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Abstract—This article proposes an isolated LLC resonant con-
verter with MHz-level switching frequency that can achieve zero-
voltage switching in the full-load range. In the proposed converter,
conventional silicon devices are replaced with wide band-gap gal-
lium nitride devices to reduce switching losses in the power device.
A planar transformer structure with reduced winding length on
the secondary side is proposed, which utilizes flux cancellation and
reduces core loss while maintaining a low core volume. The path
of the secondary winding is a fraction of a full turn, which reduces
secondary-side losses while maintaining a turns ratio of 16:1. This
planar transformer achieves the goals of decreasing core loss and
volume while increasing power density. Within a limited circuit
layout area, optimal points for the efficiency of core loss and copper
loss were calculated. The magnetic simulation software ANSYS
Maxwell was employed to verify whether the actual circuit behavior
of this planar transformer conformed to the design theory. Finally,
a resonant converter was achieved with a switching frequency
operating at 1 MHz, input voltage of 380 V, output voltage of 12 V,
output power of 800 W, power density of 55 W/cm3, and maximum
efficiency of 96.5%.

Index Terms—DC–DC power conversion, resonant
power conversion transformer cores, transformer windings,
transformers.

I. INTRODUCTION

W ITH the development related to the global race into the
Industry 4.0 era, demands for energy are increasing.

Manuscript received December 21, 2019; revised May 25, 2020 and August
4, 2020; accepted September 22, 2020. Date of publication October 6, 2020;
date of current version January 22, 2021. This work was supported in part by
the National Science Council of Taiwan under MOST Grants 108-2221-E-197
-016, 108-2218-E-008 -007, and 109- 2218-E-008- 006. Recommended for pub-
lication by Associate Editor D. Maksimovic. (Corresponding author: Yu-Chen
Liu.)

Yu-Chen Liu is with the Department of Electrical Engineering, National I-Lan
University, Yilan 26047, Taiwan (e-mail: ycliu@niu.edu.tw).

Chen Chen, Kai-De Chen, and Yong-Long Syu are with the Department of
Electronics and Computer Engineering, National Taiwan University of Science
and Technology, Taipei 10607, Taiwan (e-mail: d10502204@mail.ntust.edu.tw;
a0988138263@gmail.com; x452800@gmail.com).

De-Jia Lu and Huang-Jen Chiu are with the Department of Electronic Engi-
neering, National Taiwan University of Science and Technology, Taipei 10607,
Taiwan (e-mail: m10602c06@mail.ntust.edu.tw; hjchiu@mail.ntust.edu.tw).

Katherine A. Kim is with the Department of Electrical Engineering, National
Taiwan University, Taipei 10617, Taiwan (e-mail: kakim@ntu.edu.tw).

Color versions of one or more of the figures in this article are available online
at https://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2020.3029001

The technological evolution of the Internet of Things, big data
analysis, artificial intelligence, and cloud computing has led
researchers to turn their attention to energy conservation. In
2014, according to the reported data, energy consumed by com-
puter, communication, and server power sources is accounted
for 1.8% of the United States’ total electricity consumption.
Furthermore, electricity consumption is increasing annually; the
total in the United States is estimated to reach 73 billion kW by
2020 [1]. Therefore, energy waste can be considerably reduced
if the conversion efficiency of power supplies can be effectively
enhanced. At the same time, various industries are demanding
power supplies with smaller volume at the same power rating.

Following the rapid development of equipment for datacenters
and cloud servers, numerous types of high-efficiency dc–dc con-
verters have been widely employed, such as the phase-shift full-
bridge converter [2]–[5] and LLC resonant converter [6]–[8].
The phase-shift full-bridge converter can achieve zero-voltage
switching (ZVS) of the primary-side switch [9]–[11] through
the energy stored by the leakage inductance of the transformer.
However, its ZVS condition is related to the output load, and
the switching loss of the power switch cannot be reduced at a
light load. When the switching frequency reaches the MHz level,
switching loss remains high even with the use of wide band-
gap devices. Therefore, for the pursuit of high power density
and high conversion efficiency, applying phase-shift full-bridge
converters to high-frequency operations at the MHz level is not
suitable. By contrast, when the switch operating frequency of
an LLC series resonant converter is between the first and second
resonant frequencies, the ZVS conditions of its power switch are
unrelated to load; furthermore, it is characterized by the ZVS of
the primary-side switch and the zero-current switching (ZCS)
of the secondary-side rectifier switch [12], [13]. This approach
can substantially reduce switching loss and electromagnetic
interference [14]–[16] of the converter at high frequencies.

To achieve high power density and high efficiency of the
converter, the volume of the magnetic component can be de-
creased through increasing the switching frequency. However,
the switching loss of the power switch as well as the core and
copper losses of the converter also increases as the frequency
increases. The power device and magnetic component must be
optimized to solve these difficulties. Although LLC resonant
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converters possess ZVS to reduce high-frequency switching
losses, they nonetheless exhibit exceedingly high turn-OFF losses
when using conventional silicon devices. The use of a wide
band-gap device gallium nitride (GaN) [17]–[19] to replace
conventional silicon devices is an effective method for reducing
turn-OFF losses. Because GaN devices have a smaller parasitic
capacitor, their switching speed is substantially higher than that
of conventional silicon devices, making them more suitable for
switching at the MHz level. The ZVS characteristic of LLC
resonant converters and the use of wide band-gap devices can
effectively reduce the switching loss of a power device at MHz
switching frequencies. Therefore, the design of the magnetic
component is the primary challenge for high-frequency LLC
resonant converters in terms of efficiency and power density.

The primary transformer losses for LLC resonant converters
are core loss and copper loss. Core loss of a high-frequency core
can be further examined from two perspectives: the material
selection and the flux cancellation method. The former can be
obtained according to user manuals provided by core material
suppliers, such as Ferroxcube, TDK, and ACME. If a core mate-
rial of 50–200 kHz is used at a switching frequency of 1 MHz, its
core loss will increase more than several tens of times. Therefore,
according to previous studies [20], [21], core materials that are
suitable for use at different frequencies can be obtained. This
approach is based on the perspective of core materials, and the
further reduction of core losses following the selection of an
appropriate core material presents another challenge.

In the literature, several methods for reducing core loss
through flux cancellation have been proposed. These methods
can be further divided into using numerous vertically stacked
cores to enable flux cancellation in the stack [22], and moving the
winding position from the center leg on the EI core to the outer
leg and having the winding rewound in the opposite direction
for flux cancellation to be achieved on the center leg [23], [24].
Although both methods can effectively reduce core losses, the
former method entails stacking the core, which decreases the
power density of the converter. Thus, the latter method is more
suitable for achieving increased power density.

In addition, the transformer copper loss of LLC resonant con-
verters can be examined from the perspectives of power density
and loss. Conventional transformers are generally wound using
litz wires. By comparison, a printed circuit board (PCB) layout
has an advantage over a conventional transformer in which it
requires a smaller window area than conventional transformer
for the winding wire [25], [26]. To achieve high power density,
the present study employed a PCB layout to replace conventional
litz wire winding for the transformers.

Another method for reducing copper losses involves using
circuit architecture and transformer winding. Regarding the ap-
plication specification of cloud servers, when the secondary-side
output is employed for high-current applications, a center-tap
rectifier structure is employed instead of a full-bridge rectifier
structure. In a center-tap rectifier structure, a parallel secondary-
side synchronous rectifier switch is employed to reduce the
conduction loss of the transformer’s secondary side as well as
that of the synchronous rectifier switch. However, this approach

cannot reduce the copper loss on the secondary side of the
transformer.

Therefore, studies have proposed the concept of matrix
transformer circuit architecture [27], [28]. The matrix
transformer splits the main transformer into several transformers
and employs a circuit architecture in which the primary-side
winding is connected in series and the secondary-side winding
is connected in parallel. This method can effectively reduce the
current in each secondary winding, thus reducing copper loss.
Several methods based on the secondary parallel architecture of
the matrix transformer circuit exist for reducing the dc resistance
of a transformer winding. Because the selection of different
effective core cross-sectional area shapes affects the circumfer-
ence of each turn on the winding, changes in the shape of this
area of the transformer [25], [29] can effectively reduce some
winding loss.

Another approach is to change the winding method of the
transformer, an example being split-flux transformers [30]–[34].
This design changes the restriction of conventional transformer
winding, which requires a full turn, as well as takes advantage
of the matrix transformer architecture. This also causes the
simultaneous conduction of several secondary sides, forming
several fractional-turns on the transformer. For the transformer,
however, these in fact constitute one full turn. Such an approach
can effectively and substantially reduce the copper loss of a
transformer. However, in terms of actual transformer design,
Faraday’s law dictates that when the number of windings is
decreased, the effective cross-sectional area of the core must
be increased by the same multiple as the number of winding
turns decreased to maintain the same peak flux density. Then,
the overall core volume increases as the effective cross-sectional
area increases. For example, the core volume in a half-flux
(or half-turn) transformer [32], [33] increases twofold, and
the core volume in a quarter-flux (or quarter-turn) transformer
[34] increases fourfold. In this article, several transformer core
structures are discussed. In addition to the integration of the flux
cancellation method to reduce core loss, a novel planar winding
structure with a fractional turn length on the secondary side is
proposed to solve the disadvantages of core losses and volume
increase that accompanies a split-flux transformer.

An LLC resonant converter was employed in this study, and
the switching frequency was operated at the resonant frequency
as a dc transformer to achieve the highest conversion efficiency
[35], [36]. There is no specific requirement for leakage induc-
tance in this design to regulate the output voltage. If a designer
needs a specific leakage inductance to operate over a wide
input voltage range or adjusting voltage gain to regulate the
output voltage, the work in [26] and [29] provide information to
address leakage inductance. For the proposed converter, a wide
band-gap device GaN was employed to reduce the switching loss
of high-frequency application. In the proposed transformer, the
primary winding used flux cancellation concepts for the wind-
ings to decrease core loss. PCB windings were used to achieve
a high-frequency planar transformer, and interleaving was used
for the winding arrangement to reduce the magnetomotive force
(MMF), thereby decreasing the ac resistance loss [23], [24].
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Fig. 1. Induced flux of a half-flux transformer. (a) Side view. (b) Top view.

Ultimately, the proposed planar transformer structure can
achieve 16 turns on the primary winding with less than a full
turn’s length on the secondary winding. However, the turns
ratio of the transformer exhibits an effect of 16:1. This structure
reduces the dc resistance loss of the secondary side and decrease
core volume to increase power density. Parametric equations
were employed for the design of the transformer dimensions.
Using the limited usable area of the circuit board, optimal param-
eters were found for core loss and copper loss, and the magnetic
simulation software ANSYS Maxwell was used to confirm the
flux balance of the proposed transformer as well as whether its
functions conformed to the design concept of the transformer.
The contribution of this article is the design and analysis of a
unique transformer structure that combines the advantages of
the matrix transformer UI core and the reduced winding length
of split-flux transformers to reduce transformer volume while
minimizing losses. In the experiment, the final LLC resonant
converter achieved an operating frequency of 1 MHz, input
voltage of 380 V, output voltage of 12 V, output power of 800 W,
maximum efficiency of 96.5%, and power density of 55 W/cm3.

II. ANALYSIS OF FLUX INDUCED ON THE SECONDARY SIDE

OF THE TRANSFORMER

This section examines differences in the induced flux of the
secondary-side winding of a split-flux transformer when differ-
ent core structures are adopted, which result in differing induced
voltages on the secondary side. Previous studies proposed a
half-flux transformer with an EI core structure [32], [33], as
shown in Fig. 1. Assume that the primary winding is wound
counterclockwise on the center leg. The secondary winding may
be wound in the form of an equivalent full or half-turn, as shown
by the orange line and green line in Fig. 1, respectively. Faraday’s
Law of electromagnetic induction is shown in (1), where v is the
induced voltage, n is the number of turns, and φ is the magnetic
flux passing through the circuit. The magnitude of the secondary
induced voltage is related to the turns ratio of the transformer
and the magnetic flux generated on the primary side.

To simplify the following analysis, it is assumed that windings
on the primary side of the transformer are all one turn, and
the magnetic flux generated on the primary side is 1φ. Fig. 1
shows that the magnetic flux generated by the primary winding
on the center leg is 1φ, where the cross-sectional area of the

Fig. 2. Induced flux of the quarter-turn transformer. (a) Side view. (b) Top
view.

outer leg of the conventional EI core is one-half of the center
leg. According to the theory of magnetic resistance, the magnetic
flux flowing into the outer leg is 0.5φ. The closed-loop magnetic
circuit passes through by the secondary winding of the trans-
former, and although the green line only passes through a 0.5φ
closed-loop magnetic circuit, the orange line passes through two
0.5φ closed-loop magnetic circuits. The orange line represents
a conventional transformer that employs a secondary winding
structure with full turns; its induced voltage is the same as the
primary-side winding. The green line represents the half-flux
transformer structure proposed in [32] and [33]. Because the flux
of the closed-loop magnetic circuit through which the secondary
winding passes is only 0.5φ, the induced voltage is half of the
voltage on the primary side

v = −n
dφ

dt
. (1)

Next, the application principle of a quarter-flux transformer
proposed in [34] is discussed, which is shown in Fig. 2. When the
primary winding is wound counterclockwise around the center
leg, the flux generated is 1φ. In the core structure, the sum of
the cross-sectional areas of the four outer legs is equal to the
cross-sectional area of the center leg. According to the theory of
magnetic resistance, the flux flowing into each outer leg is 0.25φ.
In the closed-loop magnetic circuit formed by the secondary
winding of the transformer, the green, purple, orange, and blue
lines pass through closed-loop magnetic circuits of 0.25φ to
four times 0.25φ, respectively. Therefore, the induced voltages
of these four lines are 0.25 times the primary side voltage to one
time the primary voltage, respectively.

The proposed design integrates the design methods suggested
in [30]–[34] to achieve a split-winding planar transformer. Be-
cause the number of turns on the secondary winding were no
longer a full turn, the number of primary turns was decreased to
maintain the same output voltage as that of the full-turn trans-
former. For example, with the specifications of a 380-V input
and 12-V output, the primary and secondary turns ratio of the
transformer is usually 16:1. For a half-flux transformer, however,
this ratio becomes 8:0.5, whereas for a quarter-flux transformer it
would be 4:0.25. Although the split-flux transformer can reduce
copper losses of the primary and secondary sides, at a fixed
peak flux density, the effective cross-sectional area of the core
must increase proportionally to counteract the increase in peak
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Fig. 3. Schematic of the induced flux of the half-flux transformer. (a) Side
view. (b) Top view.

flux density caused by a decrease in the number of primary
turns. For example, the core effective cross-sectional areas of the
half-flux transformer and quarter-flux transformer must increase
by two and four times, respectively, compared with the full-flux
transformer to achieve the same peak flux density. This not only
increases the core volume, but also decreases the power density
of the converter.

To overcome the core volume and loss increases caused by a
split-flux transformer, this article proposes a method of applying
a core structure that achieves flux cancellation with a UI core
with fractional turns on the secondary side to reduce winding
length, as shown in Fig. 3. The primary windings are wound
clockwise around the left leg and counterclockwise around the
right leg, generating a flux of 1φ. Therefore, the core struc-
ture used at this time only has two legs, which differs from
conventional split-flux core; the flux flowing through the two
cylinders are both 1φ. Therefore, although the orange line and
green line pass through one turn and a half-turn, respectively, the
induced flux of the secondary side remains 1φ. This means that
when the transformer employs the winding method of the green
line, the induced flux of the secondary winding is 1φ as long
as the winding passes through the transformer window, even
if the winding length is less than a full turn. Thus, even when
the input voltage is 380 V and output voltage is 12 V, the turns
ratio can be maintained at 16:1. The same peak flux density can
be maintained without needing to increase the core’s effective
cross-sectional area.

In the proposed core structure, the induced magnetic flux on
the secondary side is not affected by the winding method or
the length of the winding. The induced magnetic flux on the
secondary side is only related to the primary magnetic flux and
the number of passes through the closed magnetic loop (window
of the core). This article has the same induced magnetic flux on
the secondary side of the transformer as that of the traditional
winding with a full winding. Thus, the secondary-side winding
achieves a fractional winding structure at the same maximum
magnetic field strength Bmax as the traditional transformer,
but increased core volume associated with previous split-flux
transformer designs can be avoided.

Table I compares the aspects of different high-frequency
transformer winding methods. The proposed UI planar trans-
former with fractional turns to reduce the secondary wind-
ing length has approximately half the secondary copper loss
compared with a matrix transformer and half the core volume
and loss compared with a half-flux transformer. Furthermore,

TABLE I
COMPARISON OF DIFFERENT TRANSFORMER STRUCTURES

Fig. 4. Circuit diagram of the proposed transformer and LLC converter.

compared with a quarter-flux transformer, although the primary
and secondary winding losses of the proposed transformer are
four and two times, respectively, its core volume and loss are
0.25 times, still giving it a substantial advantage for achieving
the goals of high power density and high efficiency.

III. OPERATING INTERVAL OF THE PROPOSED TRANSFORMER

This section discusses the operation of the LLC converter with
0.5 turns on the secondary side. Fig. 4 is the circuit diagram,
where Vin is the input voltage; Vout is the output voltage; S1 and
S2 are the primary power devices using GaN components; Lr and
Cr are the resonant inductor and resonant capacitor, respectively;
Lm is the magnetizing inductor of the transformer; and SRa and
SRb are the positive and negative half-cycle rectifier switches
for the secondary side, respectively. The number of turns on the
primary side of the transformer is 16, and there are 0.5 turns
for each secondary center tap, thus achieving a 380-V input
and 12-V output. The primary and secondary windings of the
transformer are wound on the two outer legs of the core, with
16 turns for the primary winding, as shown in Fig. 5(a). There
are 0.5 turns for the secondary winding, as shown in Fig. 5(b).

During the positive half-cycle, the primary upper switch S1

is ON and the lower switch S2 is OFF. As shown in Fig. 6, the
current direction of the primary side is counterclockwise for
the left leg and clockwise for the right leg, causing an induced
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Fig. 5. Schematic of transformer winding. (a) Primary-side winding. (b)
Secondary-side winding.

Fig. 6. Current path of the positive half-cycle.

magnetic field inside the core. The direction of the magnetic
field is depicted in Fig. 7(a). According to Faraday’s law, the
secondary side of the transformer generates a clockwise current
in the left leg, whereas a counterclockwise current is generated
in the right leg against the applied magnetic field. The secondary
side current of the transformer flows from the ground (GND) to
SRa1, SRa2, SRa3, and SRa4, then flows through the secondary
winding, and finally flows out toward the Vout point. As shown
in Fig. 7(b), any point Vout is connected to the same point as
the remaining three points, and any point GND is connected
to the same point as the remaining GND points. Therefore, the
secondary winding can be viewed as a parallel relationship, and
the equivalent number of secondary turns is 0.5. Four sets of
secondary side joints are separately wound around the left and
right legs of the core, and the secondary winding of each leg
passes through the core window, seeing the full flux of the core.
The generated magnetic field is similar to that of a conventional

Fig. 7. Current path of the positive half-cycle winding. (a) Primary side. (b)
Secondary side.

Fig. 8. Current path of the negative half-cycle.

center leg wound for a full turn. Thus, the magnetic field in the
transformer does not develop an imbalance.

During the negative half-cycle, the primary upper switch S1

is OFF and the lower switch S2 is ON. As shown in Fig. 8, the
primary current direction comprises a clockwise direction for
the left leg and counterclockwise direction for the right leg,
which generate an induced magnetic field inside the core. The
magnetic field direction is shown in Fig. 9(a). According to
Faraday’s law, the secondary side of the transformer generates
a current in the counterclockwise direction on the left leg,
and a clockwise current on the right leg against the applied
magnetic field. The secondary current of the transformer flows
from GND to SRb1, SRb2, SRb3, and SRb4, then flows through
the secondary winding, and finally flows out toward point Vout.
Any point Vout is connected to the same point as the remaining
three points, and any point GND is connected to the same point
as the remaining GND points, as shown in Fig. 9(b). When
any switch is turned ON and current flows in the transformer,
the secondary winding of the transformer sees the full flux
induced through the core. Therefore, this method is equivalent
to conventional transformer winding in terms of magnetic flux
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Fig. 9. Current path of the negative half-cycle winding. (a) Primary side.
(b) Secondary side.

and does not possess the disadvantages of core volume and loss
increases that other split-flux transformers do. Compared with
transformers with conventional winding methods, this method
effectively reduces copper losses on the secondary winding of
the transformer under large output currents.

IV. STRUCTURAL ANALYSIS AND DESIGN OF THE PLANAR

TRANSFORMER CORE

This section introduces the core structure and design of the
proposed planar transformer. Using a parametric design under
a limited area for circuit layout, the optimal design parameters
to reduce core loss were determined. A placement with minimal
ac resistance loss was found, which is particularly challenging
to minimize at high switching frequencies in the MHz range.
ANSYS Maxwell was employed to analyze the secondary-side
winding length of the proposed transformer, as well as to ensure
that positive and negative half-cycle imbalance would not occur
in each center-tap current of the secondary side.

To achieve the highest efficiency of the LLC resonant con-
verter, the operating frequency was fixed at the resonant fre-
quency and the LLC resonant converter was used as a dc trans-
former. The circuit specifications in this article were as follows:
an input voltage of 380 V, output voltage of 12 V, and output
wattage of 800 W. The core structure was parameterized to
examine the relationship between core loss and copper loss and
to select the appropriate core dimensions, as shown in Fig. 10,
where r is the effective cross-sectional area radius of the core, R
is the maximum length of the winding radius, T is the thickness
of sheet I, and Z is the cylinder height.

In consideration of the loss characteristics of high-frequency
materials, the peak flux density should not exceed 100 mT.
The usage manual of magnetic materials reveals that when the
peak flux density of a ferrite core exceeds 100 mT, core loss
increases sharply. Therefore, this article selected a unit volume

Fig. 10. Graph of core dimensions.

Fig. 11. Diagram of core dimensions. (a) Original core. (b) Optimized core.

loss of 600 kW/m3 to execute the following design. Hitachi’s
high-frequency magnetic material ML91S was used as the ferrite
core material. When the core loss per unit volume was 600
kW/m3 and the switching frequency was 1 MHz, the peak flux
density was found to be 74 mT. Equation (2) was used to obtain
the effective cross-sectional area of the core at this time, Ae,
at 39.79 mm2, and the radius r at 3.56 mm. In the following
equation, Vin is the input voltage of the circuit, at 380 V; Bm is
the peak flux density with a value of 74 mT; Np is the number of
turns in the primary winding, 16 turns; and fsw is the operating
frequency of the circuit, at 1 MHz

Ae = π · r2 =
Vin

8 ·Bmax ·Np · fsw . (2)

Next, using the parametric equationα of the core, as shown in
(3); the larger the value ofα, the larger the core winding radius R.
The value of the winding radius R subtracting the core effective
cross-sectional area radius r is the winding width of the core. A
greater width results in smaller dc resistance of the transformer
winding as well as smaller copper loss

R (α) = α · r. (3)

Because the flux density must be consistent in each path
to avoid complications with magnetic field lines and hotspot
concentration, the core leg effective cross-sectional area must
be equal to the cross-sectional area of the magnetic flux flowing
through sheet I. The conventional UI core structure is shown in
Fig. 11(a), and the thickness of sheet I at this time is calculated
by (4). To reduce the overall height of the transformer, the top



LIU et al.: DESIGN AND IMPLEMENTATION OF PLANAR TRANSFORMER FOR HIGH POWER DENSITY LLC RESONANT CONVERTERS 5197

Fig. 12. Maxwell simulation diagram. (a) Original core. (b) Optimized core.

and bottom covers of the transformer were optimized. Fig. 11(a)
illustrates that when the core structure of the transformer is the
same as that of the conventional UI core, the area occupied by the
circuit layout of the transformer and the area of the transformer
winding to obtain the occupancy area of the entire transformer
must be considered. The total area of the transformer at this
time was 8R2. Therefore, using the same total area, this article
proposed increasing the magnetic circuit of the transformer
outward while maintaining the same effective cross-sectional
area. Simultaneously, the thicknesses of the top and bottom
covers of the transformer were decreased. The core shape after
the volume increase is shown in Fig. 11(b). The thickness of
sheet I can be rewritten as (5); because α is the ratio of the
winding radius and core radius, and because the winding radius
must be greater than the core radius, α must be greater than
1. Additionally, this means that the thickness of the I sheet in
Fig. 11(b) is smaller than that in Fig. 11(a). The total volume of
the core can be expressed using (6)

T =
πr

2
(4)

T (α) =
πr

2α
(5)

Vel (α) = 2Ae · z + 2
[
4R(α)2 · T + πR(α)2 · T

]
. (6)

Using the Modified Steinmetz equation, core loss can be
expressed using parameters as shown in (7), where Pv is the
core loss per unit volume, and its value forms an exponential
ratio with the values of the operating frequency and peak flux,
as shown in (8). Among these, Cm, x, and y can be obtained from
the core materials manual of the manufacturer. Finally, different
volume sizes can be obtained according to differences in the core
proportional parameter α, thereby obtaining core loss. As the α
value and core volume increase, assuming a fixed Pv, core loss
also increases accordingly

Coreloss (α) = Pv ·Vel (α) (7)

Pv =
(
Cm · fx−1

eq ·By
max

) · fsw. (8)

Next, ANSYS Maxwell was employed to verify differences
between before and after the thickness optimization of the core
I sheet. Fig. 12 shows that although the peak flux density in
this article was designed to be 74 mT, magnetic flux was not
evenly distributed on the magnetic circuit of the core. There-
fore, using Maxwell, this work observed that the highest flux
density at this time was approximately 114 mT. In Fig. 12(b),
additional volume of the core is added with a peak flux density of
approximately 74 mT, which is exceedingly close to the original

design value. Using the magnetic material core loss parameter,
it was found that when the core peak flux density exceeded 100
mT, core loss increased sharply. In Fig. 12(a), when α was 2.45,
the core loss was 9 W, and in Fig. 12(b) after the thickness
optimization of sheet I it was 3.7 W. This optimization method
decreases the core height under condition of the same occupancy
area as well as effectively mitigates the increase in core loss
caused by the uneven distribution of peak flux density.

Next, this section examines copper loss. First, the dc resistance
of the transformer winding can be expressed using the following
equation, where the winding length is represented by “Length,”
ρ is the resistivity of the copper wire, h is the winding thickness,
and “Width” is the width of the copper wire:

Rcopper (α) = ρ
Length (α)

h ·Width (α)
. (9)

Considerations of the thickness of the winding wire require
observations of the effect of ac resistance. Based on the as-
sumptions of Dowell’s equation [37], under the condition of
a sinusoidal current at the excitation source for copper foil, the
influence of the skin effect on ac resistance can be expressed
using (10). The influence of the proximity effect on ac resistance
is expressed using (11). For the application of multilayer wind-
ing, the influence of the proximity effect substantially exceeds
that of the skin effect, and its influence can be expressed by
the size of m, where m represents the MMF corresponding to
each layer. The minimum MMF can be achieved when a full
interleaving winding method is used; thus, the influence of m
can be minimized. However, if a non-full-interleaving winding
method is used, the ac resistance corresponding to windings
with larger MMF increases substantially. The total ac resistance
is obtained by summing (10) and (11), as shown in (12)

Rac_skin =
ξ

2
· sinh (ξ) + sin (ξ)

cosh (ξ)− cos (ξ)
·Rdc (10)

Rac_proximity =
ξ

2
· (2m− 1)2 · sinh (ξ)− sin (ξ)

cosh (ξ) + cos (ξ)
·Rdc

(11)

Rac_total = Rac_skin +Rac_proximity. (12)

Finally, based on the previous calculations of core loss and
ac copper loss, the total transformer loss can be obtained by
summing these values, as shown in Fig. 13. The figure reveals
that a minimum loss point appears when α is 2.45; this α value
was ultimately employed as the final design parameter. A design
diagram with core dimensions is shown in Fig. 14, where (a) is
the top view of the core and (b) is the side view of the core.

ANSYS Maxwell was used to analyze and verify this concept
and whether it could be applied to the winding structure of the
transformer, as well as to verify whether the turns ratio of the
secondary side conformed to the analysis in the previous section.
To obtain accurate simulation results, a 1:1 3-D model of the core
was constructed. The method employed in ANSYS Maxwell
used the external circuit function, where a capacitor and inductor
were connected in series as the resonant tank to the primary side
of the transformer, and waveforms were used to generate square
wave voltage, crossing the two ends of the capacitor and the
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Fig. 13. Relationship between α value and total loss.

Fig. 14. Actual core size. (a) Core top view. (b) Core side view.

TABLE II
MAXWELL SIMULATION PARAMETERS

inductor and transformer, thereby simulating the exact working
condition of the LLC resonant converter. Table II presents the
simulation parameters. For the proposed transformer, Figs. 15
and 16 reveal that even when the actual winding length of the
secondary side is approximately half a turn, the primary-to-
secondary voltage ratio of the transformer remains 16:1. Fig. 17
verifies that regardless of when the transformer is conducting in
the positive half-cycle or negative half-cycle, the core achieves
balanced magnetic flux.

V. EXPERIMENTAL VERIFICATION

This section details the experimental verification of an LLC
resonant converter with the proposed UI planar transformer with
input voltage of 380 V, output voltage of 12 V, output power den-
sity of 800 W, and operating frequency of 1 MHz. Components

Fig. 15. Transformer’s primary voltage stress.

Fig. 16. Transformer’s secondary voltage stress.

Fig. 17. Balanced flux distribution.

TABLE III
MEASURED LLC CONVERTER CIRCUIT SPECIFICATIONS

in the 3-D model and the dimensions of the transformer are
presented in Fig. 18(a) and (b), respectively. Fig. 18(c) shows
the actual core. Fig. 18(d) and (e) shows the circuit layout and
current directions, respectively, of the secondary side. The height
of the overall circuit was 0.7 cm and the power density of the
LLC converter was 55 W/cm3.

Table III presents the circuit specifications in this study. The
circuit parameters for the LLC resonant converter, switching
components, and magnetic materials are shown in Table IV.
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Fig. 18. 3-D model. (a) Component labels. (b) Actual circuit. (c) Actual
core. (d) Current directions of the secondary side during the positive half-cycle.
(e) Current directions of the secondary side during the negative half-cycle.

Fig. 19. Primary-side Vgs, Vds, and resonant current.

The measured waveforms of the circuit are shown in Fig. 19,
where the output load is 100%, with Io = 66.7 A. The measured
waveforms were the resonant tank current of the primary side
and the waveform of the primary lower bridge Vds.

The measured efficiency curve of the circuit is shown in
Fig. 20, where the highest efficiency is 96.5% when the output
power is 400 W. The loss analysis of the full load is shown in
Fig. 21. According to the loss analysis, the total transformer

TABLE IV
CIRCUIT USAGE-RELATED PARAMETERS

Fig. 20. Experimental efficiency curve of the circuit.

Fig. 21. Loss analysis of the full load.

loss was approximately 13 W, which included core loss and
dc and ac copper losses. The switching loss on the primary side
was approximately 12 W, which included the turn-OFF switching
loss and conduction loss. Because the secondary power switch
possessed the characteristics of ZCS, switch loss comprised
only the conduction loss, for a total of 13.6 W. Other losses
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TABLE V
COMPARISON OF SIMILAR MATRIX TRANSFORMER ATTRIBUTES

Fig. 22. Power density comparison table.

include circuit winding loss, terminal loss, and input and output
capacitor losses.

Fig. 22 presents a power density comparison of various 380
V to 12 V dc–dc converters, where Mu and Lee [20], Huang
et al. [23], and Fei et al. [24] use matrix transformers and
operate at 1-MHz switching frequency with transformers that
employ flux cancellation to reduce core losses. The proposed
planar UI transformer’s structure has lower copper loss than
the traditional UI matrix transformer. By utilizing the induction
of the transformer flux, the proposed transformer also has flux
cancellation, such that it achieves lower core loss and copper
loss than the traditional UI matrix transformer.

In the LLC converter matrix transformer developed in [24],
several transformers were integrated together to achieve an
overall power density of 54 W/cm3. The LLC converter with the
proposed converter achieves a power density that is 1 W/cm3

higher than [24], but the overall conversion efficiency of this
work is 1% lower. Compared to the work in [24], the proposed
transformer does not achieve full flux cancellation to reduce the
eddy current loss in winding, but the major advantage is the

fractional turn winding on the secondary side that reduces the
length of the winding and associated losses. Although the results
have not shown an advantage in overall converter efficiency, but
based on the core structure alone, losses in the transformer for the
proposed structure are lower than that of the matrix transformer
structure in [24]. A detailed comparison of the different types of
losses in each structure is provided in the Appendix.

In [30]–[34], split-flux transformer architecture was presented
in which fractional turns were used to reduce secondary copper
loss. The transformer structures adopted by Ranjram et al. [30]
and Li et al. [32] are traditional half-flux transformers. Both
use an EI core and the secondary winding forms an equivalent
half-turn. For the secondary winding method of the transformer
in [30] and [32], the difference between the two is only in the
rectification structure of the secondary side. In [32], the half-flux
transformer structure used has an input voltage of 380 V and
an output voltage of 12 V. Therefore, a center-tap structure is
adopted at the rectifier side, and the fractional-turn structure
effectively reduces copper loss. The quarter-turn transformer in
[34] uses a single core with multiple sets of center taps in parallel,
and the secondary winding of the transformer uses fractional
turns to further reduce copper loss. To reduce the number of
primary side primary-side turns to a quarter of the original and
maintain the same Bmax, the cross-sectional area Ae would need
to increase four times, such that the overall volume would also
increase four times.

For the goal of high power density, the increased core vol-
ume associate with previous split-flux transformer designs is
a challenge that the proposed design overcomes. Note that the
proposed planar transformer design is appropriate for higher
input voltage and high step-down ratio applications, like 380-V
input to 12-V output, but loses some of its advantages for lower
voltage, higher current converter applications. In the present
study, the concepts of flux cancellation and fractional turns were
combined and flux induction was used to achieve a turns ratio
of 16:1, even though the secondary winding length is less than
a full turn. The disadvantage of the need for an exponential
increase in core volume for a split-flux transformer was solved,
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ultimately reaching a power density of 55 W/cm3. The proposed
transformer structure could also be applied to other high step-
down converters with multiple windings on one side to achieve
high power density.

A comparison of this article and similar transformer structures
is shown in Table V. The work in [23] and [24] adopts only the
traditional matrix transformer structure, whereas the work in
[30], [32], and [34] uses a split-flux transformer structure. In
[23] and [24], the secondary winding structure is a full winding;
in [30], [32], and this article, the secondary winding length
is equivalent to a half-turn; in [34], the secondary winding is
equivalent to a quarter-turn. It follows that the copper loss on
the secondary side, in [32], [34], and this article, are lower than
that in [23] and [24]. For a more detailed comparative analysis
of the various split-flux transformers and the proposed structure,
see the Appendix.

VI. CONCLUSION

In this article, a planar transformer with fractional turns on
the secondary side was proposed for a high power density LLC
resonant converter. Using the resonant characteristics of this
converter and GaN switches, conduction and turn-OFF losses
at a switching frequency of 1 MHz were greatly reduced. For
the planar transformer design, flux cancellation was employed
to target core losses by placing the primary winding on the
outer leg and utilizing reverse windings to reduce core losses.
The secondary side of the transformer employed equivalent
half-turn winding length to reduce the dc resistance loss while
maintaining a 16:1 turns ratio. As a result, power density could
be increased and core volume decreased at the same peak flux
density. Furthermore, using the core parameter α, an optimized
core size was designed with considerations of core loss, copper
loss, and power density within a limited circuit layout area.
ANSYS Maxwell was employed to verify that the structure of
the secondary windings conformed to the theoretical analysis.
Finally, the proposed planar transformer for an LLC resonant
converter was achieved with an output power of 800 W, switch-
ing frequency of 1 MHz, maximum efficiency of 96.5%, and
power density of 55 W/cm3.

APPENDIX

This appendix compares the design differences between
the traditional matrix transformer structure, different split-flux
transformer structures, and this work. The input voltage is 380 V,
the output voltage is 12 V, the output power is 800 W, the
switching frequency is 1 MHz, the primary-side topology is a
half-bridge structure, and the secondary side consists of four
sets of center taps connected in parallel. That is, 16 primary
turns, and 1 secondary turn for the traditional transformer; 8
primary turns and 0.5 secondary turns for the half-flux trans-
former; and 4 primary turns and 0.25 secondary turns for the
quarter-flux transformer. The number of primary turns of the
transformer proposed in this article is 16 turns, and the length
of the secondary-side winding is equivalent to 0.5 turns.

Next, the maximum magnetic field strength Bmax from Fara-
day’s Law (13) is set to 76 mT and PUI22 is selected as the

TABLE VI
COMPARISON OF SIMILAR TRANSFORMER ATTRIBUTES

single-loop transformer core. Because the primary winding of
the half-flux transformer is 8 turns, according to Faraday’s Law,
the cross-sectional area Ae should be doubled. Therefore, if the
core PEI-22 is used, the volume of the quarter-turn transformer
would increase fourfold, which is equivalent to four PUI-22.
Next, the core loss is calculated. Since Bmax of the transformer is
the same, the core loss is proportional to the volume according to
the modified Steinmetz equation (14). The results, summarized
in Table VI, show that the volume and core loss of a quarter-turn
transformer is four times that of a full-turn matrix transformer

Bmax =
Vin

8 ·Np · fsw ·Ae
(13)

Pv =
(
Cm · fx−1

eq ·By
max

) · fsw. (14)

Then, the copper loss of the transformer is calculated. The
rms value of the primary current is 2.5 A and of the secondary
current is 16.5 A. The winding width of the PUI-22 core is
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4 mm. The calculation is for a circle, where the thickness of
each winding is that of 2-oz copper in a PCB layer. Since the
effective current values are the same, the copper loss of the
transformer winding is only related to the length of the winding.
The winding arrangement and ac resistance Rac calculation are
not considered here because it is highly dependent on the exact
winding arrangement that depends on the specific application.
The loss of the winding can be obtained, as shown in Table VI.

The transformer structure proposed in this article has the
same primary winding method as the matrix transformer but
the secondary winding method is equivalent to the half-flux
transformer. Therefore, primary copper losses are the same as the
matrix transformer, whereas the secondary copper losses are the
same as the half-flux transformer. Summing the transformer core
loss and copper loss in Table VI, the proposed transformer has
the best performance in terms of core volume and transformer
loss.
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