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Abstract — Medium- and high-frequency transformers
(MFTs/HFTs) are a fundamental component in many isolated
power-converter topologies proposed for electric distribution
applications (e.g., solid-state power substations). Previous work
presented detailed transformer design methodologies and
addressed core loss limitations for different core materials and
operating frequencies. However, MFT/HFT designs become
significantly challenging for high power levels that are typical of
distribution systems (e.g., greater than 100 kVA). Furthermore,
few references include specific requirements in the design
methodology like desired leakage and/or magnetizing inductances
(which are normally specified for high-power applications). A
design methodology for MFTs/HFTs is presented in this paper that
accounts for tradeoffs like having a given leakage inductance for
maximum power transfer (e.g., in the case of dual-active bridges
(DABs)) or a given magnetizing inductance (to either attain a
certain power transfer or to limit the power semiconductor
currents). The design methodology is verified via finite-element
analysis (FEA) using ANSYS™ and an experimental prototype.

Keywords — Medium- and high-frequency transformer design,
Solid-state transformer, Finite element analysis

I. INTRODUCTION

Nowadays, several applications of power electronics in
electric power distribution systems are envisioned due to
advances in high-voltage power semiconductor technologies, in
particular, those enabled by wide bandgap power devices [1].
High-voltage  silicon-carbide ~ (SiC) MOSFETs  are
commercialized up to 1.7 kV with 3.3 kV and 6.5 kV devices to
be commercialized soon. These devices have lower switching
losses than silicon IGBTSs so they can be operated at much higher
switching frequencies leading to reductions of passive
component sizes. These applications of power electronics often
require stepping down or up a particular voltage level using a
transformer. Examples are (a) solid-state transformers based on
DABs requiring a certain value of the transformer leakage
inductance for maximum power transfer [2], and (b) flyback
converter topologies , or (¢) input-output continuous converter
topologies [3] where the transformer that store energy requires a
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given magnetizing inductance and ideally no leakage inductance
to avoid adverse effects [4].

New cores based on amorphous and nanocrystalline
materials enable size reductions of inductors and transformers in
the medium-frequency range due to their higher flux densities
when compared to ferrite cores. However, high-power
applications require stacking several cores of these materials
(due to the size limitations of commercial cores) or, if possible,
use large expensive custom cores to satisfy area-product
requirements. As a result, the design becomes more complex due
to several tradeoffs among the transformer specifications. With
the goal of simplifying the design, a methodology for high-
power MFTs/HFTs considering system specifications (e.g.,
desired leakage and/or magnetizing inductances) and constraints
(e.g., temperature rise, operating frequency, or volume) is
presented and verified via ANSYS™ finite-element analysis
(FEA) and experimental results.

The paper is organized as follows: Section II reviews
different core materials currently available for high-power
applications and illustrate a simple technique to estimate
temperature rise as a function of rated power, Section III
describes the proposed design methodology, Section IV
considers a case study and evaluates FEA results, Section V
presents a scaled-down prototype as a verification of the
proposed tradeoff strategies and Section VI provides the research
conclusions.

II. MATERIALS SUITABLE FOR HIGH-POWER MFTS/HFTS

Selecting the proper core material is a critical decision
leading to a successful MFTs/HFTs design. In the last decades,
intensive research has been done on a variety of different
magnetic materials (e.g., nanocrystalline, amorphous and ferrite)
in terms of cost, power loss, and size [5]. However, it is very
challenging and time consuming to choose the right material to
meet specific application’s requirements, especially at high-
power levels. For this reason, the following subsections will
provide an overview and comparison between these magnetics



materials (A), and describe a simple technique for selecting the
core material over a wide range of power ratings subject to a
specified temperature rise (B).

A. Core Material Review

Well-known materials for designing MFTs/HFTs are
nanocrystalline, amorphous and ferrite [5]. Table I shows a
general comparison between these materials [6]. At high-power
levels, nanocrystalline and amorphous are the two main
materials for designing MFTs (e.g., /= 20 kHz) due to their low
core losses (low eddy current losses), high saturation flux and
high permeability [6],[7]. The low prices and flux densities (0.3-
0.5 T) of the soft ferrite material make them only a suitable
choice for low-power HFTs applications [8].

B. Temperature Rise Considerations

It is initially desired for simplicity to design MFTs/HFTs for
high-power levels without a detailed design of the thermal
management system (e.g., forced convection, liquid cooling).
However, the temperature rises with different slopes for different
magnetic materials as the rated power increases. To have good
estimations about temperature changes as function of the rated
power, the following assumptions are made:

e Turns ratio N = 1 (minimum area product, worst-case
scenario).

e Desired temperature rise 47 = 50 °C.
e Operation frequency /=20 kHz.

e Power losses (in cores and windings) are a percentage of
the maximum output power which is based on evaluating
multiple design results for different power levels and the
considered core material. The assumed values were 0.28
% for nanocrystalline and 0.54 % for amorphous.

The optimal flux density B, is given by [9] as:
2 L
B = (hckaAT)S (Kvksfk”f)é' (1)

opt

7

YA (pk ke (kK. f*)2 NZ!

The minimum area product 4, is then calculated as follows [9]:
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TABLE I. CORE MATERIAL COMPARISON [6]

Material Pros Cons
High By, (1.2 T)
Nanocrystalline Low losses @ high High cost
power
High permeability
High By, (1.55T) Medium losses and
Amorphous High permeability large sizes @ high
Reasonable cost power levels
Low losses and Low  pi el Ul
Ferrite cost @ low-power levels y

and large sizes @ high
power levels

TABLE II. CONSTANT VALUES OF OPTIMAL FLUX AND AREA PRODUCT

Variable Value Variable Value
coefficient of heat 10 Dimensionless 40
transfer h (10w /m?) quantity k,

Initial wire resistivity 1.78%10 Dlmepsmnless 10
P (2% m) quantity k,,
Window utilization 04 Dimensionless 56
factor k,, ’ quantity k. '
Waveform factor Core stacking factor

4 0.95
square wave K, ks
K, = Jhki puks 48%10° Expected temperature 50

AT(°C)

where the values of the constants are shown in Table II [9].

The temperature rise 47 (°C) as function of the area product
A, with assumed total power losses Piosses 1S estimated by [10] as:

0.826

P
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where K; = 39.2 is a constant used to calculate the surface area
for C cores [10]. The material specifications and properties
obtained from manufacturer datasheets are shown in Table III.

A MATLAB® code was generated to evaluate the above
equations and approximate the temperature rise at different
power levels. Fig. 1 shows that the nanocrystalline material has
a lower AT compared to the amorphous material, making it a
better choice for designing a 120 kVA and 20 kHz MFT [11].

In general, the core and winding losses increase due to the
increase of the area product as the rated power increases.
Furthermore, the amorphous material results in a low B, so the
area product is large requiring a large number of turns due to its
large cross sectional area. In addition, the core losses will be
large due to the resulting product of [(Prs/m®)*volume). As a
result, the numerator in (3) is relatively larger than the
denominator, which makes the temperature rise higher than that
for the nanocrystalline material. The main drawback of the latter
is its relatively high price. Efficiency and cost are important
tradeoffs between these two materials.

King Magnetics® provides C cores which are made from
nanocrystalline ribbon materials that have a high saturation flux
density B,., low magnetostriction, low noise and relative
magnetic permeability u. higher than 30,000 H/m [12]. The
largest commercial core is 85x106x171 mm, weights 6,600
grams and has an area products of 4193.3 cm*. This core can be
used to design a 64 kW (max) MFTs assuming A7 = 50 °C. For
a design with a higher rated power, designer should consider

TABLE III. MATERIAL COEFFICIENTS [10]

Parameters Nanocrystalline Amorphous
Ke 2.3 wm? 1.3617 w/m’
a 1.32 1.51
B 2.12 1.74
Bsa 12T 1.56 T
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Fig.1. Estimated temperature rise AT as a function of rated power using
nanocrystalline (blue) and amorphous (red) core materials.

stacking cores in parallel to increase the area product if the
window area is enough to fit the need number of turns.

III. DESIGN METHODOLOGY FOR HIGH-POWER
MFTSs/HFTS

A. Magnetizing and Leakage Inductance Requirements

Obtaining the specified magnetizing inductance [’ and
leakage inductance [, when designing MFTs/HFTs is very
challenging at high-power levels. The main goal is to keep [ at
the value constrained by:

. Vims )

YT (1,..C, )
while maintaining the flux density close to its optimal value. The
new variable Crintroduced in (4) has a range between 0 and 1
(i.e., 0 < Cr< 1), where its value depends on the type of isolated
power converter. Lower values of Crresult in a significantly

larger 17 value, which is necessary to avoid a high magnetizing

current as in the case of DAB converters where Cris at least 0.25
(which means that the magnetizing current /,, should be less than
25 % of the primary current /, [2]). However, a certain leakage
inductance [, is required for DAB-based MFTs/HFTs to

maximize the transferred power [2]; i.e.:
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where ¢ is the phase-shift between primary and secondary
transformer voltage waveforms, V), is the primary voltage, d is
the duty cycle of the voltage waveforms, and P, is the output
power. The L,, and L, inductances depend on the core physical
dimensions and winding arrangements around the core [9], [10];
specifically:
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Where Sr is the number of cores needed to achieve the required
area product 4,; u, and u, are the air and material permeabilities;
I is the mean length of the magnetic path; C is the window length
of the core; MLT is the mean length of the turns; N is the number
of turns [9]; I is the air-gap length; N, is the portion of the
dimension C covered by the windings; di, is the distance
between primary and secondary windings and d, is the diameter
of the Litz wire as shown in Fig. 2.

However, the core and winding geometries in the case of
DAB-based converters should be a tradeoff in favor of achieving
the required magnetizing inductance since the leakage
inductance can be increased by adding an external inductor. The
number of turns is determined by [10]:
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where k, is the waveform factor.

In the case of topologies like flyback converters, Cris 1.0,
which implies that the magnetizing current /,, is equal to the
primary current /,. As a result, the magnetizing inductance L,, in
this case is much smaller than for the DAB case. From (6), L
can be reduced to the desired value by introducing an air-gap of
length /, according to:

1 =N, e L ©)
BO ﬂr

Equation (9) considers the case of a shell-type transformer
implemented by using two C-cores [13]. However, the value of
the leakage inductance should be minimal to avoid undesired
voltage spikes across the converter’s power devices.

B. MFTs/HFT Design Steps

The general objective of the transformer design is to
maximize efficiency while minimizing transformer weight or
volume subject to the specified temperature rise and inductances.
Thus, the MFTs/HFTs design largely follows the procedure
illustrated in Fig. 3.

The suggested main steps for designing MFTs/HFTs are the
following:

e Step I: Design parameters are specified based on the
application’s requirements that take into account the
desired magnetizing inductance [ using (4) by

selecting the proper value of Cy.

Insulation Bobbin LITZ wires a@' T
TR [
4 N
c
Hyy

- » - dr |
A B | i
Wit

Fig. 2. Main physical parameters of a MFT/HFT.
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Step 1. System and Topology Specifications
S, Vp Vo, .10, AT, 0", D, Cs, L', d}"

Step 2. Core Material Properties
B K 0, B

E 5

Step 3. Optimal Flux Density

B opt

Step 4. Core Dimensions

Ay A W, 1,

Step 5. Winding Arrangement and Dimensions of
Jon Np. Ni, Asep, Ars, di

Step 6. Air Gap Calculation
g
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L:>L:" | Step 7.Desired and Actual Magnetizing Ind.
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Step 8. Leakage Inductance Evaluation L=L'
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Step 9. FEA Analysis yes
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Step 10. Volume Calculations
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n>n Step 11. Core and Winding Losses
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Step 12. Temp. Rise and Isolation Level di>d;
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Fig. 3. MFTs/HFTs design flow chart.

Step 2: The saturation flux density By, and the Steinmetz
coefficients k, @ and [ are obtained from the
manufacturer datasheet of the selected core material.

Step 3: The optimal flux density B, is calculated using
(1) that considers that minimum loss point (i.e., copper
and core losses are equal).

Step 4: The minimum area product A; is calculated using

(2) and selecting a core whose area product 4, > A; .

Step 5: Winding arrangements and dimensions are made
based on the application specifications as explained in the
above subsection (A).

Step 6: Air-gap length [, is calculated using (9) to meet
the desired [ that was obtained in (4).

Step 7: Magnetizing inductance evaluation based on the
structure of the cores and winding coil dimensions around
the central core. The actual L,, can be calculated using (6),
and then compared to the desired L; 4).

Step 8: Leakage inductance evaluation based on the
structure of the cores and the distance between primary
and secondary coils, the actual L can be calculated using

(7), and then compared to the desired 7, . The windings

should be as close as possible to each other to minimize
the leakage inductance in case of flyback converters. For
that reason, the secondary windings are wound around
the primary windings with the minimum distance
constrained by the required isolation distance.

Step 9: Finite-Element Analysis (FEA) is performed for
design verification of the previous steps. The flux density
distribution B through the cores is visualized using
ANSYS™ gsimulations as it can be seen in the following
section. If the cores experience high magnetic fields B,
the core dimensions and the air-gap length should be
modified (increased) based on (9) to reduce the flux fields
towards its optimal level.

Step 10: Volume calculation is very important,
particularly, for applications characterized by space
limitations. If the volume specification is not fulfilled, a
new optimization design iteration can be considered by
selecting a different operating flux density in terms of the
optimal volume in Step 3. However, there is a tradeoff
between efficiency and power density.

Step 11: Core and winding losses are the two main
transformer losses. There are many approaches to
calculate power core losses (i.e., separation of losses,
Preisach model and Jiles-Atherton model based on the
hysteresis model). The core loss calculation here is based
on the Improved Generalised Steinmetz Equation (IGSE)
due to the square waveform excitation [ 14].

Step 12: The resulting temperature rise A7 is calculated
using (3) to ensure that the specified limit (in Step 1) is
not exceeded. In addition, the required isolation level is
evaluated by calculating the distance between conductors
diso per the procedure given in [15]:

T (10)
" kim EinS

where Vi, is the isolation voltage level and it should
comply with ANSI/IEEE C57.12.01, ki is the safety
margin specified by the designer based on the application
criteria and Ej is the dielectric strength for the material
isolating the primary voltage from the secondary voltage.
If the requirements are not fulfilled, a new iteration is
initiated considering two options: changing the core
dimensions in Step 4, or winding arrangement in Step 5.

IV. HIGH-POWER CASE STUDY DESIGN RESULTS

Table IV presents the specifications and requirements of the
case study for designing a MFT where energy storage is required
(120 kVA, 20 kHz, 1020 Vs, N,/Ns; = 1). Based on the given

TABLE IV. SPECIFICATIONS AND RESULTS FOR MFT/HFT

Specified Parameters Required Calculated
Magnetizing Inductance L,, <68 uH 30 uH
Leakage Inductance L;, (uH) Small as possible 1.11
Efficiency 1 (%) >99 99.7
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Fig. 4. ANSYS™ flux density values inside the cores.

specifications and requirements, the optimal flux density B,y
was calculated as 0.147 T, being a good compromise between
efficiency and volume. Fig. 2 illustrated the main physical
dimensions of the selected shell-type transformer to achieve the
required magnetizing inductance and a low leakage inductance.
In case of a topology like the flyback converter, the isolation
distance dj, determines the minimum distance between windings
in order to meet the leakage inductance requirement. The flux
density distribution inside the cores is shown in Fig. 4 where the
flux densities B are within the material allowable limits. The
sharp edges of the core are the regions where the higher magnetic
fields are located, while most of the core structure experience
density fields between (0.161 T green) and (0.096 T blue) which
is a perfect range for the calculated optimal flux. The
temperature rise of the designed MFT was calculated as low as
48 °C due to nanocrystalline material which has low losses at the
operation frequency of 20 kHz. As the power level increases,
challenges arise in terms of obtaining the required [’ and [,

inductances. Substantial power losses in the cores and windings
may require complex cooling systems [16] which compromise
the transformer size and weight. Also, the required voltage
isolation level increases with increased power levels.

V. HFT SCALE-DOWN PROTOTYPE AND RESULTS

A scale-down prototype of a HFT based on a flyback
converter topology was built for verification of the proposed
design methodology. The main specification parameters of the
1020-W high-frequency transformer are given in Table V.
Leakage inductance has to be as small as possible to avoid
unwanted voltage spikes across the terminal of the transformer
and converter’s switches. Meanwhile, the magnetizing
inductance values satisfies (4) to guarantee power transfer from
primary to secondary side at rated voltage and current. However,

TABLE V. SPECIFIED PARAMETERS OF THE HFT PROTOTYPE

Parameters Values
Rated Power 1020 W
Primary DC Voltage 120 Vpc
Primary RMS Current 8.5 Arms
Turns Ratio 1:1
Switching Frequency 100 kHz

TABLE VI. PHYSICAL PARAMETERS FOR THE HFT PROTOTYPE

Mean path

A 10 mm F 53 mm length 12.8 cm
B 11 mm dr 1.25 mm Eff. cross area 1.56 cm?
C  33mm dy 2.07 mm Weight 146 g
D 20mm dj, 0.0762mm  Number of turns 8

E 3lmm dg  11.25lmm Area product 7.26 cm*

having a slightly larger magnetizing (L, > [ ) is accepted as a

tradeoffs to keep leakage inductance as small as possible. The
main physical parameters of the cores been used for this
prototype (Fig. 2) are shown in Table VI. The calculated value
for the magnetizing inductance with an air-gab of /, = 0.87 mm
was obtained from (6) as L,, = 38.1 uH which is very close to the
measured prototype value L.,, = 40.5 pH measured by the 4192 A
LF impedance analyzer which means an error of less than 6.5 %.
The calculated value for the leakage inductance was calculated
from (7) as Ly = 1.19 pH where the experimental value is Ljexy =
1.04 pH. The error between these two values was calculated as
14.4 % assuming that there is no space between turns which
makes N at its minimum value. The built high frequency
transformer prototype is shown in Fig. 5.

The primary-to-secondary stray capacitance between the
windings must be very small to avoid undesired interactions
between primary and secondary windings. For that reason, a
copper shield was inserted between the two windings to reduce
the total capacitance. Measurements were performed over a wide
range of frequencies to make sure the transformer parameters are
constant. Fig. 6 shows (a) the magnetizing inductance L, (b) the
leakage inductance L, and (c) the stray primary-to-secondary
windings capacitance C, as a function of frequency. From 50
kHz to 150 kHz, the passive components (L, Ly and Cp) have
low changes as (10 %, 0.9 % and 0.4 %) respectfully.

After verifying that the values of the magnetic components
are close to the designed values calculated from the design

Primary Terminals

P Secondary Terminals

" LITZ Wire

Fig. 5. Prototype of 1020 kW, 120 V,,, and 100 kHz high frequincy
transformer.
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Fig. 6. (a) Magnetizing inductance L,, (b) leakage inductance L; and (c)
primary-to-secondary stray capacitance C,, as function of the frequency.

equations, a flyback converter capable of switching at 100 kHz
with an input voltage of 120 Vpc and a peak current of 15 A was
constructed as shown in Fig. 7. Table V provides the main
specifications of the built HFT and Table VI its main
dimensions. Fig. 8 shows the transformer primary and secondary
currents at rated conditions of delivering 450 W to a 35 Q
resistive load.

Oscilloscope Auxiliary Power Supply

Flyback
Transformer

/

Flyback Converter Resistive Load

Fig. 7. Flyback converter experimental setup .
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Fig. 8. Primary /, and secondary /; flyback transformer currents when the
input voltage V;, is 120 V.
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The selected operating condition for the flyback converter
was the boundary conduction mode (BCM) due to its improved
performance in comparison with the continuous and
discontinuous modes of operation [17]. Because of the BCM
operation with a duty cycle of 50 %, the voltage conversion ratio
is 1, so the output voltage is the same as the input voltage as
shown in Fig. 9. The drain to source voltage of the SiC MOSFET
is also shown in Fig. 9 where it is seen that the voltage spikes
across the transistor are due to the presence of the leakage
inductance L. Those voltage spikes can be reduced to a desire
lower level at the expense of reducing the efficiency of the
converter [18]. For this particular case, the voltage spikes were
limited to 450 V using a snubber based on passive components
since the rated voltage of the implemented devices was 1200 V.

VL

Designing MFTs/HFTs for high power levels is challenging
due to system specifications and constraints (e.g., magnetizing
and leakage inductances, voltage insulation level, temperature
rise, efficiency) which drive the design in opposite directions so
the designer must make several tradeoffs. A new simple
technique to compare different core materials in terms of
temperature rise was presented followed by a designed
methodology that considers inductance specifications by
specifying the value of the new variable Cr. The feasibility of the
proposed ideas were verified through ANSYS™ simulations and
a scaled-down prototype. The experimental results agreed fairly
well with the theoretical calculations and simulations.

CONCLUSIONS
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