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Abstract—1In this article, an LLC converter using gallium
nitride (GaN) transistors is proposed for a 48-V regulated and
isolated bus converter. Compared with pulsewidth modulation
(PWM)-based topologies, the soft switching capability of an
LLC allows operation at very high frequencies. In addition,
the size of the magnetic components is reduced without sacrificing
the efficiency. In this article, a novel magnetic structure that
integrates a matrix transformer and inductor with minimum
winding and a single magnetic core is proposed, to allow a
high-density and high-efficiency LLC converter design for a bus
converter. A 40—60-V input and regulated 12-V output converter
is developed to deliver a 1-kW output power in a quarter brick
form factor. The designed converter can achieve a power density
of 700 W/in® with a maximum efficiency of 97.82% at half-load,
dropping to 97.7% at full-load operation.

Index Terms—48-V bus converter, integrated magnetics, LLC
converter, matrix transformer.

I. INTRODUCTION

N INTERMEDIATE bus architecture using 48-V inter-
mediate bus converter (IBC) has been widely used in
telecom power supplies, and recently in data centers, using a
48-V rack architecture [1]. With the massive increase in digital
content, the need for higher power converters with high power
density and high efficiency is inevitable. The 48-V IBCs can
be categorized as non-regulated converters [2] and [3], semi-
regulated converters [4] and [5], and the fully regulated bus
converters which will be the focus of this article [6] and [7].
Constant-frequency pulsewidth modulation (PWM) phase-
shift full-bridge converters are commonly used in regulated
bus converters. Despite the simple closed-loop implementation
and simple electromagnetic interference (EMI) filter designs
for constant-frequency operation, these converters have limited
soft switching capabilities under different loading conditions.
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Fig. 1. SOA 48/12-V IBC with phase-shift full-bridge.

This forces the operation to a lower switching frequency
(100-200 KHz) to avoid switching related loss [8] and [9].
A state-of-the-art (SOA) IBC converter with PWM operation
circuit diagram is shown in Fig. 1. The low-frequency opera-
tion of these converters results in bulky magnetic components,
and therefore, only one transformer can be used to deliver
the desired high output power. With only one transformer,
secondary windings and synchronous rectifiers (SRs) are par-
alleled to reduce the conduction loss; however, current sharing
problems between these devices and windings will exist and
can be detrimental. An additional issue for this structure is the
large termination loss between the ac points of the transformer
and the filter inductor and SRs, which represents a huge
portion of the conduction loss, especially with high-frequency
operation [2].

Variable frequency-controlled resonant converters are gain-
ing more attention in industry practice nowadays for their abil-
ity to realize soft switching operation under different operating
conditions, and this enables higher frequency of operation to
realize both high efficiency and power density [10] and [11].
In this article, an LLC converter with variable frequency con-
trol is proposed for regulated bus converter applications [12]
and [13]. Compared with PWM topologies, an LLC converter
can achieve zero voltage switching (ZVS) for primary and
secondary devices under all loading conditions. In addition,
zero current switching (ZCS) for secondary side SRs and
minimum turn-off current for the primary devices is real-
ized. This enables higher frequency operation (>1 MHz)
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without sacrificing the efficiency while reducing the size of
the magnetic components. Using GaN devices for this LLC
converter with their superior figure of merits (FOMs) over
their counterparts silicon devices (Si) in terms of lower output
capacitance, gate charge, and low turn-off losses enables such
higher frequency operation while achieving high power density
and efficiency.

Many challenges arise with the proposed converter for this
application. First, high operating frequency will result in high
transformer-related winding and termination loss, due to the
eddy current and proximity effects. One benefit of the LLC
converter with high-frequency over the low-frequency operated
PWM-based IBCs is the smaller magnetic components; as
a result, the matrix transformer concept with printed circuit
board (PCB) winding implementation can be used. In that case,
parallel secondary windings and SRs are used to reduce the
conduction loss with equal current sharing. In addition, the ac
termination loss can be minimized by splitting the high output
currents among different transformer outputs [14].

Second, the LLC converter resonant inductor should be large
enough to achieve regulation capability, and the transformer
leakage inductance is not enough for such purpose. In [15],
a magnetic structure using multiple E-cores stacked on top
of each other for both transformer and inductor has been
reported for regulated LLC converter, and the reported con-
verter can achieve high efficiency; however, the structure is
very complicated for better manufacturability. In this article,
an integrated resonant inductor and transformer winding struc-
ture is proposed for this converter; the structure also uses a
single core for both transformer and inductor resulting in a
smaller footprint and lower loss, while achieving the required
regulation capability.

This article, which is the modified version of the previously
published conference article [12], with added contribution of
the integrated single-core solution for the magnetic structure
and its impact on the converter performance with the design
and optimization details of the LLC converter, is organized
as follows: Section II discusses the matrix transformer struc-
ture with a PCB winding for the proposed LLC converter.
Section III describes the integrated inductor and transformer
structure. Section IV examines the magnetic structure design
and optimization. Section V presents the converter prototype
and experimental results. The summary and conclusions are
given in Section VI.

II. MATRIX TRANSFORMER STRUCTURE SELECTION AND
OPTIMIZATION FOR LLC CONVERTER-BASED IBC

The matrix transformer has proven to be the best candidate
for the LLC transformer to avoid penalties of high-frequency-
related loss [14], [16], [17]. Breaking down a single trans-
former into multiple elemental transformer arrays, interwired
to form a single transformer, helps reduce the conduction loss
and termination loss. The designed LLC converter is required
to have a turns ratio of (4:1), whereby the converter operates
close to the resonant frequency during nominal condition
of 48/12 V, to ensure the highest operating efficiency at nom-
inal condition. With targeted power of 1 kW (Loutpur = 83 A),
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Fig. 2. LLC converter with 4 x 1:1 matrix transformer structure based

on [19]. (a) Transformer architecture and (b) PCB winding implementation.

the single (4:1) transformer is broken into four elemen-
tal matrix transformer structures to reduce the conduction
loss [18]. Multiple methods have been reported in the literature
to integrate these four elemental transformer structures using a
single core by the flux cancellation and integration concept [2].

In [19], the four transformers were connected in series
from the input side and in parallel from the output side,
following the same structure of the proposed LLC converter
with (4:1) transformer; the resulting matrix transformer archi-
tecture and primary winding PCB implementation are shown
in Fig. 2. The difference in this transformer from previous
work is the smaller total number of turns required on the
primary side. With a total (4:1) turns ratio required, each
elemental transformer has a turns ratio of (1:1) which can
be implemented using one PCB layer, as shown in Fig. 2(b).
The interconnection between the four transformers’ primary
windings is shown in the dotted red box, occurring outside
the overlapped region with the secondary windings. This will
result in a non-interleaved current creating higher leakage flux,
and as a consequence, more primary side winding conduction
loss.

The interleaving of the primary and secondary currents is
very essential to reduce the ac loss created by the eddy and
proximity effects. In the center-tapped rectifier structure used
with this transformer, each two secondary layers will have a
primary winding layer between them to have a perfectly inter-
leaved structure as shown in Fig. 3(a). With high output cur-
rents, a single secondary layer will result in high conduction
loss; for that reason, multiple secondary layers are required to
be parallel connected to reduce the secondary side conduction
loss as shown in Fig. 3(b) and (c) stack arrangement of one
elemental transformer. With only one primary turn required
to realize the (1:1) turns ratio in each elemental transformer
and to maintain the interleaving structure, with the addition
of each secondary parallel layer another primary layer will
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Fig. 3. PCB winding structure of a (1:1) transformer with different secondary
winding parallel structures. (a) Single layer. (b) Two parallel layers. (c) Four
parallel layers.

be added. In the proposed structure, a 12-layer PCB will be
used with four layers for each secondary winding (S1 and S2)
connected in parallel; as a result, all the primary layers will
also be connected in parallel. Achieving equal current sharing
between all primary and secondary four parallel layers is very
challenging as reported in [20].

In [18], another method of integrating the four transformers
using a single core while reducing the core loss in the magnetic
plates has been reported. This method requires at least two
primary PCB layers to be connected in series in each elemental
transformer. Using the same concept, the resulting matrix
transformer architecture and primary winding PCB implemen-
tation are shown in Fig. 4(a) and (b), respectively. In this
structure, all the primary winding PCB layers are connected
in series as shown in the stack arrangement in Fig. 4(c).
With all the primary PCB layers carrying the same current,
an equal current sharing is achieved for all the secondary
winding parallel layers. However, each elemental transformer
has a turns ratio of (4:1), and for that the four transformers
can only be connected in parallel from the primary side and
secondary side to have the total required turns ratio of (4:1)
as shown in Fig. 4(a). The current balancing between all
these transformers will suffer if the primary winding has
an unsymmetrical structure. In Fig. 4(b), one can see that
following this PCB implementation method will always result
in an unsymmetrical primary winding structure which is not an
issue if these transformers are all connected in series; however,
in that case all of them are connected in parallel. Meaning that
TR1 and TR4 will always have a shorter current path compared
with TR2 and TR4, and this will create a current balancing
problem between the individual parallel transformers.

The limitation of using previous reported methods of inte-
grating four transformers in a single core is solely due to
the need of lower total primary side turns. In this arti-
cle, we propose the matrix transformer structure as shown
in Fig. 5(a). As opposed to series connection of all elemental
transformers while paralleling all the primary winding PCB
layers as in Fig. 2, or the unsymmetrical parallel connection
of all elemental transformers with all primary PCB layers
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Fig. 4. LLC converter with 4 x 4:1 parallel matrix transformers structure

based on [18]. (a) Transformer architecture, (b) PCB winding implementation,
and (c) elemental transformer stack arrangement.
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Fig. 5. Proposed LLC converter with 2 x 2:1 parallel matrix transformer
structure. (a) Transformer architecture. (b) PCB winding arrangement.
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connected in series as in Fig. 4. The proposed structure uses
two parallel matrix transformer structures with two parallel
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2:1 parallel matrix transformer structure.
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Fig. 7. FEA simulation current density result for primary and secondary
current windings in symmetrical winding implementation.

primary PCB layers as shown in Fig. 5(b). The parallel matrix
transformer structure can still be integrated using a single-core
structure by the flux cancellation and integration concept as
reported in [12]. Each parallel matrix transformer comprises
two elemental transformers connected in series to ensure a
perfect current sharing between them; however, the current
sharing between these two parallel matrix transformers is
challenging and needs to be guaranteed to get the benefits
of the proposed architecture.

These two matrix transformers will have two separate leak-
age inductances Ly g1 and L7 k> and two separate magnetizing
inductances L,,; and L,. By ensuring that both leakage and
magnetizing inductances are equal, thatis, Ly g1 = Lpg2 and
L1 = Ly, perfect current sharing between these two parallel
matrix transformers can be ensured. The leakage inductance
for each of these parallel matrix transformers is highly affected
by the winding length and interleaving structure. The pro-
posed symmetrical PCB winding implementation is shown
in Fig. 6. One can see that the primary windings between
the upper and lower parallel matrix transformers are identical
to ensure the first condition for equal current sharing, that is,
Lix1 = Lik>. With integrating all the transformers using a sin-
gle core, the second condition, that is, L,,; = L2, can also be
ensured. In addition, all the primary and secondary windings
are overlapped to have perfect interleaving without any need
for additional non-interleaved interconnections compared with
the case described earlier in Fig. 2(b).

From the finite element analysis (FEA) simulation results
shown in Fig. 7, it is clear that current is equally shared
between the upper and lower parallel transformers with single-
core integration and a symmetrical PCB winding implemen-
tation. However, there exists a severe current crowding in the
primary and secondary windings.
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Fig. 8. Sectional view of the PCB windings. (a) Non-overlapped winding.
(b) Overlapped secondary winding.
Secondary 1 Primary Secondary 2
TR, TR,

v?fg %3 \;
)

| ;1-;--» é\?
P

—\ )

W

TR, TRy R, R,

Fig. 9. FEA simulation current density result for primary and secondary
current windings in symmetrical winding implementation with overlapped
secondary windings.

The reason for this current crowding can be shown from
the sectional drawing of PCB winding arrangement shown
in Fig. 8(a); in the outer winding section (Region I and
Region III), there is a perfect interleaving between the pri-
mary and secondary winding currents; however, in the mid-
dle section (Region II) where the current crowding exists,
the primary winding current is no longer overlapped with the
secondary winding current and it flows in a perpendicular
direction, and thus there is no means to cancel the leakage
flux created between these two layers and as a result cur-
rent crowding will occur. An overlapped secondary winding
structure reported in [20] can help solve this issue. In the
secondary lwinding drawing shown in Fig. 6, the marked
points (A and B) in (TR1 and TR2) have the same voltage
potential as both are connected to the output voltage terminal.
The current always flow in one part of the secondary 1 winding
in each half-cycle, which means these two points can be
connected to each other and the gap between them can be
removed as shown in the section drawing shown in Fig. 8(b),
and this will allow the secondary 1 current to flow into a longer
current path and overlap with the current in secondary 2layer.
With that, the perfect interleaving can be maintained to cancel
the generated leakage flux, and the same overlapping concept
can be applied to points (C and D) in the secondary 2 windings
of (TR3 and TR4). The FEA current density simulation result
of the transformer windings with the overlapped secondary
windings is shown in Fig. 9; it is clear that all the current
crowding has been eliminated and perfect current sharing
between the two parallel transformers is realized.

IIT. INTEGRATED RESONANT INDUCTOR WITH MATRIX
TRANSFORMER WINDING

A. LLC Converter Design for IBC Application

The LLC converter proposed for the 48-V IBC uses variable
frequency control to change the gain of the LLC resonant tank
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and realize output voltage regulation. The designed converter
is required to deliver a constant output power of 1 kW
at a regulated output voltage of 12 V. The nominal input
voltage of this converter is 48 V; however, this voltage is
normally connected to a battery, the voltage of which might
vary between 40 and 60 V when fully discharged during
power outages or when fully charged. This means the designed
converter is required to have a voltage gain of M =nV,/ Vi,
that varies from 1.2 to 0.8 to regulate the output voltage
at 12 V when the input voltage changes from 40 to 60 V,
respectively.

The selection of the magnetizing (L,,) and resonant (L;)
inductances have a great impact on the designed gain charac-
teristics of the converter and the operating frequency range
when regulating the output voltage. The converter will be
designed to have a maximum gain of Gpax = 1.3 to have
some margin from the desired maximum gain of Gpax = 1.2.
According to [21], the first step of the design is the selection
of L,, to achieve the desired Gpax. The governing equations
for the LLC converter are listed in (1) and (3), where C, is the
resonant capacitor, f, = 1 MHz is the resonant frequency, Ry,
is the load resistance, n = 4 is the transformer turns ratio, L,
represents the ratio between L, and L,, and Q,, represents the
resonant tank quality factor with different loading conditions.
To achieve the desired Gpax = 1.3, SIMPLIS simulation
was used to get the maximum gain contour with different L,
and Q, values and the results are shown in the blue line of
Fig. 10. Any combination of (L,, Q,) on this line can achieve
a maximum gain of 1.3.

Another contour plot which represents the product
of (L,Qp) as given in (4) can be plot on the same graph;
the intersection between these two contour plots will deter-
mine the minimum L, value required to achieve the desired
Gmax- The second contour plot is dependent on different
circuit parameters; in this design, the resonant frequency, turns
ratio, and load have been already determined, which means
the second contour is only changing with different magnetizing
inductances. Shown in Fig. 10 is the simulated maximum
gain contour with the L, Q, contour with different L,,values.
Marked on the curve are the three design points each of which
can achieve the desired Gpax. To select the proper design
point, the gain characteristics at each point with load variation
have been simulated and the results are shown in Fig. 11. It is
clear that with different design points the desired maximum
gain can be achieved; however, the larger L, values (Point
2) will result in a very wide frequency range that reaches
2 MHz operating frequency to achieve the G,,;, = 0.8 value
at light load conditions, and this will result in a significant
light load efficiency reduction with the benefit of smaller
resonant inductance. In this design, Point 1 was selected for
the designed converter by which a resonant inductance of
L, =200 nH and a magnetizing inductance of L, = 600 nH
are desired to regulate the output voltage with a reasonable
frequency range of 800-1.4 MHz at full-load condition and
the maximum operating frequency is 1.6 MHz during light
load condition.
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B. Integrated Inductor and Transformer Structure
of LLC Converters

The magnetizing inductance can be easily achieved by
increasing the air gap of the matrix transformer core. However,
in the designed PCB winding transformer, the windings are
interleaved to reduce the ac conduction loss, resulting in very
small transformer leakage inductance (L; ~ 15 nH). This is
not enough to achieve the required gain characteristics and
achieve output voltage regulation. For this reason, an extra
resonant inductor is required. The LLC resonant inductor is
needed to handle the high primary side ac currents of the
converter. Usually, litz wire inductors are used to minimize the
ac-related loss of these inductors; however, the resulting induc-
tors are bulky and labor-intensive to implement. In this work,
a PCB winding inductor is proposed for high power density
and manufacturability of the proposed converter. Originally, a
separate inductor and transformer would be used, as shown in
Fig. 12. Clearly, with the proposed transformer and inductor
PCB winding structure, the part of the inductor in the dashed
black box can be removed as it is duplicated in the transformer
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Fig. 14. Integrated inductor and transformer PCB winding arrangement.

primary winding, and both inductor and transformer primary
windings can be integrated together, as shown in Fig. 13.

In this integrated structure, the extension of the primary
winding without overlapping with any secondary winding as
shown in the vertical PCB winding arrangement in Fig. 14 will
create leakage flux; by adding two more core pillars, this flux
will be confined within the core and a controllable leakage
inductor can be realized with minimum PCB winding and foot-
print. The same concept can be used for an integrated inductor
and transformer with any converter to realize inductance with
minimum winding and loss; in this article, the concept was
applied on the designed LLC converter to achieve the desirable
regulation capability.

Multiple benefits can be achieved with this integrated
magnetic structure; first, the integrated structure has 10%
lower footprint compared with using separate inductor and
transformer structures. Second, by saving the winding length
required to create the leakage flux, a significant reduction
in the total winding loss can be achieved. The FEA current
density simulation results shown in Fig. 15 compare the total
winding loss of both integrated and separate winding structures
for P1 layer where a 38% reduction in the total winding
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Fig. 15. Comparison of FEA current density simulation results of the separate
and integrated magnetic structures.
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Fig. 18.  Single-core structure of the integrated transformer and inductor.

loss is achieved. The same results were achieved for all four
primary winding layers as shown in Fig. 16 resulting in a total
winding loss reduction of 30%.

Third, with the proposed integrated structure, the two mag-
netic cores can be either separated or integrated in a single-
core structure. Each of these cores has its own flux component
depending on the excitation current of each one of them:;
the leakage inductor in this structure will be used as the
series resonant inductor of the LLC converter (L,), while
the magnetizing inductance (L,,) of the transformer will be
used as the parallel resonant inductor. The waveforms of both
inductors’ current components are shown in Fig. 17. The series
resonant inductor L, will see the primary side sinusoidal
resonant current, while the parallel resonant inductor L,
will see the triangular magnetizing current resulting from
the applied output voltage on the transformer winding. The
maximum flux @max-Lr and Bmax-Lm Which is proportional to
the excitation current of both inductors will occur at the time
instant f; and fp, respectively.
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The core loss density in each core is functional in the
maximum flux density Bmax = @max/A with its highest
value at the peak of each flux component. Although these
two current components are in phase, the maximum flux
of the sinusoidal flux occurs at time instant ¢y, while the
maximum flux of the triangular flux component occurs at time
instant 7. By integrating the two magnetic cores in a single-
core structure as shown in Fig. 18, both the inductor and the
transformer will share the top and bottom magnetic plates.
By this way, we can take advantage of the phase shift in the
maximum flux instants where each component will see larger
core area that will help reduce Bmax at each time instant only
in the magnetic plates. This will result in a smaller core loss
density only in the magnetic plates while keeping the same
core loss density in the core legs. From the FEA simulation
flux density results shown in Fig. 18, we can clearly see the
reduction in the flux density at the time instant #; for the
integrated structure over the separate-core structure with a
better utilization of the magnetic plates, and this reduction
in the flux density will result in over 30% core loss reduction
as will be shown later in the experimental section.

C. Integrated Magnetic Structure Design Optimization

The proposed matrix transformer structure, as shown in
Fig. 5, consists of primary and secondary windings’ parallel
connections. The current sharing between these layers is essen-
tial to fully use the PCB layers to reduce the conduction loss.
Considering the transformer winding separately, the symmetri-
cal PCB winding arrangement with alternating magnetomotive
force (MMF) structure reported in [12] and [20] can be used
to ensure a perfect current sharing between all parallel layers
of each elemental transformer as shown in Fig. 20.

However, with an integrated inductor structure, the lack
of interleaving in the inductor winding structure results in
strong leakage flux that might negatively impact the whole
magnetic structure current distribution. For simplicity of FEA
simulations, one elemental transformer integrated with an
inductor is considered for further analysis. The simplified
integrated structure equivalent circuit and PCB arrangement
are shown in Fig. 21. Each elemental transformer primary
winding and inductor consists of two-turns implemented using
four PCB layers. Two turns are connected in series using
layers 3 and 6, while the other two turns are connected in series
using layers 9 and 12. These two separate series connections
are then connected in parallel, represented by i; and i» current
paths. From the FEA current density simulation results shown
in Fig. 22, the current density for these two parallel currents,
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Fig. 20. PCB winding symmetrical arrangement and the corresponding MMF
diagram and secondary winding layers’ current density during positive half-
cycle.
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Fig. 21.  Equivalent circuit and PCB winding arrangement of integrated one
transformer and inductor.

i1 and i», is almost equal with the symmetrical PCB winding
arrangement previously mentioned. The introduction of the
inductor winding to the structure will change the current
density distribution dramatically. All the primary current is
forced to pass through layer 12, resulting in current distribution
of i1 = 2%iTota] and iy = 98%itoa Which means half the
PCB layers added to reduce the conduction loss are not used.
The reason behind that is the strong inductor fringing flux
concentrated near layer 12 as shown in Fig. 23. This flux will
attract all current to this layer, and a severe current sharing
problem will exist.

A fractional turn inductor structure with an interconnection
between PCB layers is proposed to overcome this issue where
both primary currents, that is, i1 and i», are affected equally
by this air gap fringing flux. The proposed structure equivalent
circuit and PCB arrangement are shown in Fig. 24.

The PCB implementation method of this interconnection is
shown in Fig. 25. The first current component i1 goes to a
fraction of turn on layer 3, then the current interconnects with
another fraction of turn on layer 12 through vias, and then
continues to a full turn on layer 6. Similarly, i» will start with
a fraction of turn on layer 12, then the current interconnects
with another fraction of turn on layer 3through vias, and then
continues to a full turn on layer 9. Both current components
will have to pass through layer 12, by which the leakage and
fringing flux impacts both of them equally. It should be noted
that with any additional parallel path, the same interconnection
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(a) Transformer only. (b) Transformer integrated with inductor.
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Fig. 23.  Field intensity FEA simulation results of the integrated structure.
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Fig. 24.  Equivalent circuit and PCB winding arrangement of integrated
transformer and inductor with fractional turn interconnection.

method is required to ensure balanced currents among all
these parallel layers which will make the implementation more
complicated.

The interconnection location between these two layers
impacts the current distribution between the two parallel paths;
shown in Fig. 26(a) is the primary winding with the inter-
connection location at distant x from the core center; using
FEA simulations, we sweep different x values and record the
current sharing between these two parallel paths; the current
distribution ratio shown in Fig. 26(b) clearly shows that at
x/r = 0.35, equal current sharing can be realized.

The current density FEA simulation results, as shown in
Fig. 27, show the comparison of the current distribution with
and without the fractional turn connection; it is clear that with

Primary Winding Layer (12)

Primary Winding Layer (3)

Vias from
Layer 3

Vias to
Layer 3

Vias from
Layer 12

Vias to
Layer 12

Fig. 25. PCB implementation of the fractional turn interconnection between
PCB layers 3 and 12 in the integrated magnetic structure.
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Fig. 26. Interconnection location impact on current sharing. (a) Primary
winding with interconnection. (b) Current distribution ratio.
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Fig. 27. Comparison of the current density distribution in primary winding
parallel layers with and without the fractional turn interconnection.

x/r = 0.35, the two parallel current components are almost
equal; therefore, all the primary and secondary parallel layers
of the integrated structure can be used to the full potential
with a total winding loss reduction of 30% being achieved by
fully using the parallel connection of both the primary and
secondary windings.

The designed inductor in the proposed structure uses an air
gapped core, by which the air gap reluctance highly affects the
inductance and the fringing flux impact. The designed core leg
is extended away from the PCB winding by a distance (= hpr)
to reduce the eddy current loss associated with the fringing
flux as shown in Fig. 18. Using FEA simulation, different
hrr values have been evaluated, and from the results shown
in Fig. 28, if the core leg is extended more than 1 mm the
fringing flux loss reaches a diminishing return point where
further extension will not serve any purpose. If this extension
becomes less due to manufacturing tolerance or a mismatch
exists between the created air gaps on the two inductor legs,
the designed interconnection point might not ensure equal
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Fig. 29. 48-/12-V 1-kW LLC converter experimental prototype.

current sharing, and as shown in the results evaluating the
interconnection point impact shown in Fig. 26, a 60%/40%
current sharing can be considered as the worst case which
will not have a significant impact on the winding loss.

D. Converter Prototype Design and Experimental Results

The experimental prototype, as shown in Fig. 29, was built
for the proposed 48-V LLC bus converter with an integrated
magnetic structure. The designed converter parameters are
listed in Table I; EPC2021-100-V GaN devices were used
on the primary side due to their low FOM and small turn-
off losses, 40-V Si were used on the secondary side, and the
magnetic core uses ML-91 material from Hitachi metals and is
a custom-made structure. The designed converter can deliver a
continuous power of 1 kW in a quarter brick form factor. With
a profile of 12 mm which is 3 mm lower than the standard
quarter brick size, the designed converter can achieve a power
density of 700 W/in3. To achieve the regulation require-
ments, the designed converter operates in a frequency range
of 0.7-1.6 MHz during all operating conditions. The total
devices’ loss breakdown under different operating conditions
is shown in Fig. 30, and the total devices’ loss is only 1% of
the total delivered power at full-load condition.

TABLE I
LLC CONVERTER PROTOTYPE DESIGN PARAMETERS

Parameter Value
Input voltage (Vi) 40-60V
Regulated output voltage (V,) 12v
Maximum output power (Pomax) 1000 W
Primary Devices EPC2021
Secondary Devices BSZ0500NSI
Transformer/Inductor Core Material MLI1
Operating Frequency Range (Fy) 0.7—-1.6 MHz
Resonant Inductor (L) 200 nH
Magnetizing Inductance (L) 600 nH
Resonant Capacitor (C;) 110 nF
H40V E43 E6E0V

3

32
: ' .
6 r

Pri. turn Pri. Gate Pri.Cond. SRgate SR cond.
off loss loss Loss loss Loss
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Fig. 30. Total converter devices’ loss breakdown at different input voltages
and full-load condition.

The steady-state operating waveforms under nominal input
voltage 48 V and full-load condition are shown in Fig. 31(a).
ZNS can be achieved for both primary and secondary
devices with a very small turn-off primary side current.
Fig. 31(b) and (c) shows the full-load operating waveforms’
input voltage of V;; = 40 V and Vi, = 60 V where the
frequency is changed to 780 KHz and 1.3 MHz, respectively,
to regulate the output voltage at 12 V. In both cases, ZVS
operation is still achieved for both primary and secondary
devices.

To verify the concept of integrated core structures, the same
converter efficiency was tested at nominal condition with both
single-core and separate-core structures, and the testing results
shown in Fig. 32 show that the converter can achieve a
maximum efficiency of 97.8% while maintaining an efficiency
above 97% from 25% to 100% loading conditions. The single-
core structure helps increase the efficiency at full-load condi-
tion by 0.6%, both with similar efficiency during light load;
the reason for that is the dependence of the inductor core loss
on the excitation primary side current meaning that the core
loss has a very marginal impact during light load operation.

The thermal image comparison of both core structure of
this converter at nominal condition (48/12 V) and full-load
operation is shown in Fig. 33. The core temperature (SPI)
has dropped by more than 16° with the single-core solution
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Fig. 31.  LLC converter operating waveforms at full-load conditions and
12-V output voltage (green), primary side device drain to source voltage
(purple), and resonant inductor current (red and blue) secondary side SR drain
to source voltages. (a) Vi = 48 V and Fy = 1 MHz. (b) Vj; =40 V and
Fy = 0.78 MHz. (¢) Vi =60 V and Fy; = 1.3 MHz.

over the separate-core solution due to the reduction in the
core loss. One can see the highest temperature across the
board is only 74° with such high-power-density solution.
The temperature at SP2 and SP3 represents the SR temperature
on two parallel elemental transformers; the temperature on
both SRs is almost equal. This proves the validity of the
proposed parallel matrix transformer structure where equal
current sharing can be achieved on both transformers using a
symmetrical winding implementation and integrating all four
transformers using one core structure.

The converter-measured efficiency with the input voltage
variation is shown in Fig. 34. With variable input voltage
away from the resonant frequency, the efficiency will drop;

48/12V - 1 MHz

100%
ingle-Cor:
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0 200 400 600 800 1000
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Fig. 32.  LLC-converter-measured efficiency at nominal conditions.
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Fig. 33.  Converter full-load thermal image comparison with different core
structures at nominal voltage.
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Fig. 34. Converter-measured efficiency at different input voltages.

however, the overall converter efficiency is maintained above
96.5% under all conditions. A digital control method was used
to regulate the output voltage of this converter; the proposed
method is beyond the scope of this article and has been
described in detail in [13].

Table II summarizes the performance comparison between
the proposed converter and other SOA solutions; the proposed
converter can achieve the highest maximum and full-load
efficiency compared with all other SOA solutions while oper-
ating at higher frequency. The proposed converter can achieve
the highest power density comparing to all SOA solutions
operating with the same input and output voltage range; the
SOA solution reported in [22] achieved higher power density;



TABLE II

PERFORMANCE COMPARISON OF THIS
WORK WITH SOA SOLUTIONS

Parameter This work [11] [23] [22] [7]
Inputvoltage ~ 40-60V  40-60V  40-60V  40-60V  40-60V
Output voltage 12V 12V 12v 12v 12V
Maximum 1000W 600W  1000W  1300W  S00W
power
Frequenc 0.7-14 0.3-1 230 230 150
quency MHz MHz KHz KHz KHz
Maximum 97.8% 97.8%  97.3%  97.4%  96.3%
efficiency
Full load 97.6% 97.5%  96.8%  96.6%  96.1%
efficiency
Power Densit 700 300 624 812 480
owerDemsity win? W/in®  W/in®  Win®  W/in®

however, it can only operate at narrower voltage range with
lower efficiency than the proposed converter.

IV. SUMMARY AND CONCLUSION

This article proposes a novel integrated matrix trans-
former and inductor for regulated LL.C converter proposed for
48-/12-V bus converter applications. Integrating four elemental
transformers using a single core, with a symmetrical PCB
winding arrangement, is recommended to realize equal current
sharing between parallel transformers. With a simple exten-
sion in the primary winding, a controlled leakage inductance
required by the LLC converter to achieve the output voltage
regulation is realized, with minimum losses and footprint.
A symmetrical PCB winding arrangement for the matrix
transformer with fractional turn interconnections between the
inductor windings is proposed to achieve equal current sharing
between all parallel PCB layers. The transformer and inductor
core was integrated using a single-core structure that helps
reduce the core loss and improve the full-load converter effi-
ciency. A GaN-based converter prototype for 48-/12-V 1 kW
is built that can achieve a power density of 700 W/in3 with
maximum efficiency of 97.82% with outstanding performance
over other SOA solutions in terms of efficiency and power
density.

V. DISCLAIMER
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name, trademark, manufacturer, or otherwise does not nec-
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or favoring by the U.S. Government or any agency thereof.
The views and opinions of authors expressed herein do not
necessarily state or reflect those of the U.S. Government or
any agency thereof.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

REFERENCES

S. Jiang, C. Nan, X. Li, C. Chung, and M. Yazdani, “Switched tank
converters,” in Proc. IEEE Appl. Power Electron. Conf. Expo. (APEC),
Mar. 2018, pp. 81-90.

D. Reusch and F. C. Lee, “High frequency bus converter with low loss
integrated matrix transformer,” in Proc. 27th Annu. IEEE Appl. Power
Electron. Conf. Expo. (APEC), Feb. 2012, pp. 1392-1397.

M. H. Ahmed, C. Fei, F. C. Lee, and Q. Li, “48-V voltage regulator
module with PCB winding matrix transformer for future data centers,”
IEEE Trans. Ind. Electron., vol. 64, no. 12, pp. 9302-9310, Dec. 2017.
SynQor. (Jul. 30, 2015). SQ60120QZB40 Datasheet. [Online]. Available:
https://www.synqor.com/products/busqor/sq60120qzb40?lang=en-us

L. Chen, H. Wu, P. Xu, H. Hu, and C. Wan, “A high step-down
non-isolated bus converter with partial power conversion based on
synchronous LLC resonant converter,” in Proc. IEEE Appl. Power
Electron. Conf. Expo. (APEC), Mar. 2015, pp. 1950-1955.

G. John, S. Johan, and R. David, “High power fully regulated eighth-
brick DC-DC converter with GaN FETs PPT,” in Proc. PCIM Europe,
May 2015, pp. 1-20.

(2015). QBVE067A0B41-HZ Barracuda Datasheet. [Online]. Available:
http://apps.geindustrial.com/publibrary/checkout/QBVE067A0B?TNR=
Data Sheets%7CQBVE067A0B%7Cgeneric

GE. (Dec. 2015). QBVE067A0B41-HZ Datasheet. [Online]. Available:
http://apps.geindustrial.com/publibrary/checkout/QBVE067A0B ?TNR=
Data%20Sheets|QBVE067AOB|generic

R. Reddy, G. Stephen, and P. Subarna, “Monotonic pre-bias start-up of
a dc-dc converter,” U.S. Patents 20120294052 Al, Nov. 22, 2012.

O. Zambetti, M. Colombo, S. D’angelo, S. Saggini, and R. Rizzolatti,
“48V to 12V isolated resonant converter with digital controller,” in
Proc. IEEE Appl. Power Electron. Conf. Expo. (APEC), Mar. 2017,
pp. 315-321.

(Nov. 8, 2019). Delta Electronics, Q54SH12050 Q54SHI12050 600W
1/4th Brick DC/DC Power Modules Datasheet. [Online]. Available:
https://www.deltawwcom/Products/CategoryListT1.aspx?CID=
010201010104&PID=ALL&hl=en-US

M. H. Ahmed, A. Nabih, F. C. Lee, and Q. Li, “High-efficiency,
high-density isolated/regulated 48V bus converter with a novel planar
magnetic structure,” in Proc. IEEE Appl. Power Electron. Conf. Expo.
(APEC), Mar. 2019, pp. 468-475.

A. Nabih, M. Ahmed, Q. Li, and F. C. Lee, “Simplified optimal trajectory
control for 1 MHz LLC converter with wide input voltage range,” in
Proc. IEEE Appl. Power Electron. Conf. Expo. (APEC), Mar. 2019,
pp- 212-219.

M. Mu and F. C. Lee, “Design and optimization of a 380-12 V high-
frequency, high-current LLC converter with GaN devices and planar
matrix transformers,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 4,
no. 3, pp. 854-862, Sep. 2016.

R. Chen, P. Brohlin, and D. Dapkus, “Design and magnetics optimization
of LLC resonant converter with GaN,” in Proc. IEEE Appl. Power
Electron. Conf. Expo. (APEC), Mar. 2017, pp. 94-98.

D. Reusch and F. C. Lee, “High frequency bus converter with integrated
matrix transformers for CPU and telecommunications applications,” in
Proc. IEEE Energy Convers. Congr. Expo., Sep. 2010, pp. 2446-2450.
D. Huang, S. Ji, and F. C. Lee, “LLC resonant converter with
matrix transformer,” IEEE Trans. Power Electron., vol. 29, no. 8,
pp. 43394347, Aug. 2014.

C. Fei, F. C. Lee, and Q. Li, “High-efficiency high-power-density
LLC converter with an integrated planar matrix transformer for high-
output current applications,” IEEE Trans. Ind. Electron., vol. 64, no. 11,
pp. 9072-9082, Nov. 2017.

M. Ahmed, C. Fei, F. C. Lee, and Q. Li, “High-efficiency high-
power-density 48/1V sigma converter voltage regulator module,” in
Proc. IEEE Appl. Power Electron. Conf. Expo. (APEC), Mar. 2017,
pp. 2207-2212.

Y. Cai, M. H. Ahmed, Q. Li, and F. C. Lee, “Optimized design
of integrated PCB-winding transformer for MHz LLC converter,” in
Proc. IEEE Appl. Power Electron. Conf. Expo. (APEC), Mar. 2019,
pp. 1452-1458.

B. Lu, W. Liu, Y. Liang, F. C. Lee, and J. D. Van Wyk, “Optimal design
methodology for LLC resonant converter,” in Proc. 21st Annu. IEEE
Appl. Power Electron. Conf. Expo. APEC, Mar. 2006, pp. 533-538.
FlexPower. (Mar. 2019). BMR480 Series Converters Input 4 5-60V,
Output up to 108. 3 A/13 00 W Datasheet. [Online]. Available:
https://flex.com/-/media/Project/Flex/BrandSite/technology/power/
power_modules/Digital DCDC/Technical-specification—BMR480-
12V-1300W.pdf



[23] FlexPower. (May 2018). BMR480 series DC-DC Converters Input 40-
60 V, 96.2 A/Z1000 W Datasheet. [Online]. Available: https:/flex.com/-
/media/Project/Flex/BrandSite/technology/power/power_modules/
Digital_DCDC/Technical-specification-BMR-480_2018-08-29.pdf

Mohamed H. Ahmed (S’16) received the B.S.
and M.S. degrees in electrical engineering from
Cairo University, Cairo, Egypt, in 2010 and 2014,
respectively, and the Ph.D. degree from the Cen-
ter for Power Electronics Systems, Virginia Tech,
Blacksburg, VA, USA, in 2019.

He joined the Center for Power Electronics
Systems, Virginia Tech, in August 2014, as a
Graduate Research Assistant. He is currently a
System Engineer with the Analog Power Group,
Texas Instruments Inc., Manchester, NH, USA.

His current research interests include high-frequency conversion systems,
resonant converters, voltage regulator modules, and high-frequency magnetic
designs.

Ahmed Nabih (S’17) received the B.S. and M.S.
degrees in electrical engineering from Cairo Univer-
sity, Cairo, Egypt, in 2014 and 2017, respectively.
He is currently pursuing the Ph.D. degree with
the Center for Power Electronics Systems, Virginia
Tech, Blacksburg, VA, USA.

His current research interests include digital con-
trol resonant converters and planer magnetics.

Fred C. Lee (S'72-M’74-SM’87-F’90-LF’12)
received the B.S. degree in electrical engineering
from National Cheng Kung University, Tainan, Tai-
wan, in 1968, and the M.S. and Ph.D. degrees
in electrical engineering from Duke University,
Durham, NC, USA, in 1972 and 1974, respectively.

During the tenure at Virginia Tech, he has super-
vised the completion of 71 Ph.D. and 80 master’s
degree students. He is currently a University Dis-
tinguished Professor with Virginia Tech, Blacks-
burg, VA, USA, and the Director of the Center
for Power Electronics Systems (CPES), a National Science Foundation
Engineering Research Center (NSF ERC) established in 1998, with four
university partners—the University of Wisconsin-Madison, Madison, WI,
USA, the Rensselaer Polytechnic Institute, Troy, NY, USA, North Carolina
A&T State University, Greensboro, NC, USA, and the University of Puerto
Rico-Mayaguez, Mayagiiez, Puerto Rico, and more than 80 industry members.
The center’s vision is to provide leadership through global collaboration to
create electric power processing systems of the highest value to society. More
than the ten-year NSF ERC Program, CPES has been cited as a model ERC
for its industrial collaboration and technology transfer, and education and
outreach programs. He holds 69 U.S. patents. He has published 238 journal
articles and more than 596 refereed technical articles. His current research
interests include high-frequency power conversion, renewable energy, high-
density electronics packaging and integration, and modeling and control.

Dr. Lee has served as the President of the IEEE Power Electronics Society
from 1993 to 1994. He was named to the National Academy of Engineering
in 2011. He received the William E. Newell Power Electronics Award in 1989,
the Arthur E. Fury Award for Leadership and Innovation in Advancing Power
Electronic Systems Technology in 1998, and the Ernst-Blickle Award for
achievement in the field of power electronics in 2005.

Qiang Li (M’11) received the B.S. and M.S.
degrees in power electronics from Zhejiang Univer-
sity, Hangzhou, China, in 2003 and 2006, respec-
tively, and the Ph.D. degree in electrical engineering
from Virginia Tech, Blacksburg, VA, USA, in 2011.

He is currently an Associate Professor with the
Center for Power Electronics Systems, Virginia
Tech. His current research interests include power
management for distributed power systems, appli-
cations of wide bandgap power devices, high-
frequency power conversion and controls, magnetics
and electromagnetic interference, high-density electronics packaging and
integration, and renewable energy.

Dr. Li received the First Place Prize Article Award for the IEEE TRANS-
ACTIONS ON POWER ELECTRONICS in 2016. He was also a recipient of the
2017 U.S. National Science Foundation (NSF) Career Award.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




