

m See:Sel f I nduct ance, Sel f Fl uxl nduct ance, Sel f Magnet i cEner gy,...

m Properties

m Properti es[ system] displaysmanyinformationson the systemandits components.
m Properti es[ material] displaysthe caractericticef the materialmaterial.

= With a magneticsystemasargumentthe option Conponent Li st canbe usedto obtainmore detailson some
component®r on all of them.

= With amaterialasargumenttheoption Temperature&anbe usedto havethe propertiesata choosertemperature.
m SeetheMagneticalUserBook: AppendixMaterials

m Seealso:AXSMagnet i cSyst em Conponent Li st , Tenper at ur e.

= RemanentM agnetization

m Renanent Magnet i zat i on is anoption for AXSRi gi dMagnet i cConponent and AXSHar dvagneti c,,
Component , thatallowsto setanotheremanenmagnetizatiorvaluethanthe onegivenby the materialproperties.

= Remanent Magnet i zat i on canbegivenanypositivenumericvalue.
m TheRermanent Magnet i zat i on valueis expressedn theunit of Mat er i al Magneti zat i onUni t if locally
set,otherwisein theunit of Fi el dUni t .
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m SeetheMagneticalserBook: Chapter6, Chapter7.
m Seealso: AXSRi gi dMagnet i cConponent , AXSHar dvagnet i cConponent , Fi el dUnit, Materi al -
Magneti zati onUnit.

m ResistanceUnit

m Resi st anceUni t istheoptionusedto specifythe unit of electricalresistance.

m Resi stanceUnit canbeusedin Magneti caUser Uni t s for a global setting,or in any function concerned
with electricalresistanceunit, for local setting.

Possiblevalue:Vol t .

This valuecanbe precededasa separatedvord, by anyprefix(M I 1 i , Ki | o, Mega, ...).

Seethe MagneticaUserBook: AppendixUnits.

Seealso:Magnet i caUser Uni t s, Magnet i caCurrent Uni t s, Ver boseTr ansf or mer Anal ysi s.

m ResonantCapacitor

m Resonant Capaci t or [ self,frequency givesthe neededcapacitorto obtaina givenresonanfrequencyin an
electriccircuit containinga givenselfinductance.

m Foranelectriccircuit madeof a self inductanceexpressedh pHenry anda resonanfrequencyexpressedh Hertz,
theresultisin pFarad.

m SeetheMagneticaUserBook: Chapterl3.

m Seealso:Resonant Fr equency, Tur nsBr ookCoi | .

m ResonantFrequency

m Resonant Fr equency| self,capacito] givestheresonanfrequencyof anelectriccircuit of givenselfinductance
andcapacitor.

m Foranelectriccircuit madeof a selfinductanceexpressedh pHenry anda capacitorexpressedh pFarad theresult
is in Hertz.

m SeetheMagneticaUserBook: Chapterl3.

m Seealso:Resonant Capaci t or, Tur nsBookCoi | .

= Rigid
= Rigid is anoptionfor AXSHardMagneticComponeiatallowsto considerconstantnagnetization.

= Rigid canonly begivenTrueor False.

= Rigid->True, magnetizations to be consideredconstantfor this componentthat is susceptibilityis null. The
componenbecomesan AXSRigidMagneticComponent.

m Rigid->Falsemagnetizatiorvary linearly with the excitationfield (defaultvalue).

m Seealso:AXSHar dvagnet i cConponent .
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m SelfMagneticEner gy

m Sel f Magnet i cEner gy[ systemcomponentnumbgrcomputes the magnetic energy corresponding to the self
inductance of the component specified.

m Sel f Magnet i cEner gy[ system{compnumberl,compnumber2y]..computes the self magnetic energy of each
specified component in the given system.

m Sel f Magnet i cEner gy[ system, Al I ] computes the self magnetic energy of all relevant components of the given
system.

m Thefirst argument is a magnetic system.

= The component are specified by their rank in the magnetic system.

m Self magnetic energy can only be calculated for current carrying components.

= |f the second argument is only one number, the output is the value of the self magnetic energy corresponding to this
component.

m |f the second argument isalist or Al | , then the output isin the form of alist of three elements:

thefirst isthelist of relevant component numbers,

the second is the list of each corresponding self magnetic energy values,

thethird isthetotal, i.e. the sum of these self magnetic energy values.

m Possible options are:

Contri buti onType: alowsto compute the Pr oper self magnetic energy (default), the ferromagnetic contribution
(Fer r 0) to the self magnetic energy or the Tot al .

Preci si onLevel : specifiesthe precision level among 1, 2 or 3. Default 1.

= Related units:

Magnet i cEner gy Uni t : to specify the unit of the output.

m See the Magnetica User Book: Chapter 10, Chapter 11.

m See dso: VerboseSel f Magneti cEner gy, Miut ual Magneti cEner gy, Magneti cEnergyMatri x,
AXSMagnet i cSyst em AXSSol enoi d, AXSCi r cul ar Loop, Contri buti onType, Preci si onLevel ,
Magnet i cEnergyUni t.

m SalfFluxl nductance

m Sel f Fl uxl nduct ance[ systemcomponentnumbgrcomputes the flux generated by the component through its
own geometry.

m Sel f Fl uxI nduct ance[ system{compnumberl,compnumberd]..computes the self flux inductance of each

specified component in the given system.

m Sel f Fl uxl nduct ance[ system, Al | ] computes the self flux inductance of all relevant components of the given
system.

m Thefirst argument is a magnetic system.

= The component are specified by their rank in the magnetic system.

= Self flux inductance can only be calculated for current carrying components.

m |f the second argument is only one number, the output is the value of the self flux inductance corresponding to this
component.

m |f the second argument isalist or Al | , then the output isin the form of alist of three elements:

thefirst isthelist of relevant component numbers,

the second is the list of each corresponding self flux inductance values,

the third isthetotal i.e. the sum of these self flux inductance.

m Possible options are:
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Cont ri buti onType: alows to compute the Pr oper sdf flux inductance (default), the ferromagnetic contribution
(Fer r o) to the self flux inductance or the Tot al .

Preci si onLevel : specifiesthe precision level among 1, 2 or 3. Default 1.

= Related units:

FI uxUni t : to specify the unit of the output.

m See the Magnetica User Book: Chapter 10, Chapter 11.

m See also: Ver boseSel f Fl uxl nduct ance, AXSMagnet i cSyst em AXSSol enoi d, AXSCi r cul ar Loop,
Contri buti onType, Preci si onLevel , Fl uxUni t.

= Saflnductance

= Sel f I nduct ance[ system,componentnumber] computes the self inductance of the specified component in the
given magnetic system.

m Sel f | nduct ance[ system{compnumberl,compnumber2]..computes the self inductance of each specified
component in the given system.

m Sel f I nduct ance[ system, Al I ] computes the self inductance of al relevant components of the given system.

= Thefirst argument is a magnetic system.

= the component are specified by their rank in the magnetic system.

m Self inductance can be only calculated for current carrying components.

= [f the second argument is only one number, the output is the value of the self inductance corresponding to this
component.

= |f the second argument isalist or Al | , then the output isin the form of alist of three elements:

thefirst isthelist of the relevant component numbers,

the second is the list of each corresponding self inductance values,

the third isthe total i.e. the sum of these self inductance values.

m Possible options are:

Contri buti onType: alows to compute the Pr oper self inductance (default), the ferromagnetic contribution
(Fer r 0) to the self inductance or the Tot al .

Preci si onLevel : specifiesthe precision level among 1, 2 or 3. Default 1.

= Related units:

I nduct anceUni t : to specify the unit of the output.

m See the Magnetica User Book: Chapter 10, Chapter 11.

m See also: VerboseSel f I nduct ance, AXSMagneti cSyst em AXSSol enoi d, AXSCi r cul ar Loop,
Contri butionType, Preci si onLevel , I nductanceUni t.

m SHLimits

m SHLi m t s[ system] givesalist of limits of Spherical Harmonics regions, for the given system.

= The argument is a magnetic system: the return value of AXSMagnet i cSyst emor CARMagnet i cSyst em
m The output isalist of pairs representing respectively:

1. the strict limits of the convergent region for the Spherical Harmonics series.

2. the limits for reasonable use of Spherical Harmoncis as only afinite number of terms are taken for calculations.
3. the limits taken when Automatic is set, to switch between Spherical Harmonics and Potential V ector method.

= These limits depends on the value of Legendr ePoi nt Posi ti on given to the system.

= See the Magnetica User Book: Chapter 5.

m See also: AXSMagnet i cSyst em Ver boseSHLi m ts, DrawSHLi mi t s, Legendr ePoi nt Posi ti on.
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m ShowArrows

m ShowAr r ows is an option for Dr awSy st emlike functions, that alows to display the current direction for current
carrying component and the magnetization direction for permanent magnet component.

m Possible valuesare Tr ue or Fal se.

= ShowAr r ows can aso be used as option for Dr awSHLI i t s-like functions, and Dr aw soFi el dLi nes-like
functions.

= See: Dr awSyst em Dr awSyst em2D, Dr awSHLI ni t s, Drawl soFi el dLi nes.

m ShowCentralAxe

m ShowCent r al Axe isan option for Dr awSyst emtlike functions, that allows to display or not the Z-axis.

m Possible valuesare Tr ue or Fal se.

m ShowCent r al Axe can aso be used as option for Dr awSHLi mi t s-like functions, and Dr aw soFi el d,,
Li nes-likefunctions.

m See: Dr awSyst em Dr awSyst enD, Dr awSyst enBD, Dr awSHLi mi t s, Dr aw soFi el dLi nes.

m ShowSphericalLimits

m ShowSpheri cal Li mi ts isan option for Dr awSyst en2D-like functions, that allows to displays the limits for
valid Spheri cal Har noni cs calculations.

m Possible valuesare Tr ue or Fal se.
m Can also be used with Dr aw soFi el dLi nes.
m See: Dr awSyst en2D, Dr awl soFi el dLi nes, DrawSHLi mits, SHLimits.

m SphericalHarmonics

m SphericalHarmonics is an option value for Cal cul ati onMode and a possible value for the Magneti ca,
Cal cul at i onMbde functions.

= When the calculation modeis set locally or globally to Spher i cal Har noni ¢s, the calculations are done using the
spherical harmonics method. They cannot be done everywhere, and the limits of useisgiven by SHLi mi t s.

= The other possible basic modeisVect or Pot ent i al .

m See the Magnetica Book: Chapter 5.

m Seedso: Cal cul ati onMbde, Magnet i caCal cul ati onMbde, SHLi m t s, Vector Potenti al .

m Systemlnductance

m Syst em nduct ance[ system] returns the total inductance, the total flux inductance and the total magnetic energy
of the current carrying components of the magnetic system.

= The argument is a magnetic system.

m The option Conponent sLi st alowsto select the component involved in the calculation.
= The output isin the form {total inductancetotal flux, total magneticenergy}

m Possible options:
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Component sLi st : allowsto selectthelist of components$o takeinto accountThedefaultis valueis Al | .

Contri buti onType: allowsto computethe Pr oper inductancegdefault),the ferromagneticontribution(Fer r o)
to theinductancespr theTot al .

Pr eci si onLevel : specifiegheprecisionlevelamongl,2 or 3. Default 1.

= Relatedunits:

I nduct anceUni t, Fl uxUni t, Magnet i cEner gyUni t : to specifytheunit of theoutput.

m SeetheMagneticaUserBook: Chapterl0, Chapterll

m Seealso:Ver boseSyst enl nduct ance, | nduct anceMat ri x.

m SystemL abel

m Syst enlLabel is anoptionfor AXSMagnet i cSyst emthatallowsto specifya labelto be associatedvith the
system.

m Syst emLabel mustbespecifiedwith astringlike: Syst enlLabl e- >"your description'
= Thelabelspecifiedwill appeaiin everydescriptiondrawingor mapinvolving thesystem.
m SeetheMagneticalUserBook: Chapter3.

m Seealso:AXSMagnet i cSyst em

m TablelsoFiddLines

m Tabl el soFi el dLi nes[ system{fieldvaluel,fieldvalue2,.}] givesatableof the pointsusedto draw thelines
in Dr awl soFi el dLi nes with thesamearguments.

= Theargumentsirethesameasfor Dr awl soFi el dLi nes.

m Possibleoptionsare:

Nunber O Poi nt s: allowsto choosethe numberof pointsusedfor thetable. The defaultis 15.

Angul ar Range: allowsto selectheangularange.Thedefaultis{ 0, 90} .

Cal cul at i onMode: thedefaultis| nher i t ed, thatrefersto the globalcalculationmode.The othervaluescoerce
thelocal useof a specificmodeandcanbe:Vect or Pot ent i al , Spheri cal Har noni cs, Aut omati c.

= Relatedunits:

Fi el dUni t : to specifythemagnetidield values.

Lengt hUni t : to specifytheunit of theoutput.

= SeetheMagneticalUserBook: Chapterd.

m See also: Drawl soFi el dLi nes, AXSMagneti cSystem Nunber Of Poi nts, Angul ar Range,
Cal cul ati onMbde, Fi el duUni t, Lengt hUni t .

m Temperature

m Tenper at ur e is aoptionfor all componenfunctions,somematerialfunctions,to locally specifythetemperature¢o
takeinto account.

= Tenper at ur e canbegivenanynumericvalueandis expressedéh Degrees.

m As anoptionfor a Componenfunction, Tenper at ur e allowsto setthe effectivetemperaturef the component,
which modify thereforethe dimensionsvaluesandothertemperaturelependentalues.

m As anoptionfor Material Propertieprinting anddrawing,it allowsto give the propertiesat the specifiedtemperature.
m Whenthis optionis not usedthe effectivetemperaturés takento bethe nominaltemperatur@0°.

m SeetheMagneticalserBook: Chapter2.
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m Seealso: AXSCi r cul ar Loop, AXSSol enoi d, AXSBi t t er Sol enoi d, AXSRi gi dMagnet i cConponent ,
AXSHar dMagnet i cConponent , AXSSof t Magnet i cConponent , Properti es.

m Transformer Analysis

m Transformer Anal ysi s[ system{compnumberl,voltagel},{compnumber2,voltage2},activgloadturnsasa
list theresultsof Ver boseTr ansf or mer Anal ysi s.

= Thisgivesalist of therelevantparametersf a monophasé¢ransformeifor a givenfrequencyandload.
m Thefirst argumenis a magneticsystem.

m Thesecondandthird argumentspecifythe currentcarryingcomponentgonstitutingthe transformemandthe voltage
of eachone.

= Thethird argumenspecifiestheactiveload.

m Possibleoptions:

I nput Fr equency: to specifythefrequencyDefaultis 50.

Pr eci si onLevel : to specifythe precisionlevelamongl,2 or 3. Default1.

Ful | Det ai | s: to getmoreor lessdetails.DefaultFal se.

= Relatedunits:
CurrentlntensityUnit,ResistanceUnit,VoltageUnit,FieldUnit,PowerUnit.

m SeetheMagneticaUserBook: Chapterl 3.

m Seealso:Ver boseTr ansf or mer Anal ysi s, AXSMagnet i cSyst em Pr eci si onLevel .

m Transformer M agneticlL osses

m Transf orner Magneti cLosses|[ system] givesthe magneticlossesof the systemseenas a monophase
transformerlt alsogivestheaveragenductionin the magneticcells.

m Thefirst arguments a monophaséransformerthatis a magneticsystemthatdoesnot containmoreor lessthantwo
currentcarryingcomponentsOtherwise the resultsarenot pertinent.

m Theoutputis in theform {magneticlossesaveragenductionof cells}.

= Themagnetidossescanbe calculatedonly for ferromagneticstructuresnadeof materialwith knowncurvesof losses
m Possibleoptions:

I nput Fr equency: to specifythefrequencyDefault50.

m SeetheMagneticalserBook: ChapterlQ, Chapterl3.

m Seealso:Ver boseTr ansf or mer Magnet i cLosses, Transf or ner Anal ysi s, Ver boseTr anf or ner -
Anal ysi s.

m TurnsBrookCaoil

= Tur nsBr ookCoi | [ meandiametersel] givesthe numberof turnsneededo obtaina givenselfinductancewith a
coil of givenmeandiameterwith a Brook typegeometry.

» Themeandiametelis supposedo beexpresseih Milli Meter,andtheselfinductancen puHenry.
m SeetheMagneticaUserBook: Chapterl 3.
m Seealso:Resonant Fr equency, Resonant Capaci t or.
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m VectorFiddMap

m Vect or Fi el dvap[ system, Plane[ pointl,pointd ] displaysthe magnetic field of the given system, within the
rectangle defined by the two opposite corners pointl and point2.

m Vect or Fi el dMap[ system, Box|[ pointl, pointd ] displays the magnetic field of the given system within the
cuboid space defined by the two opposite corners pointl and point2.

m The first argument is a magnetic system: that is the return value of AXSMagnet i cSyst emor CARMagneti c,,
System

m |f the system is axisymmetric, the points in the directive Pl ane, can be specified either by 3D spatial cartesian
coordinates {x,y,z}, or by their 2D axisymmetric coordinates {r,z} (However the two points must be of the same type).
In the directive Box and for cartesian systems, only cartesian coordinates are possible for points specifications.

m Possible options are:

Nunber O Poi nt s: alows to choose the number of points to use for the plot. The default is Aut omat i ¢. (15 for
Pl ane, and 7 for Box).

Cal cul at i onMode: the default valueis | nheri t ed, that refers to the global calculation mode. The other values
coerce the local use of a specific mode and can be: Vect or Pot ent i al , Spheri cal Har noni cs, Aut ormati c.
m Related units:

Lengt hUni t : to specify the unit of the points.

Fi el dUni t : to specify the unit of the output.

m See the Magnetica User Book: Chapter 4, Chapter 5.

m See dso: Fi el dvap, Cont our Fi el dMap, AXSMagnet i cSyst em Number Of Poi nt's, Cal cul ati on-
Mode, Lengt hUni t , Fi el dUni t .

= Vector Potential

= Vect or Pot enti al isan option value for Cal cul ati onMbde and a possible value for the Magnet i ca,
Cal cul ati onMode functions.

= When the calculation mode is set locally or globally to Vect or Pot ent i al , the calculations are done using the
vector potential method. They can be done at any point even inside the components.

m The other possible basic modeis Spheri cal Har noni cs.

m See the Magnetica Book: Chapter 5.

m Seedso: Cal cul ati onMbde, Magnet i caCal cul ati onMbde, Spheri cal Har noni cs.

m VerboseM agneticEnergyMatrix

m VVerboseM agneticEnergyMatrix[system] prints a detailed and formatted output of the result of Magnet i cEner gy,
Matri x.

= Argument and options are the same asfor Magnet i cEner gyMatri x.

= Related units:

Magnet i cEnergyUni t, Current | ntensityUnit:to specify the units of the output.
m See also: Magnet i cEnergyMatri x.
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m VerboseSHLimits

m Ver boseSHLi m t s[ system] printsaformatted output of SHLi m t s.

mSeeSHLim ts.

= VerboseFieldPoint, VerboseFieldPointV P, VerboseFieldPointSH

m Ver boseFi el dPoi nt [ systemtargetPoin} printsadetailed and formatted output of the result of Fi el dPoi nt .
m Ver boseFi el dPoi nt VP[ systemtargetPoin} verbose version of Fi el dPoi nt VP.
m Ver boseFi el dPoi nt SH[ systemtargetPoin} verbose version of Fi el dPoi nt SH.

= The arguments arethe same asfor Fi el dPoi nt .

= The output cannot be managed for further computations. For this, better use Fi el dPoi nt .

m Possible options:

Component Li st : details the contribution, to the magnetic field, of each specified component, and prints the total for
these components.

Cal cul at i onMode: the default value Inherited, tells to take into account the global calculation mode. It can be
overriden by Vect or Pot ent i al , Spheri cal Li mi ts, Aut omat i ¢ to coerce the local use of a specific mode.
CondensedFor m used together with Conponent Li st , allows to dispay theinformationsin an array form.

= Related units:

Lengt hUni t : to specify the unit of the target point.

Fi el dUni t : to specify the unit of the output.

m See the Magnetica User Book: Chapter 4, Chapter 5.

m Seealso: Fi el dPoi nt , Conponent Li st, Cal cul ati onMode, Lengt hUni t, Fi el dUni t.

m VerboseFluxArea, VerboseFluxAreaVP, VerboseFluxAreaSH

m Ver boseFl uxAr ea[ systemtargetPoin} prints adetailed and formatted output of the result of FI uxAr ea.
m Ver boseFl uxAr eaVP[ systemtargetPoin} verbose version of Fl uxAr eaVP.
= Ver boseFl uxAr eaSH systemtargetPoin} verbose version of FI uxAr eaSH.

m The arguments are the same asfor FI uxAr ea.

= The output cannot be managed for further computations. For this, better use Fl uxAr ea.

m Possible options:

Component Li st : details the contribution, to the magnetic flux, of each specified component, and prints the total for
these components.

Cal cul at i onMode: the default value Inherited, tells to take into account the global calculation mode. It can be
overriden by Vect or Pot ent i al , Spheri cal Li mi ts, Aut omat i ¢ to coerce thelocal use of a specific mode.
CondensedFor m used together with Conponent Li st , alows to dispay theinformationsin an array form.

= Related units:

Lengt hUni t : to specify the unit of the target point.

Fl uxUni t : to specify the unit of the output.

m See the Magnetica User Book: Chapter 4, Chapter 5.

m See dso: Fl uxAr ea, Conponent Li st, Cal cul ati onMode, Lengt hUni t, Fl uxUni t .
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m VerboseFluxl nductanceM atrix

m Ver boseFl uxl nduct ancelat ri X[ system] prints a detailed and formatted output of the result of FI ux,,
I nduct anceMatri x.

= Argument and options are the same asfor FI uxI nduct anceMat ri x.

= Related units:

Fl uxUni t, Current | ntensityUnit: to specify the units of the output.
m See also: Fl uxl nduct anceMatri x.

m VerboseGradientPoint, VerboseGradientPointVP, VerboseGradientPointSH

m Ver boseGr adi ent Poi nt [ systemtargetPoin} prints a detailed and formatted output of the result of Gr adi ent ,,
Poi nt .

m Ver boseGr adi ent Poi nt VP[ systemiargetPoin} verboseversion of G- adi ent Poi nt VP.

m Ver boseGr adi ent Poi nt SH systemiargetPoin} verboseversion of G- adi ent Poi nt SH.

= The arguments are the same asfor G adi ent Poi nt .

= The output cannot be managed for further computations. For this, better use G- adi ent Poi nt .

m Possible options:

Conponent Li st : details the contribution, to the gradient value, of each specified component, and prints the total for
these components.

Cal cul ati onMode: the default value Inherited, tells to take into account the global calculation mode. It can be
overriden by Vect or Pot ent i al , Spheri cal Li mi ts, Aut omat i ¢ to coerce the local use of a specific mode.
CondensedFor m used together with Conponent Li st , allowsto dispay the informationsin an array form.

= Related units:

Lengt hUni t : to specify the unit of the target point.

Gr adi ent Uni t : to specify the unit of the output.

m See the Magnetica User Book: Chapter 4, Chapter 5.

m See dso: Gr adi ent Poi nt, Conmponent Li st, Cal cul ati onMbde, Lengt hUnit,G adi entUnit.

m Verbosel nductanceCoupling

= Ver bosel nduct anceCoupl i ng[ system{componentlcomponentd} printsa detailed and formatted output of
theresult | nduct anceCoupl i ng.

= Arguments and options are the same asfor | nduct anceCoupl i ng.

= Related units:

CurrentlintensityUnit,InductanceUnit,Fl uxUnit: to specify theunits of the printed informations.

m See the Magnetica User Book: Chapter 12, Chapter 13.

m Seeadso: | nduct anceCoupl i ng, AXSMagnet i cSyst em Preci si onLevel ,CurrentintensityUnit,
I nduct anceUni t, Fl uxUni t.
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= Verbosel nductanceM atrix

m Ver bosel nduct anceMat ri x[ system] prints a detailed and formatted output of the result of | nduct ance,,
Matri x.

= Argument and options are the same asfor | nduct anceMat ri x.

= Related units:

I nduct anceUni t, Current | ntensityUnit:tospecify the units of the output.
m Seealso: | nduct anceMatri x.

m Verbosel egendreCoefficients

m Ver boselegendr eCoef fi ci ent s[ system] prints many relevant informations and the result of Legendr e,
Coef fi ci ent s in aformatted output.

= The arguments and the options are the same asfor Legendr eCoef fi ci ent s.
m SeelLegendr eCoef fi ci ents.

m VerboseM utualM agneticEner gy

= Ver boseMut ual Magnet i cEner gy|[ system,{compnumber1,compnumber2}] prints a detailed and formatted
output of the result of Mut ual Magnet i cEner gy.

= Arguments and options are the same as for Mut ual Magnet i cEner gy.

= Related units:

Magnet i cEnergyUnit, Currentl ntensityUnit: tospecify the units of the output.
m See also: Mut ual Magnet i cEner gy.

= VerboseM utualFluxl nductance

m Ver boseMut ual Fl uxl nduct ance[ system,{compnumber1,compnumber2}] prints a detailed and formatted
output of the result of Mut ual FI uxl nduct ance.

= Arguments and options are the same as for Mut ual FI uxl nduct ance.
= Related units:

Fl uxUni t, Currentl ntensityUnit:tospecify the units of the output.
m See also: Mut ual Fl uxl nduct ance.

= VerboseM utuall nductance

= Ver boseMut ual | nduct ance[ system,{compnumber1,compnumber2}] prints a detailed and formatted output of
theresult of Mut ual | nduct ance.

= Arguments and options are the same as for Mut ual | nduct ance.

= Related units:

I nduct anceUni t, Current | nt ensityUni t: to specify the units of the output.
m See also: Mut ual | nduct ance.
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= VoltageUnit

= Vol t ageUni t istheoptionusedto specifytheelectricalpotentialdifferenceunit.

m Vol t ageUni t canbeusedin Magneti caUser Uni t s for a global setting,or in anyfunction concernedvith
electricalpotentialunit, for local setting.

= Possiblevalue:Vol t .

This valuecanbe precededasa separatedvord, by anyprefix(M I 1 i , Ki | o, Mega, ...).
SeetheMagneticaUserBook: AppendixUnits.

Seealso:Magnet i caUser Uni t s, Magnet i caCurrent Uni t s, Ver boseTr ansf or mer Anal ysi s.

= VerbosePotentialPoint, VerbosePotential PointV P, Ver bosePotential PointSH

= Ver bosePot ent i al Poi nt [ system,targetPoin} prints a detailed and formatted output of the result of
Pot ent i al Poi nt .

= Ver bosePot ent i al Poi nt VP[ systemfargetPoin} verboseversionof Pot ent i al Poi nt VP.

m Ver bosePot ent i al Poi nt SH[ systemtargetPoin} verboseversionof Pot ent i al Poi nt SH.

= Theargumentarethe sameasfor Pot ent i al Poi nt .

= The outputcannotbe managedor furthercomputationskor this, betterusePot ent i al Poi nt .

m Possibleoptions:

Conponent Li st : detailsthe contribution,to the potentialvalue,of eachspecifiedcomponentandprintsthetotal for
thesecomponents.

Cal cul ati onMode: the defaultvalue Inherited,tells to takeinto accountthe global calculationmode.It canbe
overridenby Vect or Pot ent i al , Spheri cal Li mi ts, Aut omat i ¢ to coercethelocal useof a specificmode.
CondensedFor m usedtogethemwith Conponent Li st , allowsto dispaytheinformationsin anarrayform.

= Relatedunits:

Lengt hUni t : to specifytheunit of thetargetpoint.

Pot ent i al Uni t : to specifytheunit of theoutput.

m SeetheMagneticalserBook: Chapter4, Chapters.

m Seealso:Pot ent i al Poi nt, Conponent Li st, Cal cul ati onMode, Lengt hUni t,Pot enti al Unit.

m VerboseSelfM agneticEner gy

= VVer boseSel f Magnet i cEner gy[ system,componentnumber] prints a detailedandformattedoutputof theresult
of Sel f Magnet i cEner gy.

m Ver boseSel f Magnet i cEner gy[ system,{compnumber1,compnumber2,...}] selectingseverakomponents.

m Ver boseSel f Magnet i cEner gy[ system, Al | ] selectingall relevantcomponents.

= Argumentsandoptionsarethe sameasfor Sel f Magnet i cEner gy.

= Relatedunits:

Magnet i cEnergyUnit, Currentl ntensityUnit: tospecifytheunitsof theoutput.
m Seealso:Sel f Magnet i cEner gy.
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= VerboseSdafFluxl nductance

m Ver boseSel f FI uxl nduct ance[ system,componentnumber] prints a detailed and formatted output of the result
of Sel f Fl uxI nduct ance.

m Ver boseSel f Fl uxl nduct ance[ system,{compnumber1,compnumber2,...}] selecting several components.

m Ver boseSel f Fl uxl nduct ance[ system, Al | ] selecting all the relevant components.

= Arguments and options are the same as for Sel f FI ux| nduct ance.

= Related units:

FluxUnit, CurrentintensityUnit : to specify the units of the output.
m See: Sel f Fl uxl nduct ance.

= VerboseSdflnductance

m Ver boseSel f I nduct ance|[ system,componentnumber] prints a detailed and formatted output of the result of
Sel f I nduct ance.

= Ver boseSel f | nduct ance[ system{compnumber1,compnumber?,..}] selecting severa components.

m Ver boseSel f1 nduct ance[ system, Al | | selecting all the relevant components.

= Arguments and options are the same asfor Sel f | nduct ance.

= Related units:

I nduct anceUni t, Current | nt ensityUnit: to specify the units of the output.
m Seealso: Sel f | nduct ance.

m VerboseSystemlnductance

m Ver boseSyst em nduct ance[ system] printsadetailed and formatted output of the result of Ver boseSyst em
I nduct ance.

m Seethe Magnetica User Book: Chapter 10, Chapter 11.
m Seealso: Syst em nduct ance, | nduct anceMatri Xx.

m VerboseTransformer Analysis

m VerboseTransf or mer Anal ysi s[ system{compnumberlyoltagel},{compnumber2yoltage2?},activeload
prints adetailed analysis of the system considered as a monophase transformer.

m Thefirst argument is a magnetic system.

= The second and third arguments specify the current carrying components corresponding to the transformer, and the
voltage of each one.

= Thethird argument specifies the active load.

= Possible options:

I nput Fr equency: to specify the frequency. Default is 50.

Preci si onLevel : to specify the precision level among 1,2 or 3. Default 1.

Ful | Det ai | s: to get more or less details. Default Fal se.

= Related units:

CurrentlntensityUnit,ResistanceUnit,VoltageUnit,FieldUnit,PowerUnit.
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m Seethe Magnetica User Book: Chapter 13.
m Seealso: Transf or ner Anal ysi s, AXSMagnet i cSyst em Pr eci si onLevel .

m VerboseTransformer M agneticL osses

= Ver boseTr ansf or ner Magnet i cLosses[ system] prints a detailed and formatted output of the result of
Transf or mer Magnet i cLosses.

= Seethe Magnetica User Book: Chapter 10, Chapter 13.
m Seealso: Tr ansf or mer Magnet i cLosses, Tr ansf or ner Anal ysi s, Ver boseTr anf or ner Anal ysi s.
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