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Abstract—To date, the dominant method of passive compo-
nent miniaturisation in power converters is through increases
in switching frequency, which is enabled by emerging high
frequency Wide-Band-Gap devices. However, to push the perfor-
mance limits for the next generation of high-power-density power
converters, research into integrated passive components—such as
inductors, capacitors, and transformers into a single structure is
essential. This manuscript presents an integrated self-resonating
transformer based on Flexible Multilayer Foil (FMLF) for CLLC
converters. In this design, all resonant components on both the
primary and secondary sides—such as leakage or physical induc-
tance and capacitance—are combined into a single unit, referred
to as a Self-Resonant Transformer. This not only reduces the
volume, but also the cost and weight of the overall system thereby
enabling next-gen highly power dense converters. Moreover, the
proposed structure employs a novel trifilar winding configuration
to mitigate the effects of bypass capacitance typically observed
in conventional winding arrangements. Analysis, design, and
experimental measurements are presented to show the efficacy
of the proposed structure.

Index Terms—CLLC converter, LLC converter, Passive com-
ponent integration, Resonant converter.

I. INTRODUCTION

Power converters play a crucial role in modern electronic
systems, functioning to convert electrical energy from one
voltage level to another efficiently. These converters are
central to managing power flow, ensuring stable operation,
and maintaining system reliability across diverse applications.
However, as the operating frequencies of these converters
increase to meet demands for compactness and high-power
density, challenges related to efficiency—particularly switch-
ing losses—become more pronounced [1]. In response to
these challenges, resonant converters have emerged as effective
solutions. By employing soft-switching techniques, resonant

converters significantly reduce switching losses. However,
their reliance on additional passive components (inductors and
capacitors) results in increased system size, weight, and cost
[2].

In most power converters, the size and layout of the system
is largely defined by its passive components and their intercon-
nections. To mitigate this, recent research has explored planar
magnetics, integrated magnetics using Flexible Multilayer Foil
(FMLF), and passive integration to minimize the quantity,
dimensions, and profile of passive components, ultimately
improving the power density [3]–[5]. One step further is the
integration of passive components, such as L and C for Inte-
grated Power Electronics Module (IPEM) [6], EMI Filter [7]
or planer integrated Inductor-Capacitor-Transformer (L-L-C-
T) structure, which has been the subject of intensive research
over the last few years [8]. This shift towards the integrated
passive components is crucial for next-generation applications,
including electric vehicles, renewable energy systems, and
compact power supplies. A general classification of such
passive component integration based on the location of electric
and magnetic fields is outlined in Table I. Significant efforts in
the literature have focused on integrated magnetics and planar
magnetics for unidirectional series resonant converters, such
as a LLC.

However, the FMLF-based design offers several advantages
over planar structures. It features a shorter winding length,
which reduces both copper losses and the overall footprint.
Additionally, its layered construction and use of thin dielectric
films help minimize eddy current losses and enhance thermal
and frequency stability, making it ideal for high-frequency
applications [9].

Recent advancements in FMLF technology have enabled



Fig. 1. A concept of 4-terminal Flexible Multilayer Foil (FMLF) Self-
Resonant Transformer (SRT) with integrated primary/secondary side Lr and
Cr for a series resonant converter.

compact integration of passive components such as induc-
tors, transformers, and capacitors within a single magnetic
core. Early works focused on integrated EMI filters, achiev-
ing significant volume reduction using interleaved structures,
though challenges remained in design complexity, parallel
intra-winding capacitance, and reliance on discrete elements
[10]. Subsequent efforts extended FMLF integration to micro-
inverters, LCL filters for grid-tied applications, and resonant
converters, embedding multiple elements within EE cores
to improve power density. However, issues such as paral-
lel intra-winding capacitance, limited thermal analysis, and
lack of parasitic modelling persisted. To address these gaps,
researchers developed analytical and FEM-based models for
intra-winding capacitance estimation, facilitating more accu-
rate FMLF structure design. Though these models can estimate
the intra-winding capacitance, it is not possible to eliminate
this capacitance [11].

In this manuscript, an integrated self-resonating transformer
based on FMLF is proposed for series resonant converters with
a capability of symmetric bidirectional operation, such as a
CLLC. Although an alternative design with decoupled lumped
elements is feasible, the proposed approach uses coupled
lumped elements to reduce the interconnections (C-L-L-C-T)
and enhance the footprint and power density. As a result,
the capacitor and inductor terminals are not independently
accessible, forming a four-terminal symmetric Self-Resonant
Transformer (SRT), as shown in Fig. 1. Moreover, to mitigate
the effects of parallel intra-winding capacitance inherent in
conventional bifilar winding structures, the proposed design

Fig. 2. Cross-section of bifilar/trifilar FMLF and its arrangement in the core
(cross sectional view) with an air gap (lg).

introduces a novel trifilar winding configuration. This new
structure effectively reduces the impact of intra-winding ca-
pacitance, enhancing the overall performance of the design.

The remainder of the paper is organized as follows: Section
II presents the design structure of the proposed self-resonant
transformer. Section III details the simulation and experimental
results. Finally, Section IV concludes the paper and outlines
directions for future work.

II. PROPOSED INTEGRATED SELF-RESONANT
TRANSFORMER

The FMLF is composed of a dielectric layer (blue) and a
copper foil (orange), forming a planar capacitor (C1. . . n) that
is wrapped around a ferrite core in a coil configuration to
enhance the inductance (L1. . . n). A cross section of a simple
bifilar/trifilar type FMLF with its transmission line model and
its arrangement in the magnetic core is shown in Fig. 2.
The core consists of a pair of E-E ferrite cores, where the
magnetizing inductance (Lm) and leakage inductance (Lr) of
the transformer are determined by properties and dimension
of the core and the thickness of air gap (lg). Here, (L1. . . n)
and (C1. . . n) are distributed over the length and not discretely
lumped. However, using a first-order approximation, the equiv-
alent circuit of this FMLF achieves the required lumped
capacitance (CFMLF ) and inductance (LFMLF ) required for
SRC, as outlined in Table II.

The interaction between the electric (E⃗) and magnetic (B⃗)
field are minimised to achieve stable characteristics of the
inductor, capacitor and transformer over the frequency of
interest. In the proposed design, the B⃗ field generated by the
FMLF coil in the ferrite core and the E⃗ field generated in the
FMLF are orthogonal to each other and hence no interaction
between the fields is observed. In bifilar FMLF, a significant
parallel intra-winding capacitance forms after the winding.
This interacts with the series resonant elements and distorts
the desired frequency response of the SRT. Hence, trifilar
FMLF is selected in the design, which nullifies the parallel
intra-winding capacitance whilst doubling the achievable ca-
pacitance per unit length in the FMLF. Fig. 3 illustrates the
mechanism for nullifying intra-turn capacitance in the pro-
posed trifilar-type FMLF winding structure. A cross-sectional



TABLE I
SUMMARY OF TECHNIQUES USED IN THE LITERATURE TO INTEGRATE INDUCTOR (L), AND CAPACITOR (C).

Method Illustration of Electric and Magnetic Field Remarks

Electric field in the winding and
magnetic field in the core [3], [4]

• Electric and magnetic fields do not interact.
• Magnetizing current flows through both L

and C.
• No galvanic isolation between L and C.
• Easy design with off-the-shelf components.
• Choice of magnetic material does not affect

the capacitance and vice versa.
• Easy to accommodate air gap.
• Off-the-shelf magnetic core: homogeneous

distribution of core material.

Electric field and magnetic field co-
exist in the core [3], [4]

• Electric and magnetic fields interact.
• Magnetizing current flows only through L.
• Galvanic isolation between L and C.
• Need special manufacturing technique.
• Choice of magnetic material affect the ca-

pacitance and vice versa.
• Not so easy to accommodate air gap.
• Complex magnetic core: composite of high

permeable and dielectric constant core and
capacitor electrode.

TABLE II
ILLUSTRATION OF DIFFERENT DESIGN ARRANGEMENT AND THEIR EQUIVALENT LUMPED PARAMETERS.

Design Arrange-
ment Equivalent Lumped Elements Inductance Remarks

Capacitance Before Wind-
ing

Capacitance After Wind-
ing

Bifilar
C12 = CFMLF =

ε0 · k · l · w
td C12 = (CFMLF ∥ CFMLF)

= 2CFMLF

L12 =
µ0 · µeff ·N2 ·Ae

le

The overall thickness of the
FMLF is minimal, which re-
duces the overall footprint of
the device. However, a signif-
icant parallel intra-winding ca-
pacitance forms after the wind-
ing. This interacts with the series
resonant elements and distorts
the desired frequency response
of the transformer.

Trifilar

C12 = 2CFMLF C12 = 2CFMLF

L12 =
µ0 · µeff ·N2 ·Ae

le

The overall thickness of the
FMLF increases slightly, dou-
bling the required capacitance
and nullifying the parallel intra-
winding capacitance. Relatively
simple to adjust the lumped ele-
ments by utilizing the flexibility
available in the FMLF dimen-
sion.

Coaxial

C12 = Ccox =
2πε0kl

ln(r2/r1)
C12 = Ccox

L12 =
µ0 · µeff ·N2 ·Ae

le

The achievable capacitance per
unit length is low. This makes
it difficult to tune the required
lumped elements at the desired
frequency range.

view of a multi-turn FMLF winding around a magnetic core is
shown. The structure comprises three conductors: Conductor-
1 and Conductor-3 (both shown in blue) are electrically
connected at terminals b,d, while Conductor-2 (shown in red)
is connected at terminals a,c. Dielectric layers are placed

between the conductors to form inter-conductor capacitance,
and an additional insulation layer is applied between adjacent
turns to ensure electrical isolation. Distributed capacitances
are formed between Conductor-1 and Conductor-2, as well as
between Conductor-2 and Conductor-3. Intra-turn capacitance



Fig. 3. Cross section of multi-turn winding structure of trifilar type configu-
rations wound around a magnetic core, showing the nullification of intra-turn
capacitance.

would typically form between Conductor-1 and Conductor-
3; however, since these two conductors are maintained at
the same electrical potential, the resulting capacitance is
either completely eliminated or reduced to a negligible level.
This structural arrangement effectively minimizes intra-turn
capacitance within the winding, contributing to improved high-
frequency performance.

Additionally, the thickness of the copper foil is carefully
selected to be less than the half of skin depth of copper
(tcu ≤ 0.5δcu) at the desired frequency of the SRT. Table
II summarizes the different possibilities of winding design,
their equivalent lumped elements with some remarks. Here,
µeff is the equivalent relative permeability of the magnetic
core, Ae is the effective cross sectional area of the core and le
is the core effective magnetic path length. Only primary side
elements/parameters are displayed here due to the nature of
symmetry in the design.

III. SIMULATION AND MEASUREMENT RESULTS

To verify the above analysis, the developed SRT is first
modelled in ANSYS using the parameters as listed in Table III.
Polyimide (PI) is used as the dielectric material in this design,
with a relative permittivity (dielectric constant) of 3.8 and a
dielectric strength of 100 V/µm. Given a dielectric thickness
of 0.05 mm (i.e., 50µm), the corresponding breakdown voltage
across the dielectric layer is 5kV.

A trifilar FMLF is selected for the SRT design as it
eliminates the parallel intra-winding capacitance. The current
density, depicted in Fig. 4 with a 5 A excitation (where
a bifilar-type FMLF is simulated for clarity), demonstrates
that the current is evenly spread across the cross-sectional
area of the copper (w.tcu). However, along the length of the
copper (l), the current varies linearly (either increasing or

Fig. 4. ANSYS simulation showing the current density in the conductor
over the length of the FMLF (scaled down model of bifilar type FMLF with
equivalent 5A excitation).

TABLE III
PARAMETERS FOR SIMULATIONS AND PROTOTYPE.

Parameter/Description Value/Part Number
Thickness of copper foil (tcu) 0.1 mm

Thickness of dielectric (td) 0.05 mm
Turns ratio (n1 : n2) 20:20
Length of the foil (l) 1.5 m
Width of the foil (w) 20 mm

Dielectric constant (K) 3.8
Length of air gap (lg) 0.5 mm

Magnetic core E80/38/20-3C94

decreasing), while maintaining iin = io. A further analysis
helps to optimise the conductor thickness for a better form-
factor considering skin depth (δcu) and overall thickness (t) in
trifilar or complex FMLF structure.

The magnitude of flux density (B⃗) distribution considering
µ − f curve of the ferrite core with an air gap of 0.5 mm
(Fig. 4) shows that the SRT can safely handle power upto
5 kW@400 Vin without saturation or overheating. Further,
various lumped parameters extracted from ANSYS (Fig. 5)
shows that their characteristics at the frequency of interest
(dc-1MHz) are independent and very stable, ensuring reliable
CLLC converter operation.

A four-terminal proof of concept SRT using a trifilar

Fig. 5. Magnetic flux density distribution in the SRT core (with 5A excitation).



Fig. 6. Frequency characteristics of lumped parameters of SRT over 10 kHz-1
MHz range.

Fig. 7. Measured frequency response of SRT using the PSM1735 Frequency
Response Analyzer.

TABLE IV
EXPERIMENTAL PROTOTYPE PARAMETERS.

Parameter Value
Input Voltage (Vin) 400.9 V
Input Current (Iin) 5.71 A
Input Power (Pin) 2.23 kW
Resistive Load (R) 70.5 Ω

Switching Frequency (fs) 256.7 kHz

Fig. 8. Test prototype for SRT (CLLC converter).

Fig. 9. Measured waveform of SRT with 2.3 kW power, showing primary
voltage, primary current, secondary voltage, and secondary current.

FMLF is constructed in the lab using the parameters listed
in Table III. Preliminary measurements show a symmetry in
parameter measured on either side of SRT. The measured
impedance/admittance while the secondary is shorted over
200-300 kHz (Fig. 7) shows a clear first resonant peak at 250
kHz. The SRT is then tested with an active H-Bridge on either
side of SRT. Fig. 8 shows the test bench setup used for the
experimental demonstration. The measurement was conducted
at 2.3 kW, and the parameter ratings are presented in Table
IV.

Fig. 9 shows the primary/secondary bridge voltage and
primary/secondary current, which are sinusoidal in nature. The
resonant frequency of this unoptimized design exceeds the
calculated value due to the presence of air pockets between
the copper in the FMLF. These air gaps effectively lower the
dielectric constant, thereby decreasing the overall capacitance.
From Fig. 9 it is observed that at a high input voltage of 400V
and an output power of 2.3 kW, the proposed design operates
effectively within the CLLC converter without compromizing
its soft-switching charecteristics. The magnetic core remained
thermally stable and unsaturated, with the temperature not
exceeding 40-50°C even after continuous operation for 10-15
minutes at full power. Furthermore, the proposed structure suc-
cessfully integrates the passive components, thereby reducing
overall volume, weight, and cost, while significantly enhancing
the power density.

IV. CONCLUSIONS

An integrated SRT based on a FMLF has been devel-
oped for a bidirectional CLLC converter. The proposed SRT
combines all resonant components from both the primary
and secondary sides, minimizing total volume, core loss, and
profile, thereby enabling high-power-density CLLC converters.
A novel trifilar-type FMLF winding structure has been intro-
duced, aimed at nullifying the intra-turn capacitance formed
between adjacent layers. The effectiveness of the proposed
SRT has been experimentally validated at 2.3kW power. FEA
simulation and experimental results are presented to prove the
efficacy of the proposed SRT without sacrificing the perfor-



mance required for the next generation of power converters.
Future studies will focus on optimizing the SRT for higher
power density and higher power levels (i.e., 5-10 kW), along
with a more detailed analysis of current density, skin effect,
and proximity effects in the winding structure.
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