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Abstract - A computer-aided tool for design optimization of
multiwinding high frequency power transformers has been
developed. The software uses a new optimization algorithm to
design the transformer with minimum overall power loss
and/or volume and to determine optimal data concerning the
core and windings. This algorithm takes full account of the
winding current waveforms and skin and proximity effects in
the process of design optimization of the windings. The devel-
oped tool can be applied to any circuit topology provided the
excitation waveforms of the component are periodic. An appli-
cation example is given for a transformer of a 550 W, 40 kHz

active clamping forward converter.

|. INTRODUCTION

Some procedures for designing high frequency power transform-
ers have been presented in the literature. These procedures present,
among others, the following drawbacks: do not optimize the wind-
ings [1,2,3,4]; are either described for or applicable to only two
winding transformers [3,4].

The purpose of this paper is to describe in some detail the meth-
odology that has been developed to optimize the design of multi-
winding high frequency power transformers and the respective
software implemented to do it. This methodology can be applied to
any circuit topology provided the excitation waveforms of the
component are periodic. By using the referred software two distinct
design situations can occur and are identified as either a design lim-
ited by core loss or a design limited by core saturation. In the for-
mer, a transformer with minimum overall power loss and volume
may be designed. In the latter, a transformer 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 windings, while taking into account
the winding current waveforms and skin and proximity effects when
calculating optimal data related to number of layers, conductor data,
effective resistance, current density, and loss in the respective wind-
ing. All parameters and variables in this paper arein the Sl units.
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1. LOSSES AND THERMAL MODELING

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

A. Winding Losses Modeling

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 arthogonality model [6],
respectively. A unified senseto these models appearsin [7], where
generalized expressions are derived for the effective resistance of
multilayer windings in multiwinding magnetic components under
arbitrary periodic current excitation. The thin layer model, in spite
of its simplifying assumptions, can be used as an accurate tool for
design optimization purposes [7] and, for this reason, is used in the
optimization methodology described here.

Fig. 1(a) shows a cross-section of a multiwinding magnetic com-
ponent where the structure of aparticular multilayer winding is
detailed. According to derivations in [7], based on the thin layer

model, the expression for calculating the ratio, F,., between the

effective resistance, R, , and the dc resistance, Ry, of multilayer

windings of foil conductors, under non-sinusoidal periodic current
excitation, is given by (1). In the following equations, ;. isthedc

component of the current waveform, Ief is the rms value of this

waveform, 7,4 isthe rmsvaue of itsj'th harmonic component, fis

eff
the fundamental frequency, s . is the conductor conductivity and

m, is the free space permeability. To permit calculating the wind-

ing boundary condition ratio, defined by (5), the frequency-
independent magnetic field phasors between windings, caused by
each harmonic component of their current waveforms, must be
determined.
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The total loss in the g'th winding is given by (8). It can be nor-
malized by the power dissipated in it when 4, isequal to the unity,

resulting in the normalized power given by (9).
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Figure 1 (a) Cross-sectional view of a multiwinding magnetic com-
ponent and (b) steps to transform a layer of solid round
wireinto an equivaent layer of foil conductor.
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Figure 2. Normalized winding loss as a function of the X parameter.
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The original thin layer model assumes 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 conduc-
tors, as in the origina model 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 win-
dow breadth without changing the height of the layer. To compen-
sate the increase in the cross-sectional area of the conducting layer,
an effective conductivity hs; isused in the field equations for the

layer. The layer porosity, h, isdefined as h = Nyh/b, where Ny
is the number of conductor cross-sections appearing in a cross-
sectional view of the winding layer, and b5 is the core window

breadth. Layers of bunched round wire or litz wire are transformed
similarly [7]. Then, in the genera case, the term ﬁi can be ex-

pressed asin (10), where X is given by (11).

h.=\jX (10)

X = Jnhjoy (11)

Then, (1) and (9) can be expressed, generically, in terms of X. Fig.
2 was obtained for a symmetrical triangular wave ripple current with
a dc component. Without a dc current superimposed on this wave,
for a certain value of M and even for M =1 there is an optimum
value for X, which can be determined from (12), so that the normal-
ized power is minimum [7]. Fig. 2 shows that when a dc current is
present, sufficient dc current causes the minimum for a given M to
disappear. In such case, the implemented winding optimization



procedure will require a greater number of foil layers. In this proce-
dure the number of layers of equivalent-foil conductors is obtained
for a given effective resistance, which alows the calculation of the
number of strands in the winding cable. The respective optimum
value of X allows the calculation of strands gauge.

T2, /1X =0 1@

In the case of a multiwinding transformer with w windings the to-

tal lossin itswindingsis given by,

Py= & Regl2, = & FoRaegl? 13
w—aReqefq—a rqftdeq’ ofy (13
q=1 q=1

B. Core Losses Modeling

Several attempts have been made to establish a reliable method
suitable for measurement of core losses at high frequencies. In such
measurements, the major challenge is to minimize phase errors in-
troduced by parasitic effects in the circuit, by time delays in the
coaxia 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 measurement system for char-
acterization of ferrite core losses described in [8] can accomplish
these aims under sinusoidal voltage excitation and within specified
magnetic induction and frequency ranges and at different tempera-
tures with high accuracy, thanks to the techniques used in the acqui-
sition and computation of the waveforms involved in loss cacula
tion. In this system, the measurement data are used to fit the total
coreloss, P., vs. frequency, f, and peak magnetic induction, B, by

applying the least chi-square plane method to (14), where V,, isthe

effective volume of the core. Some magnetic material manufacturers
give the curve fitting parameters C,,, X, and y present in (14) for

the respective frequency ranges in which the core loss was charac-
terized. ®me of them give the function that characterizes the de-
pendence of C,, with temperature. However, practicaly no data

have been published concerning measurements of ferrite core losses
under non-sinusoida voltage excitation and under dc biased excita-
tion. Under these conditions, an expression different from (14) will
be required in order to take into account the influence of the excita-
tion waveform and specific magnetic effects that emerges under
these conditions. However, once such expression is available, there
is no apparent difficulty in took it into account in the mathematical
formulation of the problem.

P.=Cpf*BYV, (14)
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C. Thermal Modeling

The accurate modeling of the mechanisms of heat transfer is a
very complex task. Due to this complexity, the therma modding
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,
Ry, . The relationship between this thermal resistance and the

maximum overall power loss allowed in the component, P, , fora

given temperature rise, DT, is given by (15). Some ferrite core
manufacturers give the value of Ry, for each core, whereas others

give an equation to calculate it as function of geometrical parameters.

An example of such case is given in (16) [9], where & =30.5x10" 3
and n=-0.54, which was obtained by measurements on EE, EC,
EFD and ETD ferrite cores.

Py =DT/Ryy, 15
Ry = kW) (16)

1. OPTIMIZATION METHODOLOGY

A. The Basic Equations for Transformer Design

The following are the basic equations for transformer design:

w
Se =KyAeAsf B & Kglofy 17)
g=1
w
Sp=8a S (18)
g=1
Raeq = N2l (s K gdy) (19)
Where:
Ky=We (1 |vq(t )|dt ) (20)
Sq =Vefqlefy (1)
Vefg = KyNg4e /B (22)
lefg = KqAjJefy [ Ng (23

In the above equations, S, is an apparent power that express the
transformer power transfer capacity, S, is total required apparent
power, K,, is the voltage form factor, 4, is the effective cross
sectional area of the core, A4 is core window area, /; isthe mean

turn length, and the subscript “q” is used to describe the following
variables related to the g'th winding: the dc resistance, Rdcq, the

window utilization factor, K, , the rms current density, J,z, , the
rmsvoltage, Ve, , the rms current, 7,4, , and the number of turns,

Ng. The window utilization factor of the g'th winding, X, , is



defined by the ratio of the total conductive cross sectional area of
thiswinding to the core window area. The window utilization fac-
tor, K,,, is defined by the sum of the window utilization factor of

al windings and must be lower than 1.

The basic input data for designing a transformer are the follow-
ing: core data (geometry, material grade and data), winding data
(conductor types, turns ratios), current and voltage waveform data
(Fourier components), bobbin data, insulation data, maximum tem-
perature rise and maximum allowed magnetic induction. The design
consists basicaly in determining the specific magnetic core, al the
windings number of turns and respective conductor data suitable to
build the transformer. 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 transfer the total required apparent power. The latter condition is
mathematically expressed by (24).

w w
KyAeAjf Bg & Kydefgd :a Vetglefy (24)
q=1 q=1

How to calculate K,y , Jefyq and By in order to optimize the

transformer design? The answer to this question is given in the
following item.

B. Optimizing the Total Loss

By ignoring the dielectric losses, the transformer total loss is
given by:

h=FRy+F (25)

Taking into account (13), (19), (21) and (22) the total winding
loss can be expressed by (26).
It ¥ FrgS]

Q

Fo=— 54— (26)
cAJ(KyAefB) g=1 %q
From (26) it should be noted that the winding loss presents an
inverse dependence on the peak magnetic induction. This originates
from (22), which expresses the fact that increasing the peak mag-
netic induction there is a tendency to reduce the number of turns,
and hence to reduce the winding dc resistance. On the other hand,
from (14) it should be noted that the core loss increases with in-
creasing peak magnetic induction. Therefore, it may be possible to
optimize the transformer total loss with respect to peak magnetic
induction. Defining B, to be the value at which the derivative of 7

with respect to B iszeroand P, and P., theresultant valuesfor
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winding and core losses yields (27), which gives the optimum distri-
bution of winding and core losses for minimum transformer total
loss.

Byo =0 /2 @7
Combining (15), (25) and (27) yields

Pyo=(y[y+2)(DT/ Ry ) (28)
Feo =(2y+2)(DT/ Ry ) (29)

Therefore, from (14) and (27) the following expression for the opti-
mum peak magnetic induction yields

B, ={l 2DT/ g(y +2)R7Cpf Ve ;g Iy (30)

However, as mentioned before, two distinct design conditions
can occur. The design condition can be identified from the analysis
of the dependence of the optimum peak magnetic induction on
frequency. From (30) it sould 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 alowed by the designer, given by
B, =gB,, where By is the saturation magnetic induction. An

expression for this frequency, named transition frequency, is given
by (31). If the transition frequency is lower than the voltage funda
mental frequency, then the design is limited by core loss and the
peak magnetic induction is B, , which is lower than B, . In this

case, a transformer with minimum overall power loss and volume
may be designed. On the other hand, if the transition frequency is
greater than the voltage fundamental frequency, then the design is
limited by core saturation and the design peak magnetic induction is
B, . In this case, a transformer 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
value of B, in (24) depends on this condition. In the design limited

by core loss, one has B; =B, and the total windinglossislimited

according to (28). In the design limited by core saturation, one has
B, =B, and the total winding loss is limited according to (32). As

can be seen from (23), the value of J efd depends on Ky, which are

obtained in the implemented procedure for designing the windings.
The g'th winding effective resistance for a design limited by core
loss or for a design limited by core saturation can be obtained from
(28) or (32), respectively, combined with (8). To do this, it is as-
sumed that total loss in the windings is equally distributed among
them. Therefore, taking into account (2), (9), (10), and (19) yields



the expression for K, given by (33).

Jt =[Pco/(CmBr}r}zVe)]1/x (31)
Fym =Bm - I¢ (32
Kg = NG Xq Py [(5cAsReg) (33)

Taking into account (16), (29) and (31), the following expression
for the minimum effective volume that a core must have to be candi-
date to adesign limited by core loss yields

i é Xp Y ‘"]/(l_ n)
Vemin = +2DT ék(y +2)Cpf" B & (34

This completes the fundamental expressions and restrictions
used in the implemented procedure for design optimization of high
frequency power transformers.

IV. DESIGN EXAMPLE AND SOFTWARE FEATURES

The main features of the implemented software will be described
through a design example. The application example which follows is
based on a550 W, 48 V, 40 kHz zero-voltage switching pulsewidth
modulated active clamping forward converter (ACF) [10]. Fig. 3
shows the kesic converter power stage diagram, which was simu-
lated through PSpicea . The converter operates at a duty cycle equal
to 0.32. The transformer magnetization inductance was made equal
to 1.6 mH, so that the resonant inductor current rippleis 2 A.

The transformer optimization design agorithm was implemented
by using DELPHI& . Fig. 4 (a) shows the main screen of the imple-
mented software, which was named MAGNO. This software in-
cludes databases concerning conductors and ferrite cores and acces-
sories, as can be seen from Figs. 4 (a), (b) and (c). The former file
includes data about solid and bunched enamelled round copper wires
and litz wires. There is aso an option that allows the software to
design the bunch of round wires by using solid round wires (Fig. 4
(b)). Fig. 4 (c) shows that the latter file includes al core and bobbin
geometrical data, the parametersC,, , x, y for al frequency rangesin

which the core loss was characterized, and the saturation magnetic
induction (some data are hidden in these figures). Wherever possible
the parameter C,, is calculated as a function of temperature. The

software allows the user to add new data on databases from your
preferred manufacturers. Figs. 4 (a), (b) and (c) shows that the input
data include: fundamental frequency, ambient temperature, tempera-
ture rise, fraction of saturation magnetic induction allowed for trans-
former operation, core data (geometry, material grade, type of bob-
bin terminals, manufacturer), winding data (conductor type and its
manufacturer, turns ratios, position from the inside out), current and
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voltage waveform data (number of Fourier components to be con-
sidered and their dc, peak and phase angle values), and permissivi-
ties of the insulating materials among others. The program allows
the design of transformers with until four primary windings and
twelve secondary windings and alows the user to move windings
around from one position to another. Fig. 4 (d) shows that the out-
put data include: core data (manufacturer code, peak magnetic induc-
tion, magnetic loss), winding data (copper loss, number of turns,
wire gauge (AWG and ABNT metric), number of strands per con-
ductor, number of conductors per cable, number of layers, effective
and dc resistances and the ratio between them, rms current density,
effective leakage inductance), equivalent parasitic capacitance, tem-
perature rise, window utilization factor, power transfer capacity,
required apparent power, and efficiency among others.

In this example, the first ten harmonic of the waveforms were
taken into account and EE core geometry of F grade ferrite from
Magnetics Inc. was chosen. The option for designing “bunched
round wire” was selected and the percentage of saturation magnetic
induction was 90 % (g =0,9). In this case, it was possible to de-
sign the transformer with minimum overall power loss and volume.
In fact, it can be noted from the results that there is a “practical”
optimum distribution of winding and core losses and the transformer
efficiency is 98,82 %. From the output data, it can also be noted
that: the current densities in the windings are lower than the respec-
tive maximum commonly used value, i.e. 5 MA/m?, dthough not
always this happens, the magnetic induction is much lower than its
saturation value, i.e. 0.36 T for the F grade ferrite at 100°C, the
temperature rise is lower than the specified maximum value, i.e.
45°C, and that the power transfer capacity is higher than the re-
quired apparent power. 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
results from the original purpose to design a transformer while
respecting theoretical models and practical aspects. As afina note,
the volume of the selected core (EE 5530) is smaller than that speci-
fied in[10] (EE 6526).
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Figure 3. ACF converter power stage diagram.
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Figure 4. Software screens: (a) main screen, (b) windings input data,
(c) core and material input data, (d) output data.

V. CONCLUSIONS

A new methodology and the respective software to optimize the
design of high frequency power transformers have been described.
The program searches for the smallest core that meets the design
specifications and concurrently, wherever possible, it minimizes the
total transformer loss. In the process of winding design optimiza-
tion, it takes full acount of the current waveform and skin and
proximity effects and searches for the cables that better fits to the
design. It can be applied to any circuit topdogy provided the volt-
age and current waveforms are periodic. By using the developed
software, the designer can explore many design possibilitiesin order
to choose the most adequate one for its application. An application
exampleis given for atransformer of a’550 W, 40 kHz active clamp-
ing forward converter (ACF).
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