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Abstract—This article presents a design and optimization
methodology for a 200-kW medium-frequency transformer (MFT)
based on low-loss magnetic core (FINEMET FT-3TL). The pro-
posed optimal design methodology consists of predesign, prelim-
inary design, and optimal design. In the preliminary design, the
parallel-concentric winding structure is selected to increase the
current carrying capability and reduce the leakage inductance.
Based on the parallel-concentric winding concept, a novel cooing
and insulation structure with 3-D printed bobbins are proposed.
The optimal designed MFT prototype achieves a power density
higher than 19.23 kW/L. The electrical insulation system is tested
at 12 kV ac peak voltage. In addition, the partial discharge (PD)
test is conducted at 7.5 kV ac peak voltage to ensure the PD-free
design. The high-frequency bipolar pulsewidth modulation voltage
insulation (PD) test is the first time applied in MFT design and test
process. Finally, the transformer is applied in a dual-active-bridge
(DAB) converter with 200 kW rated power. The peak efficiency
of the DAB converter is 99.53%, and the efficiency at 200 kW is
98.85%. The peak efficiency of MFT is 99.844%, and the efficiency
at 200 kW is 99.842%.

Index Terms—Cooing, dual active bridge (DAB), medium-
frequency transformer (MFT), optimal design, partial discharge
(PD).

I. INTRODUCTION

TAKING advantage of the superior performance of emerg-
ing power semiconductor switches such as SiC MOSFET,

photovoltaic (PV) inverters can be designed to connect with
medium-voltage (MV) ac grid directly without step-up trans-
former. Fig. 1 shows the system topology of the proposed MV
PV inverter system. Designed to be connected directly to an
MV grid at 4.16–13.8 kV or higher, the proposed MV PV in-
verter utilizes an input-parallel and output-series architecture to
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Fig. 1. Block diagram of the proposed MV PV inverter.

achieve the high-output voltage without a line transformer. This
will significantly reduce the physical size and weight of the PV
inverter system. The dc power is converted to ac by using a dual
active bridge (DAB) based isolated dc–dc converter followed
by a dc–ac inverter [1]. The dc side is directly connected to the
1500 Vdc PV system, and the peak instant power rating of each
converter module is 200 kW.

The high-power medium-frequency transformer (MFT) is a
critical component in the isolated dc–dc converter to achieve
high insulation, high power density, and high efficiency. This
article discusses the design and optimization of a 200-kW MFT
used in the DAB converter.

The primary design challenge for high-power MFTs is to
balance the competing objectives including reliable electrical
insulation, high efficiency, high power density, and the superior
thermal performance [2]–[7]. Some existing high-power MFTs
are summarized in Table I. These designs have power rating
exceeding 50 kW, and the operating frequency is in the range of
1.75–22 kHz [8]–[14]. Amorphous, ferrite, and nanocrystalline
are typical magnetic core materials for MFTs. Liquid cooling,
heatsink cooling, and air cooling are most popular cooling
methods used in MFTs.

The designs in [9] and [10] present two transformers for
166 kW/20 kHz based on two different core materials. Ferrite
and nanocrystalline-based MF transformers differ in cooling
system design, and ultimately in power density. The CUT [11]
also introduces two MFT prototypes (50 kW/5 kHz) design by
using nanocrystalline and ferrite magnetic cores, respectively.
Test results suggest that the nanocrystalline core MFT has
a higher power density and efficiency. However, there is no
comparison study to report the MFT performance difference
using different winding structures with the same magnetic core.
In addition, the partial discharge (PD) behavior and insulation
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TABLE I
SUMMARY OF HIGH-POWER MFTS AND THE MFT REPORT IN THIS ARTICLE

performance of MFT are not extensively investigated in some
previous designs. Especially, PD behavior under high-frequency
bipolar pulsewidth modulation (PWM) waveforms has not been
discussed and applied to MFT insulation design. Electrical in-
sulation is very important for MV applications to ensure the
reliability and lifetime of MFT. ABB [8], [13], [14] presents the
PD test for their MFTs at 38, 35, and 30 kV to prove the design,
but no detailed optimal design for electric field distribution under
bipolar PWM excitation is discussed.

Previous research [11], [12], [15], [16] investigated the opti-
mal design methodologies for MFTs. The methodologies have
the aim of reaching the best MF transformer for a given
power converter topology, by optimizing transformer efficiency,
weight, transformer leakage, and magnetizing inductances at
the same time. Still lot of challenges due to lack of sufficient
flexibility and effectivity due to the restriction of the commercial
cores and Litz wire products.

This article proposes a comprehensive optimal design
methodology consisting of predesign, preliminary design, and
optimal design. Leveraging the advantage of 3-D print tech-
nology, more optimal design freedoms and accurate fabrication
can be achieved. As part of the preliminary design, an optimal
winding structure of MFT is selected based on a comprehensive
comparison study among various potential structures in terms
of magnetizing inductance, leakage inductance, window uti-
lization, thermal behavior, insulation performance, and power
density.

Moreover, a new insulation structure is proposed with 3-D
printed bobbins for the selected winding structure. To my
knowledge, the proposed MFT is the first design which applies
high-frequency bipolar PWM voltage insulation (PD) test in the
design process and verification. The air channels are intention-
ally introduced in the 3-D printed bobbins to improve the heat
dissipation of the core and inner-layer windings. Finally, the
optimal design is conducted with FEA simulation and engi-
neering calculation. At last, the prototype of the final optimal
design is verified by experimental tests. The MFT efficiency
is 99.842%, and the temperature rise is lower than 30 °C at
200 kW. At this power level, the calculated power density is
19.23 kW/L.

Fig. 2. Circuit diagram of DAB.

TABLE II
SPECIFICATIONS OF THE HIGH-POWER MFT

The rest of this article is organized as follows. Section II de-
scribes the DAB converter topology and the MFT specifications.
In Section III, the design process is discussed, including mag-
netic core and Litz wire selection, winding structure comparison,
losses evaluation, cooling considerations, and insulation design.
Section IV proposes the optimization methodology based on the
design procedures mentioned in Section III. Section V presents
the PD and efficiency test results as well as the thermal perfor-
mance of the MFT at 200 kW. Finally, the conclusion is given
in Section VI.

II. CONVERTER TOPOLOGY

The DAB is one of the most commonly used topologies
for isolated dc–dc converters [17]–[19], as shown in Fig. 2.
It consists of two 1700-V SiC MOSFET-based full-bridges, a
1:1 MFT providing the galvanic isolation, two external 14 μH
inductors and two dc blocking capacitors. The selected working
frequency of the MFT is 15 kHz, which is based on the efficiency
and dimension optimization of the whole DAB converter system
[20] and [21]. The designed MFT specifications are summarized
in Table II.
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Fig. 3. Soft magnetic materials core loss comparison.

TABLE III
PARAMETERS OF THE SELECTED MAGNETIC CORE AND LITZ WIRE

III. MFT DESIGN PROCEDURE

A. Magnetic Core and Litz Wire Selection

Soft magnetic materials with high saturation flux density,
low specific core losses, and excellent thermal and mechanical
properties are considered as a perfect choice for this type of ap-
plication. In most cases, it is hard to find a soft magnetic material
with all performances superior to the others, so tradeoffs need
to be considered [22]–[24]. The core loss density of three types
of common magnetic core materials is compared in Fig. 3. It
shows that FINEMET FT-3TL holds the lowest core loss density
up to 100 kHz. Also, FINEMET FT-3TL has higher saturation
flux density (1.2 T) as compared with Mn–Zn Ferrite material
cores. Besides, FINEMET FT-3TL material core with suitable
geometry is commercially available. The selected core geometry
parameters are listed in Table III [25]. Considering vibration and
acoustic noise issues, the nanocrystalline uncut core is the best
selection for medium-frequency high-power application [26].
To increase the core cross-section area, two identical cores are
stacked together for the 200 kW MFT construction. The required
core dimensions can be roughly estimated by using the product
areas (Ap) method [27]

Ap ≈ P

KfKuBmfJ
. (1)

Rectangular Litz wire with 4000 strands/AWG40 was cus-
tomized design since it reduces eddy current losses and improves

Fig. 4. Comparison of MFT winding structure.

the window utilization factor. Considering the transformer wind-
ings have lower ac resistance at wider frequency range, AWG40
Litz wire is selected.

B. Parallel-Concentric Winding Structure

In addition to winding loss and core loss, the nanocrystalline
magnetic material is sensitive to eddy current losses, which
induces by leakage inductance [28]. The low-leakage inductance
of MFT improves efficiency and reduces the hotspot temperature
in the core. Fig. 4 and Table IV compare the performance
of four different MFT winding structures based on the design
requirements of the high-power MFT and the selected magnetic
core. The separate winding structure means the primary winding
and secondary winding are separated to different limbs of the
core. The parallel winding structure represents the primary side,
and secondary side is divided into two equal parallel parts
winding at two core limbs. In the concentric structure MFT, the
secondary winding surrounds the primary side only in the middle
of the limb formed by the two cores. For the parallel-concentric
winding structure, the primary side and the secondary side wind-
ings are divided into two equal parallel parts. Two primary side
windings surround the transformer core legs, and two secondary
side windings surround two primary side windings.

The parallel-concentric winding structure has the best cou-
pling between the primary and secondary windings and conse-
quently obtains the lowest leakage inductance.

The measured results show the MFT with separate winding
structure has the largest leakage inductance of 59 μH. In con-
trast, the parallel-concentric winding structure has the lowest
leakage inductance of 2.6 μH and lowest leakage inductance to
magnetizing inductance ratio (0.023%). Besides, the parallel-
concentric winding structure also improves the window area
utilization factor. In this way, the winding conductor resistance
decreases, which is very important for high-power applications.
The concentric winding structure has the best thermal dissipa-
tion performance because of the largest exposed surface area.
For insulation design, the separate winding structure has more
flexibility, while the parallel-concentric structure is limited by
the well-coupled windings and high window area utilization.
To achieve high efficiency and high-power-density, the parallel-
concentric winding structure is selected for further optimization.
To address the weakness in the thermal behavior and electrical
insulation, a novel 3-D printed structure for the MFT is proposed
and will be discussed in a later section.
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TABLE IV
COMPARISON OF TWO CORES MFT STRUCTURES

TABLE V
CORE LOSS EVALUATION MODEL EXPRESSIONS

C. Core Loss Evaluation

Generally, hysteresis models, loss separation approach, and
empirical methods can conduct magnetic loss evaluation [29].
The original Steinmetz equation (OSE) [30] is only valid for
sinusoidal excitation waveforms. In [31], a modified Steinmetz
equation (MSE) is developed to estimate core loss with non-
sinusoidal waveforms. Generalized Steinmetz equation (GSE)
[32] refines the hypothesis of how loss depends on (dB/dt).
To take the time history of magnetic material into account, the
improved GSE (IGSE) [33] model is proposed. The calculated
expressions for each of the previously mentioned methods are
listed in Table V.

Fig. 5 shows the core loss density approximation of
FINEMET noncut core. Based on the core loss density data
from 10 to 20 kHz, a 3-D curve of core loss versus frequency

Fig. 5. Core loss density approximation of large size FINEMET noncut core
with insulation layer.

Fig. 6. Core losses versus frequency f and flux density B for two cores.

f and flux density B can be visualized in Fig. 6. A curve fitting
expression of measured data is derived using the OSE. Thus,
all the specific core loss calculation expressions in Table V
can be estimated, where K, α, and β are determined by the
magnetic core characteristics, f is the frequency of the excitation
waveform, and ΔB is the peak-to-peak magnetic induction.

The transformer voltage and magnetic induction waveforms
of a typical DAB converter with single-phase shift degree θ are
shown in Fig. 7.
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Fig. 7. Typical DAB MFT voltage waveform and magnetic induction with a
phase shift θ.

Fig. 8. Core loss models comparison for two stacked FINEMET FT-3TL cores,
with α = 1.449, β = 2.12,K = 0.245, and f = 15 kHz.

The core loss evaluation model is summarized in Table V.
Based on the characteristic waveform as shown in Fig. 7, the
analysis can be divided into four stages

∣∣∣∣dB (t)

dt

∣∣∣∣ =
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

2ΔB
DT , 0 < t < T

2 − Tθ

0, T2 − Tθ < t < T
2

2ΔB
DT , T2 < t < T − Tθ

0, T − Tθ < t < T

(2)

where D is the duty ratio of the voltage waveform and Tθ is the
phase-shift time.

Fig. 8 presents the core loss estimation results using OSE,
MSE, GSE, and IGSE methods. The comparison results indicate
that these methods can obtain consistent results for core losses
estimation. Finally, the IGSE method is selected as the core loss
evaluation model because of it has been verified copes better
with a wider variety of voltage waveforms.

D. Windings Loss Evaluation

MFT winding losses depend on the transformer current and
winding ac resistance. To estimate the frequency-dependent
winding losses, accurate ac winding resistance, and correspond-
ing harmonic current is required. The original Dowell’s model
[34], [35] provides a frequency-dependent expression to es-
timate winding resistance factor Fr for solid wire and foil.
Fig. 9 shows the structure of rectangular Litz wire winding and
equivalent foil winding. The ac–dc resistance ratio Fr can be
written as

Fr =
√
η ς

(
ψ1 (ς) +

2

3

(
m2 − 1

)
ψ2 (ς)

)
(3)

Fig. 9. Structure of equivalent winding. (a) Rectangular Litz wire winding.
(b) Equivalent foil winding.

Fig. 10. Plots of transformer prototypes winding ac resistance.

where the skin effect factor ψ1(ς) and proximity effect factor
ψ2(ς) are defined as follows:

ψ1 (ς) =
sinh 2ς + sin 2ς

cosh 2ς − cos 2ς
(4)

ψ2 (ς) =
sinh ς − sin ς

cosh ς + cos ς
(5)

where the equivalent penetration ratio ς , porosity factor η, and
equivalent thickness of foil deq are defined as

ς =
deq
δ

(6)

η =
hw
hc

(7)

deq = d

√
π

4
(8)

where m is the number or layers, hw is the height of the layer,
hc is the core window height, δ is the skin depth the thickness
of the foil, and d is diameter of Litz wire.

Fig. 10 shows the comparison results between winding resis-
tance measurement value using Hioki IM3536 LCR meter and
Dowell model estimation value. The error is within the accept-
able range. Besides, the current sharing of the parallel windings
is good especially at lower frequency range. To calculate the
winding loss for nonsinusoidal current waveform, fast Fourier
transform (FFT) is applied to the current waveform. The total
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Fig. 11. MFT winding losses for different operating frequency (10, 15, and
20 kHz).

Fig. 12. 3-D printed two layers bobbin design. (a) 3-D view. (b) Top view.

losses can be calculated as the sum of the loss at each sine wave
frequency [36], [37], as shown in the following equation:

Pwinding =

13∑
n=1

IRMS(n)
2RAC (n) (9)

where n is the FFT component index, RAC(n) is the winding
resistance at the nth frequency range, IRMS(n) is the cur-
rent component at the nth frequency range, which is equal to
FFTmagnitude(n)/

√
2. The number of harmonics is up to 13

due to the ignorable current at higher order.
Fig. 11 shows the calculated winding losses at operating

frequency at 10 kHz, 15 kHz, and 20 kHz. As the power
level increase from 0 to 200 kW, the winding losses increase
significantly. With higher operating frequency, the ac winding
resistance is higher which results in higher winding losses at the
same out power.

E. Cooling Considerations

The thermal performance is another major consideration for
high-power MFT. The operating temperature determines the
lifetime and reliability of MFT. The cooling system design
is a challenge for this 200-kW high-power-density MFTs. To
achieve the superior cooling performance, a novel cooling struc-
ture is proposed which utilizes two layers 3-D printed bobbins, as
shown in Fig. 12. The 3-D printed structure can provide airflow
channels for the core and windings.

To illustrate the effectiveness of the proposed cooling sys-
tem, a detailed thermal network of MFT is constructed, which
consists of conduction, convection, and radiation thermal resis-
tances. Due to the symmetric structure of the MFT prototype,
one part of whole MFT structure is elaborated in Fig. 13. For the

Fig. 13. Detailed steady-state thermal network model of the MFT based on
conduction, convection, and radiation thermal resistances.

Fig. 14. Fluid thermal simulation of different cooling structure under 15 m/s
airflow speed. (a) Standing core with air channels bobbin. (b) Lay core without
air channels bobbin. (c) Lay core with air channels bobbin.

proposed cooling system, the outer-layer windings are simplified
as convection flow over plate heat transfer and inner windings
are simplified as convection internal flow heat transfer, as listed
in Table VI [38], [39].

Fig. 14 compares the temperature rises of three cooling struc-
tures under 15 m/s airflow speed condition. To match the real
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TABLE VI
HEAT TRANSFER TYPES FOR THE PROPOSED COOLING SYSTEM

where h: heat transfer coefficient Reynolds number: Re Prandtl number: Pr Nusselt number: Nu σ is the Stefan–Boltzmann constant ε is the emissivity of the radiative surface k
thermal conductivity.

test situations, the ambient temperature is settled as 25 °C in
all thermal simulations. The results show that the lay core with
air channels bobbin design has the best heat dissipation perfor-
mance. The 3-D fluid simulation shows the MFT hotspot temper-
ature is around 54 °C, which matches well with the experimental
results, as shown in Fig. 26. For the parallel-concentric winding
structure, the inner-layer winding always has higher temperature
because the inner layer is surrounded by outer-layer winding as
an external heat source. So, the temperature of the inner-layer
winding and core is monitored in the simulation. Fig. 15 presents
a sensitivity analysis results for the three cooling structures
with various airflow speeds. Fig. 15(a) shows the flat lay with
air-channel bobbin design has the lowest core temperature rise
with airflow speed range from 2 to 20 m/s. The temperature rise
difference among the three structures are not significant due to
the high thermal conductivity of core material. The advantages
of proposed cooling design are reflected in inner winding tem-
perature control, as shown in Fig. 15(b). The thermal simulation
results indicate that lay core with air channel cooling structure
achieves the lowest temperature difference between core and
inner winding as well as the lowest temperature rise at all airflow
speeds.

Based on the losses evaluation models and cooling system
mentioned above, Fig. 16 shows the MFT efficiency and hotspot
temperature at power rating up to 400 kW. MFT core temperature
is around 55 °C , which higher than windings temperature when
power rating lower than 220 kW. Then, winding temperature
rises rapidly at higher power rating due to the increase of winding
loss. Considering materials properties and reliability, the MFT
can provide 340 kW out power with steady-state temperature
lower than 100 °C.

Fig. 15. Hotspot temperatures under different airflow speeds. (a) Core hotspot
temperature. (b) MFT hotspot temperature.

F. Insulation Design

For the parallel-concentric winding structure, the well-
coupled layout of the primary and secondary windings creates
a challenge for achieving good electrical insulation [40]. To
address this issue, a novel insulation structure is proposed,
which utilizes two 3-D printed bobbin layers separated by an air
channel. To keep enough clearance distance between inner-layer
windings and outer-layer windings, a two-layer bobbin structure
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Fig. 16. MFT efficiency and hotspot temperature estimation.

Fig. 17. 3-D printed bobbin. (a) 3-D model. (b) 3-D printed bobbin prototype.

Fig. 18. Zoomed-in insulation structure between primary winding and sec-
ondary winding.

is designed. Fig. 17(a) shows the 3-D model of the two layers
of bobbin design in the MFT. As shown in Fig. 17(b), the 3-D
printed bobbin prototype uses acrylonitrile butadiene styrene
(ABS) as insulation material. The 3-D printer can achieve a
0.4-mm accuracy.

Fig. 18 shows the insulation structure between primary and
secondary windings, which includes bobbin, air gap, and two
layers of insulation tape. The electric fields distribution can be
estimated as

U = d1Etape_sec + d2Eair + d3Ebobbin + d4Etape_pri (10)

where U is voltage between primary and secondary
winding,Etape_pri and d1 are, respectively, the electric field and
thickness of primary winding insulation tape, Eair and d2, re-
spectively, the electric field and thickness of air gap,Ebobbin and
d3, respectively, the electric field and thickness of inner-layer
bobbin, Etape_sec and d4 are, respectively, the electric field and
thickness of secondary winding insulation tape. Under bipolar
PWM excitation, the boundary condition for the normal field
component across a medium interface is shown as follows:

εtapeEtape_sec = εairEair (11)

εairEair = εbobbinEbobbin (12)

εbobbinEbobbin = εtapeEtape_pri (13)

TABLE VII
TRANSFORMER INSULATION DESIGN PARAMETERS

Fig. 19. Maxwell 2-D electrostatic simulation under applied voltage of 7.5 kV.
(a) Electric field of front view. (b) Electric field of top view. (c) Electric field of
extended inner winding.

where εair and εbobbin are, respectively, the dielectric constants
of air and bobbin material, and εtape is dielectric constants
of winding insulation tape. The main parameters of insulation
materials used in the design are shown in Table VII. Based on the
abovementioned insulation design, a 2-D model is constructed
to simulate the electric field distribution in the MFT, as shown
in Fig. 19.
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According to the IEEE Std. C57.12.01 Standard [41], 7.5 kV
is applied between the primary and secondary windings in the
simulation. Fig. 19(a) shows the maximum electric field is at
the top and bottom windings because of the relatively small
distance to the magnetic core. The thermal-shrinkage tube is
used for top and bottom windings to insulation capability. The
longest air gap between the inner-layer and outer-layer bobbin
is 19 mm in the y-axis direction and the shortest air distance is
18 mm in the x-axis direction. As shown in Fig. 19(b), the area
between the inner layer and outer layer in the x-axis direction
has a higher electric field. Fig. 19(c) indicates that electric filed
strength increases due to the extended secondary winding, but
still in accept range because of enough clearance and creepage
distance here. At ambient pressure, the air breakdown field (PD
inception field) is around 3 kV/mm, which could be roughly
estimated based on the element geometry and Paschen’s law.
The simulation results suggest that the electric field at working
voltage is well below the air breakdown field, which indicates
that no significant PD is expected to be observed at this voltage
level.

Since the MFT is operating under bipolar PWM excitation
in the DAB converter, the electric field in the air and dielectric
is capacitively determined. The field strength in the air gap or
gas-filled void is typically higher than that in the solid dielectric.
Thus, the air gap is usually the weakest element in the insula-
tion chain. To remove PDs from air gaps, the field strength in
the air gap should be less than a certain threshold, which is
determined by the MFT configuration. More fundamentally, the
threshold or the PD inception field in air gap could be roughly
estimated by the Paschen’s law. Thus, one way to increase the
PD inception voltage (PDIV) of the MFT is to increase the
thickness of the air gap. Ideally, a large air gap between primary
and secondary windings would significantly increase the MFT
PDIV. However, there is a clear space limitation due to the
power density requirement of the MFT as well as the leakage
inductance requirement. To achieve desired power density as
well as thermal and efficiency performance, the size of the MFT
needs to be limited. Thus, an optimal air gap between the primary
and secondary windings needs to be selected to achieve a high
PDIV level for the MFT while minimizing the losses and size.

IV. OPTIMIZATION

In this article, an optimal design methodology is developed to
maximize the efficiency while satisfying all the design boundary
conditions. The boundary conditions include magnetic core
dimension limitation, electrical insulation requirements, and
hot-spot temperature limitation. Based the modeling of core
losses, winding losses, and electric field distribution, the MFT
efficiency and maximum electric field strength can be express
as a function of the parameters in the optimization flow chart.

The optimization methodology consists of predesign, prelim-
inary design, and optimal design. The three-stage optimization
helps to improve the design efficiency and feasibility. More-
over, by leveraging the advantage of 3-D printing technology,
more optimal design freedoms and accurate fabrication can be
achieved.

Fig. 20. MFT design optimization flowchart.

Fig. 20 shows the proposed MFT optimization flowchart.
Predesign stage covers the system-level requirements, which
include output power (P), operating frequency (f), input voltage
(Vp), output voltage (Vs), leakage inductance (Lr), insulation
requirement (Vins), and temperature rise limitation (T).

Most of the parameters in this stage are selected by system re-
quirements. The preliminary design stage decides the magnetic
core material (Bsat, Pcm) and dimension (Ae, lm), Litz wire
type (Rdc, W, H), insulation materials (ε, k, Eb), and winding
structure. This step is the foundation of the optimal design and
has relatively less flexibility because of the limited number of
commercial products. The parameters in this stage are compared
and analyzed to achieve high efficiency and high insulation MFT
design.

The optimal design stage starts with defining free parameters.
In the optimization, the switching frequency f is swept from
10 to 50 kHz. Each frequency has its own optimal design. In
total, 15 kHz is selected which is based on the efficiency and
dimension optimization of the whole DAB converter system.
Turns number Np and Ns are important parameters due to
the close relationship with flux density and insulation. Bobbin
dimension (da, db) is another key parameter in MFT design.
Bobbins provide mechanical support for winding and cores,
create airflow channels for cooling, and change the electrical
field distribution. Inner-layer bobbin dimensions are fixed to
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Fig. 21. (a) Electrical distribution in xy plane versus outer-layer bobbin
dimension. (b) MFT losses versus outer-layer bobbin dimension at turns ratio
14:14.

Fig. 22. Efficiency versus maximum electric field of feasible MFTs according
to the proposed design methodology.

match the magnetic core. Fig. 21(a) shows the relationship of
electrical distribution in the xy plane with semiminor axis b and
semimajor axis a of outer-layer ellipse bobbin. The smaller value
of a and b means the smaller clearance and creepage distance
between primary and secondary windings. Fig. 21(b) shows the
relationship of MFT losses with semiminor axis b and semimajor
axis a of outer-layer ellipse bobbin at 14:14 turns ratio. The core
loss is fixed and winding loss changes with bobbin dimension.

The number of turns and dimensions of bobbins is swept over
an available range. Each set of free parameters corresponds to
a complete MFT design. These sets of free parameters are then
applied to the design flowchart shown in Fig. 20 to find the
optimal design. Fig. 22 shows all the swept results with different
turns number. The optimization is a tradeoff between efficiency

Fig. 23. 3-D model of the high-power (200 kW) MFT prototype.

TABLE VIII
TRANSFORMER PROTOTYPES DESIGN PARAMETERS

and maximum electric field. Considering the fabrication error
and extreme insulation cases, the final optimization MFT design
is highlighted in Fig. 22 with the red star. According to the MFT
optimization result, it is expected to reach a power density of
19.3 kW/L and the efficiency of 99.842% at 200 kW.

V. MFT PROTOTYPE AND EXPERIMENTAL VERIFICATION

A. Transformer Prototype and Key Parameters

Based on the specifications list in Table II and optimal design
procedure discussed earlier, a high-power MFT prototype with
two FINEMET FT-3TL magnetic cores and parallel-concentric
winding structure is developed, as shown in Fig. 23. Table VIII
shows the MFT prototype key parameters, it achieves ex-
tremely low-leakage inductance to magnetizing inductance ratio
(0.0247%).

B. PD Test

To achieve sufficient insulation design, the electric field in
each insulation layer needs to be less than a threshold to ensure
that the insulation system can achieve the desired lifetime. In
addition, PD needs to be removed during the design stage, since
the internal PD may degrade insulation material during normal
operation and cause premature failure for the MFT. Thus, it
is crucial to investigate if the MFT is suffering from PD at the
rated voltage level. For the MFT, the voltage excitation should be
bipolar PWM waveform. However, there is no well-established
standard method to reliably conduct PD measurement under
PWM excitations. The Litz wire windings of MFT have been
tested with 10 kHz bipolar PWM waveforms by a new developed
prototype. To make sure the selected Litz wire and insulation
components PD free at working voltage.
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Fig. 24. Circuit diagram of the PD test platform.

Fig. 25. PD pattern diagram at ac 60 Hz 7.5 kV peak (5-min test data).

Fig. 26. 200-kW DAB converter hardware.

Besides, since the article is focusing on PD detection, a 60 Hz
sine wave voltage is adapted to perform the PD detection for
the developed MFTs. This PD detection is based on IEC 60270
[42], which has been widely used in power industry and proved
to be a reliable way for PD detection.

The circuit diagram of the PD test setup is shown in Fig. 24.
High-frequency current transformer is used to capture the PD
impulse current. A C-L-3C filter is designed to remove the noise
from the power supply. As all interconnections are properly
terminated, this setup can conduct both ac and dc PD tests up
to 30 kV with a background noise level of 5 pC. Fig. 25 shows
the pattern diagram of the PD test at ac 60 Hz excitation and

Fig. 27. Thermal camera image of the MFT steady state at 15 kHz and 200 kW
output power.

Fig. 28. Experimental waveforms of MFT at 15 kHz and output power 200 kW.

Fig. 29. Measured DAB converter efficiency and MFT efficiency.

the measured PDIV is around 5.3 kV rms/7.5 kV peak, which
is an averaged value over multiple tests. PD pattern diagram at
ac 60 Hz 7.5 kV peak shows all the PD smaller than 50 pC of
IEEE Standard requirements. In addition, the PD rate is much
less than 1 pulse/cycle.

C. DAB Experimental Test

A 200 kW DAB converter is developed with the high-power
MFT, as shown in Fig. 26. The prototype transformer is tested at
1300 V input voltage and 15 kHz operating frequency with the
DAB converter. In total, 1700 V SiC MOSFET half-bridge mod-
ules are used as the power switches. The steady-state thermal
performance of the MFT at 200 kW power rating with air cooling
was measured and shown in Fig. 27. The measured maximum
surface temperature rise of the core is around 25 °C and wind-
ing temperature rise is 23 °C. Fig. 28 shows the experimental
waveforms of the MFT primary current and secondary voltage
at 200 kW. Fig. 29 shows the overall conversion efficiency of the
DAB and MFT up to 200 kW. The DAB efficiency is captured by
HIOKI PW6001 power analyzer with a calibrated current sensor
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and voltage sensor. The peak efficiency of the DAB converter is
99.53% at 50 kW, and the efficiency at 200 kW is 98.85%. The
MFT efficiency is calculation efficiency based on experimental
core losses and winding losses information. Besides, the MFT
core losses were verified by FEA simulation and winding losses
was verified by the Dowell model. The peak efficiency of the
MFT is 99.844% at around 180 kW, and the efficiency at 200 kW
is 99.842%.

VI. CONCLUSION

The optimal design of the MFT is a complex tradeoff process.
Comparison and selection of various materials and structures
according to the specific converter applications are needed.
Besides, basic parameters measurement and tests such as ac
resistance, core losses test, and PD test are essential during the
design process.

This article presents a 200 kW MFT optimal design methodol-
ogy and experimental test results. The proposed optimal design
methodology consists of predesign, preliminary design, and
optimal design. By leveraging the advantage of the 3-D print
technology, more optimal design freedoms and accurate fabri-
cation can be achieved. To verify the effectiveness of the design,
a 200 kW, 15 kHz MFT prototype was developed. Insulation
between primary and secondary windings has been successfully
tested at 12 kV ac peak voltage, and the design is PD free up to
5.3 kV rms. The prototyped MFT had been successfully used in a
200 kW DAB converter, achieving a peak efficiency of 99.53% at
50 kW and an efficiency of 98.85% at 200 kW. These results are
the highest efficiency ever reported for converters at this power
level. The peak efficiency of MFT is estimated to be 99.844%
at 180 kW, and 99.842% at 200 kW. The temperature rise of
the MFT core at 200 kW is lower than 30 °C, which means
that this MFT prototype can operate at an even higher power
level.
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