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Abstract— Within a solid-state transformer, the isolated dc–dc
converter and in particular its medium-frequency transformer
are one of the critical components, as it provides the required
isolation between primary and secondary sides and the voltage
conversion typically necessary for the operation of the system.
A comprehensive optimization procedure is required to find a
transformer design that maximizes power density and efficiency
within the available degrees of freedom while complying with
material limits, such as temperature, flux density, and dielectric
strength as well as outer dimension limits. This paper presents
an optimization routine and its underlying loss and thermal
models, which are used to design a 166 kW/20 kHz transformer
prototype achieving 99.4% efficiency at a power density of
44 kW/dm3. Extensive measurements are performed on the
constructed prototype in order to measure core and winding
losses and to investigate the current distribution within the litz
wire and the flux sharing between the cores.

Index Terms— High frequency winding losses, medium fre-
quency transformer, optimum operating frequency, series res-
onant converter, water cooled transformer.

I. INTRODUCTION

SOLID-STATE transformer (SST) technology is currently
one of the main research topics in the area of power

electronics, as it comprises, in many cases, all relevant
types of power conversion required in energy supply. In
the case of a full ac–ac system, two ac–dc stages pro-
vide the interfaces to single- or three-phase grids and are
linked via an isolated dc–dc converter [1]. The availability
of active load- and front-end converter stages together with a
low-voltage (LV) dc port is essential for the implementation of
smart grids and island grids, where flexibility, easy integration
of renewable energy sources, and energy storage facilities are
among the main requirements [2]–[5]. However, the increased
functionality also comes at the price of higher cost and lower
efficiency in typical medium voltage (MV) to LV ac–ac appli-
cations, compared with a conventional low-frequency trans-
former (LFT) [6]. On the contrary, in applications that require
MV to LV conversion from ac to dc or even from dc to dc only,

Manuscript received June 16, 2016; revised August 26, 2016; accepted Octo-
ber 11, 2016. Date of publication November 1, 2016; date of current version
January 31, 2017. Recommended for publication by Associate Editor Hui Li.

M. Leibl, G. Ortiz and J. W. Kolar are with the Power Electronic
Systems Laboratory, Swiss Federal Institute of Technology Zurich, 8092
Zürich, Switzerland (e-mail: leibl@lem.ee.ethz.ch; ortiz@lem.ee.ethz.ch;
kolar@lem.ee.ethz.ch).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JESTPE.2016.2623679

an SST offers higher efficiency, weight, and volume than the
LFT-based solution. For the distribution of electric power on
ships, an MV dc (MVdc) bus has been proposed recently [7]
to replace nowadays three-phase ac shipboard power systems.
The inverters for the propulsion motors can be directly fed
from the MVdc bus, which is supplied from the three-phase
rectifiers of the turbo generators, allowing to decouple the
generator frequency [8]. Auxiliary power generation, energy
storage units, and the LV ac on board grid are connected to the
MVdc bus via isolated MV to LV dc–dc or dc–ac converters,
which are realized as SSTs in order to obtain high efficiency
with less weight and size compared with an LFT.

The isolation and step down in voltage level in an SST
is typically realized by multiple high-power dc–dc converters
with series connection on the MV side and parallel connection
on the LV side. The design of these components is specially
challenging due to the combination of medium frequency (MF)
and MV, which demands very high performance from the
semiconductor switches and particularly from the MF trans-
former. For this reason, the isolated dc–dc conversion stage
represents the major challenge in the realization of the SST
concept [9].

The circuit of one possible implementation of a high-power
dc–dc converter module is shown in Fig. 1(a). This topology is
based on a half-cycle discontinuous conduction mode series-
resonant converter (HC-DCM-SRC) [10] and comprises a
neutral point clamped (NPC) half-bridge on the MV side,
and an MF transformer and a full-bridge structure on the
LV side. Typical voltage and current waveforms, consisting of
a sinusoidal pulse with superimposed triangular magnetizing
current for soft-switching operation [10] of this converter, are
shown in Fig. 1(b). The converter is rated for a nominal power
of 166 kW, an operating frequency of 20 kHz, and links a 2 kV
dc to a 400 V dc bus [11]. The constructed converter prototype,
shown in Fig. 2, uses Insulated Gate Bipolar Transistor (IGBT)
switches on both the MV NPC half-bridge and LV side full-
bridge. The semiconductors as well as the transformer are
water-cooled for highly reliable and efficient cooling.

Among the challenges in the construction of this dc–dc
converter, the MF transformer design can be highlighted, as it
integrates the isolation and voltage conversion functionalities
in an ultracompact form factor while operating in MF range,
challenging in particular the thermal design of the transformer.
Furthermore, several degrees of freedom are available for the
construction of the transformer, including the core geometry,
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Fig. 1. (a) DC–DC converter topology consisting of an HC-DCM-SRC and
comprising an NPC half-bridge on the MV side linked through a transformer
to a full-bridge on the LV side. (b) Measured voltage and current waveforms
through the dc–dc converter’s MF transformer for the topology in (a).

core material, winding arrangement, and cooling approach.
For this reason, an optimization procedure able to find the
design, which maximizes power density and efficiency for a
given set of specifications, is essential.

This paper presents the design procedure and experimen-
tal testing results of a high-power density, water-cooled
166 kW/20 kHz transformer, which is part of the dc–dc
converter shown in Fig. 2. In Section II, the water cooling
system of the transformer is introduced and the thermal
model used for the optimization is explained. In Section III,
the models for winding and core losses are provided. Next,
in Section IV, the optimization routine used to design the
prototype is presented and an analytic approach to accurately
determine the optimum operating frequency of the transformer
is shown. Finally, in Section V, the measurement results of the
different loss components occurring within the transformer are
presented.

II. COOLING CONCEPT

The cooling system is one of the major challenges involved
in the design process of the 166 kW/20 kHz transformer
required for the dc–dc converter. First, this is a consequence
of the relatively high-power rating for an MF transformer.
Assuming constant loss densities in the core and in the winding
and all core dimensions linked by constant proportions, the
total losses of the transformer are scaling with volume, i.e.,
Ploss ∝ L3 (with unit length L). However, the surface

Fig. 2. Constructed 166 kW/20 kHz dc–dc converter prototype.

thermal resistance only scales with Rth,surf ∝ 1/L2. Thus,
the temperature rise at the surface increases proportional to
�Tsurf ∝ Ploss Rth,surf ∝ L. Furthermore, the inner thermal
resistances of core and winding are Rth,inner ∝ L/L2 = 1/L
and thus only scaling with 1/L. Therefore, the temperature
rise at the inner thermal resistances of core and winding
�Tinner ∝ Rth,inner Ploss ∝ L2 even increases proportional
to L2. In low-power high-frequency transformer designs, these
thermal resistances are often neglected due to their small value.
However, because of the geometric scaling law, the internal
thermal resistances contribute a significant share to the total
hotspot temperature for (large) high-power transformers. The
second reason why the design of transformers for SSTs is
a thermal challenge is the series/parallel connection of the
dc–dc converter modules, which demands a high interwinding
isolation voltage. For the system at hand, one of the MV
side modules has to isolate the full 12 kV input voltage.
For environmental and safety reasons, the use of oil as
insulation medium is not an option. Therefore, the windings
are isolated using mica tape, which is commonly used with
electric machines due to its tolerance to partial discharge [12].
However, the thermal conductivity of this material is relatively
low, adding to the low thermal conductivity of the litz wire
winding itself. Therefore, effective heat transfer from the
surface of the winding has to be established.

A. Operation Principle

The cooling concept presented in this paper is based on
aluminum parts with comparably high thermal conductivity,
which transfers the heat from core and winding surface to a
water-cooled heat sink. A cut-away view of the transformer, as
shown in Fig. 3, illustrates the principle. The transformer core
consists of several C cores, which are arranged to surround
the windings like an E core. In principle, E-cores could also
be used; however, they are not readily available in the required
size and in particular not for tape-wound core materials. The
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Fig. 3. (a) Individual parts of the transformer cooling concept based on
thermal conduction using aluminum parts. (b) Complete assembly with water-
cooled heat sinks indicating in yellow the path represented by horizontal
and thermal networks shown in detail in Fig. 4. The actual construction also
includes mica tape covering the windings, which is not shown here.

windings are arranged, such that the magnetic field in the
winding is minimized. Therefore, the cross section available
for both windings is split along the shorter side, maximizing
the height of the winding hw and minimizing the peak mag-
netic field N I /hw . This way eddy currents in the winding are
minimized as well as the stored magnetic energy and thus the
value of the stray inductance. Since the transformer is operated
in an SRC, no particular value of stray inductance is defined,
but the stored energy and the peak voltage at the resonant
capacitor are minimized if the stray inductance is minimized.
The C-shaped aluminum pieces, the core coolers cover the
sides of the individual tape-wound cores, therefore extracting
the heat in the plane of the tapes, which shows ≈8 times
higher thermal conductivity than the direction orthogonal to
the tape. Tape-wound cores exhibit such an anisotropic thermal
conductivity, because heat flow orthogonal to the tape has to
pass through the intertape isolation layer, which is electrically

Fig. 4. Heat flow by thermal conduction within the transformer and thermal
network used to estimate the hot spot temperatures for the optimization
routine. (a) Cross section shows the heat transfer from core and winding
into the core cooler. (b) Cross section shows the heat transfer within the core
cooler toward the heat sink.

and thermally isolating, whereas the heat flow parallel to the
tape direction is mainly conducted by the relatively good
thermally conductive tape. Splitting the number of cores into
multiple parts allows to further increase the cooling surface
of the core. Attached to the core coolers are two water-cooled
heat sinks on top and bottom sides. Furthermore, aluminum
plates called winding coolers are attached to the core coolers
which cover the inner and outer surfaces of the winding,
where the magnitude of the magnetic field is low. In order
to increase the thermal conductivity of the litz wire and
to reduce the thermal interface resistance between winding
isolation and winding cooler, the core coolers can be pressed
together with screws. In addition, also the stack of cores and
core coolers can be pressed. The cooling concept is inspired
by the work presented in [13] and [14], but the mechanical
construction is extended by the mechanical pressure which
can be applied and by integrated water-cooled heat sinks.
The geometry has three symmetry planes on every single
core, making it relatively easy to model and to manufacture.

B. Thermal Model

For the optimization process, a thermal model is neces-
sary, which is shown in Fig. 4. The horizontal cross section
in Fig. 4(a) shows the heat transfer from the winding hotspot
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TABLE I

THERMAL CONDUCTIVITIES USED IN THE
THERMAL MODEL OF THE MF TRANSFORMER

via the internal thermal resistance of the winding Rth,w,
through the thermal resistance of the isolation Rth,iso and the
one of the winding cooler Rth,wc to the core cooler, which is
assumed to have temperature T1 at its hotspot. At this point,
the heat flux from the core leg Pc1 also enters the core cooler
via the core’s internal thermal resistance Rth,c. Since the heat
flux increases almost linearly from the core hotspot to the core
surface and is, therefore, in average half of its cumulated value,
the effective thermal resistance for this path is calculated using
only half the path length to the hotspot. The same applies to
the heat flux in the winding cooler and within the winding.
From the point T1, the combined heat flux of winding and
core leg continues to flow in the vertical direction within the
core cooler, which is shown in Fig. 4(b). Due to the change
in cross section of the core cooler, two thermal resistances
are necessary, Rth,cc1 models the region, where the winding
cooler is attached, and Rth,cc2 the region of the core yoke. The
region of the core yoke is further separated in two parts and the
heat flux of the core yoke Pc2 enters between them. Finally,
the total heat flux reaches the heat sink, which is assumed to
be at a constant temperature Ths. The thermal resistances are
calculated by approximating the respective regions as boxes
using the thermal conductivities listed in Table I. Note that
both litz wire and tape-wound cores have a strongly anisotropic
thermal conductivity. In the case of the cores, the heat flux is
only appearing in the highly thermal conductive direction, but
for the litz wire, most of the heat flux appears in the direction
with low thermal conductivity; only at the winding end region,
the heat is also conducted in axial direction. Finally, based on
the thermal network, the hotspot temperatures are calculated
by calculating the temperature of the core cooler reference
point

T1 = Ths + (Pc1 + Pc2 + Pw)Rth,cc2

+ (Pc1 + Pw)(Rth,cc2 + Rth,cc1) (1)

and based on that

Tc = T1+ Pc1 Rth,c, Tw = T1+ Pw(Rth,wc+ Rth,iso+ Rth,w).

(2)

The temperature profile resulting from the thermal networks
for the prototype built in this paper is shown in Fig. 5(a). It is
shown that the temperature rise within the aluminum parts
of the cooling system is only 10 °C. The major part of the
temperature rise of 70 °C is almost equally shared between
winding isolation and internal winding thermal resistance.

Fig. 5. (a) Temperature profile of the prototype calculated using the thermal
networks shown in Fig. 4 along the path to the hotspots as indicated in Fig. 3.
(b) 3-D FEM temperature simulation of the prototype.

Compared with the winding, the temperature rise within the
cores is negligible.

For the constructed prototype, the thermal network is ver-
ified using a 3-D FEM simulation, which also considers the
anisotropic conductivity of winding and core. Radiation and
natural convection only play a minor role compared with
thermal conduction and are, therefore, not modeled in the
FEM simulation. The resulting temperature distribution is
shown in Fig. 5(b). The hotspot temperature of the winding is
obtained as Tw = 103°, confirming the thermal network as a
conservative approximation.

III. LOSS MODELS

In the following, the loss models used to calculate core and
winging losses of the transformer are presented. In particular,
the winding losses require a considerable computational effort
if calculated in full detail, even if analytic solutions are
used. However, it can be shown that for most transformer
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Fig. 6. Placing foil or round conductors within a homogeneous magnetic field
leads to eddy current losses often referred to as proximity losses. The current
distribution within the conductor is frequency-dependent and only illustrated
as an example.

windings, a simple approximation of the proximity losses
provides enough accuracy.

A. Winding Loss Model

The winding of an MF transformer usually consists of either
foil or litz wire conductors in order to reduce the effect of
eddy currents by selecting the foil thickness or strand diameter
appropriately. For both cases, there are exact analytic solutions
for the high-frequency losses, which can be separated into skin
and proximity losses [15], [16].

1) Losses in Round of Foil Conductors: The power P ′
dissipated per unit length within a foil or round conductor
with a dc resistance per unit length R′

dc carrying a sinusoidal
current with amplitude Î exhibited to an external homogeneous
magnetic field with amplitude Ĥ , as shown in Fig. 6, can be
described as

P ′ = R′
dc(F Î 2 + G Ĥ 2) (3)

with the frequency-dependent functions F describing the skin
effect and G describing the proximity effect with the exact
expressions as specified in the Appendix. Under the condition
that foil thickness t f or strand diameter dr is smaller than the
skin depth

δ = 1√
π f σμ0

(4)

with the conductivity of the conductor σ and the frequency f
of the current, the following simplified expressions
for F and G can be used [17]:

F ≈ 0.5, G ≈

⎧
⎪⎪⎨

⎪⎪⎩

h2
f t4

f

6δ4 : foil

π2d6
r

128δ4 : round.

(5)

The maximum relative error of this approximation for conduc-
tor dimensions smaller than skin depth is <1%. Therefore, the
expressions are widely applicable for transformer windings,
where the requirement of foil width/conductor diameter
smaller than skin depth is usually met.

2) Winding of Foil or Round Conductors: In a winding
consisting of multiple turns of foil, round wire, or litz wire, the
individual conductors are exhibited to a magnetic field caused
by the current flowing in the winding itself. In many cases,
the distribution of the magnetic field can be approximated

Fig. 7. Typical arrangements and approximative magnetic field distributions
of transformer windings.

linearly, as shown in Fig. 7. The average power dissipated in
the conductors of the winding due to eddy currents is obtained
by using the spatial rms value of the magnetic field within
the winding volume and (3) since the proximity losses are
proportional to the value of the magnetic field squared (3).
If the different turn lengths within a winding are neglected, for
a linearly increasing magnetic field, the spatial rms value is

Hsrms = N I√
3hw

. (6)

Due to its triangular shape (Fig. 7), the ratio of the magnetic
field maximum value N I /hw in the winding to its spatial rms
value is

√
3, the same as the ratio between peak and rms

value of a triangular waveform in time domain. Using a copper
filling factor

kcu = N Acon

hwww
(7)

that relates the total conductor cross-sectional area N Acon to
the winding area, hwww allows to express the number of
conductors that fit into the available winding area

N = kcuhwww

Acon
(8)

with the conductor cross section of a single foil conductor
Acon, f = h f t f or round conductor Acon,r = d2

r π/4. This
number of conductors is not necessarily the number of turns,
instead it is the total number of strands or foil layers within
the cross section of one winding. The partitioning of the
conductors into turns is not relevant, because the total amount
of proximity losses only depend on the magnetic field distri-
bution within the winding, and assuming all conductors carry
the same amount of current, the magnetic field distribution
within the winding is the same no matter if the conductors
are connected in series as in a single conductor winding or
(partly) in parallel as in a litz wire winding. In the case
of a parallel connection, however, the homogeneous current
distribution between the conductors has to be guaranteed by
continuously transposing the conductors, i.e., each conductor
in a litz wire has to take each place in the cross section
of the wire, while the magnetic field distribution in the
wire is constant, e.g., throughout one turn of the winding.
By inserting (8) and (6) into (3), the ratio of ac resistance to
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dc resistance of the winding

Rac

Rdc
=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

2

(

F + k2
cuw

2
w

3h2
f t2

f

G

)

: foil

2

(

F + 16k2
cuw

2
w

3π2d4
r

G

)

: round

(9)

is found. For a winding consisting of foil with a thickness less
than skin depth or round conductors with a diameter less than
skin depth, the approximation (5) can be used. In such a case,
the resulting expression for the ac/dc resistance ratio of the
winding is approximated with

Rac

Rdc
≈

⎧
⎪⎨

⎪⎩

1 + 1

9
(π f σμkcuwwt f )

2 : foil

1 + 1

12
(π f σμkcuwwdr )

2 : round.
(10)

This result allows to calculate the ac/dc resistance ratio
of transformer windings, including interleaved arrangements
(Fig. 7), with minimal effort, based only on a couple of
usually well-known dimensions. However, by using the spatial
rms value (6) of the magnetic field in the winding, it is
not considered that the turn length at the location where the
magnetic field is low is usually not the same as the turn
length where the magnetic field is high. This usually leads
to an underestimation of the ac resistance of windings with
the maximum value of the magnetic field appearing at the
longest turn (inner windings in Fig. 7) and to an overestimation
of the ac resistance of windings with the maximum of the
magnetic field appearing at the shortest turn (outer windings
in Fig. 7). However, for concentric winding arrangements as
in Fig. 7, this effect cancels out in total, if both windings
use the same strand diameter or foil thickness. The only
further simplifications are to assume that the magnetic field
distribution in the winding is triangular and 1-D and that the
conductors are smaller than skin depth. The simplicity of this
approach also prevents errors in the implementation, and is,
therefore, generally suggested for cases when the conductor
dimensions are smaller than skin depth.

3) FEM Verification: The winding loss models are verified
using a 2-D FEM simulation of a winding of foil conduc-
tors and a winding of round wires. In order to reduce the
calculation time, only a horizontal slice of the winding, as
shown in Fig. 8(a) and (b), containing one row of round
conductors is simulated. For this example, the strand diameter
and the foil thickness are set to 100 µm. Each winding consists
of 20 layers of conductors with a spacing of 200 μm. The
simulated ac/dc resistance ratio kac of the foil winding is
shown in Fig. 8(a), the one of the round wire winding in
Fig. 8(b). The FEM simulated results confirm very accurately
the ac/dc resistance ratios obtained using (9), which uses
the exact F and G functions. However, if the foil thickness
or conductor diameter, respectively, is smaller than the skin
depth, also the approximation (10) shows a very good agree-
ment with the FEM simulation. For frequencies above that
limit, the losses are overestimated, i.e., the approximation is
conservative. In most cases of high-power MF transformers,
a high efficiency is mandatory, and therefore, the conductor

Fig. 8. Current distribution due to proximity effect in horizontal slices
containing 20 layers of (a) foil and (b) round winding. Ratio of ac to
dc resistance of (c) foil winding and (d) round wire winding. The FEM
simulation (solid line) confirms the exact analytic equation (dashed line). The
approximation (10) for conductor dimensions smaller than skin depth also
gives precise results within its applicable range.

dimension is usually chosen to be smaller than skin depth,
allowing to use the approximation.

B. Core Loss Model

Typical core loss densities are usually provided by the man-
ufacturer for sinusoidal or triangular flux density waveforms
at different amplitudes within a certain frequency range. This
measurement data can be fit using the original Steinmetz
equation (OSE) specifying the core loss density pc determined
by the parameters k, α, and β as a function of the flux density
amplitude B̂ and the frequency f

pc = k f α B̂β. (11)

The improved generalized Steinmetz equation (iGSE) [18] pro-
vides a way to calculate the core loss densities for arbitrarily
shaped flux density waveforms only based on the parameters
of the OSE. The mean core loss density is

pc = ki

T

∫ T

0

∣
∣
∣
∣
∣

d B
dt

�B

∣
∣
∣
∣
∣

α

(�B)βdt (12)

with

ki ≈ k

2β+1πα−1
(

0.2761 + 1.7061
α+1.354

) . (13)
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TABLE II

STEINMETZ PARAMETER VALUES USED FOR THE OPTIMIZATION

However, from (12), it can be shown that the iGSE scales
with f α and B̂β , allowing to simply translate the OSE para-
meter k measured for sinusoidal flux density waveforms into
an equivalent OSE parameter k accounting for the particular
waveform shape [19]. Therefore, the OSE is used with the
value of k adapted to match the particular flux density shape,
which is approximately triangular for the series-resonant con-
verter studied in this application. The Steinmetz parameters
used for the optimization with k shown for either sinusoidal
or triangular flux waveform shape are provided in Table II.

IV. OPTIMIZATION

When optimizing a transformer, multiple degrees of freedom
exist, which can be categorized in electric, geometric, and
material parameters. The first electric parameter is the number
of turns, since it determines the ratio of flux density and
current density. It has to be set such that the sum of core and
winding losses is minimized. The second electric parameter
is the operating frequency, increasing it reduces the core
losses but increases the proximity losses in the winding and
the switching losses of the semiconductors. Therefore, the
operating frequency has to be selected within a system level
optimization, but it is shown in Section IV-B that there is an
optimum frequency for the transformer alone, i.e., only due to
the tradeoff between core loss and proximity loss. However,
for the optimization of the prototype, a fixed frequency of
20 kHz is specified, limited by the switching losses of the
IGBTs [20]. Within the group of material parameters, there
is the core material and the conductors used for the winding,
which have to be optimally selected. Finally, the core and
winding geometric dimensions can be optimized. A typical
assembly of an E or C core with a winding leaves a mini-
mum of four dimensions that have to be defined. Therefore,
for a full optimization of material, geometry, and electric
parameters, at least seven degrees of freedom have to be
considered, which requires considerable computational effort.
As all grid-connected components, SSTs have to comply with
limits defining low-frequency current harmonics and high-
frequency EMI emission. While the requirements for LV grids
are standardized, the applicable limits for the MV grid are
often defined by the operator [21]. Since the MF transformer
as part of the dc–dc converter is not directly connected to the
grid, these limits do not affect the design process. However, in
order to guarantee compatibility with the existing protection
devices, such as circuit breakers and fuses, overcurrent and
overvoltage capabilities might be specified, effectively increas-
ing the power rating of the MF transformer [22]. Due to the
application specific nature of these requirements, they are not
explicitly considered in the optimization.

TABLE III

TRANSFORMER SPECIFICATIONS

A. Optimization Routine

In this paper, a water-cooled prototype based on the cooling
concept presented in Section II is optimized for maximum
power density and maximum efficiency. The electric and
thermal specifications as well as certain dimensions that
define clearance space and cooling system parts are specified
in Table III. The heat-sink temperature is specified as 40 °C,
which can be easily maintained with the available water
cooling system that provides a constant 20 °C cooling water
temperature. The additional losses in the cooling system, such
as pumping power, heat pump power, and fan power, are
assumed to be proportional to the losses transferred by the
cooling system. Therefore, the location of the transformer
loss minimum is not affected by the cooling system losses.
In addition to that, the effect of additional constraints, such
as limiting the choice of conductors to a certain litz wire and
restricting two box dimensions to the dimensions of the rest
of the converter, is studied. The optimization process is shown
in Fig. 9. In the outermost loop, the boxed volume is swept
between 2 and 10 dm3 in 64 steps. For each boxed volume, the
geometric dimensions are optimized using a set of proportions.
With the dimension definitions from Fig. 10, three geometric
proportions

pc = hca

wca
, pw = hwa

wwa
, pwc = hwawwa

hcawca
(14)

are defined. Together with the fixed dimensions from Table III
and the boxed volume V = whl, the three proportions
completely define all remaining dimensions and are swept on
a logarithmic grid ranging from (1/12) to 12 for each pro-
portion. The bounds are necessary, because the optimization
is not gradient-based. Area aspect ratios and winding to core
area ratios of more than 12 or less than 1/12 are unlikely to
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Fig. 9. Numeric Pareto geometry optimization process based on a grid search
with repeated mesh refinement. For each given box volume, the core geometry,
the number of turns, the conductor, and the core material are selected for
minimum loss, with a 5 × 5 × 5 proportion space and three grid refinements,
and the process takes ≈ 30 min for each box volume on a 2.7 GHz quad-core
Intel i7 laptop computer.

Fig. 10. Transformer dimension definitions used for the geometry optimiza-
tion. Clearances and cooling part dimensions are fixed according to Table III,
and winding area width wwa and height hwa as well as core area width wca
and height hca are optimized for a given box volume V = whl.

produce good results due to the resulting high circumference
to cross-sectional ratio and the unbalance between core and
winding volume, which, with core loss approximately equaling
winding loss, results in unbalanced loss densities and thus
temperatures. Initially, the proportion grid has only five points
in each dimension. For each geometry on the grid, the number
of turns is swept, and for each number of turns, the optimum
core and winding materials are selected from a list. For the
core material, amorphous Metglas 2605SA1, nanocrystalline
VAC VP500F, and EPCOS N87 ferrite are considered. For the

Fig. 11. Proportion space for the geometry optimization of the core. For each
grid, the two best proportions are evaluated and a new finer grid is created
around them with the same number of points as the original grid. After two
grid refinements, the best set of proportions is selected.

Fig. 12. Resulting efficiency after core geometry optimization as a function
of power density considering the specifications in Table III. The unconstrained
result (I) represents the maximum efficiency that can be achieved with
arbitrary box dimensions and unrestricted choice of litz wire. Defining two of
the three outer dimensions w, h, and l (Fig. 10) to the size of the heat sink of
the IGBTs of 147 mm × 228 mm results in a slightly lower efficiency (II).
Defining only the litz wire to the available 9500 × 71 μm one affects the
efficiency more than the constraint on the dimensions (III). Applying both
constraints (IV) results in an even slightly lower efficiency, but for practical
reasons, the drawbacks of geometric and litz wire restriction are accepted.

winding, litz wire is used, since the eddy current losses within
foil windings are often underestimated by the analytic equation
presented in Section III due to magnetic field components
oriented orthogonal to the foil [23]. The litz wire can be either
selected from a list of standard dimensions or limited to the
litz wire, which is already on stock. After optimizing all points
on the grid of proportions, the hot spot temperatures are calcu-
lated and designs that exceed the maximum allowable temper-
ature are discarded. Finally, the two best sets of proportions on
the grid are identified and a new finer grid around each of them
is created, as shown in Fig. 11. This process is repeated two
times until finally the optimum set of proportions is found and
the design for the next boxed volume is optimized. The result
of the optimization is shown in Fig. 12. It is shown that without
restricting the choice of litz wire, a power density of up to
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Fig. 13. Picture of the constructed 166 kW/20 kHz water-cooled trans-
former. Attached to one of the heat sinks is the resonant capacitor bank.
The prototype transformer without resonant capacitor measures 228 mm ×
147 mm × 112 mm = 3.8 dm3, resulting in a power density of 44 kW/dm3.
The calculated losses are 340 W, resulting in 99.8% efficiency.

53 kW/dm3 is possible. Restriction of two of the three outer
dimensions w, h, and l (Fig. 10) to the size of the heat sink of
the IGBTs of 147 mm × 228 mm only reduces the efficiency
by a small amount, while the restriction of the litz wire reduces
the efficiency significantly in the region of low power density.
For the construction of the prototype, a point in the region
of high-power density is selected, which works well with the
available litz wire and the required outer dimensions. A picture
of the prototype constructed using the dimensions received
from this optimization is shown in Fig. 13. The achieved power
density is 44 kW/dm3 and the calculated efficiency is 99.8%.

B. Optimum Operating Frequency

With increasing operating frequency, power density and/or
efficiency of a transformer can usually be increased if β > α
due to the reduction in core loss. At the same time, however,
the high-frequency losses of the winding increase, therefore, it
is assumed that there is an optimum operating frequency. This
optimum is derived and discussed in the following. Assuming
that the geometric dimensions and thus the product of core
cross section Ac and winding cross section Aw (given for
sinusoidal voltage û and current î [24])

Ac · Aw = û

2π f N B̂
· 2Nî

Ĵ
= 2P

π f B̂ Ĵ
(15)

and the transferred power P of a transformer are given and
the frequency f is varied, the product of flux density B and
current density J has to be proportional to the inverse of the
operating frequency

B J ∝ 1

f
. (16)

If the number of turns is not limited by the saturation
flux density, it can be shown that the minimum loss is

achieved if the ratio of core loss to winding loss is fixed
to Pc/Pw = 2/β [25]. Therefore, core and winding loss den-
sities must be proportional to each other, since the geometric
dimensions are not changed. This is expressed as

f α Bβ ∝ J 2(1 + a f 2) (17)

with the term

a =

⎧
⎪⎨

⎪⎩

1

9
(πσμkcuwwt f )

2 : foil

1

12
(πσμkcuwwdr )

2 : round
(18)

considering the winding proximity losses according to (10).
Expressing B from (17) and inserting it into (16) leads to

J ∝
(

f α−β

1 + a f 2

) 1
β+2

. (19)

The winding loss density is proportional to J 2(1 + a f 2) and
because the core losses are proportional to the winding losses
also the total losses are. Inserting (19) for J in the winding
loss density leads to the proportionality of the total losses

Ptot ∝ f
2α−2β
β+2 (1 + a f 2)

β
β+2 . (20)

Differentiating (20) and setting it to zero reveals the optimum
operating frequency of a transformer under the condition that
the flux density is not limited by saturation and that the
conductor dimension is smaller than skin depth. It is expressed
as

fopt =
√

1

a

(
β

α
− 1

)

. (21)

Rearranging this equation leads to

β

α
= 1 + a f 2

opt ≈ Rac( fopt)

Rdc
(22)

which means that at the optimum operating frequency, the
winding resistance is ≈β/α times the dc resistance. For the
optimized prototype, the losses are shown as a function of
frequency in Fig. 14. The frequency range can be split up
into three regions. In region I, the core material is always
operated at the maximum flux density, set to 75% of Bsat in
this example. In this region, the frequency is too low to achieve
the optimum ratio of core and winding losses and the losses
scale approximately with f −2; therefore, a small increase of
the frequency significantly reduces the losses and brings the
core to winding loss ratio closer to the optimum. At the border
of regions I and II, the optimum ratio of core to winding loss is
finally reached, and thus, in region II, the losses scale with less
than f 2α−2β/β+2, which marks the asymptote for a winding
without proximity losses. The optimum frequency is reached
at the point, where the increase in proximity loss compensates
the reduction in winding loss; the region beyond that point,
region III, is in any case suboptimal. This paper shows that
the frequency optimum of a transformer is relatively flat if
the difference between the Steinmetz parameters α and β is
small, which is the case for tape-wound cores but not for ferrite
cores. In any case, the optimum frequency criterion defines
the maximum operating frequency of a transformer, which is
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Fig. 14. Transformer loss as a function of operating frequency studied on
the geometry of the prototype. The frequency range is partitioned into three
regions. In region I, the frequency is low and the transformer is operating
with maximum flux density (selected as 75% of the saturation flux density),
and core and winding losses are not in optimum relation. In region II,
the frequency is high enough to reach a core to winding loss ratio of 2

β .
At the border of regions II and III, the loss minimum is reached, increasing
the frequency into region III only generates unnecessary proximity losses.

inversely proportional to the strand diameter and the winding
width.

V. EXPERIMENTAL TESTING

The optimization procedure presented in Section IV results
in the prototype transformer design, which minimizes the
losses for the given volume and design space limitations.
In this section, these losses are experimentally measured and
compared with the analytically calculated values. Specifically,
the core, winding, and cooling system losses are assessed
independently.

A. Core Losses

The core losses are measured in the complete nanocrys-
talline transformer as well as in the individual cores by
magnetizing the transformer from the LV winding using a
square wave voltage uCT, while the MV winding is left open.
A test winding is placed around each of the cores, as shown
in Fig. 15(a), and the voltage uCk induced in each test wind-
ing k is measured. Together with the current iCT, the losses

in each core k are obtained as PCk = (1/T )
∫ T

0 uCkiCTdt

using a power analyzer. The initial measurement is performed
with ungapped cores, i.e., top and bottom U-cores pressed
together without gap spacing. The results of this measurement
are shown in Fig. 15(b). The measured total core losses
are considerably higher than the calculated ones. This phe-
nomenon has been reported previously for tape-wound cut
cores [26], [27], as the ones utilized in this transformer
prototype. The reason for this increase in losses is mainly due
to the flux lines around the air gap, which orthogonally cross
the tape layers generating eddy currents and, therefore, higher
losses. During the testing process, a high sensitivity of the core
losses to the alignment of the core pairs is detected, causing
increases in up to 30% of core losses with a misalignment of
only 1 mm. In addition, unequal air gaps because of slightly

Fig. 15. (a) Arrangement of the nanocrystalline cores in order to indepen-
dently measure the voltages induced in test windings placed around the six
cores. (b) Measured losses for gapped and ungapped arrangements.

uneven core cut surfaces due to the manufacturing process
cause different reluctances in the magnetic paths resulting
in uneven flux densities in the different cores. This can be
observed in Fig. 15(b), showing unequal generated losses in
the different cores. The low losses on core 3 are explained
due to the large gap of this core pair. In order to account for
this problem, a 0.1 mm air gap was introduced in between
the core pairs. This way, the total core losses were reduced
by 12% while improving the loss distribution, and therefore
the thermal behavior, of the cores, as shown in Fig. 15(b).

B. Winding Losses

The litz wire used in this transformer design consists of
9500 strands grouped in ten bundles of 950 strands each.
As provided by the litz wire manufacturer, eight of these
ten bundles are arranged in the perimeter of the wire, as
shown schematically on the right-hand side of Fig. 16(a).
The remaining two bundles (# 9 and 10) in the litz wire
arrangement are placed at the center of the wire and are not
interchanged in position, i.e., they remain at the center of the
wire along the length of the winding.

For this litz wire construction, the current in each indepen-
dent bundle is measured. For this measurement, the LV side
winding is short-circuited, leaving only the leakage inductance
as main current limiting element. In addition, the cooling
system is removed in order to ensure that no additional eddy
current losses are generated in this part. The transformer is
excited initially with a 20 kHz sinusoidal current fed from
an external current source. The current in the independent
litz wire bundles is measured in order to visualize the effect
of the aforementioned litz wire construction on the current
distribution among the litz wire’s bundles.

For the first test, a termination of the litz wire, which ensures
the same length of all bundles by soldering them together
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Fig. 16. Analysis of the current sharing in litz wire bundles. (a) With
middle noninterchanged bundles and symmetric termination. (b) With middle
bundles disconnected and symmetric termination. (c) With middle bundles
disconnected and asymmetric termination arrangement. (d) With middle
bundles disconnected, asymmetric termination, and a chain of common mode
chokes. (e) Schematic of the connection of the chain of common mode chokes
used in (d).

in one spot, is used [see Fig. 16(a)]. The measured currents
can be seen in Fig. 16(a) together with the schematic view
of the litz wire and its respective termination arrangement.
As can be seen, the noninterchanged litz wire bundles in the
middle result in currents about 140° phase shift with respect
to the outer bundles, increasing the losses in the complete litz
wire. This effect, that occurs only with parallel noninterleaved
bundles, can be compared with the skin and proximity effect
in a solid round conductor. Therefore, it is well known that
the current density amplitude of a round conductor due to the
skin effect peaks at the surface and decays toward the center.
However, also the phase of the current density is delayed

Fig. 17. Ratio of current amplitudes and phase shift between inner and outer
bundles as a function of frequency.

further and further toward the conductor center [28]. Similarly,
also the phase of the currents in noninterleaved bundles is not
constant, but depends on the location of the bundle. As a
measure for the impact of this undesired phenomena, the
ac to dc resistance ratio Rac/Rdc, representing the influence
of high-frequency effects in the conductivity of the copper
conductor [29], is measured in the utilized litz wire, reaching
in this case Rac/Rdc = 3.02.

In order to characterize the frequency dependence of this
phenomenon, the experiment is repeated for different fre-
quencies, starting at 100 Hz and reaching 50 kHz. The ratio
of current amplitude between bundles 1 and 10 as well as
their phase shift is measured, obtaining the results shown
in Fig. 17. Here, it can be seen that the current is properly
shared among the inner and outer bundles until about 1 kHz;
at this point, the high-frequency effects become significant,
causing the currents to be shared unevenly among the bundles.
Moreover, at frequencies higher than 4 kHz, the phase shift
between bundles 1 and 10 is higher than 90°, meaning that
the current conducted by the inner bundles is not contributing
to the total conducted currents, but is only increasing the
total losses, as it increases the current and the outer bundles
conduct without increasing the transferred power through the
transformer. At the designed transformer frequency of 20 kHz,
a phase shift of 147° is found, with the inner bundle’s
current 74% smaller than the outer bundle’s current, leading
to the aforementioned ac to dc resistance ratio.

In a further test, the middle noninterchanged conductors
are removed while keeping the remaining eight bundles.
The current sharing in this case is considerably improved as
can be seen in Fig. 16(b), and the ac to dc resistance ratio is
reduced to Rac/Rdc = 1.95, already proving the importance
of a symmetrically built litz wire at this frequency/dimension
range.

For practical reasons, the connection of the litz wire to the
power electronic switches is realized by spreading the litz wire
bundles into copper plates, which are later connected to the
power semiconductors. The impact of the asymmetry intro-
duced by this connection is shown in Fig. 16(c). Surprisingly,
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TABLE IV

SUMMARY OF AC TO DC RESISTANCE FOR THE DIFFERENT
LITZ WIRE CONFIGURATIONS FOUND IN FIG. 16

although the asymmetry of the bundle currents is much higher
than with a symmetric termination, no significant difference is
found in the ac to dc resistance ratio. In this case, this ratio
has a value of Rac/Rdc = 1.98.

Using a chain of small (16 mm diameter) nanocrystalline
toroidal cores, as shown in Fig. 16(e), the currents in the
bundles can be forced to be equal, since each toroidal core
forces the current between two bundles to be equal and
each bundle is connected to the next with a toroidal core.
The measured currents in this scenario are shown in Fig. 16(d),
showing that the currents in the bundles are now perfectly
equal. Compared with the inhomogeneous current distribution
of Fig. 16(c), the ac to dc resistance ratio would be expected
to drop considerably. However, it stays almost the same with
Rac/Rdc = 1.94. It is assumed that due to the short length,
where the toroidal cores are effective, the induced voltage is
not the same in all strands of the bundle, and therefore, current
asymmetries between the strands of the bundle remain, causing
the high ac to dc resistance ratio. However, it is not possible
to measure the current distribution within one bundle without
introducing additional asymmetry by spreading up the bundle
into its single strands.

Finally, Table IV summarizes the aforementioned results
of ac to dc resistance ratios, where the impact of the non-
interchanged middle bundles can be clearly seen, and the
remaining difference to the calculated ac to dc resistance ratio
of Rac/Rdc = 1.10 might be explained by an asymmetric
magnetic field distribution around the circumference of the
winding and by bundle level proximity losses [30].

C. Cooling System Losses

The cooling system utilized in this transformer is potentially
subject to high magnetic fields and, therefore, to induced
currents. These induced current could cause losses in the alu-
minum cooling plates used for the heat extraction (see Fig. 3,
in spite its construction which should ensure no considerable
stray fields in these regions [31]).

In order to quantify the losses in each part of the cooling
system, the increase in losses �P , starting with the bare
winding, is measured utilizing a high precision power analyzer
(Yokogawa WT3000) and an external 25 Arms/20 kHz current
source. Even though this current is considerably lower than
the nominal transformer current, the linearity of the system
is considered in order to estimate the losses at nominal
transferred power. This way, the incremental increase of the
losses is measured, and therefore, the contribution of each of
the cooling system’s parts to the total losses can be identified.

Fig. 18. Step-by-step assembly of the transformer’s cooling system and
its respective measured losses. (a) MV and LV side windings. (b) Inner
winding cooling plates. (c) Outer winding cooling plates. (d) Attachment
of the inner C-shaped pieces. (e) Attachment of the outer C-shaped pieces.
(f) Complete assembly comprising top/bottom heat sinks. The cores are
present in all measurements and only omitted in (a)–(e) for better visibility
of the cooling system parts.

Fig. 19. Distribution of losses at nominal power in the MF transformer.

The different parts of the aluminum cooling system can be
seen in Fig. 18 with the loss share of each part also shown.

As can be seen, a large share of losses, in total 157 W, is
generated in the cooling system’s aluminum pieces, showing
the importance of developing accurate models for the losses
in these required cooling parts in order to improve the con-
struction.

D. Loss Distribution

The summarized values for measured losses in the
transformer are shown in Fig. 19(a). Adding the wind-
ing, core and cooling system losses measured previously,
this 166 kW/20 kHz nanocrystalline, water-cooled transformer
achieves a 99.4% efficiency at rated power with a power
density of 44 kW/L. As can be seen, due to the described
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phenomena of increased core losses in cut tape-wound cores,
the asymmetric current distribution in the litz wire bundles,
and eddy current losses in the cooling system, which are not
accounted for during the optimization process, the efficiency
of the transformer is reduced with respect to the calculated
theoretical value.

VI. CONCLUSION

It is shown that for highly efficient transformer designs, the
winding loss model can be simplified, since the eddy current
losses are dominated by the proximity effect and are thus
proportional to the square of the product of frequency, winding
width, and strand diameter or foil thickness, respectively.
This simplification allows to find an analytic expressions for
the optimum operating frequency, which is reached when the
ratio of ac to dc winding resistance equals the ratio of the
core’s Steinmetz parameters β to α. Therefore, the optimum
operating frequency is inversely proportional to the winding
width for a given conductor dimension. Since the minimum
conductor dimension is limited to ≈50 μm in practice, the
operating frequency has to be reduced with increasing size
of a transformer, or interleaved windings have to be used.

A cooling concept based on aluminum pieces that apply
pressure to core and winding and conduct the heat to the water-
cooled heat sinks is proposed, and a thermal model, verified
with an FEM simulation, is presented. By using an optimiza-
tion routine to design a 166 kW/20 kHz, 1 kV to 400 V
prototype, it has been shown that water-cooled high-power
MF transformers can reach a power density of 44 kW/dm3 at
an efficiency of 99.47%. Further optimization of the cooling
system construction using 3-D FEM simulation of the eddy
currents in the aluminum parts or the use of AlN for some of
the parts seems to be promising, since measurements reveal
that the current construction suffers from induced eddy cur-
rents, which are responsible for 18% of the total transformer
losses.

Due to the large dimensions and the operation at MF,
asymmetrical current distributions in the transformer’s litz
wire become visible, deteriorating the performance of the
transformer and resulting in an increase of the winding losses
to 2.5 times the calculated value. This problem needs more
attention in a future design, since it contains the highest
potential for improvements. Possible solutions could be a litz
wire with shorter length of lay, paralleling and symmetrically
winding smaller litz wires or connecting multiple parallel
smaller litz wire windings on the same core to individual
inverters and actively controlling the currents.

Finally, also the flux distribution in multiple parallel cores
is found to be asymmetric, this difference can be easily
counteracted by inserting defined air gaps.

In summary, high-power MF transformers with high inter-
winding isolation voltage and thus no option of winding
interleaving are limited in the product of winding width,
frequency, and strand diameter. The prototype transformer is
close to this limit, and therefore increasing all dimensions,
but the strand diameter of the prototype by a certain factor
requires the frequency to be reduced by the same amount.

APPENDIX

The exact expressions for F and G in (3) with the dimen-
sions given in Fig. 6 and (4) for foil are

F f = ν

4

sinh(ν) + sin(ν)

cosh(ν) − cos(ν)
(23)

G f = h2
f ν

sinh(ν) − sin(ν)

cosh(ν) + cos(ν)
(24)

with ν = t f /δ. For round conductors, the expressions

Fr = ξ

4
√

2

(
ber0(ξ)bei1(ξ) − ber0(ξ)ber1(ξ)

ber1(ξ)2 + bei1(ξ)2

− bei0(ξ)ber1(ξ) + bei0(ξ)bei1(ξ)

ber1(ξ)2 + bei1(ξ)2

)

(25)

Gr = ξπ2d2
r

2
√

2

(
bei2(ξ)ber1(ξ) − ber2(ξ)ber1(ξ)

ber0(ξ)2 + bei0(ξ)2

− ber2(ξ)bei1(ξ) + bei2(ξ)bei1(ξ)

ber0(ξ)2 + bei0(ξ)2

)

(26)

apply, with ξ = dr/
√

2δ.
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