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ABSTRACT High-power-density magnetics are often designed through the MHz-frequency approach, but this
method is constrained by excessive core losses, which restrict operation to very low magnetic flux density B,
typically lower than 70 mT. Since magnetic power scales with the square of B, this fundamentally limits
achievable power density. In practice, the average power density of state-of-the-art MHz magnetic designs
remains around 70 W/cm?, far below the requirements of emerging applications. To overcome these limitations,
we propose the unbalanced-flux concept, a new magnetic architecture that replaces the traditional balanced-
flux design paradigm. This approach reduces core loss by approximately 70%, enabling operation at
substantially higher B. As a result, the concept achieves a threefold increase in power density compared to
MHz-based designs. The approach is experimentally validated in a 1 kW, 380 V/48 V LLC transformer
prototype. With natural air cooling, the transformer delivers 750 W at a record 224 W/cm?. With a heatsink, it
achieves 190 W/ecm?® at 1 kW, with a peak efficiency of 94.6%. These results demonstrate that unbalanced-flux
magnetics provide a scalable pathway beyond the MHz, low-B limitations toward the next generation of ultra-

high-power-density magnetic components.

INDEX TERMS unbalanced-flux, balanced-flux, magnetics, LLC converter, power density.

. INTRODUCTION

The concept of unbalanced-flux magnetics (UBFM) was
recently introduced by the authors in [1]. Initial loss
characterizations demonstrate that this concept has
significant potential to enhance both the power capability
and power density of magnetic components. These
improvements could surpass the performance of the
conventional balanced-flux magnetic concept, referred to
here as Faraday’s magnetic concept. Both approaches differ
fundamentally in geometry. The balanced-flux design
creates a magnetic flux path to maintain balance along the
core, whereas the unbalanced-flux concept deliberately
generates an imbalance in the magnetic flux density.

The balanced-flux concept was applied for generations in the
design of magnetic components. At high frequency magnetic
components, increasing the switching frequency has been a
key solution to increase the power density. Its principle is
rooted in Faraday’s Law of magnetic induction. While
Faraday observed and philosophically articulated the
relationship, Neumann provided the law’s mathematical

foundation and later Maxwell has completed the relationship
function of the field theory [2].

Faraday’s Law relates electromotive force (EMF) to the rate
of change in magnetic flux. It reveals that increasing
frequency allows a proportional reduction in the magnetic
core’s cross-sectional area and overall volume. Despite this
theoretical advantage, practical constraints have historically
limited its application in power electronics converters. The
first constraint was the switching losses of electronic
devices, a challenge addressed by the late 20" century
development of resonant converter topologies, such as the
LLC converter. The second constraint was the lack of high-
frequency semiconductor technology, a limitation overcome
only recently with the emergence of wide-band-gap devices.
These advancements have catalyzed the adoption of MHz-
range designs in power electronics, pioneered by Prof. Lee
at Virginia Tech and widely embraced by the power
electronics research community. Over the past decade,
significant achievements have been realized within this high-
frequency paradigm. An Overview of high-frequency
resonant converters and magnetic design trends is presented
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in [3]. The concrete applications of the MHz approach for

LLC converters and with the use of relevant design

techniques such as matrix transformers, flux cancellation,

and fractional turn have been applied in [4-13].

While MHz-frequency transformers have become a

prominent focus in modern power electronics, promising

increased power density and smaller magnetic components,
their actual contribution to magnetics power density
improvement remains debated. As discussed in [1], the
power density gains attributed to MHz designs have often
been marginal, with improvements primarily resulting from
the reduced footprint of GaN devices compared to traditional

Si MOSFETs, rather than from transformer miniaturization

itself. In fact, power density values in MHz LLC designs

remain in the range of 40—70 W/cm?, not higher than designs
operating at a few hundred kHz.

Nevertheless, existing works have provided useful insights

into design methods for MHz LLC transformers. A

comprehensive and focused review of these developments is

necessary to evaluate both their benefits and inherent
limitations.

Our previous work [1] introduced the Unbalanced-Flux

Magnetics (UBFM) concept, addressing its theoretical basis,

core-loss modeling, and general advantages. In this paper,

we extend that foundation by experimentally validating

UBFM in the context of an LLC converter.

In this context, we present a paper with two complementary

objectives:

e To review the design methods, and performance
benchmarks of state-of-the-art MHz LLC transformers.

e To experimentally validate the Unbalanced-Flux
Magnetic (UBFM) concept and demonstrate its practical
advantages in achieving high power density at moderate
switching frequencies.

The review is not intended as a stand-alone survey, but rather

as a focused technical benchmarking study that highlights the

inherent constraints of MHz frequency transformer designs
and provides an objective basis for comparison with the
proposed UBFM approach. By combining review and

innovation in a single work, this paper aims to provide both a

critical assessment of existing approaches and a practical

demonstration of an alternative path toward high power
density magnetics. In the innovative part, we present the first
complete hardware implementation of a 1 kW UBFM-based

LLC converter. The proposed transformer achieves a record

power density of 224 W/cm. The main contributions of the

paper include:

e  Experimental validation of UBFM hardware, achieving a
record power density of 224 W/cm? for LLC converter,
with performance evaluation across a wide range of
power levels.

e A detailed technical review of the advantages and the
limitations of the MHz designs.

e Direct comparison between MHz design and UBFM-
based designs.

Our work proves that the UBFM approach is especially well-
suited for applications where power density and volume are
critical, yet MHZ switching frequencies are not mandatory.
Such applications include electric vehicle onboard chargers,
high-density telecom and server power supplies, and
industrial DC-DC converters where minimizing cooling
infrastructure and maximizing power density are key system-
level priorities. These real-world contexts underline the
practical relevance of the UBFM concept.

This paper is structured as follows: section II reviews the
existing works of the MHz approach. A discussion and
theoretical comparison between the MHz approach and the
UBFM concept is presented in section III. The unbalanced-
flux method and the experimental part and the verification
with the theoretical results is presented in section I'V. Finally,
the paper’s major contributions and results are presented in
the conclusion.

Il. REVIEW OF THE MHZ DESIGN APPROACH

The LLC converter, known for its natural soft-switching
capability, has garnered significant attention from power
electronics researchers. It is regarded as a unique solution for
achieving high efficiency and high-power density. Over time,
it has become the dominant choice for various applications,
including datacenters. The soft-switching feature not only
provides a clear advantage in improving efficiency at high
frequencies, where switching losses are a critical concern, but
also serves as a key enabler for MHz switching frequencies in
low-power electronic converters.

In the past decade, the MHz approach has been extensively
applied in numerous studies to enhance the power density of
magnetic components used in LLC converters. These efforts
have led to notable contributions, which deserve a thorough
and careful review. Evaluating the technical solutions
proposed in these studies is essential for helping prospective
students and researchers understand the underlying methods
and innovations employed to achieve higher power densities
in magnetic components.

Our review will emphasize the key advantages and limitations
of these contributions, offering critical insights where
appropriate. Our technical evaluation of the design magnetic
components is based on two principal criteria: (1) the box
volume of the transformer, which includes the core and the
winding, and (2) the power density calculated as the ratio of
the output power to the box volume. The first criterion is of
high importance as it gives a clear idea about the occupied
space and it also reflects the cost of the component. The
second criterion depends on the first, however, it characterizes
the power capability of the magnetic component per unit
volume. It can be used to compare designs of different power
scales and specifications.
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FIGURE 1. LLC converter circuit [4].

This study also examines the techniques employed in
designing transformers for LLC converter shown in Fig.1,
with a focus on the interrelationships among various
optimization variables. Our analysis aims to elucidate the
rationale behind selecting key parameters such as operating
magnetic flux density (B) and the cross-sectional areas of
primary and secondary conductors. While this evaluation may
appear fundamental or akin to an engineering verification
process, it provides a valuable approximation and reference
for researchers in the field.

Moreover, our analytical approach serves as a tool for
evaluating and understanding other studies, even those
excluded from this review due to identified technical
inaccuracies. Common errors often involve miscalculations of
magnetic flux density in complex core structures or
inaccuracies in winding design. By addressing these issues,
our method contributes to clearer and more precise
evaluations.

Overall, the proposed evaluation framework offers researchers
and readers an accessible means to identify potential issues
and discern key differences and challenges across the
reviewed works.

Before delving into the results of the selected works, it is
essential to first address the concept of flux cancellation, a
pivotal technique that has garnered significant attention
among high-frequency magnetics designers. However, the
principle underlying this technique is often misunderstood,
and its benefits tend to be overestimated. Revisiting and
clarifying the fundamental principle of flux cancellation is
crucial to equipping students and researchers with the
knowledge necessary to accurately understand and evaluate its
applications.

A. Flux cancellation

Based on the explanations in [3—4], flux cancellation refers to
a structural technique where the direction of windings is
intentionally altered between multiple transformers, and parts
of the core are removed, to reduce net magnetic flux in certain
regions of the core. This principle is used to minimize core
size and improve thermal behavior. A simplified visual
representation of this technique is provided in Fig. 2.
However, we find that the interpretation in Fig. 2 is
conceptually incomplete. Specifically, the figure suggests that
matrix transformers can reduce the core length by flux
cancellation. Yet this reasoning starts from a derived
configuration, the matrix transformer, rather than the original

transformer from which it is constructed. Since matrix
transformers are structurally derived from a larger single-core
transformer, starting the explanation from the matrix layout
introduces a systematic error in tracing the actual flux
mechanics.

To clarify, consider a matrix transformer composed of two
identical units connected in series on the primary side (Fig. 2-
a). These two transformers originate from a single larger
transformer with a total of N primary turns. When restructured
into matrix form, each derived unit is excited by half the input
voltage and thus contains N/2 turns. As a result, the winding
area (W,) of each unit is also halved. To maintain identical
magnetic flux density and preserve output voltage, the core
cross-sectional area must remain unchanged. However, due to
the distribution of windings and shorter magnetic paths, the
core length of the matrix units is typically reduced by 30% or
less compared to the original structure. However, using the
temperature-rise model (Eq (1)), the flux cancellation design
results in a temperature rise of about 10% higher than the
matrix design case (Fig. 2-a), which limits its thermal
performance and eventually its power capability.
Additionally, the configuration shown in Fig. 2-c represents
the original transformer, and the transformation steps
described in [3] essentially reconstruct that original UU-core
geometry. From this perspective, the claim that flux
cancellation enables transformation from EI cores to UU cores
is misleading, as the structural process results in reassembling
the same base form.

Furthermore, when the matrix transformers are integrated
(Fig. 2-b), with reversed winding direction and the central leg
removed, the fluxes in the outer legs cancel each other
partially, a mechanism often labeled as flux cancellation.
However, this operation does not introduce new magnetic
advantages but rather represents a restructured version of the
original core layout.

The main advantage of matrix transformers lies not in flux
cancellation but in thermal management. Breaking a core into
multiple units reduces thermal resistance, leading to lower
temperature rise under high-power operation. This benefit is
well-supported by thermal modeling and experimental
evidence. In conclusion, while flux cancellation is structurally
valid, its role in enabling novel core transformations (as
claimed in [3]) is overstated.

Flux is cancelled
incenter Leg

Primary
Secondary

(@) (b) ()

FIGURE 2. Construction of flux-cancellation from Matrix UU cores [3].

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



This article has been accepted for publication in IEEE Open Journal of the Industrial Electronics Society. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/0JIES.2025.3609214

From the winding loss perspective, the realization of the
primary winding for UU core surrounding the two vertical legs
is very beneficial and brings two primary advantages (Fig.3).
First, It allows to reduce the mean-turn length, which helps to
reduce the DC resistance and eventually the winding loss.
Additionally, it enables to reduce the number of layers by
50%, which also allows to significantly reduce the AC
resistance and the winding loss due to the proximity effect.

In the following, we will continue using the term “flux
cancellation” as presented in existing works, however, the
reader should keep in mind the former issues related to the
existing interpretation.

FIGURE 3. Principle of flux cancellation, the central leg is of EE core is
eliminated and the direction of the winding is reversed to generate
continuous flux flow [4].

B. Matrix and Flux cancellation LLC Transformer

The first 1 MHz LLC converter was introduced in [4],
showcasing a 1-kW, 390 V/12 V half-bridge LLC converter
optimized for enhanced power density. The transformer
design utilizes a matrix transformer architecture combined
with flux cancellation techniques, as described in [3].

The matrix transformer consists of two transformers
connected in series on the primary side. Each transformer
features 8 primary turns and a center-tapped secondary
winding with a single turn. The windings are implemented
using a 4-layer PCB layout, distributed equally between the
primary and secondary windings in an S-P-P-S configuration.
The primary turns occupy the two inner layers, with each layer
comprising four turns to facilitate flux cancellation, as
illustrated in Fig. 3. The trace width of the primary winding is
approximately 3 mm. While the exact thickness of the PCB
layers is not specified, it is likely that 3-0z copper was used,
given its suitability for this switching frequency and power
level. This corresponds to an estimated primary cross-
sectional area of 0.26 mm? which is appropriate for the
primary current.

The transformer’s physical size is not explicitly stated, but the
core's box volume is approximated at 11 cm?, yielding a power
density of approximately 90 W/cm?®. When the winding area is
included in the volume calculation, the total transformer box
volume increases to 16 cm?, resulting in a power density of
about 60 W/cm?.

An improved version of [4] was presented in [5]. The two
transformers are replaced by four transformers. The magnetic
flux density was fixed to 68 mT based on the thermal
constraint of the magnetic material, the used switching
frequency (1 MHz), the excitation voltage (380 V) and the

core loss density of the chosen material (P61, 800 kW/m?).
The core cross-section is accordingly determined (44 mm?)
and the remaining core geometry variables were optimized
using sweeping techniques to minimize the total transformer
loss. These variables are one of the two sides of the rectangular
cross section, noted a and b and the winding trace noted c
(Fig.4). The winding trace ¢ was optimized to 6.5 mm, suitable
to design primary and secondary. The turn ratio is 4:1 for each
core. The primary conductor cross section is equal to 0.18 mm?
realized using 4-layer, 3 oz PCB and a trace width of 1.6 mm
(Fig.4-5). The optimal complete transformer footprint is 1820
mm?. If we approximate the core height to 7 mm, as found in
the improved version in [6], the total transformer box volume
equals 12.74 cm®. Therefore, each transformer has a box
volume of 3.18 cm?. This solution has improved the power
density to 78 W/cm? compared to 60 W/cm? in [4].

FIGURE 4. Winding structure and optimization variables of transformer
loss: a, b and ¢ of design in [5].
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FIGURE 5. Cut of the front-view of the winding structure in [5].

However, it should be mentioned that the experimental
results are not accurate because the thermal image given in the
paper shows unrealistic temperature of the transformer and the
output terminals. As can be seen in Fig.6-a, the transformer
temperature is about 30 °C and the output terminals
temperature is about 25 °C, which are not true for 25 A in
every output terminal. Concerning the transformer, under core
loss (open circuit test), the transformer temperature should be
as high as 60 °C. This can be verified by calculating the
temperature rise using the empirical equation (1).

P
T, = Rip Prax = 53 cho.%i (D

Where Puax is the maximum loss, Ry, is the core thermal
resistance and V. is the core volume.
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If we estimate the loss of a single transformer to 3 W as per
the given data in [5], we find the calculated temperature rise to
be around 100 °C. With forced air cooling, at best, the
temperature can be decreased to 70 °C.

Our opinion can also be justified by comparing this thermal
image with the thermal image (Fig.6-b) of the following
reviewed paper developed in the same research group [6]. The
discrepancy between the two cases clearly indicates that the
work in [5] is unrealistic.

(b)

FIGURE 6. Thermal images of the converters at full load: (a) [5], (b) [6],

In [6], a 1 MHz, 800 W half-bridge LLC converter is
designed. The transformer is made using two integrated-
matrix transformers placed in opposite direction to achieve
better flux distribution. The effective cross section is equal to
44 mm? and the operating magnetic flux density is about 68
mT like the design in [5]. The optimal core footprint is 2150
mm? (quarter brick footprint). The primary conductor cross-
section is equal to 0.23 mm? realized using 3 oz PCB layer
thickness and a track width of approximately 2 mm. This
choice is reasonable for an approximate RMS current of
approximately 5 A. As can be seen in Fig. 6-b, the temperature
of the output terminal is much higher than what is presented in
[5]. However, the transformer is fixed using a clamper, which
hides the real temperature of the transformer. The clamper
could be acting as a heatsink contributing to reducing the
transformer temperature. Finally, the box volume of the total
matrix transformer is 12.2 cm?® achieving a power density
equals to 65 W/ecm®.

In [7] a 1 MHz, 3kW 3phase 400 V/48 V LLC converter
was designed. The core cross section for one phase is chosen
to be 250 mm?. This significant change in Ae compared to the
previous works (250 to 44 mm?) is made to reduce the number
of turns to decrease the common mode current in three phase
converters. It also gives more freedom to insert shielding
layers between the secondary and the primary. The primary
number of turns is reduced from 16 to 4 which is expected as
the cross section is increased 4x and the frequency is kept to 1
MHz. Under these conditions, the magnetic flux density is
about 70 mT. The trace width of the primary and the secondary
are about 2 mm and 4 mm respectively. We also note that the
secondary layers are connected in parallel to achieve one turn.
The converter uses 3 oz PCB giving a one-phase primary cross

section of 0.21 mm?. The one-phase transformer footprint
ranges from 500 to 600 mm?. The core height is about 17.7
mm. Therefore, the box volume of one-phase transformer
approximately varies from 9.73 to 10.6 cm?® yielding to a
power density of approximately 94-to-100 W/cm?.

In [8], a200 W two stages DC-DC converter was designed.
The second stage is a 2 MHz, 48 V/24 V LLC converter. The
footprint of the transformer is 300 mm? and its height is about
11.5 mm. The box volume of the transformer is approximately
equal to 3.45 cm® and the power density is about 58 W/cm?>.

There are other important works using LLC for other input
voltage ranges such as [9-10]. However, their designs are
based on the above discussed methods. In addition to that, we
did not find enough data about the magnetics design, so we
only limit to mention their use of the MHz design approach.

C. Matrix and Fractional turn LLC Transformer

In [11], a 0.75 MHz, 380 V/ 12 V, 600 W LLC converter
using half-turn transformer was proposed. The use of half-turn
in the secondary can reduce the winding loss. However, this
requires increasing the core cross section to avoid the
saturation of the core in order to compensate for the turns
reduction of the primary. An EI 32 planar core, which has an
effective cross section of 130 mm?, is used. This cross section
is 3x higher than the one used in [5-6]. However, since the
number of primary turns was reduced to 8, compared to 16 in
[4-6], the switching frequency had to be lowered to 0.75 MHz
to avoid core thermal saturation and maintain a feasible
magnetic design. In these previous works, the total number of
turns refers to integrated matrix transformers; for example, in
[6], four transformers were used, each with four primary turns,
giving a total of 16 turns (see Table 1). The magnetic flux
density in this work is about 50 mT, slightly lower than that in
[5-6]. The primary conductor cross-section is about 0.4 mm?,
which is very conservative for this power application. The
secondary cross section is about 1.6 mm?, which is also very
suitable for 12 A output current per output-rectifier. The box
volume of the transformer is about 8.2 cm? and the power
density is 73 W/cm?®.

The fractional turn technique was also applied in [12] to
operate 1 MHz LLC converter using a quarter-turn in the
secondary and four turns for the primary. The effective cross
section is 256 mm? and the resulting magnetic flux density is
46.4 mT for 380 V primary voltage. The effective cross
section Ae is about 6x bigger than the solution presented in [5-
6]. It was explained that the designed DC resistance of the
winding is 4x lower than the one designed in [5-6]. However,
this result is inaccurate because the mean turn length (Im) in
[5-6] is  2.5x smaller. Knowing that the total length is the
product between the number of turns and Im, we can easily
verify that the DC resistance in [5-6] is only 1.66x bigger than
that of [12] so that the copper loss due to the DC resistance
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will be 66% higher. However, the magnetizing inductance of
[12], not accounting the air gap effect, is about 2.5x smaller
than that in [5-6] as the primary number of turns is one-fourth
that of [12]. The contradiction found, is that the final Lm for
both designs ([5-6] and [12]) are equals (=24 pH), however it
requires only 0.2 mm air gap for the design in [5-6] and 1 mm
for [12]. This is illogical because smaller inductance requires
smaller air gap to achieve the final target inductance.

Finally, the transformer footprint is 1225 mm? and the
transformer height is 12.3 mm, calculated using the
dimensions given in the paper. This data gives a transformer
box volume of 15 cm® and a power density of 66 W/cm?.

D. Matrix, flux cancellation and Fractional turn LLC
Transformer

In [13], the transformer design is referred to as a split-phase
transformer. The method used to realize this structure is
illustrated in Fig. 7, which is reproduced from [13]. It
represents a flux cancellation technique applied to an EE core,
similar to what has previously been implemented for a UU
core in [4-6]. The use of an EE core enables the winding to be
embedded within the core, offering compactness. However,
the derived core geometry is suboptimal for proper flux
cancellation.

For effective flux cancellation, the cross-sectional area of the
core should remain constant along the flux path to maintain a
uniform flux density. In Fig. 7, the central region (highlighted
by the black square) corresponds to the flux cancellation
structure initially proposed in [3—4]. In this region, the cross
section should be maintained constant. However, the addition
of two extra cores on the left and right alters the flux
distribution. Ideally, the magnetic flux would split equally
between the central region and the added outer legs, resulting
in a 50% flux reduction in each path. But this does not occur
in practice.
extra-core

central region: flux cancellation in [3-4]

extra-core

1.02mm

FIGURE 7. Transformer design and winding structure in [13].

Most of the flux remains concentrated in the central region.
This is because the flux cancellation technique relies on two
opposing magnetic sources (red and yellow windings), which
are connected in series but wound in opposite directions. This
configuration creates a strong magnetic coupling that forces
the flux to travel through the shortest magnetic path between
the two sources, namely, the central region. The
magnetomotive force generated by each winding effectively
pulls the flux of the opposing source into the center,
minimizing flux flow in the added side legs.

This behavior is confirmed by the thermal distribution shown
in Fig. 8. As illustrated, the central region exhibits
significantly higher heating compared to the extra cores,
indicating that most of the magnetic activity and associated
losses are concentrated in the central flux path.

The authors of [13], have inserted the air gap g> to balance the
flux between the central region and the extra-cores, however,
this did not solve the problem. More precisely, it balanced the
reluctance and not the flux.

FIGURE 8. Thermal images of the converters at 1 kW in [13] showing
the central region is heating more than the extra-core parts.

E. Summary of the existing works

To summarize the reviewed works, we have consolidated the
main characteristics of various transformer designs in Table.
1. Before concluding this section, it is important to emphasize
a critical aspect of the fractional turn design.

In the literature, the fractional turn is often described as a
method to reduce copper loss. While this perspective has been
widely reported, it offers a limited understanding of the
technique and overlooks several critical factors. Specifically,
it neglects the significant impact of magnetizing inductance, a
fundamental property of any transformer.

An ideal transformer is characterized by infinite inductance,
which minimizes magnetizing current. This magnetizing
current is the source of the electromotive force (EMF)
generated in the secondary winding and should ideally be
negligible to enhance efficiency. Magnetizing current is
inversely proportional to the square of the number of turns in
the winding. Consequently, reducing the number of turns
results in a squared increase in magnetizing current. Simple
calculations show that this increase leads to higher conduction
losses due to the elevated magnetizing current.
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While the rise in magnetizing current may seem negligible on
the secondary side, its impact on overall efficiency is
substantial, as demonstrated in the results above. Even though
the magnetizing current is relatively small compared to the
load current in high power applications, its influence on
efficiency is far from trivial in low power applications such as
the 1 kW LLC converter.

Additionally, a reduction in the number of turns necessitates
an increase in core cross-section to prevent core saturation and
increased core loss. This increase in the core area (Ae) also
leads to a rise in winding resistance, as the winding length
increases proportionally to \/A_e .

In conclusion, the fractional turn design is not an ideal solution
for improving efficiency. Designers should prioritize overall
converter efficiency above secondary benefits, such as
reduced leakage inductance, lower winding capacitance, or
minimized copper loss. These secondary advantages may not
be fully realized in practical load conditions, as leakage
inductance, winding capacitance, and copper loss are all
influenced by circulating currents. Ultimately, the criterion for
a successful design lies in achieving high overall efficiency
rather than focusing solely on individual theoretical
parameters.

TABLE. 1 Summary of the main characteristics of the existing LLC converter

[4] [5] [6] [7] [11] [12] [13] [this work]

Output power 1 1 0.8 3 0.6 1 1 0.75
(kW)
1/0 voltages 390/12 | 380/12 380/12 400/48 380/12 380/12 380/12 380/48
Frequency (MHz) 1 1 1 1 0.75 1 1 0.33

= Matrix transformer = Half-turn |= Matrix = Matrix = UBFM

= Flux cancellation = Litz wire |= Quarter- |= Flux
Design techniques |® Magnetic cores Integration turn cancellation

] PCB winding = PCB = PCB

winding winding

Number of 2 4 2 3-phases 1 1 2 2
transformers transformer
I r-peak (A) 8.8 -" 8 6 10 10 6.26
Admm?) /B (mT) /| /- |44/68/4/16 | 44/68/8/16 | 250/70/4/16 | 130/50/4/4 | 256/47/4/4 | 83.2/68/8/16 |28/250/8/16
Np™ /Ny ™ "/8/16
Primary cross| 0.26 0.18 0.23 0.21 0.4 -n 0.2 0.26
section (mm?)
Box volume (cm®) 16 12.74 12.2 =10 8.2 15 14.2 3.36
Power density | 60 78 65 100 73 66 70.4 224
(W/cm?)
Full-load 95 97 97.2 97.2 97 96 97 94%
efficiency
(reported/proposed
method)

ml m2
>

", not reported

lll. From MHz approach to unbalanced-flux concept
Over the past decade, significant research efforts have
been devoted to increasing the power density of magnetic
components using the MHz switching frequency approach,
along with various techniques such as matrix transformers,
flux cancellation, fractional turns, integrated PCB designs,
and custom magnetics. The average achieved power density
in such design ranges between 60 and 70 W/cm®. By
comparison, magnetic designs using commercial, non-
optimized cores operating at a few hundred kHz switching
frequencies typically achieve a power density of around 40
W/em?.

Based on the practical and experimental results discussed
in Section II, it can be concluded that the MHz approach has

are number of turns in one single core and total transformer respectively.

yielded only incremental improvements in power density.
However, evaluating this design methodology solely based
on practical outcomes may not fully capture its true
advantages and limitations. To provide a balanced
perspective, it is essential to assess the MHz approach
through the lens of foundational electromagnetic design
principles. Such an evaluation offers researchers and
engineers an  alternative  viewpoint,  addressing
misconceptions and offering insights into the MHz
approach's actual potential and limitations concerning power
density.

The MHz design methodology is rooted in Faraday’s law
of magnetic induction, which states that increasing
frequency allows for a proportional reduction in core cross-
sectional area, thereby enabling a significant decrease in
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overall component volume. Designers may also adjust the
number of turns according to this law. However, in LLC
converters commonly used in datacenter applications, the
number of turns is typically constrained by the input-to-
output voltage ratio. The potential for volume reduction is
further limited by thermal constraints of the core and
winding volume considerations.

Nevertheless, Faraday’s law alone does not fully
encompass the electromagnetic phenomena governing high-
frequency magnetic components. To better understand these
dynamics, the magnetic power capability (Pn), given in
equation (2), can be examined. This equation reveals that
magnetic power is directly proportional to frequency and the
square of the magnetic flux density (B). From mathematics,
itis clear that increasing the magnetic flux density (B), rather
than frequency, should be the designer's primary objective.
To maximize P, B should be increased to its maximum
permissible value, defined by the saturation limit of the core
material. A safety margin must be maintained to avoid core
saturation. Once this limit is approached, the second variable
(frequency) can be increased further, provided the thermal
constraints are not exceeded. This principle forms the
foundation for designing high-frequency magnetic
components.

The initial switching frequency for a design can be
determined based on the core material’s saturation flux
density and the required number of turns, which in turn
depend on the available window area and the chosen
winding cross-sectional area. By adhering to these
principles, designers can effectively optimize power density
while maintaining reliability and efficiency.

Pn=fE«f =By’ @

Let us now delve into the practical application of the MHz
approach and its consistency with the previous principles.
From the evaluation of various MHz studies, it becomes
evident that the operating magnetic flux density (B) in these
designs (less than 70 mT) is only 10% to 20% of the
maximum flux density in ferrite materials, which is
approximately 0.45 T. Operating at such low flux densities
means that the core is utilized far below its maximum energy
transfer capability. Consequently, as the switching
frequency increases beyond the initial frequency discussed
earlier, the power density begins to degrade.

To understand this issue more thoroughly, we must
examine the primary challenges associated with increasing
magnetic flux density. In designs operating at a few hundred
kHz, the typical operating flux density ranges from 0.1 T to
0.15 T, or roughly 30% of the material's saturation flux
density (=0.45 T). This limitation is primarily imposed by
the thermal constraints of the magnetic core, as higher B
values lead to increased core losses.

Core loss, which is a function of BP (where B is the
Steinmetz parameter, typically between 2 and 3), grows at a
faster rate than the energy transfer capability (2). While

increasing B improves the core's energy density, it also

increases core losses due to the non-linear relationship

(B>2). This presents a fundamental conflict between

maximizing magnetic energy and minimizing core loss, as

both are functions of approximately B2.

One possible solution is to optimize these two functions
by calculating optimal B, as demonstrated in foundational
works [14-15]. These studies show that the optimal B in a
few hundred kHz applications is around 0.1 T, substantially
lower than the material's saturation flux density. While this
approach achieves impressive results, we propose a different
strategy: instead of focusing solely on optimization within
current limitations, a better solution may involve finding
methods to reduce core loss while simultaneously increasing
the operating flux density to a higher limit.

A promising solution, introduced in [1], is a geometry-
based approach known as the Unbalanced-Flux Magnetics
(UBFM) concept. UBFM intentionally generates an unequal
magnetic flux distribution (B) between the center leg and the
outer regions of the magnetic core (Figs. 9-10). The
imbalance is achieved by designing unequal cross-sections
along the core length. By locally adjusting the cross-section
of selected parts of the core, their flux density changes
relative to other regions. The key design step is therefore to
identify which parts of the core should be enlarged to reduce
flux density and which should be narrowed to increase it.

To illustrate the principle, we consider the case of an EE
core (Fig. 9). Such a core can be divided into two distinct
regions:

e Active region: the central leg, enclosed by the
transformer windings, which directly participates in
energy transfer. In UBFM, this region is designed with
a smaller cross-section so that its flux density increases,
enabling higher power transfer between the primary and
secondary. Importantly, the active region represents
less than 15% of the total core volume, so increasing B
to a high level in this limited part does not compromise
the overall thermal performance.

e Passive region: the return legs not enclosed by
windings, which mainly carry flux but do not contribute
to energy transfer. In UBFM, these regions are given a
larger cross-section so that their flux density decreases,
thereby reducing core losses. Since the passive region
typically accounts for more than 85% of the total core
volume, and core loss scales approximately with B2,
this redistribution leads to a substantial reduction in
total core loss.

Through this selective redistribution of flux density between

active and passive regions, UBFM lowers the total loss

volume while allowing the transformer to operate at higher
peak B, ultimately enabling much higher power density
compared to conventional balanced designs.

Fig.9 shows an example of the difference between the BFM

and the UBFM when A//Ac~1. Fig.10 shows the FEA

simulation of the magnetic flux density for this case.
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FIGURE 9. Flux, Flux density B and cross section along the core
length in (UBFM)core and balanced-flux core (BFM).

B [tesla]
0.5200

. 0.4760

0.4496
0.4232
0.3958
0.3704.
0.3440
0.3176

1 0.2912
0.2648
0.2384
0.2120
0.1856

.::: (b) case: a=1

FIGURE 10. FEA simulation of B for: (a) the balanced flux, b)
unbalanced flux.

In summary, the UBFM method focuses on minimizing
losses in the passive regions while maximizing energy
density in the active regions.

IV. UNBALANCED-FLUX TRANSFORMER DESIGN

A. Transformer design and Optimization

The transformer which is designed is used for 1 kW,
380V/ 48 V, LLC converter. The converter circuit is shown
in Fig. 11. The secondary rectifier is made using a full bridge
Schottky diodes [17]. The two transformers are integrated in
one single core as shown in Fig.12. The transformer core
dimensions are optimized using Genetic Algorithm and
Pareto front concept to minimize the transformer volume
and the transformer loss [18]. The optimization variables are
summarized in Table. 2.
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FIGURE 11. Circuit of the designed LLC converter.

1) Objective functions and design equations
The first objective function is the transformer total loss
(the core loss and the winding loss). We have applied
Dowell’s loss model to compute the AC resistance [16]. We
have applied the core loss model developed in [1] for the
calculation of core loss (Eq (3)).
Pc_unb =k faBmﬁ Vcc+ k faBmoﬁ Vo_unb (3)

V. and V, unb are the volume of the central legs and the
remaining parts respectively.

The core geometry quantities such as the cross section,
the core height and the core window required to determine
the volume for the transformer core and necessary for the
loss calculation are expressed using the optimization
variables (D¢, Wi, Wy) given in Tab. 2. The later variables
are the diameter of the central leg (Dc), the core-window
height (W) and the core window width (Wy,).

OalES

A H = F

FIGURE 12. Top and front views of the Integrated magnetic cores.

The core cross-section Ac, the window area (W), the core
width (Cy), the outer part height (X.) are given by the

following equations.
T DC2

4,="2 @

We =2W, W, (5)

C,=2D, (6)
Ac

Xw - a (7)

The core volume is determined using the basic equations
of geometry. The magnetic flux density Bm in the central
leg is calculated as follows:

_ Vin /2 Ny
B = ®)
N is the number of transformers, which is fixed to 2, fis
the switching frequency, N, is the primary number of turns.
Bmo is the magnetic flux density in the outer parts, and it
is related to B, by the following relationship.

Bmo __ 14c
Bm 24,

(€))
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TABLE. 2. Optimization variables

Variables Unit type interval
D, mm real [1-10]
Wi mm real [1-5]
Wy mm real [1-20]
L, uH real [1-10]
T °C real [40-100]
C, nF real [1-70]

1, mm real [1-2]

2) Design constraints

The problems optimizations constraints are the following:
The maximum allowable magnetic flux density calculated
as follows:

B,, < 0.7 By (10)

Where B is the saturation magnetic flux density.

The minimum conductor size in mm calculated by the
following empirical equation:

Irms
dp = ’7 (11)

The minimum core window height
Wy = Npcp Wpep (12)
Where Npcg and Wpcg are the number and the thickness
of the used PCB.
The core window should satisfy the following constraint.

2(Npp Lp+Ns L
W"Z% (13)

Where k, is the filling factor and L, the layer cross section
within the transformer window.
L, =W, 50z (14)
The number of turns per layer of the primary and the
secondary are.

Ny, = round (:—;) (15)

Ny =2 (16)
3) Optimization result
The magnetic core obtained is shown in Fig.13. The core
volume is 2.17 cm? and its box volume is 3.36 cm®. The core
footprint is 420 mm?, the cross-section A is 28 mm? and its
height is 8 mm. The core footprint is 5x and 3x smaller than
the designs in [4-5] and [6] respectively. The manufactured
core differs slightly from the optimized solution due to
manufacturing issues. The issue is that the ratio Ao/Ac in the
manufactured core is 0.85, whereas the optimal design
specifies a ratio higher than 1. Although, the performance of
the manufactured core is expected to be lower than the
optimal solution according to [1], we have tested it in our
converter.

FIGURE 13. Photo of the designed UBFM core.
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The turn ratio of each core is 8:4. We have used two 4-
layers, 5-oz PCB to make the transformer winding. The
winding design for one PCB is as shown in Fig. 14. The
winding structure of the transformer is made as follows:
SPPS-SPPS. The primary track width is 1.5 mm, which
gives a cross section of 0.26 mm? for 5-oz PCB. The
secondary cross section is 2.1 mm?. The chosen winding
strategy does not allow us to completely cancel the
proximity effect losses, and it will result in higher winding
loss as we will see in the experimental results.

Second layer: pri

Third layer: pri Bottom layer: sec

FIGURE 14. Winding structure of the top transformer-PCB

Compared to existing designs, the volume of the magnetic
core in the proposed UBFM transformer is approximately
three times smaller than the average core volume reported in
recent literature. Despite this substantial volume reduction,
the winding parameters, including width, PCB layer
thickness, and number of turns, remain comparable to those
in state-of-the-art designs, particularly [4].

This comparison highlights the unique advantage of the
UBFM approach: it enables a significant increase in
magnetic flux density (B) while maintaining low core loss,
which is typically a major limiting factor in conventional
designs. This decoupling of flux density and core loss is
central to the UBFM concept and is key to achieving higher
power density without pushing the system to very high
switching frequencies.

B. Test and experiments

Before implementing the transformer into the converter,
the standard open-circuit test and short-circuit test were
performed to measure the core loss and the winding loss and
to investigate the thermal performance of the transformer.
Fig.15-a shows the temperature variation as a function of B
at different frequencies. As can be noticed, the transformer
can operate at 0.25 T and =350 kHz, without facing any
thermal issue. The registered temperature at these
operations conditions is 78°C. Fig.15-b shows the voltage
and current waveforms measured in the short circuit test.
The registered core temperature for a short-circuit current of
5 A is 65°C. The performance of the transformer can be
improved using forced air cooling. A fan delivering an air
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flow of 1.51 m*min has reduced the transformer
temperature from 78°C to 45°C in the open-circuit test.

After performing the open-circuit and the short circuit
tests and testing the thermal performance of the transformer,
the transformer is built in the LLC converter. The converter
circuit prototype is shown in Fig. 16. We have used a4.2 uH
commercialized inductor as depicted in the circuit. Its
maximum DC resistance is 1.8 mQ. The capacitance of the
resonant capacitors C,; and Cp are 25 nH each. The
switching frequency is 333 kHz.

: ‘

Fa=100 kHz
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FIGURE 15. Transformer test: (a) measured temperature in no-load
test and (b) voltage and current waveforms in short-circuit test.

Transformer

FIGURE 16. Photo of the designed LLC converter.

The converter was successfully tested up to 754 W. The
experimental setup includes:

e Load type: A programmable DC electronic load (EA-
PSB 9200-210) was used to emulate the output load
conditions. The load was configured in constant-current
mode for efficiency measurements at different power
levels.

e Measurement tools and test conditions: Voltages and
currents were measured with a Tektronix series 6
oscilloscope equipped with differential and current probes
(Testec/100 MHz, Keysight N2782B 30A/50 MHz).
Ambient temperature during testing was maintained at 23
+ 2 °C. The temperature is measured using a Fluke Ti9
thermal camera.

e Test duration and consistency: Each data point was
recorded after thermal equilibrium was reached (typically
after 8—15 minutes of operation at the target load). All
efficiency and loss measurements were repeated two times.

Fig.17 shows the resonant currents and the primary
voltage at nine power levels. As can be noticed, the
converter achieves soft switching operation.

The maximum registered efficiency without heatsink is
94.27% measured at 603.7 W. Fig. 18 shows the thermal
images at different output powers. The converter was
operated continuously for 54 min: 15 min at 503 W, 10 min
at 554 W, 8 min at 603.7 W, 5 min at 654 W, 8 min at 707
W and 8 min at 754 W. This test was repeated twice. The
temperature at the different output powers were registered
after verifying that the thermal equilibrium of the
transformer is attained. A forced air cooling using a fan was
used during the operation.

As the output power increases beyond 700 W, the
transformer begins to approach its thermal operating limit,
which leads to a slight drop in efficiency, as observed at
750 W (Fig.19). This efficiency dip corresponds to the
increased temperature rise shown in Fig. 18, where both
winding and core temperatures escalate. To mitigate this
thermal stress, a heatsink was introduced at 800 W,
improving the thermal performance and enabling the
converter to regain efficiency. This thermal behavior
explains the non-monotonic trend observed in Fig. 19 and
confirms the importance of thermal management in
sustaining high efficiency under increased load.
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FIGURE 17. Primary voltage and resonant currents waveforms at
different power levels: (a) transformer with air cooling, (b)
transformer with heatsink and air cooling.
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FIGURE 18. Thermal images at: (a) 503 W, 15 min, (b) 554 W, 10 min,
(c) 603.7 W, 8 min, (d) 654 W, 5 min, (e) 706.9 W, 8 min, (f) 753.4 W, 8
min.

The transformer was tested using heatsink from 800 W
and the converter was run up to 1 kW. Fig.19 shows the
measured efficiency of the converter. The peak efficiency is
94.6%, registered at 900 W, however the efficiency is almost
flat from 600 W to 1 kW.
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FIGURE 19. Measured efficiency up to 1 kW.

Fig. 20 shows the thermal image of the converter at 1 kW
using a heatsink for the transformer. The maximum
temperature of the output rectifier is 93 °C registered in the
diode-rectifier.
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FIGURE 20. Thermal image of the converter at 1 kW, transformer with
heatsink.

C. Efficiency, loss breakdown and power density

A detailed loss analysis was performed on the prototype
LLC transformer operating at 750 W output power. The
estimated losses include core loss, winding loss, diode loss,
and GaN conduction loss. The goal is to quantify the major
sources of inefficiency in the converter and assess the
potential for further future optimization. The methodology
relies on experimental temperature measurements, datasheet
values, and standard electrical loss models.

The transformer loss is derived from temperature
measurements and the thermal resistance model based on the
results in [1]. The measured core temperature was 102 °C at
750 W output as shown in Fig.18. With an estimated thermal
resistance of 14.5°C/W, as per the study in [1], and an
ambient temperature of 25 °C, the total transformer loss
(core + winding) is:

AT _ 102-25
Ry, 145

P trans —

=53W (17)

The winding configuration consists of 16 primary turns with
0.26 mm? cross-section and two secondary windings of 4
turns with 0.6 mm? The estimated RMS currents are 6.5 A
(primary) and 7.8 A (secondary), resulting in approximating
winding loss of 3 W. The core loss is estimated to be 2.5 W
using Steinmetz equation. The sum is approximately equal
to the result given in Eq (17).

The total diode conduction loss in the prototype was
estimated using the SDT30B100D1 Schottky diodes from
ROHM Semiconductor, each with a typical forward voltage
drop of 0.85V at nominal operating conditions [17]. The
converter employs a full-bridge rectifier per transformer,
totaling eight diodes. Each diode conducts for half a cycle
and carries half of the transformer's output current. Based on
an average output current of 15.6 A, the conduction loss per
diode is approximately 3.7 W, leading to a total diode loss
of about 29.5 W. This represents a significant portion of the
total system loss, emphasizing the importance of optimizing
the output stage.

The primary-side switches in the prototype are implemented
using GS66508T GaN HEMTs from GaN Systems, which
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feature a typical Rps of 129 mQ. In soft-switching operation,
only conduction losses are considered. Each switch carries
approximately 3 A, resulting in a total conduction loss of
1.08 W [19].

Assuming the loss of the remaining components and
auxiliary circuit to 4 W, the total converter loss at 750 W
output is theoretically estimated to be 40 W, yielding an
efficiency of approximately 94.97 %. This result is in close
agreement with the experimental efficiency measurements
reported in the paper, confirming the consistency and
accuracy of the analytical loss breakdown and validating the
design approach.

By replacing the Schottky diodes with synchronous
rectifiers using MOSFETs having, for example, an Rps of
6 mQ, the total conduction loss in the output stage can be
reduced to approximately 2.93 W. This results in a
significant boost in overall converter efficiency to around
98%.
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FIGURE 21. Estimated Loss Breakdown at 754 W Output

The power density of the transformer without heatsink
and calculated based on the transformer box volume is 224
W/cm?. This later is 3.5x higher than the average existing
power density (65 W/cm?). The power density including the
heat sink volume at 1 kW is 190 W/cm?, which is
approximately 3x higher than the existing power density.
Fig. 22 shows the evolution of power density in MHz LLC
transformer designs over the past decade. While previous
improvements followed a negligible gradual trend, the
proposed UBFM-based design breaks this trajectory,
achieving 224 W/cm?® and surpassing the natural pace of
progress by more than a factor of three. This disruptive leap
highlights the transformative potential of the unbalanced-
flux approach in overcoming long-standing limitations of
magnetic power density.
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FIGURE 22. Advancement of Power Density in MHz LLC
Transformers: Demonstrating the Impact of UBFM
Integration

The converter has achieved an acceptable efficiency of
94% at 750 W, despite the use of commercialized DC
inductor, partial interleaving winding in the transformer and
a full bridge diode-rectifier in the secondary. Future work
will focus on improving the power density by minimizing
the winding loss using full interleaving technique, a center-
tapped transformer to minimize winding loss and
synchronous rectification. The most effective improvement
in the magnetic design is to change the magnetic core size.
In this design, the outer cross section (A,) is 0.85% of the
center leg cross-section (A.), however, the optimal choice
according to [1] is that Ao/Ac is equal to 1.25. According to
[1], the thermal performance of the future core is much
better, and it can deliver 30% more power capability. In
addition to that, the temperature could decrease by 10 °C.

Concerning the design of the GaN devices, there is still
much effort to be made in the optimization of the PCB layout
and component placement as well as the optimization of the
dead time. In this paper, our focus was centered in testing
and validating the UBFM concept. Future work will focus
on improving the switching devices design and the overall
power density and the efficiency of the LLC converter. More
in-depth and detailed analysis of the loss calculation of the
different components will be performed.

V. CONCLUSION
This paper presents two major contributions:

e  First, it demonstrates the application of the Unbalanced-
Flux Magnetics (UBFM) concept in a 1 kW LLC
converter. The proposed UBFM-based design achieves
a record power density of 224 W/cm?, more than a
threefold improvement over the best reported values (=
70 W/cm?®). This was achieved by operating the core at
a high flux density (= 0.25 T) at 350 kHz, a regime
typically unattainable in conventional designs due to
excessive losses. In contrast, the UBFM design reduced
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core loss by = 70%, maintained low winding loss,
achieved a peak efficiency of 94.6%, and demonstrated
robust thermal performance.

e  Second, the paper provides a focused review of recent
MHz LLC transformer designs, summarizing the core
design principles, benefits, limitations of some design
techniques (matrix structures, flux cancellation,
fractional turns) and reporting their experimental
outcomes. This benchmarking helps position UBFM
relative to state-of-the-art solutions.

The Unbalanced-Flux Magnetic (UBFM) concept

represents a groundbreaking innovation in the design of

high-frequency magnetic components. This revolutionary
approach challenges the long-standing notion that magnetic
components are inherently bulky in power electronics. For
the first time, it enables power densities that exceed the
average of other components within the system, opening
pathways toward EV onboard chargers, high-density
telecom/server power supplies, and industrial DC-DC
converters where compactness and efficiency are critical.

Moreover, The UBFM concept has the potential to introduce

novel core geometries that may redefine standards in the

magnetic component industry.

Future work will focus on further improving efficiency and

overall power density, scaling the concept to multi-kilowatt

systems. These steps will solidify UBFM as a practical
foundation for the next generation of ultra-high-power-
density magnetics in power electronics.
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