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Abstract

A numerical method is used to determine the
winding shape that minimizes total winding
losses in a gapped inductor with round-wire
windings. The algorithm accounts for proximity-
effect loss that results from the two-dimensional
field in the winding area, and for the effect of the

winding on that field. Results are presented for

an example  geometry. The  optimized
configuration has significantly lower losses than
alternative designs including lumped-gap and

distributed-gap inductors with windings designed
using standard one-dimensional analysis.

[. INTRODUCTION

In an inductoiwinding, the coreandparticularly the air
gap, stronglyaffect the field in the winding area,and thus
determine proximity-effectlosses. Conventionalone-
dimensional analyses of proximity-effect lossamd the
associated desigmethodologiesdevelopedfor transformers
[11, [2], [3], [4], [5], [6], [71, [8], [9], [10] do notaccount for
the true field of agappedinductor,and donot allow accurate
prediction of inductor ac resistanfEl]. This limitation is

particularly importantbecause othe growing popularity of

soft-switching power-convertertopologies, which require

often motivated by avoiding the "fringinfield" associated
with the gap, which can impinge on the windiagd increase
losses. Theguasi-distributedgap technique can be used to
approximate a distributedjap without requiring a low-
permeability material [14], [15], [16], [17], [18], [19], [20].

In this paper, we study aralternative approach:
developing winding designs tminimize loss with agiven
gapped core structure, as exploredaa], [22]. Wedevelop
analysis of proximity-effect lossewith the actual field
distribution of a gapped inductor, and systematic optimization
of the winding configuration to minimizdosses. We
consider two-dimensional analysis ofound-wire windings
including litz and single-strand wire;the fundamental
approach could also be extended to three-dimensional analysis.
Our original motivation was téind the lowest loss possible
with the constraint of a singleimped gap, becausethis is
less costly than a distributed or quasi-distributed gap. In fact,
we foundthat theperformance othe optimizedlumped-gap
designis, in many cases, even bettahan that of the
corresponding distributed-gap design.

1. ANALYSIS OF PROXIMITY -EFFECTLOSSES
Direct numerical computation afddy-currentiosses in
wire windingswith many turns or manygtrands isusually
impractical, despite the availability of commercial finite-

inductors with high ac current. Low ac resistance is essent@fment analysis tools with the capabilityaofalyzing eddy

for efficient operation.
One approach tehis problem is tamodify the core and
gap to achieve a one-dimensional fieldonfiguration, for

example by using a distributed gap as shown in
Fig. 1 [12], [13]. Then standardone-dimensional winding

designandanalysis methodsan be used.This solution is
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Fig. 1. Distributed-gap inductor design.

currents. This ishecause¢he mesh resolutiorequired to
modelthe individual strands isprohibitive. A muchmore
computationally efficient approach uses the fact that
proximity-effect losses are proportional to the square of the ac
field impinging on any giverconductor. This field may be
accurately estimated bynagnetostatic analysis, sinagldy
currents circulating within  a small conductor cannot
significantly perturb the overall field.

For cylindrical conductorswith diameter,d, small
compared to &kin depth, thgroximity-effectloss in an ac
field, B, perpendicular tdhe axis of the wire, at fiequency
wis [23],
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wherel is the length of the conductor apgdis the resistivity
of the conductor. (For calculations flarger conductors, see
[9].) From magnetostatic analysis, owman calculate the
average value of the square of the flux density overdgmn

of winding, | B |2 and then use this with (1) to calculate total

1



proximity-effect loss.  This approach can be usedith
standardmagnetostatic finite-element analysis or wither
numerical or analytical methods of calculating

magnetostatic field. One derivation tfe standard one-
dimensional analysis uses this approach [2REference [23]

also describes anexperimental measurement approach to

obtain informationequivalent to|B, which canthen be
used to predict losses.

I1l. COMPUTATION OF OPTIMAL SHAPE

Given agappednductor core, ashown in Fig. 2, we
wish to find the winding configuration thatprovides
minimum total lossfor a given number oturns. Since
solid-wire windingscan beconsidered aspecialcase oflitz-
wire windingswith the number oftrandsequal toone, and
becauselitz wire is particularly commonand useful in
inductors with high ac current, weconsider litz-wire
windings. One may optimize a litz-wire winding with or
without constraints oncost-related parametersuch as
diameter of strands and number of strajadd. We begin by
optimizing the design with the strand diameter fixassumed
to be constrained bgost or manufacturingonsiderations.
The optimization problem becomes ttieoice ofthe number

of strands in the litz bundle (assumed equal for each turn), and

the positioning of the resultingundleswithin the window.
We solve the continuous approximation to thdscrete

problem: the number of strands is not limited to integers, and

ratherthan finding theindividual position for eachturn, we
find aregion of the winding window, witlarea equal to the
area ofthe wire (adjusted by apacking factor) that gives
minimum total loss. The considerations invohiadlude the
tradeoff betweeower acloss with lesscopperandlower dc
resistancewith more copper; thepositioning of thewire in
regions of lowfield to minimize proximity-effectloss; and
the effect of that position, in turn, on the field in thiadow
area.

the

Compute the magnetic field in
the winding window due to
the present winding shape.

For each block:
i) Try removing a certain
number of conductors.
ii) Compute the total loss.
End

For each block:
i) Try adding a certain
number of conductors.
i) Compute the total loss.
End

Accept the removal
or addition of
conductors in one
block.

'

Compare the losses after
removing or adding conductors
in every block, and find the
block in which removing or
adding conductors reduces the
total winding loss the most.

Compare the total winding loss
after the best removal or
addition of conductors with the
total loss for the shape before
removal or addition.

Any
improvement

?

Optimal shape found.

Our optimization program, COOS (Computation of

Optimal Shape)dividesthe window into agrid of typically
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Fig. 2. Two-dimensional inductoconfiguration
analyzed, shown with a winding that has mhaen
optimized.

Fig. 3. Flow chart of the COOS optimization algorithm.

four hundred elements. The shape of the winding is
represented by matrix, P, in which eachelementindicates
whether that region is filled with wird>(i,j) = 1) or is empty
(P(i,j) = 0). Valueshetween zer@andone arealso allowed,
and indicate either sparsélling of a region, or aborder
between filled and empty regiotisat fallssomewhere in the
middle of the element. In practice, wieund no sparsely
filled regions in our solutions, but welid not wish to
preclude that possibility prematurely.

The optimization problem is then to minimize tless
by adjusting the elements &f, subject to the constraint of
0< P(i,j) = 1. In principle, any multivariable optimization
algorithm can be applied. Wéad good results using the
procedureoutlined inFig. 3. Although this algorithntoes
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Fig. 4. Optimal winding shapes computed by
COOS for a 10 mm x 10 mm winding windomith

a gap at the center left and 0.1 mm litz-wsteand
diameter, forfour frequencies. The areanear the
gap, bordered by the appropriate lifeg agiven
frequency, is empty of conductors. Cross-
sectional areaised byeachsolution is indicated.

70 kHz \

100 kHz

70 kHz (51.75 mrf)

----- 100 kHz (37.2 mm)

Fig. 5. Optimal winding shapes computed by
COOS as inFig. 4, but for higherfrequencies.
Areasempty of wire are bordered byhe lines
shown and include a “mushroom” shape based at
the gap,bordered by the indicateihe, and the
wedges at the top and bottom right.

For the 60kHz (58.6 mnd) solution, additional inductor design considering proximity-effdosses. Designs

empty areas appear at the top and bottom right. optimized on the basis aine-dimensional analysiare one
possibility. Wedevelopedsuch designsaind calculated actual

not guarantee finding a global minimum in loss, feend it loss usingfinite-element magnetostatic analysis described

converged tothe same solutionregardless ofthe initial in Section Il, assuming that the windingsigacecaway from
configuration. The algorithrused a specialized approach tothe gap by adistance oftwice the gap length (2 mm) as
numerical computation of thigeld to take advantage of the might occur with a typical bobbinand a center-post gap.
structure of the problem, as described in the Appendix. Two-dimensional analysis of the desighased on one-

IV. RESULTS

For a square winding window, 10 mdl0 mm, and 0.1
mm strand diametefapproximately 38 AWG), wefound
optimal shapes for eange of frequencies, ahown inFigs.
4,5 and 6. We used a 1 mgap formost runs, bufound
that, consistent with [20], for small gaps, gap length does not
significantly affect the results.

As the frequencyincreasesand eddy currents become a
more severe problem, the optimal solutionincludes a
progressively larger "hollowhearthe gap (Fig. 4). Astill
higher frequencies, this hollow takes on aslightly
mushroomed shapand additional hollows appear near the
corners (Fig. 5). Eventually, the winditageas on eackide
separate, and becortt@n layers oneach of three sidg$ig.

6). The accuracy of the solutions is limited by the resolution
of the grid breaking upthe window into elements of the
"shape matrix"P. Somedetails ofthe shapes shown are
based on our judgment in interpreting the matrix.

A comparison of the proximity-effectoss results
indicatesthe usefulness of the optimized shapes. It is not
immediatelyclearwhat to compareour results to, as we do
not believe thereexists astandarddesign methodology for

120 kHz (32.4 mlﬁ
— - — 200 kHz (21.35m1) 120 kHz
--—--- 500 kHz (9.75 m#)

200 kHz

120 kHz

Fig. 6. Optimal winding shapes computed by
COOS as inFigs. 4 and 5, but for higher
frequencies. Conductors fill the indicated areas
along the top and bottom walls and near thght
wall.



dimensional analysis shows that théwave substantially
higher losses than the one-dimensional analysis predicts.
the optimized solution computed by COOS showdramatic
improvement even overthe overly optimistic one-
dimensional prediction forthe one-dimensionaldesign
(Fig. 7).

Comparisons withdesigns based onone-dimensional
analysis clearly shows the value of the twaimensional
analysis used in COOS. But this doesliréctly demonstrate
the value of the unusual shapdsveloped byCOOS. To
asses the importance of the particular shapes,camapare
their performance tathat of arectangularwinding, chosen
using two-dimensional analysis to minimizlwsses. The
rectangular winding ighen placed as fafrom the gap as
possible, and the area is chosen to mininhisses. Tagive
an overview ofthe performance ofsuch solutions, and

comparethem to the optimal shape, vean plot |B|2 (@
measure of proximity-effect losses) vs. the windémga used,
A (an indicator of dc loss) (Fig. 8). Thus, we getomplete
view of the design space spanned lge set of COOS-
computed optimal shapes, and ttwrespondingpossibilities

with rectangularshapes. The COOS solutions consistently

show a substantial advantage in ac loss for any giveding
area, often by a factor of two or better.

Finally, we may compare this solution to tHistributed-
gap solution (Fig. 1), which haseenconsidereddeal, by
adding to the plot the value ¢B |2 for a distributed gap with
a rectangular winding. This is a constant valodependent
of A. The optimal-shape winding with a singlescrete gap
gives lower losses than tldistributed-gap design fall but
very largeA, corresponding tdull windows that are rarely

useful at high frequency anyway. Thus, by using COOS, w

havenot only found the best solution t@accommodate the
field in a gappediesign, we havdound asolution that is
superior to the distributed-gap design thatame othershave
often considered ideal.
V. APPLICATION

An implementation of these desigmequires a three
dimensional structure, for whichthis two-dimensional
analysis is only an approximation, albeit a muiocétter
approximation than thestandardone-dimensionalanalysis.

The construction will typically be an E- or pot-core. The ga}

may beplaced inthe centerleg, in the outer legs, dvoth.
The winding shapegevelopedhere will have lower dc
resistance whethe gap isplaced inthe outer legspecause
more of the the winding is themearthe centerpost, where
turn lengthsare shorter.
advantage ofow external field, particularlyith a pot core.
To form the winding, speciallyshaped bobbins and/or
speciallyprogrammedautomatic winding machinesould be
employed.

Although improved inductors could beleveloped for

particular applicationbased orthe techniques reported here, computed by COOS.

Total winding loss [Watt]

Average |B|"2 (Wb"2/mm~4)

But a center-post gap has the

10

O Total loss for optimized winding
X Total loss of winding designed by 1-D analysis
—— Total Loss predicted by 1-D analysis

01

100 1000
Frequency [kHz]

Fig. 7. Total winding loss for three different configurations.
The solid line shows losfor designs optimized usingne-
dimensional analysis.This would bethe actualloss in an
optimized distributed-gap design. However, if thesene
designs are constructed with alumped gap, the loss

(computed by usindg-EA to find |B|2) will be higher, as
indicated by the ‘X’ marks on this plot. Fthis, we assume
the winding is spaced 2 mm fromlamm-long gap. The
circles indicate loss with designs optimized by COOS.
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Fig. 8. Average square of magnetic fielldB |2, as a function
of winding area forconfigurations based on thredifferent
design approaches. The proximity-effect loss is determined by

| B, whereas the doss isdetermined by the windingrea.
Thus, thisillustrates the design tradeoffsossible with each
approach. The solid line is a rectangular winding with a
distributed gap. The ‘X’'s are designs using a rectangular
winding and a lumped gap, with the winding spacedaa$rom
the gap agpossible. The circles are the optimal designs



further research will be needed fudly exploit the advantages
of this winding-shapeoptimization approach. Promising

directions include removihe arbitrary fixing of litz-strand

diameter, rigorously extending the analysis to three-

dimensional or axially symmetri@.g., potcore) structures,
analyzing common commercial core sizasg designingcore

geometries to maximize the gaingmdepossible by optimal
winding shapes.

VI. CONCLUSION
Through the use ddpecializedcomputational tools, we
have analyzedwinding shapes foigappedinductors. The
results give winding configurations that not ordghieve
lower losses than othetiscretely gappediesigns, but also
provide lower losses than distributed-gap designs.
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APPENDIX NUMERICAL FIELD CALCULATIONS

original current filament. Fortunately, the rield from any
given image windowdrops off rapidlywith distance because

To calculate the field in the window of a structure such ake windingand gap currentsare equal anapposite. The

that shown in Fig. 2, we firsteplacethe gap with an
equivalent winding in arungappedcore, and then use the

original window is first groupedwith an image on the gap
side, to form a symmetric pair. This pair is threproduced

method of images to reduce the problem to a set of currentsnra grid of further images. A 3 x &id of these pairs gives

a region of uniform permeability. This allowdirect
calculation of thefield using the Biot-Savart law. These
steps are described briefly below and in more detail in [25].
The process of replacing a windingith an equivalent
gap can be demonstrated bgagnetic circuit analysis.Fig.

about 1% error in the field, while a 5 xgbid gives lessthan
0.01%error. Weused atleast a 5 x 5grid for the results
presented here. Given this grid of image currentsfigia at
any given point in the originakindow can be calculated by
simply summing thefield componentdue to each current

Al shows an inductor structuemd acorresponding magnetic element.

circuit. Theleakage reluctancd]l, representall the flux

For the purpose of optimizing winding shape, fledd

paths through the air other than those directly within the gapalculations as outlined aboaee performedndividually for
including the gap fringing effects. The magnetic material imdividual currentfilaments ateach position in agrid of

assumed to have infinite permeabilignd sopaths within it
have zero reluctance. In the magneiicuit, we canreplace
any reluctance with an MMBourcehaving exactly thesame
MMF as appears across the origingluctance. Thus, if we
replacethe gapreluctance[1;, with an MMF source ofNl,

the flux through the leakage reluctancewill remain
unchanged. Inerms of the physical model, the gapn be
replaced by aibbon of conductor around a closembre, as
shown in Fig. A2, withcurrentNI, oriented tooppose the

within the window. These calculationsre then stored and
can be combined bguperposition tacalculatethe field with
any given combination ofurrent filaments representing a
winding shape.

winding current. Theequivalence can be demonstrated by

other analyticalapproachesand verified by finite-element

analysis [25]. For a two-dimensional model, only the strip of

current insidethe window is neededfor calculations of the
field inside the window.

Given the two dimensional model withclosedcore, the
winding, and an opposing "gap current”, ean approach the
calculation of the field using the method of images—dtath
side ofthe window, of infinite permeability materialan be
removedfrom themodel if image currentsorresponding to

those in the original window are placed appropriately. Like a
room lined with mirrors, the winding window surrounded by a

closed cordmplies an infinite number of imagedsr each

W ED
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Fig. A1l. Gapped inductor and corresponding magnetic
circuit
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Fig. A2. Equivalent structure and corresponding
magnetic circuit.



Fig. A3. Array of image currents used to calculate the field in the winding window. The original winding window near the
center is outlined with a dark squaesdincludes roundvire windings and acurrentrepresentingthe gap. Thisoriginal
with its image to the left are repeated in a 5 x 5 array of images.



