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Abstract— This paper presents the design analysis of lowprofile transformers in 1-5kW DC-DC resonant converters.
Recent advances in GaN devices are expected to improve the
efficiency and power density of power converters, while the
magnetics still remain the major bottleneck to miniaturization.
A low-profile integrated magnetic component design that
enables low-loss and high-power density is proposed for
400V/48V DC-DC resonant converters with 1kW output
power. The winding loss, core loss, and power density of the
novel magnetic component design is analyzed and compared
with the conventional design approach using planar cores.
Higher power density and lower loss are demonstrated with
the novel design approach.
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I.

INTRODUCTION

The recent rise of autonomous driving and electric
vehicles has been driving a growing need for higher degree
of electrification, and, consequently, for multiple levels of
power conversion units. Isolated DC-DC converters are one
of the essential building blocks in the power conversion
chain which provide galvanic isolation between the input and
output terminals. Isolated DC-DC converters face a
challenge in increasing power density and efficiency due to
their bulky size and lossy components. The most difficult
design aspect of isolated DC-DC converters, such as
resonant converters, has been magnetic components [1],
since they account for a significant portion of the total
converter losses and take up a large footprint on the
converter substrate. Thus, transformer and inductor have
been the critical hindrance to high-efficiency and
miniaturization of isolated DC-DC converters. This paper
focuses on low-profile design of magnetic components for
isolated DC-DC converters with an increase in power density
while not sacrificing the efficiency.
Two approaches are concurrently pursued for
miniaturization of isolated DC-DC converters: one is
increasing the switching frequency of the device, and the
other is employing novel transformer technologies. In DCDC power conversion, higher switching frequencies bring
about a reduction in the volume of passive components such
as inductors, transformers, and capacitors, which leads to
higher power densities and lower cost of converters [2].
However, this increase in operating frequency is generally

limited
by
the
subsequent increase in
power
losses
and
permissible temperature
of the power converter’s components [3]. This has long been
the technological bottleneck for miniaturization of Si-based
power modules. Recent
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innovation in isolated
DC-DC
converters.
Numerous efforts are being made in research and industry to
develop GaN-based converter prototypes which exploit the
advantages of GaN in achieving higher power densities and
efficiencies [1],[4],[5].
Despite significant research progress in wide-bandgap
devices, research innovations in magnetic component design
are also necessary in order to futher increase the density and
efficiency of power converters. Traditionally, transformer
and inductor in isolated DC-DC converters have been
mounted on substrate as discretes with individual cores for
each wire-wound component as shown in Fig. 1 (a). These
conventional wire-wound components are still widely used
in industry products due to their well-established and
straightforward design process, but they suffer from bulky
size, low repeatability, and high profile. To increase power
density and reduce the part count, various integrated
magnetic designs were proposed [6] with monolithic
integration of the inductor component into the transformer
core by using either additional windings or the leakage
inductance. However, these wire-wound designs are far from
mass production processes which increases fabrication costs
and degrades repeatablility. More recently, planar magnetic
components, shown in Fig.1(b), have been widely
investigated in 0.1 to 5kW range due to their advantages of
low profile, high-power density, good thermal characteristic,
and ease of manufacturability [7]. The planar designs are
either implemented in discrete or integrated components.
Examples of different components mentioned above are
shown in
Fig. 2.
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Figure 2. (a) Conventional discrete
inductor and transformer [8] (b) integrated
magnetics [9] (c) planar magnetics [10].
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involve substrate embedding technologies. For low-power
DC-DC converters ranging from 1 to 20 W, which have
relatively simple toplogy and small number of components,
magnetic components are integrated into a substrate to
enable high-power density module packages [11]. Similarly,
in the high-power side ranging from 5 ~ 50kW, gate driver
circuits are integrated on top of the power plane by active
power embedding for low-loss and high-density inverter
module packages [12],[13]. However, for isolated DC-DC
converters ranging from 0.1 to 5kW, which generally
involve multiple magnetic components including
transformers, there are no substrate embedding solutions to
integrate the magnetic components due to their relatively
bulky sizes. Therefore, a novel low-profile magnetics design,
as shown in Fig. 1(c), needs to be developed in order to be
compatible with the embedding trend of power modules.
This work addresses the aforementioned challenges with
a novel design of transformer with integrated resonant
inductor on a single magnetic core of less than 5mm in
thickness with the following key innovations: (i) low-profile
core and winding design reconciling loss and power density;
(ii) insertion of magnetic slabs to widen the range of leakage
inductance values and enable more standardized magnetics
designs; (iii) ultra-thin package structure compatible with
panel-scale power embedding processes. The following
sections will describe the design analysis of ultra-low profile
and substrate-integrated transformers and inductors
applicable to high-frequency LLC resonant converters using
GaN devices.
II.

MODELING

A. Isolated DC-DC Converter Using GaN
LLC resonant converter is a popular topology for isolated
DC-DC converters in high-voltage applications (400-600V)
in the power range of 100 W - 5 kW [5]. The specifications
of the converter that is used in this article are shown in Table
1. This section will briefly explain how the LLC resonant
converter is structured, and summarize the necessary
converter specifications for magnetics design.
Fig. 3 shows a simplified diagram of typical circuit
topology for LLC resonant converters. The converter mainly
consists of three building blocks: square wave generator,
resonant network, and rectifier network. The square wave
generator produces a square wave voltage from the DC
source (Vin) by driving switches S1 and S2. In conventional
converter designs, silicon power MOSFETs were used in this
TABLE I.

CONVERTER SPECIFICATIONS

Parameter

Symbol

Value

Input voltage

Vin

350 - 400 V

Output voltage

Vout

48 V

Output power

Pout

1 kW

Figure 3. Schematic diagram of LLC
resonant converter topology

building block. However, in this paper, commercially
available GaN FETs are employed in designing the converter
for higher efficiency and miniaturization purposes [14].
The generated square wave voltage is applied to the
resonant network which consists of resonant capacitor (Cr),
resonant inductor (Lr), magnetizing inductor (Lm), and the
transformer. Through this resonant network, the GaN FETs
are turned on with zero voltage which allows low-loss
switching of the power devices [9]. The magnetic
components in the resonant network are either realized with
discrete components (two separate cores as shown in Fig.
1(a)), or with integrated magnetics which combine resonant
and magnetizing inductors on a single core. In this work, the
components enclosed with a blue box in Fig. 3 are designed
using a single integrated core.
The rectifier part rectifies the AC current coming from
the resonant network and produces a DC output voltage with
diodes and capacitor. This part can be implemented with fullwave bridge or center-tapped configuration. In this study,
center-tapped configuration is selected in order to reduce the
part count and device-related losses in the secondary-side.
Passive components should be carefully designed since they
not only affect the overall size of the converter but also the
switching and magnetic component-related losses. For
instance, large Lm would reduce the current through the
primary-side of the transformer and the inductor windings.
As a result, the device loss, transformer core loss, and
winding loss would decrease, but the magnetic component
size would remain relatively large. Many different
parameters need to be considered, and various procedures
exist to optimize the LLC resonant converter design [3], [5],
[9]. One design example with the converter specifications is
summarized in Table. 2. This converter design is based on
TABLE II.

SUMMARY OF CONVERTER DESIGN SPECIFICATIONS

Parameter

Symbol

Value

Resonant current (rms)

I

5.1 A

Magnetizing current (peak)

I

r

Lmpk

2.8 A

Secondary current (rms)

I

Switching frequency

f

Turns ratio of transformer

n :n :n
p s1 s2

5:1:1

Resonant capacitor

C

31.0 nF

Resonant inductor

L

Magnetizing inductor

L

s
s

r
r

m

16.5 A
325 kHz

3.3 μH
65.4 μH

the LLC converter with GaN FET device, and follows the
design procedure presented in reference [9].

B. Magnetic Component Design
In LLC resonant converters, the magnetizing inductance
of the transformer is usually implemented on a magnetic core
with an air gap to meet the required inductance value. Fig. 4
shows the magnified schematic of magnetic components to
be designed in this section. Since the secondary side of the
transformer is a center-tapped structure, the turns ratio is
selected to be 10:2:2.
The magnetic core structure with its geometrical
parameters and the corresponding reluctance model used in
this study are shown in Fig. 5. For better approximation of
the inductance values of the reluctance model, the fringe
fields of the air gap is taken into account according to the 3D
calculation approach [15]. The flux generated by primary
current Ip and secondary current Is cancel out, while the
magnetizing current ILm produces common flux linking all
windings. The expression for the maximum flux density in
the core is shown in (1), where Ac is cross-sectional area of
the core, and RTH is the total effective reluctance. Accurate
prediction of the maximum flux density value is important to
prevent saturation of the core. The final design

The first design method is using discrete components to
implement the resonant inductor and transformer as shown in
Fig. 6. One planar core is used for the resonant inductor with
windings, and another planar core is used for the transformer
with primary winding and two secondary windings. Planar E
core shapes were selected from the product catalog [18], and
the reluctance model from the previous section is used in
calculating the inductance values. Detailed core design rules
are summarized in Table 3.
The windings of planar magnetics are generally
fabricated using standard PCB processing which can easily
be integrated with other circuit components through the
wiring on the board. Fig. 7 presents the winding designs of
the inductor and transformer. Interleaved configuration is
applied in the transformer winding design in order to reduce

the leakage inductance. In this configuration, the primary

Figure 6. Discrete component designs
using planar cores (a) resonant inductor (b)
transformer.

of the core should guarantee that the flux density value is
lower than the maximum saturation value of the magnetic
core material.
Figure 5. Magnetic core structure with
Figure
4. Magnified
schematic
of
geometrical
parameters
and
its
corresponding
simplified
reluctance
model.

Special care is needed when designing the windings since
multiple windings are involved with mutual effect. Poor
winding configurations would result in loose coupling
between the windings, and end up with increased losses and
leakage inductance. The thickness of the winding conductors
should be selected considering the skin depth of the highfrequency current through the windings. Since AC current is
restricted to the conductor surface, making the conducor
thicker than the skin depth would not reduce the AC
resistance [16]. The skin depth of copper at 325kHz is
110µm, and this thickness is used in windings of all of the
magnetic components designed in this section.
As previously mentioned, the magnetic components can
be implemented either with discrete components or
integrated configuration. Design examples for both discrete
and integrated cases will be presented in this section.
Commercially available MnZn ferrite is selected as the core
material based on the properties which showed lowest core
loss and highest achievable power density in the frequency
range of the interest [17].

TABLE III.

DESIGN SUMMARY OF DISCRETE COMPONENTS

Parameter

Transformer

Resonant inductor

Core size

E 32/6/20

E 14/3.5/5

Material

MnZn

MnZn

1400

1400

H

20.3 mm

5 mm

w

6.4 mm

3.0 mm

9.3 mm

4.0 mm

3.2 mm

1.5 mm

3.2 mm

1.5 mm

6.4 mm

4.0 mm

0.25 mm

0.1 mm

Permeability μ

w

w

w
l
l

c

o

o

w
g

r

Figure 7. Winding
configurations
for discrete components (a) resonant
inductor and (b) transformer.

winding is sandwitched in between the two secondary
windings instead of arranging them all on one side.
The second design method is the novel proposed
integrated design approach which combines the resonant
inductor and the transformer into a single core, with an
additional target of achieving a lowcore thickness for further
miniaturatization of the converter. In this case, the leakage
flux that exists between primary and secondary windings is
utilized to implement the resonant inductor. However, the
inherent leakage inductance of the transformer is generally
not sufficient to meet the required resonant inductance value.
Therefore, in this design, magnetic slabs are inserted in the
window area between the primary and secondary winding to
facilitate the control of the leakage inductance value. The
slab material for leakage inductance can vary from low to
high permeability materials as required.
In contrast to the previous design method using a
standard core shape, the novel approach first selects the core
thickness which is thin enough to be embedded into a power
PCB substrate. Then, other parameters are decided through
an iterative design process to meet the required magnetizing
inductance value and resonant inductor value, while
maintaining low loss and high density. A design summary
for novel low-profile design in presented in Table 4, and its
overall structure is shown in Fig. 8. As shown in Fig. 8(b)
and (c), the primary winding is formed around the center leg
of the magnetic core, while the secondary winding overlaps
the primary winding with a controlled distance. The
magnetic slab is introduced in the window area to separate
primary and secondary windings. This separation, and
insertion of magnetic slab, is to allow more leakage
inductance to satisfy the resonant inductor value required
for the circuit operation. The leakage inductance value can
be adjusted by changing the separation distance of the two
windings or replacing the magnetic slab with a different
material.
TABLE IV.

Parameter

Slab

Slab size

1.9 X 11 X 4 mm

Material

NiZn

Permeability μ

3

r

120

The two magnetics design approaches are then evaluated
in terms of loss. The total magnetic component-related losses
can be divided into copper winding losses and core losses.
Core losses can be estimated using equation (2), where freq
is the switching frequency, Bmax is maximum flux density,
V is volume of the magnetic core, and Cm, CT, x, y are
empirical parameters provided by core material
manufacturers [19].

DESIGN SUMMARY FOR NOVEL LOW-PROFILE DESIGN

Winding losses can be expressed as equation (3) where I
is the current through the winding, and Rac is the AC

Parameter

Transformer

Core size

74 X 46 X 4 mm

Material

MnZn

Permeability μ

3

Figure 9. Maxwell simulation
results for inductance values

1400

resistance of the winding conductor. Thus, the total winding

H

4 mm

Figure 8. Overall structure of novel
design; (a) core and slab dimensions, (b)
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losses in the discrete design are the sum of the losses from
the resonant inductor winding, primary winding, and
secondary winding of the transformer, whereas the total
winding losses in the novel design only include losses from
primary and secondary windings. The AC resistance values
in practice are often measured with an impedance analyzer to
calculate estimated winding losses. However in this paper,
the AC resistance values are calculated using Q3D Extractor,
a 3D parasitic extraction tool, with the winding designs
obtained in this section.

III.

RESULTS AND DISCUSSIONS

The simulation and loss calculation results of magnetic
components designed in previous sections are presented in
this section. The results of two different design methods will
be compared in terms of loss and volume.
Fig. 9 shows ANSYS Maxwell simulation results for
inductance values of magnetic components. All the values
for discrete and integrated novel designs show good
agreement with the required inductances. In other words, the
designed parameters for magnetic core using the established
reluctance model well predicted the required inductance
values.
The calculated DC and AC resistances using Q3D
extractor is summarized in Table 5. Although most of the
resistances of the primary and secondary windings in both
designs show similar ranges, the AC resistance of primary
winding in the discrete design a has noticeable difference
from that of the novel design. As shown in Fig. 7(b), the
primary winding of discrete approach has to involve multiple
windings in one layer with the winding trace width restricted
by the window area. This restriction results in higher AC
losses of the primary windings in the discrete approch.
Fig. 10 shows the calculated losses as well as the power
densities of both discrete and integrated designs. The core
losses in each design approach are calculated based on
equation (2) with the loss estimation parameters provided by
reference [19]. The novel low-profile design achieves ~40%

TABLE V.

SIMULATION RESULTS FOR WINDING RESISTANCES
DC Resistance
[mΩ]

AC Resistance
[mΩ]

Winding of
Lr

4.5

29.7

Primary
winding

117.0

564.0

Secondary
winding

3.0

19.7

Winding of
Lr

N/A

N/A

Primary
winding

120.0

121.0

Secondary
winding

10.2

22.9

Novel Design

Discrete design

Parameter

lower overall loss with a 7% increase in power density. The
total core volume of discrete planar magnetics itself is
smaller than the novel core design, but the overall volume of
the two components, including the winding dimensions,
exceeds the volume of the novel design. Another notable
advantage of the novel design is the low core profile of less
Figure 10. Calculated total losses and
power densities with the two design
approaches.

than 5mm. There could be numerous magnetic design
options considering the trade-offs between efficiency and
volume, but conventional solutions have limitations in
reducing the core thickness. The suggested design approach
succeeded in achieving a low-profile core without
compromizing efficiency or power density.
IV.

CONCLUSIONS

A novel low-profile design approch for magnetic
components, applicable to 1-5kW isolated DC-DC
converters with higher efficiency and miniaturization is
demonstrated. Magnetic components for LLC resonant
converters are designed to convert DC voltages from 400V
to 48V with 1kW output power. Two different design
approaches to implement one resonant inductor (3.3µH), and
one transformer with magnetizing inductor (65.4µH) are
evaluated.
The first uses conventional discrete design process with
standard planar cores and PCB windings. The second
approach is based on a novel low-profile core design which
integrates the resonant inductor into the transformer by
utilizing the leakage inductance. These discrete and novel
approches are evaluated in terms of winding loss, core loss,
and total volume of components. As a result, the novel
design showed lower loss with improved power density.
The proposed magnetic design is in accordance with
upcoming power embedding technologies, which can be a
potential breakthrough in increasing power density and
resolving aggravated thermal density challenges in future
GaN-based power converters.
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