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Abstract

The increasing demand for high power density and efficiency in DC-DC converters is proposed the LLC resonant converter as a promising
topology for applications such as photovoltaic systems, DC power distribution, and electric vehicle charging. The transformer in LLC
converters significantly influences power density, cost, and efficiency, making magnetic design optimization critical. While planar
transformers offer advantages like low profile, improved thermal performance, and high power density compared to traditional wire-wound
transformers, discrete magnetic components increase system volume, weight, and losses. Magnetic integration, particularly utilizing transformer
leakage inductance as a resonant inductor, is a compelling solution to enhance compactness and efficiency. However, existing integration
methods face challenges, including insufficient leakage inductance, high core losses, and complex core designs. This paper proposes a
novel magnetically integrated LLC resonant converter with decoupled inductor windings that amalgamates resonant and magnetizing
inductance within a unified core using a split-integration magnetic flux approach. A detailed analysis of magnetic flux dynamics yields
optimized design equations, validated through finite element modeling of flux density and field distribution. Experimental results at 250
kHz resonant frequency and 180 W output power demonstrate the superiority of the proposed design over traditional separate transform-
ers and prior integrated structures with asymmetric windings, achieving improved power density, reduced losses and simplified design procedure.
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Abbreviations

Llk Leakage inductance
Lm Magnetizing inductance

1. Introduction

With the progressive evolution of power electronics tech-
nology, the importance of high-power density and high-
efficiency DC-DC converters has increasingly been shown
in various industrial applications, including photovoltaic (PV)
generation systems [1], DC power distribution networks [2],
and electric vehicle charging systems [3], [4]. An example of
such an EV charging system is depicted in Fig. 1. The LLC res-
onant converter is a promising topology for these applications
not only because of the ability to provide galvanic isolations
for distributed power sources, but also greatly improve the sys-
tem efficiency due to the zero-voltage soft-switching (ZVS)
capability [5], [6].

For the LLC converter, the transformer plays a crucial
role, influencing power density, manufacturing cost, and over-
all system efficiency [7]. Thus, optimizing the magnetic design
is essential to enhance the converter’s performance. Today,
two common magnetic circuit structures utilized in both re-
search and industrial applications are conventional wire-wound
transformers and planar transformers. Planar transformers have
gained significant traction in high-frequency power conver-
sion applications, particularly LLC converters, owing to their
compact form factor, efficient heat dissipation, modular ar-

chitecture, ease of fabrication, enhanced operational reliabil-
ity, and higher power density [8], [9]. In contrast, traditional
wire-wound transformers have revealed limitations in these
requirements. Therefore, the planar magnetic option will be
preferred for high-performance applications.

In conventional LLC converter configurations, planar
magnetics are often implemented using separate components
namely a planar transformer and an individual planar resonant
inductor. Nonetheless, the use of distinct magnetic elements
tends to increase the system’s overall size, weight, manufactur-
ing cost, and power losses [10], thereby adversely affecting the
converter’s efficiency and power density. To overcome these
limitations, integrating magnetic components has emerged as
a favorable approach. One effective method is to leverage the
inherent leakage inductance of the transformer to replace the
discrete resonant inductor, enabling a more compact and effi-
cient converter design [11], [12].

Figure 1: Topology of LLC converter in EV charging application.
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There are many methods of integrating magnetic compo-
nents that have been researched and applied to LLC converters
[11], [12], [13], [14]. Among these, utilizing the transformer’s
leakage inductance to fulfill the role of a resonant inductor is a
commonly favored approach to reduce both component count
and converter volume [11], [12]. In [11], the authors introduced
a design approach where the primary and secondary windings
are physically separated to effectively regulate the leakage in-
ductance. But this integrated transformer is often unsuitable for
PCB winding transformers because of the limited leakage in-
ductance generated by this method is not enough to achieve the
required resonant inductance. To solve this problem, [12] intro-
duces the use of a magnetic shunt made from low permeability
material, creating an auxiliary flux path that intentionally en-
hances the transformer’s leakage inductance. Nonetheless, the
use of low-permeability materials in magnetic shunt structures,
as proposed in [12], typically results in significant core losses,
which adversely affect the transformer’s overall efficiency. In
addition, incorporating such shunts enlarges the magnetic core,
thereby increasing the physical size and manufacturing cost. In
the approaches outlined in [11] and [12], where air is employed
as the main energy storage medium, the increased magne-
tomotive force (MMF) across the windings leads to higher
AC losses in the copper conductors, ultimately degrading sys-
tem performance. An alternative technique introduced in [13]
combines both the transformer and resonant inductor within
a unified magnetic core. This design involves merging one of
the transformer windings, either primary or secondary, with
the winding of a series inductor. While this approach reduces
component count, it requires specially shaped cores that are
not standard in the commercial market, thus limiting its practi-
cality. In [14], another strategy is proposed using a custom core
where the PCB windings for primary and secondary are placed
asymmetrically on the outer legs, allowing the leakage flux
to concentrate through the central leg and achieve the desired
leakage inductance. Although this semi-interleaved configu-
ration provides benefits such as reduced AC resistance and
the ability to fine-tune leakage inductance, it also introduces
considerable complexity in both winding layout and core struc-
ture. Additionally, wrapping the windings around the outer legs
contributes to a bulkier transformer and increased magnetic
core losses.

In summary, although existing magnetic integration tech-
niques have contributed to reduced component count and en-
hanced power density in LLC resonant converters, challenges
related to precise leakage inductance control and loss min-
imization persist. To overcome these issues, this work in-
troduces a novel magnetically integrated LLC converter that
features decoupled inductor windings within a unified core
structure. The proposed design adopts a split-flux integration
strategy to combine both resonant and magnetizing inductance
effectively into the transformer core. A comprehensive mag-
netic flux analysis was carried out, resulting in the formulation
of design-optimized equations. ANSYS Maxwell 2D-transient
simulations were employed to verify the magnetic field and
flux density distribution across critical components. An exper-
imental prototype operating at a 250 kHz resonant frequency
and delivering 180 W of output power was constructed. The
developed converter achieves a 26.68% reduction in physical
size, a 10% decrease in transformer losses, and reaches a peak
efficiency of 93%.

Figure 2: The traditional separate planar transformer and resonant
inductor.

Figure 3: The proposed decouple integrated transformer.

2. Planar magnetic integration method

2.1. Traditional discrete planar magnetic

In conventional LLC converter implementations, the lay-
out of discrete planar magnetic components is typically il-
lustrated as in Fig. 2. This structure is composed of three in-
dividually defined magnetic elements, namely the resonant
inductance (Lr), the magnetizing inductance (Lm), and the
planar transformer. The resonant inductance is usually real-
ized through a standalone planar inductor designed to meet
specific inductance requirements, while the magnetizing in-
ductance is incorporated by introducing an air gap in the planar
transformer core. Furthermore, interleaving the primary and
secondary windings on the PCB is a widely adopted method
in planar transformer design, as it effectively minimizes high-
frequency AC winding losses [15], [16].

However, this conventional design presents several limita-
tions. In particular, the planar resonant inductor, an essential
component within the magnetic assembly, often becomes a
constraint in efforts to minimize size, cost, and energy losses in
both the magnetic subsystem and the general converter [12]. To
address this issue, an increasingly favored approach involves
exploiting the transformer’s inherent leakage inductance to ful-
fill the role of the resonant inductor, thereby reducing the total
number of magnetic elements and enabling a more compact
converter design.
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Figure 4: Reluctance model (a) open-circuited secondary side (b)
open-circuited primary side.

2.2. Propose decoupling integrated planar transformer

Magnetic integration offers an effective solution to system
simplification by allowing the transformer’s leakage inductance
to fulfill the role of external inductors. However, achieving the
appropriate leakage inductance level is essential for meeting
the converter’s design specifications. Fig. 3 presents the struc-
tural design of the integrated transformer introduced in this
research. Building on the benefits of planar magnetics dis-
cussed previously such as compact size, high power density,
reduced AC losses in windings, and the potential to embed
magnetizing inductance—the basic structure of a traditional
planar transformer is preserved in the proposed design. The
PCB windings are fully interleaved on the central limb of the
magnetic core, ensuring efficient coupling between primary
and secondary sides. To effectively utilize the available core
area, the resonant inductor litz windings are arranged on the
outer limbs of the core. An identical air gap is introduced on all
three limbs to facilitate proper magnetic behavior. As shown in
Fig. 3, the flux paths generated by the transformer and resonant
windings are spatially separated, ensuring minimal magnetic
coupling. This structural decoupling confirms the presence of
intrinsic leakage inductance in the integrated configuration.
Furthermore, the leakage inductance can be precisely con-
trolled by adjusting the air gaps on the outer legs, making the
design adaptable to different application needs. Meanwhile, the
magnetizing inductance remains regulated through the air gap
in the central leg, maintaining functional separation between
the two inductive elements.

3. Analysis of reluctance model of proposed inte-
grated transformer

Based on the transformer topology in Fig. 3, a magnetic
reluctance model is built, as shown in Fig. 4 (a) and Fig. 4 (b).
In this context, Fig. 4 (a) illustrates the equivalent magnetic
circuit of the proposed transformer when the secondary side is
open circuit, while Fig. 4 (b) represents the equivalent magnetic
circuit when the primary side is open-circuit. In this model,
Np and Ns denote the number of turns on the primary and
secondary transformer windings, respectively. The turns of the
integrated resonant inductance windings placed on the outer
limbs are represented by NL. The currents flowing through
the primary and secondary windings are designated as IP and
IS. The resulting magnetic fluxes in the three core limbs are
represented as φ1, φ2 and φ3, corresponding to the flux paths
induced by the interaction of the windings and magnetic core
columns. To simplify the analysis without sacrificing precision,
two assumptions are introduced: the magnetic permeability
of the core material is considered much higher than that of

air, which is approximated to unity and leakage flux in the
surrounding air is minimal and therefore neglected. To facilitate
design while preserving the structural integrity of the magnetic
core, identical air gaps lg are introduced simultaneously in all
three legs of the core. Let A, A1 and A2 represent the cross-
sectional areas of the outer and center legs, respectively. Given
that an EE-type magnetic core is employed, the relationship
among these areas is defined as A = 2A1 = 2A2. Consequently,
the total magnetic reluctance is primarily determined by the
open air gaps within the magnetic path:

Rg =
lg

µA
, Rg1 =

lg1
µA1

, Rg2 =
lg2

µA2
(1)

with µ = 4π10−7 is the air permeability. As a result, the re-
luctance introduced by the air gaps in the outer legs and the
center leg of the magnetic core are denoted in Fig. 4 as 2Rg
and Rg. Based on the reluctance model under secondary-side
open-circuit conditions, the magnetic flux in each limb of the
core, as illustrated in Fig. 4(a), can be determined using the
following expressions:

φ1 =
2×NL × IP −NP × IP

4×Rg
(2)

φ2 =
NP × IP

2×Rg
(3)

φ3 =
2×NL× IP +NP × Ip

4×Rg
(4)

Similarly, based on the reluctance model when the primary side
of the transformer is open-circuited, as shown in Fig. 4 (b), the
magnetic fluxes in the core limbs are expressed as follows:

φ
′
1 = φ

′
3 =

NS × IS

4×Rg
(5)

φ
′
2 =

NS × IS

2×Rg
(6)

From equations (2) to (6), it can be observed that φ2 and φ ′
2 are

completely independent of the integrated resonant inductance
component (NL). Therefore, the magnetizing inductance on the
primary and secondary sides can be determined as:

Lm,p =
NP ×φ2|iS=0

IP
=

N2
P

2×Rg
(7)

Lm,s =
Ns ×φ ′

2|ip=0

Is
=

N2
s

2×Rg
(8)

Together with (3) and (6), we can calculate the resonant induc-
tance by following equations:

Llk =
NL ×φ

Ip
=

µr ×µ0 ×AC ×N2
L

MPL
=

N2
L

4×Rg
(9)

- µ: magnetic core permeability, MPL: magnetic path length
The proposed configuration of the core transformer allows

independent adjustment of magnetizing inductance (Lm) and
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Figure 5: Survey of inductance under Rg variations and constant NL.

Figure 6: Survey of inductance under NL variations and constant Rg.

leakage inductance (Llk) by using different combinations of
air gap resistance Rg. Due to the spatial separation, the flux
associated with the resonant inductors on both sides of the
core does not interfere with the central transformer core, and
vice versa. This mutual independence of magnetic flux paths
ensures that the transformer and resonant inductance operate
without magnetic coupling. Therefore, a comprehensive anal-
ysis of the proposed integrated transformer model has been
completed and it is shown that the transformer can be designed
for most reasonable specifications in terms of leakage and
magnetizing inductance.

From equations (7),(8) and (9), Fig. 5 and 6 illustrate the
variation of magnetizing and leakage inductance while main-
taining a constant integrated resonant winding distribution
(NL = 12 turns) and air gap reluctance (Rg = 2e6 H−1). It is
evident that both the air gap reluctance Rg and the number of
turns in the integrated resonant winding NL serve as key refer-
ence parameters in identifying the dominant design-influencing
factors.

4. Proposed integrated planar transformer de-
sign procedure

The integrated transformer design procedure, illustrated
in Fig. 7, comprises the following steps: First, design parame-
ters are selected as the foundation for determining a suitable
magnetic core. Subsequently, the winding structure is designed
to satisfy the required inductance values. Finally, the complete

Figure 7: Design procedure of proposed transformer.

Figure 8: Four-layer PCB windings.

design is verified and evaluated to ensure compliance with the
initial specifications. The details of the implementation steps
will be presented in the following.

In step 1, the design requirements for the transformer are
defined. The turns ratio is specified as Np : Ns1 : Ns2 = 20 : 6
: 6, and a four-layer PCB is selected with its structural layout
shown in Fig. 8.

The method of calculating the core size is based on the pa-
rameter Ap in Step 2. Thereby, it is easy to choose the PQ32/20
core made of N87 material with parameters suitable for the
design requirements.

In the step 3, interleaving between the primary and sec-
ondary PCB windings is applied in accordance with the MMF



36 Journal of Measurement, Control and Automation

Figure 9: PQ32/20 core structure and parameters.

Figure 10: Interleaved winding structure.

Figure 11: Paired layer group and non-paired layer groups.

Figure 12: Arrange the PCB layers.

distribution strategy, aiming to minimize high-frequency AC
losses in the windings.

Fig. 11 and 12 represent steps 4 and 5, and the PCB lay-
ers are categorized into laminated and non-laminated groups
to facilitate the layer arrangement according to the proposed
winding structure.

The Litz-winding is wound around the two outer pillars of
the magnetic core to adjust the leakage inductance to achieve
the required resonant inductance in step 6 is shown in Fig. 13.

Finally, steps 7 and 8 involves designing the PCB layout

Figure 13: Integrated litz-windings on outer core leg.

Table 1: Implemented LLC converter’s specification

Parameter Value
NP : NS1 : NS2 20:6:6

Lm 110 µ H
Lr 20.5 µ H
Cr 19.8 nF
Vin 230 VAC
Vout 46 - 60 V
Iout 3 A
Pout 138 - 180 W

fs 175 - 300 kHz

and verifying the transformer assembly to ensure the require-
ments of inductance and minimize the transformer losses.

5. Simulation of proposed integrated magnetic

A planar transformer is developed using the formulas out-
lined in Section 3. The magnetizing inductance, leakage in-
ductance, and winding ratio of the transformer are selected
to meet the requirements of a sample isolated LLC resonant
converter, as specified in Table 1. To verify the theoretical anal-
ysis, the results ANSYS Maxwell 2D-transient electromagnetic
simulation of the designed transformer are presented below.

The complete flux distribution through three leg on mag-
netic core over switching cycles is demonstrated in Fig. 14. It
can be seen that the proposed transformer flux waveform at
the right outer pillar (φ3) has a very large deviation from the
flux passing through the other two pillars (φ1 and φ2) of the
magnetic core.

In the proposed planar transformer design, the leakage
inductance is utilized to serve as the resonant inductance. The
primary and secondary windings are arranged vertically along
the magnetic core. Fig. 15 illustrates a finite element analysis
of the transformer, showing a peak magnetic flux density of
approximately 0.44 T at the outer leg of the core. The magnetic
flux in this design arises from both the resonant inductance
winding and the primary winding, distributing evenly across
the central and lateral columns. A small amount of fringe flux
is observed at the air gaps of the side columns, leading to
negligible magnetic leakage. This configuration effectively
minimizes the coupling between the magnetic fluxes.

Table 2 presents the simulation results for both transform-
ers. The results for the standalone transformer closely align
with those for the integrated transformer, confirming the re-
liability of the system. Additionally, the magnetic flux den-
sity within the core is distributed evenly, with no instances
of significant localized flux concentration. Throughout the
operational cycle, the core remains below its saturation flux
density, demonstrating that the chosen core for the integrated
transformer meets the design specifications outlined in this
research.
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Figure 14: Flux waveform of the integrated transformer.

Figure 15: Magnetic flux density distribution of integrated trans-
former.

Table 2: Simulation results of separate and integrated magnetic

Parameter Separate magnetic Integrated magnetic
Llk 21.1 µH 20.5 µH
Lm 108.71 µH 110.18 µH

Figure 16: Comparison between the proposed transformer and the
standard transformer + inductor at the same output power 180 W.

The enhancements proposed in this study enable a more
effective integration of the transformer and inductor compared
to the traditional method of designing a conventional trans-
former alongside a separate inductor. Fig. 16 illustrates a loss
comparison between the integrated transformer and the stan-
dard transformer with a standalone inductor, highlighting the
improved efficiency of the proposed design. This compari-
son is performed under identical conditions, using the same
magnetic footprint and output power for both configurations.

Figure 17: Prototypes of the discrete transformer.

Figure 18: Prototypes of the integrated transformer.

Table 3: Experimental results of separate and integrated magnetic

Parameter Separate magnetic Integrated magnetic
Llk 23.6 µH 22.2 µH
Lm 118.3 µH 115.5 µH

Figure 19: The resonant current of LLC converter using discrete
magnetic on 46 V output voltage.

6. Experimental results

To verify theoretical analysis and simulation results, an
integrated magnetic based on the proposed structure with spec-
ifications given in Table 1 is built and shown in Fig. 18. For
comparison, a separate resonant inductor and transformer are
also built to the same specification, shown in Fig. 17.

The measured leakage and magnetizing inductance of the
proposed topology at 250 kHz obtained using an LCR GW
INSTEK LCR-916 are given in Table 3. According to Table
3, the leakage and magnetizing inductance obtained by AN-
SYS Maxwell 2D-transient electromagnetic simulation and
modeling are close to the experimental results.

Fig. 19 shows the experiment resonant current waveforms
of LLC resonant converter with discrete transformer and Fig.
20 shows the experimental resonant current waveforms of LLC
resonant converter with integrated transformer. The resonant
current of the converter when using separate and integrated
transformer structures has relatively similar waveforms. It can
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Figure 20: The resonant current of LLC converter using integrated
magnetic on 46 V output voltage.

be seen that the converter operates correctly with both trans-
former. Furthermore, CM noise oscillation exists on the wave-
form due to the influence of parasitic capacitors or measuring
devices during the experiment.

Through measurement under the constant switching fre-
quency of 250 kHz, compared with separate transformer, the
volume and weight of integrated transformer are reduced by
26.68%, which increases the power density of the converter.

Fig. 21 illustrates the efficiency of the LLC converter
across various load conditions, comparing the proposed inte-
grated transformer with the conventional discrete transformer.
From this observation, it is evident that the converter em-
ploying the proposed integrated planar transformer structure
achieves higher efficiency compared to the conventional de-
sign with a separate inductor. This result demonstrates that the
integrated transformer has been effectively designed to fulfill
the efficiency requirements of the system. The proposed design
achieves 93% peak efficiency compared to 92.16% using the
conventional structure. Furthermore, Fig. 22 shows the thermal
performance tested under full load (180 W) after steady-state
thermal is reached with no heat sink. As shown, the proposed
topology operates at a low temperature (35.7◦C). In addition,
the temperature of the outer core leg of one side is higher than
in the other core’s parts, verifying the magnetic flux density
distribution in Fig. 15.

Figure 21: Efficiency curve over full output voltage range.

Figure 22: Thermal image of the proposed transformer.

7. Conclusion

In this paper, a magnetically integrated LLC resonant con-
verter with independent inductance windings is proposed. By
employing a decoupled integration method, the resonant and
magnetizing inductance are effectively integrated with the
transformer within a single magnetic core. This integration
ensures that the resonant inductor and transformer operate in-
dependently without mutual interference, thereby enabling the
converter to achieve stable and high-efficiency performance.
Compared to existing magnetic integration solutions for LLC
resonant converters, the proposed method effectively reduces
the leakage inductance between transformer windings and mit-
igates magnetic saturation in the integrated core. As a result,
core losses are minimized and the overall efficiency of the
converter is significantly improved. A hardware prototype with
93 % efficiency is built and the experimental result verifies the
proposed concept.
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