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Modeling of Magnetic Field created by Coil in 3-D space
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Introduction

The classical fields of physics are governed by partial
differential equations. Some exact solutions are available,
but not commonly in cases of practical interest. Even when
solutions exist, they tend to be complicated and must be
evaluated numerically for graphical presentation in
digestible form. Finite element analysis (FEA) is a
numerical approach in which the field domain under study
is divided into a multitude of regions, each giving rise to
one or more equations. The main task is to solve all these
hundreds of simultaneous equations, which was
impracticable before the days of computers.

Some twenty years ago, the choice was between
writing one’s own programs or abstaining completely from
FEA. Today, expert software saves from worrying about
programming strategy, formatting, indices and graphics.
The tools of FEA are now on anyone’s desk, since the
average personal computer is adequate for solving a large
number of such problems. ANSYS Emag (ANSYS Inc.) is
one of most popular programs for electromagnetic field
modeling. ANSYS Emag contains a comprehensive tool set
for static, harmonic low-frequency electromagnetic studies,
permitting the simulation electrostatic, magnetostatic,
electromagnetic, electric circuit and current. The program
also can simulate charged-particle tracing in both
electrostatic and magnetostatic fields.

The ANSYS program uses Maxwell's equations as
the basis for magnetic field analysis [1-3]. The primary
unknowns (degrees of freedom) that the finite element
solution calculates are either magnetic potentials or flux.
Other magnetic field quantities are derived from these
degrees of freedom. Depending on the element type and
chosen element option, the degrees of freedom (DOFs)
may be scalar magnetic potentials, vector magnetic
potentials, or edge flux.

The magnetic scalar potential (MSP) formulation is
recommended for most 3-D static analysis applications.
The scalar approach allows to model current sources as
primitives rather than elements; therefore, the current
sources do not need to be part of the finite element mesh.
The scalar method offers the following: brick, wedge,
pyramid, and tetrahedral element geometries; current
sources defined by primitives (coils, bars, and arcs);
permanent magnets; linear and nonlinear permeability;
node coupling and constraint equations. In addition,
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modeling of current sources is simpler with the scalar
formulation. This is so because you can simply specify
current source primitives in the proper locations to account
for their magnetic field contribution.

The magnetic vector potential (MVP) formulation is
nodal-based method for 3-D static, harmonic, and transient
analyses. The MVP formulation has three DOFs per node:
AX, AY, AZ, the magnetic vector DOFs in the X, Y, Z
directions. Voltage-fed or circuit coupled analysis may add
up to three additional DOFs to the magnetic vector DOFs:
current, electromotive force drop, and electric potential.
The MVP formulation has to be used for a 2-D static
magnetic analysis; doing so results in a single magnetic
vector potential DOFs, 4Z. With the MVP formulation,
current sources are modeled as an integral part of the finite
element model. However, the MVP formulation runs more
slowly than the scalar formulation because of the added
DOFs. The MVP formulation can be also used for 3-D
static, harmonic or transient magnetic analysis. In this case
attention has to be paid when including permeable
materials in the model due to a loss of accuracy using the
3-D MVP formulation.

The edge method associates DOFs with element
edges rather than element nodes. The method offers 3-D
static and dynamic solution capability for low frequency
electromagnetics. Edge-based analysis performs more
accurately than the nodal-based MVP method in cases
where both methods share the same functionality,
particularly when models contain iron regions. Edge-based
analysis also is more efficient than the MVP method in
terms of the active DOFs. The edge formulation is the
recommended method for most 3-D harmonic and transient
electromagnetic analyses. Edge-based analysis is not
available for 2-D models.

General modeling algorithm

Generalized modeling algorithm of magnetic field
created by coils with cores and without them is shown in
Fig. 1. At first coil and (or) core construction model library
is created. This library is created in order to increase
modeling performance, e.g. it is possible to use coil of the
same construction with different cores. Construction of
coil is created using finite element SOURC36 [4]. Overall
construction model is assembled automatically using
specific command file (*/gw) (Fig. 1). Using this file



creation of model is accelerated, because it is sufficient to
point, what coil and what core will be used in model
creation, and how to place them in space. Created overall
construction model is saved to ANSYS ,,4// I file COMB*
file (Fig. 1). Individual modeling stages are separated
using this file type. It is particularly important when
performing modeling using command files.
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Fig. 1. General coil modeling algorithm

In the next stage finite element mesh is created. In
order to create mesh (mesh is not created in coil) finite
element SOLID96 [4] is used, which is designed for
magnetic field modeling. Using created command files
(Fig. 1) it is possible to change mesh spacing in different
zones of model. Created mesh is saved to , 4l 1 file
COMB* file. Further electric current strength or electric
current density in coil is selected. Also boundary
conditions are selected. This information is also saved to
YAl 1 file COMB* file. After performing magnetic field
modeling, results are displayed in graphic form and saved
to text files.

Coil model creation

As it was mentioned above, coil construction model
is created using finite element SOURC36 [4]. In a 3-D
scalar potential analysis, current sources are not modeled
as an integral part of the geometry. Instead, "dummy"
finite element, SOURC36, is used to represent the shape
and location of current sources. It is possible to define
coils, bars, or arcs at any location in the model. The
amount of current and other current-source data are
specified as element real constants. The entire current
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source has to be modeled even if the rest of the model uses
half-symmetry or quarter-symmetry. Coil and arc elements
cannot have a zero inside radius. Because SOURC36
elements are not true finite elements, you can use only
direct generation (not solid modeling) to define them.

Fig. 4. Current source element SOURC36 (type 3 or 5 — bar)

SOURC36 is a primitive (consisting of predefined
geometries) used to supply current source data to magnetic
field problems (Fig. 2-4). The element represents a
distribution of current in a model employing a scalar
potential formulation. The currents are used to calculate a
source magnetic field intensity using a numerical
integration technique involving the Biot-Savart law. The
magnetic field intensity term is used in the formulation as a
magnetic load on the model.

RACE invokes an macro [5] which defines a
"racetrack" current source (Fig. 5) in the working plane
coordinate system:

RACE, XC, YC, RAD, TCUR, DY, DZ, , , Cname

where: XC — location of the mid-thickness of the vertical
leg along the working plane x-axis; YC — location of the
mid-thickness of the horizontal leg along the working
plane y-axis; RAD — radius of curvature of the mid-
thickness of the curves in the racetrack source; TCUR —
total current, ampere turns, flowing in the source; DY — in-
plane thickness of the racetrack source; DZ — out-of-plane
thickness (depth) of the racetrack source; Cname — a name
assigned as a component name to the group of SOURC36
elements created by the command macro.



Thickness=DZ A

Fig. 5. Racetrack current source

The macro is valid for use in 3-D magnetic field
analysis using a scalar potential formulation. Current flows
in a counter-clockwise direction with respect to the
working plane.

Finite element mesh creation

Mesh is created in all regions of model except coil
using finite element SOLID96. 3-D magnetic scalar solid
finite element SOLID96 has the capability of modeling 3-D
magnetic fields. Scalar potential formulation is available
for modeling magnetic fields in a static analysis. The
geometry, node locations, and the coordinate system for
this element are shown in Fig. 6. The element is defined by
eight nodes and the material properties. A tetrahedral-
shaped element may be formed by defining the same node
numbers for nodes M, N, O, P and nodes K, L. A wedge-
shaped element and a pyramid-shaped element may also be
formed as shown in Fig. 6. Shape function for SOLIDY6 is:

¢,:é((p](l_s)(l_,xl_r)+¢,(1+s)(1_t)(1_r)+

+ ok (1 +s)(1 +t)(1—r)+ ¢L(1—s)(1+ t)(l—r)+
+ 0y (l —s)(l —t)(l + r)+ (/JN(l + s)(l —t)(l + r)+
+oo(l+s) 1+ 1+7)+op(-s) 1+ 1+7). (1)

The standard 3-D integration formulas which are used
in the element library are of the form:
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where: f (x, y,z)f function to be integrated; H,, H i

H; — weighting factor; x;, y;, z; — locations to evaluate

function (these locations are usually the s, ¢, » coordinates);
n, m, | — numbers of integration points (Fig. 7).

The finite element matrix equations can be derived by
variational principles. These equations exist for linear and
nonlinear material behavior as well as static and transient
response. Based on the presence of linear or nonlinear
materials, the program chooses the appropriate Newton-
Raphson method. The scalar potential formulations are
restricted to static field analysis with partial orthotropic
nonlinear permeability. The DOFs, element matrices, and
load vectors are presented here in the following form:

e =t [ | )
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vol
where: N — element shape functions (¢ = NTZ ), ;0»67

magnetic scalar potentials at nodes of element; VT —
gradient operator, vol — volume of the element, H,—
preliminary or “guess” magnetic field, H . — coercive force
vector, [;1]7 permeability matrix, du;, / d |H |f derivative of

permeability with respect to magnitude of magnetic field
intensity.

(Tetrahedral Option;  (Pyramid Option) (Wedge Option)

Fig. 6. 3-D magnetic scalar solid finite element SOLID96

Fig. 7. Integration point locations for bricks and pyramids
Magnetic field modeling

The basic electromagnetic field results include
magnetic field intensity, magnetic flux density, magnetic
forces and current densities. The first derived result is the
magnetic field intensity which is divided into two parts a

generalized field H ¢ and the gradient of the generalized
potential — V¢, . This gradient (referred to here as ﬁw ) is

evaluated at the integration points (Fig. 7) using the
element shape function as:

T

Hyp=-VN ¢, 0

where: VT — gradient operator; N - element shape
functions; _(;f ¢ — hodal generalized potential vector.
The magnetic field intensity is then:

H=Hg+H,. 8)



Nodal values of field intensity and flux density are =~ Conclusions
computed from the integration points values.

MSP formulation is most suitable to model magnetic

field created by coils with or without cores in 3-D space.

x The scalar approach allows you to model current sources

as primitives rather than elements; therefore, the current

sources do not need to be part of the finite element mesh,;
this factor accelerates modeling process.

Created modeling algorithm allows to model different
: construction coils with or without cores. Library of various
Thickness €10 2 construction coils and cores was created.

Fig. 8. Parameters of coil and core Individual modeling stages (construction model

creation, finite element mesh creation, etc.) are separated

,’ . in this algorithm using ,,4/l 1 file COMB* files. Thus it is

i TS possible to repeat magnetic field calculation, beginning

with any stage, for example, it is possible to select

different values of electric current strength and calculate

magnetic field strength for several times using ,,4// 1 file
COMB* created after mesh formation.

Created command files (for overall model creation,
finite element mesh creation, selection of boundary
conditions, magnetic field calculation) enables automation
of modeling process.
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HM3yuatoTcst BONPOCH! MOJEINPOBAHUSI MATHUTHBIX MOJIEH, CO3AaBaEMbIX B MPOCTPAHCTBE KATYIIKAMH C CEPACYHUKAMH U Oe3 HHX,
METO/IOM KOHEUHBIX 3JeMeHTOB. IIpenocraBieH cocTaBieHHbIN OOOOIIEHHbIH alrOpUTM MOJEIUPOBAHUS M NPEAJIAraeTcsi METOIUKa
MOJICIIMPOBAHMS MAarHUTHBIX TOJICH B MpocTpaHCcTBE. M3ydaloTcs KOHCTPYKIMU KaTyIIEK W CEpJICYHUKOB, a TAKKE BONPOCHI CO3IaHUS
uX OMOJIMOTEK. AHAIU3UPYIOTCS BOIPOCHI 110 NPUMEHEHHUIO Pa3HBIX BUJOB KOHEUHBIX 2JIEMEHTOB IJI CO3AaHUS MOJesIeil KOHCTPYKLHUH
KaTYILEK ¥ 110 OIMCAHUIO CEPJCYHNKOB U APYrux obnacteil monenu. OOCYkKIAr0TCsl BOIPOCH! COCTABICHHS CETH KOHEYHBIX 3JIEMEHTOB.
IIpenocraBieH nmpuMep MOJEIUPOBAaHHS MarHMUTHOIO IOJISI, CO3JaBaeMOro KaTylIKOil ¢ cepaeyHuKoM. M9, 6ubn.5 (Ha aHriamMiickomM
s13bIKe; pedepaThl Ha IMTOBCKOM, aHTIMHCKOM U PYCCKOM f3.).
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