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PREFACE

The purpose of this report is to provide guidelines for the design of
magnetic components (transformers and inductors) for electronic power supplies.
As a design guideline, this report does not present a comprehensive theoretical
treatment of magnetics. Many textbooks are available for such a theoretical
treatment. This report is an assimilation of theory, practical experience, and
knowledge which is intended to be a useful design guideline for selecting
materials, cores and winding configurations, and applying the design equations
leading to the fabrication of reliable and producible magnetic components.

The author, Mr. Robert K. Davis, has developed his magnetics design exper-
tise from over 25 years experience, beginning in the early 1960's up to his
retirement from the Naval Avionics Center in December 1985.

Thanks are accorded to Mr. John Jentz and Mr. Chris K. Hagan, who helped in
organizing and editing the text. And most importantly, the typists,
Ms. Effie Jones and Mrs. Susan Daughtery deserve a special thanks for their
considerable patience, excellent support and diligence in typing this report.

Prepared by: ./?Z fiu-// /{C/ ‘();4'¢¢ Qk/

ROBERT K. DAVIS, B/835

Approved by: \ /7T Y 74:7l; _—
. y T , e W
Conversion Systems Branch 835

g4 . dacZﬁuﬂfy
M. LAWRENCE', Director
& Sensor Division 830
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1.0 INTRODUCTION

This report addresses the subject of magnetics design and fabrication for
power supplies for military electronics equipment. The two types of magnetics
discussed are the transformer and the inductor. Twenty-five years ago most of
the magnetics designs were based on the common power line sine wave frequencies
of 60 and 400 hertz. Because of the emphasis on switchmode power supplies,
which directly rectify the power line frequency to get a DC voltage that is
converted at a higher frequency (20 kilohertz and greater) to the desired DC
voltage levels, most of today's magnetic designs are based on rectangular waves
at frequencies greater than 20 kilohertz.

The magnetic design and fabrication techniques discussed are most appli-
cable to a power range from a few watts up to two kilowatts and a frequency
range from 50 hertz to 500 kilohertz.

As indicated in the Table of Contents, the magnetics information is pre-
sented in the following order and a brief description of each section is pro-
vided:

Section 2 - Magnetics Overview

Provides an overview of the basic magnetic design process.

Section 3 - Cores

Provides a discussion of applicable magnetic materials, core geometries,
and the selection of core material and geometry based on the application.

Section 4 - Windings

Provides design considerations related to the different winding

configurations, the selection of magnet wire and interlayer winding insulation.
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Section 5 - Transformer Design

Addresses the design of two major classes of transformers:
a. Power line frequency (60 and 400 hertz) transformers using silicon
iron magnetic core materials.
b. Switchmode power transformers using primarily ferrite core

materials.
Section 6 - Inductor Design

Addresses the design of power line frequency (60 and 400 hertz) inductors
using silicon iron magnetic core materials and switchmode power inductors using
ferrite core materials.

Section 7 - Design Practices

Discusses a number of techniques in the construction of magnetics which,
when properly applied, will result in producible magnetic designs.

Section 8 - Transformer and Inductor Testing
Discusses the various tests and identifies the appropriate test equipment

to verify that the magnetic component meets the specification and design
requirements,
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2.0 MAGNETICS OVERVIEW

Altnough this report covers both power line frequency and higher switchmode
frequency magnetic design, most power supply magnetic components, because of
increasing use of switchmode power supplies in military applications, operate at
frequencies greater than 20 kilohertz. Regardless of the operating frequency,
the magnetic components, design equations, known parameters, and design approach

are very similar.

Five of the magnetic components that may be found in a power supply are the
input filter inductor, output filter inductor, power transformer, drive
transformer, and auxiliary transformer (Figure 1). For a given supply it is
possible that components will be designed for use at different frequencies,
e.g., a 400 Hz input inductor and a 100 kHz switchmode transformer.

At the outset of a magnetics design some of the parameters required in the
design equations will not be known. However, input voltage, usable maximum flux
density, core cross-sectional area, and the frequency are usually available.

The designer must determine the primary and secondary turns, wire sizes, and
minimum core size. The design approach, which is outlined below, is the same
regardless of the frequency.

1. Determine the transformer and/or inductor requirements.

2. Select the core material and geometry based on the application and
frequency.

3. Estimate the core window area required for the windings.

4. Estimate the power which the magnetic component must process and select
a trial core for initial design calculations.

5. [Iterate the design process (2 through 4) until a compatible design is
determined.

6. Finalize the magnetic specification for electrical, construction, and
test details.
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Figure 1. Basic Switchmode Power Supply Circuit
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}} 3.0 CORES

o

‘ 3.1 Introduction

;)

) The magnetic core materials used in most military power supply applications
E§ are silicon iron and ferrites; other core materials, e.g., molybdenum permalloy
(¥

powder (MPP) and powdered iron, are used less often. The core material

o |

characteristics, which are most important to the magnetics designer, include the

following:
e
& - saturation flux density
o - permeability and its temperature coefficient
oS - core hysteresis power loss*
. - core eddy current power loss*
gé - Curie Temperature (temperature above which the magnetic properties

deteriorate rapidly)

W, -~
‘“y o

v
-

In practice, these are usually lumped together as "power loss".

.‘
‘
e

A larger maximum flux density reduces the number of turns the magnetic com-
ponent requires. In military applications, a high Curie temperature is needed
v for most designs. Hysteresis and eddy currents result in magnetic losses that
dissipate power and cause core heating. High permeability is also important

~ 1B

because it translates into high inductance and thus lower magnetizing current.
Core materials, core configurations, and their applications a.e discussed in the

g: following paragraphs.

X 3.2 Silicon Iron

5"

= 3.2.1 Silicon Iron Characteristics

;.

.. Silicon iron cores are classified as laminated cores which are either

iﬁ tape wound (also referred to as strip wound) cores or punched lamination cores.
Typical characteristics of silicon iron cores are the following:

¥

;.\
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Maximum Flux Density (Bmax) = 15,000 gauss (or greater depending upon
frequency)

Permeability (m) = 10,000 or more gauss per oersted (Oe) depending upon
flux density and frequency

Core loss = 0.9 watts per pound at 60 hertz and 15000 gauss flux density

or 9.0 watts per pound at 400 hertz

Core loss in silicon iron alloys, at least for grain oriented materials, de-
creases as the temperature is raised from zero to 600°C. The decrease is about
10% from 0°C to 150°C.

3.2.2 Core Configurations
1. Tape Wound Laminated Silicon Iron Cores

The tape wound laminated cores are made from silicon iron that is rolled
into different thicknesses and cut into strips. The strips are then wound into
different core configurations, e.g., C-cores or ring cores with rectangular core
cross sections. See Figure 2 for illustrations of the different core configura-
tions. The tape wound core was developed to take full advantage of the charac-
teristics of grain-oriented material. Its best characteristics are in the
direction of rolling which is in the length of the strip. National Magnetics
Inc. has over 200,000 mandrel sizes. On any mandrel they can wind a core with
any thickness material available, any width, and any buildup, all without a
tooling charge. If they do not have on hand the required mandrel, there is a
tooling charge of about $20.00. The National Magnetics Inc. [ref. 1] catalog
has about 100 pages of tape wound cores listed (single-phase, three-phase, and
ring in A, H, L, and Z material). Westinghouse [ref. 2] lists about 25 pages of
tape wound cores in their handbook. Arnold Magnetics [ref. 3] lists about 100
pages of tape wound cores in their part number index (not their catalog).
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A.

C.

Tape Wound C-core

Tape Wound Ring Core

Figure 2.
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B. Tape Wound 3-Phase Core

D. Punch Laminated E-1 Core

Example Silicon Iron Core Configurations
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Punched Lamination Silicon Iron Cores
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Punched lamination cores are made from silicon iron that is rolled into
different thicknesses and the piece patterns required are then punched out.
These punched Taminations are then physically stacked and assembled to make the

)

core with the desired cross-sectional area. See Figure 2.D.

"l
P’

Punched laminations are available in a variety of styles. There are EI,
EE, U, F, etc., types in various thicknesses in various alloys for different
applications. Many of the available types are "scrapless" configurations (no
waste material when punched). Inevitably, these give a poor ratio of window
area to core cross section unless the stack is small, and then the proportions
are far from optimum. Without automatic stacking machines, which the Naval
Avionics Center (NAC) does not have, punched laminated cores are expensive to
use. They are also difficult to store in order to avoid damaging. Only partial
use is made of the grain orientation feature available in silicon iron alloys.
Finally, nonstandard sizes and shapes are essentially out of the question

because expensive new dies would be required.

In view of the above drawbacks, punched laminations are not very satis-
factory compared to tape wound cores. Punched laminations, when used, are
purchased for the application and are not stocked at NAC.

3.2.3 Applications and Core Selection

Laminated cores are most suited for the low end of the frequency spectrum
i.e., power line frequencies. The tape or punched lamination thickness de-
termines the highest frequency at which the core is normally used. The available
tape and punched lamination thicknesses and the nominal upper frequency of
application are listed below:

*
- 12-mil tape or punched lamination: 60 hertz

- 4-mil tape or punched lamination: 400 hertz

- 2-mil tape lamination: wused primarily for pulse transformers and
charging chokes for frequencies from 1 to 20 kilohertz
1/8, 1/4, 1/2 and 1 m11 tape: wused primarily for toroids in square wave
and pulse applications at high frequencies
= .001 inch
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Al
) For 60 hertz single-phase and three-phase transformers and chokes for ::;
P

filtering rectified single-phase power (120 hertz ripple), 12-mil laminated o
cores (either tape wound C-cores or punched laminations) are ordinarily used.

=
~Iy
] Rectified three-phase power (6-pulse or 12-pulse), either 60 hertz or 400 :j
) hertz, does not oruinarily need a choke input filter because the ripple magni- e
4 tude is low (13% for 6-pulse systems and 3.5% for 12-pulse systems). A S8
> three-pulse system would have 50% ripple and would need a choke input filter. E&
. >
. For 400 hertz single-phase and three-phase transformers and chokes for ;5
» filtering rectified single-phase power (800 hertz ripple), 4-mil laminated cores ;5
! (either strip wound C-cores or punched laminations) are usually used. When a &i
i choke 1is required for filtering rectified 3-pulse, 6-pulse, or 12-pulse power, E;E
‘ts the same core material that is appropriate for the preceeding transformer, if ;Eﬂ
present, is usually used. 5
s
b :f
g Two-mil C-cores may be used for the input choke of a switching regulator ﬁ%i
re power supply operating at 20 kilohertz. At higher frequencies, ferrite is more ;1
suitable, A
; It should be emphasized that chokes for filtering rectified power line E{E
frequencies will usually require silicon iron laminated cores. Chokes to :}:
‘\ prevent feedback of switching frequency harmonics to the power line will usually i
) require ferrite cores. Thus a choke of each type may be required in certain ﬁg.
[ power conditioning systems. _}:
} =3
- For silicon iron cores, the first core selection choice should be from the -
- CODED-T listing. CODED-T is a computer program developed at NAC that aids in 3$;
. transformer design [ref. 4]. After the CODED-T consideration, select one of the féf
i} following in descending order of preference: N
. -
{;- - Preferred core from the National Magnetics catalog [ref. 1], Arnold Zﬁi
- catalog [ref. 3] or Westinghouse catalog [ref. 2]. i::‘
- - Nonstandard core from National Magnetics catalog [ref. 1] or from Arnold X j
Magnetics catalog [ref. 3]. =
. - Special core made on an existing mandrel, ;ﬁ:
- - Special core made on a new mandrel. EE
- 9 :';‘..
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The CODED-T core list does not include tape wound, 12-mil, 3-phase cores
for 60 hertz applications. Puncned lamination part numbers will appear on
CODED-T print-outs for this application. The procedure for forcing the CODED-T
program to provide a 3-phase, 60 hertz tape wound ~ore design is discussed in
the transformer design section (Section 5.1.3).

National Magnetics gives yood delivery on special cores. The ordering
procedure is very simple. Using an existing mandrel if possible, determine the
required core dimensions and then call National Magnetics. If they have no
catalog number for a core of the renuired dimensions, they will assign a number
and quote the weight, price, and delivery.

3.3 Ferrites
3.3.1 Ferrite Characteristics

Ferrite is & dense, homogeneous ceramic structure made by mixing, pressing,
and sintering iron oxide (Fe203) with oxides or carbonates of one or more metals
such as manganese, zinc, nickel, or magnesium, Ferrite magnetic cores are norm-
ally molded, but can also be machined from block material. The greatest advan-
tages of ferrites are their low eddy current and hysteresis losses over a wide
frequency range. Typical characteristics of ferrite cores are as follows:

Bmax = 3,000 Gauss sporoximately

u 2,500 to 6,500 Gauss/0Oe depending upon temperature and flux density

3

Total loss is about 90 watts per pound or about 1 witt per cm~ at 3k Gauss
-
flux density, 50k hertz frequency, and 100°C. N

Curie Temp:rature is greater than 230°C for power materials.

3.3.2 Ferrite Core Configurations

a

Ferrite cores are available in many confiqurations: Pot, EC, EI, U, etc.,

s

and many variations of some of them. The possibilities are limitless. Figure 3

illustrates some of the various ferrite core configurations. Ferrite pot cores

10




| LR AR S A A Nk S A Gl A B A AR A AT At Al DA T Gl te B D N DAL R G SN 0 féa Dy Ry gty fiy g Uark he 6, J it o b d S i SR (Y o Bt e p Al uat P g by SpAnn el N b Bu Al B A

o
a
s 8 2

w:

"
. D
-'l-'

.

1

e -
»

s

U S|

-
m’-' . ua

AR

a)

b)

c)

d)

Pot Core

EI Core

EC Core

U Core

Figure 3.

TR-2389

Ferrite Core Configurations
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are avdallable in nine standard sizes (Figure 4). The last two digits in the pot
core number represent the core height, in millimeters, for the two pot core
halves, and the first one or two digits represent the pot core diameter in

millimeters.
3.3.3 Ferrite Applications and Core Selection

Ferrite is the material ordinarily used for transformers and chokes for
applications at 20 kilohertz and up. In this frequency range, its losses are
lower than those of metal cores (silicon iron, permalloy, orthinol, etc.).
Because ferrites have fairly low Curie temperatures, only a few ferrite material
types are usable up to 1250(. The common ferrite core material designations
vary between companies. A comparison of the preferred power ferrite materials

and their manufacturers is shown in Table 1.

TABLE 1. PREFERRFU POWER FZRRITE MATERIALS

MATERTAL POWER INITIAL CURIE
MFG. DES [GNATION LUSS* PERMEABILITY  TEMP. DEG.C
Magnetics P 300 2500 230
Inc. F 300 3000 250
Ferroxcube 3(C6A N/A 2000 >200 (new material)
Inc. 3C8 500 2700 >210
T0K Inc. H7C1 250 2500 >230

* Power 1oss in miiliwatts (mW) per cmj P2¥ qauss, IOOOC, and 50K hertz
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Eff.
Core Gross Avg.
Pot Cross-sectional|Weight| Path | Eff. Eff.
Core | 0D H D Area, Ac Length| Vol. [Core Area
Number{ (Max) [ (Max){ max/min nom. (min) (le) (Ve) (Ae)
in in in cm2 0z cm cm3 cm2
905 | .366] .212].083/.079} .0788 (.0729) | .046 | 1.25 .126 .101
1107 | .445] .262{.083/.079] .1316 (.124) .064 | 1.55 .251 167
1408 | .559] .334]|.126/.118} .1979 (.183) 113 | 1.98 .49¢ .251
1811 | .717] .422[.126/.118] .3604 (.337) .226 | 2.58 | 1.12 .433
2213 | .858] .536].181/.173] .5094 (.483) .425 | 3.15 | 2.00 .635
2616 11.024) .642].221/.213] .7610 (.720) .707 | 3.76 | 3.53 .948
3019 |1.201} .748}.221/.213}1.147 (1.10) 1.20 4.52 | 6.19 1.38
3622 |1.418] .866(.221/.213]1.744 (1.66) 1.91 5.32 110.7 2.02
4229 [1.697(1.174(.221/.213({2.136 (2.05) 3.68 6.81 118.2 2.66
Figure 4. Standard Ferrite Pot Core Mechanical Characteristics
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The ferrite core manufacturer:' catalogs [ref. 5 and ref. 6] contain curves

which show core loss per unit volume versus flux density with frequency as a

parameter., The core loss is given in milliwatts per cm3. These curves were

derived from measurements using toroid cores. Comparisons between toroid cores
and other core configurations are based on effective dimensional parameters;
effective core area, effective core volume, and effective core magnetic path
length. These effective dimensional parameters are a measure of the magneti-
cally active core materisl for the diiferent core configurations. The differ-
ences between these effective parameters and the actual dimensions for toroids
are negligible. However, for other «ore confrjmations these differences are
appreciable, and thus are accounted for by using the effective parameters.
Therefore, power loss calculations, using tve curves found in the catalogs,
should be based on the core effective volume rather than the actual core volume.

Pot cores provide neari; romplete electric and magnetic shielding for
transformers. For chokes the nagnetic thiclding is less complete because of
the air gap ir the cora unless preqganped cores with the air gap only in the

center leg are used.

Custom ferrit= core. are avaiiabie from the following manufacturers and
possibly others:

Ceramic Magnetics, Fairfirld, NJ

Elna Ferrite Labs, Wocditucs, NY

Magnetics Inc., Buti-=- PA
3.4 Molybdenum Permalioy Powiered {MPP) & Powdered Iron
3.4.1 MPP and Powdercd Tcon Characteristics

Both MPP and Powdered Iron are molded cores that use a nonmagnetic binder.
The effective permeabil ity of these cores can have a wide range which is

controlled by varying e amount of nomnagnetic binder used. A larger amount of
nonmagnetic binder intreases the offoctive distributed air gap which lowers the
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:3 permeability, but permits higher DC magnetic force. A range of characteristics
for MPP cores is listed below:

~ Bmax = 1500 gauss for typical designs

t: ¥ =14 to 550 gauss/Oe

< Curie Temperature = 460°C, but the temperature limitation is the

E' temperature rating of the core insulation.

“»

3.4.2 Core Configurations

MPP is available in toroidal form only. Powdered iron and its variations

‘EJ are available in toroidal and other shapes.
£§ 3.4.3 Applications and Core Selection

. MPP and powdered iron cores are more suited to upper audio and radio
t& frequencies, respectively. MPP cores are not ordinarily used for transformers
because of their low permeability (<550 gauss/Oe). The low permeability

results in low inductance for the primary and therefore high magnetizing

current., If DC flux is present in the core, and low effective permeability is

needed, MPP cores may be useful. They are excellent for chokes that must have

a well controlled inductance, especially in the audio frequency range, i.e.,

below the range used for switching power supplies.
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4.0 WINDINGS :}
This section provides design considerations related to the different ii
2

winding configurations, the size selection of magnet wire, and interlayer
winding insulation, s
&

4.1 Winding Configurations >

There are many types of winding configurations used in transformer and
inductor constructions. Each winding configuration has characteristics which
affect its suitability for certain applications. For example, winding config-
urations that minimize distributed capacitance are not used for power line
frequencies except possibly in the high kilovolt or megavolt range. The type
of winding used is dependent upon the application, frequency, core, voltage,

and wire size.

The winding configurations described are used on two principal coil form ;f
types. C-cores and punched lamination cores normally use a coil form of ,
rectangular cross section whose size just fits over the magnetic core cross E?
section area (Figure 5.A). The coil form material commonly used is silicone
impregnated woven or felted fiber glass sheet. NAC drawing number 200AS118 ~
lists the standard rectangular coil forms. Ferrite pot cores use a bobbin for
the coil form (Figure 5.B). Standard pot core bobbin coil forms and their »
dimensions are shown in Figure 6. Bobbin materials commonly used are delrin,
fiber glass filled nylon, and Kel-F for high temperature applications. Nylon
is not a material of choice because it cannot be readily etched to allow -
potting materials of epoxy types to wet the surface. If necessary, nylon .
bobbins can be fine abrasive blasted to provide for good mechanical adhesion \’
of epoxy.

A number of different winding configurations (Figure 7) are described

below (see reference 8 for a more complete description of coil winding i:
configurations): -
-“‘

- Layer windings (Figure 7.A) are neat and utilize the winding space to -

good advantage. Adjacent turns are as close together as the winding

equipment can put them. There may be one or more layers in a winding.

1%
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[ EXAMPLE OF STANDARD -
NO A A ] 0
SIZE 0F | Tou ! ? { N —— % B o
_lmm) | SecT | | =’ it _’!',"','i,,',",', mm iy mm o, in mm . n ma ia L] L.
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Figure 6. Standard Pot Core Bebbins and Dimensions [ Ref. 7] o
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- Pseudo layer winding is a multiple layer winding and often times
results from attempting to layer wind many layers of fine wire without

interlayer insulation,

- Multiple strand windings are referred to as multifilar, e.g., bifilar,

trifilar, etc. Multiple strands may be used to better utilize the ;;
available space or may be used to maximize the magnetic coupling be- -
tween the strands in order to improve circuit performance. A sense :;
winding may be bifilar wound with the main winding in order to obtain a
signal which is electrically isolated. Because of nearly perfect mag- ;3
netic coupling, the signal voltage will closely match the voltage of -
the main winding. If the sense winding uses wire that is 14 AWG wire <
sizes smaller than the main winding, it takes up no additional space &
(Figure 7.B). The sense winding may be put on either before or after o
the main winding. However, the latter method is easier. &
- Bank winding (Figure 7.C), basket winding, and universal winding ,f
(Figure 7.D) and its variations are types of windings used to reduce )
the distributed capacitance of the winding. Capacitance is reduced by .
so disposing the turns or Tlayers of turns that the potential difference 7
between adjacent turns or layers is minimized or the projected areas fj
are minimized. Capacitance reduction is achieved in universal windings o
by winding the turns in successive layers at a considerable angle to -
each other, instead of the normal uniform helical winding construction. -
i In addition, the winding may progress axially from the starting area so ]
S& that the start and finish ends are not close to each other. :;
:f‘ - Scramble winding can be deliberate or the result of hand feeding from ;
-;; the supply spool where neatness and space considerations are subordi- il
:f‘ nate. When scramble winding is deliberate, it is used to reduce dis- {Q
} tributed capacitance, It may be used when universal winding equipment 