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ABSTRACT This work presents a downscaled validation of a medium-voltage, medium-frequency trans-
former (MFT) concept designed for high-current operation on the secondary side using multiple parallel
paths. The design is based on a modular winding approach, which simplifies the construction process and
conductor placement on the bobbin. A systematic design and optimization procedure is developed, combining
analytical calculations and finite-element simulations to explore the mass–efficiency tradeoff and to select a
candidate design that meets specified leakage inductance and loss targets. The developed prototype serves as
a proof of concept, demonstrating that the electrical, magnetic, and insulation requirements of the full-scale
MFT can be effectively verified at reduced power levels. The fabricated prototype is tested under short-circuit
and partial discharge conditions. The impedance measurements confirmed the expected resonance behavior,
and the partial discharge test results verified sufficient insulation performance under high-voltage stress. The
results provide experimental evidence for the scalability and feasibility of the proposed transformer design
and offer guidelines for the use of 3D-printed supports, grain-oriented electrical steel cores, and windings in
medium-voltage, MFT systems for hydrogen production applications.

INDEX TERMS Hydrogen production power systems, medium-frequency transformer (MFT), partial dis-
charge (PD) testing, solid-state transformer (SST).

I. INTRODUCTION
The increasing demand for renewable energy integration and
large-scale electrification requires power conversion systems
that are efficient, compact, and reliable. In particular, green
hydrogen production relies on electrolyzers that operate at
relatively low dc voltages but require power to be delivered
from medium-voltage grids at multimegawatt levels [1], [2],
[3], [4]. Traditional solutions based on 50/60 Hz transform-
ers and rectifiers are technically mature but often result in
bulky systems with limited flexibility. These limitations be-
come critical when space, efficiency, and controllability are
important design factors.

In conventional installations, 50/60 Hz transformers are
used to step down the grid voltage, and 6-, 12-, or 24-pulse
rectifiers convert AC to DC for the electrolyzers. Although

these architectures are robust, their size and weight increase
significantly with rating, and they offer limited possibilities
for advanced control of power flow and power quality. As
green hydrogen facilities move toward tens of megawatts
and are increasingly connected to medium-voltage grids or
HVDC-based offshore wind systems, these constraints moti-
vate the use of alternative power conversion concepts that can
provide galvanic isolation, voltage transformation, and power
conditioning in a more compact form.

Solid-state transformers (SSTs) have emerged as a promis-
ing alternative for such applications [5]. By combining power
electronic converters (PECs) with a medium-frequency trans-
former (MFT), SSTs provide voltage scaling, galvanic isola-
tion, and enhanced controllability in a more compact form [6],
[7], [8], [9], [10]. Operation at higher frequencies allows for
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FIGURE 1. Full-scale system based on a modular multilevel resonant (MMR) converter feeding electrolyzers. The system includes a phase-shifting
autotransformer, 12-pulse DRU with interphase transformer, modular multilevel arms with SM, MFT, and output rectifiers.

TABLE 1. Survey of MFTs With Corresponding Electrical, Structural, and Insulation Parameters

significantly reduced transformer size and weight. Several
SST topologies have been proposed, and ongoing research
focuses on optimizing transformer design, insulation systems,
and thermal management to ensure reliable operation in de-
manding medium-voltage environments, such as hydrogen
production facilities [7], [11].

Recent works on SSTs for green hydrogen production
have considered different converter structures, including dual
active bridge (DAB), cascaded input-series output-parallel
(ISOP), modular multilevel converter (MMC), and reso-
nant modular multilevel resonant converter (MMR) topolo-
gies [3]. For large-scale electrolyzer systems in the 10–
50 MW range, three-phase SSTs with MFTs are generally
preferred over single-phase solutions, due to better utilization
of the magnetic core, reduced current stress in the wind-
ings, and improved harmonic performance [2]. In this context,

MMR-based SSTs offer a favorable tradeoff between effi-
ciency, converter complexity, and transformer rating, since the
resonant currents enable soft switching and reduce switching
losses at medium frequencies, as shown in Fig. 1 [3].

To position the proposed design relative to the state of
the art, recent medium-voltage MFT studies are summarized
in Table 1. The comparison focuses on electrical ratings,
insulation concepts, and reported insulation validation pro-
cedures. In contrast to many existing works that primarily
report analytical or limited dielectric testing, the present
study includes standard-compliant applied-voltage and partial
discharge (PD) measurements performed under resonant op-
erating conditions.

The implementation of medium-voltage, MFTs in SSTs in-
troduces several design challenges. Compared with 50/60 Hz
transformers, MFTs must operate at higher frequencies,
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TABLE 2. Comparison Between Full-Scale and Prototype Systems

while satisfying insulation coordination, losses, and ther-
mal constraints under nonsinusoidal excitation. Conventional
standards, such as IEC 60076 [27], IEC 60270 [28], and
IEEE 519 [29], are formulated primarily for 50/60 Hz trans-
formers and grid-connected equipment, and their direct ap-
plication to MFTs can lead to overdimensioned designs or
insufficiently specified test conditions. Therefore, there is
a need for practical design and validation procedures that
adapt these standards to medium-frequency operation and link
transformer-level performance to system-level requirements
in SSTs.

Another important aspect is the design of high-current
secondary windings and their interfaces with PECs. For elec-
trolyzer applications, the DC output must be delivered at
relatively low voltage but high current, which often requires
multiple parallel paths in the transformer secondary to limit
current density and conduction losses. The resulting winding
structures are sensitive to current unbalancing, leakage induc-
tance, and local electric field enhancement. Design choices,
such as the number of parallel paths, conductor geometry, and
spatial arrangement within the window, have a direct impact
on losses, leakage inductance, and insulation margins, and
must be verified by a combination of analytical calculations
and finite-element (FEM) simulations [30].

Prototype-level validation is a key step to bridge the gap
between analytical design and full-scale industrial implemen-
tation [31]. Testing at full medium voltage and power is costly
and complex, especially at kilohertz frequencies. Downscaled
transformers that preserve relevant electrical, magnetic, and
insulation characteristics provide a practical route to verify
design assumptions, evaluate manufacturing procedures, and
refine test methods before constructing a full-scale MFT. Such
prototypes should reproduce the main design features, includ-
ing modular winding structures, insulation distances, and core
materials, while operating at representative frequencies and
flux densities. The full-scale and prototype systems of the
present study are summarized in Table 2.

The analytical design and optimization methods applied in
this work are based on established approaches and are not in-
tended to be novel in isolation. The contribution of this article
lies in the application-oriented integration of these methods

for a medium-voltage, MFT within an SST context. In partic-
ular, this article provides practical insights into the winding
architecture for simultaneous high-voltage and high-current
operation, the physical winding arrangement and manufac-
turability, and an experimentally validated downscaled testing
approach, including PD measurements, to assess insulation
behavior at medium frequency.

The developed prototype serves as a proof of concept,
demonstrating that the electrical, magnetic, and insulation
requirements of the full-scale MFT can be effectively veri-
fied at reduced power levels. Short-circuit tests at 1 kHz are
performed to evaluate the impedance and loss behavior, and
FEM simulations are used to analyze magnetic flux density
and electric field distributions in the core, windings, and 3D-
printed bobbins. PD measurements at 50 Hz are carried out
according to IEC 60270 to confirm that the prototype satisfies
insulation performance targets under overvoltage conditions.
The proposed design and test methodology are consistent with
established industry practices, including IEC 60076 for trans-
former design and testing.

Compared with earlier works on full-scale SST system de-
sign for electrolyzer applications, this article focuses on the
detailed design, optimization, and experimental verification
of a downscaled MFT prototype that implements the selected
winding and core concept in a practical hardware demon-
strator. The results provide experimental evidence for the
scalability and feasibility of the proposed transformer design
and offer guidelines for the use of modular windings, 3D-
printed supports, and grain-oriented electrical steel (GOES)
cores in medium-frequency, medium-voltage transformers for
SST systems.

In this study, the prototype is intentionally downscaled and
adopts simplified cooling and insulation approaches compared
to a full-scale medium-voltage implementation. As summa-
rized in Table 1, the prototype operates with air cooling and
dry insulation, whereas the full-scale design is based on oil-
immersed insulation and liquid cooling. Consequently, the
presented prototype is not intended to represent a directly
scalable thermal or insulation solution for medium-voltage
operation. Instead, its purpose is to validate the core trans-
former concept, including the winding structure, transformer
topology, and winding arrangement under representative elec-
trical and magnetic operating conditions. The applicability
of the results therefore lies primarily at the architectural and
electromagnetic design level, while full-scale insulation coor-
dination and thermal design must be addressed separately in
practical implementations.

From a state-of-the-art perspective, this work advances ex-
isting studies by shifting the focus from isolated analytical
optimization to experimentally validated, application-driven
transformer design, with emphasis on winding realization,
insulation assessment, and test methodology for medium-
voltage SST systems.

The rest of this article is organized as follows. Sec-
tion II introduces the selected SST topology and discusses the
system-level context of the transformer. Section III reviews
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the applied standards and outlines the transformer design pro-
cedure. Section IV presents the optimization workflow and
the selection of the final design. Section V describes the
electromagnetic simulations. Sections VI and VII detail the
prototype fabrication and experimental results, respectively.
Finally, Section VIII concludes this article.

II. TOPOLOGY SELECTION
The design of the MFT in an SST is closely linked to the
choice of topology. Cascaded and DAB configurations are
typically more appropriate for small- to medium-scale ap-
plications, such as grid-connected solar panels or microgrids
in residential and community settings [32], [33], [34]. For
large-scale SST systems, MMC topologies are generally more
suitable due to their scalability and ability to handle higher
power and voltage levels [3].

An extensive comparison between different topologies such
as ISOP, MMC, and resonant MMC (MMR) is given in [3].
For the present study, the MMR topology has been selected
due to its lower overall system weight, compact transformer
design at higher operating frequency, reduced harmonic dis-
tortion in resonant currents, and balanced tradeoff between
size, efficiency, and complexity.

The overall system architecture is illustrated in Fig. 1. A
medium-voltage input is connected to a phase-shifting auto-
transformer, which provides the required phase displacement
for harmonic reduction. The output of the autotransformer is
supplied to a 12-pulse diode rectifier unit (DRU). An inter-
phase transformer is included to combine the rectified outputs
and improve current sharing between the rectifier bridges. The
rectified DC voltage udc and current idc are then applied to the
MMR converter.

The MMR converter is composed of modular submodules
(SMs) arranged in converter arms with arm inductors Larm.
Resonant components, including the resonant capacitor Cr

and the leakage and magnetizing inductances of the MFT,
form the resonant tank that enables soft-switching operation.
The MFT provides galvanic isolation and voltage scaling be-
tween the converter and the load side.

On the secondary side of the MFT, DRU are used to gen-
erate the DC output required by the electrolyzers. In this
configuration, a six-pulse DRU is employed, which delivers
the appropriate DC voltage and current for hydrogen produc-
tion. The modular arrangement allows operation at medium
frequency, reduces transformer size, and facilitates efficient
power transfer from the medium-voltage grid to the elec-
trolyzers.

III. TRANSFORMER DESIGN
The design and analysis of medium-voltage, MFTs require ad-
herence to international standards to ensure safety, reliability,
and performance. In this section, the standards used for the de-
sign, testing, and validation of the transformer are introduced.
These standards provide guidelines for parameters, such as
insulation coordination, temperature rise limits, PD measure-
ment, and test procedures. Following these standards ensures

TABLE 3. Summary of Applied Standards

that the transformer design aligns with industrial requirements
and facilitates comparison with other designs reported in the
literature.

A. STANDARDS
The main international standards applied in this study are
reviewed in Table 3. These include the IEC 60076 [27] series
for transformer design and testing, IEC 60270 [28] for PD
measurement, and IEEE 519 [29] for harmonic control at the
point of common coupling (PCC).

The IEC 60076 series specifies requirements for the de-
sign, testing, and operation of power transformers. It provides
guidelines for transformer construction, insulation coordina-
tion, temperature rise limits, dielectric testing, and operational
constraints. In this work, IEC 60076 is applied to verify that
the medium-voltage, MFT complies with established industry
practices. The series covers both oil-immersed and dry-type
transformers and supports validation of the electrical, thermal,
and insulation performance of the proposed designs.

PD measurement is an essential diagnostic and quality
assessment method for high-voltage equipment, providing in-
sight into insulation integrity and aging behavior. IEC 60270
specifies the procedures for measuring PD under AC and
DC voltages, including test circuits, calibration methods, and
measurement practices. In this study, IEC 60270 is applied
during design validation to evaluate insulation performance
and ensure that the proposed transformer design satisfies in-
ternationally recognized acceptance criteria.

IEEE 519-2022 defines limits for voltage and current har-
monic distortion at the PCC. Compliance with this standard
ensures compatibility of power electronic systems with the
grid and protection of sensitive loads. In this study, IEEE 519
is used to establish harmonic control objectives for the SST
and its power electronic interfaces. This choice is motivated
by the standard’s widespread adoption in power electronic
system design, and its detailed practical guidelines for har-
monic management in converter-based applications.

B. DESIGN
The insulation distances and cooling assumptions used in the
prototype are selected to ensure safe laboratory operation
and compliance with relevant standards at reduced voltage
and power levels, rather than to replicate the final medium-
voltage insulation and thermal design. The design procedure is
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FIGURE 2. Design pipeline.

performed in three main steps, as shown in Fig. 2. The design
procedure is as follows.

1) Design space reduction: An analysis is performed on
the analytical behavior of an MFT, and based on the
constraints imposed by the design requirements, satura-
tion behavior, and international standards, a finite design
space is identified. This includes the most important
parameters that affect the mass–efficiency profile of the
MFT and allows to reduce the computational complex-
ity of the iterative optimization in the following step.
The result is a table containing all the necessary param-
eters for modeling the MFT and evaluating it in terms of
mass and efficiency via analytical and FEM simulations.

2) Topology optimization: For each design entry previ-
ously defined, an FEM geometrical model is generated.
Simulations are performed to compute load and core
losses at 1 kHz, as well as total transformer mass. The
result is a plot displaying the mass–efficiency distribu-
tion of each design within the effective design space.
As the optimum design also must satisfy the required
series inductance for the selected topology, the value of
the leakage inductance is taken into account for design
selection.

3) Design fine tuning and verification: Based on the previ-
ous plot distribution, a candidate design is selected and
undergoes FEM simulation to verify and fine tune inter-
nal behavior. This includes core saturation, electric field
intensity in the insulation, and thermal rise behavior.

1) WINDING DEIGN
In order to perform the winding analysis, a base case is se-
lected and then further developed for additional options, using
a secondary number of turns equal to four. For the base case,
the number of primary turns is calculated as 185, based on the
required transformer ratio of 46.2.

The phase currents on the primary and secondary sides are
derived as

Ip = IpL√
3

= 7.07√
3

= 4.08 A (1)

Is = IsL√
3

= 326.6√
3

= 188.56 A. (2)

To account for overcurrent scenarios, a safety margin of
10% is used; therefore, the design current values are 4.5 A
(primary) and 207 A (secondary). The conductor cross-
sectional area is constrained by a maximum current density of
4 A/mm2. It follows that the minimum surface area required
for the primary conductor is

ap = Ip

Jp,max
= 4.08

4
= 1.02 mm2. (3)

At elevated frequencies, the skin effect becomes significant,
limiting current penetration into the conductor. For a copper
conductor operating at 1 kHz, the skin depth is given by

δ =
√

ρ

πμ f
≈ 0.066√

f
= 2.087 mm (4)

where μ and σ represent the permeability and electrical con-
ductivity of the material, respectively. Maintaining conductor
dimensions within 4 mm ensures that the skin effect remains
negligible. To ease the winding and assembly procedure, a
rectangular conductor is selected.

Due to the large number of turns, the primary winding
is constructed using two disk types: Type 1 (multiturn) and
Type 2 (single-turn). In particular, the single-turn Type 2 disks
are placed at locations where the conductor is brought into or
out of the disk stack, providing a dedicated, well-defined path
for the lead. This prevents overlap between the transition lead
and the adjacent turns of the neighboring disk and helps main-
tain the intended interdisk clearance. This modular winding
approach simplifies the construction process and conductor
placement on the bobbin. Each Type 1 disk contains 14 turns.
A total of 16 Type 1 and 15 Type 2 disks yield 239 turns. To
reach the required 185 turns, eight Type 1 disks are reduced
by one turn each.

Spacing assumptions include 1 mm between turns and
2 mm between disks. An additional 2 mm margin is added on
either side to accommodate the bobbin structure. The interdisk
gap (Gdd) is set at 4.2 mm.

For the secondary winding, an important consideration is
to distribute the high current across multiple parallel paths to
reduce conduction losses. An initial estimate assumes 15 par-
allel conductors, resulting in approximately 14 A per path. To
maintain the current density within the maximum allowable
limit of 4 A/mm2, the minimum conductor cross-sectional
area is calculated as

as = Iper path

Jmax
= 14

4
= 3.5 mm2. (5)

Spacing between turns and between adjacent parallel paths is
chosen such that the overall cross-sectional dimensions of the
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primary and secondary windings remain comparable, ensur-
ing symmetry in magnetic coupling and thermal behavior.

2) CORE DESIGN
At the operating frequency of 1 kHz, conventional core
materials, such as ferrite and electrical steel, are generally
unsuitable due to significant eddy current losses. However, for
the prototype developed in this study, electrical steel has been
selected considering its availability, mechanical robustness,
and ease of fabrication.

GOES has maximum flux density up to 2.0 T; however, due
to high-frequency losses, Bm = 1.8 T is considered for the
design of the core’s cross-section area to maintain a safety
margin and avoid core saturation. Using this value, the mini-
mum required core cross-sectional area is calculated as

Ac =
∫

V dt

kcBmNp
= 0.6

0.79 × 1.8 × 185
= 2916 mm2 (6)

where kc = 0.54 is the stacking factor for the selected lam-
ination thickness. Assuming a square cross section, this
corresponds to a minimum core leg width of approximately
54 mm.

Core window dimensions are topology-dependent and will
be refined in later stages of the design. The maximum op-
erating voltage of the transformer is 2.45 kV, corresponding
to the 3.6 kV insulation class according to IEC 60076-11.
Based on this classification, the dielectric design is governed
by the 50/60 Hz applied voltage withstand requirement of
10 kV (rms, 1 min), while lightning impulse (LI) testing is
not applicable, as the transformer is intended for controlled
laboratory operation and is not exposed to atmospheric or
network-related overvoltages. At this stage of the design, con-
servative insulation and spacing assumptions are adopted from
the minimum insulating distances specified in IEC 60076-
11, namely a core leg-to-phase gap Gpl = 20 mm, interphase
gap Gpp = 20 mm, core yoke-to-phase gap Gpy = 20 mm, and
primary-to-secondary gap Gps = 20 mm. These values pro-
vide sufficient margin for the applied voltage test and allow
flexibility for later refinement of the core window dimensions,
which are topology-dependent. It is noted that the minimum
distance between the core leg and the winding occurs along
the diagonal of the square core cross section, which is explic-
itly considered in the insulation coordination.

Based on the selected winding dimensions, 130 mm in
height and 17 mm in width for both primary and secondary
windings, the core window sizes can be estimated for each
configuration listed previously. This provides a preliminary
framework for evaluating the available design options.

IV. OPTIMIZATION
The optimization block diagram is shown in Fig. 3. The opti-
mization procedure is as follows.

The design tables are generated in MATLAB. Based on
the design space identified in the previous section, a design
table is created by the permutations of parameters (conductor
material and size, number of secondary turns, window and

FIGURE 3. Optimization block diagram.

FIGURE 4. Dimensions of the transformer.

core size, etc). The result is a table containing approximately
1800 designs.

A design sweep algorithm is implemented in MATLAB
to systematically evaluate a set of candidate designs. For
each entry in the design table, the algorithm generates the
necessary parameters for geometric modeling and creates a
corresponding COMSOL simulation to evaluate the winding
AC resistance. The efficiency and total mass of each design
are computed. The results are presented in a mass-efficiency
plot to identify optimal tradeoffs for to the requirements. The
process begins with calculating the core’s geometric dimen-
sions to determine its mass and to enable accurate model
generation in COMSOL.

The dimensions of the transformer are shown in Fig. 4.
From the data provided in the design table, the code computes
the dimensions of the core window as

Ww = 2 ×
(

Gpl + Tb + Wp + Tb2 + Gps + Tb + Ws

+ Tb2 + Gww

2

)
(7)

Hw = 2 × (
Gwy + Tb3

) + Hp. (8)

From the calculated window size and core width, the total
core volume can be determined (a scaling factor of 0.99 is
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FIGURE 5. Optimization results for efficiency versus mass. The selection is
made by mass–efficiency optimum point satisfying minimum required
leakage inductance.

applied to compensate for rounded edges)

Vc = 0.99 [(2Ww + 3Wc)(Hw + 2Wc) − 2(HwWw)]Wc. (9)

The core mass is then calculated using the electrical steel
density ρc = 7.3 g/cm3

Mc = Vc × ρc. (10)

The conductor length is approximated as the product of the
number of turns and the average turn length in each winding,
allowing the mass of each conductor to be estimated as

Mp = 3 × lp × Wcp × Hcp × ρ (11)

Ms = 3 × PPS × ls × Wcs × Hcs × ρ (12)

where Wcp and Wcs are the width of conductors of primary and
secondary, respectively, and Hcp and Hcs define the height of
conductors in primary and secondary, respectively. Therefore,
the total mass of the transformer, excluding insulation and
terminations, is

Mt = Mc + Mp + Ms. (13)

Using COMSOL LiveLink for MATLAB, an FEM simulation
is performed to compute the AC losses at 1 kHz for both
conductors. Once the conductor AC resistance is obtained, the
load losses for the primary and secondary windings at 1 kHz
are calculated as

Pp = 3 × Rp × I2
p (14)

Ps = 3 × Rs × I2
s . (15)

Core losses are estimated analytically using the following
equation [35]:

Pc = Wc × Pc0

(
f

f0

)α (
Bm

Bm0

)β (
kf

kf0

)2(α−1)

. (16)

The transformer total efficiency is computed as

η = 25 kW

25 kW + Pc + Pp + Ps
. (17)

The results for each design configuration are summarized in
Fig. 5. It should be noted that although the turns ratio is

fixed by the required voltage transformation (approximately
46.2), the absolute number of turns is not unique and can
be scaled while maintaining the same ratio, provided that the
minimum number of turns required to avoid core saturation
is respected. For example, equivalent ratios can be achieved
using configurations, such as Np = 185, Ns = 4 or Np = 213,
Ns = 5. This design flexibility was intentionally explored be-
cause leakage inductance strongly depends on the number of
turns; increasing the number of turns increases it. Since the
leakage inductance serves as the required series inductance in
the LLC resonant tank, the number of turns was treated as an
optimization variable. From the plot, it can be observed that
designs with five secondary turns and either 15 or 17 parallel
paths in the secondary winding yield the highest efficiency.
This confirms the trend observed during the initial analysis,
where configurations with five secondary turns exhibited a no-
table reduction in mass compared to those with four turns. The
knee point in the efficiency–mass curve represents the optimal
tradeoff between performance and weight. It corresponds to a
region of diminishing returns in the efficiency–mass distribu-
tion, where further increases in mass result in only marginal
improvements in efficiency. This region is highlighted in
Fig. 5.

It should be noted that operation at 1 kHz represents an
intermediate-frequency regime, where losses associated with
high-frequency effects become significant while the size re-
duction benefits of very high-frequency operation are not fully
realized, leading to a natural efficiency tradeoff.

It is essential to ensure that the leakage inductance remains
within the required range of approximately 9 mH. To verify
this, a subset of designs with total mass between 35 and 42 kg
and efficiency above 98% is selected, and a 3-D COMSOL
simulation is performed for each configuration. Among the
evaluated candidates, the lightest design that satisfies the leak-
age inductance requirement is identified as ID-365 (where ID
denotes the internal design identifier assigned to each candi-
date configuration). In addition, a heavier alternative, ID-122,
exhibits comparable leakage inductance values of 7.7 mH for
the side phases and 10.2 mH for the central phase.

The small dispersion in leakage inductance between the
outer and central phases is inherent to three-limb core ge-
ometries. The central leg shares its return flux with both
side legs and therefore experiences a slightly different mag-
netic environment and fringing field pattern compared to the
outer legs. In addition, the discrete modular winding arrange-
ment and the finite window width cause minor differences in
the spatial distribution of leakage flux from phase to phase.
These effects result in a few-percent variation of the com-
puted leakage inductances, which is typical for three-phase
core-type transformers and is acceptable for the targeted SST
application.

The key distinction between the two designs lies in the
conductor material: ID-365 employs aluminum, achieving an
efficiency of 97.5% at a total mass of 38.4 kg, while ID-122
uses copper, reaching 97.8% efficiency at 41.6 kg. Although
the aluminum-based design offers a clear advantage in terms
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FIGURE 6. COMSOL geometry and mesh for magnetic fields simulation.

of reduced mass, its integration presents several practical
challenges due to material incompatibility with the copper-
based PECs and the resonant converter interface. With these
considerations in mind, Design 122 is selected as the final
configuration.

V. SIMULATION
With the candidate design selected, detailed simulations are
performed to analyze the internal electric and magnetic
field distributions. To evaluate the magnetic field distribution
within the core, a 2-D axisymmetric FEM model is im-
plemented using COMSOL Multiphysics. The simulation is
performed at an operating frequency of 1 kHz and focuses on
a single transformer phase, including the polycarbonate (PC)
bobbins, to reduce computational complexity. The simulation
geometry and meshing strategy are illustrated in Fig. 6. The
worst-case conditions are expected to occur at the region of
minimum distance between the core leg and the surrounding
structure, particularly at the 45◦ angular position. Due to the
axisymmetric nature of the simulation, the rectangular core is
approximated as a cylindrical shape.

The equivalent radius of the cylindrical core model is cal-
culated using the core flux utilization factor kf as

Req = Wc ×
√

2 × kf . (18)

To preserve the magnetic path length, the height of the core
leg is adjusted according to

Hc = 1.5 × (Hw + Wc) + Ww + Wc (19)

where Hw and Ww are the window height and width, respec-
tively, and Wc is the core width.

A periodic boundary condition is applied to the surrounding
air domain to simulate an infinite repeating structure. The
material properties used in the simulation are summarized in
Table 4. Notably, the core is modeled as a solid block with
an equivalent electrical conductivity to account for lamination

TABLE 4. Material Properties Used in Magnetic Field Simulation

FIGURE 7. Magnetic field intensity within the core leg, measured along the
cut-line in the core.

effects [36]. The adjusted conductivity is calculated as

σc = 44 × 106

(Req/wl )2
(20)

where Req = 30.46 mm and wl = 250 μm, yielding an effec-
tive conductivity of σc = 2963 S/m.

The resulting magnetic field distribution is shown in Fig. 7.
The peak magnetic flux density within the core reaches
1.13 T, remaining below the material’s saturation threshold
and providing a safety margin for overvoltage and transient
conditions.

The electric field distribution within the transformer air
gaps is also investigated. For this simulation, a single window
and phase are modeled using a 2-D electrostatics study, as
illustrated in Fig. 8. The study evaluates steady-state field
conditions under worst-case voltage stress, corresponding to
the peak primary-side excitation.

Across most of the domain, the electric field magnitude
remains below 0.4 kV/mm. A localized peak of approximately
1.8 kV/mm is observed near sharp conductor edges. Although
this value exceeds the dielectric strength threshold, the simu-
lation does not account for the presence of enamel insulation
on the wires.

VI. PROTOTYPING
The first step in the fabrication process is the 3D-printing of
the PC bobbins for support of the conductors. In order to
meet supplier availability, the secondary conductor size was
changed to 2.8 mm × 1.8 mm. Since the surface area remains
unchanged, the only modification required was a slight en-
largement of the bobbin guides.

Once the bobbins are printed, the conductor is wound
around the guides. In order to maintain tension on the wire and

804 VOLUME 7, 2026



FIGURE 8. Electric field magnitude around primary coil.

TABLE 5. Core Material Properties

ensure minimal spacing between turns, where high electric
fields could arise, the bobbin is placed above the copper wire
reel. While rotating the PC bobbin and winding the conductor,
tension is maintained using the weight of the copper itself.

Terminations are then added to the secondary coils, con-
necting each parallel path using a 25 mm × 3 mm copper
bus bar. Special attention is required to avoid external parti-
cles from the workshop environment polluting the assembly,
as these imperfections can cause local increases in electric
field and degrade performance, possibly resulting in local
discharges or breakdown.

Two material options are chosen for magnetic core fab-
rication: H085-23 (GOES) [37] and M400-50 A [nongrain-
oriented electrical steel (Non-GOES)] [38]. Table 5 lists the
material properties provided by the manufacturer, showing
how the grain-oriented material results in lower losses due
to the molecular arrangement. This makes GOES ideal for
magnetic cores in transformers, where the magnetic flux is
predictable and aligned with the crystalline structure. On the
other hand, nongrain-oriented steel possesses random ori-
entation of the material crystals, resulting in higher losses,
especially at higher frequencies, but with reduced material
cost.

While the performance of GOES and Non-GOES at higher
frequencies is reduced compared to amorphous materials,

FIGURE 9. Fabrication and assembly stages of the modular transformer
windings: (a) fabrication of the 3D-printed support structure and winding
setup and (b) preparation and stacking of individual modular winding
segments, electrical interconnection and alignment of the winding
modules using busbar terminals, and final assembly of the three-phase
winding structure prior to core integration.

FIGURE 10. Assembled MFT with winding modules secured and core
clamped in place.

such as Metglas, electrical steel cores are a more economical
alternative that can be effectively used for insulation test-
ing [31]. The steel core assembly can then be used for three-
phase PD testing, applied voltage testing, and other loading
tests, as suggested in the next section. A study can then
be performed comparing the effectiveness and suitability of
GOES and Non-GOES magnetic cores for medium-frequency
applications.

Through-hole screws are used to assemble the structure
and maintain pressure across the sheets, minimizing the inter-
lamination gap/interface. The dimensions of each strip are as
follows: during the assembly process, the phase coils are
inserted onto the construction, and insulation distances are
maintained using PC spacers.

The transformer fabrication process is shown in Fig. 9.
The assembly begins by preparing a wooden frame to hold
the components in place during construction. The preformed
modular winding segments are then positioned on the frame in
their designated locations. The winding terminals are aligned
and connected according to the required electrical configura-
tion. Once the windings are secured, the laminated magnetic
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FIGURE 11. Experimental setup for three-phase excitation of the MFT using a single-phase-fed VFD. Each phase is series-compensated with a tuned
capacitor to achieve resonance at the operating frequency. Three high-value resistors (Rvg) form a virtual-neutral network connected at the transformer
side of the capacitors to stabilize the floating star point without tripping the RCD protection.

FIGURE 12. System-level Simulink circuit used to generate the results shown in Fig. 14. The circuit corresponds to the experimental setup illustrated in
Fig. 11, including the series compensation capacitors and three-phase MFT model.

core segments are inserted through the coil openings to com-
plete the magnetic path. The structure is finally tightened
to ensure proper mechanical stability and electrical insula-
tion before further testing. The assembled MFT is shown in
Fig. 10.

VII. EXPERIMENTAL RESULTS
A. SHORT-CIRCUIT TEST
The verification of the electrical design targets is performed
by comparing analytical and simulation-based predictions
with experimental measurements. The leakage inductance
requirement, defined during the design stage to satisfy the
resonant operation of the selected SST topology, is validated
through frequency-response measurements under short-circuit
conditions. The measured impedance minimum around the
target operating frequency of 1 kHz is used to confirm that the
designed leakage inductance is achieved. Loss-related behav-
ior is evaluated by comparing measured current waveforms
and impedance characteristics with analytical and FEM-based
estimates obtained during the optimization stage.

As shown in Fig. 11, the setup of the short-circuit test
consists of six parts as follows:

1) 50 Hz grid and protection;
2) 50 Hz insulation transformer and Variac to isolate the

circuit and ramp up the applied voltage to the test
circuit;

FIGURE 13. Measured frequency response of the transformer under
short-circuit conditions using the Bode 100 VNA.

3) measurement equipment, including oscilloscope, cur-
rent probes, differential voltage probes;

4) compensation capacitors to set the resonant frequency
at 1 kHz for short-circuit test;

5) MFT assembled as shown in Fig. 10;
6) short-circuit connection to provide low-impedance load

for the MFT to mimic the real short-circuit situation.
The system-level circuit used for the simulation corre-

sponds directly to the experimental setup shown in Fig. 11
and is illustrated in Fig. 12. The frequency response of the
transformer, measured by Bode 100 vector network analyzer
(VNA), in case of short-circuit is shown in Fig. 13. The
impedance response shows a characteristic minimum around
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FIGURE 14. Simulated phase currents Ia, Ib, and Ic and primary-side
voltage waveform at 1 kHz obtained from the system-level Simulink model
with series-compensation capacitors.

FIGURE 15. Experimental waveforms of the three-phase currents I1–I3 and
primary voltage of the prototype MFT during the 1 kHz short-circuit test.

1 kHz, corresponding to the short-circuit condition used for
validation. At higher frequencies, the impedance increases
due to leakage inductance, reaching a resonance peak near
120 kHz, which results from the interaction between the trans-
former leakage inductance and stray capacitances. To verify
the analysis, especially for the compensation capacitors, a
system-level Simulink simulation has been implemented as
shown in Fig. 14. The experimental results are shown in
Fig. 15. The test setup is shown in Fig. 16.

As can be seen from Fig. 15, the three phase currents are
not perfectly identical. The small deviation in amplitude is
consistent with the leakage inductance differences between
the outer and central phases obtained from the FEM analysis.
In three-limb core-type transformers, the central leg naturally
has a slightly different leakage path and mutual coupling than
the outer legs, leading to a small dispersion in phase reac-
tances.

B. THERMAL EVALUATION
In addition to the electrical and insulation validation, an ex-
perimental thermal assessment of the fabricated prototype
was performed to evaluate the temperature distribution under
representative operating conditions. Infrared thermography

FIGURE 16. Laboratory setup for three-phase short-circuit testing of the
prototype MFT at 1 kHz: (top) front view with oscilloscope displaying the
measured phase currents and voltage waveforms, and (bottom) overview
of the complete test bench including supply, compensation capacitors,
load resistors, and measurement equipment.

FIGURE 17. Infrared thermography image of the fabricated three-phase
MFT during operation.

measurements were carried out using a FLIR thermal camera
during steady-state operation.

Fig. 17 shows the measured thermal profile of the three-
phase transformer. The results indicate that the temperature
rise remains moderate, with the highest temperature observed
at approximately 42 ◦C–43 ◦C at the winding region. The ther-
mal distribution is relatively uniform across phases, and no
localized hotspots or abnormal heating were observed.

It is noteworthy that the imbalance between the phases can
be compensated during normal SST operation by the control
scheme of the MMC converter, which actively regulates the
phase currents and mitigates small impedance differences.
However, in the experimental setup of Fig. 11, a variable fre-
quency drive (VFD) is used as the excitation source; therefore,
active balancing through converter control is not available. To

VOLUME 7, 2026 807



MIRZADARANI ET AL.: MEDIUM-FREQUENCY TRANSFORMER FOR SST APPLICATIONS: DESIGN AND OPTIMIZATION

FIGURE 18. PD test setup diagram, showing the TO, CD, and MI. The h
primary coil is connected to the HV source at both connections, ensuring
no turn-to-turn voltage; secondary winding and core are connected to
ground.

FIGURE 19. PD physical setup.

compensate for the inherent impedance differences between
the outer and central phases at the resonant frequency, two
additional series inductors are introduced in the side phases.
This adjustment enables improved current balancing during
operation and ensures that the thermal test conditions shown
in Fig. 17 represent, as closely as possible, the expected oper-
ating conditions of the SST under balanced loading.

C. PD MEASUREMENT
The PD measurement is conducted under 50 Hz condition us-
ing conventional test setup depicted in Fig. 18. The PD pulses
generated in the transformer’s insulation system are extracted
via a coupling device (CD), typically a high-frequency mea-
suring impedance, and fed into a measuring instrument (MI)
for analysis. The secondary winding and core are grounded to
prevent undesired induction.

A photograph of the physical test setup is provided in
Fig. 19. The applied voltage waveform and the corresponding
PD measurement are shown in Fig. 20. During the test, the
applied voltage is first increased to 1.8 × Ur, where Ur denotes

FIGURE 20. Time evolution of the primary rms voltage (top) and measured
PD magnitude (bottom) based on the method detailed in IEC 60270 [28]
and IEC 60076 [39].

the rated rms voltage of the test object (TO), and maintained
for 30 s. The voltage is then reduced to 1.3 × Ur and held for
180 s before being decreased to zero. Throughout the test, the
PD level is continuously monitored. As the measured PD level
remains well below 10 pC, the test is considered passed, con-
firming that the air and wire enamel insulation are sufficient
to withstand the applied voltage, even under temporary over
voltage conditions.

VIII. CONCLUSION
This work presented the design, optimization, prototyping,
and experimental validation of a downscaled medium-voltage,
MFT intended for SST applications in large-scale hydrogen
production systems. The prototype was developed to verify
the electrical, magnetic, and thermal performance of a full-
scale design at reduced power levels.

A systematic design methodology was followed, combining
analytical calculations, FEM simulations, and optimization
using MATLAB–COMSOL integration. The selected config-
uration achieved a balance between efficiency, weight, and
leakage inductance. The fabricated prototype was tested under
short-circuit and PD conditions. The impedance measure-
ments confirmed the expected resonance behavior, and the PD
test results verified sufficient insulation performance under
high-voltage stress.

Overall, the experimental results confirm that the proposed
MFT design meets the functional and insulation requirements,
demonstrating scalability toward full-scale implementation in
medium-voltage SST systems for hydrogen production appli-
cations.
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