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Abstract - A computer-aided tool for design optimization of
high frequency power inductors has been developed. The
software uses a new optimization algorithm to design the
inductor with minimum overall power loss and/or volume and
to determine optimal data concerning the core and the wind-
ing. This algorithm takes full account of the current waveform
and skin and proximity effects in the process of winding de-
sign optimization. The developed tool can be applied to any
circuit topology provided the inductor current waveform is
periodic, either with or without a dc component. An applica-
tion example is given for an inductor of a 1.5 kW, 100 kHz
non-resonant zero-voltage switching pulse-width modulated
full-bridge dc-to-dc converter.

I. INTRODUCTION

Several procedures for designing air-gapped inductors have
been presented in the literature. These procedures present, among
others, the following drawbacks: make use of empirical curves,
obtained for a particular core shape and/or material, which are
not readily available [1]; are limited to inductors which operate
with small ac voltage components and do not account for core
losses [2]; do not account for skin and proximity effects when
calculating winding losses [1,2]; do not optimize the winding
[1,2,3,4].

The purpose of this paper is to describe in some detail the
methodology that has been developed to optimize the design of
high frequency power inductors and the respective software
implemented to do it. This methodology can be applied to any
circuit topology provided the inductor current waveform is peri-
odic, either with or without a dc component. By using the re-
ferred software two distinct design situations can occur and are
identified as either a design limited by core loss or a design lim-
ited by core saturation. In the former, an inductor with minimum
overall power loss and volume may be designed. In the latter, an
inductor with minimum volume may be designed, but the overall
power loss will not be minimum.

The significance of the paper is that the design procedure in-
cludes the optimization of the winding, while taking into account
the current waveform and skin and proximity effects when calcu-
lating optimal data related to number of layers, conductor data,
effective resistance, current density, and winding loss.

All parameters and variables in this paper are in the SI units.

II. LOSSES AND THERMAL MODELING

The design of compact and efficient magnetic components for
high frequency power conversion applications, such as trans-
formers and inductors for switched mode power supplies, re-
quires accurate models to predict winding and core losses and the
temperature of the hot spot in the component.

A. Winding Loss Model

Considerable mathematical modeling efforts carried out over

the past few years have resulted in one- and two-dimensional
models [5,6] to predict winding losses in such components. These
models are referred to as thin layer model [5] and orthogonality
model [6], respectively. A unified sense to these models appears
in [7], where generalized expressions are derived for the effective
resistance and leakage inductance of multilayer windings in
multiwinding magnetic components under arbitrary periodic
current excitation. These expressions can be applied to windings
of solid round wire, bunched round wire, litz wire, or foil con-
ductors. This reference also includes an analysis concerning the
effect of winding curvature on its effective parameters and ex-
perimental data to illustrate the accuracy and the limitations of
such mathematical modeling. It must be pointed out that the
results obtained through the orthogonality model show that this
model leads to inaccurate predictions for the effective resistance.
However, the thin layer model, in spite of its simplifying as-
sumptions, can be used as an accurate tool for design optimiza-
tion purposes [8] and, for this reason, is used in the optimization
methodology described here. The original thin layer model as-
sumes that the winding structure is axisymmetric and constituted
of foil conductors, which span the entire breadth of the core
window. In the case of windings with solid round wire, bunched
round wire, or litz wire, this model requires the replacement of
the actual winding layers by equivalent-foil conductors as in the
original model.

Fig. 1(a) shows a cross-section of a multiwinding magnetic
component where the structure of a particular multilayer winding
is detailed. According to derivations in [7], based on the thin
layer model, the expression for calculating the effective resis-
tance, eR , of multilayer windings of foil conductors, under non-

sinusoidal periodic current excitation, is given by (1). In the
following equations, dcR  is the winding dc resistance, dcI  is

the dc component of the current waveform, efI  is the rms value

of this waveform, efjI  is the rms value of its j'th harmonic com-

ponent, f is the fundamental frequency, cσ  is the conductor

conductivity and oµ  is the free space permeability. To permit

calculating the winding boundary condition ratio, defined by (7),
the frequency-independent magnetic field phasors between
windings, caused by each harmonic component of their current

waveforms, must be determined. In the case of inductors, jϕ  is

equal to zero for all j.
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(b)
Figure 1. (a) Cross-sectional view of a multiwinding magnetic component

and (b) steps to transform a layer of solid round wire into an
equivalent layer of foil conductor.
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The total winding loss is given by (8). It can be normalized by
the power dissipated in the winding when 1h  is equal to the

unity, resulting in the normalized power given by (9).

2
efew IRP =      (8)

1hFP rw =      (9)

For windings of solid round wire, the actual winding layers
can be approximated by equivalent layers of foil conductor,
which span the entire breadth of the core window as illustrated in
Fig. 1(b) [7]. In this figure, the round conductors are replaced by
square conductors of equal conducting cross-sectional area,
which are brought together into a single layer foil, then stretched
in order to fill the entire window breadth without changing the
height of the layer. To compensate the increase in the cross-
sectional area of the conducting layer, an effective conductivity

cησ  is used in the field equations for the layer. The layer poros-

ity, η, is defined as bhNb=η , where bN  is the number of

conductor cross-sections appearing in a cross-sectional view of
the winding layer, and b is the core window breadth. Layers of
bunched round wire or litz wire are transformed similarly [7].
First, it is assumed that the total current is divided evenly among
the individual strands. Second, the bunch of sN  strands with

diameter sd  is replaced by a squared arrangement of

ss NxN  conductors of equal diameter. The resultant sN

layers of round wire are then transformed as described previ-
ously. Therefore, for layers of bunched round wire or litz wire,

whose overall diameter is lD , bN  is given by sl NN , where

lN  is the number of turns per layer, and the theoretical number

of winding layers, wtM , is given by sNM . Therefore, in the

general case, the term jh  can be expressed as in (10), where X is

given by (11).

Xjh j =     (10)

1δη= hX     (11)

Then, (1) and (9) can be expressed, generically, in terms of X.
Figs. 2 (a) and (b) were obtained for a symmetrical triangular
wave ripple current. Fig. 2(a) shows that, without a dc current
superimposed on this wave, for a certain value of M and even for

1=M  there is an optimum value for X, which can be determined
from (12), so that the normalized power is minimum. Fig. 2 (b)
shows that when a dc current is present, this minimum occurs at a
greater value of X and sufficient dc current causes the loss min-
ima to disappear for a given M. In such case, the winding loss
optimization will require a greater number of foil layers.

Figure 2. Normalized winding power loss as a function of the X parame-
ter defined in (11).
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0=∂∂ XwP    (12)

B. Core Loss Model

Several attempts have been made to establish a reliable method
suitable for core loss measurement at high frequencies. In such
measurements, the major challenge is to minimize phase errors
introduced by parasitic effects in the circuit, by time delays in the
coaxial cables and oscilloscope and by the digitizing process.
Since a large amount of data is usually to be gathered, it is highly
desirable that the measurement method used be automated in
addition to being accurate and reliable. The automated measure-
ment system for core loss characterization described in [9] can
accomplish these aims within specified magnetic induction and
frequency ranges and at different temperatures with high accu-
racy, thanks to the techniques used in the acquisition and com-
putation of the waveforms involved in loss calculation. In this
system, the measurement data are used to fit the core loss, cP , vs.

frequency, f, and peak-to-peak magnetic induction, ∆B, by ap-
plying the least chi-square plane method to (13), where eV  is the

effective volume of the core. Some magnetic material manufac-
turers give the curve fitting parameters mC , x, and y present in

(13) for the respective frequency ranges in which the core loss
was characterized. Some of them give the function that charac-
terizes the dependence of mC  with temperature. However, prac-

tically no data have been published concerning core loss meas-
urements under non-sinusoidal voltage excitation and under dc
biased excitation.

e
yx

mc VBfCP )2(∆=     (13)

C. Thermal Model

The accurate modeling of the mechanisms of heat transfer is a
very complex task. There are a lot of parameters that influence
the thermal behavior of high frequency magnetic components.
Due to this complexity, the thermal modeling requires hypotheses
in order to simplify the analysis. The thermal model used at the
current development stage of the software is constituted of an
equivalent thermal resistance of the component, thR . The rela-

tionship between this thermal resistance and the maximum over-
all power loss allowed in the component, tmP , for a given tem-

perature rise, T∆ , is given by (14). Some ferrite core manufac-
turers give the value of thR , whereas others give an equation to

calculate it as function of geometrical parameters. An example of
such case is given in (15) [10], which was obtained by measure-
ments on EE, EC, EFD and ETD ferrite cores. One has

3105.30 −= xk  and 54.0−=n  under the following conditions:
full wound winding window with no layer insulation, natural
convection cooling, temperature rise of 40°C, ambient tempera-
ture of 25°C, and no core losses. The fitting of this relationship
with the measured results is within 20 %.

thtm RTP ∆=     (14)

n
eth kVR =     (15)

III. OPTIMIZATION METHODOLOGY

A. The Basic Equations for Inductor Design

The current optimization methodology is developed under the

following main assumptions: (a) the core is supposed to be oper-
ated at a magnetic induction lower than its respective saturation
value, sB , and a linear behavior is assumed for the core material;

and (b) the magnetic material is supposed to have a high initial
permeability and the energy is assumed to be stored in the air
gap. Therefore, the following relationships, which constitute the
basic equations for inductor design, can be obtained:

BNALI ep =     (16)

efJuef JAKNI =     (17)

2)( NlAL eeeoµµ=     (18)

)2( IIVLB dceeo ∆+µµ=     (19)

eeo VLIB µµ∆=∆     (20)

eeg ll µ=     (21)

In the above equations, L is the inductor inductance, eµ  is the

relative effective permeability, N is the winding number of turns,

pI  is the current waveform peak, I∆  is the inductor peak-to-

peak current, efJ is the rms value of the winding current density,

eA  is the effective cross sectional area of the core, JA  is core

window area, el  is the effective magnetic core length, gl  is the

overall gap length, and B is the peak magnetic induction. The
window utilization factor, uK , is defined by the ratio of conduc-

tive cross sectional area to the core window area and is lower
than one.

The winding dc resistance is given by:

)(2
Juctdc AKlNR σ=     (22)

In order to take account of the fringing flux in the air gap,
which increases the inductance, the desired inductance is calcu-
lated as the inductance given by (18) divided by the factor F
given by (23).

)2ln()(1 geg lbAlF +=     (23)

The basic input data for designing an inductor are the follow-
ing: inductance, peak and rms current, and maximum temperature
rise. The design consists basically in determining the magnetic
core, the air gap length, the winding number of turns and con-
ductor data suitable to build the inductor. Suitable means that the
temperature rise will not be greater than its allowed maximum
value, the winding will fit into the core window, the core will not
saturate and will be capable to process the required magnetic
energy. This condition is mathematically expressed by (24),
which can be obtained by combining (16) and (17).

efpdefdeJu ILIBJAAK ≥     (24)

In the above equation, efdJ  and dB  represent the winding

current density and the peak magnetic induction defined by the
designer and expected to occur at actual operating conditions.
How to calculate uK , efdJ  and dB  in order to optimize the

inductor design? The answer to this question is given in the
following item.
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B. Optimizing the Total Loss

The inductor total loss is given by:

cwt PPP +=     (25)

Taking into account (2), (8), (17) and (22), the winding loss
can be expressed by either (26) or (27).

cefrJutw JFAKlP σ= 2     (26)

)(2
eoeJucefretw AAKLIFllP µµσ=     (27)

Substituting the peak-to- peak magnetic induction given by
(20) into (13) yields:

2)()])(2[( y
eoe

y
e

x
mc VVLIfCP µµ∆=     (28)

From (27) it should be noted that the winding loss presents an
inverse dependence on the effective permeability. This originates
from (18), which expresses the fact that increasing the perme-
ability there is a tendency to reduce the number of turns, and
hence to reduce the winding dc resistance. On the other hand,
from (28) it should be noted that the core loss increases with
increasing permeability. This originates from (20), which ex-
presses the fact that increasing the permeability there is a ten-
dency to increase the peak-to-peak magnetic induction. There-
fore, it may be possible to optimize the inductor total loss with
respect to effective permeability. Defining oeo )( µµ  to be the

value at which the derivative of tP  with respect to eoµµ  is zero

and woP  and coP  the resultant values for winding and core

losses yields (29), which gives the optimum distribution of
winding and core losses for minimum inductor loss.

2cowo yPP =     (29)

Combining (14), (25) and (29) yields

))(2( thwo RTyyP ∆+=     (30)

))(22( thco RTyP ∆+=     (31)

Therefore, from (28) the following expression for the optimum
effective permeability yields

( ) y
e

x
mcoeoeo VfCPILV 22 )]([]4[)( ∆=µµ     (32)

Now optimum values for the peak, oB , and peak-to-peak,

oB)(∆ , magnetic inductions, number of turns, oN , current

density, efoJ , and air gap length, gol , can be obtained from

(19), (20), (16), (17) and (21), respectively. However, as men-
tioned before, two distinct design conditions can occur. The
design condition can be identified from the analysis of the de-
pendence of the optimum peak magnetic induction on frequency.
From (19) and (32) it should be noted that the peak magnetic
induction increases with decreasing frequency. Therefore, there is
a frequency at which the optimum peak magnetic induction is
equal to the respective maximum value allowed by the designer,
given by sm kBB =  (e.g., %80=k ). An expression for this

frequency, named transition frequency, is given by (33). If the
transition frequency is lower than the current fundamental fre-

quency, then the design is limited by core loss and the peak mag-
netic induction is oB , which is lower than mB . In this case, an

inductor with minimum overall power loss and volume may be
designed. On the other hand, if the transition frequency is greater
than the current fundamental frequency, then the design is limited
by core saturation and the peak magnetic induction is mB . In this

case, an inductor with minimum volume may be designed, but the
overall power loss will not be minimum. The first step in a design
procedure is to establish the design condition. The values of

efdJ  and dB  in (24) depend on this condition. In the design

limited by core loss, these values are equal to efoJ  and oB . In

the design limited by core saturation, one has md BB =  and the

winding loss is limited according to (34). Therefore, in this case,
the effective permeability can be obtained from (19).

The winding effective resistance for a design limited by core
loss or for a design limited by core saturation can be obtained
from (30) or (34), respectively, combined with (8). Therefore,
taking into account (2), (9) and (22) yields the expression for uK

given by (35). It must be pointed out that the product PX  re-

mains practically constant for M greater than a certain value and
so does uK .

x
mdcemcot IBIIVCPf 1])2/(2][)([ ∆∆+=     (33)

ctmwm PPP −=     (34)

eJctu RAPXNlK σ= 2     (35)

Taking into account (15), (31) and (33), the following expres-
sion for the minimum effective volume that a core must have to
be candidate to a design limited by core loss yields
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This completes all expressions to compile a procedure for de-
sign optimization of high frequency inductors.

C. Optimization Procedure

The inductor optimization design algorithm was implemented
by using DELPHI. The software, which was named MAGNO,
includes databases concerning conductor types and ferrite core
geometries and material grades. The former file includes data
about solid and bunched enamelled round copper wires and litz
wires. There is also an option that allows the software to design
the bunch of round wires by using solid round wires. The latter
file includes all core and bobbin geometrical data, the parame-
ters mC , x, y for all frequency ranges in which the core loss was

characterized, and the saturation magnetic induction. Wherever
possible the parameter mC  is calculated as a function of tem-

perature. The input data include: inductance value, core geometry
and material grade, conductor type, current waveform data, ambi-
ent temperature, temperature rise and the percentage of saturation
magnetic induction allowed for inductor operation. The current
waveform input data include: dc component, peak and peak-to-
peak current, rms current, and up to sixty harmonic components.
After reading the input data, the software executes the following
steps:
1. It calculates, using (36), the minimum effective volume that a

core must have to be candidate to a design limited by core
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loss. If there is a core of the selected type with a volume
greater than this minimum, it takes this core and goes to step
3. On the contrary, it advises the designer that it is not possi-
ble to minimize the total loss by using the specified tempera-
ture rise, core geometry and material grade, and asks him/her
if he/she wants to continue. If a positive answer is obtained,
then it goes to step 2. On the contrary, it requires a new input
data concerning temperature rise, core geometry and material
grade;

2. It takes the smallest core and calculates the effective perme-
ability, using mBB =  and (19), and goes to step 4;

3. It calculates the core loss and optimum effective permeability,
using (31) and (32), respectively;

4. It calculates the number of turns, using (18), rounding it to
the next integer higher, and recalculates the effective perme-
ability, using (18). If required, the correction for fringing flux
is taken into account and an iterative process is used in these
calculations;

5. It calculates the peak and peak-to-peak magnetic induction,
core loss, air gap length, maximum overall power loss, and
the maximum values to winding loss and effective resistance,
using (19), (20), (13), (21), (14), (34), and (8), respectively.

6. It employs a procedure in which the number of winding
layers is increased in order to get, by using the Newton-
Raphson method and (12), an optimum value for X;

7. It calculates P  by using the present values of M and X, and

uK ;

8. It verifies if uK  is greater than 0.65. If it is true, it increases

the number of layers, recalculates the optimum value of X, P

and uK  until uK  converges and goes to step 9. On the con-

trary, it goes to step 10;
9. It verifies if uK  is in the range of 0.1 to 0.65. If it is true, it

goes to step 10. On the contrary, the design proceeds with the
next core of the same type and returns to either step 2 or 3,
according to the design condition;

10. It calculates the dc resistance and the optimum values of h
and sN  by using (22), (37) and (38) respectively;

11. It verifies if M is lower than the square root of sN . If it is

true, it increases M, recalculates the optimum value of X and
returns to step 7. On the contrary, it goes to the next step;

12. It calculates the wire diameter, sd , by using (39);

13. It selects, from the database and taking into account the con-
ductor type and the previous calculated data, the conductor
that better fits to the design. If the specified conductor type is
“design bunched round wire”, then the program asks for the
maximum number of strands per conductor and uses this in-
formation to adjust the number of conductors in the cable,
defined as a set of conductors, in order to get a total number
of strands that is equal or greater than sN  and as near as

possible to sN . In this case, the design proceeds with step 14.

On the contrary, it proceeds with step 15;
14. It calculates the external diameter of the cable, eD , by using

a function that depends on the number of strands per con-
ductor and conductors per cable. This function was obtained
through geometrical relationships, which were validated in
practice;

15. It calculates the number of layers of the actual winding by
using (40), where B is the bobbin height and eD  is the exter-

nal diameter of the cable;
16. It verifies if the winding fits in the core window by compar-

ing the window and the winding widths. If it does not fit in it,

the design proceeds with the next core of the same type and
returns to either step 2 or 3, according to the design condi-
tion. On the contrary, the design proceeds to the next step;

17. It compares the number of layers of the actual winding given
by (40) with the theoretical number of winding layers, wtM .

If the former is greater than the latter, then it increases M, re-
calculates the optimum value of X and returns to step 7. If the
former is lower than the latter, then the design proceeds with
the next core of the same type and returns to either step 2 or
3, according to the design condition. If the former is equal to
the latter, then it proceeds to the next step;

18. It recalculates the following: h, uK , X, dcR , rF , eR , wP ,

tP , efdJ , and T∆ , by using (39), (38), (37), (22), (1), (2),

(8), (25), (17), and (14), respectively.

In this procedure, if there is not the referred “next core of the
same type”, the designer is warned and required to input new data
such as temperature rise, core geometry, material type and con-
ductor type.

)AK()X(bMh Ju
2

1δ=     (37)

)Nh(AKN 2
Jus =     (38)

π= hds 2     (39)

BNDM ew =     (40)

IV. DESIGN EXAMPLE

The application example which follows is based on a 1.5 kW,
25 A/60 V, 100 kHz zero-voltage switching pulse-width modu-
lated and phase-shift controlled full-bridge dc-to-dc converter
(FB-ZVS-PWM) [11]. In fact this converter includes an isolating
transformer with a turns ratio equal to 5:1 and the current in the
output filter inductor is supposed constant and equal to 25 A. Fig.
3(a) shows the basic converter power stage diagram, where the
current source represents the output filter inductor current re-
ferred to the primary side of the transformer. The converter oper-
ates at a duty cycle equal to 0.9. Fig. 3(b) was obtained through a
PSpice simulation and shows the current waveform in the induc-
tor to be designed. Table I shows the main input data used for the
inductor design. In all cases, the first fifteen harmonic currents
was taken into account and F grade ferrite cores manufactured by
Magnetics Inc. were chosen. Table II shows the curve fitting
parameters of the F grade ferrite. Table III shows some of the
output data that was obtained for some of the core geometries
available in the MAGNO database. In this table, the cable speci-
fications are as follow: wire gauge (AWG)/number of strands per
conductor/number of conductors per cable. The option for de-
signing “bunched round wire” was selected for all cases, but the
last two ones. In these two cases the option for litz wire conduc-
tor was selected and the respective results are described in the last
two lines of this table. In the present example, it was possible to
design the inductor with minimum overall power loss and volume
for some ferrite core and conductor types. In fact, it can be noted
from the results showed in Table III and (29) that there is a
“practical” optimum distribution of winding and core losses for
all cases. It can also be noted that for most cases the current
density results higher than its maximum commonly used value,
i.e. 500 MA/m2, and that for all cases the magnetic induction
results much lower than its saturation value, i.e. 0.36 T for the F
grade ferrite at 100oC. Unlike classical design procedures, the
window utilization factor is an output data. Besides, it is particu-
larly noteworthy that the number of  layers  results  integer, which

296



(a)

(b)
Figure 3. (a) Basic power stage diagram of the converter and (b) current

waveform in the inductor to be designed.

results from the original purpose to design an inductor while
respecting theoretical models and practical aspects.

This example shows that, by using the developed software, the
designer can explore many design possibilities in order to choose
the most adequate one for its application. In order to make a
decision, the designer can take into account factors such as the
core volume, total power loss, cost and availability of the items
needed to build the inductor and easiness to build it, among
others. It must be pointed out that, in each design case, the com-
putation time has been just a few seconds on a PC Pentium III,
550 MHz and that the software retains, as default, all the data
inputted and changes only new inputs.

TABLE III. M AIN OUTPUT DATA FOR SOME FERRITE CORE GEOMETRIES AND CONDUCTOR TYPES.

Winding
number of

Core
type

Core code Effective
volume
(cm3) turns layers

Gap
length
(mm)

Cable
Specifi-
cation

Winding
Loss
(W)

Core loss
(W)

Tempera-
ture rise

(°C)

Window
Utilization

factor

Current
Density
(MA/m 2)

Magnetic
induction

(mT)
EC 43517-EC 6.52 20 2 1.4393 38/18/6 1.6720 1.3538 58.28 0.1564 5.4135 87.1
EE 43009-EC 5.22 20 3 1.4007 44/19/33 1.4971 1.1709 57.92 0.3029 3.7299 89.7
ETD 43434-EC 7.80 18 2 1.3395 36/13/5 1.9310 1.4901 59.80 0.1205 5.7576 84.5
POT 43019-UG 6.12 13 2 0.9628 38/13/7 1.5318 1.1830 54.11 0.1770 6.4248 84.8
PQ 42625-UG 6.53 15 2 1.1121 37/14/5 1.6738 1.2633 56.51 0.2146 6.5993 84.9
EE 43009-UG 5.22 20 3 1.4007 44/175/4 1.4312 1.1709 56.49 0.3382 3.3409 89.7
PQ 42625-UG 6.53 15 1 1.1121 36/60/1 1.7530 1.2633 58.03 0.2271 6.2363 84.9

V. CONCLUSIONS

A new methodology to optimize the design of high frequency
power inductors and the respective software implemented to do it
have been described. The program searches for the smallest core
that meets the design specifications and concurrently, wherever
possible, it minimizes the total inductor loss. It takes full account
of the current waveform and skin and proximity effects in the
process of winding design optimization. In this process, it
searches for the cable that better fits to the design in terms of the
winding loss, number of layers, and window utilization factor. It
can be applied to any circuit topology provided the inductor
current waveform is periodic. An application example is given for
an inductor of a 25 A/60 V, 100 kHz FB-ZVS-PWM dc-to-dc
converter. Future work should concentrate on implementing an
analogous methodology to optimize the design of multiwinding
high frequency power transformers and on verifying the experi-
mental validity of these theoretical designs.
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TABLE I. MAIN INPUT DATA.
Input parameter Value
Inductance (µH) 30
dc current (A) 0
rms current (A) 4.74
Peak current (A) 5
Peak-to-peak current (A) 10
Temperature rise (°C) 60
Ambient temperature (°C) 40

TABLE II. MANUFACTURER PARAMETERS FOR F GRADE FERRITE.
Parameter Value
Cm (at 100oC) 0.72
x 1.66
y 2.68
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