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ABSTRACT

The conversion process in spacecraft power electronics requires the use of
magnetic components which frequently are the heaviest and bulkiest items in the
conversion circuit, They also have a significant effect upon the performance,

weight, cost, and efficiency of the power system.

This handbook contains eight chapters, which pertain to magnetic material
selection, transformer and inductor design tradeoffs, transformer design, iron
core dc inductor design, toroidal powder core inductor design, window utiliza-
tion factors, regulation, and temperature rise, Relationships are given which
simplify and standardize the design of transformers and the analysis of the

circuits in which they are used,

The interwctions of the various design parameters are also presented in

simplified form so that tradeoffs and optimizations may easily be made.
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CHAPTER 1

MAGNETIC MATERIALS SELECTION FOR STATIC

INVERTER AND CONVERTER TRANSFORMERS
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A, INTRODUCTION

Transformers used in static inverters, converters and transformer-
rectifier (T-R) supplies intended for spacecraft power applications are
usually of square loop tape toroidal design, The design of reliable, efficient,
and lightweight devices for this use has been seriously hampered by the lack
of engineering data describing the behavior of both the commonly used and

the more exotic core materials with higher frequency square wave excitation,

A program has been carried out at JPL to develop this data from
measurements of the dynamic B-H loop characteristics of the different tape
core materials presently available from various industry sources. Cores
were procured in both toroidal and "C" forms and were tested in both
upgapped (uncut) and gapped {cut) configurations., The following describes
the results of this investigation.

B. TYPICAL OPERATION

Transformers used for inverters, converters, and T-R supplies
operate from the spacecraft power bus, which could be dc or ac. In some
power applications, a commonly used circuit is a driven transistor switch

arrangement such as that shown in Fig., 1-1,

2.4 KHz

Fig. 1-1, Typical driven transistor inverter

1-2
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One important consideration affecting the design of suitable trans-
formers is that care must be taken to ensure that operation involves
balanced drive to the transformer primary. In the absence of balanced
drive, a net dc current will flow in the transformer primary, which causes
the core to saturate easily during alternate half-cycles. A saturated core
cannot support the applied voltage, and, because of lowered transformer
impedance, the current flowing in a switching transistor is limited mainly by
itse beta, The resulting high current, in conjunction with the transformer
leakage inductance, results in a high voltage spike during the switching
sequence that could be destructive to the transistors. To provide balanced
drive, it is necessary to exactly match the transistors for VCE (SAT) and
beta, and thic is not always sufficiently effective, Also, exact matching
of the transistors is a major problem in the practical sense.

C. MATERIAL CHARACTERISTICS

Many available core materials approximate the ideal square loop
characteristic illustrated by the B-H curve shown in Fig, 1-2,

—= H

g““"m- PACE 13
. F POOR Quarry
_ Fig, 1-2, Ideal square B-H loop

Representative dc B-H loops for commonly available core materials
are shown in Fig, 1-3, Other characteristics are tabulated in Table 1-1.

Many articles have been written about inverter and converter
transformer design. Usually, the author's recommendation represents a

compromise among material characteristics such as those tabulated in

1-3
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Fig. 1-3.

Table 1-1,

H, ampeturn/ecm

MAGNESIL

ORTHONOL
30/50

Magnetic core material characteristics

The typical dc B-H loops of magnetic materials

Saturated DC coercive
Material | Loss facror
flux {orce Squareness
Trade names Composition density, ® amp-tu::n ratio densityj. at 53 .l;l'-lzwa/nkt:;
(teela) cm g/cm '
Magnesil 3% S 1.5-1.8 0,5-0,75 0,85-1.0 7.63 331
Silectron 7% Fe
Microsil
Superasil
Deltamax 50% Ni 1.4-1.6 0,125-0, 25 0,941, 0 B, 24 17,66
Crthonol 50% Fe
49 5q. Mu
Allegheny 4750 48% Ni 1.15-1.4 0.062-0,187 | 0.80-0,92 8,19 11.03
48 Alloy 52% Fe :
“arpenter 49
4-79 Permalloy 79% N 0, 66-0,82 | 0.025-0,05 0,80-1.0 8,73 5,51
5q. Permalloy 17% Fe .
80 Sg, Mu 79 4% Mo
Supermalloy T8% Ni 0.65-0,82 | 0,0037-0,01 0,40-0,70 8,76 .75
17% Fe :
5% Mo

Y 1 = 10* Gauss

2 g/em? = 0,036 1b/in.3

1-4




77-35

Table 1-1 and disslayed in Fig, 1-3, These data are typical of commercially
available core materials that are suitable for the particular application.

Ag can be seen, the material that provides the highest flux density
{ailicon) would result in smallest component size, wnd this would influence
the choice, if size were the most important ¢ neideration. The type
78 material (see the 78% curve in Fig, 1-3) has the lowest flux dengity, This
results in the largest size transformer, but, on the other hand, this
material has the lowest coercive force and the lowest core loss of any

core materia) avallable,

Usually, inverter transformer design is aimed at the smallest size,
with the highest efficiency, and adequate pearformance under the wideast
range of environmental conditions, Unfortunately, the core material that
can produce the smallest size has the lowest efficiency. The highest
efficiency materials result h'1 the largest size. Thus the transformer
designer must make tradeoffs between allowabin transformer size and the
minimum efficiency that can be toleraied., The choice of core material
will then be based upon achieving the best characteristic on the most
critical or important design parameter, and acceptable compromises on
thi: other parameters.

Based upon analysis of a number of designs, moat engineers select size
rather than efficiency as the most important criteria and select an inter-
mediate loss factor core material for their transformers. Consequently,

square loop 50~-50 nickel-iron has become the most popular imaterial,

D. CORE SATURATION DEFINITION

To standardize the definition of saturatior several unique points

on the B-H loop are defined as shown in Fig, 1-4,

The straight line through (Ho, 0) and (Hs, Bs) may be written as:

dB
B = (a-ﬁ)(H-Ho) {1-1)

1-5
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ek |
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i
CONL MAILRIAL LOOP

EXUHED MINOR LOOP

] HyTH)

Fig, 1-4, Defining the B-H loop

The line through (0, Bs) and (Hs. BS) has essentially zero slope and may be

written as:

=B (1-2}

Equations (1) and (2) together defined ""saturation' conditions as follows:

_ (<B
B, - (dH)(HB “H) (1-3)
~ Solving Eq. (1-3) for H,
B,
H, = H0+p— (1-4)
o
where
dB
Mo = aH

by definition.
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|B
SATURATION OCCURS WHEN 8 = 2A

Fig, 1-5. Excitation current

Saturation occurs by aefinition is when the peak exciting current is twice the

average exciting current as shown in Fig., 1-5, Analytically this mecans that:

Hpk = ZI--Iﬂ (1-5)

Solving Eq, {1-1) for Hl, we obtain

B
= Hy+— (1-6)

H
i o

To obtain the presaturation de¢ margin (AH), Eq. (1-4) is subtracted from
Eq. (1-3):

AH = H -Hl=—-—-——-—— {(1-7)
Ko

The actual unbalanced dc current must be limited to

AH]

lic £ Nm (amperes) (1-8)
where
, 1]
N = TURNS ORIGINAL PAGE
OF PUOR RUALITY
1m = mean magnetic length
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Combining Eqs, (1-7) and (1-8) gives

o IBg BIE
de % Bl

As mentioned sarlier, in an effort to prevent core saturation, the
awitching transistors are matched for beta and ?izﬁifﬁ&’f? characleristics,
The effect of core saturation using an uncut or ungapped core is shown in
Fig., 1-6, which illustrates the effect on the B-H loop when traversed with a
de bias, Figure 1-7 shows typical B-H loops of 50-50 nickel-iron excited
from an ac source with progressively reduced excitation; the vertical scale
is 0.4 T/em. It can be noted that the minor loop remains at one exireme
position within the B-H major loop after reduction of excitation, The
unfortunate effect of this random minor loop positioning is that when con-
duction sgain begins in the transformer winding after shutdown, the flux
swing could begin from the extreme, and not from the normal zero axis,
The effect of this ls to drive the core into saturation with the preduction of
spikes that can destroy transistors,

s

¥4 i

# ¥
é.’m«*
A PLLH (Y

Fig, 1-6, B-H loop with dc bias

Typical sguare loop mate-
rial with ac excitation
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FE, THE TEST SETUP

A test fixture, schematically indicated in Fig, 1-8, was huilt to effect
comparison of dynamic B-H loop characteristics of various core materials,
Cores were fabricated from various core materials in the basic core con-
figuration designated No, 52029 for toroidal cores manufactured by
Magnetics, Inc, The materials used were those most likely to be of interest
to designers of inverter or converter transformers, Teat conditions are
ligted in Table 1-2,

POWER
OSCILLATOR TJ,ESNTS-
FORMER !
2.4 kHz 1 WM
SQUARE WAVE )
210k ! -‘-
L7 |
i i
! el d GND OSCILLOSCOPE
VERT TEKTRONIX
JGINAL PASS B cggggtgu | HORIZ 2%
gfé SOk WALITY P6042

Fig. 1-8, Dynamic B-H loop test fixture

Table 1-2, Materials and test conditions

Core type Material B T | Np Frcl:{;:nc:y, 1 » cm
52029 (2A} Orthonol 1,45 54 2.4 9,47
52029 {(2D) Sq. Permalloy 0.75 54 2.4 9,47
52029 (2F) Supermalloy 0.75 54 2. 4 9. 47
52029 (2H) 48-Alloy 1.15 54 2.4 9,47
52029 (2H) | Magnesil T 1.6 54 2.4 9. 47

1-9
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 The test transformer represented in Fig, 1-9 cansiete of 54.turn
primary and secondary windings, with square wave excitation on the
primary. Normally switch 51 is open, With switch 81 closed, the gec-
ondary current is rectified by the diode to produce a de bias in the sec-
ondary winding.

Fig. 1-9, Implementing de 1

Cores were [abricated from each of the materials by winding a
ribbon of the same thickness on a mandrel of a given diameter, Ribbon
termination was effected by welding in the conventional manner., The
cores were vacuum impregnated, baked, and finished as usuval

Figures 1.10 ihmugh 1-14 show the dynamic B-H loops obtained
for the different core materials designated therein,

| VERT = 0.5 T/em

ORIINAL PAGE 1o
OF POUR ENALITY

Fig, 1-10, Magnesil (K) B-H loop
1-10




VERT = 0.5 T/em
HORIZ = 50 mA/em

Fig, 1-11. Orthonol (A} B-H loop

VERT = 0.5 T/em
HORIZ = 50 mA/cm

Fig. 1-12, 48 Alloy (H) B-H loop

VERT = 0,2 T/em
HORIZ = 10 mA/em

ORIGMGAL PAGY B
OF BEOR GUALITY

8q, Permallioy (P} B-H loop

1-11




VERT = 0.27/
HORIZ = 10 mAsem

Fig, 1-14, Supermalloy (F) B-H loop

VERT = 0.5 T/cm
HORIZ = 50 mA/cm

Fig. 1-15, Composite 52029 (2K), (A), (H), (P), and (F) B-H loops

Figure 1-15 shows a composite of all the B-H loops. In each of these,
vwitch 51 was in the open position so that there was no dc bias applied to the

core and windings,

The photographs designated Figures 1-16 through 1-20 show the
dynamic B«H loop patterns obtained for the designated core materials when
the test conditions included a sequence in which switch 51 was open, then
closed, and then opened. It is apparent from this data that with a small
amount of dc bias, the minor dynamic B-H loop can traverse the major
B-H loop from saturation to saturation, In Figs., 1-16 to 1-20, note that
after the dc bias had been removed, the minor B-1 loops remained shifted
to one side or the other. Because of the ac coupling of the integrator to

ORIGINAL PAGY 18 112
DR PUOR WUALITY
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the oscilloscope, the photographs do not present a complete pleture of what
really happens during the [lux swing.

VERT = 0.3 T/em
HORIZ = 200 mA/em

Fig, 1«16, Magnesil (K} B-1 loop with and without de biasg

ORRwAr »

VERT = 0.2 T/em
HORIZ = 100 mA/em

Fig, 1-17, Orthonol (A} B-H loop with and without d¢ bias

m




VERT = 0.2 T/em
HORIZ = 50 mA/em

VERT - 0.1 /em
HORIZ = 20 mA/em

Fig, 1-19, S8q, Permalloy (P) B-H loop with and without de bias

VERT = 0.1 V/em
HORIZ = 20 mA/em

Fig, 1-20, Supermalloy (¥) B-ll loop with and without de¢ bias

14
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"F. CORE SATURATION THEORY

The domain theory of the nature of magnetism is based on the
assumption that all magnetic materials consist of individual molecular
magnets, These minute magnets are capable of movement within the
material. When a magnetic material is in its unmagnetized state, the
individual magnetic particles are arranged at random, and effectively
neutralize each other. An example of this is shown in Fig, 1-21, where the
tiny magnetic particles are arranged in a disorganized manner, The north
poles are represented by the darkened ends of the magnetic particles.

When a material is magnetized, the individual particles are aligned or
oriented in a definite direction (Fig, 1-22),

Fig., 1-21, Unmagnetized material Fig, 1-22, Magnetized material

The degree of magnetization of a material depends on the degree of
alignment of the particles. The external magnetizing force can continue
up to the point of saturation, that is, the point at which essentially all of
the domains are lined up in the same direction,

In a typical toroid core, the effective air gap is less than 10'6 cm.
Such a gap is negligible in comparison to the ratio of mean length to
permeability. If the toroid were subjected to a strong magnetic field

(enough to saturate), essentiallyall of the domains would line up in the

same direction, mmmAL Pagk o

OF PaOR Quasrry
1-15
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If suddenly the field were removed at Bm' the domains would remain
lined up and be magnetized along that axis, The amount of flux density that
remains is called residual flux or Br' The result of this effect was shown
earlier in Figs, 1-16 to 1-20,

G. AIR GAP

An air gap introduced into the core has a powerful demagnetizing
effect, resulting in ""shearing over" of the hysteresis loop and a consider-
able decrease in permeability of high-permeability materials, The dc
excitation follows the same pattern, However, the core blas is consider-
ably less affected by the introduction of a small air gap than the magneti-
zation characteristics, The magnitude of the air gap effect also depends
on the length of the mean magnetic path and on the characteristics of tha
uncut core. For the sa'ne air gap, the decrease in permeability will be
less with a greater magnetic flux path but more pronounced in a low

coercive force, high-permeability core,

H. EFFECT OF GAPPING

Figure 1-23 shows a comparison of a typical toroid core B-H loop
without and with a gap. The gap increases the effective length of the
magnetic path. When voltage E is impressed across primary winding Nl
of a transformer, the resulting current im will be small because of the
highly inductive circuit shown in Fig, 1-24, For a particular size core,

maximum inductance occurs when the air gap is minimum,

When S1 is closed, an unbalanced dc current flows in the N, turns and
the core is subjected to a dc magnetizing force, resulting in a flux density

that may be expressed as

0.4TN I, X 1074
Bdc = lm {teslas) {1-11)
1+ =
g B,

1-16
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4 4

B ¥ 5
=T ( i

AB

> H - H

LY

WITHOUT GAP WITH GAP
A B

Fig, 1-23, Air gap increases the effective length of the magnetic path

im—
f o —d—

S1
@ E NI N2

Fig. 1-24, Implementing dc unbalance

In converter and inverter design, this is augmented by the ac flux

swing, which is;:

B = E-10 .[ teslas] (1-12)

If the sum of Bdc and Bac shifts operation above the maximum operat-
ing flux density of the core material, the incremental permeability {pac) is

reduced. This lowers the impedance and increases the flow of magnetizing

1-17



Lurroent im* Lhis can be remediod by introducing an air gap into the corn
assembly, which elfects g decrease in de magnetization in the core, MHow -
ever, the amount of aie gap that can be incorporated has a practical limita-
tion since the air gap lowers impedance, which resulis in increased magnetiz.
ing current (i J which is Inductive. The gesultant voltage spikes produced by
such currents apply a high stress to the switching transistors, and may cause
fallure, 1his can be munimized by tight control of lapping and etching of the

gap to keep the gap to a minibmum,

Poreom Fig, 1214, it can be seen that the B-H curvey deplet maximum
flux donsity %m and rosidual flux B for ungapped and gappedd cores. and
that the useful flux swing is designated &B, which is the difference between
them, It will be noted in Fipg, 1238 that . approaches B but rhat in |
Fig, 1.23b theve 15 a much greater 40 bBetween them, Inelther case, when
excitation voltage i8 removed at the peak of the excursion of the BoH loap,
flux falls to the ﬁr point, It is apparent that intvoducing an air gap then
reduces ﬁﬁf toa lower level, and increases the useful flux density, Thus
insertion of an alr gap in the core tliminates, or reduces markedly, the
voltage spikes produced by the leakage inductance due to the transformer

daturation.

Lwo types of core configurations were investigated in the ungapped

and gapped atates, Figure 1-25 shows the tvpe of taroidal core that was cul

ARIKL BB
oRIHAL B

Fig, 125, Typical cut toroid OoF PR
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and Fig, 1226 shows the by Gf U core that was cut, o Toroidal corer as

o

comventionally fabviented are vistually vaploss,. G oancreany the

Lanmed, acld

sres were phvalcally cut o hall and the o edpes waore
vt bl 20 perpove eut debieiss and bavded to fovae the e Gren, o Aol bir

pap onihe arder of lesahan 2% onowas vatablished,

pakE B
EUALITY

26, Typical cut "G core

As will be noted fram Pige, 12710 131 which shee e B2 loops of the

et oand euk enres s heeresuite obralaed dadicated thar the efleet of papping
s the wareie Fop bl the O e cnres g the toroidal cores subieoted o
temting, D owill be ooted Jumeev o, that gapping of the toroldal cores pro-
ducerd a lowered scuareness charavteristic for the Dl loop as shown in
Table 1.3y this data was obtained from Filaw, 1027 10 141, Algo, from

T 1-30, Al was entvaciod s s swo dn Fige b il and tabulated i

HORIZ = 100 mA/em VERT =0.5 T/en HORIZ = 500 mA/cm VERT = 0.5 T/em

Fig, 127, Magoesi]l 52029 (28 B looy, a4l useut and (b cut
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HORIZ = 50 mA/cm  VERT : 100 mA/em  VERT =0.5 T/em
Fig, 1-48, Orthonol 52029 (2A) B-H loap, (a) uncut ard (b} cut

-

HURIZ = 100 mA/cm  VE
Fig, 1-29, 48 Alloy 52029 (2H) B-H loop, (a) uncut and (b} cut

HORIZ =20 mA/em  VERT =0, HORIZ =
Fig, 1-30, 8¢, Permalloy 52029 [2D) B-H leop, (a) uncut and (b cut

1-20




ﬁ@gg . m,%m 4
VERY = 0.2 T/em VERT = 0.2 T/em

Fig., 1-31, Supermalloy 52029 (2F) B-H loop, (a) uncut and (b} cut

KL PAGE Ib
Fig. 1-32, Defining AH and AH_ %%%%% o

Table 1-3, Comparing B /B__ on uncut and cut corcs

i i

i ¥ ut B_/
Code Material Unecut ﬁiij 3 Cut B_/B_

(A} Orthonol 0. 96 0.62
i) Mo-Permalloy 0. B6 0,21
(K} Magnesil 0. 93

(£} Supermalloy 0.81

() 48 Alloy 0. 83
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Table 1-4, Comparing AH-AHOP on uncut and cut cores

amp-turn/cm
B [} B B ’
m ac’ de Uncut Cut
Material {tesla) | {tesla) | (tesla) " Y
AHOP AH AHOP AH
Orthonal 1, 44 1.15 0,288 | 0,0125| 0,0 0,895 0,178
48 Alloy 1.12 0, 89 0,224 0,0250| 0,0 1,60 0, 350
Sq. Permalloy | 0,73 0.58 | 0.146 0.0t | 0.005]| 0.983 | 0,178
Supermalloy 0,68 0, 58 0,136 | 0,01757 0,005) 0,491} 0, 224
Magnesil 1. 54 1.23 0. 31 0. 075 0.025| 7.15 1,78

A direct comparison of cut and uncut cores was made electrically

by means of two different test circuits,

branch of the test was Orthonol, The operating frequency was 2, 4 kHz, and

The magnetic material used in this

the flux density was 0,6 T. The first test circuit, shown in Fig, 1-33, was

a driven inverter operating into a 30 W load, with the transistors operating

into and out of saturation,

Drive was applied continuously, Sl controls the

supply voltage to Ql and Q2,

Ql
Tl T2
2.4 kHz |
SQUARE WAVE t.l 5
G2 )

Fig. 1'33.

-

[

de

.1: 30w

——— CURRENT PROBE
51 *

Inverter inrush current measurement
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Wilth swile s b closed, trancastor Ol was turned oo oang aliowed Lo
1

saturate. This applied - Vo BALlacrons the transformer winding,

Switch 81 was then opened. The {lux in transformer T2 then dropped to the

residual flux density %?e Switch 51 was closed again. This was done

gopvern] thmes p succession 1o cateh the Ty In an additive direction,

Figures 134 and 135 ghow the invush current measured at the center tap of T2,

Typical inrush
of an uncut core
ina driven
inverier

Fig, 1-35. Typicdl ‘orush
current of a cut
core in a driven
inverter

It will be noted in Fig, 1-3%4 that tie uncut core saturated and that
inrush current was limited only by circuit resistance and transistor beta,
It can be noted in Fig, 1-35 that saturation did pot occur in the case of the
cut core, The high inrush current and transistor stress was thus virtually

climinated,
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The second test circuit arrangement is shown in Fig, 1-36, The purpose
of this test was to excite a transformer and measure the inrush current using

a current probe, A square wave power oecillator was used to excite trans-

former T2, Switch 81 was opened and closed several times to catch the {lux
in an additive divection, Figures 1-37 and 1-38 shew inrush current for a cut

and uncut core respectively,

11

Fig, 1-36, T-R supply current
mieasurmment

Typical inrush
current of an uncut
core vperating from
an ac source

Typical inrush
current of a cut
core in a TR
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A small amount of air gap, less than 25 um, has a powerful effect on
the demagnetizing force and this gap has little effect on core loss., This small
amount of air gap decreases the residual magnetism by '"shearing over'' the
hysteresis loop. This eliminated the problem of the core tending to remain
saturated,

A typical example shawing the merit of the cut core was in the check-
out of a Mariner spacecraft. During the checkout of a prototype science
package, a large (8 A, 200 pus) turn-on transient was observed, The normal
running current was 0. 06 A, and was fused with a parallel-redundant 1/8-A
fuse as required by the Mariner Mars 1971 design philosophy, With this
8-A inrush current, the 1/8-A fuses were easily biown. This did not happen
on every turn-on, but only when the core would '"latch up" in the wrong
direction for turn-on, Upon inspection, the transformer turned out to be
a 50-50 Ni-Fe toroid, The design was changed from a toroidal core to a
cut-core with a 25-um air gap. The new design was completely successful

in eliminating the 8-A turn-on transient,

I, A NEW CORE CONFIGURATION

A new configuration has been developed for transformers which combines the
protective feature of a gapped core with the much lower magnetizing current
requirement of an uncut core. The uncut core functions under normal oper-
ating conditions, and the cut core takes over during abnormal conditions to
prevent high switching transients and their potentially destructive effect on

the transistors.

This configuration is a composite of cut and uncut cores assembled togethef

in concentric relationship, with the uncut core nested within the cut core. The
uncut core has high permeability and thus requires a very small magnetizing
current. On the other hand, the cut core has a low permeability and thus

requires a much higher magnetization current.

The uncut core is designed to operate at a flux density which is sufficient for
normal operation of the converter. The uncut core may saturate under the
abnormal conditions previously described. The cut core then takes over and

supports the applied voltage so that excessive current does not flow. Ina
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1he photographs designated Fligures 1-39 and | -40 show the magnetization
curves for a composite core of the same material, at two different flux
densities. The much lower B, characteristics of the composite as compared

to the uncul core is readily apparent,

Yhe desired features of the composite core can be obtained more economically
by utilizging dilferent materiale for the cut and uncut portions of the core, It
was found that when the design vequirved high nickel (4/77) the cut portion
could be low nickel (50/50) and because Llow pickel has twice the {luy density
as high nickel the core was made 66 percent high nickel and 33 porcent low

Hivkel,

Fig, 1-39, The uncul eore Pag, 1.4, Poaoth cores cul and unout
excited at 0,2 Tlem excited at 0.2 T/lem

The photograph designated Figure 1-41 shows a cut core at the right and an
uncut core at the left, Both have been impregnated to bond the ribbon lavers
topether, The photopraph designated Figure 1-42 shows in the lower portion, a
cut core assembled by banding together with a smaller uncut core, The O, D,
of the latter has been trinmned to fit within the 1. D, of the cut core by peeling

a wrap or two of the ribbon steel. The upper view showa an assermbly of the

nested cores,

In order to provide unifermity of characteristics for the gapped cores, a gap

dimension of 50 pm s recommended 8o that variations produced by thermal
cycling will not affect this gap greatly, This is now cbtained by inserting a

sheet of paper or film material between the core ends during banding, Then
the composite core is placed in the aluminum box and sealed,

OF PaOR guaALITY




Cores before assembly

Fig, 1-42, Cores after assembly

This same protective feature can be accomplished in transformers with

laminationed cores, When laminations are stacked by interleaving them one

by one, the result will be minimum air gap as shown in Figure | -43 by the
squareness of the B-H loop. Shearing over of the B-H loop or decreasing the
residual flux is shown in the next Figure 1-44 and is accomplished by butt

stacking half of lamination in the core cross section which introduces a small
amount of air gap,
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Table 1-5 compiles a list of composite cores manufactured by Magnetics
Inc,, alongside their standard dimensional equivalent cores, Also included in
Table 1-5 is the cores' area product Ap, which is described in Chapter 2,

Table 1-5, Composite cores

Compoasite Standard AP' t':rn‘1r
01605-2D 52000 0.0728
01754-2D 52002 0.144
01755-2D 52076 0.285
01609-2D 52061 0, 389
01756-2D 52106 0.439
01606-2D 52094 0.603
01757;213 52029 1.090
01758-2D 52032 1. 455
01607-2D 52026 2,180
01759-2D 52038 2,910
01608-2D 52035 4,676
01623-2D 52425 5.255
01624-2D 52169 7.13
A, = 66 % Square Permalloy 4/79,

A= 33% Orthonol 50/50,

lg = 2 mil Kaption.,
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Fig, 143, Stack | % 1

50 mAfem

Fig, 1-44, BStack one half
1 21 and one bald
Bt stack

0.1 T/em
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J. SUMMARY

Low-loas tape~wound toroidal core materials that have a very square
hysteresis characteristic (B-H loop) have been used extensively in the design
of spacecraft transformers, Due to the squareness of the B-H loops of these
materials, tranusformers designed with them tend to saturate quite easily,

As a result, large voltage and current sptkes, which cause undue atress on
the electronic circuitry, ecan occur, Saturation occurs when there is any
unbalance in the ac drive to the transformer, or when any dc excitation
exists. Also, due to the square characteristic, a high residual flux state
(B,) may remain when excitation is removed. Reapplication of excitation in
the same direction may cause deep saturation and an extremely large cur-
rent spike, limited only by source impedance and transformer winding

resistance, can result, This can produce catastrophic failure.

By introducing a small {less than 25-pm) air gap into the core, the
problems described above can be avoided and, at the same time, the low-
loss properties of the materials retained. The air gap has the effect of
"shearing over" the B-H loop of the material such that the residual flux
state is low and the margin between operating flux density and saturation
flux density is high. The air gap thus has a powerful demagnetizing effect
upon the square loop materials, Properly designed transformers using
""cut" toroid or "C-core' square loop materials will not saturatc apon
turn-on and can tolerate a certain amount of unbalanced drive or de

excitation,

1t should be emphasized, however, that because of the nature of the
material and the small size of the gap, extreme care and control must be
taken in performing the gapping operation, otherwise the desired shearing
effect will not be achieved and the low-loss properties will be lost, The
cores must be very carefully cut, lapped, and etched to provide smooth,

residue-free surfaces, Reassembly must be performed with equal care,.

1-30
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CHAPTER I

TRANSFORMER DESIGN TRADEOFFS
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A, INTRODUCTION

Manufacturers have for years assigned numeric codes to their cores;
these codes represent the power -handling ability, This method assigns to each
core a number which is the product of its window area {W,) and corc cross
section area (Ac) and is called "Area Product," Ap.

These numbers are used by core suppliers to summarize dimensional
and electrical properties in their catalogs. They are available fcr lamina-

tions, C-cores, pot cores, powder cores, and toroidal tape-wound cores,

The author has developed additional relationships between the Ap numbers
and current density J for a given regulation and temperature rise. The area
product AP is a dimension to the fourth power f4. whereas volume is a dimen-
sion to the third power !3 and surface area A!: is a dimension to the second
power 12. Straight-line relationships have been developed for Ap and volume,

Ap and surface area At, and Ap and weight.

These relationships can now be used as new tools to simplify and stan-
dardizec tl.e process of transformer design. They make it possible to design
transformers of lighter weight and smaller volume or to optimize efficiency
without going through a cut and try design procedure, While developed specifi-
cally for aerospace applications, the information has wider utility and can be

usad for the design of non-aerospace transformers as well,

Because of its significance, th area product Ap is treated extensively.
A great deal of other information ‘s also presented for the convenience of
the designer. Much of the material is in graphical or tabular form to assist
the designer in making the tradeoffs best suited for his particular application

in a minimum amount of time.

Preceding Page biank

2-3
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B. THE AREA PRODUCT Ap AND ITS RELATIONSHIPS

The Ap of a core is the p:oduct of the available window arca W of the

core in square centimeters (cm ) multlphed by the effective cross- SLCtlonal

areca AC in square centimeters (cm ) which may be stated as

-

Figures 2-1 - 2-5 show in outline form five transformer core types that

P - WaAc

are typical of those shown in the catalogs of suppliers.

There is 2 unique relationship between the arca product A_ characteristic
number for transformer cores and several other important paramecters which

must be considered in transformer design,

Table 2-1 was developed using the least-squares curve fit from the data

obtained in Tables 2-2 through 2-7, The area product A_ relationships with

volume, surface area, current density, and weight for pot corcs, powder
cores, laminations, C-cores, and tape-wound cores will be presented in detail
in the following paragraphs,

Table 2-1, Core configuration constants
K K:
] K
Core Losses (25J°C) (50*C) {(x) K, Kw v
Pot core Pcu=Pfe 433 632 -0.17 33.8 48,0 14.5
Powder core Pcu»Pfe 403 590 -0,12 32.5 58,8 13.1
Lamination Pcuzpfe 366 534 -0.12 41.3 68.2 19,7
C-core cu=Pfe 323 468 -0.14 39.2 66.6 17.9
Single-coil P 7P 395 569 -0.14 | 44.5 76.6 | 25.6
Tape-wound PC =Pfe 250 365 -0.13 50.9 B82.3 25,0
care u 5
0.50
= K AlX) A =K. A
’ PP 0 ) ) pO 75
_ .75 } .
Wt = KwAp Vol KvAp
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Fig, 2-1. C-core

Fig. 2-4, Tape-wound toroidal core
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T A Fig., 2-5, Powder core
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Fig., 2-3, Pot core
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Definitions for Table 2-2

Information given is listed by column as:

o W N e

10.
11.

12,
13.
14,
15,
16.

Manufacturer part nurmber

Surface area calculated from Figure 2-22

Area product effective iron area times window area

Mean length turn

Total number of turns and wire size using a2 window utilization factor Ku = 0.40
Resistance of the wire at 50°C

Watts loss is based on Figure 7-2 for a2 AT of 25°C with a room ambient of 25°C surface
dissipation times the transfcimer surface area, total loss is Pcu

Current calculated from column 6 and 7

Current density calculated from column 5 and 8

Resgistance of the wire at 75°C

Watts loss is based on Figure 7-2 for a AT of 50°C with a room ambient of 25°C surface
dissipation times the transformer surface area, total loss is Pcu
Current calculated from column 10 and 11

Current density calculated from column 5 and 12

Effective c~re weight for silicon plus copper weight in grams
Transformer volume calculated from Figure 2-6

. - fective cross-section

Se-LL



Table 2-2. Powder core characteristics
1 2 3 3 5 & 7 B 9 10 11 12 13 14 15 16
Core 2, enf | a_or® | MTem | g0 | z@se Py t =\'f§ :::i:i 2B 15T Py 1= % ?Z f;::;a ;': mE vu::?' A, e
1 55031 7.19 0, 0437 2.12 BS 25 0.215 ¢.216 .00 617 0,236 0.503 1. 45 BS99 3.F 2.7 1.39% .113
2 55121 12.3 Q. 137 2.71 160 25 B.513 0, 369 0, B4B S22 0. 363 a0, BB} 1.23 r{:Y4 s.BE 6,3 3.1 0. 1%6
3 55228 17.3 0.23% 2.95 257 25 3. 897 0,519 0.761 469 0. 385 1.211 .11 [k 1o 11.3 5. 07 0,232
3 550359 21.% 0. 2hh 3.7 326 25 1.27% 0.657 0.719 443 1.33 1.533 105 647 16 16.3 7.28 0,327
5 55894 o, 1.G21 2. 51 3151 25 1.87 0.524 0,703 4313 2.06 2. 16 1.62 £3Y 15 23.2 2.4 0.63%
& 55586 48. 8 1.B21 4.39 902 25 4. 69 1,46 0.558 154 5,15 3,40 0. 812 5460 33 5%_% 23.3 0. 458
T 23072 44.7 1. %866 4.77 51 25 370 .34 0,602 mm 4.07 3,13 0. 877 540 47 7.4 21.0 0. EEh
8 55076 5.& 2,46 4. BB 515 25 $.71 1.55 &, 574 333 5.17 3. 61 0. 814 518 5 61.0 25,7 0,870
T 550B3 £6.3 5,57 6.02 95 2= 6. 84 2.60 0.541 333 7.30 4.68 0,750 487 32 B6.G 33.1 1.06
i0 53990 ES. 4 8.1° 6. 63 13:2 25 10.8 2,68 0,498 367 11.8 &, 26 0.728 449 131 140 59.5 1.32
11 55439 BE.9 8. 4 7.48 g59 25 B.49 2,60 9,553 i 9.32 6.08 0. 847 497 12 3G% EF 1 1.95
1z 55716 104. 0 .38 6.5 1685 25 13.0 3.08 0. 530 296 14,3 7.00 C.&59 431 131 70 £9.0 1.24
13 55119 124.0 13,66 7.09 2125 25 17.8 372 0,457 282 19. 6 B.GE 0. 665 410 176 226 93.4 1. 44

1 copper loss e iron losa

SE-LL
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Definitions for Table 2-3

Information given is listed by column as:

12.
13.
14,
15.
16.

Manufacturer part number

Surface area calculated from Figure 2-22

Area product effective iron area times window area

Mean length turn

Total number of turns and wire size using a window utilization factor Ku = 0.40
Resistance of the wire at 50°C

Watts loss is based on Figure 7-2 for a AT of 25°C with a room ambient of 25°C surface
dissipation times the transformer surface area, total loss is equal to 2 Pcu

Current calculated from column 6 and 7

Current density calculated from column 5 and 8

Resistance of the wire at 75°C

Watts loss is based on Figure 7-2 for a AT of 50°C with a room ambient of 25°C surface
dissipation times the transformer surface area, total loss is equal to 2 Pcu

Current calculated from column 10 and 11

Current density calculated from column 5 and 12

Effective core weight for silicon plus copper weight in grams

Transformer volume calculated from Figure 2-6

Core effective cross-section

geE-LL
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Table 2-3. Pot core characteristics

1 2 3 4 5 3 7 8 9 10 1 12 13 14 15 16
Core ajemt | A em® | METem | Nzl jaesoc! = JA:;;% ne@vsc| Pr 1 =\/l;_—' ?: ::.,:,:3 M- V:::;:e A om®
! 9x5 2.95 | o0.0065 1.85 25 40 | 0175 | o008 0.529 1034 5192 0.230 | oa.77e 1527 |o.8 o.3z] o367 .10
2 | axt 435 | o.ois2 2.z 37 4, | 0309 | 0130 0.458 904 0.339 0.304 0.670 1322 [1.7 0.38] 0,862 a1s
3 | raxs 6.9 | 0.0393 2.8 74 4 | 0787 | o.zos 0.263 6 0. 564 0. 487 0.531 1oe |3.2 a.98] 135 0.25
2 ) rax1 | 103 0. 114 3.5 | 193 50 | Less | o33 0.29 584 212 0.791 0,432 B3 6.0 237 278 0,43
51 zx1a | 170 0,246 4t 207 oo | 346 0510 0.271 535 3.80 1.190 0. 39 w2 (13 4.30] s.a7 0.63
6 | 2ext6 | 239 0.498 5.2 9% L5 | 0.592 0,717 0.778 479 0,650 167 1.13 656 {2t 7.5 ] @65 0.94
7] 3ox19 | 32.8 1.016 6.0 134 55 | 102 | o.984 0, 693 127 112 2.30 La3 622 |1 1z.9] 13 136
8 | =22 | 41,8 201 7.3 1, | 16 1.34 0.639 398 1.79 34 0.937 sr7 |s-  20.8] 2z.0 2.0t
g | a7xz28 | 7.0 5,62 9.3 us L. | am 228 0. 547 337 4.18 5.32 0.798 192|125 k0] 4s.6 n12
1w | s9x3 | 1220 | 134 1z.0 608 . | 8.6 2.66 0,459 283 9.50 g.54 0.670 513 (270 109 | 9.3 185

copper loss = iron loss

RLrIVAD WOOd v
S A9VE TVNEOIED

g€-LL



01-2

Definiticns for Table 2-4

Information given is listed by column as:

L .

o b W N
L]

10,
11,

12.
13.
14,
15,
16.

Manufacturer part number

Surface area calculated from Figure 2-23

Area product effective iron area times window area

Mean length turn on one bobbin

Total number of turns and wire size for one bobbin using a window utilization factor K, =
Resistance of the wire at 50°C

Watts loss is based on Figure 7-2 for a AT of 25°C with a room ambient of 25°C surface
dissipation times the transformer surface area, total loss is equal to 2 Pcu

Current calculated from column 6 and 7

Current density calculated from column 5 and 8

Resistance of the wire at 75°C

Watts loss is based on Figure 7-2 for a AT of 50°C with a room ambient of 25°C surface
dissipation times the transformer surface area, total loss is equal to 2 Pcu

Current calculated from column 10 and 11

Current density calculated from column 5 and 12

Effective core weight for silicon plus copper weight in grams

Transformer volume calculated from Figure 2-7

Core effective cross-section (thickness, 0.014) square stack

0. 40
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Table 2-4, Lamination characteristics
1 2 3 4 5 [} 7 8 9 10 11 12 i3 14 15 le
Core | Aem® | A em® | MLTem | Mgl c@soc| by x=\[—21 ::;:‘cz nemc| wr 1= 1;- :: f;’ciz eim v°:::“' A cm?
i1 | EE-30m1 4.1 0.0038 .72 L. 0,58 0,123 0.323 &38 0, 645 0,288 0,472 932 .02 1.02 0.651 0.0502
2 | EE-2829 6.63 0.0228 2.33 BT oo 1.30 6,199 0.276 536 1.43 0,364 0.403 795 2.1% 1.59 1.35 0.0997
3 1 E1-187 14.4 0.108 3.z0 315 4. 3,82 0,432 0.237 469 4.19 1.01 0.347 &85 7.09 3.08 4.34 0. 204
3 | EE-2425 23,8 0.293 5.08 498 44 9.61 0. 714 0.192 38D 10.5 187 6.281 555 15.5 9.06 3,22 0.763
5 | EE-2627 40.6 0,906 5.79 245 . 1.68 122 0.602 371 1.85 2,84 0.876 540 15.4 15.3 19.1 0.816
& | E1-375 47.7 1.23 6. 3D 350 5. 2.62 1.43 0,522 122 2.87 3,34 0. 762 470 $9.7 24.7 25.3 0.816
7 § El1-50 57.7 1.75 7.09 263 5. 2.21 1,73 0. 625 385 2.43 4.04 0,912 562 90,6 31.7 36.8 1.45
8 | E1-2) 66,0 2.36 7. 57 372 5, 3,34 .98 0. 544 335 3.66 4.62 ©.793 489 9%,3 41.0 39,2 1.45
9 | El-625 90.0 4,29 8,84 503 .o 5.27 2.70 0.505 31z 5.7% 6.30 0.737 455 179 434.4 &0.0 2.27
19 | Ei1-75 130.0 8. BY 106 211 L, 0,826 3.90 1.54 296 0. 506 9.10 2.24 432 i1z 105 104, G 3.27
11 | E1-87 176.0 16.5 12,3 296 4, 1.34 5.28 1.40 270 T 1.48 12.3 2,05 393 KL 135 164.0 4.45
12 | El-160 230.0 28.1 14,5 386 ,, 2,07 b. 90 1.29 249 2.27 16.1 1.88 383 71z 1 236.0 5.81
13 | Ei-112 292.9 33.9 16,0 492 50 2.91 B.76 1.23 237 3.19 20.4 1.79 344 1020 332 350, 0 7.34
14 | E1-125 361.0 68.7 17.7 625 5, 4.09 10.8 1.15 222 1.49 25.3 1.68 324 1413 4560 481.0 9.07
15 | E1-138 432.0 107.0 19.5 740 L, 5.33 13.0¢ 1. 18 213 5. 85 0.2 1.61 1o 1840 &BOD 625.0 1.6
16 | El-150 51B.0 143.0 2.2 B33 .4 6.59 15.5 1.85 203 7. 67 6.3 1.54 296 2457 206 B29.0 13.1
17 | B1-175 704.0 263.0 24,7 1680 L, 2.85 21.1 1.034 199 10.8 49.3 1.51 291 3575 2355] 1312.0 17.8
13 | El1-36 778,90 324.0 26.5 1701 4, 16. & 23,3 0.836 161 18.3 555 1.22 235 3906 1273] 1654.0 15.3
19 | E1-19 1093. 0 &01.0 31.7 28BB 5. 33.4 32.8 0.696 134 37.1 6.5 i.a1s 196 $8BY 3805{ 2875,0 i7.8

copper loss = iron loss

GE-LlL
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Definitions for Table 2-5

Information given is listed by column as:

1. Manufaciurer part number
2, Surface area calculated from Figure 2.24
3. Area product effective iron area times window area
4, Mean length turn on one hobbin
5. Total number of turns and wire size for two bobbins using a2 window utilization factor Ku = 0.40
6. Resistance of the wire at 50°C
7. Watts loss is based or Figure 7-2 for a AT of 25°C with a room ambient of 25°C surface
dissipation times the transformer surface area, total loss is equal to 2 Pcu
8. Current calculated from column 6 and 7
9. Curreni density calculated from column 5 and 8
10. Resistance of the wire at 75°C
11. Watts loss is based on Figure 7-2 for a AT of 50°C with a room ambient of 25°C surface
dissipation times the transformer surface area, total loss is equal to 2 Pcu
12. Current calculated from column 10 and 11
13. Current density calculated from column 5 and 12
14. Effective core -weight for silicon plus copper weight in grams
15, Transformer volume calculated from Figure 2-8

16. Core effective cross-section

Ge-LlL
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Tabie 2-5, C-core characteristics
1 2 3 5 8 9 10 11 12 13 14 15 16
— § AaT25°C AT s50°C . el
Core | Ayem® | A o WG AE | g amee neisrc | Py I\g i :é%é I:‘r“%:, ‘z:sm P
om [=<¢r]
1| AL-2 20.9 0.265 10 0.187 370 9.81 146 | o273 538 12.2 111 .12 | 0265
2| aL-3 23.9 0,420 30 0.185 365 1.5 1.67 0, 269 531 %1 1340 5,92 | a.4to
3| AL-S 33.6 0.767 30 D.174 345 18.1 2.35 | u.25% s03 383 2051 1506 | 0,539
4| aL-e 37.5 Lol 30 0172 341 26.6 2,63 | @253 490 L7 234l ye88 ) 0,718
51 AL-124 45.3 1,44 30 0.157 no 50,2 217 | o229 452 16.6  34.2| 2230 ! o716
6| AL-g 63.4 2.31 20 1. 404 21 0.529 4930 208 335 87-% 602 4o se | 0,806
7] AL-9 69.0 309 28 i.39 268 0. 587 483 | 203 391 89-2  66.6) 45 ex | 2097
2| AL-10 74.5 3.85 20 1.38 2¢6 0.6 5221 2 m 387 110-0 ¥3.20 4755 ! ), 342
9] AL-12 27.0 .57 2p 1.32 255 o, 521 6.09 1.93 3 L0 93.20 oy an | )2
iac AL~13% 93.7 5.14 20 1.24 240 0. 997 &. 56 1.81 345 114,04 1130 69,63 1.26
11 { AL-78 28.1 6.07 20 1.3 256 e.912 .87 ) 194 74 135.6 103.8[ c2a3 1 1 3¢
12 | AL-!R 118 7.92 20 1.10 m 1.61 B.26 | 1.00 308 138 6 153.0) 9479 | 125
131 AL-15 120 5. 07 20 1.23 237 1,30 B.40 1.79 34¢ 205-0 147.0| o3 43 | 1.80
13 | AL-16 127 10.8 za 1.20 233 1.43 8.B9 L7 340 235.¢ 1862.0} 104.95 | 2,15
15 | AL-17 142 20 1.185 228 .66 5,95 1 1.73 333 315.0 18B.0] 125.95 | 2.87
16 | AL-19 159 13,0 20 1.045 205 z.n M1y kS5 299 328.0 261.0] 155,44 | 2.87
i | AL-20 182 22.6 20 1 s - 2,45 125 i 1.6t ET{] 437.0 278.0f ygy7.08 | 358
18 | ar.zz 202 28,0 20 1.0 s el 3.0% 3153t isE 233 469.0 336.0) 237 g4 | 3.58
15 | AL-23 220 34.9 20 1 D3 200 3.37 15.3 E t. 51 291 612.0 382.0f 245,67 | .38
20 | AL-24 245 50,0 z0 . azz 179 3.74 17.1 i 1.3 259 552.0 s£3;.38 28591 | .58

copper loss = iron loss

RIFFYAD W0OJ JO
ST EVY "IN NEOIHO
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Definitions for Table 2-6

Information given is listed by column as:

U‘lth_UJN'—'

12,
13.
14,
15,
16.

Manufacturer part number

Surface area calculated from Figure 2-25

Area product effective iron area times window area

Mean length turn on one bobbin

Total number of turns and wire size for a single bobbin using a window utilization factor
Ku = 0,40

Resistance of the wire at 50°C

Watts loss is based on Figure 7-2 for a AT of 25°C with 2 room ambient of 25°C surface
dissipation times the transformer surface area, total loss is Pcu

Current calculated from column 6 and 7

Current density calculated from column 5 and 8

Resistance of the wire at 75°C

Watts losg is hased on Figure 7-2 for a AT of 50°C with a room ambient of 25°C surface
dissipation times the inductor surface area, total loss is Pcu

Current calculated from column 10 and 11

Current density calculated from column 5 and 12

- Effective core weight plus copper weight in grams

Inductor volume calculated from Figure 2-9

Core effective cross-section

St-Ll
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Table 2-6.

Single-coil C-core characteristics

1 2 3 3 5 & 7 8 9 18 11 12 13 14 15 16
Core |acm? Apcm" MLT__ | R, eol n@soc| P : Jf J“T ff.cz 2 g75°C| P - e Volume | A _em?
= cm - om
1| AL-z 24.6| 0,265 147 8320 0.138 | 0.737 2.3t 215 D. 151 .72 3,37 651 12.2 15.9 10,7 1 0.264
2| aL-3 27.6| 0.110 5.10 uzu 0.158 | 0.B28 2.28 441 0,173 1.93 3.34 644 18,1 19.3 12.5 | o©.406
3| aL-s 3g.1| o0.767 542 | uy 0.238 | 1.14 2.18 122 0.262 2.67 3.19 615 33 29.2 19.7 | 0.539
4] AL-6 a9} t.o11 6. 06 119zc 0.266 | 1.26 2.17 FPrS 0.292 2. 93 316 &1 A7 32.6 .9} o6
s| av-t24] s1.8] 144 5.56 17520 0.426 | 1.35 190 368 0. 568 3.63 2.78 537 46.6 52.1 30.8 | o716
6f aL-8 28| zn 7.06 255 0.669 | 2.18 1. 80 348 0.734 5.10 2.63 5c8 67.9 B1.7 53.5 | o.s06
7| AL-9 78.4| 3.09 69 | 255 0.728 | 2.35 179 346 0.799 5. 49 2.62 505 89,2 89.p 59.5 1 1.08
g| aL-10 | 83.9] 3.8s B33 | 28 0.788 | 2.52 1.78 345 0. 866 5.87 2z 60 502 110.0 9.4 65.4 [ 1.34
9| a1z | 1o1.0| 4.57 s.00 | 321 1.09 303 1.66 321 1.20 7.07 2.42 468 111.0 134.4 92.1 | 12
10| AL-135) 110.¢f 5.14 2,50 37020 1.31 3.30 1.58 306 1. 43 7.70 2.32 457 114.0 159.0 | 107.0 | 1.28
1| aL-78 | 110.0| 6.08 8.15 106 1.23 3.30 1.63 316 1.35 7.70 2.38 450 155.0 150.0 8.3 | 1.34
12| ar-te | 14z.0] 1.87 TSt | ses 214 4.26 1.41 272 2,35 9,94 2.05 396 138.0 260.0 | 147.0 | L2s
13| aL-15 | 126.6| 9.07 0.1 44420 1. 66 1.08 1.56 302 1.83 .52 2.28 440 205.0 203.0 | i36.0 1 180
14| aL-16 | 143.0]| 10.8 10,7 aa 77 | 429 1.55 300 1.94 5.0 2.27 438 2350 216.0 | 147.0 | 215
15| aL-17 | 158.0) 14.4 12.0 4“20 1.97 &7 1.55 293 220 1.1 2.24 433 314.0 241.0 | 168.0 | 2.87
16| aL-19 | 182.0] 18.1 13.0 5632'J 271 5. 46 1.41 274 2.97 17 2.06 399 328.0 372.0 | 212.0 | 2.87
17] aL-20 | 205.0f 22.6 13.6 55320 2. 84 6.15 1.47 284 .12 14.4 2,14 44 437.0 348.0 | 259.0 | 3.58
18] aL-22 | 228.0| 23.0 13.6 w01 3.56 6.84 138 267 1.91 16.0 202 190 469.0 435.0 | 294.0 | 3.58
19] aL-23 | 246.0f 35.0 5.5 01 3.89 738 1.37 265 4.27 7.2 2.60 g7 612.0 479.0 | 326.0 | 4.48
2¢) an-24 | z8z.0f 40.0 14.6 | 1028 5,57 B.46 1.23 238 611 .Y 1.79 346 552.0 680.0 | +431.0 | 3.58

Se=LL
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Definitions for Table 2-7

Information given is listed by column as:

-«)O"UI:AUJNH

9.
10.
11.

12,
13,
14,
15,
16.

Manufacturer part number

Surface area calculated from Figure 2-22

Area product effective iron area times window area

Mean length turn

Total number of turns and wire size using a window utilization factor Ku = 0.40
Resistance of the wire at 50°C

Watts loss is based on Figure 7-2 for a AT of 25°C with a room ambient of 25°C surface
dissipation times the transformer surface area, total loss is equal to 2 Pcu

Current calculated from column 6 and 7

Current density calculated from column 5 and 8

Resistance of the wire at 75°C

Watts loss is based on Figure 7-2 for a AT of 50°C with a room ambient of 25°C surface
dissipation times the transformer surface area, total loss is equal to 2 Pcu

Current calculated from column 10 and 11

Current density calculated from column 5 ard 12

Effective core weight plus copper weight in grams

Transformer volume calculated from Figure 2-6

Core effective cross-section

GE=Ll
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Table 2-7. Tape-wound core characteristics
1 2 3 4 5 & 7 8 9 10 11 12 12 14 15 16
- - Lrre - N -

Core A f;mz AP :m" MLT cm N AWG| o@350°C Py I= :'-:T JA:.’;‘;_: a@-s*c Py 1= ,'_g. ::;:1 £, Welight Ca \rn:;..:i;e A cmZ

t 52402, 7.26 0. D100 2.05 02 ., 2.35 0,218 0,215 325 2.58 0. 508 g.313 619 0.63 3.12 1.42 G. 22
2z 32152 B.29 0. 0196 2.22 02z L, 2.54 0249 0.221 436 2.80 D. 580 a.3z2 636 1.31 3.29 1.71 0.053
3 52167 1.1 0. 0291 2,28 606 .. 5,09 0. 333 a. 180 357 5.59 0.777 0.263 520 0.80 6.64 .63 0,022
3 52403 13.5 00267 2.30 621 .o 5.43 0.405 0,193 381 5.96 0. 945 0,281 556 0.88 .52 3.48 0.622
5 52657 ri_A 0. 0659 2.53 1017 4, 578 o522 D.163 322 10.7 122 0.238 471 2.65  13.1 498 0. 643
[ 52060 15.2 0. 0787 2.70 606 44 b.22 0. 456 0,151 378 6. 82 1.06 0.278 550 .73 T.97 .99 0.GEE
7 52063 20.7 0.:32 285 1017 54 11.0 0,623 0.167 31 12,1 1.45 0. 244 4B 44T 14.4 b. 20 0. 086
B 52002 21,B 0,144 2.88 114 5, 12.2 0. 654 0.163 323 13.4 1.53 6.239 472 .62 16.0 6.72 0.086
9 52007 27.6 0. 380 387 982 4, 14.4 D.B2B 0.16% 334 15.8 1.93 0.24. 487 14.5 7.3 9.84 0,257
1] 52167 ilL5s 0,516 4.23 1900 L, 16.1 0.945 0.171 338 17.6 .21 0.250 434 20.9 19.0 1.9 0. 343
11 52094 0.4 a.592 .47 1017 4, 17.3 0.912 D. 162 321 19.0 2,13 0. 237 468 21.8 21.0 12.2 0. 386
12 52004 6.1 0,725 4.02 35 4, 0. 449 1.38 1.20 234 0.515 3.23 1.77 341 13.4 56.% 21.3 0.171
13 5203z 563 1.46 4.65 315, 0. 542 1,64 1.25 240 o, 5% 3.95 1.82 351 29.8 63.7 27.8 0, 343
14 52026 61.0 2,18 5.28 315 ,, 0.616 1.83 1.22 235 0.676 4.27 1.77 %2 4.7 71.3 32.8 o514
15 52038 £5.9 2,91 5.97 315 g 0.7 1.98 1.1% 230 0,763 .81 1.74 334 59.6 79%.4 38.3 0. 666
1% 52035 88.9 1.68 6.33 505 ,, 1.9 2.67 .06 204 L3 6.22 1.55 298 71.5  138.0 59.0 0. 686
17 52055 116.0 6.81 6.76 37 4, 1.85 3.48 0.970 187 2.0 8,12 1.42 213 Bl.4  220.0 B86. 4 0. 686
13 52012 110.0 9.35 B.88 505 54 1.66 3.30 [ ICLTY 192 1.82 7.70 1,45 280 143.0  235.0 B7. % 1.371
19 52017 179.0 12,5 7.51 698 4 0.97 5.37 1.66 160 1. 065 12,5 2.3 274 107.0  455.0 1630 [ X319
290 52031 256.0 19.8 8.23 us 170 7.68 1.50 145 1.36 17.9 1% 211 13,0 809.0 Zi2. 0 0. 686
21 52103 226.0 24.5 B. 77 488 1. 12 6.6C 1.72 165 1.23 15.4 2.51 231 238.0  503.0 212.0 1.371
2z 52128 304D 9.4 9,43 1164 o 1.95 9.12 1.53 147 2.13 21.3 2.24 215 2B6.0  B%.D 341.9 1.371
23 52022 256.0 49.1 11.3 6BR 17 .44 7.68 1.63 157 1.58 17.9 2,38 229 477.0 $29.0 2910 42
24 52042 347.0 78,7 12.0 1304 o 245 10, % 1. 45 130 2.69 24.3 2.12 204 572.0 110%.0 453.0 2,742
25 52160 422.0 145.0 15.4 1089 . i 12.7 1.43 138 48 29.5 2.08 209 1M7.0 1342.0 633.0 5142
26 52112 878.0 510.0 20.3 2871 10.8 26.3 1.1 106 11,8 61.5 161 155 2205.0  4895.0 18310 &.B55
27 52426 10314.D BI3.0 z2.2 2856 o 1.7 244 1.02 98.1 12,9 7.0 1.66 159 3814.0 50TT.0 226%.0 10. 968

copper loss = iron Joss

GeE-LL
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C. TRANSFORMER VOLUME

The volume of a transformer can be related to the area product A

of a

tranaformer, treating the volume as shown in Figures 2-6 through 2-9 below

as solid quantity without subtraction of anything for the core window, Deriva-

tion of the relationship is according to the following: volume varies in
accordance with the cube of any linear dimension [ (designated 123 below),

where area product Ap varies aa the fourth power:

Vol = K1£3
o g
Ap = Kzﬂ
4 e
"R
2

2-18

(2-1)

(2-2)

(2-3)

(2-4)

(2-5)

(2-6)
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Fig, 2-6. Tape-wound core, powder g
core, and pot core volume

VOLUME

Fig., 2-7. EI Lamination core
volume
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Fig., 2-8. Cw-core volume ~L
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Ky
Kv = K0.75 (2-7)
2
vol = K A% 75 (2-8)
v'p

The volume /area product relationship is

Vol = K A0'75
v p

in which K, is a constant related to core configuration, these values are given
in Table 2-8, This constant was obtained by averaging the values in Tables 2-2

through 2-7, column 15,

The relationship between volume and area product Ap for various core
types is given in Figures Z-10 through 2-15. It was obtained from the ata
shown in Tables 2-2 through 2-7, in which the Vol and Ap values are shown in

columns 15 for volume, and column 3 for area product.

Table 2-8, Constant K_

Core type L
Pot core 14,5
Powder core 13.1
Lamination 19.7
C-core 17.9
Single-coil C-core 25,6
Tape-wound core 25,0

2-20
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Volume versus area product Ap for pot cores
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Volume versus area product Ap for powder cores
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Fig, 2-12, Volume versus area product Ap for laminations
1000 T T T r 1 =T T LAt | L LA B M | T T T T T T
X 1
i 1
. -
160 [ . T
B ()
’
| : 3% 1S
ORIGMAL 2AET O
0 g A[‘l
: or FOOR Qu ]
/' .
C-CORES
L 4
1 " 1 | 1 U S | " L Lot 1 1 i1 1 1 ol
.01 0.1 1 1o 06 1000
AREA FRODUCT, A, em?

Fig., 2-13, Volume versus area product Ap for C-cores
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Fig. 2-14, Volume versus area product Ap for single-coil C-cores
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Fig, 2-15, Volume versus area product A'p for tape-wound toroids
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IV, TRANSFORMER WELZWGHT

The total weight Wt of a transformer can be related to the area product

Ap' Derivation of the relationship is according to the vollowing: weight Wy

varies in accordance with the cube of any linear dimension { (designated 23

below), whereas area product Ap varies as the fourth power:

43
Wt = KSQ
4
A, = Kyl
A
¢ - =2
2

(2-9)

(2-10)

{(2-11)

{2-12}

(2-13)

(2-14)

{(2-15)

(2-16)
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in which K_, is a constant related to core configuration, is shown in Table 2-9,
which has been derived by averaging the values in Tables 2-2 through 2-7,
column 14,

The relationship between weight and area product Ap for various core
types is given in Figures 2-16 through 2-21. It was obtained from the data
shown in Tables 2-2 through 2-7, in which the Wy and A, values are shown in

column 14 for weight, and column 3 for area product.

Table 2-9, Constant Kw

Core type Kw
Pot core 48,0
Powder core 58.8 ,
Lamination 68.2
C-core 66.
Single~coil C~core 76.6
Tape-wound core 82.3
|000 T T T T T T L R LR L | T LA B | T T lill]l.‘
L 1
mot— |
E ) 4
) 1
5
g Pagy 1y 1
oL QUALITY
i POT CORES |
i 1 g Pl [ONE I W RN E | Vg1l [T BN W R | [T S S
0,001 0.0 0.1 ) 10 100

AREA PRODUCT, Ap' cm4
Fig, 2-16, Total weight versus area product Ap for pot cores
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Fig, 2-17, Total weight versus area product Ap for powder cores
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Fig. 2-18, Total weight versus area product Ap for laminations
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Fig. 2-19, Total weight versus area product Ap for C-cores
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Total weight versus area product Ap for single-coil C-cores
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WEIGHT, groms

TAPE WOUND TOROIDS J

1 [ T | A PR N |

10 100

1 1 i i P | 1 1 FE|

0,001 0,01 0.1
AREA PRODUCT, AP, cm

]
1
4

Fig, 2-21, Total weight versus area product A.p for tape-wound toroids

E, TRANSFORMER SURFACE AREA

The gurface area At of a transformer can he related to the area product
Ap of a transformer treating the surface area as shown in Figures 2-22
through 2-25, Derivation of the relationships is in accordance with the square
of any linear dimension ¢ (designated !2 below), where area product varies as

the fourth power:

A =K, (2-17)

. 4 )
ORIGINAL PAGE
OF POOR QUALITY
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COIL = + D 2C + A}

720 + AR
?

—

2 Ay » SURFACE AREA

— nop?
A T WOUND. + 1 ODiyoup X(HTcare *+ O%uouno - O0core)

Fig, 2-22, Tape-wound core, Ay = SURFACE AREA
powder core, and pot core

surface area AL’ Ay LAMINATION = 2 (FE + SF + SE - DA - 20C)

$ = BUILD
At mg%—*—“—'g+nr(ZC+AJ+2(FE+SF+SE-DA-ZDm

in) i - i1 ki . :
OF +) Fig, 2-23. EI lamination surface

area A E

ﬂ

. \

() \ 2E+2F

i2F + 2E) h

'
264G
.
Ay * SURFACE AREA ~
D+2

Ay = 4E (2E+F) + (ED} 442 (D4F) () +2 {2F +2E) (G) +2 (D +F) (27 +2E)

Fig, 2-24., Ce~core surface
area At

A2 26451 (04261 +(G 428 +1G428) D+2F)-8EF|

Fig, 2-25. Single-coil
C-core surface area A;

2-29



(2-18)

(2-19)

(2-20)

(2-21)

(2-22)

(2-23)

(2-24)

(2-25)

in which KEI is a constant related to core configuration ig shown in Table 2-10,

which has been derived by averaging the values in Tablesg 2-2 through 2-7,

column 2.
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Table 2-10, Constant Ks

Core type Ka
Pot core 33,8
Powder core 32,5
Lamination 41,3
C.core 39,2
Singlu-coil C-core 44,5
Tape-wound core 50,9

The relationship between surface area and area product Ap for various
core types is given in Figures 2-26 through 2-31, It was obtained from the
data shown in Tables 2-2 through 2-7, in which the At and Ap values are shown

in columns 2 for surface area, and column 3 for area product.

1000 =T T T =T T T 1T r*r"rrul T 11T T T 1T rTT

100

2
cm

SURFACE AREA, A,
L LI I
i

=)
T '_r
I

T

POT CORES

i bt s gal i SN E W | I I By Lt g gl do b Joaga)
0.0Mm 0.01 0. | 10 100
AREA PRODUCT, A, en?

Fig, 2-26, Surface area versus area product Ap for pot cores
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Fig, 2-27. Surface area versus area product Ap for powder corcs
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Fig, 2-28. Surface area versus area product Ap for laminations
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F. TRANSFORMER CURRENT DEMNSITY

Current density J of a transformer can be related to the area product Ap

of a transiormer for a given tempevature rise,

The relationship of current density J to the area product Ap for = given

temperat:re rise can be derived as follows:

A =K AYS
t 3p
P -..-.IZR
cu
I1=AJ
w

2«34

e 1 l_b
ORIGINAL EAGE
OF POOR G¥ ALITY

(2-26)

(2-27)

(2-28)



S P A%y MLT
cu W Aw

r = A J*MLT Np
cu W

Since MLT has a dimension of length

0,25

MLT = K_A
5 P

cu

AN KW - KA

0
w 6 a i'p

1\7 = }\GI\SP

Np

P oA TR, A% 20N
w Ep

(2-29)

{2- 30}

(2-31)

(2-32)

(2-33)

(2-34)

(2-35)

(2~ 36)

(2-37)

Assuming the care loss is the same as the copper loss for optimized trans-

former operation (Sce Chapter 7).

P - KAV - p

cu Tp fe

{(2-138)

(2-39)

(2-40)
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ZI(BK,iJZAO' 75
AT = 5 ;’ (2-41)
K AY
sp
2K. K
g¥7
K = — 2.42
AT = K9JZA°'25 (2-43)
p
7= s (2-44)
kA%
9 p
AT
Klo® g, (2-45)
0,25
7 = KaAZ%125 (2-47)
p

The current density/area product relationship®

7 = kaZ0125
i'e

in which K, is a constant related to core configuration, is shown in Table 2-11,
which has been derived by averaging the values inu Tables 2-2 through 2-7,

columns 9 and 13,

*This is the theoretical value for current density/area product relationship.
The empirical values for different core configuration are found in Table 2-1.
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Table 2~11. Constant I{j
Core type Kj(A25°) Kj(ASO")
Pot core 433 632
Powder core 403 590
Lamination 366 534
C-type core 322 468
Single-coil C-core 395 569
Tape-wound core 250 365

The relationship between current density and area product AP for a tempera-
It was obtained
from the datz shown in Tables 2-2 through 2-7, in which the J and A

ture rise of 25°C and 50°C is given in Figures 2-32 through 2-37.

p values are

shown in columns 9 and 13 for cur:ent density, and column 3 for area product.
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1000 \v\ §
[ P, = OUTPUT POWER -
Po, COPPERLOSS = P, IRONLOSS |
N 4
§ Po i
E‘ Pz 'Pcu+P[e-'v_1'P"
3 -
>
= ° -
2 50°C RISE
Wy
(=]
b~ -
= ]
od
5
w
200 .
POT CORES
100 L 1 s 1 i 1 1 TR T B 1 L PR L .

o.M 0.1 1 o

AREA FRODUCT, A_, cm?

Fig. 2-32, Current density versus area product Ap
for a 25°C and 50°C rise for pot cores
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CHAPTER Il

POWER TRANSFORMER DESIGN
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A. INTRODUCTION

The conversion process in power electronics requires the use of
transformers, components which frequently are the heaviest and bulkiest item
in the conversion circuits, They also have a significant effect upon the overall
performance and efficiency of the system, Accordingly, the design of such
transformers has an important influence on overall system weight, power
conversion efficiency and cost, Because of the iuterdependence and interactio~

of parameters, judicious tradeoffs are necessary to achieve desigh optimization,

B. THE DESIGN PROBLEM GENERALLY

The designer is faced with a set of constraints which must be observed
in the design of any transformer, One of these is the output power, P
(operating voltage muitiplied by maximum current derrand) which the secondary
winding must be capable of delivering to the load within specified regulation
limits. Another relates to minimum efficiency of operation which is dependent
upon the maximum power loss which can be allowed in the transformer, Still
ancther defines the maximum permissible temperature rise for the trans-

former when used in a specified temperature environment.

Other constraints relate to volume occupied by the transforn er and
particularly in aerospace applications, weight, since weight minimization is
an important goal in the design of space flight electronics., Lastly, cost

effectiveness is always an important consideration,

Depending upon application, certain of these constraints will dominate,
Parameters affecting others may then be traded off ag necessary to achieve
the most desirable design., It is not possible to optimize all parameters in a
single design because of the interaction and inteidependenc. of parameters,
For example, if volume and weight are of gre4t significance, reductions in
both often can be effected by operating the transformer at a higher frequency
but at a penalty in efficiency, When the freques ; cannot be raised, reducticn

in weight and volume may still be possible by selecting a more cfficient core

5.3  preceding page blank
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material, but at a penalty of increased cost, Judicious tradeoffs thus must be

effected to achieve the design goals.

A flow chart showing the interrelation and interaction of the various

design factors which must be taken into consideration is shown in Figure 3-1,

8 A
m —— p f
flux density area-product < } < frequency [ 4’]

| - |
J . —_—] —
1 Y current density * T

CORE CONFIGURATION KNOWN ‘ ? I
CORE LOSS f
milliwatts/gram
v TRANSFORMER
4 WEIGHT COPPER LOSS A T
Voo
MATERIAL vV
‘ I
E
- REGULATION |<— SE:SHE';,EEET
I—» —_—— — — ———?
_—— ——— — > —

TRANSFORMER FLOW CHART

Fig, 3-1, Transformer design factors flow chart

Various transformer designers have used difterent approaches in arriving
at suitable designs., For example, in many cases a ruls of thumb is used for
dealing with current density., Typically, an assumption is made that a good
working level is 1000 circular mils per ampere. This will work in many
instances but the wire size needed to meet this requirement may produce
a heavier and bulkier transformer than desired or required, The information
presented herein makes it possible to avoid the use of this and other rules of

thumb and to develop a more economical design with great accuracy,

%IGH&J‘(.
OF pggp- P4Gi

3.4 CodLiry
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C. RELATIONSHIP OF A, TO TRANSFORMER POWLR
HANDILING CAPABILITY

According to the newly developed approach, the power handling capability

of a core is reclated to its area product by an equation which may be stated as:

p 1,16
Pt X 10 4 ,
A S \TB R, lem™1 -1)
mouj
where
K = waveform coefficient
4,0 square wave
4. 44 sine wave
B__ = flux density, tesla
m
£ = frequency, Hz
K, = window utilization factor (sce Chapter 6)
I(j = current density coeflicient (sece Chapter 2}
Pt = apparent power, primary plus secondary

From the above it can be scen that factors such as flux density, frequency
of operation, window utilization factor Ku' which defines the maximum space
which may be occupied by the copper in the window, and the constant Kj’ which
is related to temperature rise, all have an influence on the transfiormer arca
product. The constant Kj is a ncw parameter that gives the designer control
of the coppet loss. Detivilinonis set forth in detail in Chapter 2. The derivation

for area product Ap is set forth in detail at the end of this chapter Appendix 3. A,

D, OUTPUT POWER VS INPUT POWER VS5 APPARENT POWER CAPABILITY

Output power (Po) is of greatest interest to the user, To the transformer
designer it is the apparent power (Pt) which is associated with the geometry of
the transformer that is of greater importance, Assume, for the sake of
simplicity, the core of an isolation transformer has but two windings in the
window area (Wa), a primary and a secondary., Also assume that the window

3-5
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area (Wa) is divided up in pro..ortion to the power handling capability of the
windings using cqual currvent density, The primary winding handles pin and
the secondary handles P to the load, Since the power transformer has to be

designed to accommodatce the primary pin and sccondary Po' then:

Pt = P.m + P0 (3-2)
pO
P, x— {3-3)
in n
pO
P‘: ST + po {3-4)
P - P (— 5 1) (3-5)
Q

The designer must be concerned with the apparent power handling
capability, Pt' of the transformet core and windings, Pt may vary by a
factor ranging from 2 to 2, 528 times the input power, P‘m’ depending upon
the type of circuit in which the transformer is used, If the current in the
rectificr transformer becomes interrupted, its effective RMS value changes,
Transformer siae, thus, is not only determined by the load demand but, also,
by application becausc of the different copper losses wmncurred due to curvent

waveform (sec Chapter 7, Fig. 7-20).

For example, for a load of one watt, compare the power handling capabil-
ities required for each winding (neglecting transformer and diode loiscg so that
P’m = PO) for the full-wave bridge circuit of Fig, 3-2, the full-wave center-
tapped secondary circuit of Fig, 3-3, and the push-pull center-tapped full-wave

circuit in Fig, 3-4, where all windings have the same number of turns (N).

ORIGENAT, FAGE ID
OF POOR QUALITY
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Ny =Ny

SQUARE WAVE Ny “E Ny

LOAD W

Fig, 3-2, Full-wave bridge circuit

The total apparent powor P, for the circuit shown in Fig, 3-2 is 2 watts, This

is shown in the following equation:

: P
in 0

P =(1

b= Oy Bt Oz By (3-6)

13't = 2 Pin (3-7)

in which IN‘ and INZ are the currents associated with the primary and

secondary windings, respectively, and E_ . and Eyp are the voltages across

N1
the primary and secondary windings, respectively,

N‘=N?=N3

3]
N 2
SQUARE WAVE ; " - {

LOAD 1w

Fig., 3-3. Full-wave, center-tapped circuit
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The total power P, for tlie circuit shown in Fig, 3-3 increased 20,7%
due to the distorted wave form of the interrupted current flowing in the
secondary winding, Thise ia shown in the following equation:

Pt = Pin + 0,707 Pin + 0,707 Pin = 2,414 Pin (3-9)
Rewriting equation 3-5 to incorporate the RMS rating,
p = p (Liyz) (3-10)
t o\n
NI=N2=N3'N4
( :»"_'
—JE
N, Ny
L LOAD 1w
—

Fig. 3-4, Push-pull, full-wave, center-tapped circuit

The total power Pt for the circuit shown in Figure 3-4, which is typical of a de
to dc converter, increases to 2,828 times Pin because of the interrupted cur-

rent flowing in both the primary and secondary windings since

3-8
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P, = [(o. 7070y Eqqy) + (0. 7070, ENZ)] + [(0- 707Iy3 Exs)

+ (0,707, EN4)] (3-11)
P, = 0,707 P +0,707 B, +0,707 P, +C,707 P, = 2,828 P,  (3-12)

Again,
p, - 7, (£+72) (3-13)

Thus the circuit configuration in which the transformer is to be used
rnust be considered by the designer when sizing the transformer,

Rather than discuss the various methods used by transformer designers,
the author believes it will be mcre useful to consider typical design problems
and to work out solutions using the approach based upon the newly formulated
relationghips.

E. A2,5.kHz TRANSFORMER DESIGN PROBL. ' . a3 AN EXAMPLE

Assume a gperification for a transformer design as shown in Fig, 3-2,
requiring the following:
{1) Eo, 10 volts
(2) Io' 2.0 amperes
(3) E. , 50 volts
in

(4) £, 2500 Hz (square wave) ORIGEVAL FAGE I
OF POOR QUALITY

(5) Maximum temperature rige, 25°C
(6) Transformer efficiency, 95%

Assuming the bridge rectifier of Fig, 3-2 and using the efficiency
const -. int of 95%:
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Definitions for Table 3-1

Information given is listed by column as:

-JO‘UI:::L»NH

1z,
13,
14,
15,
16.
17.

Manufacturer part number

Surface area calculated from Chapter 2, Fig., 2-24

Area product effective iron area times window area

Mean length turn on one bobbin

Total number of turns and wire size for two bobbins using a2 window utilization factor Ku = 0.40
Resistance of the wire at 50°C

Watts loss is based on Fig. 7-2 for a AT of 25°C with a room ambient of 25°C surface
dissipation times the transformer surface area, total loss is equal to 2 Pcu

Current calculated from column 6 and 7

Current density calculated from column 5 and 8

Resistance of the wire at 75°C

Watts loss is based on Fig, 7-2 for a AT of 50°C with a room ambient of 25°C surface
dissipation times the transformer surface area, total loss is equal to 2 Pcu

Current calculated from column 10 and 11

Current density calculated from column 5 and 12

Effective core weight in grams

Copper weight in grams

Transformer volume calculated from Chapter 2, Fig. 2-8

Core effertive cross-section

GE-LL



Table 3-1, C-core characteristics

I1-¢

1 « 3 4 5 [} 7 8 9 12 11 12 13 13 15 16 17
AT 25°C = | arsocc .
were | oA’ | alem? | Mpzem | 2 | cesen [ R . 2mpe zerme | P ‘\,% 3. ames vl pradiald v:::“ A em?
(=21 om
b AL-2 20.%9 D265 355 662 ., K.93 0..27 | 0 187 470 <.81 146 | o223 518 12,2 n1 . .14 | 9285
2l AL-3 23,9 0,510 4.3B 862 39 10,5 0.717 ] %.1as HE 1.+ 167 | o.2.3 531 168,12 10e! soez | o410
3{ AL-S %6 0,767 $.59 46 4p 1€. 3 101 0.173 348 151 235 0,255 503 1.2 | 20.50 . 14,06 | O 33%
4| AL-v 3T 1.011 5.23 Fe o R 1.1y o.132 341 4. Zoe3 | 0.253 458 L3 W 2340 e 88 § O TIE
5§ AL-124 45,3 1,94 5. 50 1317 4, s [T 5157 30 6.2 17 0. 224 432 e M2T| 22,50 § n TR
6 | AL-B 63.4 2.31 5,74 221 og 0. 552 1,90 1.404 E] 9.529 5.4 | 205 15 by 26,551 35.e6 f £.80%
Tl AL-9 6%.0 3.99 £.38 221 55 o, 333 2.07 1.9 2im 0,387 483} 203 321 8%, 2 geos 1oqhed : 1077
8 L.10 4T 3.88% 7. 0% 221 ;g 0. 38R 2.24 53R 261, 0.6 5.22 2. 03 187 4iC Y - i 47,35 {T ¥ 342
2| AL-12 B7.0 4.57 7.09 278 g 0.748 | 24 1.32 254 2,821 6.09 | .93 371 o a5z | en3s | oLze
10| AL-135 93.7 513 7.36 323 44 0.908 2.81 1.24 . 0,957 &. 50 L84 335 ilé 113 ! «q 63 | 1.26
11 | aL-78 98.1 6,07 T.0l 32 ;5 0.831 2.95 1.33 23 9,912 €87 ] L93 374 155 t 1o 62,83 | 1, 3%
12 | AL-18 118 ze2 7.61 310 54 147 3.35 110 211 1.£1 a2 | e 308 138 ! 183 95.79 1 1.25
13| AL-15 120 9.07 B.03 3BG 54 1.18 1.58 1.23% 237 1,30 8.30 1.3% e 205 147 94,43 | L.80
13 § AL-l6 127 0.8 B. B9 386 2p 1,36 3.80 1.z 233 1,43 B.NS | 1,76 30 215 162 104.95 | 214
15 1 ALz 142 14,4 10.3 386 ap 1.51 425 1,185 zz8 Lot a3l 1.73 313 314 188 124,94 | 287
16 | AL-19 139 18.0 10. % 511 g 210 .57 1,00 205 2 11.1 155 299 328 261 155.44 ) 2,87
17 | AL-20 182 z2.6 1.5 KL LREEN 223 5.%6 11T 213 2.45 12,7 161 no 437 2783 187.08 § 358
15| aL-zz 202 28.0 1.3 £37 2.78 0. B3 Loy | 3.05 1.1 152 293 489 346 204 | 3se
19 | AL-23 220 34,9 12,3 LETREY 3.07 £.60 1,43 200 3.17 15.5 1.31 291 612 382 244.67 | 4. 48
20| AL-23 245 40,0 2.0 R an 132 735 a.52z 174 473 17.1 135 z59 552 538 280.91 | 3.58

copper loss = iron loss
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Step No, 1, Calculate the apparent power Pt from equation 3-5,

allowing for 1.0 volt diode drop (Vd) assumed:
poop (L1
t o \n
1

¢ Io (E0+Vd)x(-ﬁ-+ 1)

L)
]

i
il

1 .
¢ Z(IO-FZ)X(W“PI)

H

P ="49,3 [watts]

t

Step No, 2, Calculate the area product Ap from equation 3-1:

1. 16
-/Pt x 104 o]
Ay = kKB fiv K, s
m uj
Assuming
K =4,0
Brn = 0,3 [tesla.‘
Ku = 0, 4 (Chapter 6)
5 = 323 (Chapter 2}
4 1,16
A - ( (49,3) X 10 )
P~ \(4.0)(0, 3){2500)(0, 4)(323)
or
;l.]
Ap = 1,32 [cm‘

After the AP has been determined, the geometry of the transformer can be
evaluated as described in Chapter 2 for weight, for surface area, and for

volume, and appropriate changes made, if required, Having established the

3-13
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configuration, it is then necessary to determine the core material to complete

core selection,

Step No. 3, Jelect a C~core from Table 3-1 with a value of A_) clogest to
t

the one calculated,

AL-124 withan A = 1,44 [em“]

Step No. 4, Calculate the total transformer losses P,

dnd

PO
PE = T - PO [watts]

24
Py = 5,95 - 24

PZ 1,74 [watts‘l

Maximum efficiency is realized when the copper (winding) losses arc

equal to the iron (core) losses (see Chapter 7):

P = P

cu fe
and therefore
P
= 2
Pcu TR
and thus
_ 1,26
Pcu T2
Pcu = 0,63 = Pfe
et 15
ORIGRVAT: !I.“ ALITY
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Step No, 5, Select the core weight from Table 3-1, column 14, then

calculate the core logs in milliwatts per grams

Al-124 Wt = 46,6 grams

P
__\_{[_‘-_ )(103 = milliwatts/g
t

0,63

3 sat "
v X110’ = milliwatts/g

13, 5 milliwatts /g

Step No, 6. Select the proper magnetic material in Fig., 3-5, reading
from the 2,5 kilz frequency curve for a flux density of 0,3 tesla, The magncetic
mate rial that comes closest to 13, 5 milliwatts per gram is silicon steel, with
approximately 12 milliwatts per gram, With a weight of 46,6 grams, the total

core loss is 560 milliwatts, which meets the requirement of the design,

Step No, 7. Calculate the number of primary turns using Faraday's lew,
——— e

equation 3,A-1, "

E x1o0*

Np:4B A f
m’ ¢

The iron cross section A‘_ ig found in Table 3-1, column 17:
AC =T 0. ?16 [ﬂn}zi
Thus

N = (50) % 10°
p ~ (4){0. 3){0. 716){2500)

"Sce Appendix 3. A, at the end of Chapter 3,
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or

Np = 233 turns (primary)
Step No, 8, Calculate the current dengity J from ecuation 3, A-17:

T = KAZO M4
ip

(The value for Kj is found in Table 2-1,)

T o= (323)(1,32)° 0 14

J = 307 [A/cmz]

Step No, 9, Calculate the primary current Ip and wire size Aw:

. Pt [A‘!
= 5

P p -

1 = (49, 3)

p (2)(50)

I = 0.493 [A

p = 049 ]

The bare wire size AW(B) for the primary is

I
A = 2 S
w(B) = T x1, AT
oggetg% qual™
A _ 0,493
w(B}) ~ 307
-
Aw(B) = 0,001606 [cmz_:
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Step No, 10, Select the wire area Aw in Table 6-1 for equivalent (AWG)

wire size, column A,
AWG No, 25 = 0,.001623 [cmz]

The rule is that when the calculated wire size does not fall close to thoae listed

in the table, the next smaller size should be selected,

Step No. 11, Calculate the resistunce of the primary winding, using
Table 6-1, column C, and Table 3-1, column 4, for the MLT:

Rp = MLT X N X (column C) X { X 10~ [o]
R, = (5.5)(233)(1062)(1. 098) X 1078
R, = 1.49 (]

Step No, 12, Calculate the primary copper loss Pcu:

2
Pcu = IP Rp [watts]
P = (0.493)% (1.49)

cu
Pcu = 0, 362 [watts]

Step No, 13, QCalculate the secondary turns:

N

N
. @-E (E,)

E =10+ 2V,
_ {233)

N = Tsoy (12)

N_ = 56
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Step No, 14, Calculate the wire size Aw(B) for the secondary winding:

Aw(B)

I
8
T
A . _(2)
w(B) * T307)

Hi

d
Aw(B) 0, 00651 [cm

Step No, 15, Select the wire area Aw in Table 6-1 for equivalent (AWG}

wire size, column A:
AWG No. 19 = 0,00653 [em?]

The rule is that when the calculated wire size does not fall close to those
listed in the table, the next smaller size should be selected,

Step No, 16, Calculate the resistance of the secondary winding, using
Table 6-1, column C, and Table 3-1, column 4, for the MLT,

R_ = MLT X N X (column G) X ¢ X 1078 [n]
R_ = (5.5)(56)(264)(1.098) X 10°%
R_ = 0,0893 [ﬂ]

Step No, 17, Calculate the secondary copper loss Pcu:

P._=IR
cu s 8

(2. 0)% (0, 0813)

d
il

cu

o
|

= 0,357 [watt s]
cu
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Step No, 18, Summavrize the losges and compare with the total

losses P,

)
Primary pcu = 0, 362 rwatts]
Secondary P__ = 0,357 watts]
Core P, = 0.560 watts|
Total P =1,279 [wa.trs"
z J

The total power loss in the trancformer is 1,279 watts, which will effectively

meect the required 95% efficiency,

From Chapter 7, the surface arer At required to dissipate waste heat

fexpresscd as watts loss per unit arcea) ..

P
2
A e

where

W= 0,03 W/em? at 25°C rise

Referring to Table 3-1, column 1, for the AL-124 size core, the surface arca
2

A, is 45,3 cm™:
-
and thus
i
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or
2
Y= 0, 0282 [W/cm ]

which will produce the required temperature rise,

F. A10-kHz TRANSFORMER DESICMN PROBLEM AS AN EXAMPLE

Assume a specification for a transformer design, as shown in Fig, 3-3,
requiring the following:

(1) E_, 56 volts

{2) 7., 1.79 amperes

(3) Ein’ 200 volts

(4) f, 10 kHz (square wave)

(5) Maximum temperature rise, 25°C

(6} Transformer efficicncy, 98%

assuming the full-wave, center-taped rectifier of Fig, 3-3 and using the
efficiency constraint of 98%,

Step No, 1, Calculate the apparent power Pt from equation 3-10, allowing
for 1.0 volt diode drop (Vd) assumed:

S

Pt

{]

1
Io (B, + Vg X[+ )

o
n

1
¢ 1.79 (56 +1)X(W+1.41)

I
Pt = 248 [wattsj

ORIGINAL PARE I
3-20 OF POOR @UALITY
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Step No, 2, Calculate the arca product Ap from equation 3-1:

4 1,16
Pt X 10 4
A = [cm ]
p = \KBTKK
assuming
K = 4,0
B_ = 0,3 ltesla)
X, 0.4 (Chapter 6)
Kj = 323 (Chapter 2)
4 1.16
A . 248 X 10
P ((4.0)(0.3;(10%(0.4)(323)
or

A, =172 [cm‘*]

after the A_has been determined, the geometry of the transformer can be
evaluated as described in Chapter 2 for weight, for surface area, and for
volume, and appropriate changes made, if required, Having established the
configuration, it is then necessary to determine the core material to cormnplete

core selection,

Step No, 3, Select a C-core from Table 3-1 with a value of Ap closest

to the one calculated:

AL-8 with an Ap = 2,31 [cm

3.21
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SteE Na, 4, Calculate the total trangformer losges Pz=

P
P.. = __...: - [ watts |

102
“‘”‘.93) - (102)

(']
t4
H
—
o

P\ﬂ - 2| 08‘ { “’atts ]

Maximum efficiency is realized when the copper (winding) losses are

equal to the iron (core) losses (sce Chapter 7) which is expressed as

P = P
cu fe

and therefore

and thus
_ 2,08
Pcu -2
P = 1,04 [ watta]
cu

Step No, 5, Select the core weight from Table 3-1, Column 14, then

calculate the core loass in milliwatts per gram:

AL-8 W, = 66,6 grams

P

—WL‘E X 103 = milliwatts /g
t

3-22
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1,04
66,6

X 10% = milliwatts/g

15, 6 milliwatts /g

Step No, 6. Sclect the proper magnetic material in Fig, 35, rcading
from the 10-kHz frequency curve with a density of 0, 3 tesla, The magnetic
matcerial that comes closest to 15,6 milliwatts per gram is Permalloy 80, with
approximately 12 milliwatts per gram, When nickel steel is used, Table 7-1

provides a weight correction factor,

The weight from Table 3-1 is multiplied by the weight correction factoy:
66,6 X 1,144 = 76,2 [ grams]
With a weight of 76,2 gran.s the total core loss is

3

12 X 76,2 X 10°7 = 0,914 [ watts]

Step No, 7, Calculate the number of primary turns using Faraday's law,
equation 3, A-1;

E_ X 10?

N =
p ¢ Brn
The iron cross section Ac ig found in Table 3-1, column 17:

AC = 0, 806 [01112]

S
N - (200) X 10

P (4)(0.3)(0, 806)(10%)

2
)

207 turns (primary)
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Step No. 8., Calculate the current density J from equation 3, A-17;

T =K, A0 14
j
The value for Kj is found in Table 2-1:
T o= (323)2,31)° 014
T = 287 [A/cma]

Step No, 9, Calculate the primary current Ip and wire size Aw:

I = fo o * V) [A)
P Ep 1

1,79 (56 + 1)
p (200){0. 98)

—t
H]

-
I

0. 520 [A]

The bare wire size for the primary is

AW(B) = ;._E [cmz]

Aw®) © 287

1

?
AW(B) 0, 00181 [cm

Step No. 10, Seclect the wire area AW(B) in Table 6-1 for equivalent

(AWG) wire size, column A:
AWG No. 25 = 0.001623 {cmz]

The rule is that when the calculated wire size does not fall close to those listed

in the table, the next smaller size should be selected,

3-24
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Step No, 11, Calculate the resistance of the primary winding, using
Table 6-1, column C, and Table 3-1, column 4, for the MLT:

Rp = MLT X N X (column C) X ¢ X 10~6 (]
R, = (5.74)(207)(1062)(1.098) X 1076
R_ = 1,38 (]
P Q
Step No, 12, Calculate the primary copper loss Pcu:
P = IZR watt
cu  pp | watts)
P = (0,520)> (1, 38)
Cu 1] L]
Pcu = (0,373 [ watts]

Step No, 13, Calculate the secondary turns:

2z
H

s
=

=
I

n
o~
4
<

_ {207
s -(-2—0—0—5'(57)

Z
1

=
u

59 turns secondary

3-25
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Step No, 14, Calculate the wire size Aw(B) for the secondary winding
{see equation 3-8):

Aw(B) =w ["mz]

A . 1.79 (0,707)
w(B) ~ 287

Ay = 0.0044 [cmz]

Step No, 15. Select the bare wire area Aw( ) in Table 6-1 for equivalent

B
(AWG) wire sgize, column A:

AWG No. 21 = 0.00411 [cmz]

The rule is that when the calculated wire size does not fall close to those listed
in the table, the next smaller size should be selented,

Step No, 16, Calculate the resistance of the secondary winding, using
Table 6-1, column C, and Table 3-1, column 4, for the MLT:

R, = MLT X N X (column G} X § X 107°
R_ = (5,74)(59)(419)(1. 098) X 10-8
' )E
ORIGINAL RAGE I
R = 0,156 OF POOR QUALITY! (2]

Step No, 17. Calculate the total secondary copper loss Pcu' N2 plus N3
(see Fig, 3-3):

- 2 _ 2
Pcu = (I, X 0.707) R+ (I, X 0.707) R_ [ watts]

3-26



77=-35

2 (1.79 X 0.707)% 0,156

i)
i

cu

0, 499 [ watts ]

d
u

cu

Step No, 18, Summarize the lossee and compare with the total logses It

Primary P_ = 0,373 { watts |

Sccondary P_ = 0,499 [ watts |

Core Pf = 1,07 | watts ]
¢

Total Py = 1,942 [ watts |

The total power loss in the transformer is 1, 942 watts, which will meet the

required 98% cfficiency.

From Chapter 7, the surface area At required to dissipate waste heat

(expressed as watts loss per unit arvea) is

P,
A :.—é.
t oy

where
y = 0,03 W/c:m2 at 25°C rise

Referring to Table 3-1, column 1, for the AL-8 size core, the surface arca At
is 63.4 cmz:
P

_ 5
A v

llJ - 1:942
T 83,4

327
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U = 0,0306 [w /cma]

which will produce the required temperature rise,
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APPENDIX 3. A
TRANSFORMER POWER HANDLING CAPABILITY

The power handling capability of a transformer can be related to Ap &
quantity (which is the WA, product where W, is the available core
window area in n::rn‘2 and Ac is the effective croass-sectional area of the core in
cmz). as follows,

A form of the FFaraday law of electromagnetic induction much uscd by

transformer designers states:

E KB A Nfxi104 (1. A.-1)
m Cc

{The constant K is taken at 4 for square wave and at 4, 44 for sinc wave
operation, )

It is convenient to restate this expression as:
4
. E x10
" TET (3, A-2)
m
for the following manipulation,

By definition the window utilization factor ia:

N A
Ku = W (3,A-3)
a
and this may be restated as:
Ku Wa.
N = — (3.A-4)
w



77-35

If beth sides of the equation are multiplied by Ac' then:

K, W, A,
NA TR T
w
From equation 3.A-2;
Ku waA _E X lf.‘b4
A T 4B__f
w m
Solving for WA
Ea, x10°
W_A

a’' ¢ 4Bmeu

By definition, current density J = arnp/cm2 which may also be stated:

I
J = A
w
which may also be stated as: oy pARE 1D
s 5
A =1L
w ~J

It will be remembered that transformev efficiency is defined as:

g

[o]
n = Pin and Pin.—EI

Kewriting equation 3, A-7 as:

4 _EI

.EIAW = 4Bm fKu Wa.Ac 10 =T

3-30
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and since:

P P
EI _in _ _o .
J- - J- - JT] (3’A 12)
then:
W_A = W A + WA
2 € |totat ac Pritnary ae Secondary
P_x 10" P_X 10t p_ x10? ,
W_A + = ——(1/n+ 1) (3,A-13)
a7C |y tal nJ 4Bmeu 4BmeuJ 4BmeuJ ‘
and since
Po
Pt = + Po (3,A-14)
then
P, X 104
W A = (3,A-15)
a ¢ 4BmeuJ‘
P, X 104
Ap = W (3.A-16)
Combining the equation from Table 2-1,
-0,14
J =K. A . CA-17
5 *p (3 )
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yielding

A = (3, A-18)

0.86 P, X 10%
Ap. " 4B fK K (3,A-19)
muj
. 4\ 1.6
P L [ 4] (3, A-20)
P 4BmeuK. cm

ORIGINAL PAGE 5
OF PQOR QUALITY
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CHAPTER1V

SIMPLIFIED CUT CORE INDUCTOR DESIGN
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A. INTRODUCTION

D.esigne rs have used various approaches in arriving at suitable
inductor designs, For example, in many cases a rule of thumb
used for dealing with current density is that a good working level is
1000 circular mils per ampere, This is satisfactory in many
instances; however, the wire size used to meet this requirement
may produce a heavier and bulkier inductor than desired or required.
The information presented herein will make it possible to avoid the
use of this and other rules of thumb and to develop a more econom-

ical and a better design,
B, CORE MATERIJAL

Designers have routinely tended to specify moly permalloy
powder core materials for filter inductors used in high frequency
power converters and pulse-width modulated (PWM) switched
regulators because of the availability of manufacturers’' literature
containing tables, graphs and examples which simplify the design
task, Use of these cores may not result in an inductor design
optimized for size and weight, For exarnple as shown in Figure 4-1,
moly permalloy powder cores operating with a de bias of 0, 3 tesla
have only about 80% of original inductance with very rapid falloff
at higher densities. In contrast, the steel core has approximately
four times the useful {lux density capability while retaining 30% of

the original inductance at 1.2 tesla,

There are significant advantages to be gained by the use of
C cores and cnt toroids fabricated from grain-oriented silicon steel,
despite such disadvantages as the need for banding and gapping

materials, banding tools, mounting brackets and winding mandrels.

i
See Reference 1,
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Fig. 4-1. Inductance vs dc bia: for rnioly permalloy cores,

Grain-oriented silicon steels provide greater flexibility in the
design of high frequency inductors because the air gap can be
adjusted to any desired length and because the relative perme-
ability is high even at high d: ilux density. Such steels can
develop flux densities of 1, 6 tesla, with ugeful linearity to 1,2 tesla.
Moly permalloy* cores carrying dc current on the other hand

have useful flux density capabilities to only about 0. 3 tesla,

C. RELATIONSHIP OF A_ TO INDUCTOR ENERGY HANDLING
CAPABILITY P

According to the newly developed approach the energy handling
capability of a core is related to its area product AP by a equation

which may be stated as follows:

4-3 | Lo
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L. 16

. 4
W 2(Enp) X 10 4
%p ( B_K_ K ) [em™] (2-1)
mou

K., = current density coefficient
(See Chapter 2,)

window utilization factor
(See Chapter 6.)

A
o
1l

(=]
il

flux density, tesla

=
3
=]

11

encrgy, watt seconds

From the above it can be seen that factors such as flux density, window utiliza-
tion factor K, (which defines the maximum vpace which may be occupied by the
copper in the window} and the constant Kj (which is related to temperature rise),
all have an influence on the inductor area product, The constant Kj is a new
parameter that gives the designer control of the copper losg, Derivation is

set forth in detail in Chapter 2,

D. FUNDAMENTAL CONSIDERATIONS

The design of a linear reactor depends upon four related factors,

1. Desired inductance

2. Direct current

3. Alternating current Al

4, Power loss and temperature rise

With these requirements established, the designer must determine the
maximum values for Bdc and for Bac which will not produce magnetic saturation,
and must make tradeoffs which will yield the highest inductance for a given
volume. The core material which is chosen dictates the maximum flux density
which can be tolerated for a given design, Magnetic saturation values for

different core materials are shown in Table 4-1 as follows.

“Deviation is set forth in detail in Appendix 4. A at the end of this
chapter.

4-4
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Table 4-1. Magnetic material

Flux Density
Material Type (tesla)
Magnesil 3% Si, 91% Fe 1.6
Orthonol 50% Ni, 50% Fe 1,5
48 Alloy 48% Ni, 50% Fe 1.2
Permalloy 79% Ni, 17% Fe, 4% Mo 0.78

It should be remembered that maximum flux density depends upon
Bdc + Ba.c in manner shown in Figure 4-2,

!
1
|
|

H

|
i
|
|
]
!
|
|
i
!
]
|
]
de

Fig. 4-2, Flux density versus Idc + Al

n

Bdc + Bac [tesla.]

1A

0.47NI x 10-4

Bje ~ de 3 {tesla] (4-2)
1+ ==

0.4vN St x 10-4
B, = - [tesla] (4-3)
1+
g H,
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Combining Eqgs. (4-2) and (4-3),

0.4nNI; 104 0.4n1\1%L x 104
B = 1 + 1 [tesla] (4-4)
1 410 ST ¢ %
g Ty g " N,

The inductance of an iron-core inductor carrying dc and having an air gap

may be expressed ast

0.4nN2AC x 10~8

L = T [henry] (4-5)
R L
g Hr

Inductance is dependent on the effective length of the magnetic path which
is the sum of the air gap length “g) and the ratio of the core mean length to

relative permeability (lm/pr).

When the core air gap (1 ) is large compared to relative permeability
(lm/pr), because of the high relative permeability {,) variations in p, do nct
substantially effect the total effective magnetic path length or the inductance,

The inductance equation then reduces to:

0.4nNZAC % 10~ 8

L = 7 [henry] (4-6)
&

Final determination of the air gap size requires consideration of the
effect of fringing flux which is a function of gap dimension, the shape of the
pole faces, and the shape, size and location of the winding., Its net effect is to

shorten the air gap,

Fringing flux decreases the total reluctance of the magnetic path and

therefore increases the inductance by a factor F to a value greater than that

4-6 AL PARE 15
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calculated from equation 4-6. Fringing flux® is a larger percentage of the total

for larger gaps. The fringing flux factor is:

F = (1 + _l.s_log _ZIQ_) (4-7)
e
\/Ac g

where G is a dimension defined in Chapter 2. (This equation is also valid for

laminations,)

Equation (4~7) is plotted in Figure 4-3 below,

Fig. 4-3, Increase of reactor inductance with
flux fringing at the gap,

Inductance L computed in equation (4-6) does not include the effect of

fringing flux, The value of inductance L' corrected for fringing flux is:

. 0.47N%A_Fx 1078
L = 1g [henry] (4-8)

‘See Reference 2.
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Effective permeability may be calculated from the following expresaion:

Pa 1 -=9)
M, = core material permeability

Curves which have been plotted for values of lgllm from 0 to 0, 005 are
shown in Figure 4-4,

100K ' T " T ! j ' YL 0,1
XY 0.1%
S %
20K | by, Am 0.5
Whmmlg= cHective air gap
& 1y, mean ore length ) g 1o 10'4
) 10K L Nate: Curves neglect stacking laclor g8 1 N ]
) and fringing flux. Afr gap and / 1.5
L materlal crossesections assumed 28 2'0
é to e equal, .
& F# «f 3.0 )
S )
EX = 2
%3 i
& o
g_-' Q 1K 10
E & 15
[=]
B 5
E 400 | 530
50
200
100 G /’_]7

. A L ) L ] 1
100 200 400 1K 2K aK 106 20K 40K 100K 200K 400K 1M

PERMEABILITY OF CORE MATERIAL, & m
ORIGINAL PAGE 15

Fig. 4-4, Effective permeability of cut core oF POOR QUALHY
vs permeability of the material

The effective design permeability for a butt core joint structure for material
permeabilities ranging from 100 to 1,000,000 are shown, Effective permeability

variation as a function of core geometry is shown in the curves plotted in
Figure 4-5,

After establishing the required inductance and the dc bias current which
will be encountered, dimensions can be determined. This regquires

4-8
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consideration of the energy handling capability which is controlled by the area

product A _,
* P

and

in which:

The energy handling capability of a core is derived from

Lﬁ = B [ watt seconds | 4-10
5— = Energy wa 5 (4-1C)
;i‘ 10K =T T T T Y T T T T T T yr—
> KT MINIMUM DESIGN PERMEABILITY FOR 1
= gkt SILICON "C" CORES AT 60 Hz, 1.0 TESLA :
2 |
=
g_, K|
w 5K 4 mil MATERIAL
= . -
= aK
= xr 2 mil MATERIAL ]
S x| A S2.50¢m x 2.54cm |
=
g K "
E 0 i 1 J 1 1 A Il H 1 AL 1 1

0 2 4 6 5 10 12 14 16 18 20 22 24 26 28
MEAN CORE LENGTH, cm

Fig. 4-5. Minimum design permeability

4 1.16

A = /Z(Eng)x 10

4 -
P \ B KK, [em®] {4-101)

maximum flux density (Bdc + Bac)
(', 4 (Chapter 6)
(See Chapter 2)

energy, watt seconds
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E. DESIGN EXAMPLE
For a typical design example, assume:

1, Inductance 0,015 henrys
2. dc current2 amp

3, accurrent 0,1 amp

4, 25°C rise

5, Frequency 20 KHz

The procedure would then be as follows:

Step No, 1. Calculate the energy involved from equation (4-10):

2
LI
Eng = > (4-12)
2
Eng = 0:015(2.0)
Eng = 0.030 [watt seconds]

Step No, 2. Calculate the area product Ap from equation (4-1}):

4

4 lo 16
2(Eng) X 10

P Bm Kqu

[em

!

1. 16
= 3,80 [em¥4]

[ 2(0.03) x 104
P~ \(1l.2)(0.4)(395)

A core which has an area product closest to the calculated value is the AL-10
which is described in Table 2-6, Chapter 2, and Appendix 4B. That size core
has an area product A of 3,85 c:rn4 (AC = 1, 34 eff, em® and Wa = 2,87 cmz).

After the A_has been determined, the geometry of the inductor can be
~evaluated as described in Chapter 2 for weight, surface area, volume, and

appropriate changes made, if required.

4-10
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Step No, 3. Determine the current density from:

_ -0, 14 4-13)"
J = KjAp { )
J = 395(3.80)'0' 14 328 amps/cmz

Step No. 4, Determine the wire size from:

Idc:
Wire size = 3
amp/cm
. . 2 2
Wire size = 355 = 0.00609 [em#]

Select the wire size from Table 6-1, column A, Chapter 6, The rule is
that when the calculated wire size does not fall close to those listed in the table,

the next smallest size should bhe selected,

The closest wire size to 0, 00609 is AWG No, 20

Area = 0,005188 (bare) [em?2]

Step No. 5. Calculate the number of turns.

The number of turns per square cmi for No., 20 wire is 98,9 based on

60% wire fill factor data taken from Table 6-1, Chapter 6, column J.
effective window X turns/cm2
2,58 X 98,9 = 255

Total number of turns = 255

“Derivation of equation (4-13) is shown in Chapter 2.

4-11
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Step No, 6. The air gap dimension is determined from equation (4-6)

by solving for lg as follows:

0.4m N°A_X 107°
1= - (4-14)
o L26(255)%(1,342) X 1078
g (0.015)
1y = 0, 0733 [cm]

Gap spacing is usually maintained by inserting Kraft paper. However this
paper is available only in mil thicknesses, Since lg has been determined in cm,

it is necessary tn convert as follows:

em X 393, 7 = mils (inch system)

Substituting values:
0,0733 X 393,7 = 28.8 [mils]

An available size of paperis 15 mil sheet, Two thicknesses would therefore

be used, giving equal gaps in both legs,

The effect of fringing flux upon inductance can now be considered. As
mentioned, the data shown in Figure 4-3 were developed to show graphically
the effect of gap length lg variation on fringing flux. In order to use this data,
the ratio of 1 _to window length G must be determined. For the AL-10 size,

Table 4. B-8 shows a G value of 3,015 em. Therefore:

1
g _ 0,0733 _
& = 315 = 0.0243 [em]

and accordingly

G _ 3.015

\/A—c 1,14

4-12
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The {ringing flux factor F from Figure 4-3 may be stated:

F: 1:28

The recalculated number of turns can be determined by rewriting

1
) \f 5
:
0'4"ACF X].O

and by inserting the known values

N = (0. 0733)(0, 015) g = 226
(1,26){1,342){1, 28) X 10"

Step Nc. 7, Calculate the ac and dc flux density from equation (4-4)

equation 4-8;

0. 4nN(1,  + —‘%—I) 1074

B = = [tesla]
max 1
g

-4
_ (1.26)(226)(2 + 0.05) X 10 _
Brax © (0. 0733) [tesla]
Bliax = 0,793 [tesla]

Step No, 8, Calculate core loss, This may be determined from

Figure 4-6, in conjunction with the equation helow:

0. 4nN%I- X 1074
B =

ac 1
B

[tesla]

4-13
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 (1.26)(226)(0, 05) X 10°%

e
1

ac 0.0194 [tesla]

The ac core loss for this value can be found by reference to the graph
shown in Figure 4-6 which is bascd upon solutions of the following expression

for various operating frequencies:

milli'watts
P = "gram XW

fe t

Referring to Table 4,B-8 for the AL-10 gize core, the welght of the core is

110 grams. The core loss in milliwatts per gram is obtained from:

P, = (2.1)(110) = 230 [milliwatts]

Step No. 9. Calculate copper loss and temperature rise,

The resistance of a winding is the mean length turn in em multiplied by

the resistance in micro ohms per cm and the total number of turns, Referring
to Table 4. B-8 for the AL-10 size core for the mean length per turn (MLT)
and the wire table (Chapter 6) for the resistance of No, 20 wire then:

6

K = MLT XN X(Column C) X & X 107 (2]
R = 8,33 X 226 X332 X1.098 X 10°°
R = 0.686 [a]
Since power loss is Pcu = IZR,
P = (2)2(0.625) = 2,75 [watts]
PE - Pcu * Pfe g%lgg)%ggﬂg

4-14
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2.74 + 0,165

o
i

P, = 2.90 [watts]

From Chapter 7 the surface area A, required to dissipate waste heat

(expressed as watts loss per unit area) is!

¥ = 0,03 W/cmz at 25°C rise

Referring to Table 4,B-8 for the AL-10 size core, the surface area At is

79,39 em?,

= 0,0365 [W/em?]

which will produce the required temperature rise,

(In a test sample made to prove out this example, the measured inductance
was found to be 0.0159 hy with a resistance of 0.600 ohms at 25°C and a
resistance of 0,647 Q at 45°C.)

With the reduction in turns resulting from consideration of fringing flux in

some cases the designer may be able to increase the wire size and reduce the

copper loss.
This completes the explanation of the example.

Much of the information which the designer needs can only be found in a
scattered variety of texts and other literature. To make this information
more conveniently available, helnful data has been gathered together and
reproduced in Appendix 4. B which contains 20 tables and 22 figures. The

index has been prepared to make it possible for the designer to readily locate
specific information.
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1000 T T T T 111
100 —
10 em

]

2 mil MAGNESIL i

1.0 ANy 1 [ N i}

.01 0.1 1.0 10

FLUX DENSITY, tesla

Fig. 4-6. Design curves showing maximum core loss
for 2 mil silicon "C" cores

4-16



17-35

APPENDIX 4-A
LINEAR REACTOR DESIGN WITH AN IRON CORE

After calculating the inductance and dc current, select the proper size
core with a given LIz/Z. The energy handling capability of an inductor can be
determined by its area product A _of which, Wa is the a:vailable corc window area
in cmz and Ac is the core effective cross sectional area cmz. The WaAc or
area product Ap relationship is abtained by solving E = Ldl/dt as follows:™

_dl_ . do
E=L$G=NG (4. A-1)
dé
L= NGF (4. A-2)
$=B_A (4.A-3)
(& WI
B_ = T (4. A-4)
¥
1 +]L
$4
pNIA
¢ =T {4, A-5)
] ¢+
E By
a6 P NAL
-T = —2 1c t (4. A"é)
.
2 ¥ (P
2
p NT A
L=Nc—l-1-=—9——1-‘3-r (4, A-7)
R L
g g

% 1
‘cSymbols marked with a prime (such as H ) are mks (meter kilogram second)
units,

4-17
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I3 Bm is specified,

1 t
Solving for {L,' + L./ e,)

L) i
. 1 )= g KLlWa I
g K B

/ m

4-18
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Substituting into the energy equation

B 2 (F*olquwa;{) A
m B c

4 y = m » - 4
Eng ™ {4. A-14)
o
B %A u K W
Eng = “; € x ‘I‘S 2 {4, A-15)
Ko m
B K wW'tran
Eng = —2 4 h— (4. A-16)
let
Wa = window ares, cmz
Ac # core area, ¢m
J = current density, amps/cmz
H = magnetizing force, amp turn/cm
1g = air gap, cm
lm = magnetic path length, e¢m
_ -4
Wa' = Wa X 10
B ~4
AC' = AC X 10
o= Jx104
-2
lm' = 1. X10
-2
1t =1 x10
g 8



7?'0 3‘;

Substituting into the energy equation

W A B JTK

Eng = ~2-S M4 » 1074 (4. A-17)
Solving for Ap =W_A
Ap:i—@%ﬂlé— x 10% (4. A-18)
m u
Combining equation from Table 2-1,
7= ga O (4.A-19)

yielding:
2{fing) x 104
A, = ' / o (4. A-20)
KB _ \I(J.Ap )
5 0.86 _ 2(king) x 10 4 A2l
P 1'{1.1131*111“j
_ {2(Eng) x 10% 1.16[ 4
Ap = BT cm (4.4A-22)
u m B
pasE I8
ORIGENAL “0F iy
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APPENDIX 4.1
C CORE AND BOBBIN MAGNETIC AND DIMENSIONAL SPECIFICATION

A, Definitions for Tables 4. B=~1 through 4. B-20

Tables 4, B3~1 through 4, 13-20% show magnetic and dimensional specifica~

tions for twenty C cores, The information is listed by line as:
1 Manufacture and part number

Units
Ratio of the window arca over the iron arca
Product of the window areca times the iron arca
Window areca Wa gross
Iron arca Ac effective

Mean magnetic path length lm

o =3 o ;e W N

Corc weight of silicon steel multiplied by the stacking factor
9 Copper weight single bobbin
10 Mecan length turn
Il Ratio of G dimension divided by the square root of the iron area {Ac)
12 Ratio of the W_ (eff)lwa
13  Inductor overall surface area At
14-17 "C" core dimensions
18 Bobbin manufacturer and part number***
19 Bobbin inside winding length?
20 Bobbin inside build?
21 DBobbin winding area length times buila®

22 DBracket manufacturer and part number??t

B. Nomographs for 20 C core sizes

Fipures 4.B-1 through 4. B-20 are graphs for 20 different "G" cores, The
nomographs display resistance, number of turns, and wire size at a fill factor
of KZ = 0.60. These graphs are included to provide a close approximation for

breadboarding purposes,

“References 3, 4.

" The first number in front of the part number indicates the number of bobbins,
TDorco Electronics, 15533 Vermont Ave.,, Paramount, Calif. 90723,
ttHallmark Metals, 610 West Foothill Blvd., Glendora, Calif. 91740,
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Table 4,B-1.

77-3%

NG core AL-2

“C' CORl AL?
T LNGLISH METRIC
L Warte )b A
[ WA Camn 8 0265 cnf
[ DM L cn?
At teltective) TR 0; e
Im ~ 223 it .61 i
torf wr | 0.02?2 M 12.21 (ams
COPPIR WT 03 Hy 16.87 grams
* MLT FULLWQUND ] 447 o
o/ VAL T o
Wa (olivctivel Wa___ | 0036
AT C. . _AB0 mi 24.56 e 8
D 0.250 in 0615 crt
e e e 1T e e
F _. D20 in 0.615 om
6 0625 in 1,687 cm
BOBRIN DORCO CLECTRONICS = 1-L-2
LENGTI g‘ﬁﬂu o . 1473 em
BuILD 0.225 in 0.871 [=l]
* Wa trifeetived 01wt 08l ____en?
BRACKE T BALLMARK METALS » 0401003

s

=T

- [OK

" GRACKET + ' BRACKET
BOBDIN - HOBBIN
TUNNS
i 100 7,08 \OK
" - - . e o
¥
1
1
!
. 1. | i |
X i H
i i .
;, - 4
1 X 1 I
SRR - .
A RS A BRss
R / RS '
RSN ELE R 4 :
! [ P
{ Eobei it 44
RN !
L l oy i \ i . e -
N I ! l L1 ;
Fig., 4,B-1. Wiregraph for "C" core AL-2
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Table 4.B-2. '"'C'" core AL-3
"G CORE AL-3
" EHGLISH METRIC
Wwa/Ac 5233
Wa n A 00098 a2 0410 em?
Wa J‘“‘L——‘?r-
Ac {ollective) 0083 _in 0406 em?
lm 2.1 in 58N R
CORE WT 0.04 i 18,12 grams
COPPER WT M2 Ib 19,26 grams
* MLT FULLWOUND 2.01 In 5,10 om
6/VAc 249
Wa (eftective) AWV 0,836 |
AT 421 27.58 em?
D 0375 In 1.952 em
3 0.187 In 0474 em
F 0.260 n 1,635 m
G 0625 In 1.687 cm
BOBRIN DORCO ELECTRONICS »  1-L-2
LENGTH DS in 1473 o
BUILD 0225 In n.671 en
% Wa (ellective) 0.130 in 0.841 en®
BRACKET HALLMARK METALS ¥  06.010.03
I L] S L g .
(L1 _Er I ' %
C G
11l i
7 kL
/‘
A=t A=
Z /. BRACKET /. C-BRACKET
ROBBIN ~BOBBIN 1 Gm }ﬂ.:
TUANS
o 160 1.0k 10K
— 10k
1 | |-
1,0k
// i
P — 100 g
pd - 2
i g
e N s
v — 0
N —1.0
L -

Fig. 4.B-2.

4-23

Wiregraph for "G'' core AL-3
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Table 4. B-3|

17-35

"C" core AL-5

"L CORE AL-8
ENGLASH METRIC
Wa/Ae 23]
Wa ¢ Ae 0.0t m: p.I§) __ ¢m
Wa 0.218 1423
Ac {alfrctive} Q.08 4‘“7’“ cm
Im 131 in 145 em
[___core WY 0067 _Ib 04 grams |
COPPER WT 0843 b 8.2 grans
* MLY FULEWOUND 213 in 542 o
G/ VAc_ 3.0
Wi latlecrivel Wa 0.04)
Ay BO0 it Y cmd
[ 0.225 in 0.852 o
E 0.250 in 0835 m
F Q.20 in 0,835 tm
G 0.876 In a2 cm
BoBBIN DORCO ELECTRONICS & L6
LENGTH 0.830 in .11 cm
BUILD 0228 n 0.5 em
* Wa (alfective) DA int 1.20 4"1—'!
BRACKET HALLMARK METALS + DE-DV2-0H4
F o

v AT

- BRACKEY
BBIN

x

1L

=

--B0

« - -BRACKET
BIN

TuANs
10 100 1.0k 10K
1,00
y [
// i
- 100
pd 3
A
A — 10
pd X
) -
/' —1.0
ra
] f — 0.1
¥
d - L
A1 -

Fig' 4-B'3.
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Wiregraph for '"C'" core AL-5
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Table 40 B-4l

77=-35

"C" core AL-b

"C" CORE ALE
ENGLISH METRIC
Wa/Ae B 176
W« Aa 602 i) 101 o
Wa 0.210 ¢ 141 et
Ac (elfective) g.111 in oG . en?
Im 2013 n 145 m
CORC WT 0.091 Ity 4.2 grams
COPPER WT 0714 ib 2.8 qrams
* MLT FULLWOUND 238 in §.00 (4]
G/ VAe 203
Wa (affactivel Wa 0,943
AT 550 e 410 cn?
b 0.500 in 27 em
E 0.260 In 0,636 2]
F 1.250 In 04836 iMm
G 0.416 in F¥ 1] cm
GOBEWN BORCO CLECTRONICS & 1.L6
LENGTH 0.830 In 211 m
BUILD 0.226 in 0.671 cm
¥ Wa nHoctive) 01852 120 ot
BRACKE T HALLMARK METALS = 0B012.04
ol Jok

[

inl

1
|

=

:

Pl é
!

AL

=i

- BRACKET & - BRACKET
. pOBRIN 'BOBEIN
TURRS
10 {0 1.08 19X
- A//
e A i
. : /r/,
- ot - _‘; } /4-/ .
ye L
- f e 1 L
T // - i 2
Sihi a2 en 1 N AL
! :‘ = N T b H
‘,ﬁb.a...‘,_._[. //4__. S ‘..T.J_ N 4+
r__._. e y e d 4] _.M.LWW,
: .,
/ | | |

Fig. 4a B"'4-
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Table 4: B'5a

77-35

"CH core AL-124

“C* CORE __ALIN
_ENGLISH WETAIC
Wa/he 1.50
Wa s A¢ 00347 |} 544 J
Wa _a3n m,__m_:;
Ac (ollective) atn i [T o
L] 338 _n 4 o
CORE WT 0.101 Ib 487 b
COPPER WT [X]11] ib 52.13 gams
[* MLY FULLWOUND 28 i XN o
G/ 190
Ws lsHaerl ‘% o.878
AT ] %)
b 0k in 13 o
3 0.260 in 1838 om
F A In 0.19% 2
] ) in FY ) [
BOBBIN DORCO ELECTAONICS & 1114
LENGTH [1]1]) in 2436 -]
—
BUILD ) n om om
* Wa lalfective) 0278 H
BRACKE Y HALLMARK METALS #  OBDI3-04
el F o —l O = =l F b 1 -il_u.l—
([ A

g

M

ol s\

r
g;-_L.
ARACKEY

BRACKETY [y
BOBAIN AOBBIN
TURNE
1.0k DK
)
Lt
= [N
Va

pd - o

( f=

| -

A :— i}
7]

jV —1.0

1“/ -
— 0,1

A .

> -

P
-
== 0.01

Fign 40B"5o

Wiregraph for ""C'" core AL~124
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HC" core AL-8

'G" GORE AL-8
ENGLISH METRIC
Wa/hc . .18
Wa 4 Ac 0088 i x| w?
Wa 04 L 207 émi_ﬂ
Ac {elfertivel 0.125 B _cin
th 4.108 in 10.6€ 34
CORE WT 047 b 68.58 yrams |
COPFER WY 0180 a1.1 grams
* MLT FULLWOUND 21 I 108 1)
G/ VAe 3.8
Wa {effecilve) /Wa 0.608
At 1, ‘ 128 cn®
] 0.27% In 0.852 em
3 0376 in 0.852 em
F 0376 in 0.952 tm
G 1987 In 3015 em
BOBBIN QORCO ELECTRONICS {48
LENGTH 1,142 In 20 on
BULLD 0350 _in 0.469 tm
*iwn felfoctive) 0399 |"2 2 618 sz
CRACKET HALLMARK METALS ¥ 0610208
o P .; |. o F

[

=

[l

_I_
A

L]

-
i
1

WIRE SIZE

k)

F

2

u

u

—) . Jo =
/ / BRACKET . 7 BRACKET
< moBBIN «-"BoBBIN
ORIGINAL RAGE IS
TURNS OF PQOR QUWALITY
ok
P i
I -_-IW
pal g
/ —10 o
-
e _ g
// :—I‘O
e 4 “
’ __ '
P i

Fig, 4.B~6, Wiregraph for "C" core AL-8
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Table 4,B-7.
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nC" core AL-9

"G CORE AL-3
CROLISH METRIC
Waske 137
Wa a Ae [T ) ;g;__,
[ Akt m;_____mn_.._q:u}_
Ac (wflective} 1.187 in' 1412 cm
tm 4.100 In 10.88 cm
CORE WT 107 ib 89.2 ffams
COPPER WY 0.188 b 0.0 Qrams
* MLT FULLWOUND 302 In 169 cm
G/ YA 290
Wa {eileciive) Wa 0.008
Ay 1205 ia* 038 on?
[} 0500 1.7 ot
E 0,375 in 0.862 ©n
F 0376 1 0862 cm
6 1197 i 3015 em
DOBBIN DORCO ELECTRONICS » 119
LENGTH 1142 In 2.90 m
ayiLD 0350 __in 088 cm
* W {effectivel q in® 2478 em? |
BRACKET HALLMARK METALS *  08-102.08

dep |

o

~

=

_i_
4

v

A

7

BRACKET

o
=

‘w4~ BRACKET

£ BOBBIN - pOpBIN
TURNS
19 100 1.0K .
= 1.0K
Z B
>
— 100
/ ’—IO
L~ R
// -~ 0
j’i X
/ — .1
LA N
e X

Fig. 4- B"7o
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Wiregraph for "C'" core AL-9
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Table 4,B-8,

77-35

"CH core AL-10

(L1

il

“¢* CORE ALTD
CHOLISH METRIC
Wa‘Ae 166
Wa xAc 0007 ot 3186 e
Wa 0445 ? 2010 g
Ag (elluctive) . in 142 en?
| Im XTI 1066 e
CORE WT 0,243 Ify 19 grams
COPPER WT 0213 Ik 00 4 aramh
* LT FULLWOUND 321 in 833 en, ]
RS 2603
Wa hlluMMn 0,808
Ay 10w B9 om?
7} [} 1.587 o
3 BA15 0952 cm
T F 0315t 0857 c
G 1181 in __as cm
BOUBIN DORCO ELEGTRONICS » 1110
LENGTH 1942 280 L
BUILD 0360 in 0689 m
* Wa {effective) 03 it 2578 em®
BRACKET HALLMARK METALS * 070102-06
frp | dop L

t]

WIRE S1ZE

3B

kL

n

n

k)

n

. BRACKET « - DRACKET
.- BODEBN « - BOBSIN
TURNE
0 00 1 0K 10K
T T -
-
T - 1.06
/ - 00
N I OO 00 1 1 ok » -
o Ar*m« —_— _JL // )
Y N , e e AN o
J v -
S — oo 1 Lt
- | -
- d A
i A L] i )
pad : -
L -

Fig. 4.B-8,
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Wiregraph for '""C'" core AL-10
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Table 4,B-9,

77=35

NG core AL-12

"C* GORE AL-12
ENGLISH METRIC
_WIMG: 2.67
Wa x Ac 0108 0 48 gmd
Wi 0,683 @ 38 J.;:
Ac (effoctive) 0195 in 126 £m
Im 453 in 18 e
CORE WY 0w 1 gram |
COPPER WT 0.29% 15 133.7 Gramy
* MLY FULLWOUND 16 ip 900 [
G/ VAc 2.56
Wa (e!leciive} /Wa AR
At 1661 _in* 1¢0.] tm?
p 0.500 in 1.27 [
E n417 in 1.1 em
F 0.600 In 1,27 cm
o 1136 In 2,857 cm
BODBIN UORCO ELECTRONICS ¢ 1.L12
LENGTH 1.08 in 274 tm
BUILD 0476 n L em
* Wa lefleciive} 0613 Int 314 em? |
BRACKET HALLMARK METALS # 0__!-!05-0?

—a

=

D '"Ff"
|

~

H

:
I
1l

T
L

[

M /Jo

£ wot

- BRACKET
N

¥

BOBBIN

-

* BRACKET

TURNE
1p 100 1.0 10K
A 1ok
/ R
v — 10
) N
7 i
/1/ i|—e E
A . g
/’/ _—1‘0
/ — 0.1
|~ -

Fi.g- 4. B'gc

4-30

Wiregraph for "C" core AL-12
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Table 4,B«10, '"C" core AL~135
" GORE AL 136
THGLISI] ML TRIG
Warhe 280
Wa ¥ A 0123 ot 5.14 e
Wa T T T
he {eHective) y.195 ip .26 am?
in 4.048 n 108 hl
CORE_WT 0.261 i 114 uramy
COPPLR W T 032 159 grams
* MLI FULLWOUND AW, e 9.60 cm
G/ VAc 2.56
L e ttucton) 0.015
Ar it 10 and
D nsn, o 1.27 e
E 0437 In 11} cit
F 0582 In 143 om
4] 1126 in 2.857 o
BOBBIN DORGO £LCCTRONICS +  TL-135
LENGTH 108 214 ot
BLILD 0537  w 1,18 o
* Wa Lelfective) 0618wt 1M )
BRACKET HALLMARK METALS = 0810707
Pl I i | o}
N £ 1
G
. 1L
Job
.- HRACKET a - BRACKET
* BOBBIN * BOBBIN
TUMNS
10 100 {.0K LK
I 10K
B "

L \. 1.0k
A N BN 1 }7/ -
I I L e i

4( ,/ — 10
- -1 -
1
) P -
N —— . L I
§ .4/ ]
T // - 1.8
:-O.l
/, - g Al -
v | I | i

Fi.g' 40B"10|

Wiregraph for ""C'" core AL-135
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Tabla 4; B"‘lll

7735

n"CY core AL-78

"G GORE AL-78
ENGLISH METRIC
WarAc T 1.00
Wa x Ae 0,148 1n 8.07 4
Wa 00  10° P
Ac lelfective) g € 124 eme
tm 6831 In 14.88 o
CORE WT 0.3 Ib 1654 granis
COPPER WT w1 (1] 160 grams
* MLT FULLWOUND i in B.16 cm
G/ VAe [YH
W (vifective) e 0.006
AT 14.99 in® 1096 em?
4] 0.760 In 1.81 cm
E 0313 in 0,985 cn
F 0313 in 0,785 cm
g 2260 _n 516 om
BOBBIN DORCO ELECTRONICS ¢ )-L-78
LENGTH 2.206 In 5.60 i
BUILD 0.288 in 4.1 cm
* Wa {elfectivel 1635 in* 4,10 ot |
BRACKET HALLMARK METALS ¢ (01201505
o F P pf-  Ff | o

=
_i_ I
">ij

/- BRACKET
-~ BOBBIN £-g0BBIN

\—

WIRE SIZE

%

n

"
o

Y
=

]

TUANS
1) 100 oK 10K
== 10K
/_—I.OK
/// 1w
/ 1
Ve —10
//’ "
il
i
- 1.0
e g :
g -
, -
P

Fig. 4¢B"11-
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Wiregraph for ""C* core AL-78
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Table 4,B-12,

"G core AL-18

6" CORE AL-18
ENGLISH METRIC
Wa/Ae 5.08
Wa At TS 787 em?
Wa YT 830 ¢ 2|
Ac (ellective) 0104 in* 1357 em?
I 5048 in 14.34 am
CORE WT 0305 138 qiani
COPPER WT 055 b 20 __grane
* MLT FULLWOUND 246 in 751 on
G/ VAg 3.602
Wa {eleciival /Wa 0,800
At 193 |n° 141.60 cn?
[ 0600  in L2 em
E 0437 i 1111 cm
F 0625  in 1.587 [0
G 1562 n___ 1921 o
RODEIN BOACO LLECTRONICS & 1L-16
LENGTH 1487 in 1802 cm
BUILD 0590 o 1488 ©m
A o (ellectived 0880 in? 5602 cm2
BRACKET HALLMARK METALS *  DB.108.07
o F e ol

| 'ii]"
1
=

+

G

I

':JI:L

¢ BRACKET + - BRACKET
HOBBIN ' HODBBIN
TURNS
10 109 10K 0K
-~ 10K
- R . ot o — -
-+

- . g

2

Fig. 4.B~12.
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Wiregraph for ''"C'" core AL-18
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Table 4.B-13, “C" core AL-15

*CY CORE AL1B
ENGLISH ME TRIC
Walht 2.50
WaxAc 028\l 9.0 m?
Wa nIel ot 501 cn? |
Ac [elfective} 0210 i emd
) 5,508 n 14.2 &m
CORE WT 0438 Ib 191 grami
COPPER WT 048 I 203 grams
* MLT FULLWOUND 397 in 10.08 cm
G/VAc 2,88
Wa [atfacilval /Wa 0,881
AT 21,01 1254 gm?
o D82E 4‘&__1 1583 _em
t 0500 In 127 m
F 0.500 In 1.27 cm
& 1.562 In 3.067 cm
BOBAIN DORCO ELECTRONICS ¢ L%
LENGTH 1487 In 3.80 cm
BUILD 0465 in L8 tm
* Wa (effectivel 0888 in 4,49 em®
BRACKET HALLMARK METALS ¢ (1010808
el

L Aok debr L e
1 i

BOBBIN ‘- Bog

WIRE SIZE

k[

2

]

%

. TURNS .
P
//
/
/]
’//(
)id
i
/
A

Fig. 4.B-13.
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Wiregraph for "C'" core AL-15
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Table 4¢ B"l4l

77-35

"C" core AL-16

“C" CORE, AL
ENGLISH MCTRIC
Waihc 208
Wa x Ac 0.26 int 10.8 4
Wa 9781 ¢ 5037 emd |
A {elfoctive} 034 jn? 215 oné
im 5.608 in 14,2 o
GORE WT 0,519 Ib 236 grams
COPPER WT 0476 Ik 218 grams
" MLT FULLWOCND 422 10.72 e
G/ VAc 2.70
Wa (sMective] AWWa 0.8H
At 221yt 1433 em?
b 0050 in 1905 en
3 0600 in 1.21 on
F 0500 In 1.27 o
a 1662 In 3987 ¢m
GoBEIN BORCO ELECTRONICS ¢ 31-16 |
LENGTH 1407 _in .80 em
BUILD 0466 in 118 o
* Wa {clfsctive) 069t 449 P
ORACKET HALLMARK METALS ¥ 012.108.08
~ e | Aok el | Ao
(L 1) i E
:{. }:
) /o =
/- {- BRACKET ‘e L-pracker
~ noBpIN < BUBBIN
TURNS

1.0K

-_—I.DK

’ / — |30
Pd j

pd .
1 -
/,/ .
r/ i

- 1.0

1]

Fig, 4.B-14, Wiregraph for ""C" core AL~16
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Table 4.B-15.

77-3

5

nC! core AL-1"

“C" CORE ALIT
ENGLISA METRIC
Wa/Ac 1.56
Wa x Ac 0.35 i 14.4 e
Wa 081 in® 5037 on’ |
At {elfective) 0445 In° 2810 em?
i 5.688 In 14.2 m
CORE WY 0.693 1 k1L grams.
COPPER WT 0.633 Ih w1 qgrami
* MLT FULLWOUND 4,72 n 11.89 tm
0/ Vae 2342
Wa (aifactive} Wa 0801
AT nE___we 156 en?
D _ 1.000 n 54 cm
E 0.600 in 1.2 o
F 0.600  In 127 cm
G 1542 _ in 2.967 e |
BOBEIN BORCD ELECTRONICS » {117
LENGTH 1,497 in 3.80 o
BUILD 0466 in 118 o
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Table 4. B-16, "C" core AL-19

WIRE SIZE
2 ¥ B B B £ B ¥ &

-
b

“CH CORE AL-1B
ENGLISH METRIC
Wa/Ae - 186
Wax Ac 0435 iy 18,1 4
Wa 0an i .30 Py
Ac ellectived pAd5 _in® 281 em?
i 6838 in 1.4 om
CORE WT 0.724 ] 328 grams
COPPER WT 0.731 14 332 grams
¥ MLT FULLWOUND [Al [1i] 12.98 m
8/Vae 234
Wa {eitrctive) e 0.903
AT 82 inf 182 en?
D 1000 in 7.5 e
£ 0500 In 1.27 cm
F 0826  in 1.687 cm
G 1.662 i 3.967 £m
DOBRIN OORCO ELECTRONIGS & L1419
LENGTH 1487 in 3.80 et
BuILD 0590 1n 1498 em
"7 Vin lefleciivel 0883 _in® 5 P
BRACKET HALLMARK METALS + 1011008

AT

feb | Aok Ar

i

ml

T
L1l Ll
=

_T_

g

/ BRACKET a - BRACKET
- BOBBIN < BOBBIN
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1] 1] 1,1k 10K
l
[l - oK
- 1.0K
/’:
- 1)
/ — 10
P N
A .
//
,/
—1.0
/ 4 -
/ d -
— 0,1

Fig. 4.B-16,

4-37

Wiregraph for "C" core AL-19
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"C" core AL-20

"C" CORE AlL-20
ENGLISH ME TRIC
Wa/Ae 1.b6
Wax Ac 0.643 In: 228 e
Wa 0877 ip ]
Ac lellcclive) 0668 in° __ML...._..__%"
I £.228 In 168 tm
CORE WY 0.965 I 437 grams
COPPER WY 0.767 Ih 348 grams
* MLT FULLWOUND 5.6 In 13.62 e
G/ VAe 209
Wa (stfective} Va 0.503
Ar a7 w? 208 em®
1] 1.000 in 2.4 em
E 0825 I 1.587 cm
3 082 In 1587 em
G 1.662 In 3.407 m
BOBEIN 00RCQ ELECTROMICS & 1.L.20
LENGTH 1497 in 3.60 &m
BULLD 0.590 in 1,488 et
*Wa [eflective) 0.883 in 5.65 -
BRACKET HALLMARK METALS * 10-114-010

e

b
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Table 4¢B‘180

=t

"gY core AL-22

¢ CORE AlL-22
CHGLISH MEIRIC
WwalAo 1.04
Wa x At 0692 200 ot
Wi ETIT LEM gnt
Ac tellective) 0556 ity 308 . cm 2
fm §.978 th 11.2 cn
CORE WY 1.08 I 440 yrams
COPPER WT 0061 I 416 1rams
* MLT FULLWOUND §.38 h 1362 o
G/ VAc 2,598
Wa (offectiva] Ma 0.012
AT 363 ne 228 e 2
+ 1.00¢ 1] 2.54 om
L 0825 in 1,587 tm -T
F 0.826 i 1,537 [
G 1.031 4.2 crn
BOBBIN DORCO CLECTRDNICS * 1422 N
LENGTH 1872 in 4.76 em |
BUILD 11590 n 1498 cm_ |
* Wa {effectivel 1.10 0l 112 m,!
BRACKET HALLMARK METALS * 10 114-010
\ 1
drk ) doe ol A A
SRLEEE
( F— “T‘ [ l :‘\3——?—- . :
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Fig. 4.B-18, Wiregraph for ""G" core AL-22
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"1GH core AL-23

‘© CORr AL 23 —
THNGLISH ME TRIC
Via ’a\s e t.85
Wa e 084t mz_ 306 tm‘;
T 120t | aR04
T S T TR S T R
m b.08 an p1.2 tm
CURE WT 1,352 1a 612 arams
COPPER WT 1.068 1 47y grams
T MLT FULLWOUND b.86 in 14.89 cin
Grvhe ) 297
Wa tllfuélin] AW 0,012
AY wy____yt 28 cn?
1] 120 m 3135 o
4 BEXS 1.687 on
F 525 in 1,687 tm
4 1937 e L_am cm
T L0 T S
[ T uINGTH 182 4 on
DyiLD 0690 m 1408 cm
* Wa (effrctive! 110 11z o
URACKET HALLMARE BETALS « 13114010

anal

-F

’
f=ns

'l’_ﬂ_f

[

I
I

) el Jeb 28 15
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Table 4.B3-20. "C" core AL-24

"€ CORE AL-24 _
i [NGLISH ME TRIC
Wahc_ —— an
WawhAe [T pgez w0 | 4D e
Wa_ o an BT NS
A¢ felfoctive) 0858 in® LS4 em? |
I 180 200 en
CoRe W 120 I 5 arams
COPPER WT 1.501 I 1] gramy |
* MLT FULLWOUND 575 " 102 e
6/ VAE L1
W [eliective) W 0.82p
AT 25 o? 2818 en?
[ 1000 i 254 o
£ bEs 1607  em
F 0150 in 1908 em
G 2313 in 5 025 it
BOBEMN DCRCO ELECTRONICS 4 1124
LENGTH 2248 n 53 cem
BULD 0.1 n 1.818 etk
& wa (eligctive! 1g07__ wl 1037 em?
BRACKET HALLMARK METALS * 10-200 010
- ' r.

'p.‘ ,{ro‘.
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Fig. 4.B-20, Wiregraph for "C" core AL-24

4-4)




“g

AN

1000KC %

OF POOR QVALITY

ORIGINAL RAGE IS

100KC

EFit

77-35

10KC

[}
B BN
RN W T N
; NN,
oy
| XD X4
) \.sN... N,
;\n\ AT
- * -
S
- o 5
» 7, 2
& S AN
Tl Y& Y [
Y \
h // 4 » ¢ h 3 1\\“\
3 Af‘.-’
=, N Y
AN S . R
2 - N N : b,
NN LN P2
_ .\.._-\ A\ ¥ . )
b ;\\- .\.\‘
RO ,e\... &

4-42

X

M-

-t

(P R
1000~

Graph for inductance, capaciiance, and reactance

p

e
4

.{u

100~

111",

1,000,0000
100,0000) |=

Fig. 4.B-21.

rEn By

10,0000

10~

019



£h-¥

ENERGY,

0.1

0.01

0.001

r .
i
i

A = (Z{Eng} x 10*

“p B X K.
b m u ] I

1 i ] i ] ! [ 1 i r + i 1 f Ly 1 1

0.01 0.1 1.0 10 100 1000

AREA PRODUCT, A em?

Fig. 4.B-22. Area product vs energy LI2

2
B = 1.2 (tesla)
m
K = 0.4
u
Kj = 395

ge=LL



1.

17-35

REFERENCES

Molypermalloy Powder Cores., Catalog MPP-3035, Magnetic, Inc.,
Butler, Pa,

Lee, R,, Electronic Transformer and Circuits, Second Ldition. John
Wiley & Sons, New York, N, Y, 1958,

Silectron Cores Bulletin SC-107B, Arnold Engineering, Marengo, Iil,,
undated.

Qrthosil Wound Cores Catalog No, W102-C, Thomas & Skinner, Inc.,
Indianapolis, Ind,, undated,

4.44



77-35

CHAPTER V
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A, INTRODUCTION

Inductors which carry direct current are used frequently in a wide
variety of ground, air, and space applications, Selection of the best magnetic

core for an inductor frequently involves a trial-and-error type of calculation,

The desigp =i an inductor also frequently involves consideration of the
effect of its muguetic field on other devices near where it is placed, This is
especially true in the design of high«~current inductors for converters and
switching regulators used in spacecraft, which may also employ sensitive
magnetic field detectors, For this type of design problem it is frequently
imperative that a toroidal core be used, The magnetic flux in a moly~germalloy
toroid {core) can be contained inside the cor. more readily than in a lamination
or C type core, as the winding covers the core along the whole magnetic path

length,

The author has deveirped a simplified method of designing optimum
dc carrying inductors with moly-permalloy powder cores, This method
allows the correct core permeability t6 be determined without feli*-

trial and error.

B. RELATIONSHIP OF Ap TO INDUCTOR'S ENERGY

HANDLING CAPABILITY

According to the newly developed approach, the energy-handling

capability of a core is related to its area product Apt

4\1. 14
2{Eng) x 10 4
A = 2 -
p BKK., (em™] {3-1)
m u j

where:

Kj = cu=-ent density coefficiert (see Chapter 2)

Ku = window utilization factor (see Chapter 6)

Bm .- flux density, tesla

Eng = energy, watt seconds

5ud
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From the above, it can be seen that factors such as flux density,
window utilization factor Ku (which defines the maximum space that may be
occupied by the copper in the window), and the constant Kj (which is related
to temperature rise) all have an influence on the inductor area product, The
constant Kj is a new parameter that gives the desigher control of the copper
losses., Derivation is set forth in detail in Chapter 2. The energy-handling

capability of a core is derived from

I.,I2
Eng = S5— [ watt second] (5-2)

1. FUNDAMENTAL CONSIDERATIONS

The design of a linear reactnr depends upon four related factors:
1. Desired inductance

2. Direct current

3. Alternating current Al

4, Power loss and temperature rise

With these requirements established, the designer must determine the
maximum values for Bdc and for B, . which will not produce magnetic satura-
tion, and must make tradeoffs which will yield the highest inductance for a
given volume. The core permeability chosen dictates the maximum de flux
density which can be tolerated for a given design, Permeability values for

different powder cores are shown in Table 5-1,

Table 5-1, Different powder core permeabilities

Amp turn/cm with dc bias
Permaability L < 80%
14 253
=6 140
60 56
125 AGE 16 28
147 ORIGINAL RAGE W -,
160 OF POOR QUALITY ;0
173 19
200 16
300 11
555 4

(81
1
[F3)
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If an inductance is to be constant with increasing direct current, there
must be a negligible drop in inductance over the operating current range.
The maximum H, then, is an indication of a core's capability. In terms of

ampere-turns and mean magnetic path length 1Ly

H =—--1-N—I——- [amp turn/em} (5-3)
m
NI = 0.8 Hl [ amp turn ] (5-4)

Inductance decreases with increasing flux density and magnetizing force
for various materials of different values of permeability A The selection

of the correct permeability for a given design is made using equation 5-4

after solving for the area product Ap:*

% 10%

1
m
(5-5)
TW IR

aee

BaA ~

Bm
0.4

.

It should be remembered that maximum flux density depends upon

B, + B.. in the manner shown in Fig. 5-1.

dc
B =By + B, [tesla] (5-6)
-4
0.4m NI, X 10
Bdc = i [tesla] (5-7)
L
A

‘Derivation is set forth in detail in Appendix 5. A at the end of this Chapter.

54
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0.4r NSL x 107%
ac 1
m

A

B [tesla] (5-8)

Combining Eqs. {5-7) and(5-8),

Al -4
0. 4m NIy x 104 O.4n NS X10

[tesld] (5-9)

Bm = 1 + 1
_m
A A

ORIGINAL PAGE Is
Bc OF POOR QUALITY

/ / H

lye

Fig, 5-1. Flux density versus Ic *+ &1

Moly-permalloy powder cores operating with a dc bias of 0.3 tesla
have only about 80% of their original inductance, with very rapid falloff at
higher densities as shown in Fig. 5-2,

The flux density for the initial design for moly-permalloy powder cores
should be limited to 0.2 tesla maximum for Bdc plus Bac'

The logses in a moly-permalloy inductor due to ac flux density are
very low compared to the steady state dc copper loss., It is then assumed

that the majority of the losses are copper:

(5-10)
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— = p
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POLARIZED FLUX DENSITY, TESLA

Fig. 5-2. Inductance versus dc bias

D. A SPECIFIED ™:ii:TwN PROBLEM AS AN EXAMPLE

For a typical design example, assume the following:
(1) Inductance 0.0015 henry

{2) dc current 2 amperes

(3) 25°C rise

The procedure would be as shown below,

Step No. 1.  Calculate the energy-handling capability from

equation 5-2;

Energy LZI _[watt second]

2
Energy = {0 00125) (2)

0. 003 [watt second_l

Energy

5«6
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Step No. 2. Calculate the area product Ap from equation 5-1:

4\l 14
_ {2(Energy) x 10 4
AP - B_K K, [cm ]
m u )
Bm = 0‘2' [tesla]
K = 0.4
u
K. = 403
J
_{2(0.003) X 10
AP “((0-2) (0. 4) (403)) [cm ]
or
= 4
A, = 2.03 [em®]

After the A_ has been determined, the geometry of the inductor can be
evaluated as described in Chapter 2 for weight, for surface area, and for

volume, and appropriate changes made, if required.

Step No. 3. Select a powder core from Table 2-2 with a value of Ap
closest to the one calculated:

o ) 4
55071 with an A = 1.966 [em ]

For more information, see Table 5, B-6,

Step No. 4, Calculate the current density J from equation 5. A-19;
-0,12
J =K, A ™ Alem
i [a/em]

ORIGINAL PAGE IS
OF POOR QUALITY
5«7
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The value for Kj is found in Table 2-1;

-0,12

o
il

(403) (1.966)
J = 372 [A /cm]

Step No. 5. Calculate the permeability of the core required from
equation 5, A-24:

4

Ha"‘

Bmlmxlo
0,47 W_ T K
a u

(see Table 5. B-6.)

(0,2) {8.15) X 10%
s = (1.25) (2.93) (372) (0. 4)

A 38
From the manufacturer's catalog, the core that has the same size but has a
permecability closer to the one calculated is the core 55550, with a permea-

bility of 26, This particular core hag 28 millihenry per 1000 turns.

Step No. 6, Calculate the number of turns required for
1.5 millihenry.

N = 1000 — L
100U

1, = inductance

LIOOO = inductance at 1000 turns

- Aa/1.5
N = 1000 -

5.8
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Step No, 7. Calculate the bare wire size Aw(Bf

Aw(B) = I/J [cmz]

Ag(B) ° 2.0/372

AW(B) = 0,00837 [cmz]
Step No, 8,  Seclect the wire area Aw in Table 6-1 for equivalent

(AWG) wire size, column A;
AWC N, 20 = 0,005188

Step No, 9. Calculate the resistance of the winding, using Table*+ 1,
column C, and Table 2-2, column 4, for the MLT:

R = MLTX N X (column C) X ¢ X10—6 [Q]
R = (4.77)(231)(332)(1.098) x 10™°
R = 0.402 [2]

Step No, 10. Calculate the copper loss:

Pcu = I2 R [watts]
P = (2)° (0.402)
Pcu = 1,608 [watts]

"'rom chapter 7, th. surface area At required to dissipate waste heat

(expressed as watts loss per unit area) is:

5-9



1
Ay =g
Pz = Pcu

$ = 0,03 W/em? at 25°C rise

Referring to Table 2-2, column 2, for the 55071 size core, the surface area

At is 44.7 crnz:

b= -]
At
_ 1,608
Al v
¢ = 0,036 [W/em?]

which will produce the required temperature rise,

(In a test sample made to prove out this example, the measured inductance

was found to be 0,0015 hy with a resistance of 0.36 ohms at 25°C and 0. 388 chms
at 45°C. )

\ ®
ORIGINAL PAGE
OF POUR QUALITY
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APPENDIX 5, A
TOROID POWDER CORE SELECTION WITL de CURRENT

After calculating the inductance and dec current, sclect the proper
permeability and size of powder core with a given LIZ/.?.. The energy-
handling capability of an inductor can be determined by its Ap pr¢ duct, of
which Wa ig the available core vindcéw area in cm2 and A _ is the core
effective cross sectional area in cm~, The WaAc or area produzt Ap rela-

tionship is obtained by solving E = Ldl/dt as follows:"

dr o

E = Lﬁ= N Tt (5.A-1)
- N 99 :
L =N 3f (b.A-Z)I
I
¢ = B_A_ (5.A-3)
R Mg NI
Bm=|.x,Ap.°H =T (5.A-4)
t
pao i NIA
YA 1? < (5.A-5)
m
N A’
de _ Falo c }
= | p— (5. A-6)
m
2
Boa g N AL
L=nN3_ 72 2 £ (5.A-7)
dl 1
m
2 2
2 N° A I
Ry K
Energy = I"ZI = —f 2 5 = (5.A-8)
1|
m

Prims indicate measurements in the mks system.

5-12
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If Bm is specified,

B_1
I - m _m SIA-
Tk N (549
2
Moo p N A B_ 1!
Eng =—2—0 ¢ umu n- (5.A=10)
t
1m Ao
Reducing to
B_1' A 4
Eng = mm ¢ [watt secondsJ (5.A-11)
HA Fo
K w3 B_ 1!
I = “Na = 10 mN (5.A-12)
""A p‘o
Solving for p . pg.
B_ 1
m “m
BA Bn = T (5.A-13)
L Fo Kuwa'a J!
Substituting int . ORIGHIAL RAGE 15
ubstituting into the energy equation, OF PQOR QUALITY
B2 1 A K w1 w! A B_I'K
Eng =—2 E‘ﬂ c.__u_ @ _Z_LC_ZYP___‘L (5. A-14)

B_T
m ' m

5-13
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let

.2
} -
1m-lm>< 10
wio=w._ x 104

a

-4
| E—
AL = A x10
= 7 x 104

Substituting into the energy equation,

Eng =—2—S x 1074 (5. A-15)
Solving for W_ A ,
a’'¢
w A --2Eng x10% (5. A-16)
a’'e K_B_J teT
um
and since the area product is
Ap =W, Ac (5.A-17)
then
A = 2 (Energy) X 104 (5. A-18)
p T K. B_J ' -
u " m
Combining the equation from Table 2-~1,
-0.12
J =K, A_ 5.A-1
i 9 ( 9)
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yielding

4

_ 2 (Energy) x 10
"o o, (i, A0 19) (3420
u " m\’jp

0.88 _ 2 (Energy) 10%__

A g (. .-21)
P Ku Bm I\j
A\l 14 \
. (2 (Energy) » 10
A = KBk [em®] (5.a-22)

After the core size has been determined, the next step is to pick the
right permeability for that core size. This is done by solving for KA in

equation 5, A-13,

-2
B_1_ %10
RN 12 3 ¢ 1. (5.4A-23)
KA g W, T K :
, -7
forp = 4w X10
4
B 1 XxX19
=1 (5. A-24)
MA 70, 4n W, K ‘

ORIGINAL RAGE 15
T POOR QUALITY
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AFPPENDIX 5. B

MAGNETIC AND DIMENSIONAL SPECIFICATIONS FOR 13
COMMONLY USED MOLY-PERMALLQOY CORES

The following remarks apply to each of Tables 5, B-1 to 5, B-13, the

data in which was compiled from manufacturers' data.
{1} Total weight is core weight plus wire weight assuming AWG 20
(2) Maximum OD of wound core with residual hole = 1/2 ID
(3) MLT (ryean length/turn) full wound toroid
. . . - 2
(4) BEffective window area Waleff) = 3T /4

Graphs (Figs. 53.B-1 to 5. B-13) relate to the 13 different core sizes,
The graphs show resistance, number of turns, inductance and wire size for a
window utilization factor of 0.40, and are based on a permeability of 60, To
convert for other permeability values, the appropriate inductance multi-
plication factors listed should be used. The information appearing in the
tables and on the figures will enable the engineer to arrive at a close

approximation for breadboarding purposes.
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Table 5. B-1. Dimensional specifications for Magnetic Inc 55051-A2,
Arnold Engineering A-051027-2

ENGLISH METRIC
Wa 1.y
Wa v Ac 0. 00104 In" I, i3l r.rn“
L.
ap BS54 N JbMe em
b 0.275 goove om
Mt I
Wwa  WINDOW AREA o, 075 x 10" CIR-MIL 0. 181 om?
Wa - L FECTIVE T VIR on®
Ac  CROSS SECTION narie wt Bl eme
Tn PATH ' ENGIN R LI em
CORT WEIGHT 0o b L0 qramy
i TOTAL WEIGHT 00y KA A qams
WOUND Ol MIN 0,%A1 i 1,475 i
MLT _ DBA 2160 em
A, SURFACE AREA L w? bl emt
PERMEABILITY i 60
M1dn ] 2,08 x Lo 60
ﬂ 160 2,67 x L« 22 G0
H 200 3.3 a L HGD
M 550 9,17 v Lol 6o
S B
o (O .
LT[N]
1] SO N T w Mo T U P "Fn\\“n‘un
8 S A TTTTTTIT SLERTE ot ot
T T YT
of 0 el S RRRRINTII
P N Pl | a1
" I B B B I I R A e:'wv}lih; I
I A R Py ] e
" f : b ¢l1gu¢l”rn! i ,*jl QH{{ u:
; P! [P i ! R
! N U T : ooy b L3
o R R R IR R
n» v .Ii.n“..”.l bbby o f
P ! [ ¢ B i [ R "
" b | o I T R R RRT 1 R
3 : : Lo bt e
3 on by prece | f‘!l*hfg‘]i ERA
. P i ; R am =
" i in N R RERTTITIT e
o N R 2
n . i b . [ " tali“*H e
!w ) i v ol L Py i 514
Y | i Vit ' i ' 'Qoiﬂin)
QuAL R Fo L,
NN prei . l oy *-g}é i Hll W
e AR N EREN N R
Sy s i ¢ t ¢ t T
AR [ I B R R R 1 I
‘ii!l”*H!H ' v T v:iH;HH.i 2
S A ! [ [ I o oo
TLTL'TIIXI#’!‘V‘MI':” T i'ﬁ"ﬁi‘ bopd .i { |’1LT11‘(1}M7
ll\('l“ ¥ ] l!l.’l‘l‘ H JO’I’I]D H

INDLL Tt mH
Fig, 5,B-1. Wire and inductance graph for Core 55051-A2
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Table 5.B-2. Dimensional specifications for Magnetic Inc 55121-A2,
Arnold Engineering A-266036-2

ENGLISH METRIC
Warhe 103

WirAc 0,631 ipd 6,119 em?

ao 0. 680 in 1740 em

(12} 0 v 0.95) m

HT 0, 480 In 0,11 e

[“Wa - WINDOW AREA |0, 141 x 100 CIR-MIL 0,715 am?

Wa = EFFECTIVE 0. 0K i€ 0,515 o
Ac - CROSS SECTIGN 0,0304 jnt o100 en?

Im = PATH LENGTH lobd In EN A cm
CORE WEIGHT o, 0148 b [T gramg
TOTAL WEIGHT 0.0257 b 11,70 L]

WOURD oD MIN 0,751 i 1,925 s

MLT 1.07% in 2, T4 tm

A, = SURFACE AREA L7142 in? 124wt

PERMEABILITY 60

JTRY]] 2,0B x L o M 60

160 267 ¢l o HAD

H 200 3.33% Lo~ 6D

M 550 917 x Lol 60

— HT

13 H:

WRE SIZE
S HESLE S S S S

FLLISTARLE, ohey

18— —T P T .
1 ._._.Ll, R R -
N

Illl\ll T [ BRI T TTT I

dsa“wl ] "’”.n.l R iIlIO'D H k)

INDLG P& WCE,
Fig. 5.B-2. Wire and inductance graph for Core 55121-A2
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Table 5. B-3, Dimenasional specifications for Magnetic Inc 55848-A2,
Arnold Engineering A-848032-2

ENGLISH METRIC
Wahe 4,91
Wa  Ac 0. 00636 ind 0. 264 em?
L] 0,830 n - R ot
\o 0. 47%  in 1, 40 tm
HT 0,280 in 6,711 wn
Wa © WINDOW AREA ] g a2 x 10" CIR-MIL 10 em?
Wa - EFFECTIVE 0. 1124 in® U058 em?
ac - CROSS SECTION 0,0 in* 0232 om?
Im - PATH LENGTH 2,01 In 5, 04 cth
CORE WEIGHT 0,02\ h 9,0 frams
TOTAL WEIGHT 0,048 b 14,6 yrams
WOUND 0D MiN U, 926 2,15 cm
MLT lL.loh 2,07 i
Ay = SURFAGE AREA 2,44 in® 15,60 em®
PERMEABILITY b0
Ho12s _ 2,08 ¢ Lo i 40
M 160 1267 L Hb0
W 200 333« Lo M 50 |
M 550 517 x Lol

| HT pe-

i i

mm 0 0 '“f_
T
w7
I b P
T
L) ]
3
- —f :
-2
FLN A e {
: ]
PPy ) T
R
ul - Ho-aa
5 i
; npb— H-
' -0
il - - ox
a - f
-
2 f-— B S‘N g
I B
" p— - - - ot —g?;: i
A .
Ty A+ A _ ]
/ » (K X LY
[T 7/ L { - i M,HJ hl‘ -
y. l WAL L]
W Hl 1 1 Al | ‘TIT]H] T lTlll H{
' 2
1 esern b ! ;aunnl_‘ Ty asan b IR A T 2
INDUCTANCY, mht

Fig. 5.B-3. Wire and inductance graph for Core 555848-A2
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Table 5. B-4. Dimensional specifications for Magnetic Inc 55594-A2,
Arnold Engineering A-059043-2

ENGLISH METRIC
WasAe +, 10
Wa x At 0.0711 n? 0,460 e
on 0,93  In 2, 16 cm
D 0.527 In 1315 e
HT 0,33 In 0, BB om
Wa = WINDOW AREA | o, 28 « 10(' CIR-MIL 1. 407 t:m2
wa = EFFECTIVE ¢, 164 in2 [, 056 cm?
Ac - CROSS SECTION 0, 0507 in® 0,127 ot
Im = PATH LENGTH 2,23 n 5,67 em
" Core weiGHT 0,030 I 15,0 grams
TOTAL WEIGHT 0,07)6 b 32,5 grams
WOUND 0D MIN 1.035 In 2,41 [0
MLT 1,356 In 3,45 cm
At = SURFACE AREA 1,103 mZ 20,019 r_mz
PERMEABILITY 60
Hoe2s 2,08 x Luw M an
M 160 2,67 x Lo MED
H 200 3,335 Lw &0
M 550 9,17 x Lol p0
— |
i ]
) L 1 1o
T
'L ORIGRIAL PAGFK IS
OF POOR QUALITY
uRnS
"0 n ;|° 40 ® o0 on 1] 0 ::In Im !nm‘mm Iljull‘
[ N— -} - ] ._IALrlr H// i
oo 4 A1 !
1 ] M-
£ B NN [ ’ AT+

! —
wl- B 4 L
) — 02
5 [ S— - P 8 SN - b _ f
4
0l 1| g —o
" b I g
b ——— = - w——;’..‘. - . - - o : na‘ -::
/1 — 6.08
W -——— R THE— e - -~ 0.0¢
/] -
I3 Se— I S —t 4 oo
7] - 0.02
wh "—'""Ji" L4 gid SV R BN Y Y N % H_
i -l/ t- - . -
a - -t 11 u-ee
E = 5§58
W T ITTII}l T T 1||| L
s87r1 Jars 7 1 ’
0ol 1 3 @ ) 1 4% o H 3 l.l?.w H ) o4
IRDUSTANCE, ah

Fig. 5.B-4, Wire and inductance graph for Core 55059-A2
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Table 5. B-5, Dimensional specifications for Magnetic Inc 55059-A2,
Arnold Engineering A-894075-2

ENGLISH METRIC
Washe 2, 4
Wa x Ac 0,0289 0.997
oD 1,000 g 21 cm
D 0, K55 In I, 41 on
WY 0,472 in 1,20 cm
Wa - WINDOW AREA |0, 1) x 10‘J CIR-MIL i, 561 cm2
Wa - EFFECTIVE 0, 1814 In® 1T et
A¢ - CROSS SECTION 0,00 in® 0,03 e
I - PATH LENGTH 2,60 in [ 1) cn
CORE WEIGHT 0,077 I L] grams
TUTAL WEIGHT 0,112 b 0y, 7 grams
WOUND 0D MIN 1,191 in 1,03 om
MLT 1. 81 In 4,01 cm
Ay = SURFACE AREA T 832 P
PERMEABILATY 60
125 2,08 % Lo M &0
160 2,67 x L MO
o200 333« L~ Ma0
& 550 917 x4« M 60
S I o
[+]1]
TNy
n w0 0 w0 Xu $00 s ]
w0 » 0 @ | 0 o o0 ' woa |igo0
-2
7Y S l ;
[T T o1
= 0.3
LR
b B -- 3.6
—Q
F7 ) R -
-3
U p——-- ¥-| 14~
-
Wl ’ t { l - E
] I ; -
E 19 ! . 1 4 ::D.I g
X ; 30 &
[T} ~oDs B
| Soaes M
) -,_..Jrv. |jl)— o.04
- 9.0
W] [
H 0.0
Ll 1 ! -
whb— -4 - A el L
i : Z oo
1 — 0.00t
13} Bd e — 2.004
I l - 0003
1 -_
“u, IIJLIHT; T |I|Ii|{ T 1||1|| (A oo
ol EIETII R o asare ] s agars) T 1 4840

INDUCTANCE, »h

Fig, 5.B-5. Wire and inductance graph for Core 55894-A2
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Table 5, B-6, Dimensional specifications for Magnetic Inc 55071-A2,
Arnold Engineering A-291061-2

ENGLISH METHRIC
Washe 4, 3
i Wa x A o, D468 |n“ 1. 1% cmq
op 1,312 in 3, tm
1] B, 700 In 1.93 3]
HY 0,457 1] 1. b o
wa - WINDOW AREA | sy . jo° CIR-MIL 2,93 emt
wa = EFFECTIVE 0,340 In® L1 on?
Ac = CROSS SECTION 01032 In% 0,666 em?
im - PATH LENGTH L2l w1h em
CORE WEIGHT o100 B a6 grams
TOTAL WEIGHT 0,194 b a4 Grams
WOUND 0D MIN [BEL T 10 em
MLT 1,89 in 4, 80 cm
A, = SURFACE AREA 5B e 10,68 em?
PERMEABILITY a0
1125 2,08 x L= M 60
# 160 2,67 x L@ [ &0
4 200 3,33y La fi 60
# 550 917 x Ll 60
-] Wt fe—
| 4
00 | 1o

| 1T

4D

- L=

i

Wik SI2E

RESISTAPKCE, wha

l

"t : R - B S N N

g
%
|
r

J

:
wl o 4 1
i
1 .

Ntk —

;_
|

f—

T Tillllfii T

n

0.0t 1 ll"t’!u‘ 1 3 ‘!".lﬂ ? 3 4 5878 H b |
MDA TANCE, it

i

Fig. 5.B-6. Wire and inductance graph for Core 55071-A2
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Table 5, B-7. Dimensional specifications for Magnetic Inc 55586-A2,
Arnold Engineering A-345038-2

) ENGLIEH ! METRIC
WasAe 8,71
Wa 5 Ac 0,044 |nt 832 en?
[+1n) 1,382 In 1. 51 em
10 L8R8 in 2,20 e
HT 0,37 in 0, 983 £m
Wa = WINDOW AREA | 0,79 ¢ 10% CIR-MIL 4,00 o
wa = EFFECTIVE 0, 4b4  In® 1,009 om®
Ac = CROSS SECTION 0, 0710 in® 0,458  em?
Im = PATH LENGTH L5830 8, 9% em
CORE WEIGHT 0,075 b 4 grams
TOTAL WEIGHY 0.13% b 87,4 grams
WOUND 0D MIN 1. %8 In o, 02 cm
MLT 1,70 n 4,32 cm
A, = SURFACE AREA 685 e 44,24 emt
PERMEABILITY &0
H 125 2,08 x L J 60
M 160 2,67 x Lo Y60
| M 200 333 ¢l @ MeD
jt 550 9,17 x L a Y 60
— HWT |
I 1))
.)(]II 00 o ul:-mm'clllnm__ &
=
. +H
T /ﬂ I,
. .f”é?ﬁW*,
QAL
il
= b2
. /.; 44 - =t
AT
~ il— 04
-1 r 7 Zos
2 AL
g r # qu T — o1
INURERIE §
i
"‘F } ‘

1 IIIIH‘ t i
1 4
dbﬂlm

AHOLC TANCL, mi

Fig. 5.B-7. Wire and inductance graph for Core 55586-A2
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Table 5, B-8, Dimensional specifications for Magnetic 55076-A2,
Arnold Engineering A-076056-2

T ENeuisk METRIC
Washe \ 5, 43
WaxA: 0, 0580 ln4 2,44 r.rrl'1
oD 1,44 in 3, 06 om
D 0,848  in 2,15 [
HT g, 444 in 1.1:8 cm
Wa = WINDOW AREA | 0,72 x 10° CIR-MIL 3, b e
wa = EFFECTIVE 0,424 n® 7121 em? |
Ac~ CROSS SECTION 0101 e o670 emd
Im - PATH LENGTH 154 in 8,95  om
GORE WEIGHT 0,112 5 qrams
TOTAL WEIGHT 0,239 b 104, 3§ rams
WOUND 0D MIN 1,62 in FRT wn
MLT 1,91 in 4, 48 om
A, = SURFACE AREA 72,271 In? T i
PERMEABILITY &0 ]
M 125 2,08 x Lo b0
£ 160 2.67 x Lo § 6D
B 200 3,33 x Lo M 60
# 550 9,17 L " M0 |
| ur fo

T O - l ORIGINAL PAGE Is
|----- OF POOR QUALITY

1 T

=

[ |1||g

3%

~

_(r s
!
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]
!
===
i
]
T
‘ i1
] 1
e
w, | i
‘ H
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N
ST

n = - l - M‘L/r/-- -
" . ] o ed ) A ] =
V| W 34
n - [ R SIS SRS 4ot - Y
‘1 <4 =T
20 e ) H / R R R
] I|= 01
bttt e A A k -
% ;
" == -4 ,/ -+ L ' - i
[t + - .+.1|L g
m ? e e e A e s o g
S T
n p— e e +
’
" 5 L VR 9 O > € R LR TN W SR S S
TIHf I
1 i . | R A
12 IHI T T 11T } Iﬁl‘ T lvilli]
.’.O.Cl! 2 1 Altflol. 1 3 ISL?.LO 2 3 ‘!b}lm H d ¢ 3
ISCUCTANGE, mH

Fig. 5.B-~8. Wire and inductance graph for Core 55076-A2
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Table 5, B-9, Dimensional specifications for Magnetic Inc 55083-A2,
Arnold Engineering A-083081-2

ENCLISH ] ME TRIC
Washe {402
Wa ¥ Ac AT cm®
on 1,602 4,07 cm
.
1Y) 0, M8 in 2,1 e
HT 0, 605 n 1, 54 o
Wa - WINDOW AREA o, w4 x 107 CIR-MIL 427 on?
Wa - EFFECTIVE 0,496 in® LI et
Ac - CROSS SECTIGN 0,104 iné 1 an o’
Im = PATH LENGTH 1, BR in %, Hy cm
CORL WEIGHT [ . u nrams
TOTAL WEIGHT 0,188 b 116 yrams
WOUND 0D MIN (e in 1,44 o
MLT R n &, 07 em
A, - SURFACE AREA 9,46 wé | w1 0s en’
PERMEABILITY 60
M 125 2,08 x Lo M b0
U 160 .67 x L @G0
g 200 133 M 6D
M 550 217 %L » M &0
—o| HT o~
on 10
1URKS
w2 k| 310 e ”1?;\:50?1:: T w L
i :—_ []
ca ] =
] L i ”; ¢ 1 -
i (RS 3
n ' RN fig ‘ -
! i ] t 'r e { ~ 1
n i . ‘ bt ' -
n 1? . & # i , ‘,‘; ] =)
. ; ] || ] \ } =48
MR RR i . H
Pl i AR, [RETETYII I } — b4
ol AARiE i
([ ’ H I .
| ! — 03
17 |- i . l : ]1{ [;T [ , i
RN RS ! u
7Y b H . P — 0.}
* Frli =
7 A ' } { il ,t_, N Bl %
: | i i | - e
14 e r 7 4N ', - 00
. ! i l [ 0.1
[F I - ' 1 } paiih l
a L Mg ] o
EQ [} T 1 & T1egt 1 Uk IJ‘ T T T 111717 -
o8 ] 3 lsaJlD" ? 3 ilﬂl’l!a H PN Y |

INDLGTANCE, #H
Fig. 5,B-9. Wire and inductance graph for Core 55083-A2
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Table 5, B-10. Dimensional specifications for Magnetic Inc 55439-A2,
Arnold Ingineering A-759135.2

ENGLISH METRIC
Wa A 1,19
W x At 0,200 n? # 1 en?
op 1LE?S  In 4, 7% e
10 0.%E I 2,13 e
Nt 0, 145 In 1,89 ot
Wa  WINDOW ARCA [g, 4. 5 10& CIR-MiL 1,47 o’
Wa = EFFECTIVE 0,40 2 3, 198 em®
¢ CROSS SECTION 0,302 It e m®
I - PATH LENGTH LY 10, 14 om
CORE WEIGHT T 180 grams
TOTAL WEIGHT o.udl 21 g
WOUND OD MIN 2,04 ) q11 o
MLT 1,00 in 162 em
A, SURFACE AREA b2 ind .17 em®
PERMEABILITY &0
| W1z _ 2.08 x L g1 60
1160 2,67 x Lo Y60
i 200 3,33xL o Y60
U 550 9,107 x Lol &0
-+ HT |o—
s (O .
L 2 .||u C ? a Y wo' om0
] i
sl 4. 44+ 1L =4
=+
nh T 8
el
sl | ’ 1l e
np - - e } + f B S -1
! .
n ’»._ - I; - E : ' ; - b b .
ol R % -
g | | Ii
" RN )
¥ H
iy ! Py e -
Y3 . J b by - 0.}
i Q1 g
[Ty —— £(+}. ) 1 Tk
| | l 3% g
[TH e (RS o - ofef - - &.08
-~ .04
[T O L ,a*f‘ H Y
| Pl -
iy 1.|| (R B T iTl'l?Tl f—rry l"”'
L ] ‘,.’.DJ H 3 ‘,.,‘Iﬂ 7 k] l.\l?lm H 31!&-’.100

INDUCTANCE, =M

Fig. 5.B-10. Wire and inductance graph for Core 55439-A2
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Table 5. B-11, Dimensional specifications for Magnetic Inc 55110-A2,
Arnold Fugineering A-488075-2

ENGLISH METRIC
Wa/he 6, 58
Wa x At 0. 128 In? 11,65 e
[} i 2,28% in 5.8 om
o _‘ﬂ,l 1,168 In 1,47 on
HT Q, 585  in i, 486 tm
Wa - WINDOW AsiA | 1,87 % 100 CIR-MIL %, 48 eme
Wa = EFFECTIVE 11023 in® 7,008 en?
Ac = CROSS SECTION g.22% ¢ bo44 eme
Im = PATH LENGYTH 5,61 n b4, 30 &m
[ TORE WEIGHT 0, 385 th 174 arams
TOTAL WEIGHT 0,864 I 192 grans
WOUND 0D MiN 2,57 n G, %Y £m
MLT 2,75 n 7,00 em
Ay -~ SURFACE AREA 1742 m® | 124 e’
PERMEABILITY &0
TR 2,08 x L+ 60
U 160 2.67 x L= HGO
# o 333 0L i 6D
B 550 ‘ 9.17 x L= M 60
— e

I

o) HE

AESITSATNCE, by

Wit SLTE

e i R T oo
I L@ }‘/H”l 1I T u, L T r[—llll} ITI 1! T ORIGINAL PAGE 16
.ﬂ.OI 1 1 “'“o.l F - | sul‘e F I I | ilnm T 4 bl np PmR QUAIJI'PY

[MDLETAMCE, mH

Fig. 5.B-11. Wire and inductance graph for Core 55110-A2
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Table 5, B~12, Dimensional specifications for Magnetic Inc 55716-A2,
Arnold Engineering A-106073-2

, ENGLISH METRIC
Washe G, Db
Wa 1 Ac o.224 9, 12 o
oD 2,015 In 517 nm
™ 1D 1218 in ), 09 en
HT @, 56% in 1435 ch
Wa  WINDOW ARCA | ). 45 x 106 GIR-MIL 7,62 em?
Wa - EFFECTIVE 2.87. it 5 62 em?
["Ac - CROSS SECTION @0 in 1, 24 e
fm - PATH LENGTH 6, 02 in 12,71 m
CORE WEIGHT 0,296 M 115 grams
H'ﬁ:\l. WEIGHT 652 b 200 grams
WOi'nD 0D MIN 2,49 n 5, B2 m
LY 2. 56 in b, 50 cm
Ay - SURFACE AREA 15 e | onm emt
PERMEABILITY 00
M 125 2,08 x Lo M GO
M 160 2,67« L w jt 60
H 200 333 Lu M40
# 550 9,17 x Lw M &
—+| HT |

I
|

e n ¥
i e - . 4 j -
] il
7t 1 Fepid
13 + + NS
x Pt i
7] S L* : } ; ‘ ..;
“ " ! 1 J+ . %
g ' e -
: 1 | -+ f b
NN Mt
[T R, [ S s + J o
;- A Ll g
, L AU
‘ | LR
i ' a
”l T |r‘r|\’ I :Illiillu —— |’|||4l T |I:“|||_ -
th ot 1 esen 1 4“""0 T3 asere ) T3 4 ser

INDUGC TANCY, mH

Fig. 5.B-12. Wirc and inductance graph for Core 55716-A2
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Table 5. B~13. Dimensional specifications for Magnetic Inc 55090-A2,
Arnold Engineering A-090086-2

ENGLISH METRIC
Washe 4,63
Wa x Ac 0,194 I 8, by em?
op 1,87% In 4, 76 cm
D 1,008 In 2,19 em
HT G635 in bl em
Wa = WINDOW AREA | | 21 x 100 CIR-MIL 'Y ome
Wa = EFFECTIVE 0710 Inf 4,58 om’
Ac = CROSS SECTION 0,205  jn® 112 em?
Im = PATH LENGTH 4, 58 in 11,62 cm
CORE WEIGHT 0,286 b 110 grams
TOTAL WEIGHT 0,588 b 2067 grams
WOUND 0D MIN 2,18 W 5,34 em
MLTY 2,62 f, 66 m
A, = SURFACE AREA 12,64 1In® B1,58  om?
PERMEABILITY 60
M12s 2,08 x L« J 60
¥ 160 2,67x Lo oo |
# 200 333 x L@ Moo
550 9,17 x L+ M g0
)] (h]
TURNY
n 10 0 I w n::g x0 P o ¥ 200 " on"iom
1
| £ ] S—— l T - 4 =10
£
n - 4L OGRS IV NS S A =4
- 5
- S S W ot A A 4- ;ﬂ:;“
/ ¥
HH Bt N S - S T U - ’
A _
n - I L -
o I L) L=t
8 4 =4
g ' T . Z o
» . V. -0
4 _
oot L / -
1 // - i
. A o
s e
14 / 5-3.31 g
4 S0
12 —t ] LAl b Job LA
Py [ Zom
"5 T T 11T i Ii| lliillll i MR
0.0l 1 | ‘S‘J.O.I 2 3} ‘S‘J‘l. H 1 ‘lh?lw 1 3 4 588
INDUCTANCE, mH

Fig. 5.B-13, Wire and inductance graph for Core 55090-A2
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CHAPTER VI

WINDOW UTILIZATION FACTOR Ku
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A, INTRODUCTION

The window utilization factor is the amount of copper that appears in the
window area of the transformer or inductor, The window utilization factor is
influenced by 4 different factors: (1) wire insulation, (2) wire lay (fill factor),

(3) bobbin areca (or, when using a toroid, the clearance hole for passage of the
shuttle), and (4) insulation required for multilayer windings or between windings.
In the design of high-current or low-current transformers, the ratio of conductor
area over total wire area can vary from 0,941 to 0,673, depending on the wire
size. The wire lay or fill factor can vary from 0,7 to 0, 55, depending on the -
winding technique. The amount and the type of insulation are dependent on the

voltage,
B, WINDOW UTILIZATION FACTOR

The fraction K of the available core window space which will be occupied
by the winding (copper) is calculated from areas Sl' Sz, S3, and 84:

Ku = S1 X SZXS3 X S4 {(6~1)
where
S. = conductor area
1 wire area
S = wound area
2 usable window area
S = usable window area
3 window atrea
S = usable window area
4 usable window area + insulation area
in which
conductor area = copper area
wire area = copper area + insulation area OF PCOR Ll

wound area = number of turns x wire area of one tarn
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usable window area = available window area minus residual area which
results from the particular winding technique used

window area = available window area
insulation area = area usable for winding insulation

S, is dependent upon wire size, Columns A and D of Table 61
may be used for calculating some typicsl values such as for AWG 10, AWG 20,

AWG 30 and AWG 40.

Thus:

52,61 cm® ~ )
AWG 10 E5.90 om? - 0.941;
5,188 cm® _

. 065 cm 0.855;

AWG 20

1l

0.5067 cm® _
0.6785 cm? -

0.048..5 cm?
01,0723 cm2

AWG 30

1}

0.747; and

AWG 40 0.673 .

When designing low-current transformers, it is advisable to reevaluate

Sl because of the increased amount of insulation,

S, is the fill factor for the usable window area, It can be shown that for
circular cross-section wire wound on a flat form the ratio of wire area to
the area required for the turns can never be greater than 0,91, In practice,
the actual maximum value is dependent upon the tightness of winding, varia-
tions in insulation thickness, and wire lay. Consequently, the fill factor is

always less than the theoretical maximum,

As a typical working value for copper wire with a heavy synthetic film

insulation, a ratio of 0,60 may be safely used.

The te: n S3 defines how much of the available window space may actually
be used for the winding, The winding area available to the designer depends on
the bobbin confignration. A single botbin design offers an effective area Wa
between 0, 835 to 0. 929 while a two bobbin configuration offers an effective area

Wa between 0, 687 to 0,872, A good value to use for both configurations is 0. 75,

6-3
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When designing with a pot core, S3 has to be reduced because the effective
Wa varies between 0,55 and 0,71,

The term S4 defines how much of the usable window space is actually
being used for insulation. If the transformer has multiple secondaries having
significant amounts of insulation S, should be reduced by 10% for each additional
secondary winding because of the added space occupied by insulation and partly

due to poorer space factor,

A typical value for the copper fraction in the window area is about 0, 40,
For example, for AWG 20 wire, S1 X S2 b4 83 X 54 = 0,855 X 0,60 X 0,75 X%
1,0 = 0,385, which is very close to 0.4,

This may be stated somewhat differently as:

A  Bare W
0.4 = A Total X Fill Factor X _%Lseﬁl » Insulation Factor
W a a
(s)) (S,) (s,) (5,)

C., CONVERSION DATA FOR WIRE SIZES FROM #10 to #44

Columns A and B in Table 6.1 give the bare area in the commonly used
circular mils notation and in the metric equivalent for each wire size, Column
C gives the equivalent resistance in microhms/centimeter (p2/cm or 10'69./
cm, ) in wire length for each wire size, Columns D to L relate to coated wires
showing the effect of insulation on size and the number of turns and the total

weight in grams/centimeter,

The total resistance for a given winding may be claculated by multiplying
the MLT (mean length/turn) of the winding in centimeters, by the microhms
cm for the appropriate wire size (Column C), and the total number of turns.
Thus

R = (MLT} x {(N) x (Column C) X §{ X 10"6 [ochms]

For resistance correction factor { (Zeta) for higher and lower temperature,

see Figure 61,
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Table 6-1, Wire table

Awg Dare Ares Resjatance NHeavy Synthetics
;::. emfro*? CIR-MIL 10t £l Ares Dismetar Turns-Per Turns-Par Welght
(footnote b} T |2 | gremn®| em tnch® em | tnent emt tneh? | pmiem

io 52,h) 10304 32. 10 55,0 11046 0, 281 0, 1054 L&Y %5 1.1 49, 20 0, 464

11 41,68 21b 41,31 “, 5 AT98 nam 0,0918 4, 10, ¥ 15,44 B9, 15 11, 1750
1”2 13,08 529 52,09 15,64 1022 0.2)} 0, 0838 4.5 11,0 16, A1 J08. 4 0, 2077
133 2 26 5184 5. bd 28,40 610 0. 199 0, 0740 5.4 13,4 21,15 Vb, 4 0, 2547
14 20, 82 409 B2, WO 22,95 4556 O, 1 0,067% fi U4 14,8 24 14 168. 6 0, 1479
1% 1b, %1 3240 104,13 18,37 Ihi4 f, 15} 0, 0602 b, 71 Tt A2obh 210 b U, 1412
1h I3.07 2581 131.8 14,73 Lnos G411 0,0%3% 1. 3¢ 18,4 40,73 2hd. 7 N, 1184
7 10,19 2052 165.8 11,68 2323 0. 122 0, 0482 B, 1K 20K 51, L2 0, 0941
18 A,228 1624 201, % 9. 324 1857 0. 109 0, 0431 s 20,2 64 13 4149 0,07472
19 6,531 1289 b3, 9 T.539 1490 o, 0940 [0, 0386 10,39 | 25,4 TH RS 5150 0, 05940
20 5, 148 1024 132,13 b, 065 1naz o, D819 |0, 0¥b . 1 4.0 98,01} b1H, 1 0. 04720
1] 4116 Blz2.} 418.9 4,837 954, 8 0, D765 {0, 030 12. 15 2.4 124,0 .8 0. 03757
22 1,243 540, | 5£31.4 3,857 Tok. 7 0,0701 o, 0276 14,25 i 2 155.5 1003 0, 62965
F4] 2.588 510.8 bbb, D 3, 13% b0, 0 0,0612 |0, 0249 15,82 [ 40,2 1913 1234 0,02372
4 2. DAT 404.0 B42.1 2.514 497,13 0, 0566 |0, 022} 17,63 44,8 AR 1539 & 01884
25 1.623 320.4 1362, 0 2,002 396, 0 0. 0505 (0,009 19,80 50.} 299,1 19313 0, 00490
o 1.280 252.8 134%,0 1. 603 S, 8 0, 0452 |0,0178 22,12 LT} 74,2 2454 6, 01185
27 l.02} 2006 14R7. 6 ITRIE) 259, 2 0. 0409 |0.016) 24, 44 haa } 446,10 2947 0. 00945
28 0. 8048 158.8 ZL42,7 10515 07,3 0,036 [0,0144 1.2 h;: 4 570.6 14680 0, 00747
9 0. 6470 1i2nr 2664, 3 0, 8548 169,0 0. 0330 |0.0130 jo, 27 16,9 Ta1,9 4527 0, 00602
10 0, 5047 ten, 0 0z, 2 0, 4785 134, 5 0, 0294 |o,0) & 3.9 Bb. 2 ARd. ) 5703 D, G047
it 0, 4013 79,21 424,46 0, 5596 1o, 2 0. 6267 |0, 0105 37,48 4%, 2 | 1oT2 b914 0, 00372
32 0, 3242 64,00} 53i4.9 0, 4459 90,2% | 0,024) |0, 0095 41,45 ) 105.3 1316 8488 9, 00105
1 0, 2554 S0.41| bM4B.6 0, 3642 T2, 25| 0.0216 |0.C0BS 46,33 | 117.7 1638 10565 0. 00241
kL) 0.2011 39,69 8572.8 o, o863 56,25{ 60,0191 |0,005 52,48 | 133,83 | 200% 13512 0, 00189
15 0, 1569 31,361 10849 by 2208 A4, 89| 0,0170 (0, 0067 SB.TT| 149, 3 | 264% 11060 0, 00150
36 0, 1264 25,00} 13608 0,1813 36,00 | 0,0452 |0.0060 b5, 62 | 166, 7 | 33509 PRI o001y
3t 0, 1024 20.25| 16801 0, 1538 30,2% | 0.0040 {0,0055 1,587 1818 | 3901 2516 (¢ 000977
1] 0.0810% 16,00 21248 0. 1207 24,01 | 0.0124 o, 0049 B8, 35| 204, 1 | 4971 2062 0, 00077
¥ 0.06207 12,25 21175 4, 0932 18,49 | 0.0109 |0, 0043 9), 871 232,6 | 6437 41518 0. G0057%3
49 0. (4BH9 9.51| 35400 a, 0723 I4, 44| 0,009 |0.0038 | 103,64 | 263,2 | 8298 53522 0. 000464
41 0, 03972 T. 84| 43405 0, 05H4 11,361 0,00863(0, 0034 | 115,7 | 24y4,1 | 10273 66240 0. 000379
42 0, 03166 b, 25| 54429 0, 04558 7, 00] 0.00762}0,0050 [ 13,2 33,3 | 1316) 8499) 0, 000299
43 0.02452 4. 84] T0}0B 0, 03581 .29 0,00685|0,002T | 145,8 ‘370. 4116271 105076 0, 000233
44 0, 0202 4. 00] 85072 0, 03165 6,25 | O0,00638{0,0025 | 157.4 | 400,0 | 18957 1222712 0. Q00195

A B [+ D E ¥ [+] H 1 J K L

%This data from REA Maguetic Wire Datalator {Ref. 1).
bthie notatton .sans the entry In the column must ba multiplied by 103
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TEMPERATURE °C
100°C T
90 i
80
70
60
50

40

30

‘1:1' L] 1:2 ¥ L} l1:3‘

-20 T BASED ON TEMPERATURE COEFFICIENT

OF 0,00393 ADOPTED +3 STANDARD

=30 T BY THE INTERNATICNAL ELECTRO~
CHEMICAL COMMISSION IN 1913

Fig. 6-1. Resistance Correction Factor §, £Zeta) forowire resistance at
temperatures between -50" and 100°C

The weight of the copper in a given winding may be calculated by multi-

plying the MLT by the grams/em (Column L) and by the total number of turns,

Thus

w, = (MLT) X (N} X (Column L) [grams]}
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Turns per square inch and turns per square ¢m are based on 60% wire f{ill
factor., Mean length/turn for a given winding may be calculated with the aid of
Fig. 6-2. Figure 6-3 shows a transformer being constructed using layer insula-
tion, When a transformer is being built in this way, Table 6-2 and 6-3 will help
the designer find the correct insulation thickness and margin for the appropriate

wire sizec,

D, TEMPERATURE CORRECTION FACTORS

The resistance values given in Table 6-1 are based upon a te'nperature of
20°C., For other temperatures the effect upon wire resistance can be calculated
by multiplying the resistance value for the wire size shown in column C of
Table 6-1 by the appropriate correction factor shown on the graph, Thus,
Corrected Resistance =p@2/cm (at 20°C) x ¢.

E, WINDOW UTILIZATION FACTOR FOR A TOROID

The toroidal magnetic component has found wide use in industry and aero-
space because of its high frequency capability, The high frequency capability of
the toroid is due to its high ratio of window area over core cross section and its
ability to zecommodate different strip thickness in its boxed configuration,

Tape strip thickness is an important consideration in selecting cores. Eddy-
current losses in the core can be reduced at higher frequencies by use of thinner
strip stock. The high ratio of window area over core cross section insures the
minimum of iron and large winding area to minimize the flux density and core

loss.

The magnetic flux in the tape wound toroid can be contained inside the
core more readily than in lamination or C type core as the winding covers the
core along the whole magnetics path length which gives lower electromagnetic

interference,

The toroid does not give a smooth Ap relationship as lamination, C core,
powder cores and pot cores with respect to volurne, weight, surface area and
current density as can be s=en in Chapter 2, This is because the actual core
is always embedded in a case having a wall thickness which has no fixed rela-

tion to the actual core and omes relatively large the smaller the actual core
) y

RIGTNAL PAG
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COMPUTATION OF
MEAN TURN LENGTH
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(MLT), COIL 1 ~ I—(MLT)Z coiL 2

(MLTH = 220 + 2(s+ 20 +a,

(MLT)y = 2r+20) + 2As+24) + T(2a;+ay!
OR
oRr

(MLT), = 20+20) + 2As+20) 47 [0y kagh., ba, ) + 2]

WHERE.:

a; = BUILD OF WINDING #1
ay = BUILD OF WINDING #2
a, = BUILD OF WINDING #n
¢ = THICKNESS OF INSULATION BETWEEN a; & a,

Fig. 6-2, Computation of mean turn length
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LAYER INSULATION ——t»
WIRE —

WINDOW
AREA

TUBE ———1&

MARGIN ——»] e

Fig, 6-3, Layer insulated coil

Table 6-2. Layer insulation vs AWG

Insulation thickness

AWG

cm inch
10-16 0. 0254 0.01
17-19 0.0178 0.007
20-21 0,0127 0. 005
22-23 0. 0076 0, 003
24-27 0, 0051 0. 002
28-33 0. 00381 0. 0015
34-41 0.00254 0. 001
42-46 0. 0.127 0. 0005
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Table 6-3, Margin ve AWG

Margin

AWG

cm inch
10-15 0.635 0,250
16-18 0,475 0,187
19-21 0.396 0. 156
22-31 0.318 0.125
32-37 0.236 0. 093
38 — 0. 157 0,062

crogs section is, The available window area inside the case, therefore, is not

a fixed percentage of the window area of the uncased core,

Design Manual TWC-300 of MAGNETICS, Inc., indicates that random
wound cores can be produced with {ill factors as high as 0.7, but that progres-
sive sector wound cores can be produced with fill factors of only up to 0,55,
As a Lypical working value for copper wire with a heavy synthetic film insula-
tion, a ratio of 0,60 may be used safely, Figure 6-4 is based upon a {ill factor

ratio of 0,60 for wire sizes 14 through 42 with 0,5 L. D, remaining,

The term usable window cmzlwindow cm2 (;-?3) defines how much of the
available window space may actually be used for the winding. Figure 6«5 is
based on the assumption that the inside diameter (ID) of the wound core is one-

half that of the bare core, i.e., S3 = 0,75 (to allow free passage of the shuttle).

Insulation factor (84} in Figure 6-4 is 1,0; this does not take into
account any insulation, The window utilization factor (Ku) is highly influenced
by the insulation factor (S,) because of the rapid build-up of insulation in a

toroid as shown in Figure 6-6.

It can be seen in Figure 6-6 the insulation build up is greater on the
inside than on the outside, For an example in Figure 6~6 if 1,27 cm wide tape

was to be used with an overlap of 0,32 cra on the O, D, the overlap thickness

ORIGINAL PAGE 1o
6-10 OF POOR QUALITY
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INSIDE DIAMETER IN cm

10.0f

FILL FACTOR
0.5 INSIDE DIAMETER REMAINING

(WIRE AREA\=n6 B
WOUND AREA/ ~
31rrR2

EFFECTIVE WINDOW AREA = —,

llL!'![ i : 1+ 1 .t 1

100 1000

TURNS

Figure 6-4. Toroid inside diameter versus turns
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WINDOW AREA -~~~ /- /‘\ B \\
2 | ™ ' !
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Figure 6-5, Effective winding area of a toroid

Figure 6-6. Wrap toroid
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would be four times the thickness of the tape, It will be noted that the amount

of overlap will depend greatly on the size of the toroid. As the toroid window

gets smaller the over-lap increastes, There is a way to minimize the build on

a wrapped toroid and that is to use periphery insulation as shown in Figure 6-7,

The use of periphery insulation minimizes the inside diameter overlay as shown
.a Figure 6-8.

PERITHERY INSULATION

-

WOUND TOROID g
GATHER
]
! -
Figure 6-7, Periphery insulation
PERIPHERY INSULATION
TAPE OVERLAP INSULATING TAPE

ORIGINAL PAGE IS
AF POOR QUALITY

Figure 5-8, Minimizing toroidal inside build
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When a design requires a multitude of windings, all of which have tu be
insulated, then the insulation factor (84) becomes very important in the window
utilization factor (I{u). For example, a low current toroidal transformer with

insulation has a significant influence on the window utilization factor as s:~wm

below:

S1 = #40 AWG Ku S1 X S2 X S3 x 84

K
u

LE}

0,673 X 0,60 X 0,75 X% 0,80

L3

K
u

0. 242,

Table 6-4 was generated as an aid for the enginecer; it is a listing of
29 A.LE,E, preferred tape«woand toroida’ ~ores with metric dimension., The

power handling capability is listed in the last column under AP are ' roduct,
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Table 6-4, A.L E,E, preferred tape-wound toroidal cores
i) (2 L
Mag Inc | Amnald | Aglem®) | wy iem®) | IDGem) | oDtem) | Heemy | 1, tem) (l‘;:::nx: A tem)
52056 8T8043 0,043 0,915 1.079 1.778 0,559 4, 49 1.67 0, 0393
52000 HT5310 0. 086 0,915 1,079 2,095 0,559 4. U0 LT3 0, 0787
V 52076 Hr’l“)']‘iB 0, !']-3;‘ 1,478 1.374 2,756 0.711 ().~IH. 10,1 0, 285
r.auo;ﬂ ) 8'1“565‘] ().AG'II 1,478 i, 372 &, b 0. 875 - 6,14 14,5 0,389
5&004. RT&515 0, MWy 1,674 T 1,450 2,470 0,559 6, 08 4, 62 0, 44
32001 #9402 0. 171 2,274 1,704 2,743 [V ¥iH] 7. 44 10,1 0, 389
52 | 06 HTHauJ 0. 183 2,274 1.702 3,051 0,711 B, 98 12,6 0.439
Ra011 HT1068 0, 086 b 22 2,324 3,391 0.559 H, "R 6,71 0 345
54004 HTT0UY 0,17) oy, Al 4,124 3,191 0,870 u, 43 P34 0,725
520409 BT4635 0,257 1,242 2. 324 3,700 0,876 a, 87 21,2 1,090
52012 HT%Hnd 7ﬁn.341 4. 242 2, 324 4,020 0. 876 0,67 29, 4 1. 445
52040 LR TR 0514 4, ddd —Hd_ 344 4, 006 1,194 0,97 T ¢, 180
G521 3K HTHHAY 0, 686 4. 242 2,324 4,026 1,547 11,90 B9, 6 2,910
52030 BIB34T | 0, 343 6,816 2.94b 1.674 0,489 11,96 35, B 2.379
52035 BT7441 0, h86 6. 816 -M_z.946 4,674 b.547 11, 9% 65, b 1,670
52425 BT5772 | 0,771 6,816 | 2.916 5.308 | 1.219 12, 96 H7. 2 5,256
540M #5420 1,371 9,648 3.50% 6,629 1.575% 15, 95 191 13,23
220 d | BT4LTO | 0,257 11,55 3.835 5,372 0,876 § 14,46 32,4 2.9548
52017 HT417H 1, GHb 18,19 4,813 0,617 1.575 1 17,95 | 107 14, 48
521013 HT6H110 1.371 17,91 '1.7?-5. 7:‘;2.:5 1,587 AR 238 24,58
sa022 | wrenet | 2742 17,91 4,775 | 7,925 | 2.845 | 1e.94 | 477 49,11
54011 8THLHO 0. 686 28,22 5,991 7.89% 1.575 21,93 131 19,36
128 #TH100 1,371 28,22 5:-‘-)_9_;“ 9,193 1,613 23,93 2RO 38,68
LELHIB A BT5%168 2,7 28,22 5,094 9,195 2,881 231,93 572 T7.38
52100 HI'S6H00) 5, |42 28,22 5,994 7.881 4,216 d4.83 [ 117 145,0
52081 HT5737 5,142 48, 69 7.874 11.81) 4, ol 10.91 | 1386 250,13
a24af BT0L5% 7. 198 48, 37 7.848 13,106 4, 305 32,90 1 1065 348,11
A2112 8T%0611 6. 855 75,562 9,741 13,754 5,601 16,89 [ 2205 217.7
534&6 BT9260 | 10, 268 74, 14 9,716 | 15,680 5,601 [ 39,88 { 3814 Biy. 2
{11 Cross-sectional area ealeculaled for & mid (0, 002 in, ) material
{2} Dimensions listed are sizes of aluminum boxed cores inot coated)
(31 0, 002 mil thickness and high nickel tnaterial

ORIGTAL ?AG%E’ 5
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CHAPTER VII

TRANSFORMER =~ INDUCTOR
EFFICIENCY, REGULATION, AND TEMPERATURE RISE

7-1
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A. INTRODUCTION

Transformer efficiency, regulation, and temperature rise are all
interrelated. Not all of the input power to the transformer is delivered to the
load, The difference between the input power and output power is converted
into heat., This power loss can be broken down into two components: core loss
and copper loss. The core loss is a fixed loss, and the copper loss is a
variable loss which iu related to the current demand of the load. Copper loss
goes up by the square of the current and is termed quadratic loss. Maximum
efficiency is achieved when the fixed loss is equal to the quadratic at rated
load, Transformer regulation is the copper loss P divided by the output

power Po'

B. TRANSFORMER EFFICIENCY

The efficiency of a transformer is a good way to measure the effective-
ness of the design, Efficiency is defined as the ratio of the output power Po to
the input power Pin' The difference between the P, and the Pin is due to
losses. The total power loss in a transformer is determined by the fixed
losses in the core and the quadratic losses in the windings or copper. Thus

P, = P (7-1)

z fe + 1:,cu

where Pfe represents the core loss and Pcu represents the copper loss.
Maximum efficiency is achieved when the fixed loss is made equal to the
quadratic loss as shown by equation 7-11, Transformer loss versus output

'load current is shown in Figure 7-1,

The copper loss increases as the square of the output power multiplied
by a constant K which is thus:

o mn

P, = KP (7-2)

7-2
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SRR 1 | 1 7
& 1)[C MAXIMUM EFFICIENCY OCCURS - 7
v WHENP =P 7]
o ol- cu fe e -
8 % - .
@ S COPPER LOSSES IR_.~ Pev -
2N 6} —_:\,-"" -
2 4F / x
é R FIXED LOSSES Prg _
' 1 ! ! | ]
0 20 40 &0 80 100 120

OUTPUT LOAD CURRENT, %

Fig. 7-1. Transformer loss versus output load current

which may be rewritten as

Since

and the efficiency is

then

2
= P, +KP_
= P +Py
P, + Py
P
— — Q
) 2
+KP. P, +P_ +KP,

7-3

(7-3)

(7-4)

(7-5)

(7-6)
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and, differentiating with respect to Po:

-2
an 2 -
dPo = «P_ [pfe + P, +KP, (14+2 KPO) (7=-7)
2] _

+ [Pfe + Po + KPo] = O for max n (7-8)

2
-P_(l+2 KPO) +(Pfe + P+ KPO) =Q (7-9)
P -2KP? +P, +P_+KP% = O (7-10)

) o fe e o

. P, = KP> = P (7-11)

' fa o  Teu

C. RELATIONSHIP OF Ap TO CONTROL OF TEMPERATURE RISE

i, Temperature Rise

Not all of the Pin input power to the transformer is delivered to the load
as the Po' Some of the input power is converted to heat by hysteresis and eddy
currents induced in the core material, and by the resistance of the windings,
The first is a fixed loss arising from: core excitation and is termed '"core loss,"
The second is a variable loss in the windings which is related to the current
demand of the load and thus varies as I°R. This is termed the quadratic or

copper loss,

The heat generated produces a temperature rise which must be con-
trolled to prevent damage to or failure of the windings by breakdown of the
wire insulation at elevated temperatures. This heat is dissipated from the
exposed surfaces of the transformer by a combination of radiation and con-
vection, The dissipation is therefore dependent upon the total exposed surface
area of the core and windings,

piId
GINAL 2A8
O PooR QuALITY
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Ideally, maximum efficiency is achieved when the fixed and quadratic
losses are equal, Thus:

Py = Pg +P., (71-12)
and
P
— ) -

When the copper loss in the primary winding is equal to the coppar loss
in the secondary, the current density in the primary is the same as the cur-
rent density in the secondary:

P P
w2 - w (14
P 8
and
Pz 2P 4P 2
__-:__.}’2.:-1?.:(21) (7-15)
Rt Rp Rp P
Then

I 2
'Ip::W_E/?:W%:JB:J (7=16)

C 2 Calculation of Temperature Rise

Temperature rise in a transformer winding cannot be predicted with
complete precision, despite the fact that many different techniques are
described in the literature for its calculation. One reasonably accurate

7-5
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method for open core and winding construction is based upon the assumption
that core and winding losseas may be lumped together as:

PE = Pfe + Py (7=-17)

and the assumption is made that thermal energy is dissipated uniformly through-
out the surface area of the core and winding assembly,

Transfer of heat by thermal radiation occurs when a body is raised to a
temperature above its surroundings and emits radiant energy in the form of
waves. In accordance with the Stefan-Boltzmann law,* this may be expressed as:

w_ = K¢ (T2 - T1% (7-18)
in which
Wr = watts per square centimeter of surface
K. = 5,70 x 10" w em™ (°K)~¢

€ = emissivity factor

T2 hot body temperature in degrees kelvin

T1 ambient or surrounding temperature in degrees kelvin

Transfer of heat by convection occurs when a body is hotter than the sur-
rounding medium, which usually is air. The layer of air in contact with the hot
body which is heated by conduction expands, and rises, taking the absorbed
heat with it, The next layer, being colder, replaces the risen layer, and in
turn on being heated also rises, This continues as long as the air or medium
‘surrounding the body is at a lower temperature. The transfer of heat by con=-

vection is stated mathematically as:

W = K Fo" VP (7-19)

*Reference 2, Chapter 3.

7-6
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in which:
W, = watts loas per square centimeter
K, = 2,17 x 107
F = air friction factor (unity for a vertical surface)
= temperature rise, degrees C
p = relative barometric pressure {unity at sea level)
N = exponential value ranging from 1.0 to 1,25, depending on the shape

and position of the surface being cooled,

The total heat dissipated from a plane vertical surface is expressed by
the sum of equations 7-18 and 7-19:

w o= 5,70 x 1072 (2t - Mty 4 1.4 x 107 Fel' B0 (7-20)

3. Temperature Rise Versus Surface Area Dissipation

The temperature rise which may be expected for various levels of power
loss is shown in the monograph of Figure 7-2 below. It is based on equa-
tion 7~20 relying on data obtained from Reference 2* for heat transfer effected
by a combination of 55% radiation and 45% convection, from surfaces having an
emissivity of 0,95, in an ambient temperature of 25°C, at sea level, Power
loss (heat dissipation) is expressed in Wa.t:t:ra/n:m2 of total surface area. Heat
dissipation by convection from the upper side of a horizontal flat surface is on
the order of 15 to 20% more than from vertical surfaces, Heat dissipation
from the underside of a horizontal {lat surface depends upon surface area and

conductivity.

*See References in Chapter 3,

7-~7
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AT « TEMPERATURE RISE, OEGREES C
Fig., 7-2, Temperature rise versus surface disaipation

4. Surface Area Required for Heat Dissipation

The effective surface area At required to dissipate heat (expressed as

watts dissipated per unit area) is:

ORIGINAL BAGE 15

P QUALITY
- _Z OF POOR (7-21)

-in which ¥ is the power density or the average power dissipated per unit area
from the surface of the transformer and P2 is the total power lost or

dissipated.

Surface area A, of a transformer can be related to the area product Ap
of a transformer, The straightline logarithmic relationship shown in Fig-
ure 7-3 below has been plotted from the data shown in Table 2.5, Chapter 2,

7-8
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Fig., 7-3, Surface area versus area product Ap

From this, the following relationship evolves:

A, = KB(AP)O's = %1-’- (7-22)

and (from Fig. 7-2)
¥ = 0.03 W/cm? at 25°C rise (7-23)
¥ = 0,07 W/em? at 50°C rise (7-24)

Figure 7-4 utilizes the efficiency rating in watts dissipated in terms of
two different, but commonly allowable temperature rises for the transformer
ovoer ambient temperature, The data presented are used as bases for deter-

mining the needed transformer surface area At (in cmz).

7-9
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Fig, 7-4, Surface area verrus total watt loss
for a 25°C and 50°C rise

D. REGULATION AS A FUNCTION OF EFFICIENCY

The minimum size of a transformer is usually determined either by a
temperature rise limit, or by allowable voltage regulation, assuming that size
and weight are to be minimized,

Figure 7-5 shows the circuit diagram of a transformer with one second-
ary. Note that a = regulation (%).

4
\/
- —-
ﬂ‘
o".
]
>

Fig. 7-5. Transformer circuit diagram
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The analytical equivalent is shown in Figure 7-6,

2
N8,
AM

2
NE N"Rg

Fig, 7-6. 'Transformer analytical equivalent

This assumes that distributed capacitance in the secondary can be
neglected because the frequency and secondary voltage are not excessive high,
Also the winding geometry is Lesigned to limit the leakage inductance to a level

low enough to be neglected under most operating conditions,

Transformer voltage regulation can now be expressed asa;

VO(N. Lo ) - VO(F. Lo )
V(N L)

@ = X 100 (7-25)

in which Vo(N' L. ) is the no lead voltage and VO(F. L.) is the full load voltage.

The output voltage computed using Figure 7-5 ia:

R (NZRp) | (NzRE JIr_ +R)

v = o— NE (7-26)
o Ro + Rs NZR
P
For the usual condition of
2 2
N°Rp »NRg I (R, +R.),

7-11
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Vo simplifies to

R

V, = V, (F.L.) =

NE (7-27)
+ ns)

3
R, +(N R,

For equal window arzas allocated for the primary and secondary wind-
ings, it can be shown that NZRP = R,

For simplicity, let

At no load (N.L.) R, approaches infinity, therefore:

V, (N.L.) = NE (7-28)
R,
NE -—-——-—Ro PR NE
o = NE x 100 (1-29)
Ro )
= (1 x 100 (7-30)
(-
_New X 100 (7-31)
R, +R_

This shows that regulation is independent of the transformer turns ratio.

For regulation as a function of copper loss, multiply equation 7-31 by Ii:

o = o_cu x 100 (7-32)
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then

P

cu

@ = mee———ae % 100
Po"'Pcu

Pin = Pcu +Pfe +Po

For regulation as a function of efficiency,

P P
o . o =N
Pin Pcu t Pfe + Po

By definition

cu

Solving for Pcu + Pfe

Po(l -n) 1
n = Po(ﬁ'-l)' cu TFe =2 Py
o 1. - 1 - l-l]
100 ~ P 2 T 1 +n
cu n
- lon
o= 70 x 100

(7-33)

(7-34)

{(7-35}

(7-36)

(7-37)

(7-38)

(7-39)

For efficiency ac a function of regulation, multiply both sides of the equation

by (1 +n):

a+na= 100 -n 100

T-13

(7-40)
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Solve for n
N0 +y a = 100 = & (7-41)
n(100 + ) = 100 - « (7T-42)
- b -0

E. DESIGNING FOR A GIVEN REGULATION

l, Transformers

Although most transformers are designed for a given temperature rise,
they can also be designed for a given regulation.* The regulation and power=-
handling ability of a core is related to two constants:

(7-44)

VA = Kg Keaf

o = Regulation (%)

The constant K_ is determined by the core géometry which may be related by

the following equation:
w, A’k
Kg = —NMLT (7-45)

The constant K e is determined by the magnetic and electric operating conditions

which may be related by the following equation:
(7-46)

K = 0,145 K°f%B2 x 10~%
e m

The derivation of the relationship for Kg and Ke is given at the end of this

chapter.
ORIGERNAL RAGE 1b

*Reference
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The area product Ap can be related to the core geometry Kg in the

following equation:

0,8
A = K_K* 747
P P8 (7-47)

The derivation is given in detail at the end of this chapter.,

Rewriting equation 7-44,

VA
K= (7-48)
g I(Ba
0.8
_ VA
A, = Kp(l(eaf) (7-49)

Figure 7-7 shows how area product AP varies as a function of regulation, in

percent,

100 . ] . —_— ' ——

y B

A

AREA FRODUCT,
1

REGULATION, &, %
Fig. 7-7. Area product versus regulation
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Figure 7-8 shows how weight W’t varies as a function of regulation, in

percent.
|0,m_ T T T T L
L J
&
£
Q
¥
100 1 4 i i n
0.1 1.0 10
REGULATION, a, %
Fig. 7-8. Weight versus regulation
2., Inductors

Inductors, like transformers, are designed for a given temperature rise,
They can also be designed for a given regulation. The regulation and energy

handling ability of a core is related to two constants:
2
(Energy) = K Kea (7-50)

g

a = Regulation (%)

7-16
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The constant Kg is determined by the core geometry:

s
W A K
_ atte ™™
Kg © MLT (7-31)
The constant Ke is determined by the magnetic and electric operating
conditions:
o 2 =4
Ke s 4. 145 J?(J Bdc x 10 (7-52)

The derivation of the specific functions for Kg and Ke is given at the end of

this chapter.

3. Transformer Design Example I

For a typical design example, assume an isolation transformer with the

following specifications:
{1) 115 volts
(2) 1.0 amperes
(3} Sine wave
{4) Frequency 60 Hz
(5) Regulation o 2%

The procedure would then be as follows:

Step No. 1. Calculate the output power:

P0 = VA
P, = (115)(1.0)
Po = 115 [watts]

7=17
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Step No, 2, Calculate the electrical conditions from equation 7-46:

_ 2.2.2 ~d
Ke = 0,145 K™ ¢ Bm x 10
K = 4‘.44
f = 60 [Hz]
B =1,2 [tesla]

K = 0,145(4,44)260%(1.2)% x 1074

¢

K

1,53
e

Step No, 3, Calculate the core geometry from equation 7-44:

Ke " Ro

118
Kg = [1.53)2.0)

K 37.6

g

Step No, 4, Select a lamination from Table 7.B-2 with a value Kg closest
to the one calculated:

EI - 150 with a Kg = 35,3

Step No. 5. Calculate the number of primary turns using Faraday's law,

equation 3,A-1:

E x10%
P
I44i A BT
C m

N =
ORIGINAL PAGE IS
OF POOR QUALITY
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The iron cross section Ac is found in Table 7. B-2:

Ac = 13,1 [cmz]

N = 115 x10*
2.34(13, N1, 2)(60)

N = 275 turns
Step No, 6, Calculate the effective window area Wa( eff)’
Watesty = WaS3
A typical value for S, is 0,75, as shown in Chapter 6.

Select the window area Wa from Table 7.B-2 for EI 150:

{10, 9{0. 75)

Walets)

= 2
Wa(eff, = 8. 175 [Cm]

Step No, 7. Calculate the primary winding area:

Primary winding area = Secondary winding area

w

Primary winding area = _a‘%ﬂl

Primary winding area >

1

o

-

(=]

0

g
P

Primary winding area =

7-19
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Step No. 8., Calculate the wire area Aw with insulation, using a fill
factor S, of 0,6:

w
_ a{pri .
AW = xsz
_ (4.09)(0,6
A, = '—zvr—)
2
Aw = 0,00892 [cm]

Step No. 9. Select the wire area A with insulation in Table 6-1 for
equivalent (AWG) wire size column D:

AWG No, 18 = 0.009326 [cmz]

The rule is that when the calculated wire size does not fall close to those listed

in the table, the next smaller size should be selected,

Step No, 10, Calculate the resistance of the winding using Table 6«1,
column C, and Table 7.B-2 for the ML/T:

R = MLT x N x (column C) x 1076
R, = (21.2)(275)(209.5) x 107
R, = lL.22 [e]
RP = R’5
R, = 2R,
R, = 2 (1.22) gglg&%&%wm
R, = 2.44 [«]

7-20



Step No, 11, Calculate the copper loss P cu and the regulation:

77-35

2
P, = 'R,
P = (1) (2.44)
cu
P, = 2.44
P
o« = 1:"‘ x 100
]
2,44
s Tis x 100
o= 2,12

4, Transformer Design Example II

[watts:!

(%)

For a typical design example, assume a filament transformer usging a

C core:
(1)
(2)
3)
(4)
(5)
(6)

120 volt input

400 Hz

Sine wave

6, 3 volt output
5.0 ampere output

Regulation « 1,0%

The procedure would then be as follows:

Step No. 1, Calculate the output power:

P = VA

i
i

= (6.3)(5)
31,5

g
i

7-21
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Step No, 2. Calculate the slectrical conditions from equation 7-46:

2 27

= 2 =4
K, = 0,145 K™ f By, x10

K = 4,44
f = 400 (Hz]
B = 1,2 [tesla]
o = (0.145)(4,44)%(400)%(1.2)% x 1074

. = 65.8

Step No, 3, Calculate the core geometry from equation 7-44:

VA
K = 77—/
g Kea
_ 31,5
Ky = 165, 8)(1)
K = 0,47
g 9

Step No. 4. Select a C core from Table 7.B-1 with a value Kg closest to

the onhe calculated:
AT,-18 with a Kg = 0,530

Step No. 5. Calculate the number of primary turns using Faraday's law,
equaticn 3. A-1,

.A - 1. 25] l l
c cm

7-22
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N = 120 x 104
p = 1.44(1.257)(1,2)(400)

N_ = 448
P

Step No. 6, Calculate the effective window area wa(eﬁ')‘

Waters) = Wa 53

A typical value for 83 is 0, 75 as shown in Chapter 6. Select the window area
Wa from Table 7.B-1 for AL-18:

S,

= (6.3)(0,75)

= 4,72 [cmz]

W letf)

W (e)

Step No, 7. Calculate primary winding area:

Primary winding area = Secondary winding area

w
Primary winding area = —aés'ﬂ
Primary winding area = é—zl'?'-
Primary winding area = 2,36 [ cma]

Step No. 8. Calculate the wire area Aw with insulation using a fill factor

of 0,6:

A _ Wa(gri! SZ
w N
_ (2.36)(0.6
Ay = LT%&__,'
A, = 0,00316 [csz

7-23
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Step No, 9, Select the wire area Aw with insulation in Table 6-1 for
equivalent (AWG) wire -lze, column D:

AWG No. 23 = 0,003135 [cmz]

The rule is that when the calculated wire size does not fall close to those listed
in the table, the next smaller asize should be selected,

Step No, 10. Calculate the resistance of the primary winding, using
Table 6~1, column C, and Table 7.B-1 for the MLT:

RP = MLT X N x {column C) x 10'6
Rp = (7.51){448)(666) x 10'6
R = 2.24
o (2]

Step No, 1l1. Calculate the primary copper loss Pcu:

Vi
I = ==
E
P p
_ 3.8
L, = T30 = 0.263 [a]
2
Py = Ip Ry
P = (0,263)%(2.24)
cu L] [ ]
P 0, 155 [watts]

7-24
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Step No. 12, Calculate the secondary turns:

N
= P
Ns = -I-B—P(E.)

448
N, = 139 (6:3)

N 24

Step No. 13. Calculate the secondary wire area Aw with insulation using
a fill factor S, of 0,6:

w S

A = a(sec) "2
w N
_ (2.36)(0.6)
Aw =
2
Aw = 0,059 [cm ]

Step No, 14, Sclect the secondary wire area Aw with insulation in
Table t~1 for equivalent (AWG) wire size, column D;

AWG No. 10 = 0, 0559 [cmz-l;

-l

The rule is that when the calculated wire size does not fall close to those listed
in the table, the next smaller size should be selected,

7=25
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Step No, 15, Calculate the resistance of the secondary winding using
Table 6-1, column C, and Table 7.B-1 for the MLT:

R, = MLT x N x (column C) x 10~6
R, = (7.51)(24)(32.7) x 107
R = 0,0059 [2]

Step No. 16, Calculate the copper loss L

2

PC“ = IS RS

P_ = (5)%(0.0059)

cu

P, = 0.148 [watts]

Step No., 17. <Calculate the regulation:

P +P

a=_.E._._P 8 « 100
(o]

(0, 155) + (0, 148)
@ = 3.3 X 100

2
I

= 0,962 (%]

5. Inductor Design Example

For a typical design example, assume;
(1) Inductance = 0,05 henry
(2) Cutput power Po = 200 watts

ORIG!NAL

QUALITY
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i} Output current I, = 2,0 ampsres
(4) Regulation o= 1%

The procedure would then be as follows:

Step No. 1. Calculate the energy involved from equation 7,B-16:

L 1%
O

Energy 5

2
Energy = O 05(2. 0)

0.10 [watt seconds]

Energy

Step No, 2, Calculate the electrical conditions from equation 7-52:

K, = 0.145 P_BS x10™

P, = 200 [watts]
Bdc = 1,2 [tesla]
K, = 0.145(200)(2.2)% x 107*

K, = 0,00418
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Step No. 3. Calculate the core geometry from equations 7-50;

K = (Energz)z

g Kea
P 1)2
4 (G
= 2.3
Ky 9

Step No. 4, Select a C core from Table 7.B-1 with a value Kg closest to

the one calculated:
AL-20 with a Kg = 2.32
Also select the area product Ap for this C core from Table 2-6;
Ap = 22,6 [cm‘*]

Step No., 5, Calculate the current density from area product equa-
tion 4, A-18;:

. 2 (Energy) x 104

Bm Ku Ap

Insert values, Ku = 0,4,

2(0,1) x 10

(1. 2)(0, 4)(22.8)

L=
1

T o= 184 [A /cmz]

7-28
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Step No. 6. Determine the bare wire size A

A = -}-9- - -2—'.2.
w(B) J 7 184
AW(B) = 0,0108

Step No. 7, Select an AWG wire size from Table 6-1, column A,

[enr’]

The

rule is that when the calculated wire size does not fall close to those listed in

the table, the next smaller size should be selected.
AWG 17 = 0,01038

Step No. B, Calculate the effective window area Wa(eﬁ)z
Wa(eff) = Wa 53
A typical value for S3 is 0,75, as shown in Chapter 6,
Select the window area W, from Table 7.B-1 for an AL-20:
wa(eff) = (6,30)(0.75)

Waesry = 472

Step No., 9. Select the wire area with insulation for a Na, 17 in
Table 6«1, column D:

AW with insulation = 0,01168

7~29
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Step No. 10, Calculate the number of turns using a fill factor Sz of 0.6:
N = wa‘eﬁ'[ SZl
Aw
N = (4, 72“0.6!
N = 242
Step No. 11. Calculate the gap from the inductance equation 4-6;
0.4m N°A_ x 1078
lg = ’ L
The iron cross section Ac is found in Table 7.B-1:
Ac = 3,58
2 -8
1 = 1.26(242)"(3.58) x 10
g - {0.05)
1, = 0.0528 [em)

Step No. 12, Calculate the amount of fringing flux from equation 4-7
{the value for G is found in Table 4. B-17):

1

F=(1+ E1og 19'-)

( va, ¢ lg

0, 0528) 2(3.967

F o= [14{8:0528),, ré—trsml)

( V3.58 fe T0.

ORIGTNAL PAGE I

Fo=ll4 OF POOR €8
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After finding the fringing flux F, insert it into equation 4-8, rearrange, and

solve for the correct number of turns:

T L
N = 2
0.4 A_F X 10

N - 10, 0528)(0, 05)
(1.26)(3. 58)(1, 14) x 10°°

N 226

Step No, 13, Calculate the resistance of the winding, using wire
Table 6-1, column C and Table 7,.B-1 for the MLT:

MLT X N x (column C) x 1070

6

(13.62)(226)(165.8) x 10~
0.51 (5]

=
1

Step No. 14, Calculate the power loss in the winding:

o2
P, = IR

P = 2)%0.51)

cu '

P, = 2.04 [watts)
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Step No., 15. Calculate the regulation from equation 7,B-23;

= —CU
B x 100
4]

R
H

2.04 .
200 x 100

a= 1,02 [%]

Step No, 16. Calculate the flux density for B, from equation 7.B-7:

0.47 NI, x 1074
Bigc © lc
¢ g
-4
5 = (1:26)226)(2.0) x 10
de [0, 0528)
By, = 1.08 (tesla]

{In & test sample made to verify this example, the measured inductance was

found to be 0,047 henry and the resistance was 0,4% ohms.,)

F, MAGNETIC CORE MATERIAL TRADEOFF

The relationships between area product AP and certain parameters are
associated only with such geometric properties as surface area and volume,
weight, and the factors affecting temperature rise such as current density.
A_has no relevance to the magnetic core materials used, however the designer
oth,en must make tradeoffs between such goals as eificiency and size which are

influenced by core material selection.
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Usually in articles written about inverter and converter transformer
design, recommendations with respect to choice of core material are a com-
promise of material characteristics such as those tabulated in Table 7-1, and
graphically displayed in Figure 7-9., The characteristics shown here are those
typical of commercially available core materials. As can be seen, the core
material which provides the highest flux density is supermendor. It also pro-
duces the smallest component size, If size is the most important consideration,
this should determine the choice of materials, On the other hand, the type 78
Supermalloy material (see the 5/78 curve in Figure 7-9), has the lowest flux
densaity and this material would result in the largest size transformer. How-
ever, this material has the lowest coercive force and lowest core loss of any

of the available materials. These factors might well be decisive in other

applications.
Table 7-1, Magnetic core material characteristics
# nis
SATURATED DC COERCIVE
MATERIAL | CURIE
FLUX FORCE SQUARENESS WEIGHT
TRADE NAMES COMPOSITION DENSITY, AMP-TiJRNI RATIO DENSITY, EEMPERATURE, FACTOR
tasla cm g/em c
Supermendur 49% Co
49% Feo 1.9=2.2 0, 18-0, 44 ¢, 901,0 B. 15 930 1, 066
Permendur 2%V
Mapgnesil 37 51 {,5-1.8 0,50, 15 0, 85-0,75 7. 63 750 1.00
Silectron 97% Fea
Micronil
Supersil
DReltamax 50% Ni 1.4-1,6 0, 125-0, 25 0, 94-1,0 8. 24 500 1,079
Orthonol 50% Fe
49 8q My
Allegheny 4750 48% Ni 1.15-1,4 0,062-0, 187 0, 80-0, 92 8,19 480 1,073
48 Allay 52% Fe
Carpenter 49
4=79 Parmalloy T9% Ni . 66«0, 82 0.025-0, 82 0, 80-1.0 8,73 460 1, 144
Sp Permalloy 17% Fo
80 Sq Mwu 79
Supermalloy 78% Ni 0, 650,82 0,0037-0,01 0,40-0,70 8,76 400 1, 148
. 17% Fe
5% Mo
Farritos
11327 ’z“: 0.45-0, 50 0,25 0,30-0.5 4,8 250 0, 629
3Cs8
“tesla = 10t Gauss
angfem? = 0,036 b/in’
733 ORIGINAL PAGE IS
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rm + 4 50/50
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48 ALICY
48/52
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N 5/78
— FERRITES
.4 r/J/_

Fig. 7-9, The typical de B-H loops of
magnetic material

Choice of core material is thus based upon achieving the best characteristic

for the mest critical or important design parameter, with acceptable compro-
mises on all other parameters, Figures 7-10 through 7-17 compare the core
loss of difierent magnetic materials as a function of flux density, frequency and

material thickness.
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Fig, 7-11. Design curves showing maximum core loss
for 12 mil silicon
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Fig, 7-12, Design curves showing maximum core loss
for 2 mil supermendor
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Fortunately, there is such a large choice of core sizes available
(Tables 2-2 through 2-7 list only a few of the different cores that are commer~
cially available), that relative proportions of iron and copper can be varied

over a wide range without changing the Ap area product, *

G, SKIN EFFECT

It is now common practice to operate dc-to-de converters at frequencies
up to 50 kHz, At the higher frequencies, skin effect alters the predicted effi-
ciency since the current carried by a conductor is distributed uniformly across
the conductor cross-section only at dc and at low frequencies. The concentra-
tion of current near the wire surface at higher frequencies is termed the skin
effect, This 18 the result of magnetic flux lines which circle only part of the
conductor. Those portions of the cross section which are circled by the largest
number of flux lines exhibit greater reactance.

Skin effect accounts for the fact that the effective alternating current
resistance to direct current ratio is greater than unity. The magnitudes of these
effects at high frequency on conductivity, magnetic permeability and inductance
are sufficient to require further evaluation of conductor size during design.

The depih of the skin effect is expressed by:

1/2

depth {ecm) = {6.61/£7' ") K (7-53)

in which K is a constant according to the relationship:

K = [(/pr) plpc]/? (7-54)

*However, at frequencies above about 20 kHz, =ddy current losses are so much
greater than hysteresis losses that it is necessary to use very thin (1 and
2 mil) strip cores.
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in which;

pr relative permeability of conductor material (ur = 1 for copper and

other nonmagnetic materials)
P = resistivity of conductor material at any temperature
c = resistivity of copper at 20°C = 1l.724 microhm-centimeter

K = unity for copper

Figures 7-18 and 7-19 below show respectively, skin depth as a function
of frequency according to equation 7-~53 above, and as related to the AWG

radius, or as Rac/Rdc = 1 versus frequency. *

1.0 -t T Lt A AL T T T T * T

SKIN DEPTH, cn - (&, 614"k

SKIN DEPTH, cm

[ 1]

0,00} M SN Y | e gl S R | PSRN T |
1K 10K 190x 1MEG

FREQUENCY, Hz

Fig. 7-18. Skin depth versus frequency

ORIGINAL RAGE IS
OF POUR QUALITY

%*The daia presented is for sine wave excitation. The author could not find any
data for square wave excitation.
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Fig. 7-19. Skin depth equal to AWG
radiue veraus frequency

Figure 7-20 shows how the RMS values change with different waveshaps.
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APPENDIX 7.A
TRANSFORMERS DESGIGNED FOR A GIVEN REGULATION

Although most transformers are designed for a given temperature rise,
they can also be designed for a given regulation. The regulation and power-
handling ability of a core is related to two constants:

VA

K, K@ (7.A-1)

R
1

Regulation (%)
The constant Kg is determined by the core geometry:

Kg = f(Ac, Wa. MLT) (7.A-2)

The constant Ke is determined by the magnetic and rlectric operating

conditions:

K = £( B_) (7T.A-3)

The derivation of thz specific functions for Kg and Ke is as follows: first
assume two-winding transformers with equal primary and secondary regulation,
schematically shown in Figure 7.A~1. The primary winding has a resistance
RP ohms, and the secondary winding has a resistance R ohmas:

AE AE

a = —E—E(100)+ = :100) (7.A-4)
p 2}

AE = R I . -3 ]

. o Lo (7.A-5)

AE, = R_I (7.A-6)
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S
' | Y

Fig. 7.A-1. Isolation tranaformer

R I
o = Z—E__Q(IOO)
P

Multiply the numerator and denominator by Ep:

From the resistivity formula, it is easily shown that

MLT N
R = —= p
P Wa B
P = 1.724 x 10'6 ohms - cm
Kp = window utilization factor (primary)

7-49
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Faraday's law expressed in metric units is

-4

E, = KINA_ B X 10 (7.A~11)

where
K
K

n

4.0 square wave

4,44 gine wave

Substituting equation 7.4-10 and 7.A-11 for RP and Ep in equation 7.A-12,

2
E
VA = ZmiRLP X o (70A-12)
(K.fN.A B_ x 10'4) (xm AB_ x 10'4)
VA = P cm b c m X @ (T.A-13)
(MLT)N_ p
200 X ——
a’p
K*?a282 w_ K px 10-10
VA = e X o (7.A-14)
Inserting 1,724 x 107° for p
0.29 K2a2B2 w_ K X 1074
VA = LT X @ (7.A-15)
Let
_ 2.2 2 -4
K, = 0,29 K“BZ x10 (7.A-16)

ORIGINAL PAGE IS
OF POOR QUALITY
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and

W K A

K = =%
g

2
c

The total transformer window utilization factor is then

K +K =K
and equations 7.A-15 and 7. A-16 change to
. 2,22 -4
Ke = 0,145 K°f Bm x 10

and

2
K = wa. Ku ‘Ac
B MLT

[cms] (7.A-17)

(7.A-18)

(7.A-19)

[ cmS] (7.4-20)

Coefficient Kg values for C cores, lamination, pot cores, powder cores, and

tape-wound cores are shown in Tables 7.B-1 through 7.B-5,

Regulation of a transformer is related to the copper loss as shown in

equation 7.A-21;

Pcu
a = 5 x 100
]

(%] (7.A-21)

The copper loss in a transformer is related to the RMS current (see Chapter 3,

Power Transformer Design; also see Fig. 7-20).
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Many transformers such as those used in DC-AC and DC-AC power
supplys and for full wave rectifiers do not have 100% duty cycles in all wirdings.
Proper selection of wire size based on duty cycle is, of course, necessary
The following multipliers will convert these types to a VA rating based on
100% duty cycle in all windings.

PRIMARY SEC. MULTIPLY
DUTY CYCLE DUTY CY"LE REQUIRED VA BY
100%, 50% 1.41
80% 100% 1.41
50% 50% 1.82
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APPENDIX 7. B
INDUCTORS DESIGNED FOR A GIVEN REGULATION

Inductors, hike transformers, are designed for a given temperature rise.
They can also be designed for a given regulation. The regulation and energy~
handling ability of a core is related to two constants:

K K &

2
(Energy) g Ke

}~3
il

Regulation (%) (7. B-1)

The constant Kg is determined by the core geometry:
Kg = £ (Ac, Wa’ MLT) {7. B=2)

The constant Ke is determined by the magnetic and electric operating

conditions:

K, = f(Po. Bm) (7. B~3)

The derivation ot the specific functions for Kg and K, is as follows for the

circuit shown in Fig, 7. B=1:

|dc

@___rvwx —~AAA
L R
A RL% Vo

I

Fig, 7. B~1l, Output inductor
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Inductance is equal to

Flux density is equal to

Bdc

Combining the two equations,

77-35

Po = Ido:: vo
I. R
a= 25— 190
VO

2

O,4m N Ac x10

-8

1
g

0,47 N I

dc X 10-

-

1

g

Solving for N,

" Since the resistance ..quation is

7-54

ORIGINAL
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4

paal 1o
gual'TY

[watts] (7.B-4)

[%]) (7.B=5)

[henry] (7. B-6)

[tesla] (7.B-7)

(7. B-8)

(7. B"g}

[2] (7. B-10)
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and the regulation equation is

[%) (7.B-11)

_ lde N MLT 2
@ = T X %{"’W—_ x 10 (7. B-12)
[} u a
2
L1
2 de 8
N = (Bd A—) x 10 (7. B-13)
C [+
2
LTp (LI
- _d de 10
= VW, X(Bd A) x 10 7. B~14)
C [+
1, MLT p(L I )2 10
o = T X i0 (7. B=15)
vV K, W, B3 A
o] [+
L 1%
Energy = —5 - [ watts seconds] (7. B-16)

Multiplying the equation by I, /I, and combining,
Y de’“de g

o = 2 z (7- B‘17)

2
(L Ifl) g MLT x 101°
1, K, W, A%B

V

dc dc
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which reduces Lo

2
o = E_E.EEE‘.?;ZL % ._&_.1\_4.1:.1’_5 x 1010 (7.B-18)
PoBge " Ky W,

p = 1,724 x 10°® chms ¢ em

4 Y 2

o - 289 (E“-‘;-‘-EY) x —MLT 5 X 10% (7.B-19)

Pu Bdt: Ku Wa. Ac

Solving for nergy,
(Energy)® = 0,145 P_ B> x -lfl‘——"y-é—f—iu x10™4 7, B-20
gyy = % o “de MIL.T ' « (7.B-20)
Ku Wa Ai [ 5]

K, = ~5iT em’| (7.B-21)

Coefficient Kg values for C cores, lamination, pot cores, powder cores,

and tape-wound cores are shown in Tables 7. B, 1 through 7. B, 5.

} 2 -4
K, = 0.145 P_ B x 10 (7. B~22)
PCU
@ = = x 100 [%] (7.B-23)
8]

The regulation of an inductor is related to the copper loss, as shown in

equation 7. B~24:

o = =L %100 [%]) (7.B-24)
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The copper loss in an inductor is related to the RMS current, The RMS
current in a down regulator, as shown in Figure 7. B-1, is always equal to or
less than L

rMs ¥ Lo (7,B-23)

7-57



77-35

Table 7. B-1, Coefficient Kg for C coreca®

Core | 1073 K, | W, em? | A, em® | MLT, cm | G, em | D, em
AL-2 6. 27 1. 006 0. 264 4. 47 1,587 | 0,635
AL-3 14,4 1.006 0. 406 5. 10 1,587 | 0.952
AL-5 30, 6 1, 423 0, 539 5, 42 2,22 0.952
AL-6 47.8 1, 413 0.716 6.06 2,22 1,27
AL-124 | 63.1 2,02 0.716 6. 56 2. 54 1, 27
AL-8 106 2,87 0. 806 7.06 3,015 | 0,952
AL-9 173 2, 87 1,077 7. 69 3.015 | 1.27
AL-10 248 2.87 | 1.342 8.33 3,015 | 1.587
AL-12 256 3. 63 1, 260 9. 00 2.857 | 1.27
AL-135 273 4, 083 1, 260 9, 50 2.857 | .27
AL-78 399 4,53 1. 340 8. 15 5,715 | 1.91
AL-18 530 6. 3G 1,257 7.51 3,927 | 1.27
AL-15 648 5, 037 1, 80 10. 08 3.967 | 1.587
AL-16 869 5, 037 2. 15 10,72 3.967 | 1.905
AL-17 1380 5. 037 2,87 11.99 3.967 | 2.54
AL-19 1600 6.30 2. 87 12.98 3.967 | 2.54
AL-20 2370 6. 30 3,58 13, 62 3.967 | 2.54
AL-22 2940 7. 804 3, 58 13. 62 4.92 2. 54
AL-23 4210 7.804 4, 48 14.98 4.92 3,175
AL-24 3910 11. 16 3,58 14.62 5.875 | 2.54

a —
Where Ku =0,4,
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Table 7.B-2,

77=-35

Coefficient Kg for laminations®

-3

2

Core 10 Kg W, cm2 A, cm MLT, em G, cm | D, cm
EE 3031 0.103 0. 176 0, 0502 1,72 0.714 0, 239
EE 2829 0, 356 0,252 0. 0907 2.33 0.792 0,318
EY.187 2,75 0. 530 0,204 3,20 1.113 0. 478
EE 2425 8.37 0. 807 0,363 5.08 1. 27 0. 635
EE 2627 51,1 1. 11 0.816 5.79 1,748 0.953
EI 375 63,8 1. 51 0.816 6,30 1,905 0,953
EI 50 144 1, 21 1. 45 7, 09 1.91 1. 27
EI 21 181 . 1, 63 - 1, 45 7.57 2. 00 1. 27
El 625 441 1, 8¢9 2,27 8,84 2,38 1. 59
EI 75 1160 | 2.%% 3,27 10,6 2. 86 191
EX 87 2390 3.71 4, 45 12,3 3.33 2,22
EI 100 4500 4,83 5,81 14,5 3.81 2, 54
EL1ll2 8240 6. 12 7.34 16,0 4. 28 2,86
EI 125 14100 7. 57 9.07 17.7 4.76 3,18
EI 138 25400 9.20 11.6 19.5 5,24 3.49
EI 150 35300 10,9 13,1 21,2 5,72 3. 81
EI 175 75900 14,8 17. 8 24,7 6. 67 4. 45
EI 36 74900 21,2 15,3 26,5 6. 67 4,13
EIl 19 135000 33.8 17. 8 31.7 7.62 4, 45

®Where K, = 0.4
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Table 7. B=3., Toefficient Kg for pot cores®

Core 10"3 Kg Wa, c:rn2 A‘c' c:mz MLT, cm
9% 5 0. 109 0,065 0. 10 1,85
11 x 7 0.343 0,095 0. 16 2.2
14 x 8 1,09 0,157 0,25 2.8
18 x 11 4,28 0,266 0, 43 3, 86
22 x 13 10.9 0,390 0, 63 4, 4
26 x 16 27.9 0.530 0. 94 5,2
30 x 19 71,6 0,747 1. - 6,0
36 x 22 171 1,00 2,01 7.3
47 x 28 584 1,80 3,12 9.3
59 X 36 1683 2.77 4, 85 12,0

AWhere Ku = 0,31,

7-60




77-35

Table 7, B-4, Coefficient Kg for powder cora®

Gore 1073 K, w,, em® A em? MLT, cm
55051 0,901 0, 381 0,113 2,16
55121 4,00 0.713 0.196 2.74
55848 8, 26 1. 14 0.232 2,97
55059 17, 4 1, 407 0.327 3. 45
55894 55,3 1,561 0. 639 4,61
55586 77.7 4, 00 0. 458 4,32
55071 108 2,93 0, 666 4,80
55076 134 3,64 0. 670 4,88
55083 316 4,27 1. 060 6,07
55090 639 6. 11 1,32 6, 66
55439 852 4.27 1,95 7.62
55716 712 7. 52 1,24 6, 50
55110 1123 9. 48 1, 44 7,00

a =
Where Ku =0, 4-

ORIGRVAL PAGE 1Y
AF POOR QUALITY
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Table 7, B=5, Coefficient Kg for tape-wound toroids®

3

2

2

Core 10 Kg “g,cm Ad cm MLT, cm
524402 0,0472 0. 502 0.022 2,06
52153 0.254 0. 502 0,053 2.22
52107 0.0860 0.982 0,022 2,21
52403 0,107 1,28 0,022 2,30
52057 0, 456 1, 56 0.043 2.53
52000 1. 07 0.982 0.086 2,70
52063 1. 62 1,56 0.086 2,85
52002 1.81 1.76 0. 086 2,88
52007 10.6 1, 56 0,257 2,87
52167 17. 4 1,56 0. 343 . 23
52094 20,8 1. 56 0.386 4, 47
52004 12,7 4, 38 0.171 4,02
52032 44,3 4, 38 0,343 4, 65
52026 87.7 4, 38 0.514 5,28
52038 138 4, 38 0, 686 5.97
52035 203 6.816 0. 686 6.33
52055 276 9.93 0. 686 6.76
52012 587 6.94 1,371 8,88
52017 459 18,3 0. 686 7.51
52031 668 29.2 0. 686 8.23
52103 1570 18.3 1,371 8,77
52128 2220 28,0 1,371 9. 49
52022 4870 18,3 2.742 11,30
52042 6790 27.1 2,742 12.0
52100 18600 27. 1 5. 142 15,4
52112 68100 73. 6 6. 855 20,3
52426 159000 73.56 10,968 22,2

—

a =
Whel‘e I{u - 0. 4.
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| APPENDIX 7.C
TRANSFORMER AREA PRODUCT AND GEOMETRY

The geometzy K g of a transformer, which can hie related to the irea

product A P’ is derived in Chapter 7 and is shown here in equation 7, C-1,

Derivation of the relationship is according to the following: Geometry K g
varies in accordance with the fifth power of any linear dimension ? {designated

25 below), whereas area product Ap varies as the fourth power:

2
4 MLT

A
"

~

(=Y
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The area product/geometry relationship is
A =K K
P

in which K_ is a constant related to core ceonfiguration, shown in Table 7.C-1,
which has been derived by averaging the values in Tables 2-2 through 2-7 (see
Chapter 2) and Tables 7. B=-1 through 7. B«5,

The relationship between area product Ap and core geometry is given
in t'igures 7, C-1 through 7. C-5. It was obtained frorn the data shown in
Tables 2-2 through 2-7 for area product Ap and Tables 7. B-1 through 7 B-5

for Kg.

Table 7. C-1, Constant KP relationship

Core type Kp
Pot cover 8. 87
Powder cores 11.8
Lamination 8.3
C cores v 12,5
Tape~wound cores
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A, INTRODUCTION

The design of an ac inductor is quite similar to designing a transformer,

If there is no dc flux in the core tae design calculations are straightforward.

The apparent power Pt of an inductor is the VA of the inductor; that is,

the excitation voltage and the current through the inductor;

P, = VA (8-1)

B. RELATIONSHIP OF Ap T'O INDUCTOR VOLT-AMPERE
CAPABILITY

According to the newly developed appreoach, the volt-ampere capability of
a core irf related to its area product Ap by an equation which may be stated

as follows:

4 1.14
VA X 10
A _ = (8-2)
P (4. 44 Bmf Ky Kj )
Kj = current der sity coefficient (see Chapter 2)
¥y = window utilization factor (see Chapter 6}

{ = frequency, Hz

)
1}

flux density, tesla

From the above it can be seen thut factors such as flux density, window
utilization factor Ku (whicl defines the maximum space which may be occupied
by the copper in the window), and the constant Kj (which is related to tempera-
ture ise), all have an influence on the inductor area product. The constant KJ.
is a new paramrter that gives the designer control of the copper loss. Deriva~

tion is set forth in detail in Chapter 2,

8-2



77-35

B. FUNDAMENTAL CONSIDERA TIONS

The design of a linear inductor depends upon four related factors:
(1) Desired inductance

(2}  Applicd Voliage

(3) I'requency

(4) Operating {bhx density

With these requirements established, the designer must determine the

maximum values for B, . which will not produce mapgnetic saturation, and

ac
make tradeoffs which will yield the highest inductance for a given volume. The
core material selected determines the maximum flux density that can be
tolerated for a given design., Magnetic saturation values for different core

materials are given in Table 4-1,

The number of turns is caleu' od from the Faraday law, which states:

B x 10

T T4 D A
m <

N

(8-3)

The inductance of an iron-core inductor having an air gap may be expressed

0. 4nN° A, x 1078
I, = '1 [henry] (8-4)

Inductance is dependent on the effective length of the magnetic path which
is the sum of the air pap length (1)) and the ratio of the core mean length to

relative permeability {1 /n NE

When the core air gap (lg) is large compared to relative permeability

(l.“/ul_), because of the high relative permeability (”r)’ variations in - do not
L | ]

substantially effect the total effective magnetic path length or the inductance,
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The inductance equation then reduces to:

0.4rN% A_ x 1078
L = i henry (8-5)
‘g

Final determi.ation of the air gap requires consideration of the effect of
fringing flux, which is a function of gap dimension, the shape of the pole faces
and the shape, size and Jocation of the winding. Its net effect is to make the

effective air gap shorter than its physical dimension.

Fringing flux decreases the total reluctance of the magnetic path and
therefore increases the inductance by a factor F to a value greater than that
calculated from equation (8-5). Fringing flux is a larger percentage of the

total for larger gaps. The fringing flux factor is:

F o= 1+
( VA lg

1
- log,, Eg) (8-6)
C
where G is a dimension defined in Chapter 2. (Equation 8-6 is also valid for

laminations; this equation is plotted in Figure 4-3),

Inductance L computed in equation (8-5) does not include the effect of

fringing flux. The value of inductance L' corrected for fringing flux is:

0. 4TN% A_T X 10-¢

! = - [henry. (8-7)
g

The losses in an ac inductor are made up of three components:
(1) Copper loss, P

(2} Iron loss, Pfe

(3) Gap loss, Pg

The copper loss and iron loss have been previously discussed, Gap loss™

is independert of core strip thickness and permeability. Maximum efficiency

by

)
Reference

" ~)
_ JCINAL RAGE
5-4 %l;; POOB QULU“
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i# reached in an inductor, as in a transformer, when the copper loss Pcu and
the iron loss Pfc are equal but only when the core gap is zero. The loss does
not occur in the air gap itself, but is caused by magnetic flux fringing around
the gap and re-entering the core in a direction of high loss, As the air gap
increases, the flux across it fringes more and more, and some of the fringing
flux strikes the core perpendicular to the laminations and sets up eddy currents
which cause additional loss, Distribution of fringing flux is also affected by
other aspects of core geometry, the proximily of coil turns to the core, and
whether there are turns on both legs. Accurate prediction of gap loss depends

on the amount of fringing flux. For laminated cores it can be estimated from

. 2 \
P, = K.2DI B [watts] (8-8)

K = 0.0388

—

D = lamination tongue width, cm
1 = gap length, cm

f = frequency, Hz

i

m flux density, tesla

The fringing flux is around the gap and re-cntering the core in a direc-

tion of high loss as shown in Figure 8-1.

A
J Yy
XY 7]
\: —
\\— GAP
. \— ColL
\LAMINATION

Fig, 8-1. Fringing flux around the gap of an inductor
desipned with lamination
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D, DESIGN EXAMPLE

For a typical design example, assurne:

{1) Constructed with laminations

(2) Applied voltage, 115V

(3} Frequency, 60 Hz

(4) Alternating current, 0.5 amps

(5) 25°C rise

The design procedure would then be us follows:

. . C u - & i -L3
Step No. 1 alculate the apparent power P, from equation &-1;

P, = VA
P, = (115)(0.5)
P, = 57.5

Step No, 2, Calculate the area produri 4 from equaticn 8-2:

1,14
A7 ST
P 4,44 B_fK K)
\ mou
= 1,2 tesla
m

a 0.4 (see Chapter 6)
KJ = 366 (see Chapter 2)

. 1. 14
A - ( 57.5 X 10 )
P Z.44 (1.2)(60)(0. 4)(3565)

A = 17.4
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Step No, 3., Select a size of lamination from Table 2-4 with a value Ap

closest to the one calculated.
E}-87 with an Ap = 16.5

Step No. 4. Calculate the number of turns using Faraday's law, equation
8-3;

E X 10
B A

4, 44 mi A

N =

The iron cross-section Ac is found 1 Table 2-4:

A = 4,45 lem?)
$ C
N 115 X 104
(4, 4411, 2)(60)(4,45)
N = 808 {turns)

Step No, 5, Calculate the impedance:

= E
XL T
115
X, * 0.5
X, = 230 (2}

8-7
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Step No. 6, Calculate the inductance:
Xy,

L 2wi

]

230
T (6.28){60)

r
]

L 0,610 [ henry]

tl

Step No, 7. Calculate the air gap from the inductance, equation 8-5;

0.4nN% A_ x 1078
1g = T [em]
. (1.26)(808)%(4, 45)(10°8)
g 0.610
1= 0,060 [cm]

Gap spacing is usually maintained by inserting Kraft paper. However
this paper is only available in mil thicknesses. Since lg has been determined

in cm, it is necessary to convert as follows:
cn X 393.7 = mils (inch system)
Suhstitucing values:
0.060 X 393,7 = 23.6 [mils]
When designing inductors using lamination, it is common to place the
gapping material along the mating surface between the E and I, When this

method of gapping is used, only half of the material is required., In this case

a2 10 mit and a 2 mil thickness were used.

8-8
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Step No, 8. Calculate the amount of fringing flux from equation 8-6; the
value for G is found in Table 7-B2:

lgj
"
et -
+
.
Sk
n
"
[#]
Bu
[o:]
|
= 10
\_____/

_ 0. 060 2(3, 33)
F = (1 +‘/Z.4_f.~10ge D. 060)
F = 1.13

After finding the fringing flux F, insert it into equation 8~7, rearrange and solve

for the -orrect number of turns:

1 L
N = B -3
0.4'rrAC F xX10

N =J (0. 060)(0. 610)
(1.26)(4.45)(1, 13) X 10"

8

N = 760

The design should be checked to verify that the reduction in turns does

not causge saturation of the core.

Step No, 9. Calculate the current density using Table 2-1:
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Step No, 10, Determine the bare wire size A
w({E)

I
AW(B) T

_ 0.5

Aw(B) ~ 26

A 0.00192 fem?)

w(B) '

Sten No. 11, Select an AWG wire size from Table 6-1, colunpm A,

AWG No. 24 = 0, 00205 [em?]

The rule is that when the calculated wire size does not fall close to those listed

in the table, the next smazaller size should be selected,

Step No. 12. Calculnate the resistance of the winding using Table 6-1,
column C, and Table 2-4 for the MLT:

R = MLT XN X (column C) X £ X 10°°
R = (12.3)(760)(842.1)(1.098) X 1076
R = B, 64 (2]

Step No, 13. Calculate the power loss in the winding:

P_ = I’R
cu

P = (0.5)% (8. F1)
Cu L] .

P = 2.16 [watts]
cu
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From the core loss curves (Figure 7-10), 12 mil silicon at a flux density
of 1,2 tesla has a core loss of approximately 1, 0 milliwatts per gram, The
lamination E1-87 has a weight of 481 grams:

P (0, 001) (481}

fe

P

fe 0, 481 [watts)

Step No, 14, Calculate the gap loss from equation 8-8; the value of D
is found in Table 7-B-2;

- 2 :
Pg = KiZD lngm [watts]
P, = (0.0388)(4.44)(0, 060)(60)(1. 2)°
Pg = 0,894 [watts)

Step No, 15, Calculate the combined losses, copper, iron, and gap:

P

s = Pyt P t Py
PE = 2,16 ~ 0,481 + 0, 894
PZ: = 3,53 [watts]

In a test sample made to verify these example calculations, the measured
inductance was found to be 0,592 henry with a current 0, 515 ampere at 115 volt,

60 Hz, and the inductor had a coil resistance of 8. 08 olms,
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