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Analysis and Suppression of Common-Mode EMI
Noise in 1 MHz 380 V-12 V DCX Converter
With Low NFoM Devices

Yue Han"¥, Member, IEEE, Guangcan Li

Abstract—For the thriving information technology industrial
applications, the series resonant converter (SRC) dc transformer
(DCX) using integrated printed circuit board (PCB) windings is a
preferred candidate because of its high efficiency and high power
density characteristics by pushing the frequency to megahertz.
However, the planar PCB transformer possesses large interwinding
capacitance, which leads to severe common-mode (CM) noise and
a large electromagnetic interference filter. Hence, the total volume
of the conversion system is still high. In this article, a series inputs
and parallel outputs (ISOP) structure for DCX is analyzed and
discussed to demonstrate the CM noise reduction with the static
point construction method, in which several dv/dt static points are
constructed. Unlike most of the present suppressing methods, it can
maintain high efficiency as well. Additionally, the ISOP structure
provides more opportunities for optimizing control strategies to
achieve the cancelation effect and further reducing the CM noise
by the interleaving within a cell and the interleaving among cells.
The excellence of the aforementioned methods is verified by exper-
iments on 1-MHz 380 V-12 V 1.8-kW SRC DCX prototypes with a
peak efficiency of 98.3 %. The proposed methods ultimately reduce
the CM noise by 50 dB.

Index Terms—Cancelation method, common-mode (CM) noise,
interleaving, planar transformer, static point construction.

1. INTRODUCTION

ITH the rapid development of industrial technology, the
power consumption of data centers is more and more
tremendous. In 2016, global data centers consumed 416 billion
kWh, which occupies more than 40% of the total electricity
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consumption of the U.K. [1]. Even worse, the limited total con-
version efficiency in the current data center power architecture
leads to a massive waste of electricity, which is caused by both
the large loss on the 12 V bus and too many power conversion
stages. In order to reduce the substantial power delivering loss
in the cable, industry leaders, such as Google and IBM, are im-
plementing a new data center architecture with a higher voltage
distribution bus, such as 48 or 380 V instead of 12 V [2]-[8].
A board-mounted dc/dc power module is deemed to be superior
since it helps to save an amount of conduction loss caused by
the large current in the printed circuit board (PCB) traces of the
motherboard. However, it brings higher requirements for power
density and efficiency at the same time.

For the consideration of high efficiency, the series resonant
converter (SRC) is a preferred candidate because it can run
up to megahertz, operating at the fixed neighboring resonant
frequency and maximize the efficiency [9]-[11]. For the purpose
of improving the power density of the dc/dc converter, the planar
PCB transformer is widely adopted in present dc/dc modules.
Furthermore, in order to reduce the eddy current and improve
the efficiency under megahertz frequency, an interleaved wind-
ing structure is quite essential [11]-[15]. However, the planar
PCB with interleaved windings has an extremely large inter-
winding capacitance, which causes a dramatic increase in the
common-mode (CM) current in the megahertz converters; and
the electromagnetic interference (EMI) filter will be much larger.
Many interesting methods have been proposed to reduce CM
noise in planar PCB transformers, such as shielding technique,
cancelation technique, and balance technique [13]-[23]. The
shielding technique is to insert a shielding layer between the
adjacent primary windings and secondary windings to block the
displacement current flowing through the interwinding capaci-
tance [13]-[15]. Yang et al. [13] adopted the shielding method in
a hybrid transformer structure, where the primary windings use
Litz wire and the secondary windings use PCB, which reduces
the CM noise by 13 dB. Yang et al. [14] further adopted this
shielding method in the LLC converter using the matrix trans-
former with PCB windings, which achieves a 22 dB CM noise
attenuation because of a better symmetrical winding structure.
Based on the article presented in [14], Fei et al. [15] add one of
the two shielding layers into the primary windings to improve the
efficiency and reduce the CM noise at the same time. However,
the shielding method needs additional layers, which makes the
structure more complicated, especially for the interleaved PCB
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windings. The cancelation technique includes two types, rear-
ranging the transformer windings or adding more components.
For the technique of rearranging the transformer windings, there
are several interesting ideas. Paired layers conception is defined
in [16] to make the primary and secondary windings with the
same dv/dt adjacent to each other, and it can be easily adopted by
different transformers regardless of the turn ratio, the number of
layers, and the material of windings. However, it will increase
the loss of the primary windings. A symmetrical transformer
and topology with the cancelation technique are constructed
in [17], which reduces the CM noise by 20 dB in total. In
[18], the primary and the secondary windings are avoided to
be overlapped to construct a transformer without interwinding
capacitance. The cancelation technique can also be applied to the
peripheral topology. In [19], only the position of the components
is changed to generate the cancelation effect, and no extra
components are needed. Nevertheless, there is a constraint on the
suitable types of topology. For the cancelation technique based
on the adding components, an auxiliary winding is normally
added to generate an opposite current to counteract the original
one [20]-[22]. By properly designing the antiphase winding,
the CM noise can be reduced by 30 dB in [20]. However, it will
bring a large terminal loss for large output current applications.
Besides, to achieve a better cancelation effect, compensation
capacitors are often needed, which makes the converter more
complex and the accuracy of the cancelation is hard to control
due to the tolerance of the components [21], [22]. The balance
technique is to construct a Wheatstone bridge to neglect the
effect of the CM noise. By adding balanced chokes and further
coupling the balanced chokes, the CM noise is reduced by 52 dB
in [23]. However, the additional chokes will decrease the power
density of the converters.

In this article, a static point construction method is adopted
to reduce the CM noise, and a series inputs and parallel out-
puts (ISOP) SRC converter is implemented with the method.
Taking the advantage of the ISOP converter, the high-voltage
devices are replaced by multiple low-voltage devices to reduce
the conduction losses in the SRC converter with megahertz
switching frequency [24], as shown in Fig. 1. It has been proved
that a peak efficiency of 98.3% can be achieved with a proper
design. Furthermore, the ISOP structure reduces the switching
transition voltage significantly and brings more possibilities
of control mode. Two control strategies are presented in this
article to suppress the CM noise further, and they are verified
in a 380 V=12 V dc transformer (DCX) prototype. The static
point construction method and the initial experimental results are
reported in [25]. More details about the optimal control strategies
and the experimental results are presented in this article.

II. ANALYSIS OF CM NOISE IN 380 V-12 V DCX CONVERTER

The schematic of half-bridge Synchronized rectifier (SRC)
with Line impedance stabilization network (LISN) is shown
in Fig. 2. The switching process of devices at high frequency
generates large dv/dt, which causes severe CM noise. In un-
regulated SRC, the leakage inductance serves as the resonant
inductance L,., so the L,. distributes inside of the transformer
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Fig. 1.  Schematic of the ISOP converter with low-voltage devices [24].
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Fig. 2. Half-bridge SRC schematics.

windings actually. Thus, the large dv/dt induced on the primary
middle point P 4 is also on one of the primary winding terminals.
On the other hand, the dv/dt induced on the drains of two SRs
(S4 and S¢) is on one of the secondary winding terminals.
Within the conducting EMI testing frequency range
(150 kHz-30 MHz), the input and output capacitances are large
enough so that they can be treated as short branches [26], [27].
From Fig. 2, the voltage waveforms Vpy, Vga, and Vg are
trapezoid waves so that the switching devices can be replaced by
the equivalent voltage sources [28]. Then, the equivalent circuit
for CM noise analysis can be drawn in Fig. 3(a). For that the
resonant capacitor C, is large, the voltage ripple on it is small,
so it has a faint effect on the fundamental frequency of CM
noise even under full load. As for the leakage inductance L,
distributed in the windings, when one of the primary switches
is ON, the absolute value of the voltage on L, is the same as
the C,. and the phases of them are opposite as the SRC works
at the resonant frequency. It is obvious that the effect of L,
on the fundamental frequency of CM is very small during this
time. However, during the deadtime when all of the primary
switches are OFF, L, will oscillate with the parasitic capacitors
of the transformer and the MOSFETs. For the components in
this article, the leakage inductance L, is 10 nH or so and the
equivalent parasitic capacitance is smaller than 2 nF. Thus, the
oscillation frequency in the deadtime is more than 30 MHz. This
oscillation on the leakage inductance also has a faint effect on the
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Fig. 3. CM equivalent circuit of half-bridge SRC. (a) Equivalent circuit.
(b) Equivalent circuits when considering the primary and secondary noise source
separately.

fundamental frequency of CM noise in the proposed structure.
Thus, for simplification, L, and C,. can be neglected when the
mainly concentrated frequency for the CM noise is lower than
30 MHz.

Then, using the superposition theorem [28], the effect of each
source with large dv/dt can be analyzed separately. Thus, the
equivalent circuit in Fig. 3(a) can be divided into the equivalent
circuit in Fig. 3(b)(i) and (ii). In Fig. 3(b)(i), the two sources
on the secondary side, Vg4 and Vg¢, are out-of-phase with
the same magnitude. Thus, when planar PCB windings are
used, the two secondary windings can be arranged on each
side of the primary windings, which is exactly what we did
in this article. Thus, the Np - dv,/dt and the —Np - dv,/dt
(N7 is the transformer ratio) generated on the two secondary
windings will cancel the CM current on the primary wind-
ings, as the interwinding capacitances is almost the same when
using symmetrical PCB windings. Therefore, in Fig. 3(b)(ii),
the dv/dt generated by the primary switches becomes the
main CM noise in the proposed structure, which is defined as
dvp/dt.

Assuming that the CM noise source induces a linear dv/dt dis-
tribution on the primary windings, the CM noise path is depicted
by the red line in Fig. 3(b)(ii). Since the impedance of the CM
noise path is related to the transformer structure, the transformer
structure should be detailed at first. For the application with a
large output current, the matrix transformer structure is preferred
since it can help to increase the output capability by distributing
the secondary current among multiple cores and windings [10],
[11]. Therefore, four independent transformers are chosen to
handle the large output current. In order to compare the CM
noise between the SRC converters with high-voltage devices
and that with low-voltage devices [24], the transformers are
designed to be the same. The simplified system block diagrams
are shown in Fig. 4. As the turn ratio N of the SRC is 16:1:1, the
turns ratio of each transformer is 4:1:1. To achieve high power
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Fig. 4. Simplified system block diagram of the four independent cell circuits.
(a) Series connection at a high-frequency terminal with high-voltage switches.
(b) Series connection at dc input with low-voltage devices.
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Fig. 5. Structure of each independent transformer.

density, the planar transformer with PCB windings is used. To
make full use of the PCB and achieve high efficiency, all the six
layers of PCB are used to construct the transformer windings
that transfer large current. The winding arrangement of each
independent transformer is given in Fig. 5, where P represents
the primary windings, and S; and S5 represent the center-tapped
secondary windings. Fig. 6 shows the layout of all the six layers
in each independent transformer, where the same secondary
windings in the corresponding position are paralleled, such as
S1 in Layer 1 and S; in Layer 4. It can be seen that the windings
are fully interleaved and the structure is highly symmetrical,
which reduces the eddy current effect and guarantees a similar
interwinding capacitance between every two vertically adjacent
windings.

In order to calculate the total CM current of the whole trans-
former, one pair of the adjacent primary and secondary windings
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Fig. 6.  Six-layer PCB layout for each independent transformer. (a) Layer 1.
(b) Layer 2. (c) Layer 3. (d) Layer 4. (e) Layer 5. (f) Layer 6.
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Fig. 7. One pair of the adjacent primary and secondary winding. (a) Physical
model. (b) dv/dt distribution along windings.

is analyzed as an example. Fig. 7 shows the physical model
and the dv/dt distribution along the windings, where Pj_; and
Py, represent the two terminals of the kth primary turn. Estab-
lishing the x-axis along the windings, the CM current through
the infinitesimal capacitance at position x is expressed in (1),
where the length of one turn is L, and the physical interwinding
capacitance of one turn is C. The CM current generated by the
kth primary turn is expressed in (2). It is illustrated that the CM
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(@) (b)
Fig. 8. Distribution of dv/dt along primary windings in the conventional SRC

DCX. (a) Schematic of the primary side. (b) Distribution of dv/dt.

current induced by one primary turn is proportional to the sum
of the dv/dt on two terminals of the specific primary turn.

; — ¢ dVp, , dVp, _ dVp, , T
() =7 [ o ( o 7 > L} (1)
. 1 (Ve , Vi,

Applying this conclusion, the CM current of the whole trans-
former can be derived. The dv/dt distribution on the primary
windings is drawn in Fig. 8, where the dv/dt generated by
the primary middle point is defined as Avw/At. According to
Fig. 6(b), in order to reduce the vias’ losses in PCB windings,
two primary turns (P; and Ps) are arranged in one layer for a
single magnetic core with two magnetic legs, as well as that in
Fig. 6(e). For the sake of convenience, the two serial primary
turns are defined as one segment, so 16 primary turns can be
separated into 8 segments, as shown in Fig. 8(a). Then, the inter-
winding capacitance between Segl in Fig. 6(b) and secondary
windings in Fig. 6(a) [or Fig. 6(c)] can be defined as C7; (or
C'12). For that the layout of the windings is symmetrical, it can
be assumed that C;1 = Ci9 = -+ =Cg = Cgy = C for
simplification. Then, the CM current i can be calculated as

1 0+1£
2 8 At

1 (TAv  Av
+-~+(081+Osz)-—'<§E+E)

2
=80+, 3

Icm = (Ch1 + Ch2)

From (3), the factors that determine the magnitude of CM
current are C (physical interwinding capacitance of one turn)
and Av/At (potential change at the primary middle point). This
conclusion is consistent with the common sense that the Av/A¢
generated by the switching points determines the CM current.
However, when it comes to the CM noise, a physical quantity in
the frequency domain, the conclusion is quite different because
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the influence of frequency should also be considered. Applying
the Fourier transform, the CM current can be derived in (4), and
the magnitude of the fundamental frequency can be expressed in
(5). From (5), Av is a direct factor that influences the Icni(fun)
linearly, but At is only in the fraction part, so its impact is not
obvious. In general, Af can be arbitrary, but At - f, reflects the
duty cycle, which usually varies from 0.05 to 0.25 to guarantee
the high efficiency. However, even when it changes from 0.05
to 0.25, the effect it brings to the magnitude of the fundamental
frequency is within 1 dB. In conclusion, Arhas a slight impact on
the fundamental frequency, but Av is the determining factor for
the fundamental frequency of CM noise. In the design process
of the EMI filters, the magnitude of the fundamental frequency
for the CM noise is the most important, which means Av is the
key factor in EMI filter design but not the Av/Ar anymore. In
this case, when trying to suppress CM noise, the best way is to
reduce Av. The details will be elaborated in Section III

[CM (t) =32C - Av- fg

N nosin (nr - AL - f)
Z (-1) W sin (2nm fst)
n=135..
4)
Ten(tan) = 32C - Av - fy - sin (7 - At - fs) 5)

w- At fy

III. Low CM NOISE CONVERTER WITH INPUT SERIES
TOPOLOGY AND INTERLEAVED CONTROL STRATEGIES

According to the distribution of dv/dt along windings, as
shown in Fig. 8(b), the winding Seg1 in Fig. 8(a), which connects
to the source of Q5, has the smallest dv/dt. The source of Q5 with
no dv/dt can be defined as a static point. The dv/dt increases to the
largest as the winding Seg8 is connected to the primary middle
point. Actually, the large CM current in the conventional DCX
converter is caused by the accumulation of the increasing dv/dt
distributed along the primary windings.

If all the winding sets of the primary side have the same dv/dt
distribution as Segl; in other words, several static points with
no dv/dt are constructed, the CM current could be significantly
suppressed. As the analysis mentioned above, one half-bridge
topology owns one static point. In order to construct enough
static points, several half-bridge topologies are connected in se-
ries. The ISOP structure constructed with enough static points is
adopted to reduce the CM noise, and the method is defined as the
static point construction method. But in the input series scheme,
a large amount of switching devices are needed to construct the
ISOP converter. Theoretically, more half-bridge topologies in
series lead to smaller CM noise, and the devices with alower new
figure of merit (NFoM) can be used. However, when taking the
conduction loss and the total cost into consideration, the number
of the half-bridge topology also has a restriction. With proper
design, it has been proved that using 16 low-voltage devices
instead of two high-voltage devices can achieve higher efficiency
[24]. Thus, eight half-bridge topologies with 16 low-voltage
devices are chosen to replace the conventional DCX.
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Fig. 9. dv/dt distribution along primary winding in ISOP converter.
(a) Schematic of the primary side. (b) dv/dt distribution.

For the purpose of calculating the CM current in the ISOP
converter, the dv/dt distribution along the primary windings is
givenin Fig. 9. As shown in Fig. 9, each half-bridge topology has
a static point with no dv/dt, so the dv/dt generated by the primary
windings can be reduced drastically. The total CM current in
the ISOP structure is recalculated as Iy’ in (6). Compared
with (3), the ISOP converter with the static point construction
method can reduce the CM current to one-eighth. The predicted
CM noise reduction effect Qcyr (dB) is expressed in (7). From
the calculation result, the reduction of the CM current can be
18 dB

, 1
Icv' =8 {(011 +012+"'+081+082)‘§
1 Av Av
(o] e o
.y
Qcn = 20 - log (ZCM> — _18dB. %)
LCM

Since several half-bridge topologies are connected in series,
the control strategy of the converter becomes more diverse,
which provides more opportunities to suppress the CM noise
further. In order to explain the strategies more clearly, two
half-bridge topologies that share the same transformer core
are defined as a cell in Fig. 10. Two control strategies are
proposed here to reduce the CM noise, and their names are
the interleaving within an independent magnetic core and the
interleaving among different magnetics, respectively. In order
to simplify the definition, one magnetic core and corresponding
circuits named cell circuit in Fig. 10.

In the previous in-phase control strategy, as shown in
Fig. 10(a), two half-bridge topologies in a cell operate at the
same time, and the CM current generated by each topology has
the same direction. Thus, the CM current of the cell is twice
the magnitude of the CM current in one half-bridge topology.
In order to construct a cancelation effect, the two topologies in
a cell need to operate at the opposite time, and the CM current
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Fig. 10.  Schematic comparison of in-phase control and interleaving within a
cell control. (a) Cell with in-phase control strategy. (b) Cell with interleaving
within a cell control strategy.

generated by them can have the opposite directions with the
same magnitude. Thus, the CM current generated by the two
topologies in a cell can be counteracted, and the CM noise can
be reduced. This control strategy is defined as the interleaving
within a cell, and the schematic is shown in Fig. 10(b).

Using the interleaving within a cell strategy, the CM current
is recalculated in (8). It can be seen that the CM noise can be
reducedto 0if Cy; = C1p = =(Cg1 = Cgy = Ccanbe
realized. However, the layout of the two topologies in a cell
[ see Fig. 6(b) and (e)] is not perfectly identical in order to
make way for the vias. And there is a slight deviation in the
interwinding distance due to the tolerance of the PCB process.
Thus, the interwinding capacitance for Fig. 6(b) (C11 + C12)
and (e) (Ca1 + Ca2) is a bit different, so the CM noise cannot
be eliminated entirely

Tewn = [(CH +Cha) - % <0+ é%) + (Co1 + Cao) - %
i)
o+ [(CHJFCD).%. (0+%%>
(Gt Ca) (‘“%%)] ®)

The other control strategy interleaving among cells is pro-
posed to suppress the CM noise further, and the simplified
schematic is shown in Fig. 11. Here, only two cells are drawn
to simplify the schematic. The essence of this strategy is to
construct a cancelation effect among cells. For example, control
the switches in Cells 1 and 4 operating at the opposite time, and
so do the switches in Cells 2 and 3. Hence, the CM current
generated by these two cells can be counteracted. The CM
current with interleaving among cells is expressed in (9). For
that the four transformers are integrated into the same PCB,
the layout and the interwinding distance of them are almost the
same. Therefore, the cancelation effect of this strategy can be
much better than that of interleaving within a cell. Furthermore,
these two control strategies can be combined to reduce the CM
noise, and the cancelation effect within the single cell and among
cells can exist at the same time. In this way, the CM noise can
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Cell 1

Schematic of interleaving among cells control strategy.

67mm
67mm

Primary SWs

72mm

(b)

Fig. 12. 380 V-12 V 1 MHz DCX prototypes with about 900 W/in>. (a)
Prototype of the conventional DCX with high-voltage devices. (b) Prototype
of the ISOP converter with low-voltage devices.

be the smallest

IV. EXPERIMENTAL VERIFICATIONS AND ANALYSIS

In order to verify the effect of the static point construction
method and the two optimal control strategies, two 380 V-12 V
1 MHz DCX prototypes with a rated output current 150 A
are built up. One is constructed with two high-voltage devices
using the conventional structure, and the other one is constructed
with 16 low-voltage devices using the static point construction
method. The two prototypes are shown in Fig. 12(a) and (b),
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Layout comparison of primary switching devices. (a) Layout of the

conventional DCX. (b) Layout of a single cell in ISOP converter.

TABLE I

KEY PARAMETERS OF TWO 380 V-12 V PROTOTYPES

Parameters of main components

SRs BSZ0501NSI
Primary SW GS66516T / BSZ040NO6LS5
C/ L 1.25uF / 14.2nH
L 1.8uH
U/I Core / Ratio DMRS51W /4:1:1
G; 2.2uF/50V
C, 10uF/50V
PCB 6 Layer/20z
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respectively. The layout of the primary switching devices in the
conventional DCX and ISOP converter is given in Fig. 13(a)
and (b), respectively. The layout of the transformer windings
and the secondary rectifiers are almost the same for these two
prototypes. The key parameters of the main components in DCX
prototypes are given in Table I.

The experimental waveforms of the conventional DCX under
light load are shown in Fig. 14(a). It is obvious that the Zero
voltage switching (ZVS) of the primary switches is achieved
since the drain-source voltage of the two switches is reduced
to zero during the deadtime. The experimental waveforms of a
half-bridge topology in the ISOP structure under light load are
shown in Fig. 14(b). From this figure, the ZVS ON for all switches
is achieved in such a single half-bridge topology. Similarly,
all the eight half-bridge topologies in the ISOP converter are
guaranteed ZVS operation, and the waveforms are the same as
Fig. 14(b). Besides, no matter which optimal control strategy is
adopted, the ZVS of each topology is achieved. Fig. 14(c) shows
the voltage waveforms of the static points in the ISOP structure
(see Fig. 9). It can be seen that the voltage is static even at
switching moments. Thus, the static points can be guaranteed
and the accumulation of the increasing dv/dt along the primary
windings can be reduced significantly.

The measured CM noise spectrum of the conventional SRC
DCX with high-voltage devices is shown by the dashed black

A SN L) [
., | V) VeRBVIDIV |
H H [5" I
(©

Fig. 14. Experimental waveforms under a light load. (a) Waveforms of the
conventional DCX. (b) Key waveforms of a half-bridge topology in the ISOP
structure. (c) Voltage waveforms of the static points in the ISOP structure.

envelope curve in Fig. 15(a). Using the static point construction
method, the measured CM noise spectrum of the ISOP converter
with low-voltage devices is shown by the red envelope curve.
Fig. 15(b) shows the method for the EMI measurement. By
comparing the two curves in Fig. 15(a), it is evident that the
static point construction method reduces the CM noise by 10 dB
on fundamental frequency 1 MHz and 20 dB on average within
the whole testing frequency range.

When combining the methods of interleaving within one
cell and among cells, the CM noise and the CM current can
be reduced further, then the measured efficiency of the ISOP
converter is given in Fig. 16, where the peak efficiency of the
ISOP converter is 98.3% under 40% load. For the prototype
with high-voltage GaN devices for which the CM noise of it
is too large, the calculated efficiency is shown for comparison,
which is a little bit lower than that of the ISOP structure. The cost
and loss comparison between the conventional single half-bridge
structure and the proposed ISOP structure using 16 switches is



7910

d134uo\l_ — — — Conventional DCX
ISOP converter
120 ===
[~ M
100 /| T
80 h\
SN Il
40
20
150k 1M Frequency(Hz) 10M 30M
(a)
EMIVX;lalyzer

EMCIS EA 2000

EMI Test Receiver
ROHDE&SCHWARZ
ESPC

EMCIS LN2-16 |
(b)

Fig. 15.  (a) Comparison of the measured CM noise spectrums in the conven-
tional DCX and ISOP converter with static point construction method. (b) EMI
measurement method in this article.
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Fig. 16. Measured efficiency of the ISOP converter and the calculated effi-
ciency of the conventional DCX.

shown in Table II. The equivalent 14, of the primary switches
in the ISOP structure is around 32 m¢? for which eight switches
conduct the primary current at the same time. Thus, for the
high-voltage silicon devices and GaN devices, the R s, is also
selected around 32 mS2 for comparison. The isolated gate driver
UCC21225A is used for every two switches in a half-bridge.
Then, the total cost of the primary switches and the primary
drivers can be compared in Table II. As for the conduction
loss of the primary switches at full load, it can be seen that
owing to the CM current and high NFoM, the conduction loss
will be very large when high-voltage silicon devices are used.
As for the GaN devices, although the NFoM of them can be
reduced compared with that of the high-voltage MOSFETs, the
larger temperature coefficient of resistance and the dynamic
ON-state resistance should also be considered. Thus, even after
considering the driving loss, the ISOP structure can still achieve
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TABLE I
COST AND LOSS COMPARISON OF THE PRIMARY SWITCHES AND DRIVERS
Single half bridge-Si  |Single half bridge-GaN The ISOP SRC
Primary switches IPT60R035CFD7 GS66516T BSZ040NO6LS5
Rason@25C 35mQ 32mQ 4mQ
S@1k (Sws) 6.37/pcs 38.45/pes 0.63/pcs
Number 2 2 16
Cost 13.898 78.05$ 19.268
(with rivers) ’ : .
Loss (W) 153 106 6
@full load > : >
Footprint of prima
p. P > " 206.51 137.52 174.24
switches (mm")
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Waveforms of the interleaving within a cell control strategy.

2.5065/s
1M points

Fig. 17.

ahigher efficiency under a relatively lower cost. The comparison
of the footprint of the primary switches is also given in Table II.

The experimental waveforms of the interleaving within a cell
control strategy are shown in Fig. 17. The drain-source voltages
of four devices in two cells (Cell 1 and 2) and the resonant
currents through L,y — L,4 are given as an example to illus-
trate the operating principle. In Fig. 17(a), V4s_s7 and Vgs_g3
represent the two topologies within the same cell operating at
the opposite time, so do Vs_g5 and Vys_g7. Vgs_s7rand Vis_gs
represent the two topologies in the same position of different
cells operating at the same time, so do V4s_g3 and V4s_g7. The
operating principle can also be verified by the current, as shown
in Fig. 17(b). The circuit parameters among different half bridges
are highly consistent and the current distributes evenly among
the cells. The effect of the interleaving within a cell control
strategy is shown in Fig. 18. The dashed black envelope curve
is the CM noise spectrum with in-phase control strategy, which
is the same as the red curve in Fig. 15. The solid red envelope
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Fig. 18. Comparison of the measured CM noise spectrums with in-phase
control strategy and interleaving within a cell control strategy.
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curve in Fig. 18 is the CM noise spectrum with the interleaving
within a cell control strategy. The CM noise can be reduced by
10 dB, as shown in Fig. 18. The suppressing effect is noticeable,
but the CM noise is still large.

The experimental waveforms of the interleaving among cells
control strategy are shown in Fig. 19. In this control strategy,
the V4s_g; and V4,_ g5 within the same cell operate at the same
time, so do Vgs_g5 and Vgs_g7. Vgs_s1 and V4s_ g5 in the same
position of different cells operate at the opposite time, so do
Vis_ss and Vg,_g7. The resonant currents through L1 — L4
are also shown in Fig. 19(b). The suppressing effect of the
interleaving among cells control strategy is demonstrated in
Fig. 20. The dashed black envelope curve is the CM noise
spectrum with in-phase control strategy, which is the same as
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Fig. 20. Comparison of the measured CM noise spectrums with in-phase
control strategy and interleaving among cells control strategy.
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Fig. 21.  Experimental waveforms of the combined control strategy.

the solid red envelope curve in Fig. 15 and the dashed black
envelope curve in Fig. 18. The red envelope curve in Fig. 20 is
the CM noise spectrum with the interleaving among cells control
strategy. Comparing the two curves in Fig. 20, the CM noise can
be reduced by 40 dB.

Comparing the two control strategies, the effect of the inter-
leaving among cells is much better than that of the interleaving
within a cell, and it is identical to the analysis mentioned in
Section III. Combining the two optimal control strategies, the
experimental waveforms are givenin Fig. 21. V4s_g1 and Vgs_g3
within the same cell operating at the opposite time, sodo V,_g5
and Vgs_gs7. Vgs_s1 and Vy,_ g5 in the same position of different
cells also operate at the opposite time, so do V4s_g3 and Vgs_g7.
The CM noise spectrums with the combined control strategy
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Fig. 22.  Comparison of the measured CM noise spectrums with in-phase
control strategy and combined control strategy.

are shown in Fig. 22. From Fig. 22, with the combined control
strategy, the CM noise can be reduced by 50 dB compared
with the in-phase control strategy. However, as the frequency
increases to more than 15 MHz, the influence of the parasitic
inductance and resistance will be more apparent, which will
affect the phase of the CM current and reduce the cancelation
effect at such a high frequency. However, for that the design of
the EMI filter is mainly decided by the fundamental frequency,
the CM noise over 15 MHz will have a small effect. Besides,
the final spectrum is almost close to the EMI testing standard
EN55022B, and the required EMI filter can be reduced a lot.

V. CONCLUSION

For 380-V input DCX application, in order to achieve high
efficiency and high power density, the switching frequency
need to be pushed to megahertz. However, for a conventional
half-bridge SRC topology, the CM noise is quite severe under
high frequency, which needs a large EMI filter and sacrifices
the power density of the conversion system. A static point
construction method was adopted in this article to reduce the
CM noise at megahertz frequency, and an ISOP converter was
implemented with several low-voltage devices. This method
reduced the CM noise by 10 dB on fundamental frequency and
achieved high efficiency at the same time. Furthermore, two
optimal control strategies, interleaving within a cell and among
cells, respectively, were adopted to suppress the CM noise. The
interleaving within a cell strategy reduced the CM noise by
10 dB, and the interleaving among cells strategy reduced the CM
noise by 40 dB. When combining the two optimal strategies, the
CM noise was ultimately reduced by 50 dB, and the EMI filter
could be quite small.

REFERENCES

[1] R. Danilak, “Why energy is a big and rapidly growing problem
for data centers,” Dec. 15, 2017. [Online]. Available: https:
/Iwww.forbes.com/sites/forbestechcouncil/2017/12/15/why-energy-is-
a-big-and-rapidly-growing-problem-for-data-centers/#6bd853875a30

[2] S. M. Lisy, B. J. Sonnenberg, and J. Dolan, “Case study of deployment
of 400V DC power with 400V/-48V DC conversion,” in Proc. IEEE 36th
Int. Telecommun. Energy Conf., Vancouver, BC, Canada, 2014, pp. 1-6.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 7, JULY 2021

[3] G. AlLee and W. Tschudi, “Edison redux: 380 V dc brings reliability and
efficiency to sustainable data centers,” I[EEE Power Energy Mag., vol. 10,
no. 6, pp. 50-59, Nov./Dec. 2012.

[4] Vicor white paper, “From 48V direct to intel VR12.0: Saving ‘big data’
$500000 per data center, per year,” Jul. 2012. [Online]. Available: http:
/Iwww.vicorpower.com/documents/whitepapers/wp_VR12.pdf

[5] M. Noritake, K. Hirose, M. Yamasaki, T. Oosawa, and H. Mikami, “Eval-
uation results of power supply to ICT equipment using HVDC distribution
system,” in Proc. Intelec, 2010, pp. 1-8.

[6] A. Matsumoto, A. Fukui, T. Takeda, and M. Yamasaki, “Development
of 400-V dc output rectifier for 400-V dc power distribution system in
telecom sites and data centers,” in Proc. Intelec, 2010, pp. 1-6.

[7] T.Babasaki, T. Tanaka, Y. Nozaki, Toru Tanaka, T. Aoki, and F. Kurokawa,
“Developing of higher voltage direct-current power-feeding prototype
system,” in Proc. 31st Int. Telecommun. Energy Conf., 2009, pp. 1-5.

[8] A.Pratt,P. Kumar, andT. V. Aldridge, “Evaluation of 400V DC distribution
in telco and data centers to improve energy efficiency,” in Proc. 29th Int.
Telecommun. Energy Conf., 2007, pp. 32-39.

[9] D. Huang, S. Ji, and F. C. Lee, “LLC resonant converter with matrix
transformer,” IEEE Trans. Power Electron., vol. 29, no. 8, pp. 4339—4347,
Aug. 2014.

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

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

[12] C. Yan, E Li, J. Zeng, T. Liu, and J. Ying, “A novel transformer structure
for high power, high frequency converter,” in Proc. IEEE Power Electron.
Spec. Conf., 2007, pp. 214-218.

[13] Y. Yang, D. Huang, F. C. Lee, and Q. Li, “Transformer shielding technique
for common mode noise reduction in isolated converters,” in Proc. IEEE
Energy Convers. Congr. Expo., 2013, pp. 4149-4153.

[14] Y. Yang, D. Huang, F. C. Lee, and Q. Li, “Analysis and reduction of
common mode EMI noise for resonant converters,” in Proc. IEEE Appl.
Power Electron. Conf. Expo., 2014, pp. 566-571.

[15] C. Fei, Y. Yang, Q. Li, and F. C. Lee, “Shielding technique for planar
matrix transformers to suppress common-mode EMI noise and improve
efficiency,” IEEE Trans. Ind. Electron., vol. 65, no. 2, pp. 1263-1272,
Feb. 2018.

[16] M. A. Saket, M. Ordonez, M. Craciun, and C. Botting, “Improving
planar transformers for LLC resonant converters: Paired layers interleav-
ing,” IEEE Trans. Power Electron., vol. 34, no. 12, pp. 11813-11832,
Dec. 2019.

[17] B.Li, Q. Li, F. C. Lee, and Y. Yang, “A symmetrical resonant converter
and PCB transformer structure for common mode noise reduction,” in
Proc. IEEE Energy Convers. Congr. Expo., Cincinnati, OH, USA, 2017,
pp. 5362-5368.

[18] M. Pahlevaninezhad, D. Hamza, and P. K. Jain, “An improved layout
strategy for common-mode EMI suppression applicable to high-frequency
planar transformers in high-power DC/DC converters used for electric
vehicles,” IEEE Trans. Power Electron., vol. 29, no. 3, pp. 1211-1228,
Mar. 2014.

[19] S.Zhang and X. Wu, “Low common mode noise half-bridge LLC DC-DC

converter with an asymmetric center tapped rectifier,” IEEE Trans. Power

Electron., vol. 34, no. 2, pp. 1032-1037, Feb. 2019.

Y. P. Chan, B. M. H. Pong, N. K. Poon, and J. C. P. Liu, “Common-

mode noise cancellation by an antiphase winding in multilayer isolated

planar transformer,” IEEE Trans. Electromagn. Compat., vol. 56, no. 1,

pp. 67-73, Feb. 2014.

[21] D. Cochrane, D. Y. Chen, and D. Boroyevic, “Passive cancellation of
common-mode noise in power electronic circuits,” IEEE Trans. Power
Electron., vol. 18, no. 3, pp. 756-763, May 2003.

[22] Z.Zhang, B. He, D.-D. Hu, X. Ren, and Q. Chen, “Common-mode noise
modeling and reduction for I-MHz eGaN multioutput DC-DC converters,”
1EEE Trans. Power Electron., vol. 34, no. 4, pp. 3239-3254, Apr. 2019.

[23] D. Fu, S. Wang, P. Kong, F. C. Lee, and D. Huang, “Novel techniques to
suppress the common-mode EMI noise caused by transformer parasitic
capacitances in DC-DC converters,” IEEE Trans. Ind. Electron., vol. 60,
no. 11, pp. 4968-4977, Nov. 2013.

[24] X. Wu and H. Shi, “High efficiency high density 1 MHz 380-12 V
DCX with low FoM devices,” IEEE Trans. Ind. Electron., vol. 67, no. 2,
pp. 1648-1656, Feb. 2020.

[20]


https://www.forbes.com/sites/forbestechcouncil/2017/12/15/why-energy-is-a-big-and-rapidly-growing-problem-for-data-centers/&num;6bd853875a30
http://www.vicorpower.com/documents/whitepapers/wp_VR12.pdf

HAN et al.: ANALYSIS AND SUPPRESSION OF CM EMI NOISE IN 1 MHz 380 V-12 V DCX CONVERTER WITH LOW NFoM DEVICES

[25] Y. Han, X. Wu, and H. Shi, “Suppressing method of common-mode noise
in MHz 380V-12V DCX converter,” in Proc. 22nd Int. Conf. Elect. Mach.
Syst., 2019, pp. 1-4.

L. Xie, X. Ruan, Q. Ji, and Z. Ye, “Shielding-cancelation technique
for suppressing common-mode EMI in isolated power converters,” [EEE
Trans. Ind. Electron., vol. 62, no. 5, pp. 2814-2822, May 2015.

P. Kong and F. C. Lee, “Transformer structure and its effects on common
mode EMI noise in isolated power converters,” in Proc. 25th Annu. IEEE
Appl. Power Electron. Conf. Expo., 2010, pp. 1424-1429.

S. Wang, P. Kong, and F. C. Lee, “Common mode noise reduction for boost
converters using general balance technique,” IEEE Trans. Power Electron.,
vol. 22, no. 4, pp. 1410-1416, Jul. 2007.

[26]

[27]

[28]

Yue Han (Member, IEEE) received the B.S. degree
from the Harbin Institute of Technology, Harbin,
China, in 2017, and the M.S. degree from Zhejiang
University, Hangzhou, China, in 2020, all in electrical
engineering.

She is currently with the Beijing Institute of
Spacecraft System Engineering, Beijing, China. Her
research interests include suppressing methods of
common-mode noise in megahertz converters and
high-frequency resonant converters with high effi-
ciency and power density.

Guangcan Li received the B.S. degree in electri-
cal engineering in 2018 from Zhejiang University,
Hangzhou, China, where he is currently working to-
ward the Ph.D. degree in electrical engineering.

His current research interests include high-
frequency resonant converters with high efficiency
and power density.

7913

Hongbo Shi (Member, IEEE) received the B.S. and
M.S. degrees from Zhejiang University, Hangzhou,
China, in 2016 and 2019, respectively.

He is currently with Hangzhou EV-Tech,
Hangzhou, China. His research interests include
on-board charger and dc—dc charger.

Xinke Wu (Member, IEEE) received the B.S. and
M.S. degrees in electrical engineering from the
Harbin Institute of Technology, Harbin, China, in
2000 and 2002, respectively, and the Ph.D. degree
in electrical engineering from Zhejiang University,
Hangzhou, China, in 2006.

From 2007 to 2009, he was a Postdoctoral Fellow
with National Engineering Research Center for Ap-
plied Power Electronics, Zhejiang University. From
2009 to 2010, he was an Assistant Research Fellow
with the Institute of Power Electronics, Zhejiang
University, then as an Associate Professor from 2011 to 2015. He currently
serves as a Professor. From 2011 to 2012, he was a Visiting Scholar with the
Center of Power Electronics System, Virginia Tech. His research covers high
frequency, high power density and high-efficiency power conversions, and power
electronics system integration.

Dr. Wu was a recipient of the Young Scholar Award from Zhejiang University
in 2012, Young Scholar Award from the NSF of China in 2015, the Young
Scholar Award from the CPSS of China in 2017, and the First Prize of Best
Transaction Paper Award from the IEEE Power Electronics Society in 2019.
Since 2016, he has been an Associate Editor for the IEEE TRANSACTIONS ON
POWER ELECTRONICS.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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 /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


