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Abstract: The development of Medium Frequency Transformers (MFTs) from a novel perspective
is essential for the advancement of today’s various relevant applications such as the emerging
solid-state transformers, along with interfaces for the interconnection of photovoltaic parks and
electric vehicles. The analysis, design and implementation of MFTs pursuing the achievement of
characteristics such as high power density, high efficiency, and a specific dispersion inductance is a
key goal for designers. There are several parameters and design methods that influence the final
performance of an MFT, such as the geometry and material of the core. The advantages/disadvantages
of each material/geometry combination, about the dispersion inductance for instance, are not well
known, even considering a single material but various geometries. This paper presents the analysis,
design and experimental development of three nanocrystalline-core MFTs, each one with a different
core geometry (toroidal, type CC and shell-type). The purpose of this work is to evaluate and
compare the most favourable characteristics and performance of each type of geometry, tested at
5 kHz and 1.75 kVA. The cases studied, in simulation and experimentation with scaled prototypes,
focus on evaluating the power density, the core losses, the winding losses, the geometric dimensions,
and the dispersion inductance obtained in each MFT, as well as its performances operating with
sinusoidal and square waveforms. The results show that: 1) the toroid core has higher efficiency;
2) the shell core has the lowest dispersion inductance and is easier to build, and 3) the CC type has
the highest dispersion inductance. This new information is a step to further understand how to get
more controllable, more efficient MFTS, with a higher power density and lower cost, depending on
the intended application of cutting-edge DC-DC DAB-type converters.

Keywords: DC-DC converters; medium frequency transformer; nanocrystalline core; solid-state
transformer

1. Introduction

Medium Frequency Transformers (MFTs), associated with DC-DC converters, require the highest
possible power density, high efficiency, and a specific dispersion inductance at the lowest cost.
Regarding this inductance, a precise knowledge of the value of this parameter is critical to set the
power control range of a DC-DC DAB-type converter. To properly operate, this converter requires a
minimum value of dispersion inductance at its input port. The dispersion inductance of the MFT is
part of this minimum inductance. The other part is provided by an inductor external to the MFT.
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In recent years, MFTs have gained more attention [1-4], mainly because of their use in DC-DC
DAB-type converters [5-8]. On the other hand, in power electronics applications, there have been
advances in using a new type of semiconductor materials for the devices. These materials include
Gallium Nitride (GaN), Silicon Carbide (SiC) and Gallium Oxide. These materials are expected to
play an essential role in power electronics devices due to their intrinsic characteristics such as a much
higher breakdown voltage and conversion efficiency [9-12]. MFTs in electronic converters are used
as interfaces for the interconnection of medium-scale renewable power sources [13] to electric grids,
solid-state transformers [14] and electric vehicles [15].

The MFT has been studied from various points of view: (1) noise performance, considering
analysis and tests of vibrations and audible noise with toroidal cores and type CC [16]; (2) electric field
study, which highlights that by using litz wire in the secondary winding, compared with foil conductor,
a smaller maximum electric field intensity can be achieved [17]; (3) analysis of core manufacturing
of MFTs carried out by different companies [18]. In this case, about 15 samples of each core, with
similar characteristics, are taken, and the accuracy of the measurements, including losses in the core,
are verified with physical prototypes; (4) loss calculation [19] by means of a new empirical calculation
method based on the Steinmetz equation. Regarding design procedures, currently there are various
methodologies for designing MFTs [1-4,20]. Each methodology proposes the use of a different geometry,
opting between toroidal [1,20], shell type [2,4], or CC type [3], and different materials at specific range
of frequencies; for example, silicon steel at 600 Hz and 1 kHz [3,21], nanocrystalline alloys at 1 and
5 kHz [20,22], and ferrites at 20 kHz [2]. The purpose of each design methodology is to achieve a
high efficiency, and high power density at a low construction cost. However, among the most recent
publications there are few papers presenting experimental validations with physical MFTs along with
comparing the characteristics and performances obtained with each core geometry.

The need to get the minimum value of the dispersion inductance with a smaller inductor external
to the MFT, for attaining full control of DC-DC DAB-type converters [4], has advanced the development
of MFTs with different geometries in the interest of better understanding the dispersion inductance
obtained with each geometry, as well as the MFT efficiency, power density, core losses and winding
losses achieved. The new knowledge thus attained can facilitate the selection of the best-performing
geometry in MFT cores for a given operating condition. To date, it is not known which geometry
results in better features in MFTs applied to DC-DC DAB-type converters connected to modern
distribution grids.

MFTs with a toroidal core have a relatively low dispersion inductance. This implies that less
dispersed flows tend to have a higher efficiency [1,20]. Research on CC-type core [3] and shell-type
core [2,4] report high efficiency but give little information on the dispersion inductance. Regarding
toroidal cores, currently there is a wide variety of sizes on the market, in contrast to the CC-
and shell-type.

This research work aims to compare three core geometries (toroidal, CC- and shell-type) for
designing and implementing MFTs, each one with a single type of geometry. This comparison is
carried out with simulations and is verified experimentally using physical prototypes tested at the
same operation conditions. All cores are of nanocrystalline alloy. As results, the advantages and
disadvantages of each core geometry, highlighting the value of the dispersion inductance, are presented.

Contribution of this work: This work is a novel proposal that presents cutting-edge information
about the comparison of physical prototypes of three MFT cores of different geometries (toroidal, type
CC and shell-type) all operated at the same frequency and power. From the authors” perspective, the
fresh information brought by the results of this comparative study, which highlights the advantages
and disadvantages of each geometry, can improve the design of MFTs with respect to the increase in
power density and efficiency.

This paper is organized as follows: Section 2 presents the methodology used for the design of
the MFTs presented in this document. Section 3 presents the geometries used in the core of MFTs,
comparing their physical dimensions and the parameters obtained from the design. Section 4 presents
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results of core losses, winding losses, design efficiencies, winding costs, core costs and total transformer
cost. Section 5 presents the simulation results of MFTs submitted with sinusoidal and square signals
(DAB provides these). Section 6 presents the results of an experimental test with prototypes of
MFTs using sinusoidal waves. Finally, Section 7 presents a discussion of the results and Section 8
the conclusions.

2. Design of MFTs

The methodology used for the design of the three MFTs with a nanocrystalline core is presented
in [20] and shown in Figure 1. The selection of nanocrystalline material is due to its favourable
characteristics for medium frequency operation [23,24], including a high efficiency and high-power
density, compared to silicon steel [3], ferrites [2] and amorphous materials [1].
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( Uin, Uout, lout, f, J, n, kf, ku, Pout )
[

v
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Figure 1. Medium Frequency Transformers (MFT) design procedure.
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In step 1 of the MFT design procedure, the initial values are selected: these are output power
(Pout), output current (Io), input voltage (Uy,), output voltage (Uy), turns ratio (n), frequency (f),
current density (J), waveform coefficient (ks), and window utilization factor (k). In step 2, the core
material is selected for the frequency of interest—in this case, nanocrystalline alloys. In step 3, the
physical dimensions of the core are selected—in this case, for the three types of cores of interest, the
window area (W,), the effective cross-section of the core (A¢), and the product area (A). Si By < Biax
(1.2 T, for nanocrystalline case), follow step 4. Otherwise, increase A, (Ap = W, * Ac) and repeat from
step 2. In step 4, the primary winding turns (N,), the secondary winding turns (Ns), the input current
(Iin), the primary wire area (Ayy), the secondary wire area (Ays), the insulation dielectric rigidity
(Eins), the minimum distance between conductors (d;,;), the required insulation voltage (U;,;), and
the safety margin (v) are all calculated. In step 5, the magnetization inductance (L), the dispersion
inductance (L;), the primary windings resistance (Ry), the secondary windings resistance (R;), the
primary windings losses (Py), the secondary winding losses (Ps), the copper losses (Py), the core losses
(Pre), total losses (Pyt) are calculated. Finally, in step 6, the temperature (T;) is calculated. If T, < 80 °C
and the calculation of efficiency is greater than 98%, then the final values of the design are obtained,
such as core dimension, winding characteristics and insulation dimensions, where the insulation
dimensions Djg, are the distance between the primary and secondary winding, D;,,s7 is the minimum
insulation distance between primary conductors and D;,,¢; is the minimum insulation distance between
the secondary conductors.

3. Core Geometry for MFTs

The geometry of the core of an MFT has a significant impact on defining the value of the dispersed
flow value, efficiency and power density and is essential in the value of the dispersion inductance, L;.
This value is of great interest to designers of DC-DC DAB-type converters due to its role in determining
the control range of the output power of the converter. In order to achieve the control, this converter
requires a minimum value of inductance to establish a phase shift, 1, between Uj, and Uy, as shown
in Figure 2. Commonly, the value of the dispersion inductance of an MFT is below that minimum value,
therefore an inductor external to the MFT is needed. The lower L; the higher the external inductance.
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Figure 2. MFT voltages and phase shift (\)) between U;,, and Upyt.
The value of the minimum dispersion inductance, L,, needed to achieve 1 is given by
Equation (1) [4]

L= Upc1Upc2Pmin (10 = Yinin)
7 2Py fin
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where Upc; and Upc; are the input voltage and output voltage of the DC-DC converter, ¢,,;;, is the
minimum phase shift between Uj, and Uy, Pout is the output power, fs the operating frequency, and n
is the transformed ratio.

The designs published in the current literature focus only on MFTs, but not on the combined
operation of an MFT and the DC-DC converter [7,20]. In some designs, the input and output
voltage signals present only a minimum shift [4,20], different to the shift shown in Figure 2. This
represents a shorter control range of the output power of DC-DC DAB-type converters. The research
on core geometries is carried out in order to identify the geometry with the best efficiency/power
density/dispersion inductance relationship. With a better relationship, improved DC-DC converters,
which are more efficient, with a higher power density and higher control range can be obtained.

The dimensions of the three cores, one toroidal (MFT1), one type CC (MFT2), and one shell type
(MFT3), one for each MFT, are shown in Figure 3.
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Figure 3. Core dimensions, (a) MFT1: Toroidal, (b) MFT2: CC Type, (c¢) MFT3: Shell Type.

Table 1 presents the volume (V) and the weight (W) of each core. Table 2 presents the design
results of each MFT.

Table 1. Volume and core weight of each MFT.

Variable MFT1 MFT2 MFT3

Ve 53.2 cm3 86.26 cm3 172.53 cm?

Wre 161 grams 378 grams 756 grams
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Table 2. Design parameters of the three MFTs.

6 of 17

Variable MFT1 MFT2 MFT3
Pout 1750 VA 1750 VA 1750 VA
f 5kHz 5kHz 5kHz
Uin 280V 280V 280V
Uoput 670V 670 V 670V
Tout 2.61 A 2.61 A 2.61 A
Number of phases 1- phase 1- phase 1- phase
Core material Nanocrystalline Nanocrystalline Nanocrystalline
(Vitroperm500F) (Vitroperm500F) (Vitroperm500F)
Core type Toroidal Type CC Shell-type
Np 96 42 23
Ns 233 101 56
Primary winding calibre 14 AWG 14 AWG 14 AWG
Secondary winding 18 AWG 18 AWG 18 AWG
calibre
L4 37.9 uH 195.1 uH 6.1 uH
Bac 09T 09T 09T

According to Table 1, the MFT1 has the smallest volume, and the MFT3 has the largest. Also,
Table 2 shows that the MFT3 has a lower number of turns and the MFT1 has the highest.

4. Losses in Winding and Core

In MFT designs, it is always of interest to achieve high efficiency while keeping losses low. Core
losses are associated with the type of core material, the material permeability, and the flow density,
all defined in the MFT design. The losses in the medium frequency range have been reduced using
nanocrystals and amorphous materials [4,20,23]. In this work, the three cores are nanocrystalline.

This section presents the losses of the winding and the core calculated for each of the three MFTs
using the method described in [20]. Figure 4 shows the losses in the winding and Figure 5 the losses in
the core of the three MFTs.

According to Figure 4, MFT1 had the most significant losses in the winding, with 15.8% and 53%
higher than MFT2 and MFT3, respectively. Figure 5 shows the losses in the core. These are 27% and
96.3% higher in MFT2 and MFT3 than in MFT1, respectively.

The MFT1 has lower total losses due to the type of the core geometry and its lower dispersed flow.
The latter means a greater confinement of the magnetic flux in the core. MFTs with CC-type core and
shell-type have higher losses than MFT1. This is partly explained by the gap and increased dispersed
flow due to the two-part structure of the cores, which results in higher losses [16].

Winding losses (Pcu)

Losses in Watts
o = N w H (9] (o)) ~ o]

MFT1 MFT2 MFT3

Figure 4. Losses of windings of the three MFTs.
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Figure 5. Losses in the core of the three MFTs.

Table 3 shows the values of core losses and losses in the winding of the three MFTs. Table 4 shows
the efficiency of these MFTs.

Table 3. Losses in winding (Pcu), core losses (Pf,) and total losses (Pyo) of the MFTs.

Variable MFT1 MFT2 MFT3
Pey 6.71W 565W 3.15W
Py, 204 W 55.6 W 40.60 W
Piot 875W 61.25W 43.75W

Table 4. MFTs efficiencies.

MFT1 MFT2 MFT3
Efficiency 99.5% 96.5% 97.5%

The validation of the results of Tables 3 and 4 are presented in Section 6, using the results obtained
from three experimental prototypes. The essential cost of the three MFTs is presented in Table 5.

Table 5. Winding cost (C¢), core cost (Cfg) and total cost (Ctt) of MFTs.

Variable MFT1 MFT2 MFT3
Cey 5.13 USD 2.36 USD 1.02 USD
Cfe 84.14 USD 247.95 USD 495.9 USD
Crot 89.27 USD 250.31 USD 496.92 USD

According to Table 5, the core of the MFT1 has the lowest total cost even when its winding cost is
higher, due to the low cost of its core. The core cost of the MFT2 is lower than that of the MFT3, but the
winding cost is higher because the MFT?3 is built with two CC cores and the MFT2 is built with only
one CC core. The MFT3 is a higher cost transformer, mainly due to the core of the MFT.

5. Simulations

The behaviours of the three MFTs are simulated at the same input power, frequency (using
sinusoidal signal) and load conditions. In addition, with the purpose of analysing the behaviour of the
MFT under square signals, the transformer is connected to a DAB. Figure 6 shows the MFT testing
system for sinusoidal waveforms, and Figure 7 shows the testing system for square waveforms.
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Figure 6. MFT testing system for sinusoidal waveforms.
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Figure 7. MFT testing system for square waveforms.

Table 6 shows the parameters of the three MFTs used in simulations. Notice that MFT2 has the

highest dispersion inductance, L;;. Therefore, it has the highest output power control range. It should
be mentioned that a lower L;; lowers .

Table 6. Parameters of the model of the MFTs for simulation.

Variable MFT1 MFT2 MFT3
Pout 1750 VA 1750 VA 1750 VA
f 5kHz 5kHz 5kHz
Uin 280V 280V 280V

Uout 670V 670V 670 V
Ry 91.1 mQ) 62 mQ) 38.5 mQ)
Ry 681.2 mQ) 428 mQ) 236.2 mQ)
L1 37.9 uH 195.1 uH 6.1 uH
Lap 206.4 uH 1.14 mH 96 uH
Rm 5731.55 Q) 13,499.29 ) 5264.3 Q)
Lm 1.60 H 131.16 mH 100.48 mH

Figures 8 and 9 show the input and output voltages and currents of the three MFTs fed with
sinusoidal and square signals, respectively. Tables 7 and 8 present the voltage and current values, as
well as the efficiency of each MFT fed with sinusoidal and square signals, respectively.
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Figure 8. Input and output voltages and currents of MFTs in sine wave simulation, (a) MFT1, (b) MFT2,
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Table 7. Simulation results with sine waves.

Variable MFT1 MFT2 MFT3
U, 280 V 280 V 280V
Uout 665.84 V 642.99 V 668.79 V
I 6.26 A 6.03 A 6.29 A
Tout 26A 253 A 2.58 A

Efficiency 98.76% 96.35% 97.97%

Table 8. Simulation results with square waves.

Variable MFT1 MFT2 MFT3
Ui, 279.7V 279.6 V 279.6 V
Uoput 668 V 666.6 V 668.4V
I; 6.416 A 7.016 A 6.02 A
Tout 2.658 A 2.883 A 247 A

Efficiency 98.94% 97.96% 98.08%

As shown in Table 7, MFT1 has 2.41% and 0.79% higher efficiency than MFT2 and MFTS3,
respectively.

According to Table 8, the MFT1 has 0.18% higher efficiency with square waveforms than with
sinusoidal, while the MFT?2 is more efficient at 1.61% and the MFT3 is 0.11%. In Section 5, these results
are validated using MFT prototypes. On the other hand, these results corroborate what is presented
in [25], where it was found that MFTs tend towards lower losses in the core with square waves than
with sine waves. For this reason, and because of the availability of laboratory equipment, Section 5
corroborates these results using MFT prototypes with a sine wave and knowing that, with square
waves, greater efficiencies would be obtained [25].

6. Experimental Prototype

The laboratory prototypes of the three MFTs are presented in Figure 10. Each prototype is tested
in the laboratory with sinusoidal signals with an AC POWER SOURCE/ANALYSER AGILENT 6834b,
at identical load conditions, 256.5 (), and frequency of 5 kHz.

(a)

Figure 10. Cont.
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glelanil it EEOVRATIITEN

(b)

(c)
Figure 10. MFTs prototype, (a) MFT1, (b) MFT2, (c) MFT3.

Figure 11 presents the experimental laboratory platform used to obtain the experimental results
with three prototypes of MFTs.

Figure 11. Experimental platform for MFT prototype with voltage source at 280 V input, 5 kHz and a
load of 256.5 (3, with the MFT1 as an example.

Figure 12 presents the block diagram of the experimental setup of Figure 11.
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] [

AC | [ MFT |
Variable Uin | | Uout
— Source | | Load
280V lin lout
5 kHz L 1
PC Oscilloscope
Controler (Uin, Uout, lin, lout)

Figure 12. Block diagram of the experimental setup.

Figures 13-15 show the input and output voltages and currents of the experimental prototypes
MFT1, MFT2, and MFT3, respectively.

Tek Allks @ Stop M Paos: 0,000s MEDIDAS

CH1 S00Y CH2 10.0& k100 us CH2 7 —41dm#
CH3 5004 CHA 5.004 2-5ep-13 1305 =10Hz

Figure 13. U;, (CH1), I;;, (CH2), Uy (CH3), and Ioy: (CH4) of the MFT1 lab prototype.
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Figure 14. U;, (CH1), I;;, (CH2), U,y (CH3), and Ip,; (CH4) of the MFT2 lab prototype.
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Figure 15. U;, (CH1), I;;, (CH2), Uous (CH3), and Ioy: (CH4) of the MFT3 lab prototype.

The input and output voltage and current values, as well as the efficiency of the three MFTs, are
presented in Table 9.

Table 9. Experimental results.

Variable MFT1 MFT2 MFT3
Ui, 280V 281V 280V
Uyt 654V 671V 676 V
Ly 6.19 A 734 A 6.72 A
Tout 2.61 A 295 A 2.70 A

Efficiency 98.5% 96% 97%

According to Table 9, the MFT1 has the highest efficiency, resulting in the most attractive core
option for use in MFTs. In contrast, due to the structure of cut cores or two-part cores, the MFT2 and
MFT3 have a lower efficiency. The cut cores have the convenience of a relatively straightforward
implementation but have very thin air gaps, which contribute to increasing the dispersed flow of the
transformer and, therefore, to the increase in total loss [16].

7. Discussion

Table 10 presents the most recent research on MFTs with toroidal core, CC core and shell core
operating at a medium frequency range.

Table 10. Recent MFTs designed with different geometries.

Core Material Power Frequency Power density Efficiency
Toroidal [20] Nanocrystalline 1 kVA 5kHz 15.01 kW/1 99.41%
Toroidal [22] Nanocrystalline 1 kVA 1 kHz 2.51 kW/1 99.11%
Type CC [21] Silicon steel 0.8 kVA 0.6 kHz 1.29 kW/1 99.00%
Type CC [3] Silicon steel 35 kVA 1kHz 2.96 kW/1 99.40%
Shell-type [4]  Ferrite/Nanocryst. 50 kVA 5kHz 11.5 kW/l 99.48%
Shell-type [2] Ferrite 10 kVA 20 kHz 9.25 kW/1 99.22%

Each proposal in Table 10 includes an experimental prototype. In [20] and [22], an MFT with the
toroidal core is presented, tested at 5 and 1 kHz, respectively. Both MFTs have an efficiency above 99%,
at 1 kVA but the difference between them is the power density, which was 83.3% higher in the MFT at
5 kHz. This difference is because the higher the frequency, the higher the power density.
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In [21] and [3], CC cores are used. Although this type of core has a very thin air gap, there is an
increase in dispersed flow and, finally, an increase in losses, thus reducing efficiency. The difference
between this core and the toroidal is presented in Section 6.

Using other type of core, in [4] and [2] shell cores are used, at 5 and 20 kHz with powers at 50 and
10 kVA, respectively. The MFT in this case has an efficiency of 97% at 1.75 kVA and 5 kHz. On the
other hand, the dispersion inductance is lower than in other MFTs. This is due to the core structure,
which concentrates most of the magnetic flux in the transformer core.

The magnitude of the dispersion inductance is key to defining the power output control of DC-DC
converters with DAB. This is because these converters require a minimum dispersion inductance to
establish the amplitude of the control range of the output power [4].

The analysis and results presented in this research work provide useful information for the
selection of the most suitable core geometry to meet the requirements of high efficiency or a higher
output power control range, for example. A design objective is to obtain a high value for the dispersion
inductance in the MFT in order to use inductances external to the MFT. If the MFT alone has, or
surpasses, the minimum dispersion inductance, then the external inductances might not be necessary.
In this case, a wide-range output power control of the DC-DC converter can be achieved.

8. Conclusions

The analysis, development and evaluation of the MFTs are fundamental for the advancement of
DC-DC converters towards more efficient, lower cost and higher power density structures, applicable to
wind systems, photovoltaic systems, electric vehicles and solid-state transformers. The core geometry,
the core material, and the availability of design procedures are key to the development of new MFTs.
In this article, a comparison is made between three nanocrystalline core geometries, a toroidal core,
a CC-type core and a shell-type core, were applied to MFTs designed with the same characteristics—
1.75 kVA at 5 kHz. All MFTs were designed using the method presented in [20]. The three MFTs were
analysed with their physical dimensions and evaluated both in simulation and experimentally with
a prototype in the laboratory. The MFT with a toroidal core exhibited lower core losses, lower total
losses, a higher efficiency, lower core volume, lower core cost, and a lower total MFT cost. The MFT
with a CC-type core exhibited a lower total volume, higher power density, and a higher dispersion
inductance value. Finally, the MFT with a shell-type core had the lowest volume in the winding of
the transformer and lower losses in the winding. Considering that efficiency and power density are
some of the main objectives in the design of MFTs, the MFT with a toroidal core has excellent potential.
Another relevant parameter for the CD-CD converter is dispersion inductance. The MFT with a CC
core had the highest dispersion inductance. This results in a higher output power control range.
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