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Abstract—For future DC electric power systems, high-power DC-
DC converters will play a major role as they will substitute today’s
bulky 50/60Hz transformers. One key component within this DC-DC
converters is the medium frequency transformer that provides the
isolation level and the step up/down of the different voltage levels.
As a consequence, an optimized design methodology that considers this
high isolation requirements is needed. This paper presents a step-by-
step design for medium frequency transformers with high isolation
requirements. Each step in the design is carefully discussed and the
required design considerations, such as flux density limits, isolation
and thermal management, are explained in detail. The proposed design
procedure is applied to a core-type transformer analyzing the outcome
of the optimization process.

I. INTRODUCTION

With increasing integration of renewable energy generation into
power grids, distribution using DC level is becoming more and
more attractive. For example, as wind farms are installed in
the seas and far from the shore, DC transmission outcomes AC
transmission in terms of efficiency because no reactive power
is generated/consumed by the transmission cable. Furthermore,
by replacing the bulky 50/60Hz transformers by higher-frequency
transformers, a considerable reduction in weight/volume, hence
installation costs, could be achieved. This new concept has been
evaluated in [1] and [2], where high power DC-DC converters in
the MW range are required to interface the different voltage levels
within the wind farm.

On the other hand, energy generation with renewable energy
sources is highly sensitive to variations in the natural conditions
[3]. For instance, photovoltaic panels can only supply energy during
daylight and therefore they must be paired with large-sized storage
systems to supply the demanded energy in absence of enough
sunlight. Here, the photovoltaic generators must be interfaced with
their respective storage systems through a high-power bidirectional
DC-DC converter which can dynamically control the power within
the system and to the power grid.

As can be seen, high-power DC-DC converters are enabling
technologies for this future power generation scene [4]. A schematic
representation of a high-power DC-DC converter interfacing two
voltage levels, i.e. Low-Voltage (LV) and High-Voltage (HV), is
shown in Fig. 1. The task of the MF transformer is essentially
the same as with 50/60Hz transformers: provide step-up/down
in voltage levels and insure electrical isolation between LV and
HV sides, which must comply with international standards [5].
In this MF transformer, the excitation frequency provided by
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Figure 1: DC-DC converter interfacing two DC grids with
different voltage levels.

TABLE I: Specifications for the isolated, bidirectional DC-DC
converter: Step 1.

Parameter Value
Power P 1 MW
Switching frequency fs=1/T% 20kHz
Port 1 voltage (High Voltage side) Viry 12kV
Port 2 voltage (Low Voltage side) Vi 1.2kV
Isolation Vs 100kVDC

Turns ratio n 12
Leakage Inductance Lo 1.6 uH

the power electronic components is several times higher as in
traditional 50/60 Hz systems, leading to a significant reduction
in the transformer’s overall size and weight. In Fig. 2, a map
with transformer design from different research groups with their
operating frequencies and achieved volumes is shown. Here with
increased operating frequencies, a great volume reduction can be
noticed where the break in the fitted line is given by a change in
the utilized core material.

However, with higher frequencies, effects such as skin and
proximity, hysteresis losses and dielectric losses are significantly in-
creased in relation to operation at 50/60Hz. Moreover, the reduction
in size usually implies an increased loss density in the transformer,
which demands considerable thermal management efforts [6]. It
is therefore required to develop a clear design procedure for
MF transformers that accounts for High-Frequency (HF) effects,
isolation requirements and thermal management of the transformer
among others.

Previous research efforts devoted to the design of MF transform-
ers for traction applications are [7-9]. More recently, in [6] and
[10], the design considerations for MF transformers in renewable
energy applications was studied. However, an optimized design
procedure which can clearly state the optimization limits of the MF
transformer for given set of selected materials is not yet studied.

This paper presents a step-by-step design of single-phase MF
transformers which enables the identification of the optimum design
parameters for a given optimization figure. Special attention is
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Figure 2: Volume reached by different transformer designs with
different operating frequencies (all scaled to 1 MW power rating).
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Figure 3: Design flow-chart of the MF transformer.

paid to the effect of the isolation requirement on efficiency, power
density and heat extraction efforts. In Section II, the design
flowchart of the transformer is presented and each step in the design
flow is discussed in detail. As the MF transformer has a significant
impact on the converter’s efficiency, power density and mechanical
arrangement, a design example using the specifications of Table I
is given in Section III, following the proposed methodology.

II. MEDIUM-FREQUENCY TRANSFORMER DESIGN

The proposed design flow for the MF transformer is shown in
Fig. 3. A summary of this design procedure is described as follows.

1) Previous to the optimization, the requirements from a system
point of view are introduced into a circuit calculator which
outputs the waveforms, turns ratio and required leakage in-
ductance of the transformer.

2) Conductor, isolation and core material properties are intro-
duced.

3) The geometry of the transformer parts are then parameterized
with respect to free variables, which are varied during the
design process in order to reach an optimum design.

4) With the geometric design parameters, the losses in the core,
windings and insulation medium are calculated considering HF
effects.

5) Using thermal models, the temperatures of the components are
estimated and the reached isolation level is calculated. If both
parameters fulfil the requirements, the results are stored and
another set of parameters is selected to perform the next design
process.

6) Once all combinations of free parameters have been tested, the
optimal set of free parameters for a given optimization criteria
(i.e. efficiency or power density) can be extracted. A new
optimization process can be started with a different selection
of materials to perform a comparison of the trade-offs between
these materials.

The means to perform each of these design steps are now detailed.
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Figure 4: Voltage and current waveforms for DAB converter with
triangular modulation designed for specifications of Table. 1.

A. System Specifications and Modulation Requirements: Step 1

The system specifications (cf. Table I) are introduced into a
circuit calculator including the topology and modulation of the
converter. This circuit calculator outputs the applied input and
output voltage waveforms vrv (¢), vav(t) and the current iz (¢)
as defined in Fig. 1. These waveforms will thereafter determine the
required HV and LV windings turns, the core cross section and
the characteristics of the copper conductors, among others. As an
example, the voltage and current waveforms considering a Dual
Active Bridge (DAB) with triangular modulation [11] are shown in
Fig. 4.

As can be seen, the voltages applied to the transformer are square-
shaped, which is the most common case for DC-DC converters.
However, as explained in the next section, arbitrary voltage wave-
forms can be considered as only the average applied voltage over
one half period is required in the design process. On the other
hand, the current waveform determines the thickness or diameter
of the copper conductors, which in general case can be optimized
for arbitrary current waveforms [12].

B. Material Selection: Step 2

1) Core Material: The characteristics, namely the saturation flux
and the losses, of the core material have a great impact on the power
density and efficiency of the transformer, as they fix the maximum
operating flux density. In 50/60Hz line transformers, typical used
core materials are silicon-steel, nickel-steel and nanocrystalline.
At higher excitation frequencies, other core materials are more
attractive due to their lower specific losses. A list of most commonly
used core materials in higher-frequency applications is presented in
Table. II.

As can be seen, the selected materials present high saturation
fluxes and low specific losses, specially in the case of amorphous
and nanocrystalline materials with saturation fluxes in the 1.2 to
1.6 T range and specific losses (at B=1T and fs=20kHz) in the
range of 0.04kW/kg to 1.5kW/kg. However, these materials have
usually a considerable higher cost because of their manufacturing
processes. The saturation flux and specific losses are defining the
flux density limit, and thus this topic is now addressed.

Consider a periodic voltage applied to a coil with effective cross
section A, and number of turns Nryv. The maximum flux density

TABLE II: Core materials considered in high-power MF

transformers. Up: Amorphous, Middle: Nanocrystalline, Down:
Silicon Steel.

Series Sat. Flux  Sp. losses =~ Manufacturer
Microlite (2605SA1) 1.56 T 1.5kW/kg Metglas [13]
Powerlite (2605SA1) 1.56T 0.6 kW/kg Metglas

Namglass 1.59T 0.34kW/kg Magmet [14]
Vitrovac (6030F) 0.82T 0.19kW/kg VAC [15]
Finemet (FT-3M) 1.23T 0.14kW/kg Hitachi [16]
Vitroperm (500F) 12T 0.07kW/kg VAC

Nanoperm 12T 0.04kW/kg  Magnetec[17]

Namglass 4 1.23T 0.04kW/kg Magmet
Arnon 7 (3-6%Si,Fe) 1.53T 1.6kW/kg Arnold [18]
Arnon 5 (3-6%Si,Fe) 1.48T 1.06 kW/kg Arnold




TABLE III: Typical dry-type insulation mediums and parameters
(datasheet values).

Isolation Material Dielectric Loss

Type Strength Tangent

Potted EPOXY 16kV/mm 0.02 (@100kHz)

Potted Micares [19] 8-24kV/mm 0.01-0.08 (@50 Hz)
HYV cable Silicone 4-28kV/mm 0.005 (@1 GHz)
HYV cable PVC 9.8-19kV/mm -
HV cable HDPE 19 kV/mm 0.0002 (@ 100 MHz)

in this coil is given by:
A 1
B = mvangs, (1)

where V.4 corresponds to the average applied voltage over half a
switching period 7. Solving (1) for A. gives the design equation
for the required core effective cross section:

1
Ae = ———VaugTs @
4Npv B

The maximum operating flux B is left as free design parameter
with an upper boundary set by the saturation flux Bgq¢ of the
material. Usually, a 10% to 20% safety margin is introduced by
transformer designers between B and Bs.: to avoid operation close
to saturation due to possible small asymmetries in the applied
voltage or transients. In this case, a flux balancing mechanism which
actively controls the maximum flux density in the core would enable
operation under safe conditions at all times with even smaller safety
margins.

As shown later in Section II-D1, the power losses inA the core
material are increasing with increasing peak flux density B, leading
to an increased temperature rise in this component. It is therefore
necessary to include a thermal model of the transformer (cf. Section
II-E) to insure that the operating temperature is kept within safe
values. If with the selected peak flux density the core temperature
rises beyond these margins, the design is discarded and a new design
process (cf. Fig. 3) is started with a new set of free parameters.

2) Isolation and Leakage Inductance: In literature, the core cross
section times core window area product has been used as a figure to
analyze the power density of the transformer. This figure is found to
be inversely proportional to material properties as maximum current
density of the conductors and peak operating flux density of the core
[6]. However, to design a transformer using this parameter, its losses
are required to be evaluated. Moreover, this figure does not contain
the influence of isolation levels in the volume of the transformer.
As this MF transformer is expected to replace the functionality of
50/60 Hz transformers, the provided isolation level must meet with
stringent international standards and thus its influence on the power
density must be included in the design of the transformer.

The required isolation level can be translated into a minimum

distance d,,,, ; between the conductors to be isolated through:
Vins
=1Nns,t VE'Lns ’ ( )

where FE;,s is the dielectric strength of the isolation material
provided by the manufacturer and V;,s is the voltage required to
be isolated. In (3), v is used as a safe margin parameter. Scarce
guidelines can be found in literature to select this parameter. In
addition, the electric field non-uniformities in the insulator due
to edges and corners in the conductors must also be taken into
account. This electric field is changing for different transformer
constructions, making it considerably complex to establish clear
rules for the selection of this safety margin. In this paper, similar
values for v as could be found in HV cable manufacturers datasheets
were used to perform the design example from section III.
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Figure 5: Magnetic leakage field distribution within transformer:
a) 3D FEM magnetostatic simulation of a designed core-type
transformer; b) Idealization of megnetic field distribution along
the z axis.

The resulting distance dins,; (which is adjusted to reach the
required leakage inductance L, as will be discussed later in this
section) needs to be larger than minimum required distance d,,, , to
fulfil the isolation requirements. If this requirement is not fulfilled,
the design is discarded and a new design process is initiated with
a new set of free parameters.

Different isolation materials have been used for transformers.
Nowadays, dry-type isolation presents an attractive isolation solu-
tion for high power density systems. In this category, two isolation
mechanisms can be found: Potted and HV cables. In potted iso-
lation, the air from within the compounds must be extracted in
a vacuum chamber to reduce the occurrence of partial discharges
in the isolator. These systems usually operate under deep thermal
cycles, leading to high thermomechanical stresses. These thermo-
mechanical expansion could damage the isolation quality in the long
term. To account for this problem, a soft potting material with a
flexible mechanical characteristic is desirable.

HYV cables on the other hand are built using a litz conductor
merged into an insulator through high-pressure extrusion. By using
a HV cable as insulation mechanism, the isolation complexity is
considerably reduced as no custom made potting enclosures are
required. However, with this construction the power density of
the transformer is reduced because there is an unrequired double
isolation layer between two adjacent HV turns.

A list of typical dry-type isolation materials and their properties
is presented in Table III.

DC-DC converters usually require inductances in series with the
transformer windings to achieve ZVS conditions. This inductance
is defining the power transfer capability of the system and thus its
value is carefully designed. In order to increase the power density of
the converter, often this series inductance is magnetically integrated
as leakage inductance L, of the transformer. This integration is
translated into a constraint within the transformer design in which
case a good estimation of the leakage inductance of the transformer
is required.

In transformers with concentric windings, a good analytical
estimation of the leakage inductance L, can be achieved as the
magnetic field is mostly confined to the volume between the LV
and HV windings. A magnetostatic FEM simulation of one design
considering the described core-type transformer is shown in Fig. 5-
a). Here it can be seen that the highest magnetic fields lie between
the LV and HV windings and thus the magnetic field magnitude
H can be ideally described by the graph presented Fig. 5-b). If
homogeneous magnetic field distribution is considered along the
y and the z axes, the stored magnetic energy within dins,; iS
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Figure 6: Core-type transformer used as reference: a) Winding arrangement; b) Winding window cross sectional view; c) Core
cross-sectional view.

calculated from:

NOCMLo'dins,z /“L()ML dzns 74]\'7LV7’LV 4
2 2c @

where c¢ is the core window height (cf. Fig. 6-b) and ML,
corresponds to the mean length of the leakage path which can vary
for different transformer concepts and winding arrangements. For
the core-type transformer shown in Fig. 6-c) this length is:

Eyg = CH? =

MLo' = 8(NLV(L‘/C7J, + L‘/tiso) + Hsd) + 2(0, + b +2- dins,i)

The energy stored in the leakage inductor L, referred to the LV
side is calculated from:

.2
ity - Lo
N 6
; (©)
Equating Eg=Fr, replacing ML, from (5), solving for dins,:
and taking the positive solution yields:

K? 41622
NLVNO

where K is a geometric constant defined in (5). This expression
is an important design equation as it explicitly relates the required
insulation distance d;ns,; and the leakage inductance L., which
are both design specifications. Also, this expression may vary for
different transformer constructions and may in some cases not be
possible to obtain analytically.

In the described design procedure, the distance d;ns,; is adjusted
to reach the desired leakage inductance using (7). This value is
then compared with the minimum isolation distance d;,, , ; defined
by (3). If the distance is not enough, the design is discarded and a
new process is initiated.

The next step in the design consists on defining the transformer
geometry depending on the different fixed and free parameters and
on the selected material constants.

Er =

K,
8

dins,i - (7)

C. Geometry Parametrization: Step 3

The geometric variables of the transformer must be parameterized
with respect to the constants given by the selected materials and also
with respect to the free parameters. These geometric variables are
mainly given by the transformer construction concept and therefore,
in order to describe the design procedure, the core-type transformer
depicted in Fig. 6 is used as example. Thereafter, the design can
be extended to other types of transformers as the ones presented in
[4], which posses their respective geometric definitions.

The core-type transformer consists of two C-cut cores arranged
as in Fig. 6-a). In this case, each leg of the transformer comprises
a LV foil winding with Ny turns. These windings are then
parallel connected. Two HV windings, built with litz conductors,
are then wound around each leg of the core. The total turn number
considering the series connection is Ny where the turns ratio n
relates the HV and LV turns through:

®

In Fig. 6-b), the winding arrangement is shown. At the left-most
side of the winding window, a water-cooled heat sink with thickness
HS, is considered to cool the core and LV winding. Around this
heat sink, the primary foil winding with its respective isolation is
wound, building up a total of Ny isolation/copper-foil layers. To
insure a desired isolation level between LV and HV windings, the
HV winding is potted within a high-isolation compound, where
a dins,; distance is placed between the last LV foil and the HV
winding. The HV winding is built with a layered construction
consisting of C'yy columns and Fgy rows. The distance from
the HV winding to the outer face of the cast isolation is dins,o.
With the definitions from Fig. 6-a), the following relation stands
for the HV winding arrangement:

The HV conductor has a HV.,,op diameter and its isolation
thickness is defined as HV.. ins. The distance between adjacent
HV turns is HV., 4 and the distance from the cast isolation to the
core is deore,ins-

Using Fig. 6, the dimensions of the core winding window are
given by:

Ngv =n-Nrv

nNrv
Cuv

Fyv = round ( )

c= 2(dcor5,ins + dins,o) + FHV (chu,OD + 2Hch,ins)

+ (Fav —1)HVeu (10)
d= 2(Hsd + NLV(L‘/cu + L‘/tiso) + dins,i
+ CHV(Hch,OD + 2chu,ins) + (CHV - 1)chu,d) (11)

The geometric cross section A=a-b of the core is shown in Fig. 6-
¢). By equating A.=kA and solving for b the following expression
is found:

Vaug

=—, (12)
4fsnNpvB - k- a

where « represents the stacking factor of the core.



It should be noted that nowadays magnetic cores for these type
of applications are typically tailored for specific costumer require-
ments. It is therefore possible select arbitrarily the dimensions a,
b, ¢ and d of the core that fulfil the optimum design criteria for the
given transformer concept.

D. Losses Calculation: Step 4

With the geometry of each transformer part defined, it is now
possible to calculate the losses generated by these components
under the current and voltage excitations described in Section II-A.
The losses sources in a transformer are mainly four: Core material,
LV winding, HV winding and insulator. The means to calculate
each of these losses are now detailed.

1) Core Losses: Considerable effort has been devoted to cal-
culation of core losses under non-sinusoidal excitation [20-22].
Further methods and comparison of them was performed in [23].
In the present design procedure, the approach described in [20] is
implemented and its application is straightforward since only the
sinusoidal Steinmetz parameters along with the voltage waveforms
are required for the computation.

2) LV Copper Foil Losses: The analytical calculation of the HF
losses for a given sinusoidal AC current in a foil winding was done
in [24] and applied to the LV winding of the core-type transformer
described in Section II-C yields:

Skin

Ptn=Rpcs “ A Frn ity

0,n
Proximity
2(NZ, —1) .
+ Gf,n % : Z%V,n (13)
Hgyf
MLT

Rpe,f = Nrv Peu Ly (14)

LVew - (c— 2LVy)’

where pc. is the resistivity of copper, irv,» is the n-th harmonic
component of the current, do,, is the skin depth, FY, is the
skin effect factor for foils and G, is the proximity effect factor
for foils. The expressions for these last three parameters can be
reviewed in [24]. The external magnetic field H. ; depends on the
winding arrangement and for the construction presented in Fig. 6
the expression given in (13) is valid. The mean length of the LV
winding MLTrv is calculated by using the definitions from Fig. 6-
c):

MLTrv = 4(Npv (LVeu + LViso) + 2HSq) + 2(a+b)  (15)

The overall losses in the conductor can be calculated by adding
the individual contributions of each current harmonic component:

Pry = Z Py, (16)
n=1

In practice, (16) must be truncated by the designer when a defined
precision in the loss calculation has been reached. Losses due
to skin effect decrease by increasing the foil thickness whereas
proximity effect losses increase with increasing foil thickness. As
a consequence, an optimum value can be found, for example,
implementing numerical solvers or using the approach presented
in [12].

3) HV Litz Copper Wire Losses: The analytical calculation of
the HF losses in a litz conductor is performed in [25]. Considering
definitions of the core-type transformer given in Fig. 6, the power
dissipated in one of the strands within the whole bundled litz
conductor is calculated from:

Skin
——
Payn = Fatn - i}
st,n — RDC’,st . st,n " UHV,n
Proximity
.2 2
YHV,n 3 Cuv(4-Chy —1) »
+ Gstngg o +Gstn Frv 5 tHV,n
T2, " Ns c
Prox. internal Hg,st
Prox. external -
a7
4MLTHVpcu
Rpc,st = Nuy ————— (18)

2 b
wd?

where igv,, is the n-th harmonic of the HV side current, 7y, is
the complete litz wire radius, d; is the diameter of one strand and
ns is the total amount of strands in the conductor. The skin and
proximity effect factors for a strand conductor are Fs; ,, and Gst n
respectively and their analytical expressions can be extracted from
[24]. The mean length of one strand in the HV winding in the core-
type transformer (MLTxv) is calculated following the definitions
from Fig. 6-b) as:

MLTyyv = 2(ANLv (LVeu + LViso) + (HSa + dins,s)
+ CHV (HV(:u,OD + chu,ins) + 2(CHV - 1)chu,d

+ (a +b)). (19)

In (17), three different sources for losses can be noticed: Skin
effect, proximity due to the bundle internal magnetic fields, and
proximity due to the external magnetic fields, i.e. other conductors
in the winding arrangement. The external field H. s is given by the
winding arrangement and for the concentric winding arrangement
displayed in Fig. 6 the expression given in (17) is valid.

The total losses in the litz conductor are calculated from:

PHV:ns'ZPst,n (20)

n=1

This sum must be truncated once a defined precision in the loss
calculation has been reached. An optimum value of strand diameter
ds and number of strands ns can be found implementing numerical
solvers.

4) Dielectric Losses: Dielectric losses in transformers are often
low enough to be neglected in the design procedure. However, with
increasing insulation requirements and operating frequencies, the
losses in the dielectric material can reach considerable values.

Assuming an homogeneous electric field distribution within the
insulator, the power dissipated in the Equivalent Series Resistor
(ESR) of the insulator is calculated by:

Vidse
ESR

where tan(d) is often known as the dielectric loss factor and is
defined by the insulation material, C; is the capacitance between
the isolated parts and V¢ is the alternating voltage between the
conductors. An accurate model of the capacitors present in a
transformer and the analytical calculation of their capacitances was
carried out in [26]. However, for a first approximation, the highest
AC electric field can be assumed to be mostly confined to the space
between the HV and LV windings, and thus, for the transformer
presented in Fig. 6, a parallel plate approximation can be used
to estimate this capacitance C; and used to calculate the losses. It
should be noted that the expression in (21) is thought for sinusoidal
excitation thus errors are expected in its calculation.

Pins = = V& - tan() - 2n f.C;, 2D
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E. Thermal Management and Thermal Model: Step 5

The previously calculated power losses will generate heat, in-
creasing the operating temperature of the transformer. To keep
these temperatures within the allowed levels, it is necessary to use
efficient cooling concepts. In order to achieve high power density in
the transformer construction, active cooling concepts are preferred
over passive heat extraction. Some of these active cooling concepts
are now outlined for each of the parts generating losses within
the transformer. The thermal model is then built using the selected
thermal management concepts.

1) Core: Two heat extraction concepts for the core are presented
in Fig. 7. In Fig. 7-a), the upper and lower surfaces of the core are
used to extract the heat. The heat coming from the legs of the core
are transported to these faces via thermal conduction through the
core. The heat sinks used in this case may be forced air-cooled or
water-cooled.

Another cooling mechanism that could be used in this case is a
heat sink surrounding each leg of the core. With this mechanism,
more surface of the core is in contact with the heat sink and
therefore more heat could be extracted. It should be noted that by
placing a water-cooled heat-sink surrounding the core, no significant
losses are generated due to eddy currents because the magnetic field
strength in this zone is relatively low (cf. Fig. 5-a)).

In laminated core materials as the ones presented in Table. II,
the heat transfer is anisotropic as the thermal resistance can be
considerably lower in the lamination direction as perpendicular to
the lamination.

2) LV Foil Winding: The heat extraction mechanism presented
in Fig. 7-b) can be easily extended to remove the heat from the LV
winding. Here, the same water cooled heat sink is used to extract
the LV winding heat and the core heat by winding the LV foil
around this heat sink.

The LV winding can also be cooled by inserting a heat pipe
between the inner turn and the core (cf. Fig. 7-c)). This heat pipe
is then contacted with an external heat sink to remove the heat.
This concept was studied in [27] where the temperature distribution
along the heat pipe was analytically calculated.

3) HV Litz Wire Winding and Insulator: With high isolation
requirements the HV winding presents increased heat extraction
challenges as typically isolation materials posses low thermal con-
ductivities. In case of a cast dry-type isolation, a heat extraction
through the isolation material may be used. With this concept,
the heat is conducted through the isolation material into externally
attached heat sinks. These heat sinks may be water or air forced
cooled. Special attention should be paid in this case to thermal
cycles, as the isolation-heat sink contact may be deteriorated due
to mechanical expansion caused by thermomechanical phenomena.

A second option for thermal extraction of the HV winding is to
use a self-cooled wire comprising a braided copper litz conductor

Water-cooled or - Hollow braided
forced air-cooled ¢opper conductor Hose

Forced
air flow

Litz wire

Cast Isolation HV cable

— l heat sink
- |

0 0...0

-

© 0...0

E g
O 0...0 £
[~ §
: S
p—

© 0...0

[T

a) b)

Figure 8: HV cooling concepts: a) Water or forced-air cooled heat
sink attached to external face of cast insulation; b) Braided copper
hollow conductor with internal plastic hose carrying water
(self-cooled cable); c¢) Forced air cooled HV cable;

with a coaxial hose which carries water. This self-cooled wire is
depicted in Fig. 8-b) and was proposed in [28] for a battery charging
application.

In case a HV cable is used for the HV winding, limited options
for heat extraction are possible since the copper conductor which
generates the heat is merged within the isolator. In this case, forced
air cooling through the cable presents an attractive solution. This
concept is presented in Fig. 8-c).

It should be noted that the heat extraction of the HV winding
is closely linked to the isolator heat extraction because this last
component will always be tightly fixed with the HV conductor. For
this reason, the heat extraction concepts described in this section
are equally valid for the heat generated in the isolator.

To complete the transformer design, a thermal model of the
arrangement is required in order to check if operating temperatures
stay within the allowed values. The thermal models can vary
significantly for different transformer concepts. In this case, the
core-type transformer used as example throughout the paper is used
to formulate the thermal model. The thermal management concepts
employed in this case are the water-cooled heat sink for LV winding
and core and and externally attached heat sink for the HV winding
and isolation (i.e. Figs. 7-b) and 8-a) respectively). In this case, the
main heat extraction mechanism is conduction with generation and
therefore this mechanism is now studied.

Consider a solid heat conductor material as shown in Fig. 9
with width I//I///, heat conduction ks, homogeneous volumetric heat
generation ¢,, and whose temperature at its left hand side and right
hand side is 77, and Tr respectively. An equivalent thermal circuit
depicted in Fig. 9-b) can be formulated for the control section Azx.
From this circuit the following equations are formulated for the
temperature 77 (x) and the heat flux gas(z):

T]u (:E)

Tdr = —kn - qu(x) (22)
wele) g, (23)
T

Combining (22) and (23) the differential equation for unidirec-
tional steady-state heat conduction is found:

d2T 1"
— = —knm - g 24
dz2 M " 9Mm (24)
i — 0 () gy (r+ AY)
T, g’M T ¢AX T, Axk
3 5 | | o £ lTM(X) AxEy M l Ty (x + &%)
. o o
a) b)

Figure 9: Heat conduction with volumetric heat generation: a) 1D
heat conduction in a solid conductive material; b) Equivalent
thermal-electric circuit for control section Ax.
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Figure 10: Core-type transformer heat model: a) Section used to
build the heat model; b) Simplified geometry; c) Qualitative
temperature profile in the transformer.

Integrating (24) twice and inserting the boundary conditions
results in the solution for the temperature under unidirectional
steady-state heat conduction with generation:

k I
_bM9m 2

2

kav - guW
2

Tr =11,
W +

Ta(x) = + x+Tr

(25)

The heat generation in the studied transformer takes place in
the core, the LV winding, the isolation and in the HV winding. A
section of the transformer design considering Ny =7 and C'rv=3
is shown in Fig. 10-a) while a simplified version used to build the
thermal model is presented in Fig. 10-b).

It should be noted that the portion of isolation between the HV
winding and the outer heat sink is also generating losses since the
heat sink must be grounded and therefore the isolator in this region
also operates under high electric fields. The temperature distribution
in the core was calculated using 2D heat conduction with generation
and the equations can be revised in [29].

For each of the sections in Fig. 10-b) the expression in (25) is
used to describe the temperature along the x axis where the left
hand side and right and side temperatures 77, and Tr as well as
the width W must be replaced accordingly extracting the geometric
definitions from the previous design steps. The heat flux in the
thermal interfaces must be equal for adjacent sections, for example,
the heat flux on the right hand side of the LV winding must be equal
to the heat flux on the left hand side of isolator 1, i.e. qrv(z =
Zc,4)= Qins,i(T = xc,4). By applying this constraint on each of
the interfaces, a system of equations is found where the solutions
are the interface temperatures 7,1 through T¢ 7.

A qualitative thermal profile considering the presented thermal
model is depicted in Fig. 10-c). The sections which posses vol-
umetric heat generation show a parabolic temperature profile as
described by (25). The highest temperature is expected in the
HV winding given the typically low heat conduction of isolation
materials.

III. DESIGN EXAMPLE

To apply the procedure on a design example, the specifications
from Table I are used together with the topology and waveforms
described in Section II-A. From Fig. 6 it can be seen that a great
number of geometric parameters must be defined to perform a
design of the transformer. It is not practical to set all of these
parameters as free, as the design procedure would become ex-
tremely cumbersome and long-lasting. It is the task of the designer
to identify which of these parameters must be fixed given their
influence in the transformer design. In this example, the free
parameters are the core leg dimension a, the number of turns in the
LV side Npv, the rows in the HV winding C'ry and the maximum

TABLE IV: Fixed parameters for design example.

Parameter Value
HSy 5mm
LV;so 0.1 mm
HV¢y.q 1mm
HVe¢y, ins 0mm
dco're,ins 1mm
dins,i=dins,o 10 mm
ATyy 60°C
v 41 %

¢) flux density B. Some of the fixed parameters are summarized in

Table IV.

The core material selected is the nanocrystalline Vitroperm S00F
whose saturation flux density Bsqt is close to 1.1T and therefore
the absolute maximum operating flux density is set to B=0.9T.
However, smaller values are also used in the parametric sweep
to study its influence on the optimization figures. The isolation
material selected is the MICARES 720 [19], which has a dielectric
strength E;ns of 24kV/mm and the safety margin v is set to
41 %, thus the minimum isolation distance d,,,, ; as well as dins,0
are set to 10 mm. The maximum allowed temperature rise for the
HV winding is 60 °C.

The design optimization in this case consists of a free parameter
sweep where the maximums, minimums and step values can be seen
in Fig. 11. The result of the parametric sweep can be seen in the
efficiency - power density pareto front displayed in Fig. 12. Each
dot represents a design of the transformer and its color shows the
achieved HV winding peak temperature. The maximum achievable
power density is 146 kW /liter with an efficiency of 99.75 %
whereas the maximum reachable efficiency 99.79 % with a power
density of 78 kW /liter. It is worth to note that the temperature
of the HV winding is increasing directly with increasing power
density.

In Fig. 12 the pareto fronts of the same transformer concept but
considering a different core material (Vitrovac 6030F, cf Table II)
and higher isolation requirement (150 kVDC) are also plotted. This
additional pareto fronts show clearly the trade-offs that exist in the
selection of different materials and specifications in the transformer
design. The Vitrovac material features a lower saturation flux
density and also higher specific losses and consequently lower
efficiencies and power densities are achieved with this material.
On the other hand, higher isolation requirements are translated into
larger distances within the transformer and, as a consequence, the
maximum achievable power density is reduced.

Fig. 11 shows the dependence of the optimization fig-
ures, i.e. power density and efficiency, for each of the
free parameters. The power density and efficiency opti-

99.80 T T T T T

lS(ik/\L I Pareto Front

99.75 ) —
S
B | R L eI T T
5 99.70 —
2
E X \
m - _4

Vitrovac =" |
99.65 1 —
HV Winding AT [°C]
99.60 ] t | l '
2 80 100 120 140 160
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Figure 12: Transformer power density - efficiency pareto front for
the optimized design of the core-type transformer.
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Figure 11: Power density and efficiency in dependence of the different free parameters.

mums are found at [a, Npv,Crv, B]=[30mm,7,3,0.9T] and
la, Nov,Crv, B]=[55 mm, 5,2,0.6 T] respectively. From these
graphs, also a sensitivity analysis can be performed. For example,
the geometric parameter a is found to have much less influence in
the power density as the HV winding columns C'iy . In case of the
efficiency, its sensitivity is found to be larger with respect to the

LV turns Nrv than to the peak flux density B.

IV. CONCLUSIONS

A design methodology for MF transformers used in high-power
DC-DC converters is presented. As this transformers must be a real
replacement for today’s 50/60Hz transformers, the design procedure
gives special attention to the isolation reached by this transformer
and its influence over other design parameters. This isolation
requirement has an important impact over the design construction
complexity of the system and also over its power density.

The design procedure was applied on a core-type transformer
where the optimization figures were power density and efficiency.
In the associated pareto fronts, the trade-offs between these two
optimization figures where identified as well as the influence of
different material selection and specifications. With the presented
design procedure, the optimum free parameters are identified and
the sensitivity of these parameters with respect to the optimization
figures is easily analyzed.
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