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COMPACT INDUCTOR EMPLOYING
REDISTRUBUTED MAGNETIC FLUX

PRIORITY CLAIM AND RELATED
APPLICATIONS

[0001] This non-provisional application claims the benefit
of priority from provisional application U.S. Ser. No. 61/973,

594 filed on Apr. 1, 2014 and provisional application U.S. Ser.
No. 62/140,074 filed on Mar. 30, 20135. Each of said applica-
tions 1s incorporated by reference 1n 1ts entirety.

BACKGROUND OF THE INVENTION

[0002] 1. The Field of the Invention

[0003] This invention generally relates to inductor devices.
In a more specific aspect, the present invention 1s directed to
an inductor having a compact design enabled by the redistri-
bution of magnetic tlux.

[0004] 2. Background Art

[0005] Power transformers and power inductors are impor-
tant components of every switching converters or circuits.
During the turn-on switching period, the passive components
store the energy 1n the form of magnetic flux, and during the
turn-oil switching period they transier the stored energy to
the load side. Often the high-frequency Alternating Current
(AC) ripple superimposed on the inductor current prevents a
substantial portion of the power from being transierred to the
load. The core loss includes hysteresis loss and eddy current
loss, and higher operation frequency usually results in higher
core loss. This power loss 1s dissipated in the core 1n the form
of heat and sometimes noise (mechanical vibrations). The
core loss consists of hysteresis loss and eddy current loss.
Typically the higher operation frequency, the higher core
losses. Another source of inductor power loss 1s directed to
the inductor’s winding(s), commonly called the winding loss.
This power loss 1s primarily due to the resistance of the
conductor material (e.g. wire), that comprises the winding;
this power loss 1s dissipated 1n the winding 1n the form of heat.
A common solution to dealing with inductor heat issues,
which include hot spots, include itroducing heat sinks,
designs that promote air cooling, larger diameter winding
wire (to reduce ohmic based power loss), and the like. Further,
saturation shall be reduced. Unfortunately, all of the atore-
mentioned solutions result 1n the creation of an inductor hav-
ing larger volume which 1s direct opposition to modern day
technology forces, which are driving electrical-electronic cir-
cuit toward more compact, eflicient, and cost effective type
designs. There exists a long felt need to reduce the package
s1ze of inductor type devices because these magnetic based

components are notorious for consuming large amounts of
real-estate on circuit boards.

[0006] Known in the electrical or electronic arts are imnduc-
tive devices, which are passive electrical type devices. Induc-
tive devices also known by other names, including chokes,
toroids, coils, or simply inductors. These devices are com-
monly used on electronic circuits to provide inductance,
which 1s an electrical property that serves as a means for
storing electrical energy in a magnetic field. Such devices are
typically used 1in conjunction with time varying or alternating,
current applications. In general, there are two common types
of Inductor designs, the enclosed core and the enclosed wind-
ing. The enclosed core type inductor 1s typically configured
using one or more coils or windings which 1s typically
wrapped around a magnetically permeable core. So-called
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“dual winding” inductors utilize two windings wrapped
around a common core. The enclosed winding type of induc-
tor 1s typically structured having a magnetically permeable
type material enveloping the winding(s) portion of the device.
[0007] Accordingly, 1n view of the foregoing present day
inductor deficiencies, there exists a clear motivation in the
clectrical arts for new and usetul inductor improvements.

SUMMARY OF THE INVENTION

[0008] Passive components, e.g., inductors and capacitors
are bulky parts on circuit boards. Researchers 1n academia,
government, and industry have been searching for ways to
improve the magnetic energy density and reduce the package
s1ze of magnetic parts. The present invention 1s directed to a
compact inductor configured to avoid substantial heat gen-
eration by avoiding saturation, reducing the Direct Current
(DC) resistance of the winding(s) and copper loss, reducing,
the required physical volume or profile to conserve circuit
board real-estate and increase the inductance of the compact
inductor. Thus, there 1s a demand for uniform distribution of
magnetic field and energy 1n the core without crowding the
flux 1n an mductor.

[0009] In accordance with the present invention, there is
provided a compact balanced field enclosed winding inductor
including;

[0010] a first core;

[0011] a first winding having a first end and a second end,
the first winding adapted to spiral inwardly from the first end
and terminates at the second end at a point substantially
central to the first winding to form a first spiral of a first shape
in a first plane, wherein the first winding 1s embedded in the
first core;

[0012] a second core; and

[0013] a second winding having a first end and a second
end, the second winding adapted to spiral inwardly from the
first end of the second winding and terminates at the second
end of the second winding at a point substantially central to
the second winding to form a second spiral of a second shape
in a second plane, wherein the second winding 1s embedded in
the second core and the second end of the second winding 1s
clectrically connected to the second end of the first winding.
In one embodiment, the first core includes a magnetically
permeable material. In one embodiment, the first winding
includes a winding wire. In one embodiment, the first shape 1s
circular. In another embodiment, the first shape 1s rectangular.
[0014] There 1s further provided a compact balanced field
enclosed core inductor including: a plurality of interdepen-
dent cores having similar shape in order to enable nesting,
wherein an interdependent second core 1s nested within an
interdependent first core having a slot-width between the
interdependent first core and the interdependent second core
to permit the passing of an interdependent winding.

[0015] In one embodiment, the compact balanced field
enclosed core imnductor further includes at least one nterde-
pendent cored nested within the interdependent second core.
In one embodiment, the mterdependent winding includes a
winding wire.

[0016] In one embodiment, the at least one of the interde-
pendent first core and the interdependent second core
includes a magnetically permeable materal.

[0017] In one embodiment, at least one of the interdepen-
dent first core and the mterdependent second core includes a
cross-sectional shape defined by the shape of a rectangle. In
another embodiment, the at least one of the iterdependent
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first core and the interdependent second core includes a cross-
sectional shape defined by the shape of a circle.
[0018] In one embodiment, the interdependent winding
includes a cross-sectional shape defined by a rectangle. In
another embodiment, the interdependent winding includes a
cross-sectional shape defined by a circle.
[0019] There s further provided a method of constructing a
compact balanced field enclosed winding inductor having a
desired inductance L, a desired resistance R, at least a first
winding window and a second winding window, the method
including:
[0020] (a) predetermining the uniformity factor a of the
balanced field enclosed winding inductor to a minimal
value sufficient to maintain the benefit of a balanced

field;

[0021] (b) determining the plate thickness H,, outer
radius of the first winding window R, ,, inner radius of
the first winding window R, and outer radius of the
second winding window R ,, simultaneously;

[0022] (c) determiming the radi1 of the remaining wind-
ing windows of the at least two winding windows recur-
stvely, wherein the radin determined are limited by
manufacturing constraints;

[0023] (d) determining the number of turns n, of each ot
the at least two winding windows; and

[0024] (e) determining the 1inductance L and resistance
R , . of the enclosed winding inductor,

wherein 1f the inductance R, 1s not greater or equal to a
desired inductance L and the resistance 1s not less than or
equal to a desired resistance R _, the uniformity factor o 1s
increased and steps (b)-(e) are repeated.

[0025] There s further provided a method of constructing a
compact balanced field enclosed core inductor having a
desired inductance L, a desired resistance R and at least two
interdependent cores, wherein a second nterdependent core
1s nested within a first interdependent core, the method
including;
[0026] (a) predetermining the uniformity factor a of the
balanced field enclosed core inductor to a minimal value
sufficient to maintain the benefit of a balanced field;

[0027] (b) determining the outer radius R , and the inner
radius R ;of each of the at least two interdependent cores;

[0028] (c¢)determining the ampere-turns NI between the
outer radius R , of an outer core and the outer radius R,
ol a core nested within the outer core of the at least two
interdependent cores; and

[0029] (d)determining the stored energy E, inductance L
and resistance R, of the enclosed core inductor,

wherein 11 the inductance L 1s not equal to a desired induc-
tance L and the resistance R ;. 1s not equal to a desired
resistance R _, the uniformity factor o 1s increased and steps
(b)-(d) are repeated.

[0030] Accordingly, 1t 1s an object of the present invention
to provide an 1inductor capable of meeting operational
requirements of the inductor by coming 1n a smaller package,
thereby requiring less space on the circuit board to which the
inductor 1s used.

[0031] It 1s another object of the present mvention to pro-
vide a method for constructing a compact balanced field
enclosed core or enclosed winding inductor.

[0032] It 1s another object of the present invention to pro-
vide, 1n one embodiment, an inductor where previously
unused space 1s populated with magnetic flux-increasing
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components, thereby maintaining the physical size of the
inductor as those of conventional inductors but with increased
energy storage.

[0033] It 1s another object of the present invention to pro-
vide an mnductor having a suitably low resistance that reduces
heat 1ssues.

[0034] It 1s another object of the present invention to pro-
vide an inductor having no magnetic tlux saturation 1ssues,
thereby capable of higher energy storage compared to an
inductor with such 1ssues within the same imnductor size con-
straints.

[0035] It 1s another object of this mvention to provide a
relatively simple system that 1s economical from the view-
point of the manufacturer and consumer, 1s susceptible to low
manufacturing costs with regard to labor and matenals, and
which accordingly evokes low prices for the consuming pub-
lic, thereby making it economically available to the buying
public.

[0036] Whereas there may be many embodiments of the
present invention, each embodiment may meet one or more of
the foregoing recited objects 1n any combination. It 1s not
intended that each embodiment will necessarily meet each
objective.

[0037] Thus, having broadly outlined the more important
features of the present invention in order that the detailed
description thereof may be better understood, and that the
present contribution to the art may be better appreciated, there
are, ol course, additional features of the present invention that
will be described herein and will form a part of the subject
matter of this specification.

[0038] In this respect, belore explaining at least one
embodiment of the invention 1n detail, 1t 1s to be understood
that the invention 1s not limited 1n its application to the details
of construction and the arrangements of the components set
forth i the following description or illustrated in the draw-
ings. The present invention 1s capable of other embodiments
and of being practiced and carried out in various ways. Also 1t
1s to be understood that the phraseology and terminology
employed herein are for the purpose of description and should
not be regarded as limiting.

[0039] As such, those skilled in the art will appreciate that
the conception, upon which this disclosure 1s based, may
readily be utilized as a basis for the designing of other struc-
tures, methods and systems for carrying out the several pur-
poses of the present invention. It 1s important, therefore, that
the claims be regarded as including such equivalent construc-
tion 1nsofar as they do not depart from the spirit and scope of
the conception regarded as the present imnvention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0040] In order that the manner 1n which the above-recited
and other advantages and objects of the invention are
obtained, a more particular description of the invention
briefly described above will be rendered by reference to spe-
cific embodiments therecol which are illustrated 1n the
appended drawings. Understanding that these drawings
depict only typical embodiments of the invention and are not
therefore to be considered to be limiting of 1ts scope, the
invention will be described and explained with additional
specificity and detail through the use of the accompanying,
drawings in which:

[0041] FIG.11satop view of anenclosed-winding inductor
according to one embodiment of the present inductor, depict-
ing a core without windings.
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[0042] FIG. 2 1s a top view of a winding according to one
embodiment of the present inductor, depicting the winding
configured to be disposed within the core of FIG. 1.

[0043] FIG. 3 15 atop view showing a winding having been
disposed 1n the winding windows of a core.

[0044] FIG. 4 1s a top perspective view of two windings
disposed 1n a core.

[0045] FIG. 5 1s a side view of two windings disposed 1n a
core.
[0046] FIG. SA 1s a top view of one winding disposed 1n a
core.
[0047] FIG. 6 1s an axisymmetric view of an enclosed-

winding inductor showing three winding windows, ampere-
turn direction, and magnetic flux path.

[0048] FIG. 7 1s an axisymmetric view of a balanced field
inductor showing the flux drop on the vertical direction by a
factor of a, ampere loops around winding window 1, and
magnetic tlux path.

[0049] FIG. 81saflowchart depicting the steps by which the
enclosed winding type of the present inductor 1s configured.
[0050] FIG. 9 1s atop view of an inductor according to one
embodiment of the present inductor, depicting an inductor
without windings.

[0051] FIG. 10 1s a side partially transparent view of an
inductor according to one embodiment of the present induc-
tor, depicting the inductor without windings.

[0052] FIG.111satop view of an inductor according to one
embodiment of the present inductor, depicting the inductor
with windings.

[0053] FIG.121satop view of an inductor according to one
embodiment of the present inductor, depicting the windings
through various cores.

[0054] FIG. 13 15 a flowchart depicting the steps by which
the enclosed core type of the present inductor 1s configured.
[0055] FIG. 14 depicts an equivalent circuit of an inductor.

[0056] FIG. 15 depicts an example of modified structure of
winding window j after considering the fabrication clearance
on the horizontal and vertical direction where m=3=the num-

ber of clearance spacing on the horizontal direction, n=5=the
number of clearance spacing on the vertical direction.

PARTS LIST
[0057] 2—inductor
[0058] 4 {irst core
[0059] 6—second core
[0060] 8—third core
[0061] 10—slotwidth
[0062] 12—core
[0063] 14, 14a, 14b—winding
[0064] 16—bridge
[0065] 18—winding over first core
[0066] 20—winding over second core
[0067] 22—winding over third core
[0068] 24——core height He
[0069] 26—window height
[0070] 28—outer radius of core R _
[0071] 30—winding window
[0072] 32—Gaussian surface
[0073] 34—magnetic flux
[0074] 36—step of predetermining uniformity factor
[0075] 38—step of determining the required geometrical

parameters R , and R, of a core
[0076] 40—step of determiming Ampere-turns on core
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[0077] 42—step of determining the stored energy, induc-
tance and resistance of core

[0078] 44——step of determining whether the calculated
stored energy, inductance and resistance ol core meet
desired values

[0079] 46—{irst end of winding

[0080] 48—second end of winding

[0081] 50—ampere loop 1

[0082] 52—ampere loop 2

[0083] S4-—step of determiningH , R, R, and R, from

Equations E2, E4 and ES

[0084] 56——step of determining all other radn from Equa-
tions E4 and ES5, within limits of Nw by manufacturing
constraints

[0085] S8-—step of determining the number ot turns n, from
Equations E7 and E8

[0086] 60—step of determining inductance L and resis-
tance R ;. from Equations E13 and E15 and comparing
inductance L with desired inductance L and resistance R
with desired resistance R

Particular Advantages of the Invention

[0087] The present invention provides a relatively simple,
cost-elfective, ellicient solution directed to present day
inductor drawbacks such as size and hot spots. The balanced
field compact inductor of the present invention will provide
the required (predetermined) inductance and current rating.
The uniform magnetic field distribution substantially rem-
edies the long felt 1ssues directed to inductor heat generation,
core saturation and non-uniform energy density. Enabled are
shorter length windings and smaller cross-sectional areas and
physical volumes taken up the present inductors and geom-
etries yielding lower DC resistances and copper losses. Addi-
tionally, the present invention minimizes the required volume
or profile 1n order to conserve circuit board real-estate. The
compact inductor design of the present mvention includes
both enclosed core as well as enclosed winding type of induc-
tor designs.

DEFINITIONS OF TERMS USED IN THIS
SPECIFICATION

[0088] The balanced field inductor type devices (i.e.,
enclosed core, enclosed winding) discussed throughout this
disclosure shall have equivalent nomenclature, including the
device, the inductor, the system, the present invention, or the
invention. Additionally, the term exemplary shall possess a
single meaning throughout this disclosure; wherein the sole
definition pertains to serving as an example, instance, or
illustration.

[0089] The term core or magnetic core 1s defined as a mag-
netically permeable member having circular, ring like geom-
etry or rectangular, ring like geometry with circular or rect-
angular cross-sectional shape.

[0090] The term winding wire 1s defined as a conductor
comprising the inductor winding, the winding wire can be
configured from a variety of wire geometries (1.€., Cross-
sectional area and cross-sectional area shape). Cross-sec-
tional area shapes include the typical circular configuration,
as well as rectangular geometries that possess a relatively
lower resistance due to arelatively larger cross-sectional area.
[0091] The term “balanced field” or “redistributed flux”
shall be used herein to reference uniform magnetic tlux, 1.e.,
the amount of magnetic field passing through a surface 1s
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uniformly distributed. When the term “balanced field” 1s used
in conjunction with the term “inductor,” 1t modifies the mean-
ing of the term “inductor” to indicate an inductor or compo-
nents of an inductor with a high uniformity factor o or a low
saturation condition.

[0092] The term a 1s defined as the uniformity factor of an
inductor.
[0093] 'The term Al 1s defined as the Ampere-turns in

winding window j.

[0094] Theterm B, 1s defined as the maximum flux den-

sity achievable 1n a core.

[0095] The term B, is the saturation tlux density of a core.
[0096] The term E 1s defined as the energy stored 1n a core
of an inductor.

[0097] The term B 1s defined as the flux density of a core.
[0098] The term H 1s defined as the magnetic field of an
inductor.
[0099]
turns.
[0100] The term H_ 1s defined as the height of a core.
[0101] The term H, 1s defined as the plate thickness
between winding and core.

[0102] The term H  1s defined as the winding thickness.
[0103] The term I. 1s defined as the current rating of a
winding.
[0104]
tor.

[0105]
material.

[0106] The term u_ 1s defined as the vacuum permeability.
[0107] 'The term n; 1s defined as the number of turns in
winding window 7.

[0108] The term N i1s defined as the number of winding
windows.

[0109] The term p_,, 1s defined as the copper resistivity.
[0110] The term R _ 1s defined as the outer radius of a core.
[0111] The term R, 1s defined as the DC resistance of an

The term N 1s defined as the total number of winding

The term L 1s defined as the inductance of an induc-

The term u 1s defined as the permeability of a core

inductor.

[0112] 'The term R, 1s defined as the outer radius of wind-
ing window 7.

[0113] Theterm R, 1s defined as the inner radius of winding
window 1.

[0114] 'The term P, ;... 1s defined as the DC winding
loss.

[0115] The term V 1s defined as the effective volume of
energy storage.

[0116] The term T 1s defined as the time constant (L/R ) of
an 1nductor.

[0117] The term 1v 1s defined as the time-constant-density

(L/R , V) of an inductor.
[0118] The term L 1s defined as the desired inductance.
[0119] The term R_ 1s defined as the desired resistance.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT

[0120] The term “about” 1s used herein to mean approxi-
mately, roughly, around, or 1n the region of. When the term
“about” 1s used in conjunction with a numerical range, 1t
modifies that range by extending the boundaries above and
below the numerical values set forth. In general, the term
“about” 1s used herein to modity a numerical value above and
below the stated value by a variance of 20 percent up or down

(higher or lower).
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[0121] Withreference to the drawings of the present mnven-
tion, several embodiments pertaining to the compact inductor
of the present invention thereol will be described. In describ-
ing the embodiments 1llustrated 1n the drawings, specific ter-
minology will be used for the sake of clarity. However, the
invention 1s not intended to be limited to the specific terms so
selected, and 1t 1s to be understood that each specific term
includes all technical equivalents that operate 1n a similar
manner to accomplish a similar purpose. Terminology of
similar import other than the words specifically mentioned
above likewise 1s to be considered as being used for purposes
of convenience rather than in any limiting sense.

[0122] It must be noted that as used heremn and in the
appended claims, the singular forms “a”, “an”, and “the”
include plural reference unless the context clearly dictates
otherwise. As well, the terms *““a” (or “an”), “one or more” and
“at least one” can be used interchangeably herein. It 1s also to

bl Y 4 - B 4 4

be noted that the terms “comprising”, “including™, “charac-
terized by”, “possessing” and “having” are all to be inter-
preted as open ended terms, are all considered equivalent

terms, and are used interchangeably.

[0123] Disclosed herein are two basic types of inductors,
1.€., enclosed winding and enclosed core inductors and cor-
responding embodiment. The primary goal for each embodi-
ment of the present imductor 1s to achieve high magnetic-
energy density by distributing the magnetic flux uniformly,
leading to inductor geometries with a volume significantly
lower than that of conventional inductors. A relatively uni-
form flux distribution 1s advantageous not only from the den-
sity standpoint, but also from the thermal standpoint via the
reduction of hot spots, and from the reliability standpoint via
the suppression of flux crowding. For toroidal inductors of the
enclosed core type, adding concentric toroidal cells of mag-
netic material and distributing the windings properly can
successiully make the flux density distribution uniform and
thus significantly improve the power density. Compared with
a conventional toroidal inductor, the balanced field inductor
introduced herein has an enclosed-winding geometry. The
winding layout inside the core 1s configured to distribute the
magnetic flux relatively uniformly throughout the magnetic
volume to obtain a higher energy density and smaller package
volume than those of a conventional toroidal inductor.

[0124] The uniformity factor o 1s defined to retflect the
uniformity level 1mnside a core volume. For each given mag-
netic material and given volume, an optimal umiformity factor
exists, which has the highest time constant. The time constant
varies with the footprint area, inductor thickness, relative
permeability of the magnetic material, and uniformity factor.
Theretore, the objective for the balanced field inductor design
1s to seek the highest possible time constant, so that the
balanced field inductor gives a higher inductance and/or
lower resistance than conventional inductors of the same
volume. In one embodiment, the calculated time-constant-
density of the balanced field inductor designed is 4,008 s/m”,
which is more than two times larger than the 1,463 s/m” of a
conventional inductor.

[0125] FEnclosed Winding Inductor

[0126] A balanced field enclosed winding 1nductor
includes a distributed winding structure enclosed by a core.
The winding structure 1s configured to distribute magnetic
flux 1n a shaped pattern. The core 1s made of a magnetic
maternal, e.g., iron powder, and 1t delineates the footprint area
and the total thickness of the inductor. The winding structure
typically follows a spiral pattern surrounded by magnetic tlux
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generated by current excitation. The enclosed-winding geom-
etry has the winding structure configured to distribute the
magnetic flux into a uniform shape. For a given set of input
parameters such as the footprint, thickness of the inductor,
permeability of the magnetic material, and highest flux den-
sity allowed from the core loss limitation, the radi1 of each
winding window can be determined sequentially according to
the uniformity factor selected. After the winding structure 1s
determined, the total energy stored 1n the core volume and the
total DC winding loss can be calculated, and yield the induc-
tance and resistance of the inductor. In one embodiment, a
balanced field inductor of a volume of 10x10x2 mm® for
[=1.6 uH, I =10 A, and R , =7.0 m£2 1s contrasted to a con-
ventional inductor with comparable electronic ratings (L=1.5
uH, I =10 A, and R, =8.1 m£2) but occupies 10.3x10.5x4
mm°, i.e., more than two times the volume of the balanced
field inductor. The time constant, which 1s defined as the ratio
of inductance to resistance, 1s an important factor to evaluate
the performance of an inductor. A higher time constant sug-
gests higher energy, but with minimum loss within a given
volume. The objective of the balanced field inductor 1s to
optimize all the parameters so that the highest time constant
can be achieved. Several parameters such as the uniformity
factor, the footprint and thickness, the permeability, and the
maximum flux density are studied to obtain their relation-
ships with the time constant. For a given volume, an opti-
mized umiformity factor a exists, which has the peak value of
the time constant, while different footprints and thicknesses
yield different optimal values of a. The time constant
increases with increasing volume, since a larger volume pro-
vides more space for energy storage. The magnetic properties
of the core matenial 1s another factor that afiects the time
constant. At a given volume, the time constant increases pro-
portionally with the permeability, while the maximum flux
density has no mfluence on the time constant at all. Compari-
sons of the balanced field inductors with the conventional
inductors show that the time constant of the balanced field
inductors 1s about 2.5 times higher than that of the conven-
tional inductors at the same volume, or that the volume of the
balanced field inductor 1s two times smaller than that of the
commercial product at the same value of time constant
because of the better utilization of the magnetic material.

[0127] FIG.11satop view of an enclosed winding inductor
2 according to one embodiment of the present inductor,
depicting a core 12 without a winding 14. A core 12 can be
manufactured from a suitable core material provided, in this
example, 1n a rectangular shaped plate, by laser ablation
where the non-shaded portions are removed to a suitable
depth to result in winding windows 30 to accommodate a
winding. FI1G. 2 1s a top view of a winding 14 according to one
embodiment of the present inductor, depicting the winding 14
configured to be disposed within the core 12 shown 1n FIG. 1.
FIG. 3 1s a top view showing a winding 14 having been
disposed in the winding windows 30 of a core 12.

[0128] FIG. 4 1satop perspective view of two windings 14a
and 145 disposed in a core 12. FIGS. 1-3 depict a winding 14
formed 1n a rectangular manner. FIG. 5 15 a side view of two
windings 14 disposed in a core 12. FIG. 4 depicts two wind-
ings 14, each having a terminal at a first end 46 and a second
end 48 at which a second winding 14 can be electrically
connected viaabridge 16. It shall be noted that the winding 14
disposed on the top winding 14 1s configured to spiral 1n
clockwise direction (as viewed from the top) toward the cen-
ter, connects to the second end of the bottom winding 14, also
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at 1ts second end 48 via bridge 16. The second winding 14
continues to spiral in clockwise direction (as viewed from the
top) to a bottom terminal at the first end 46 of the bottom
winding 14. In one embodiment, the vertical spacing between
adjacent windings 1s kept at no less than about 0.2 mm. The
core may be a composite of two halves connected in their
medial position. The core may also be a core similar to that
shown 1n FIG. 1, but instead configured 1n the shape and size
of the corresponding windings and configured to accommo-
date not one but two windings. It shall also be noted that the
windings 14a, 145, of FI1G. 4 may be configured 1n a circular
manner having a winding cross-sectional shape of a rect-
angle.

[0129] FIG. 5A 15 a top view of one winding disposed in a
core. FIG. 6 1s an axisymmetric view of an enclosed winding
inductor showing three winding windows 30, ampere-turn
direction, and magnetic tlux 34 path as a result of viewing the
upper right section of the core 12 as taken along lines AA and
BB of FIG. 5A with a line of sight perpendicular to line AA.
Referring to FIG. 6, an enclosed-winding inductor 2 includes
a magnetic core 12 with a plurality of winding windows 30,
cach denoted by the letter 1. For convenience, the winding
windows 30 are numbered from the outer edge of the core to
the center of the core. Each winding window carries a pre-
scribed number of ampere-turns AT, in winding window j to
ensure uniformaity of the flux distribution throughout the core
volume.

[0130] The outer and 1nner radius of each winding window
j 1s denoted by R,; and R, respectively. For a given footprint
diameter or 2*R _ and total inductor/core height of 24 or H_,
the objective of the balanced field design 1s to optimize the
radn1 of the winding windows, as well as the ampere-turns in
cach winding window 30, to distribute the magnetic flux as
uniformly as possible.

[0131] Foragiven core loss density and frequency of opera-
tion, the maximum magnetic flux density B can be deter-
mined from the magnetic properties of the material. The
magnetic field around winding window j 1s allowed to drop
from a maximum value B, to a minimum value aB |
where o=uniformity factor and a.<1. “Balanced field” flux 1s
achieved when the uniformity factor a approaches unity,
implying uniform flux density everywhere throughout the
core volume.

[0132] FIG. 6 depicts an inductor with three winding win-
dows. In one embodiment, an inductor having two halves,

cach having the specifications as follows was tested:

[0133] Winding window j=1, R, =4.8 mm, R,=3.8 mm,
[0134] Winding window j=2, R,=3.6 mm, R,~2.9 mm,
[0135] Winding window =3, Ro/~2.7 mm, R, =1.9 mm,
[0136] Winding window j=4, R, =1.5 mm, R,~1.0 mm,
[0137] Thickness of winding=0.5 mm,

[0138] Height ot an inductor halt H =1.0 mm

[0139] Footprint of an inductor half=10 mmx10 mm
[0140] Winding cross-sectional shape=square

[0141] Inductance=1.53 uH

[0142] Winding resistance=7.3 m£2

[0143] Inorder to find the saturation current of the inductor

designed, a current of 8 A-38 A 1s applied to the inductor. With
an assumed 0.9 T saturation flux density, the inductance
dropped by 20% when the applied current 1s about 32 A.
Theretfore, the saturation current 1s found to be about 32 A.
Compared to a comparable conventional inductor, the present
inductor yields a saturation current that is improved by 18%
due to the umiformity of the flux distribution.
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[0144] An inductor can be considered as a RL circuit,
which has an 1deal inductor in series with a wire resistor, as
shown 1n FIG. 14. The time constant T of a series RL circuit 1s
defined as the inductance divided by the resistance as shown
in equation E1 where L=1nductance of inductor and R , =DC
resistance of imnductor.

L Equation El
- Rdﬂ

T

[0145] In the balanced field inductor design, the time con-
stant 1s employed to represent the ratio of the inductance to
DC resistance. It shall be noted that at a given inductance, the
DC winding resistance decreases with an increasing time
constant, thereby decreasing the DC loss due to R, ..

[0146] The flux density 1s at 1its maximum value B at the
inner radius of each winding window, and drops by a factor of
a along both the radial and vertical directions. Along the
vertical edges of the winding windows, the flux density 1s
assumed to be constant. Based on Gauss’ law, the amount of
flux that flows 1nto a surface equals to the amount of flux that
flows out of the surface. Therelfore, the behavioral model of
the balanced field inductor can be derived based on the Gaus-
sian suriaces defined at different locations. In the case of
winding window j=1, the equation for Gaussian Surface S_
can be written as equation E2.

(@ + a*)B,,.. Equation E2
27Ro H, —

2

(& + &) B e

R* — R?
'ﬂ-( C Dl) 2

or RZ + 2R, H, — R: =0

where Hp 1s the plate thickness 24, a=uniformaity factor,
B _=maximum flux density, R_=outer radius of core 28,

R ,=outer radius of winding window and R =inner radius of
winding window.

[0147] Based on the simplified equation E2 and given H,
and R . due to physical constraints or desired size limitations
governing the core to be made, the outer radius R , of winding
window 1=1 1s thus determined. The plate thickness between
winding and core H , 1s related to the winding thickness H , by
equation E3.

1 Equation E3
Hp — E(H:: - H,)

[0148] For the Gaussian surfaces, e.g., S_, the flux flows
from the 1inner radius to the outer radius of winding window j.
For each winding window, the ratio of outer radius to the inner
radius 1s related to the magnetic flux density as shown in
equation E4.

Equation E4

[0149] Where N _ =number of winding windows,
B,,..—maximum flux density, j=winding window, R ,~outer

it
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radius of winding window j, R, =inner radius of winding

window 7 and c=uniformity factor.

[0150] Thus, R, can be determined onceR ,, 1s known, and
R, can be obtained recursively from R, . Based on the Gaus-
sian surface S, defined 1n FIG. 6, equation ES vyields recur-
stvely the outer radius of winding window 1>>1:

2

1 +a Equation E5

2

@&+ a

2 2

Bmmzﬂﬁg(j_,_l}Hp +

1l +a
TBmeﬂRqu

or Ry i1, —20Ro(snyHy + 2RiH, - R;; =0, 1 < j< N,

where o=uniformity factor, H =plate thickness between
winding and core, B, _=maximum flux density, j=first core,
(J+1)=second core, R, ;,=outer radius of winding window
0+1), Ry, l).:inner radius of winding window (j+1) and
R_=outer radius of {irst core.

[0151] When H, 1s not known, e.g., when the plate thick-
ness to be used s to be determined, H, can be calculated based
on the Ampere’s law. As shown 1n FI1G. 6, from the winding to
the edge of the core, the flux density 1s regulated to drop by a
factor of a vertically. Theretfore, based on Ampere’s law, the

ampere-loop that covers the same winding window should
have equal ampere-turns, and equation E6 can be added to
solve the plate thickness between the winding and the core:

fH-tfﬂll :fﬂ,’H-iﬁfg
b )

H,-(1 +m)+2-RU-1n[—']:

f

Equation E6

K,
o~ (H, +2H,)(1 + ) +2-EH-R92-11‘1(R )
2

where H=magnetic field, o=unitformity factor, H =winding
thickness, H =plate thickness between winding and core,
j=winding window, R, =outer radius of winding window j,
R,=inner radius of winding window j, R_=outer radius of

L/
COrc.

[0152] By simultaneously solving equation E6 with equa-
tions E2 to ES, the plate thickness H , and the radii of all the
winding windows can be derived recursively. Note that once
H, 1s determined from the outermost winding window, the
value can be assumed to remain constant for other winding
windows for simplification. Ideally, each winding window 1
has a calculated H , from equation E6, and the larger the j, the
larger the H,.

[0153] FIG. 7 1s an axisymmetric view of a balanced field
inductor showing the flux drop on the vertical direction by a
factor of ¢, ampere loops around winding window 1, and
magnetic tlux path.

[0154] Inorderto calculate the Ampere-turns that should be
applied to winding window 1, the Ampere-loop 1 (part 50) 1n
FIG. 7 1s drawn on every winding window. Based on
Ampere’s law, Ampere-turn Al 1s assigned to winding win-
dow 7 as shown 1n equation E7.
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Bmclx EHB?HEI Bmm:
AT = Hyo| —= & | +2- =25 Ry
,u H H

Roj ] Equation E7
Ky

[0155] Where j=winding window, AT =Ampere-turns 1in
winding window j, H =winding thickness, B =maximum
flux density, u=permeability of core material, R, =outer
radius of winding window j, R, =inner radius of winding
window 7.

[0156] The number of turns 1n winding window 7 1s deter-
mined using Al and the rated current I, as shown in equation

ES.

AT; Equation E8

[0157] Where j=winding window, n=number of turns in
winding window j, Al =Ampere-turns in winding window ]
and I =current rating.

[0158] Therefore, the total number of turns 1s the sum of the
number of turns in each winding window as shown 1n Equa-
tion E9.

Ny, My ar Equation E9

[0159] Where N=total number of winding turns, ;=winding
window, N =number of winding windows, n=number of
turns in winding window j, AT =Ampere turns in winding
window j and I =current rating.

[0160] Adterall the radii and plate thickness are derived, the

structure of the inductor 1s determined. The energy stored 1n
the inductor can be calculated by integrating the flux density
throughout the total core volume as shown 1n equation E10.

| B waB. 2 Ny Equation E10

N MAax Max g B 2 p2

E ~ QH( — | ;«rkRﬂHﬂ H,, El R}, - R}
where H _=core  height, H _=winding  thickness,

u=permeability of core material, B, _=maximum flux den-
sity, a=uniformity factor, j=winding window, R,=outer
radius of winding window j, R, =inner radius of winding
window j, R_=outer radius of core and N =number of wind-
ing windows.

[0161] The small-signal inductance can be derived as fol-
lows:
[ (M \2 Equation E11
=5 > AT,
=1 J

[0162] Where I =current rating, N=total number of wind-
ing turns, jJ=winding window, Al =Ampere-turns in winding
window 1 and N =number of winding windows.
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Equation E12

- H, (1 + YRy - 1n| ==
" uEN® Z[ (Lxa)+ 2k H(RUD

=1 J

[0163] Where I =current rating, B, _=maximum flux den-
sity, u=permeability of core material, N=total number of
winding turns, N _=number of winding windows,
H =thickness of the winding, oa=uniformity {factor,
j=winding window, R, =inner radius of winding window j and

R ,,~outer radius of winding window j.

2E Equation E13

[0164] Where L=1nductance of inductor, E=energy stored
in core and I =current rating.

1+a2 | Nyy Equation E14
,uNZ-(T] A REH, —H, ) Ry, - R’;}]
L= ‘* 1
= — —
R .
E (HW-(li&')+2 -R,_,--ln[ﬂ]]
Rj;
et l
where [L=inductance of 1nductor, H _=core height,

H_ =winding thickness, u=permeability of core matenal,
B =maximum flux density, co=uniformity factor,

j=winding window, R ,~outer radius of winding window j,
R, =mner radius of winding window j, N, =number ot wind-
ing windows, R_=outer radius of core and N=total number of

winding turns.

[0165] The ideal DC resistance R . 1s obtained from equa-
tion E15.
o Oen - 2T Ny . Equation E15
“T Han(lja) &7

J

where p_ =copper resistivity, H =thickness of the winding,
c=uniformity factor, j=winding window, N =number of
winding windows, n=number of turns in winding window ]
and R , =DC resistance of inductor.

[0166] Based onthe number of turns calculated from equa-
tion E8, each winding window can be divided into different
number of turns. FIG. 15 depicts an example of dividing the
winding window j (with radius R ;; and R ;) into eight turns,
with spacing of I and d between the turns horizontally and
vertically. The values of I and d depends on the winding
configuration and fabrication clearance. Assume the total
clearance 1s ml horizontally and nd vertically, then the effec-
tive radius becomes equation E16 where m=the number of
clearance spacing on the horizontal direction, n=the number
of clearance spacing on the vertical direction.

Equation E16
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[0167] Where R, =inner radius of winding window j and
R o,~outer radius of winding window j.

[0168] The effective factor a 1s calculated as 1n equation
E17.
R‘}j Ri +ml/2 Equation E17
' — —
I TR, ~ Ry—ml/2
[0169] Where R, =inner radius of winding window j and

R o,~outer radius of winding window j.
[0170] The etfective winding thickness of winding window
1 becomes equation E18.

H, 6 _=H —-nd

[0171] Where H  _=effective winding thickness and
H =winding thickness.

[0172] Theretfore, equation E15 can be modified to calcu-
late the practical resistance as shown 1n equation E19:

Equation E18:

Equation E19

[0173] Referring back to equation E1, the time constant T
can then be calculated where L and R ,. can be found 1n
equations E14 and E15. In order to validate the concept of
balanced field inductor, various ways of fabrication for the
core and the winding were explored, including the routing
process, laser process on the core, etching technique on cop-
per, and screen printing with silver paste. The most successiul
results were obtained from the routing process on both the
core and the winding. In one embodiment, a Micrometals®
core having a relative permeability of about 22 and a winding
made of copper sheets of about 0.5 mm thick are used. The
fabricated imductor prototype shows a significant improve-
ment 1n energy density: at the same inductance and resistance,
the volume of the balanced field inductor 1s about two times
smaller than that of comparable a conventional inductor.

[0174] FIG. 81saflowchart depicting the steps by which the
enclosed core type of the present inductor 1s configured. The
electrical mputs to the design include target inductance L,
rated current 1, and target DC resistance R_. The magnetic
inputs include maximum magnetic flux density B and
permeability u. The mechanical inputs include the footprint
radius R . and inductor height H . The uniformity factor a 1s
swept and all design variables are calculated until the required
or desired inductance L. _ and dc resistance R are met. Step 36
shows the first step where the uniformity factor o 1s initialized
to be 0.5, which 1s the minimal value to maintain the benefit of
a balanced field. Then 1n step 54, the plate thickness H,
radius R ,,, R;;, and R 5, can be calculated by solving Equa-
tions E2, E4 and E5 simultaneously. After H , has been deter-
mined, the radi1 of the remaining winding windows can be
obtained recursively as shown 1n step 56. It shall be noted that
the total number of winding windows N_ 1s limited by the
manufacturing constraints such as the width of the winding
and the distance between the winding and the center of the
core. The number of turns n; 1s then determined as shown in
step 58 before the inductance L and resistance R, are deter-
mined from Equations E13 and E15 as shown 1n step 60. If the

requirements cannot be met or 1f the inductance 1s not greater
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or equal to the desired inductance L_ and the resistance 1s not
less than or equal to the desired resistance R _, the uniformaity
factor a 1s increased as 1n step 46 and the process 1s repeated.
If no uniformity factor o gives a satisfied inductance and
resistance, increase the dimension of the core R and/or H
and repeat the procedure. If the calculated inductance and
resistance are both better than the target, the inductor volume
can be further reduced.

10175]

[0176] FIG.91satop view of aninductor 2 according to one
embodiment of the present inductor, depicting the inductor
without windings. FI1G. 10 1s a side partially transparent view
of an inductor 2 according to one embodiment of the present
inductor, depicting the inductor without windings. Three
cores, 1.e., a first core 4, a second core 6 nested 1n the first core
4 and a third core 8 nested 1n the second core 6 are provided.
Each core 4, 6, 8 1s a toroid where the toroid annular shape 1s
substantially defined by an object generated by revolving a
plane geometrical figure about an axis external to that figure
which 1s parallel to the plane of the figure and does not
intersect the figure. In one embodiment, the cross-sectional
shape of each exposed end of each toroid 1f dissected with a
plane coplanar to the central axis of each toroid, 1s a circle. In
another embodiment, such shape 1s a rectangle. Each core 1s
separated from 1ts adjacent core with a slotwidth 10. For ease
of ensuing discussions, for enclosed core inductors, J, R, and
R, are defined as the referenced core, the inner radius ot core
1 and the outer radius of core 1, respectively. Note that, instead
of referencing a winding window as 1n the case of an enclosed
winding inductor, ] now references a core. Again, each core 1s
constructed from a magnetically permeable material.

[0177] FIG. 11 1s a top view of an inductor 2 according to
one embodiment of the present inductor, depicting the induc-
tor with windings. FIG. 12 1s a top view of an inductor
according to one embodiment of the present inductor, depict-
ing the windings through various cores with portions of the
winding removed to reveal only the portions disposed
through slotwidths and over the outer radius of the first core 4.
In this embodiment, the winding 1s applied to and encompass-
ing all three cores 4, 6, 8. In doing so, note that some winding
portions 18 are wrapped around the first core 4 only, some
winding portions 20 are wrapped around the first and second
cores 4, 6 and yet some windings 22 around all three cores 4,
6, 8.

[0178] FIG. 13 15 a flowchart depicting the steps by which
the enclosed core type of the present inductor 1s configured.
First, the umiformity factor o 1s initialized at 0.5, which 1s the
minimal value to maintain the benefit of a balanced field as
shown 1n step 36. The geometrical parameters of the cores,
¢.g., the footprint radius and thickness of a core are deter-
mined. Based on the uniformity factor a mnitialized 1n step 36,
the outer radius R,; of core j and the inner radius R, ot the
core ] are determined as 1n step 38 from equation E21. The
ampere-turns 1s then determined as in step 40 using equation
E20. The ampere-turns (NI) between R, and R, , 15 deter-
mined using equation E20:

Enclosed Core Inductor

NI=a.H

[0179] Where j=core, R, ~outer radius of the core j, R,
n=outer radius ol the core inside of the core (3+1),
NI=ampere-turns, N=number of turns of core j, I=current
rating, o, =uniformity factor ot core j and H,, , =maximum
magnetic field. The magnetic field reaches 1ts maximum
value at the inner radius R, of a core j.

2m(R ;R0 1) Equation E20:
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[0180] The stored energy E, inductance L and resistance
R ;. of the core can then be calculated as in step 42. If the E, L
and R, of the core do not meet desired values as determined
in step 44, the uniformity factor o 1s increased and this itera-
tive process continues until the calculated E, LL and R ;. meet
the desired values where L 1s the desired inductance and R _
1s the desired resistance.

[0181]
radius of core 1 and o=uniformity factor.

[0182] Inductance L 1s calculated as in Equation E22.

Equation E21:

Where j=core, R , =outer radius of core j, R ,=inner

Equation E22

ncell
lEY) 5 R_,-ma}{]
L= N% =l
JZ::J 2n $[ J$H[Rjn]jn

[0183] Where j=core, h=core height, ncell=total number of
cores, Nj=total number of turns enclosed by cell j,
R max=outer radius ot core j, R min=inner radius of core ]

and p=permeability of core material.
[0184] Resistance R, 1s calculated as in Equation E23:

R,; =(p*length)/area

[0185] Where p=resistivity of winding, length=total length
of winding, area=cross-sectional area of
winding=width*thickness, where width=2*n*R___,min)/
N N ___.,~Number of turns enclosing ncell and

roell rcell

R _.min=inner radius of ncell.

[0186] As the uniformity factor a represents the uniformity
level throughout the magnetic field in a balanced field design,
a relatively large uniformity factor 1s always preferred. For a
given volume, an optimal uniformity factor always exists that
gives the highest time constant. The optimal value of unifor-
mity factor varies with different situations and nput param-
cters such as the footprint and height of the inductor. How-
ever, the uniformity factor cannot always be 1deally selected
as 1t1s usually limited by the fabrication constraints. The plate
thickness, for example, which 1s defined as H , and calculated
from equations E2-E6, decreases as a increases since thinner
plates are needed to increase the flux density. The plate thick-
ness for each core 1s minimized as much as possible but
within fabrication limitations. Therefore, the uniformity fac-
tor can only be as close to unity as fabrication limitations

permit.

[0187] To further generalize the atorementioned inductor
design methods to broaden the spectrum of applications, a
normalization method based on radius R, or the like, can be
applied. For example, the required inductance, volume, and
resistance are given as inputs to the design procedure
described elsewhere herein, and the winding distributions are
design outputs that ensure balanced field inside the core. To
make the design procedure for both types of inductors (en-
closed-core and enclosed-winding) more generalized and
applicable to a wide range of dimensions, all the geometrical
factors can be normalized to the footprint radius R . so that
they become dimensionless. The design output can be scaled
up or down to the desired values.

[0188] The detailed description refers to the accompanying
drawings that show, by way of illustration, specific aspects
and embodiments 1n which the present disclosed embodi-
ments may be practiced. These embodiments are described in
suificient detail to enable those skilled 1n the art to practice

Equation 23:

Oct. 1, 2015

aspects of the present invention. Other embodiments may be
utilized, and changes may be made without departing from
the scope of the disclosed embodiments. The various embodi-
ments can be combined with one or more other embodiments
to form new embodiments. The detailed description 1s, there-
fore, not to be taken 1n a limiting sense, and the scope of the
present invention 1s defined only by the appended claims,
with the full scope of equivalents to which they may be
entitled. It will be appreciated by those of ordinary skill in the
art that any arrangement that 1s calculated to achieve the same
purpose may be substituted for the specific embodiments
shown. This application 1s intended to cover any adaptations
or variations ol embodiments of the present invention. It 1s to
be understood that the above description 1s mtended to be
illustrative, and not restrictive, and that the phraseology or
terminology employed herein 1s for the purpose of descrip-
tion and not of limitation. Combinations of the above embodi-
ments and other embodiments will be apparent to those of
skill 1n the art upon studying the above description. The scope
of the present disclosed embodiments includes any other
applications 1n which embodiments of the above structures
and fabrication methods are used. The scope of the embodi-
ments should be determined with reference to the appended
claims, along with the full scope of equivalents to which such
claims are entitled.

What 1s claimed herein 1s:

1. A compact balanced field enclosed winding inductor
comprising;
a first core;

a first winding having a first end and a second end, said first
winding adapted to spiral inwardly from said first end
and terminates at said second end at a point substantially
central to said first winding to form a first spiral of a first
shape 1 a first plane, wheremn said first winding 1s
embedded 1n said first core;

a second core; and

a second winding having a first end and a second end, said
second winding adapted to spiral inwardly from said
first end of said second winding and terminates at said
second end of said second winding at a point substan-
tially central to said second winding to form a second
spiral of a second shape 1n a second plane, wherein said
second winding 1s embedded 1n said second core and
said second end of said second winding 1s electrically
connected to said second end of said first winding.

2. The compact balanced field enclosed winding inductor
of claim 1, wherein said core comprises a magnetically per-
meable material.

3. The compact balanced field enclosed winding inductor
of claim 1, wherein said winding comprises a winding wire.

4. The compact balanced field enclosed winding inductor
of claim 1, wherein at least one of said first shape and second
shape 1s selected from the group consisting of circular and
rectangular.

5. A compact balanced field enclosed core inductor com-

prising:

a plurality of interdependent cores having similar shape 1n
order to enable nesting, wherein an interdependent sec-
ond core 1s nested within an interdependent first core
having a slot-width between said interdependent first
core and said interdependent second core to permit the
passing of an mterdependent winding.
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6. The compact balanced field enclosed core inductor of
claim 3, further comprising at least one interdependent cored
nested within said interdependent second core.

7. The compact balanced field enclosed core inductor of
claim 5, wherein said winding comprises a winding wire.

8. The compact balanced field enclosed core inductor of
claim 5, wherein at least one of said interdependent first core
and said interdependent second core comprises a magneti-
cally permeable material.

9. The compact balanced field enclosed core inductor of
claim 5, wherein at least one of said interdependent first core
and said interdependent second core comprises a Cross-sec-
tional shape defined by a shape selected from the group con-
s1sting of a rectangle and circle.

10. The compact balanced field enclosed core inductor of
claim 5, wherein said interdependent winding comprises a
cross-sectional shape 1s a defined by a shape selected from the
group consisting of a rectangle and circle.

11. A method of constructing a compact balanced field
enclosed winding inductor having a desired inductance L,
and a desired resistance R, at least a first winding window
and a second winding window, said method comprising:

(a) predetermiming a uniformity factor a of the compact
balanced field enclosed winding inductor to a minimal
value suilicient to maintain the benefit of a balanced
field;

(b) determining a plate thickness H , outer radius of the
first winding window R ,,, inner radius of the first wind-
ing window R;,, and outer radius of the second winding
window R, of the compact balanced field enclosed
winding imnductor simultaneously;

(¢) determining the radi1 of the remaining winding win-
dows of the at least two winding windows of the compact
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balanced field enclosed winding inductor recursively,
wherein the radi1 determined are limited by manufactur-
ing constraints;

(d) determining the number of turns n; of each of the at least
two winding windows of the compact balanced field
enclosed winding inductor; and

(¢) determiming the inductance L and resistance R . of the
compact balanced field enclosed winding inductor,

wherein 1 the inductance L 1s not greater or equal to the
desired inductance L, and the resistance 1s not less than
or equal to a desired resistance R _, the uniformity factor
. 1s 1ncreased and steps (b)-(e) are repeated.

12. A method of constructing a compact balanced field
enclosed core inductor having a desired inductance L and a
desired resistance R _ and at least two 1nterdependent cores,
wherein a second interdependent core 1s nested within a first
interdependent core, said method comprising:

(a) predetermining the uniformity factor o of the compact
balanced field enclosed core inductor to a minimal value
sufficient to maintain the benefit of a balanced field;

(b) determining the outer radius R , and the inner radius R,
of each of said at least two interdependent cores;

(¢) determining the ampere-turns NI between the outer
radius R, of an outer core and the outer radius R, of a
core nested within the outer core of said at least two
interdependent cores; and

(d) determining the stored energy E, inductance L and
resistance R , . of the enclosed core inductor,

wherein 11 the inductance L 1s not equal to a desired induc-
tance L and the resistance R . 1s not equal to a desired
resistance R _, the uniformity factor a 1s increased and
steps (b)-(d) are repeated.
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