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Abstract- This paper investigates the impact of high frequency
effects in the design space of transformers for power converters. A
holistic overview of the impact of winding losses has previously
been studied in the literature, but such an analysis is missing for
the high frequency effect of the core. This work will address this
issue by using variable Steinmetz parameters to model the non-
linear behavior of core losses at high frequencies, while retaining
a holistic view of the transformer design. Classical transformer
scaling laws and high-frequency winding loss models are reviewed
and combined with the improved non-linear core loss model. To
demonstrate the improved model the optimal (minimum losses)
solution for a case study is identified and compared against
solutions from simplified core loss models.

Index Terms- High-frequency transformers, Power

transformers, Transformer design, Core losses.

I.  INTRODUCTION

CLASSICALY, the volume occupied by a power
transformer is linked directly to the working
frequency. As switch technology is improved, the transformer
can be further optimized, which allows for improvement in the
volume and losses of the device. Unfortunately, it is known that
these improvements due to increased frequency are limited at
high frequencies due to increased losses and decreased cooling
capacity [1].

With the adoption of high-performance Wide Band Gap
(WGB) switches, the barriers for power converter efficiency
and power density are pushed forward [2], [3], but optimal
solutions require a great understanding of the limitations of the
transformer design at high and very high frequencies.

The analysis of these limitations has commonly focused on
the windings, which are critical due to eddy losses in the copper
at high frequencies. Nevertheless, planar magnetic cores and
transformers are becoming more and more relevant in

addressing the increase in copper losses, allowing to push
higher frequencies [4]-[7].

The other relevant problem at high frequencies is the rapid
increase in core losses. Not only does a higher fundamental
frequency increase the losses, but more complex modulation
strategies and flux density waveforms can also increase the
losses by factors of 100 % [8]. Recently this research topic has
gained noticeable focus, with [9] being a clear indicator of this.

Still, these works limit the focus on improving modelling
techniques for core losses by means of experimental data.
Holistic analyses of the classical transformer design space and
considerations of the high frequency effects in the windings
exist, but not for core effects. Even though many assumptions
are made to approach the problem in a generic way, the
obtained results and tendencies still serve to better understand
design scaling laws and limitations.

The focus of this work is to present a holistic analysis based
on well-known transformer basic design rules in combination
with the previously published high frequency winding effects.
To do so, this paper is structured in the following chapters:

1. First, the paper will focus on giving an overview of
the classical transformer design rules and scaling
laws, resulting in a transformer design space.

2. Second, the impact of the high frequency effects in
the windings will be added to the design space.

3. Lastly, the variability of the Steinmetz parameters
will be implemented in the design space, showing
how these can negatively impact the design space.

To validate the results, a case study is presented, and the
optimal (minimum loss) solutions from existing techniques and
considering the variability of core losses from this work are
identified and compared.
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a)
Fig. 1: a) General transformer geometry with EE core configuration considered in this study. b) View of the transformer and its magnetic cross section or area A,
and c) view of the winding and the winding area A,, and wire area A, irc-

II. BASIS OF TRANSFORMER DESIGN SPACE

To understand the complexity on the design space of high
frequency magnetics, first the basis of classical transformer
design scaling laws must be understood. The generic
transformer geometry studied in this work is shown in Fig. 1.

The design space of a classical transformer can be derived
by pre-selecting certain specific design parameters.
Electrically, two parameters are critical, the voltage applied to
the transformer and the current in the windings. If the voltage
V is known, the flux density B in the magnetic core can be
expressed as

B = VZVRMS (1)
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with f being the frequency, N being the number of turns and
A being the magnetic cross section of the core. Similarly, by
setting a design current density / (commonly between 3 and 6
A/mm?) the relation

__ 2IrmMsN )

with K, representing the fill factor (commonly between 0.5 and
0.7) and A,, is the core winding area.

Combining (1) and (2) results in

1
P = Veuslpus = AwAc EIRMS K, Brf 3

which relates the main transformer key design parameters with
the apparent power applied to the transformer. Note that the
geometrical definitions of the core A4,, and A. appear grouped
together, thus by defining the area product A, = A, A, the core
can be chosen based on the application apparent power P.
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With (3) defined (classically called the power equation), the
next step in the classical design is to estimate the copper and
core losses. For the copper losses the expression

_ v (2Irms\? 2
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can be used, where v, is the volume occupied by the windings
and ¢ the conductivity. Similarly, using the Steinmetz
parameters k, a and  [10], the expression

8
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is obtained, where v, is the volume of the core.

By combining (4) and (5), the total losses P, are then
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The minimum loss design (optimal solution considered for this
analysis) is that which leads to the minimum value for P,. The
distribution of losses between winding and core can be adjusted
with the number of turns N, thus dP,/dN = 0 will lead to

1
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with the coefficients
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Fig. 2: Cooling area used for the single thermal resistance model used in this
study.

resulting in the optimal Nyp to minimize the losses. Since G,
increases to the power of 2 while C, increases to the power of
B, the optimal design points is found at P./P,, = 2/p.

The last step in the design process is to estimate the
temperature of the selected transformer due to the power losses.
Higher complexity thermal models exist in literature, but with
the aim to obtain a holistic view of the design space, the single
thermal resistance approximation from [11] is used in this work.
According to this approximation, for a known cooling are A,
the temperature rise of the transformer is

1

AT = ( Pe )H. (10)
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The cooling area used in this work is that shown in Fig. 2.

Taking these classical transformer design rules and scaling
laws, an overview of the transformer design space can be
obtained. To do so, first the properties of the transformer must
be defined, including the application voltage and currents, as
well as the maximum allowed temperature rise, and the
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Fig. 3: Transformer design space obtained by using the classical low frequency
transformer design rules.

TABLE I: Design Specifications (equations are defined for SI units)

Application Vrms 300 V
Irms 10 A
AT 80°C
Core Type EE80/30/20
Ac 400 mm?
Ay 25600 mm?
Ve 80000 mm’
Material 3F3
k 0.5 (f <300kHz)
2:107% (300 < f <500 kHz)
36-107 (f > 500 kHz)
a 1.6 (f <300 kHz)
1.8 (300 < f <500 kHz)
2.4 (f >500kHz)
p 2.5 (f <300kHz)
2.5 (300 < f <500 kHz)
2.25 (f > 500 kHz)
Bgat 300 mT
Winding K., 0.6
4 58 MS/m
Ay 1200 mm?
Vyy 192000 mm?
Cw 1-10'2

specification of the core and windings. The parameters used in
this study are shown in TABLE 1. For the Steinmetz parameters,
the low frequency set (f <300 kHz) from [10] is used.

The design space obtained is shown in Fig. 3. The saturation
flux density limit has been added, although it is not limiting for
the selected analysis. Here, one can see how as the frequency
increases, since the volt-seconds applied to the transformer
decrease, the flux density has the natural tendency to decrease,
and as long as @ < 8 this means that the core losses are reduced.
Because of this, the number of turns can be decreased to obtain
a solution with lower overall losses and temperatures. The
optimal case is at the maximum available frequency. The point
with the minimum losses at a given frequency is that obtained
from (7).

III. HIGH FREQUENCY WINDING EFFECTS IN THE DESIGN SPACE

In reality, there are several practical limitations due to high
frequency effects limiting the available design space, which can
be divided into high frequency effects in the windings and the
core.

The increase in winding losses at high frequencies and eddy
currents is a well-documented and investigated topic.
Unfortunately, this is a closely dependent on the wire geometry
(solid, litz, foil) and even the winding geometry. To consider
this effect into the design space, a more holistic approach is
required to model this effect, thus the methodology proposed in
[12]-[15] is used for this paper.
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Fig. 4: Transformer design space taking the high frequency effects in the
windings into consideration.
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The most general way to consider the increase in winding
losses is to modify (4) as

Ry = 1+ ¢y fHC,N? (11)

and use the ¢, parameter. With the aim of obtaining a holistic
view of the design space, ¢,, = 1-107'? is selected, meaning that
the winding losses increase by 100 % at 1 MHz. This value is
lower than what is expect for a 3 kVA transformer, but it allows
to obtain a better view of a wide design space and better analyze
and examinate the impact of other effects in the design space.

With the modification (11), now the optimal solution also
changes, by rewriting (6), now two optimal solutions can be
found by solving dP,/0N = 0 and dP,/df = 0. In this case
two expressions are obtained for the optimal solutions,

1
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for the optimal number of turns at a given frequency and

1
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for the optimal frequency at a given number of turns. The true
optimal solution is the solution which fulfills both (12) and (13).

With these modifications in mind, the new design space is
shown in Fig. 4. Notice now how the design space is limited at
high frequencies due to the increased winding losses. Still, with
the selected low ¢, value the optimal solution appears at 747
kHz, precisely where the Ny and fop, line intersect. Recalling
back to the parameters from TABLE I, an alternative set of core
loss Steinmetz parameters is given for frequencies higher than
500 kHz [10], where the optimal solution is found at.

IV. HIGH FREQUENCY CORE EFFECTS IN THE DESIGN SPACE

It is clear by comparing the design space from Fig. 4 and the
Steinmetz parameters from TABLE I that the optimal solution
from Fig. 4 is inaccurate. To estimate the accurate optimal
solution, the design space analysis should be realized with the
appropriate Steinmetz parameters for each frequency. Thus,
working at f < 300 kHz the first set of parameters should be
chosen, but at f > 300 kHz the second or third set of parameters
should be used.

Since the f§ value of both the first and second set of
Steinmetz parameters is the same, the only boundary in the
losses should be the frequency, which [10] indicates to occur at
300 kHz. On the other hand, the 8 values of the second and
third sets of Steinmetz parameters are different. If one considers
the 500 kHz frequency a hard limit between which set to use,
continuity between core losses would be lost depending on the
value of the flux density.

To avoid this issue, the core losses at any given point are
calculated with the 3 set of Steinmetz parameters, and then the
core losses are obtained as

B1
Py = vcky (M) fo-PiN=F1
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B
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This will remove discontinuities due to the change in
from the second and third Steinmetz parameter set. To better
visualize this, the evolution of the losses for flux densities of
25,50, 100 and 200 mT are shown in Fig. 5. As expected, there
are no discontinuities at the 300 kHz limit, but this is not the
case at the 500 kHz limit. If the proposed method with (14) is
used the discontinuities at 500 kHz are removed. Regions for
using one or another set of Steinmetz parameters can be defined
as the points where P, = P.;.
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Fig. 5: Discontinuities in core losses if fixed frequency limits are higher loss
case are assumed for the different Steinmetz parameter sets.
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Fig. 6: Transformer design space taking the high frequency effects in the windings and core into consideration. Three core loss limits are shown, one for each set of

Steinmetz parameters.

The optimal values for the number of turns and frequency
also become discontinuous functions, thus first the set of
Steinmetz parameters to use must be identified and then use
(12) and (13) to estimate the optimal values. Note that in the
case of the third set of parameters, the condition of & < f§ is not
true, thus in (13) fope < 0 Hz. This is obviously not possible;
thus, the optimal frequency will be where the boundary
conditions P., = P.; meet.

The design space considering both high frequency effects in
the windings and in the core is shown in Fig. 6. Note now that
3 optimum solutions are marked, which represent the optimal
solutions estimated for each set of Steinmetz parameters. The
optimal solution with the first set is equal to the one shown in
Fig. 4 (747 kHz 4.54 turns). The optimal solution for the second
set of parameters is similar to the first one, but due to an
increased a parameter, it is found at a slightly lower frequency
(621 kHz 4.99 turns). Lastly, the optimal solution for the third
set of parameters is found at the flux density saturation limit (34
kHz 5.19 turns), since as previously discussed, (13) leads to
fopt < 0 Hz and the saturation flux density becomes the
practical limit for the design frequency.

The true optimal solution in this case must be obtained by
comparing the losses from the three regions and selecting the
lowest loss design. In this case, the optimal solution appears
between the boundaries of the second and third sets of
parameters (383 kHz 5.59 turns).

V. CONCLUSIONS

This paper presents a holistic study of how high frequency
effects regarding winding and core losses impact the design
space of high frequency transformers.

First an overview of the classic design laws is presented,
obtaining mathematical expressions for the different key design
parameters for different number of turns and working
frequencies. The obtained design space clearly depicts the
benefits of increasing working frequency for transformer

design, but without considering the high frequency effects the
optimal design always appears at f = oco.

Next, the effect of the increase in winding losses at high
frequencies is added to the design space, which sets a high
frequency limitation to the design space. Nevertheless, these
calculations are carried out under the assumption that the
Steinmetz parameters do not change, which is proven to not
being true at high frequencies.

To check the effect of the variable Steinmetz parameters,
the design space is analyzed for the different possible set of
parameters. It is pointed out that the assumption that the
parameters change discretely at given frequencies is only true
as long as the B parameter does not change. To avoid
discontinuities in the design space, the different sets are
analyzed in the whole design space and the solutions combined
accordingly.

The final design space demonstrates how not considering
the variability of these parameters can lead to suboptimal
solutions. Note that in most power applications, winding losses
will be the main limitation in the transformer design, but the
results obtained in this analysis can be of interest for planar and
PCB based transformers where the copper losses are highly
optimized.
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