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Cost-Constrained Selection of Strand Diameter and Number
in a Litz-Wire Transformer Winding
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Sometimes the term is reserved for conductors

constructed according to a carefully prescribed pattern, and

strands simply twisted together are called bunched wire. We

will use the term for any insulated grouped strands. Fig. 1. Types of eddy-current e�ects in litz wire.

Design of litz-wire windings subject to

cost constraints is analyzed. An approximation of nor-

malized cost is combined with analysis of proximity

e�ect losses to �nd combinations of strand number

and diameter that optimally trade o� cost and loss.

The relationship between wire size, normalized cost,

an normalized loss is shown to have a general form

that applies to a wide range of designs. A practical

design procedure is provided, and applied to an ex-

ample design, for which it leads to less than half the

original loss at lower than the original cost, or under

one �fth the original cost with the same loss as the

original design.
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Litz-wire can be used to reduce the severe eddy-

current losses that otherwise limit the performance of

high-frequency magnetic components. But it is often

avoided by designers because it can be very expensive.

In this paper, we develop a design methodology con-

sidering cost. This approach enables signi�cant cost

reduction with no increase in loss, or more generally,

enables a designer to select the minimum loss design

at any given cost. In a design example, the cost is re-

duced by better than a factor of �ve with no increase

in loss, compared to a design based on a conventional

rule of thumb.

Losses in litz-wire transformer windings have been

calculated by many authors [1, 2, 3, 4, 5, 6], but rel-

atively little work addresses the design problem: how

to choose the number and diameter of strands for a

particular application. In [7], the optimal stranding

giving minimum loss is calculated. However, this can

result in a very expensive solution with only slightly

lower loss than is possible at considerably lower cost.

Although [7] also addresses the choice of stranding un-

der constraints of minimum strand diameter or max-

imum number of strands, the real constraint is more

likely to be cost rather than one of these factors.

Analysis of cost is performed at two levels in this pa-

per. First, a general form for functions describing

the cost of litz wire is hypothesized. This leads to

general analytical results describing the best choice of

litz wire for a given transformer winding, in terms of a

cost function. At the second level, results that are less

general but are more explicit are obtained through

making the cost function explicit with a polynomial

curve �t to manufacturers' price quotations. A de-

sign methodology, applicable to the general case, but

eshed out in terms of the speci�c cost function, is

outlined and illustrated with a design example.

Skin e�ect and proximity e�ect in litz-wire wind-

ings may be divided into bundle-level and strand-level

e�ects, as illustrated in Fig. 1. With properly chosen

construction, strand-level proximity e�ect is the dom-

inant e�ect that needs to be considered for choosing

the number of strands [7].

We represent winding losses by

= (1)

where is a factor relating dc resistance to an ac

resistance which accounts for all winding losses, given

a sinusoidal current with rms amplitude . Internal

and external strand-level proximity e�ect loss can be

accounted for with the approximate expression,

= 1 +
768

(2)
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III. Cost Analysis

IV. Choosing Number and Diameter of

Strands

Fig. 2. Normalized cost per unit mass and normalized cost

per unit length, as modeled by (4). Both are

normalized such that the minimum values are one, for

the purpose of display in this graph.

where is the radian frequency of a sinusoidal cur-

rent, is the number of strands, is the number

of turns, is the diameter of the copper in each

strand, is the resistivity of the copper conductor,

is the breadth of the window area of the core, and

is a factor accounting for �eld distribution in multi-

winding transformers, normally equal to one [7]. For

waveforms with a dc component, and for some non-

sinusoidal waveforms, it is possible to derive a single

equivalent frequency that may be used in this analysis

[7]. In an inductor, the �eld in the winding area de-

pends on the gapping con�guration, and this analysis

is not directly applicable [8].

Attempting to quantify cost for academic analysis

is problematic; prices change with volume, manufac-

turer, time, and negotiation. However, many impor-

tant results depend only on the general form of the

cost function. In particular, the general solutions de-

rived in the appendix for optimal cost/loss tradeo�

designs depend only only the assumption that the cost

of a length of litz wire can be approximately described

by

= ( + ( ) ) (3)

where is a base cost per unit length associated with

the bundling and serving operations, ( ) is a cost

basis function proportional to the additional cost per

unit mass for a given strand diameter , is the num-

ber of strands, and is the length of the wire. Since

we have not speci�ed a form for ( ), the only loss

of generality in assuming this form (3) is in the as-

sumption that depends only on , and not on .

Examination of pricing from litz-wire manufactures

indicates that this assumption is a valid approxima-

tion. Note that for the purpose of optimization with

a �xed winding length, we can ignore , and con-

sider only the cost variation which is proportional to

( ) .

In order to gain intuition about the variation of

cost, and to provide speci�c numerical results, it is

useful to �nd an approximate expression for ( ).

From manufacturers' pricing, we �nd that the follow-

ing function, normalized to a value of one for large-

diameter wire, is a good approximation for a wide

range of values of and :

( ) = 1 + + (4)

where is in meters, = 1 1 10 m , and

= 2 10 m . This function, proportional to

cost per unit mass, is shown in Fig. 2, along with

the normalized cost per unit length, ( ) .

is approximately constant for large diameters, but by

around 40 AWG it has started rising signi�cantly. 44

AWG is notable as the size at which the cost per

unit length is a minimum. At 48 AWG, cost per

unit length has increased dramatically. Few manu-

facturers will provide constructions using �ner strands

than this, and though (4) is not based on data beyond

this point, it does appropriately rise very rapidly. Al-

though (4) represents a smooth function, wire based

on standard sizes is cheaper than arbitrary choices,

and the actual cost function has signi�cant ripples

because of this. In particular, even-numbered sizes

are generally cheaper and more readily available than

odd-numbered sizes. The extent of this variations

highly sensitive to volume|at su�ciently high vol-

umes, there would be no penalty for using odd, or

even custom sizes. Thus, such variations are omitted

from this analysis; we assume the cost is described by

the smooth function shown.

The design choice of number and diameter of

strands can be conceptualized and illustrated as a

two-dimensional space. In the case of a full bob-

bin, the choices in this space form a line, and the

tradeo� between cost and loss becomes a simple mat-

ter of evaluating both cost and loss along this line,

which can be described by using calculations in [7].

However, with cost constraints, a full bobbin often

is not optimal, and we must choose a point in two-

dimensional space rather than simply a point on a

line.

In this section, we explore this strand diame-

ter/number space graphically, using the approximate

curve-�t cost function (4). An algebraic derivation
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Fig. 3. Equal-cost contour lines. Fig. 4. Equal-cost contours shown with equal-loss contours.

Designs with an optimal cost/loss tradeo� are found

at points where lines from these two sets are tangent.

The diagonal solid line curving up from the lower left

indicates these points. The dotted line indicates a

full-bobbin constraint.

Fig. 5. Cost and loss, normalized to an optimal cost/loss

design using 44 AWG strands. This graph applies to

any design in which the bobbin is not full, given the

cost function (4). Points are indexed with the AWG

strand size used. Note that a point on this graph

does not represent the minimum-loss design for that

strand gauge; rather, it represents the minimum-loss

design at a given cost; the strand size used to achieve

this is indicated.

of equivalent but more general results, independent

of the particular cost function (4), is provided in the

Appendix.

We can represent the total cost (3) as a set of con-

tour lines in the size-of- and number-of-strands space

(Fig. 3). Along any given constant-cost curve, the

best choice is the point giving minimum loss. In

Fig. 4, contour lines for loss are shown with the cost

contours from Fig. 3. These are based on an exam-

ple design of a 14-turn winding on an RM5 size ferrite

core, with 1 MHz current in the winding. The breadth

of the bobbin is 4.93 mm, and the breadth of the core

window 6.3 mm. On each cost contour, the tangent

point to the set of loss contours is the minimum loss

point. This set of points is also the set of minimum

cost points for any given loss constraint. The set of

these points is also shown in Fig. 4. The same set of

points can be plotted on axes of cost and loss, from

which a designer may chose the appropriate tradeo�

(Fig. 5).

The cost/loss tradeo� curves, such as in Fig. 5,

have the same shape regardless of design parameters.

Thus, normalized to the loss and cost for one refer-

ence strand diameter, they are identical to the curve

in Fig. 5, where cost and loss are normalized to that

for 44 AWG strands. This curve can be used to eval-

uate the cost/loss tradeo�s in any design as long as

the bobbin is not full. Note that a point on this graph

does not represent the minimum-loss design for that

strand gauge; rather, it represents the minimum-loss

design at a given cost; the strand size used to achieve

this is indicated.

The remaining information needed to realize a de-

sign for any given point chosen on Fig. 5 can be pro-

vided in the form of a plot of values for optimal

cost/loss designs (Fig. 6). Like Fig. 5 (but unlike

Fig. 4), Fig. 6 shows general results that apply to any

transformer design, in the region where the bobbin

is under�lled. The results depend only on the cost

function, (4).

In the Appendix, the results shown in Fig. 5 and 6

are derived analytically. To plot the equivalent of

Fig. 6, we can use

( ) = 1 +
1

1
(5)

with any given cost function ( ).

Also from the Appendix,

=
1 ( )

( ) 1 (6)
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standard strand sizes.

Fig. 6. AC-resistance factor, , for optimal cost/loss

tradeo� designs as a function of strand diameter.

These data are valid for any geometry or frequency,

given the cost function modeled by (4).

TABLE I

1 0

strand gauge relative relative for optimal
(AWG) cost loss cost/loss tradeo�

32 0.031 9.4 1.045

34 0.049 6.22 1.068
36 0.079 4.14 1.104
38 0.131 2.80 1.161
40 0.234 1.90 1.246
42 0.45 1.35 1.376

44 1 1 1.535
46 2.83 0.77 1.655
48 10.5 0.61 1.715
50 46 0.48 1.737

where is the cost with the constant term sub-

tracted, and

total loss
( )

( ) 1
(7)

Equations (6) and (7) can be used with as a

parameter to generate plots such as Fig. 5 for any

cost function ( ).

In this section, we illustrate the use of the above

results with a design example; a general method will

be outlined in the following section.

The design example is a 30-turn to 30-turn trans-

former on a EC-70 ferrite core with a 150 kHz, 8

A rms sine wave current in both windings. While

for present purposes it is not necessary to know the

voltage, we can, for the sake of concreteness, assume

a 300 V square-wave voltage (600 V p-p), as would

occur in a parallel-loaded resonant converter. This

would lead to a ux amplitude of 60 mT, a core loss

around 1.4 W in a typical power ferrite material, and

a power output of 2160 W. The breadth of the core

window is = 44 6 mm; the bobbin allows a winding

area of = 41 5 mm by 24 mm high; each of the two

windings may then take up a height of 12 mm.

A standard design procedure might be to start with

a manufacturer's catalog, which recommends 40 AWG

strand litz wire for the 100 to 200 kHz range. Fit-

ting 30 turns in the allotted window area, we �nd

the largest permissible standard bundle of 40 AWG

strands has 1100 strands. An analysis of internal

proximity e�ect losses [9], as outlined in wire man-

ufacturers' application notes predicts a mild ac resis-

tance factor of 1.19 for this construction, seemingly

con�rming the catalog recommendation. However,

this is only correct for an isolated litz bundle, and

it does not take into account the external proxim-

ity e�ect that dominates ac resistance in a typical

transformer. Using (2) to accurately predict the ac

resistance of this bundle, we obtain an ac resistance

factor of = 9 2. This leads to 3.1 W of loss in

each winding, and a total temperature rise of 87 C

including both windings and the core loss, based on

an empirical thermal resistance of 7 C/W [10].

The calculation used here (2) is not valid for strands

much larger than a skin depth. Although strands will

very rarely be this large in a good litz design, the

design calculated above is far enough from a good

design that we must check. The skin depth in copper

at 150 kHz is about 0.17 mm|the diameter of 33 or 34

AWGwire|and so (2) is valid in the range of interest.

Note that even for this poorly chosen design, the ac

resistance is lower than it would be for any single-

strand design; the optimum single-strand design in

this case is a single-layer winding that would have

almost triple the ac resistance of the �rst design.

We now apply the results obtained in Section IV

to this transformer. First, we assume 44 AWG wire,

and calculate the number of strands to obtain the cor-

responding ac resistance factor shown in Fig. 6 (also

shown in Table I). We �nd = 1 535 with 1131

strands of 44 AWG. Although this has higher dc re-

sistance than the �rst design (1100 of #40), its overall

ac resistance is 59% lower, and furthermore, the pre-

dicted relative cost is 25% lower.

Table II collects data on these and further de-

signs. The cost and loss �gures are shown normalized

to both the original design based on manufacturers'

data, and to this new optimal cost/lost design us-

ing 44 AWG wire. With this latter normalization,

the cost/loss possibilities are mapped out by Fig. 5.

One can now select, on this plot, the desired cost/loss

tradeo�. For example, one could chose to keep the loss

constant at the level in the original design, or could

optimize for minimum total cost including the cost of

the energy dissipated over the life of the equipment,
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TABLE II

VI. Design Procedure

Stranding Options for Example Design

Design Number Strand Loss, per Loss Predicted Cost Actual Cost
of Strands Gauge Winding Normalized to: Normalized to: Norm. to Orig. Des.

(watts) orig. des. 44 AWG des. orig. des. 44 AWG des. Mfr. A Mfr. B

Based on 1100 40 5.55 1 2.43 1 1.35 1 1
catalog rule

of thumb

Optimum 1131 44 2.28 0.41 1 0.74 1
cost/loss
with #44

Closest 1050 44 2.34 0.42 1.025 0.69 0.93 0.75 0.98
catalog size

Min. cost with 100 38 5.32 0.96 2.33 0.129 0.17 0.119 0.171

original loss

Min. loss at 220,000 63 0.65 0.117 0.285 268,000* 361,000*
any cost
(theoretical)

An expensive 5200 48 1.39 0.25 0.61 7.7 10.3
but plausible
low-loss design

Single-layer 1 16 15.1 2.72 6.62 0 15* 0 2*
single-strand

* Indicates values that are extrapoloations that are not expected to be accurate.

and other costs that indirectly result from lower e�-

ciency and higher heat production.

The designs in Table II include 100 strands of 38

AWG wire, for about the same loss as the original

design at 13% of the cost, and 1050 strands of 44

AWG, a standard catalog construction close to the

calculated choice of 1131 strands for this size, and

providing similar cost and loss reductions. With this

design, the temperature rise would be reduced from

the original 87 C to 42 5 C with no increase in cost.

For comparison, the minimum loss design calcu-

lated using the methods of [7] is also included|

for this transformer that method indicates 220,000

strands of 63 AWG would produce the minimum loss.

It is not clear that such a litz wire could in practice

be produced at any cost, much less that the estimate

produced by (4) is correct. However, it would al-

low reducing the loss to about one quarter the loss

obtained with 1050 strands of 44 AWG wire. A 48

AWG design is included to illustrate a more practical

high-cost, low loss construction.

After performing this design work, we obtained

pricing from manufacturers for some of the wire con-

structions listed. These normalized prices are also

shown on Table II. Although they do not exactly

follow the prices predicted by our model, they fol-

low the expected trends. Note that that in (3), we

dropped the constant portion of the cost; determin-

ing this constant for the quoted prices would improve

the accuracy our predictions. But regardless, we have

con�rmed the usefulness of the model and methodol-

ogy to reduce cost, loss, or both. In particular, the

1050 strand 44 AWG design achieves a 58% loss re-

duction at less than the original cost, and the 100

strand 38 AWG design achieves under one-�fth the

original cost at the same loss.

A owchart for a recommended design procedure is

shown in Fig. 7. This procedure will provide designs

with the minimum loss for any given cost (and the

lowest cost for that loss), making use of the data pre-

sented in previous plots, and collected for standard

strand sizes in Table I. The procedure can be imple-

mented on a computer; however, it cannot be com-

pletely automated, as it requires the user to make de-

cisions regarding the cost/loss tradeo�. In addition,

consulting a manufacturer to obtain actual current

price quotes is valuable, and in cases with a full bob-

bin, it may be necessary to experimentally measure

packing factor.

The choice of construction under the constraint of

available wire sizes is explored further in Fig. 8, which

includes the ideal cost/loss tradeo� curve of Fig. 5,

but also has curves for each wire size. It is appar-

ent that the exact wire size is much less important

for smaller gauge numbers (below 40 AWG)|similar

cost and loss performance is available with nearby

sizes. However, with �ner wire, there is more incen-

tive to consider an odd strand size. The actual cost of

the wire with an odd strand size may depend on the
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quantity purchased, and so it is not possible here to

determine when it is economically advantageous. But

Fig. 8 highlights where it is worth considering.

Combined analysis of loss and cost of litz-wire

windings can lead to substantial improvements in

cost, loss, or both. The analysis leads to general ex-

pressions describing the relationship between cost and

loss in optimal designs, in terms of a cost function. In

addition, this cost function can be approximated by a

polynomial, leading to numerical data that facilitates

a simple design process that leads to minimum loss

designs at any given cost, or minimum cost designs

for any given loss.

Lumping constant terms as , we can express (2)

as

= 1 + (8)

At a given cost, , we wish to �nd the choice of

and that gives minimum total loss. Total loss is

proportional to total resistance factor ,

= =
ac resistance of litz-wire winding

dc resistance of single-strand winding
(9)

where is the ratio of dc resistance of the litz wire

to the dc resistance of a single strand winding, using

wire with the same diameter as the litz-wire bundle.

Fig. 7. Design procedure that allows the user to choose cost/loss tradeo� and guarantees minimum loss for the selected cost

(and the lowest cost for that loss).

Fig. 8. Cost and loss, normalized to an optimal cost/loss

design using 44 AWG strands. The ideal relationship

shown as the bottom curve assumes any strand

diameter is available. Curves for individual even wire

sizes are also plotted to show the penalty for using a

standard wire size. For large diameter wire, the curve

are close to one another, indicating that the exact

choice of diameter is unimportant. However, for �ne

wire, the choice of a standard even size may entail a

signi�cant penalty.
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  Φιτσ ιν 

ωινδοω?

 Φρ βελοω 

ϖαλυε ιν 

  Φιγ. 6?

Ασσυµε ΑΩΓ 44 στρανδσ, ανδ 

χαλχυλατε νυµβερ οφ στρανδσ φορ 

Φρ = 1.535    (2)

Ψεσ

Οβταιν α πριχε θυοτε φορ τηισ ωιρε (ορ φορ α στανδαρδ 

προδυχτ ωιτη α σιµιλαρ νυµβερ οφ στρανδσ) ανδ 

χαλχυλατε λοσσεσ.  Τηεσε τωο δατα προϖιδε τηε 

νορµαλιζατιον σχαλε φορ τηε νορµαλιζεδ χοστ ανδ 

λοσσ σηοων ιν Φιγ. 5 ανδ Ταβλε Ι  Γιϖεν τηισ σχαλε, 

σελεχτ α δεσιραβλε λοσσ/χοστ τραδεοφφ.

Υσε Φιγ. 6 το δετερµινε τηε ϖαλυε οφ Φρ φορ τηε 

στρανδ γαυγε σελεχτεδ, ανδ (2) το δετερµινε τηε 

νυµβερ οφ στρανδσ φορ τηισ ϖαλυε οφ Φρ..  Το τραδε οφφ 

χοστ ανδ λοσσ ιν φινερ ινχρεµεντσ τηαν στανδαρδ ωιρε 

σιζεσ, ψου µαψ ϖαρψ τηε νυµβερ οφ στρανδσ. 

  Φιτσ ιν 

ωινδοω?

Οβταιν α φιναλ πριχε θυοτε, ανδ χηεχκ τηατ τηε στρανδ διαµετερ ισ νοτ µορε τηαν τωο σκιν δεπτησ ατ τηε ηιγηεστ 

σιγνιφιχαντ ηαρµονιχ φρεθυενχψ ιν τηε χυρρεντ ωαϖεφορµ.  Ιν τηε ηιγηλψ υνλικελψ χασε τηατ ιτ ισ, τηε λοσσ 

πρεδιχτιον ισ χονσερϖατιϖε ανδ τηε δεσιγν ισ νοτ οπτιµυµ.  Ηοωεϖερ, ιτ ωιλλ περφορµ βεττερ τηαν πρεδιχτεδ.

Ψεσ

Χαλχυλατε τηε νυµβερ οφ στρανδσ το φιλλ 

τηε βοββιν ωιτη τηε χυρρεντ στρανδ γαυγε 

υνδερ χονσιδερατιον, ανδ χαλχυλατε τηε 

οπτιµαλ νυµβερ οφ στρανδσ (ωιτη ανψ 

γαυγε ανδ νο χοστ χονστραιντ) υσινγ τηε 

αναλψσισ ιν [7].  Τεντατιϖελψ ωηιχηεϖερ οφ 

τηεσε ηασ λαργερ στρανδσ, ανδ εϖαλυατε τηε 

λοσσ ανδ χοστ.  Αδϕυστ τηε νυµβερ οφ 

στρανδσ το τραδε οφφ χοστ ανδ λοσσ, 

ασσυµινγ α φυλλ βοββιν.

Ψεσ

Νο

Νο

Νο



0

0

2
1

q

p

p p

� �

�

�

p �

�

0

0

0

�

�

�

� �

�

�

�

m c

m
c c

m c

c
m

c

c

m c

2 6
2

2

2
4

1

2
1

1

0

2
1

2

2
2
1

1

2 ( )

( )

1
2 2 ( )

( )

1

1 ( )

1

2

2
F �n d

d

d n

d

F �
d n

�nd :

n

F �
C d

C

�d C

C d
;

C

C

d

C d C

C d
�d

C

C d
�d C d ;

C d C d

d

C d

C

d

�

n

F d

F

F d

�

C
C d

�d

C
�

C d

d
F d :

F F d
C d

C
d :

F d � d
F d

F d

�

d d

rt c

css

c

css

rt

c

c

rt

m c c

m c

c

m c

m c

c

m c

c m c

m c m c

c

m c

c

r CL c
C d

C d d

r

r CL c

m c

c

C d

d C d

m c

c

r CL c

d n

C d

C

rt CL r CL c

m c

css

rt CL css c

r CL c

r CL c

css c

Based on this de�nition,

= (1 + ) (10)

where is the diameter of the largest single-strand

wire that would �t. This constant may be dropped

for the purposes of optimization; we work with

1
+ (11)

To minimize total loss, holding cost constant, we

can eliminate from (11) by using (3), to obtain

( )
+

( )
(12)

where is the speci�ed cost, with the constant term

in (3) subtracted. Setting the derivative of this

expression with respect to equal to zero, we obtain

( )

( )
2

( )
( ) = 0 (13)

where ( ) is the derivative of ( ) with respect

to .

Given a representation of ( ) and a cost spec-

i�cation , (13) could be numerically solved for a

optimum value of . However, it is possible to derive

several more general results that provide additional

insight and lead to Figs. 6 and 5 in Section IV. Solv-

ing (13) for , substituting that result into (10), and

again eliminating using (3) leads to

( ) = 1 +
1

1
(14)

This expression describes the relationship between

wire size and the optimal cost/loss value of , de-

noted ( ), as shown in Fig. 6. The generality

of the result is indicated by the independence of (14)

from the design details lumped in the constant .

The generality of the relationship shown in Fig. 5

can be seen as follows. From (13),

=
( )

(1 )
(15)

or

=
1 ( )

( ) 1 (16)

Using the relationship = , we can write

= ( )
( )

(17)

Thus, using (16),

=
( )

( ) 1
(18)

If (18) and (16) are normalized as in Fig. 5, the

constants speci�c to a particular design problem,

and , drop out. Thus, with as a parameter,

(18) and (16) can be used to plot a curve of normalized

cost and loss for any given cost function, as shown in

Fig. 5 for (4).


