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A Primer on Magnetic Circuit
Design: Materials, Permeance
Calculations, and Finite Element

Analysis

- Cincuit Desigu, Maguetic

l. Introduction

his introduction to electromag-

netics is intended to de-mystify

magnetic circuit design, be-

cause beyond the complicated

integral and differential equa-

lions asseciated with this science lies a

vital and interesting discipline. Electro-

magnetics provides the world with

gadgets as simple as refrigerator mag-

nets to systems as complex as nuclear

accelerators and magnetic resonance

-imagers, This article provides engi-

neers with the basic considerations of

magnetic circuit design, especially as

applied to electric motors and voice coil
actuators,

The first section explores the three fun-
damental types of magnetic materials:
permanent magnets, parmeable steels,
and magnet wire, The salient magnetic
properties which characterize magnets
and steels are discussed to help ex-
plain the differences between and the
applications of various material types,
Magnet wire, a simple and often over-
looked magnetic circuit component, is
also discussed,

The second section discusses basic
electromagnetic design technigues.
Because Maxwell's Equations form the
foundation of all electromagnetic the-
ory, their presentation is required, The
remainder of this section is devoted to
demonstrating how the direct use of
Maxwell's Equations can be avoided:
namely, through permeance caloula-
tions and finite element analysis. The
arficle concludes with an analysis of an
actual design and shows how the afore-
mentioned materials and design tech-

niques are applied to a real application.”

The design example is a linear voice

coil actuator used to control a small
valvea,

. Anthony C. Morcos

Senior Magnetics Engineer
Kimco Magnetics Division

BEI Motion Systems Company

Quantity Symbol _MKS CGs English
Flux Density B Webers/m? Gauss  Kilo-Lines/in2
Magnetic Field H Amps/m Oersted Ampsfin
Magnetic Flux i Webers Maxwells Kila-Lines
Force F Mewtons Dynes paunds-f
Energy w Joules Ergs Ft.-Paunds

Figure 1 - Electromagnetic Unit Systems

Il. Magnetic Materials

Mearly all types of magnetic circuits can
be divided into three basic material
groups: magnets, steel, and wire. The
distinctions between these classifica-
tions, espacially between magnets and
steel, are often blurry.  Itis, therefore,
necessary 1o describe how the mag-
natic propearties of such materials are
defined. Then it is possible to differen-
tiate between the wide variety of avail-
able materialz and to determine which

malterial is best suited to a particular
application.

Figure 1 is a description of the three
different unit systems which are most
commanly employed in electromag-
netic design and analysis. An electro-
magnetic engineer should be able to
use all three interchangaably.

II-A Permanent Maagnets
Figure 2 shows a somewhat idealized
second-quadrant demagnetization
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Figure 2 - Permanent Magnet B vs. H and
Bi vs. H Curves - Idealized
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curve, also called a hysteresis loop, for
a permanent magnet. Both the induc-
tion (normal} curve and the magnetiza-
tion (intrinsic) curve are shown. These
curves are inter-related (Bi=B-H) and
are actually two different ways of con-
veying the same information, though
the intrinsic curve shows more informa-
tion in the second quadrant. The hys-
teresis loop defines the magnetic prop-
erties of a permanent magnet. Of par-
ticular interest are the quantities B, He,
EHmax and (to a lesser degree) Hi.
The remanent flux density, B js a
measure of the flux-producing capahbil-
ity of the magnet material. The normal
and intringic coercive forces, Heand He
respectively, determine the amount of
external opposing field a magnet can
withstand without demagnetizing: i.e.,
its "magnetic hardness". The knee field,
Hi, is the amount of external demagnet-
izing field to which a magnet can be
exposed without permanent perorm-
ance degradation. The maximum en-
ergy product, BHmay, is a figure of merit
for a permanent magnet material such
that a higher BHmax yields a minimum
volume of magnet required to supply a
given flux density in a given working
gap.

Figure 3 describes, through their sec-
ond quadrant B vs. H curves, some of
the more commonly-employed perma-
nent magnet materials: Alnico 8, bar-
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. Figure 3 - Room Temperature Demagnetization Curves for
Commonly -Used Permanent Magnet Materials

iurn ferrite, and the sintered rare earth-
transition metal alloys SmCos,
SmzCo7, and NdzFe14B,

Alnico is a low cost alloy of aluminum,
nickel, and tobalt, and Alnico 8 is a
popular grade of this alloy, It has excel-
lent temperature stability and is quite
easy to magnetize. Permanent mag-
nets are fabricated unmagnetized and
must be magnefized either by the ven-
daor or the end user. Alnico 8 is also
easy to demagnetize, by virtue of its low

coercive force, and must operate at a
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high permeance (B/H). Some uses of
Alnico include holding magnets and
bias magnets for sensitive instruments
which must exhibit stability over a wide
temperature range.

Barium ferrite is a type of ceramic which
was the original "square loop" perma-
nent magnet: He in Oersted nearly
equals BriGauss. Strontium ferrite is
anather type of ceramic magnet with
similar properties to barium ferrite. Ce-
ramic magnets are fairly easy to mag-
netize and demagnetize and are some-
what brittle mechanically. Ferrites are
ideal for high-volume, low-cost, low-
performance applications by virtue of
their low piece-part cost and high toal-
ing cost. Common applications for ce-
ramics are in loudspeaker voice coil
actuators and in DC motors for appli-
ances,

SmCos was the first commercially-
available high-energy rare earth mag-
net material, It is a sintered alloy which
is extremely brittle and quite difficult to
magnetize and demagnetize, Its tem-
perature stability is not as good as Al-
nice 8, but it can operate at tempera-
tures as high as 250° C under certain
operating conditions. Sm=Co17 is a
newer, higher-energy alloy which
seems to be replacing SmCos for most
magnet manufacturers. Samarium- co-
balt magnets are extremely expensive
per unit weight, but this is somewhat
offset by their high energy product
which allows for a much smaller mag-
net volume to provide the necessary
flux. Such magnets are difficult to fabri-
cate in non-standard shapes and must
be ground, in an unmagnetized state,
to final dimensions. These factors
strongly influence the design of mag-
netic circuits employing such magnets.
Applications for samarium-cobalt mag-
nets include gyroscopes, electron
beam focusing structures in devices
such as traveling wave tubes, and mo-
tors designed to operate at tempera-
tures above 135° C.
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Figure 4 - Soft Magnetic Steels

MNdaFe14B, or nec-iran, is the neweast,
highest energy magnet material avail-
able. Itis lower in cost than samarium-
eobalt because iron is much cheaper
than cobalt and necdymium is more
plentiful than samarium. This material
iz prone o oxidation and exhibits ex-
treme temperature instability: it is wise
to aperate nec-iron below 100° C. Still,
an increasing number of commercial
applications are employing this mate-
rial. Neo-iran is replacing ferrite as the
magnet of chaice for automative motar
applications (e.g., starter, windshield
wiper, power window motors) because
the miniaturization afforded by its
higher energy product can greatly re-
duce the overall weight and increase
the fuel efficiency of an automobile.

lI-B Soft-Magnetic Steels

Figure 4a shows how the hysteresis
loops of magnetic steels (also known as
soft-magnetic or back iron materials)
are different than those of permanent
magnets (also called hard-magnetic
materials). Figure 4b shows a typical B
vs. H curve for a soft-magnetic material.
Of particular interest are the guantities
Bz, Br, He and mu. The saturation flux
density, Be, is an indication of the flux-
carrying capability of the material. Brfor
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steel indicales its amount of magnetic
retentivity when all external fields are
removed, and He indicates the amount
of extarnal field reguired to overcome
this magnetic retentivity. Br and He are
usually undesirable properties in steel
and should be minimized. The perms-
ability, mu, is the slope of the B vs. H
curve: a higher permeability implies
better efficiency in carying magnetic
flu.

Vanadium Permendur (WP) has the
highest saturation flux density (Bs =
24.0 kG) of all magnetic steels, allowing
for minimum weight of the soft- mag-
netic members. This alloy of vanadium,
cobalt, and iron is exorbitant in price,
extremely difficult to machine, even
mare difficult to procure, and is very
sensitive to thermal and mechanical
streszes. These properties imply that
VP iz used primarily in airborne and
spaceborne applications, where the
payload reduction afforded by the use
of this material in an electromagnetic
device overcomes the added cost of
this material. Unlike many other soft-
magnetic iron alloys, vanadium per-

mendur doas not readily oxidize and,

therefore, requires no corrosion protec-
tion,

Cold-rolled steel (CHS) saturates at
20,7 kG, therefore requiring approxi-
mately 15% more back iron volume
{and mass) to carry the same amount
of flux as VP, CRS is reasonable in
cost, easy to obtain, and readily ma-
chined. Unfortunately, it must be plated
to prevent rusting: this plating can pre-
sent difficulties in manufacturing, such
as holding extremely tight toleranceas,
and in the deep space vacuum environ-
ment, where potential flaking of the
plating can be disastrous.

400-zeries stainless steel (416553)
satlurates at 16.8 kG, leading to a 30%
increase in back iron weight compared
ta VP, itis relatively inexpensive, easily
obtained, and is considerably easier to
machine than VP, though somewhat
less machinable than CRS. The pri-
mary advantage of 41655 is that it re-
quires no plating or protective coating
to avoid oxidation. (Remember that
300-series stainless steel is non-mag-
netic and should not be employed in
magnetic flux carrying members of an
electromagnetic device).

The aferementioned soft-magnetic ma-
terials are used primarily in DC mag-
netic circuits where the back iron is not
being cycled through its hysteresis
loop. In mest motor designs, the arma-
ture steel is being cycled, and a high
permeability and low Hg are desirable
to maximize efficiency. Motor arma-
tures are also usually laminated to re-
duce eddy current losses. There are
many grades of silicon steel, such a
M19, which have been especially for-
mulated for AC magnetic circuit de-
signg, such as motors and transform-
ers. These alloys, when properly heat-
treatad, have a high permeability, a low
coercive force, and a saturation flux
density nearly equal to CRS. The sili-
con steel alloys are primarily available
in sheet stock form to best allow for the

tabrication of motor and transformer
l[aminations.

II-C Magnet Wire

Magnet wire is the most simple of the
magnetic materials to describe. Of pri-
mary interest are: the conductor mate-
rial and its resistivity, the wire geome-
try, and the insulation type. The primary
conducter materials employed in mag-
net wire for motors and voice coil actua-
tors are solid copper, solid aluminum,
and copper-clad aluminum. The most
common is cepper wire, which is easy
to wind and is readily soldered onto
lead wires or terminal pins. Aluminum
wire is one-third the weight of copper
wirg, though it has 1.6 times greater
resistivity than copper. Thinner gauges
of alurminum wire tend to be quite brittle
and tough to work with. Itis also difficult
to terminate aluminum wire because it
does not solder well: solder joints with
aluminum wire are prone to corrosion
and are inherently unreliable. Cladding



MKS Unit System

electric field intensity E voltfmetre .
magnetic field intensity H ampere/metre

electric flux density D  coulomb/metre?

magnetic flux density B lesla

electric current density J  ampere/ ri'letr&a:3

electric charge density dﬁfmnﬁﬂlomb;metre

The Maxwell relations may be cast in differest form thus:
¥ x E = aB/at VxH=J+aDjat M VeD=P

To these differential relations are addad the constitutive relations:
D=:cE B=pH +  J=8E

V=B=0

Figure 5 - Maxwell's Equations - Differential Form -
aluminum wire with a thin layer of cop-
par can reduce the termination difficul-
ties, but the mechanical brittleness of
this wire is still a manufacturing prob-
lem which must be considerad.

Round cross-section is the most com-
mon wire shape because it is easy to
manufacture, insulate, and wind.
Square or rectangular wire is employed
in layer-wound coils, such as those in
voice coil actuators and wound induc-
tors, where maximum conductor den-
sity is required. A performance en-
hancement of seven to 10% is poten-
tially attainable with rectangular wire
comparad to round wire because of the
increased fill facter of conductor within
the winding volume. Such wire cannot

useful.

mental flaw in this analogy is that elec-
tricity is contained within wires and
flows very nicely between circuit ele-
ments, while magnetic fields tend to
leak from their steel "wires” and fill all of
space. Ifa magnelic circuit design is
efficient, the ratio of the useful air-gap
flux to the wasted leakage flux is very
large. In such a design, the analogy is

A fine-tuning of the electricallmagnetic
circuit analogy leads to the "meathod of
permeances” technigue, where the per-
meance (similar to electrical conduc-
tance) of various flux paths in and
around the device are calculated and
combined in series andfor parallel,

Most electromagnetic engineers have a
handy chart of permeance formulae for
a wide variety of flux lzakage path ge-
ometries. Using this method, the mag-
netic circuit designer can obtain rather
accurate results using just paper, a
pencil, and a scientific calculator, espe-
cially if he or she can accurately esti-
mate the flux leakage paths,

When more accurate or more detailed
performance estimales are required,
the use of finite element analysiz (FEA)
is recommended. FEA is a method by
which the geometry of a magnetic cir-
cuit is modeled on the computer by
breaking it up Into thousands of tiny
pieces (elements), each of which is
bounded by points (nodes). Based
upcn the material properties and
boundary conditions input by the user,
the computer approximates the solu-
tion to Maxwell's Equations at each
point. By combining each individual
point solution, a detailed magnetic field
profile can be calculated ovear the entire
maodel. The FEA technigue, increas-
ingly practical because of the ever
higher power, faster speed, and lower
cost of computers, has become an in-
dispensable tool in the arsenal of the
magnetic circuit designer.

be twisted and is prone to dielectric -
breakdown when wound around cor- P
ners, implying a reduced reliability com-

P iy

I
pared to round wire. {
. . « S

Magnet wire must be electrically insu- ~

-~

lated to prevent turn-to-turn shorts in a
coil winding. A wide variety of polymeric
insulation types with thermal ratings
from 105 degrees C (e.g., Folyure-
thane) to 220° C (e.g., Polyimide) are
available. Aluminum wire can be ano-
dized, with the resulting insulating layer
of aluminum oxide rated to 500° C.
Factors affecting the choice of wire in-
sulation include cost, exposure of the
winding to chemicals, ocutgassing char-
acteristics in a vacuum environment,
wire banding and soldering technigques,
required dielectric strength, and operat-
ing temperature.

lll. Electromagnetic Design
Techiques

Maxwell's Equations form the founda-
tion upon which electromagnetic theory
is based, Figure 5 presents these equa-
tions in their differential form, though
they can also be expressed in integral
farm.

Once the electromagnetic design engi-
neer masters the endless manipula-
tions and contortions of Maxwell's
Equations, he or she can then concen-
trate on simplifying these complex dif-
ferential equations into more-easily-
sclved algebraic equations. Figure &
describes the most basic simplification
technigque: the analogy between electri-
cal and magnetic circuits. The funda-
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There are several commercial FEA
software packages designed to solve
two-dimensional, axi-symmetric, and
three-dimensional electromagnetic
preblems. Though many can be run on
perscnal computers, these computa-
tion-intensive codes are best suited for
more powerful machines such as work-
stations and mini-computers, espe-
cially in the modeling of three-dimen-
sional problems. The author has tried

most of the available codes, and, when
properly used, all seem to provide fairly
accurate results when applied to two-
dimensional and axi-symmetric DC
magnetic circuits. The differences be-
tween FEA programs become apparent
when comparing their ease of use, their
three-dimensional capabilities, and
their handling of more complex mathe-
matical problems, such as eddy-cur-
rents and transient response of mulli-

phase motors and multi-frequency EM
wave propagation in waveguides,
Before jumping head first into FEA, itis
vital that the magnetic circuit designer
have a solid understanding of the prob-
lem at hand. Rough hand calculations
should be performed in preparation for
any computer modeling. Computers
are quite capable of yielding wildly in-
accurate, yet perfectly belisvable re-
sults due to simple but unnoticed errors
on the part of the modeler: even the
mast sophisticated FEA programs can-
not detect all potential user errors (e.g.,
the use of diameters instead of radii in
an axi-symmetric geometry).

It should also be noted that three-di-
mensional FEA is perhaps ten times
more complex than two-dimensional or
axi-symmetlric analysis. It is often pos-
sible to approximate a 3-0 solution
through the careful interpretation and
combination of several 2-D modals.
When 3-D FEA is absolutely required,
the magnetic circuit designer must
have the following available: a reason-
ably-powerful computer (a good work-
station as a minimum); a large color
menitor; a lot of time and patience; and
the fortitude to deal with a potential
cross-eyed condition brought about by
trying to visualize the 3-0 problem on a
2-D computer screen.
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IV. Sample Design
A Linear Voice Coil Actuator
The following example is presented in
erder to demonstrate how the afore-
mentioned magnetic materials and de-
sign techniques are applied_to a real
device. The unit under study is @ linear
voice coil actuator, part number LADOG-
08-000A, which was designed by BEI
for use in a valve control application,
Figure ¥ shows a cross-sectional dia-
gram of the magnetic circuit for the
linear voice coil actuator. Figure 8 de-
scribes how the theory of operation for
a voice coil actuator is based upon the
Lorentz Force Equation, which can be
derived from Maxwell's Equations.
The design process for any electro-
magnetic device follows roughly the

same path. It Is assumed that the de-
signer is familiar with the equations
which govern the performance of the
device inquestion. First, the customer's
footprint, envirenmental, performance,
and cost requirements for the applica-
tion must be defined as thoroughly as
possible. Based upon these specifica-
tions, the materials to be used in the
design are chosen, Then, first-cut per-
meance calculations allow for a ball
park perfermance estimate. Sub-
sequent refinements of the permeance
formulae, which can be incorporated
into a BASIC or FORTRAN computer
program for rapid iterations, can lead to
a more oplimized magnetic circuit de-
sign with better performance estimates.
The "permeance” design is then mod-

F=QEE +vXB)

Ke=Fll=Be=L

Notes: Lorentz force >
Bg= gap fluzx dlansity

Note: English Units > -

Kr= #A B = klinesfin

Lorentz Force

F=BIL:assuming B L I; L= wire length threading B

English Units -
KF = 2.78 « 10-4 (Bg) {Dm) (N): applies to cylinderical geometry
Ka = Kr/VR: Figure of merit for vouce coil actuator;
indication of electrical to mechanical energy conversion efficiency.
L= wire length threading B
M= number of tums

Dm = mean coil diameler, inches

F=[1dTxB

KF = Bg (N} (MLT)

KF = force constant
L = mean length of turn

Ka =i}4'ﬁ

Figure 8 - Linear Voice Coil Actuator - Theory of Operation
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eled on FEA and refined further, if nec-
essary. Engineering drawings are cre-
ated to reflect the final FEA design. The
unit is then built and tested to "close the
loop®, with any discrepancies between
the calculated and measured perform-
ance being duly accounted for in sub-
sequent permeance and FEA caleula-
tions,

Figure 9 shows the performance, foot-
print, and environmental specifications
which define the requirements for the
valve control linear actuator. Evaluation
of these requirements led to the follow-
ing material choices: nec-iron magnets,
cold-rolled steel back iron with zinc plat-
ing, round copper wire (AWG #37) with
polyurethane insulation, and a wound
paper coil bobbin,

As shown in Figure 7, the magnelic
circuit chosen for this application has
an axi-symmetric geometry, employing
a solid cylindrical magnet with a pole
piece aftached to ocne end. The mag-
net/pole piece assembly is inserted into
a steel housing with cne open end and
one closed end. The magnetic flux
emanates from the north pole of the
magnetl and turns radially outward
through the pole piece, across the
working air gap, and into the steel hous-
ing. The flux then flows axially along the
diameter of the steel housing towards
its closed end, returning to the mag-
net’s south pole. The coil is wound cir-
cumferentially and is placed in the
working air gap as indicated. Based
upon the direction of current flow in the
coil, an axial force to the left or the right
is generated,

The permeances of the various ele-
ments of the magnet circuit (i.e., the air
gap, the pole piece, the walls of the
steel housing, and the various flux leak-
age paths) are then estimated. It is
assumed thatl the magnet is a source of
magneto-maotive force (mmf), with its
own intemal reluctance. Using the
analogous DG electrical circuit as a
model, the magnetic circuit equivalent
is developed, and the magnetic flux
flowing in different circuit elements is
estimated. Based upon their per-
meances, the flux density in the circuit
elements can be calculated. Then their
dimensions are medified to obtain the
desired air gap flux density and to aveid
over-saturation and under-utilization of
the steel,

An appropriate coil winding must also
be designed to meet the voltage and
current capabilities of the customer's
power supply. The coil and its bobbin
must fit within the working air gap, while
having adequate mechanical clear-
ances in the radial direction (to aveoid
rubbing) and in the axial direction (to
meet the stroke requirement). The
maximum number of ampere-turns
generated by the coil winding must be
kept low enough to prevent damage to
the permanent magnet through "arma-



l. Footprint:

B. Max, ouler diameter = 0.625"

Il. Environment:
A. Max. ambient temp. = 35°C
B. Max. operating temp. = 85°C

liquids or dirt, no air cooling.

lll. Performance:
A. Operating voltage = 10-12 V
B. Max, current = 1.0 A
C. Active stroke = £0.075°

E. Peak Force = 4.0 oz
F. Max Duty Cycle = 10%
G. Coil Assy. Weight = minimized

A. Cylinderical geometry, open at one end

C. Max overall length (fully extended) = 1.000"

C. Actuator will be in a sealed enclosure with no exposure to

D. Total Mechanical Travel = +0.100"

Figure 9 - Valve Control Linear Voice Coil Actuator
- Customer Specifications -

< ture reaction”: the magnetic field gener-
ated by the coil via the right-hand-rule
which tends to aid or oppose the mag-
net's field, depending upon the direc-
tion of current flow.
Alter several permeance calculation it-
erations of magnet, steel, and coil di-
mensions, a satisfaclory design is at-
tained and modeled (axi-symmetric) on
FEA for verification and fine tuning.
First, the geometry outlines of the vari-
ous magnelic circuit elements and the
surrounding air boundary are drawn.
This geometry is then divided into
points (nodes) which define triangles
and rectangles (elements). The electro-
magnetic properties of the magnets,
steel, and copper are defined via con-
stants and non-linear B vs. H curves, if
necessary. The boundary conditions,
which can be determined from Max-
well's Equations (see Figure 5), must
also be established. The current load,
in ampere-turns, through the coil must
be defined. The user defines the job
control parameters: nenlinear or linear

analysis, number of iterations, solution
convergence criteria, ete.

The FEA software then assembles a
set of huge malrices, taking into ac-
count the geomelry, the material prop-
erties, the applied currents, and the
boundary conditions, to represent the
2nd order partial differential equation
{based upon Maxwell's equations) de-
fining the problem. The computer will
iteratively solve the maltrix equation,
yielding a magnetic potential at each
node in the model. Armed with these
magnetic potentials, the magnetic cir-
cull designer can calculate more de-
tailed information about the design,
such as flux density contours and val-
ues anywhere within the model, forces
on the coil, call inductance, and flux
leakage paths.

Figure 10 shows an FEA flux line plot
for the LADG-08-000A linear voice coil
actuator: the flux paths are very clearly
defined. The analysis confirmed to
within a few percent the flux density and
force values predicted by the per-

LAOG-08-000A
Lincar Voice Coil Acluator
Magnetic Flux Linc Plot

Figure 10 - LAOG-08-000A Linear Voice Coil Actuator
- Magnetic Flux Plot -
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meance calculations. The FEA model
can be modified easily duning the me-
chanical design process to account for
manufacturing tolerances, assembly
methods, material property variations,
and different coil windings.

The LADS-08-000A design presented
above is a simplified example meant to
give the reader a general idea of the
overall magnetic circuil design process.
The selection of a magnetic circuit con-
figuration which best suits a particular
application is the first step in the design
process and IS best performed by an
experienced electromagnetic engineer.
The detailed design, analysis, and
rmanufacture of voice coil actuators and
other electromagnetic devices can be
an intricate process and is best left to
those experienced in this field.
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