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Abstract—This article presents a cascaded gate drive power
supply configuration to reduce the common mode (CM) current
in phase-shifted full-bridge (PSFB) converters. In such converters,
there are at least two dV'/dt sources generated at different float-
ing points associated to the parasitic capacitances of the isolated
barriers of the gate drivers (power supplies, and control signal
isolation units), which can increase the conducted electromagnetic
interference perturbations. This article is focused on the analysis of
anew gate drive power supply configuration, which reduces the CM
currents that circulate in the control part of the switching cells. This
improvement is achieved by modifying the impedance network of
CM current pathways. Experimental results are provided to prove
the effectiveness of the new gate drive power supply configuration
on a PSFB converter based on SiC-MOSFET devices.

Index Terms—Electromagnetic interference (EMI), full-bridge,
gate driver, parasitic capacitance, SiC-MOSFET.

1. INTRODUCTION

HE use of wide-band gap (WBG) transistors such as GaN-

HEMT and SiC-MOSFET allows the power electronics de-
signers to increase the power density and the efficiency of power
converters [1]-[4]. Compared to silicon devices, the switching
speed of WBG devices is increased to reach few 100 V/ns for
the drain-to-source dV//dt for instance [5]. Unfortunately, the
main drawback is the increase of common mode (CM) current
due to dV/dt and parasitic capacitances between the power part
and the control part.

SiC-MOSFET-based phase-shifted full-bridge (PSFB) convert-
ers have been proposed for medium to high power applications
because of simple topology and easy switching control. Theoret-
ically, a full-bridge converter under bipolar pulsewidth modula-
tion (PWM) should produce very little CM noise because the two
phase-legs can compensate for each other. However, in the PSFB
converters, the electric potential variation of the two phase-leg
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midpoints happens at different times, and the displacement
current generated by two midpoints through associated parasitic
capacitances cannot be cancelled by each other [6]. Various
methods to reduce CM noises in the power side have been
proposed for isolated power converters [7], [8]. Gate driver con-
figurations have been proposed in the literature [9]-[11] to mit-
igate these CM currents in the control side for a simple inverter
leg. In these proposed solutions, the drive circuitries (gate drive
power supplies and transfer signals) are completely cascaded.
In this case, delay between the gate signals are introduced. This
is unacceptable for fast switching times, especially for PSFB
converters where minimal mismatching delay between high side
and low side control signals is required in order to reduce leakage
inductance value and to minimize dead-time duration while zero
voltage switching (ZVS) operation [12], [13]. Therefore, this
article proposes a new gate drive power supply configuration to
reduce the CM currents that circulate from the power part to the
control part in PSFB converters without introducing gate signal
delays. The proposed gate driver configuration can be applied in
many topologies that have at least one inverter leg configuration
like three-phase and multilevel inverters, series-connected de-
vices, etc. Nevertheless, this article is focused in the full-bridge
topology under phase-shift modulation.

The CM currents that circulate in PSFB converters can be
divided in two categories: 1) the CM currents that circulate in the
power part through the power devices and the ground (through
the dielectric barrier of the package) [14], [15], and 2) the CM
currents that circulate in the control part through the isolation
barriers of the dc—dc power supplies and signal transmission
functions of gate drivers [16], [17]. This article is focused on
the second category, i.e., on the CM currents that circulate
through the parasitic capacitances introduced by dc—dc power
supplies and signal transmission functions of gate drivers. Fig. 1
shows these parasitic capacitances: 1) the parasitic capacitance
introduced by the primary to secondary gate drive power supply
(Cps), and 2) the parasitic capacitance of the signal isolation
(Ciso). The parasitic capacitances Cj and Cj,, have the same
dynamic influence on the system. However, in this article, it is
considered that the capacitance C}, is negligible in relation to
C)ps since in the experiments, insulation signals are implemented
by optical fibers.

The parasitic elements of the gate drive power supply and its
connections are shown in Fig. 2. As can be seen, two reference
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Fig. 2. Parasitic elements of the gate drive power supply and its connections.
TABLE I
GATE DRIVE CIRCUITRY ELEMENTS PRESENTED IN Fig. 2
Element Description
Chps Parasitic capacitance of the isolated DC/DC converter.
Cynd1 Parasitic capacitance between the control reference (VCR)
and the ground (GND).
Cyndz Parasitic capacitance between power reference (-VDC) and
the ground (GND).
Ly Parasitic terminal inductance on the primary side of the gate
drive power supply.
Ls Parasitic terminal inductance on the secondary side of the gate
drive power supply.
Ly Parasitic inductance of the power supply on the primary side.
Lg Parasitic inductance of the power supply on the secondary
side.
Ry Parasitic resistance of the power supply on the primary side.
R Parasitic resistance of the power supply on the secondary side.
ZpH Parasitic impedance between the middle point of each power

leg and the heatsink connected to the ground.

potentials are presented in classical switching cells [18], [19],
i.e., the ground or reference potential of the remote control circuit
(VCR) and the reference potential of the power circuit (—VDC).
Both VCR and —VDC are isolated from each other. Therefore,
isolated supply converters are implemented in order to enable the
isolation dedicated to the power supply parts. Optocouplers or
optical fibers are used to isolate the paths for the control signals.
Table I describes the main elements presented in Fig. 2.
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Fig. 3. Traditional gate drive power supply configuration (TGD).

To clarify the purpose of this article, the CM parasitic
impedance (Z P H) between the middle point of each power
leg and the heatsink connected to the ground of the primary side
of the control circuit is presented in Fig. 2 [20], [21]. However,
this article focuses on the perturbations of the power circuit on
the control side, i.e., the CM currents that circulate through the
parasitic capacitances Cgy,q1 and Cyp,q2. The noise currents that
circulate through Z P H will not be analyzed in this article.

In PSFB converters there are two middle points which cor-
respond to two dV/dt sources. Then, if isolated power sup-
plies in the drive circuitry are used, they introduce primary to
secondary parasitic capacitances (Cys), and therefore several
CM conducted EMI pathways. As shown in Fig. 2, where the
gate drive circuitry elements are presented, each dV/dt source
produces its own conducted current disturbance that propagates
to the control parts and then through the ground. The CM current
that flows through the parasitic capacitance of the gate driver and
circulates in the control side is described by (1). As can be seen,
the CM current is directly proportional to the switching speed
of the devices. Therefore, to avoid damages caused by a large
amount of noise currents in the control side, this article proposes
a new gate drive power supply configuration

av
Sdt

The rest of this article is organized as follows. In Section II, the
traditional and the new gate drive power supply configurations
for PSFB converters are presented. In Section III, impedance
network circuits are used to achieve transfer functions that pre-
dict the behavior of CM currents that circulate in the control side.
The traditional and new gate drive power supply configurations
are analyzed by using a step response in time domain. The
validation of the proposed gate driver configuration by electrical
measurements are presented in the Section V.

)]

Ieym =G,

II. TRADITIONAL AND CASCADED GATE DRIVER
CONFIGURATIONS

In this section, the traditional and the proposed gate drive
power supply configurations are introduced in the PSFB con-
verter. Two inverter legs are also modeled with their associated
gate drive power supplies. In Figs. 3 and 4, the dc—dc and
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Fig. 4. Cascaded gate drive power supply configuration (CGD).

buffer (BFR) blocks represent, respectively, the gate drive power
supplies and the buffers used to turn-ON and turn-OFF the power
devices.

A. Traditional Gate Driver Configuration (TGD)

The traditional gate driver configuration is shown in Fig. 3,
which each isolated power supply of each gate driver is supplied
independently by an external power supply. In this configuration,
there are two sources of perturbation produced by two floating
points. As can be seen, each floating point that has a high dV/d¢
is directly connected to a gate drive power supply (dc—dc block)
that introduces a parasitic capacitance (C)). In the TGD config-
uration, the CM currents, produced by the dV'/dt sources, have to
cross one isolation barrier that is modeled by C,, to circulate into
the control side. According to (1), the CM currents in the control
side, maintaining the same switching speed, can be mitigated
by reducing the C,; value. However, the lower the capacitance
Cps, the more expensive is the power supply. Furthermore, most
of commercial isolated gate drivers are often rated for a CM
transient of < 100 kV/us [22]. Nevertheless, some WBG power
devices, such as GaN transistors require more than 100 kV/us
for the CM transition [23]. In other words, the complexity to de-
velop isolated gate drivers (with ultralow parasitic capacitance)
that respects the WBG requirements becomes each time more
difficult (and more expensive). Therefore, a smart solution to
decrease the CM currents in the control side, is to change the
CM current pathway by cascading the gate drive power supplies
as shown in the next sections. Furthermore, advanced gate drive
power supplies with ultralow parasitic capacitances can also be
cascaded to further improve the CM transient immunity.

B. Cascaded Gate Driver Configuration

The proposed gate driver configuration is shown in Fig. 4,
where the gate drive power supplies are fully cascaded: the gate
driver 3 (corresponding to the switch S3) is directly powered
by an external power supply connected to the control reference
(VCR), the gate driver 2 is powered by the gate driver 3, the gate
driver 4 is powered by the gate driver 2, and the gate driver 1 is
powered by the gate driver 4. The control signal configuration
does not change. Therefore, the gate signals are not affected by
changing the gate drive power supply configuration.
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Fig. 5. TGD: Equivalent impedance network circuit.

In the CGD, the CM currents, produced by the dV/dt sources,
have to cross more than one isolation barrier to circulate into the
control side. As will be explained in the next sections, when the
CGD configuration is used, the CM currents in the control side
are drastically reduced when compared to the conventional gate
driver configuration.

III. TRADITIONAL AND CASCADED GATE DRIVER
CONFIGURATIONS: ANALYTICAL ANALYSIS

In this section, an analytical approach is proposed to estimate
the CM current that circulates into the control part. The behavior
of CM currents can be achieved by deriving a transfer function
or a step response in time domain for determining a relationship
between the cause and effect of disturbances [24]. To this end,
impedance network circuits are used to achieve transfer func-
tions that relate the CM current that circulates in the control
side (/p) to the total CM current generated by each leg inverter
(Icoar)- A step response in time domain is used to estimate 1 p for
TGD and CGD configurations. The total CM noise generated at
the middle point of each power leg (1)) is used to estimate the
CM current that circulates in the control side (I p). Therefore, it
is supposed that both gate driver configurations produce, at the
middle points of the power legs, the same amount of noise cur-
rent. The current levels are estimated related to the one produced
by TGD configuration since it remains difficult to estimate the
absolute level of disturbance without exact calculations. In other
words, the models and equations proposed in this article are used
to compare the control side CM current levels produced by both
gate driver configurations. Therefore, the classical and cascaded
gate driver configurations can be compared toward criteria on
the CM current.

A. Traditional Gate Driver Configuration

The analytical approach is based on an equivalent circuit
of the PSFB considering the parasitic elements of the gate
drivers as shown in Fig. 5. The equivalent impedance network
circuit is achieved by short circuiting the electrodes of large
capacitors/voltage supplies such as power side dc bus (+VDC)
and the ground of power circuit (—VDC) [5], [10]. To facilitate
the analysis and simplify the equations, the gate driver parasitic
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TABLE II
SUMMARIZED SWITCHING STATES IN PSFB CONVERTERS

State I I 111 v
S1 OFF Switching ON Switching
S2 Switching ON Switching OFF
S3 ON Switching OFF Switching
S4 Switching OFF Switching ON
I 10 oI m v
T e TR e |
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Fig. 6. Gate signals and switching states in PSFB converters.
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Fig. 7. TGD: Equivalent impedance network circuit in states I and III.

inductances L,, and L, and the resistances I, and R, shown in
Fig. 2 are replaced by L,,s and R,,s, which represents L, + L, =
L,s and R, + R, = Ry, respectively. The impedance Zp g rep-
resents the parasitic impedance between VCR and —VDC. In the
experimental part, an additional impedance Z M (characterized
by a large capacitor >> C'gndl + C'gnd2) is connected between
VCR and —VDC to concentrate and measure the noise current
that circulates in the drive circuit. In other words, to facilitate
the conducted EMI measurements, Z M is added to short Zpg.
Therefore, the total amount of the CM current in the control side
circulates through Z M.

The electrical scheme shown in Fig. 5 is a generic impedance
network circuit used to clarify the TGD configuration. However,
in the PSFB converter, as shown in Table II and in Fig. 6,
the middle point potential variations occur during four main
switching states. In this case, the impedance and the pathway
seen by the CM current can be different for each switching state.

To investigate the CM current that circulates in the control side
as a function of each switching state, Figs. 7 and 8 show the
total CM current (I ) distribution generated by middle points
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IcMm - Iw3 - 1p

Fig. 8. TGD: Equivalent impedance network circuit in states II and I'V.

of the two legs of the PSFB. Note that, the state I is similar to
the state III, and the state II is similar to the state IV, i.e., two
devices are in static mode while the two others are switching.
In this case, only two equivalent impedance network circuits are
necessary to analyze the four switching events.

The first model, shown in Fig. 7, represents the equivalent
impedance network circuit for the states I and III, where the
switches S1 and S3 are in the static state, and S2 and S4 are in
transition.

To simplify the equations and facilitate the analysis, the gate
drive power supplies are considered identical

Lps1 = Lpsa = Lypsz = Lpsa = Lys 2
Lyt = Lyz = Lys = Lya = Ly 3)
Ly =Lp=Lyizs=Lgy=1L, 4)
Rys1 = Rps2 = Rps3 = Rpsa = Ry 5
Cps1 = Cpsz2 = Cpsz = Cpsa = Cps. (6)

In this case, according to the distribution conductive Ic s
current in Fig. 7, it is easy to note that, the impedances formed
by the circuits L,, — R, — Cps — L4 of the gate drivers 1, 2,
and 3 are connected in parallel. Therefore, the following current
relation can be written in the Laplace domain:

IP(S) - XpS(S)+XL1§(S)+XLg(S)

ICM(S) o XpS(S)+XL1§(3)+XLg(S) +ZM(S)

(N

where
1) Ica(s) is the total CM current;
2) Ip(s)is CM current that circulates in the control side;
3) Xps(8), Xrw(s), Xrg(s), are the equivalent impedances
expressed by (8), (9), and (10), respectively

1
Xps(s) = S+ 5Lps + By ®)
XLw(S) - SLw (9)
X1g4(s) =sLy. (10)

The impedance network shown in Fig. 8, where the switches
S2 and S4 are in static state, and S1 and S3 are in transition,
represents the switching states II and IV. Similar to the model
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TABLE III
ELEMENT VALUES OF THE EQUIVALENT IMPEDANCE NETWORK CIRCUITS

Element Value Description

Chs 15 pF Estimated primary-secondary parasitic
capacitance for the gate drive power sup-
plies used in this work [25].

Zn 1 nF // 100 M2 Impedance used to concentrate and mea-
sure the noisy current in the control side.

Loy 20 nH Estimated parasitic inductance of connec-
tions of the power supply on the primary
side.

Lyps 40 nH Estimated primary-to-secondary parasitic
terminal inductance of the gate drive
power supplies.

Lyg 25 nH Estimated parasitic inductance of connec-
tions of the power supply on the sec-
ondary side.

Rps 100 m$2 Estimated resistance of connections.

\—States | and Ill = States Il and IV

o )

°

=

s

£

< -

0 33 66 100 133 166 200 233
Time (ns)

Fig. 9. TGD: Time-domain characteristics in step response in states I, II, III,
and IV.

presented in Fig. 7, in Fig. 8 the impedances formed by L., —
R,s — Cps — L of the gate drivers 2, 3, and 4 are connected
in parallel. In other words, the TGD configuration is symmet-
rical. Therefore, considering the (2)—(6), the current relation
Ip(s)/Icpn(s), for the states II and IV is also expressed by
.

Using (7) and the estimated values in Table III [10], the time-
domain characteristics in step response of the CM current that
circulates in the control side in the TGD configuration can be
achieved as shown in Fig. 9. As can be seen, the same CM
current is presented for the four switching states. However, it is
important to note that, in practice, the parasitic elements are not
perfectly identical. The same can be said about the SiC-MOSFET
devices. In this case, different impedances and different dV/dt
are present, and consequently the CM current is a function of
the switching states.

B. New Cascaded Gate Driver Configuration

The impedance network circuit of the cascaded gate driver
configuration is shown in Fig. 10. In this configuration, the
pathway of perturbations is modified. As can be seen in Figs. 11
and 12, the CM currents are returned locally to the power parts
(through the parasitic inductances Ly, Lg2, Lg3, and Lgy)
each time the dV/dt events are applied across the parasitic
capacitances of the power supplies.
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CGD: Equivalent impedance network circuit in states I and III.

Fig. 12.

CGD: Equivalent impedance network circuit in states I and IV.

To investigate the CM current behavior in the CGD config-
uration as a function of the switching states, Fig. 11 shows the
equivalent circuit for the states I and III, where the switch S1
and S3 are in the static state, and S2 and S4 are in transition.

According to the conductive EMI noise current distribution
in Fig. 11, the following current relations can be written:

Ion = Tyt + g (an
Iw4 = Ig2 + Iw2 (12)
Loz = Ip + I (13)
I Zw + Xps + X1
92 _ + Aps + XL 14
Iw2 XLg

(Zuw+Xps+X1w)XiLg

Ly _ XLg+Zw+X,,LS+XLLw + Xps + Xpw 1)
Iw4 Xps —+ XLw —+ XLg
I A Xos + Xiw
Lg3 _ Zm+ Xps + AL a16)

Ip Xrg
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where Z,, is expressed by

_ ZM + Xps + XLw
ZJVI + XLg + Xps + XLw )
Using (14)—(16) in (11)—(13), the current Ip that circulates

in the control part, during the switching states I and III, can be
expressed in the Laplace domain by

( I p(S) ) - 1
fom®/rar (72 + DG + DG + 1)
(18)
The behavior of the CM current that circulates in the control
side during the switching states II and IV can be investigated
according to the noise current distribution shown in Fig. 12.
Therefore, the following current relations can be written:

a7

w

Ion = Tga + Lua (19)
Iw4 = IgQ + Iw? (20)
Iw2 - IP + Ig3 (21)
lg2 _ Zw + Xps + Xpw 22)
Iw2 XLg

(Zw+Xps+Xrw)Xig
@ — XL9+Z“’+X:DLS+X;UI + Xps + XLw (23)
Ly XLg
Ls  Zu+Xpe+ X
293 — M+ ps + ALw ) (24)
IP XLg

Using the (22)—(24) in (19)—(21), the portion CM current that
circulates in the control part, during the switching states II and
IV, can be expressed in the Laplace domain by

fen ) /e (2 + V(72 + DG +1)
(25)

Using the (18) and (25), and the estimated values in Table III,
the time-domain characteristics in step response of the CM cur-
rent that circulates in the control side in the CGD configuration
can be achieved, as shown in Fig. 13. Note that, unlike the TGD,
the CGD configuration is not symmetrical, i.e., depending of
the switching states, the ratio Ip(s)/Icnr(s) presents different
values since the (18) and (25) are not identical.

The comparison between TGD and CGD configurations is
shown in Fig. 14. As can be seen, when the CGD is used, during
the switching states I and III, the CM current in the control side
can be reduced by 75% in relation to the TGD configuration.
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Fig. 14.  Time domain simulation results, comparison between TGD and CGD.
TABLE IV
SUMMARIZED SIMULATION RESULTS SHOWN IN Fig. 14
Switching State I 1I III v
Ip(TGD) 5.1 A 5.1 A 5.1 A 5.1 A
Ip(CGD) 12 A 26 A 12 A 2.6
Ip reduction 75% 49% 75% 49%

During the switching states II and IV the reduction is around
49%. These results are summarized in Table IV.

The analytical approach proposed in this section is based
on the following considerations: 1) all gate drivers and all
SiC-MOSFETs are considered identical; 2) the parasitic element
considerations done in (2)—(6); 3) the dV/dts in the middle point
of both power legs are equal, 4) a unit step represents the source
of perturbation. However, in practice, the parasitic elements are
not perfectly identical, e.g., the not perfectly symmetrical PCB
layout. The same can be said about the SiC-MOSFET devices.
In this case, different impedances and different dV/dts will
be presented. Nevertheless, the theoretical analysis is useful to
investigate the impact of gate drive power supply configura-
tions on the CM conducted EMI and to confirm that the CGD
configuration is an effective gate drive power supply technique
to reduce the noise current in the control side. Therefore, as
shown in the next section, the analytical approach is validated
by experimental results.

IV. EXPERIMENTAL VALIDATIONS

To validate the theoretical analysis, a SiC-MOSFET-based
full-bridge converter prototype with four Cree’™ C2M SiC-
MOSFETs (C2M0160120) is developed as shown in Fig. 15. The
dc—dc converter implemented for each gate driver is a Murata” ™
MGJ6D242005SC with an isolation voltage and a parasitic
capacitance of 5.7 kVDC and 15 pF, respectively. Optical fibers
are used to achieve the signal isolation. A bus voltage of 800 V
and gate-to-source voltages of —5 and 20 V are used in this
experiment. A fixed duty cycle of 50%, and a phase shift of 45°
are used for the phase shift modulation. The CM current between
VCR and —VDC is measured by adding an artificial impedance
Zy (100 MQ//1 nF). The experiments are performed using a
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Fig. 19.  Experimental results: TGD Ip CM currents.

train of pulses in order to switch the devices under specific load
currents. The analyses are done in this case, i.e., in pulsed mode,
because no heatsink is attached to the prototype.

A. Time-Domain Experimental Results

The experimental results depicted in Figs. 16-20 validate
the proposed gate driver configuration. Note that, the main
advantage of the phase-shift modulation, i.e., the ZVS is ensured
for both gate drive power supply configurations. Although this
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Fig. 20.  Experimental results: CGD Ip CM currents.
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Fig. 21. Experimental results: CM currents in the control side during the
state L.
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Fig. 22.  Experimental results: CM currents in the control side during the

state II.

is not the focus of this article, these results are presented in this
section to show that the modification of gate drive power supply
configuration has no impact on the output voltage, load current,
Vs, Vgs, or on the ZVS behavior.

However, focusing in the CM currents in the control side
(Figs. 19 and 20), in the TGD configuration, a CM current of
around 5.5 A (peak-to-peak) is presented. On the other hand, this
noise current has been significantly reduced in the proposed gate
drive power supply configuration, which presents a CM current
of around 1.6 A (peak-to-peak), i.e., the proposed gate driver
architecture has reduced the CM current by 71% in relation to the
conventional gate driver configuration. Reducing the CM cur-
rents in the control side is critical for any converter. Isolated gate
drivers are required to have good immunity toward CM currents
to ensure data integrity. A CM current of 5.5 A circulating in the
control side could drastically affect the data system. The problem
can be aggravated in high-frequency applications, where the
average CM current (in the control side) will be increased.

In Figs. 19 and 20 is presented the total peak-to-peak CM
current in the control side. However, the CM current presents
different values at different switching times. In Figs. 21-24, the
CM current that circulates in the control side is analyzed for
each switching event.

As shown in Fig. 21, even in the worst case (state I), the pro-
posed gate driver configuration has been considerably reduced
the CM current by 47% in relation to the traditional one, i.e.,
the current Ip decreases from 3.08 to 1.61 A. In the state II,
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Experimental results: CM currents in the control side during the

TABLE V
SUMMARIZED EXPERIMENTAL RESULTS SHOWN IN Figs. 21-24

Switching State 1 1I I v
Ip(TGD) 3.08 A 436 A 3.05 A 421 A
Ip(CGD) 1.61 A 141 A 0.19 A 1.15

Ip reduction 47% 638% 93% 73%

Fig. 17, the CM current has been reduced from 4.36 to 1.41 A,
it represents a reduction of around 68%.

The best result, shown in Fig. 23, is achieved during the
switching state III, where the CGD configuration has reduced
the CM current by 93% in relation to the TGD configuration,
the current /p decreases from 3.05 to 0.19 A.

In the state IV, shown in Fig. 19, the CM current has been
reduced from 4.21 to 1.15 A, which represents a reduction of
around 73%. Table V summarizes the experimental results for
the four switching states.

In TGD configuration, similar CM current values are pre-
sented in switching states I and III (3.08 and 3.05 A), and in
states IT and IV (4.36 and 4.21 A). On the other hand, the CGD
configuration is not symmetrical. Therefore, different /p current
values are presented in switching states. In the CGD configura-
tion, the largest difference is observed in the switching state
III, where CM current /p has a small value of around 0.19 A.
Comparing these results with the simulation results shown in
Table IV, some discrepancies can be seen in the values. It is due
to the fact that in the theoretical analyses, it was considered
a perfect symmetry of the power legs, i.e., it was supposed
that the gate drivers (dc/dc, buffers, optical isolation, etc.) and
their elements (parasitic capacitance, layout inductances, etc.)
are perfectly identical. It was also supposed that the power
devices are identical, and the middle points of the power legs
have the same dV//dt. However, in experimental set-up, even
under optimized layout, it can not be ensured. For example,
the mismatch between the intrinsic parasitic capacitances of the
devices can generate different switching speeds (dV/dt). Fur-
thermore, as explained in [26], PSFB can have different dV/dt
between leading and lagging legs. In the experiments performed
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TABLE VI
PEAK-TO-PEAK CM CURRENTS FOR DIFFERENT LOAD CURRENTS

Load Current 8 A 18 A 28 A
Ip(TGD) 21 A 31A 55A
Ip(CGD) 12 A 14 A 1.6 A

Ip reduction 42% 55% 71%

100 ~ 83 GBA ~'75 dBUA

~ 70 dByA
IL=8A |[ —TeD —caD |

CM Current (dBpA)
ey
o

~ 62 dBUA

10k 100k 1M 10M
Frequency (Hz)

100M

Fig. 25. Measured CM noises of the PSFB converter for TGD and CGD
configurations (IL = 8 A).

in this article, the maximum dV/dt at the switching cell middle
points for the leading and lagging legs are approximately 63 and
73 V /ns, respectively. This explains why different CM currents
are observed as a function of the states for TGD and CGD
configurations. Note that, even under ZVS operation, which
can slow down the dV/dt during the turn-ON transitions, the
C2M0160120 SiC-MOSFET devices switch very fast compared
to traditional Si-IGBTs/Si-MOSFETSs, which leads to serious CM
noise.

The proposed gate drive power supply is also validated under
different load currents as shown in Table VI. For a load current
(IL) equal to 8 A, the CM current was reduced from2.1to 1.2 A
(43 % of reduction). For IL = 18 A, the CM current was reduced
from 3.1 to 1.4 A (55% of reduction). For IL = 28 A, the CM
current was reduced from 5.5 to 1.6 A (71% of reduction). As
can be seen in Table VI, the proposed gate drive power supply
configuration is more suitable for applications with fast dV/dt
since the switching speed of the devices are proportional to the
load current, and in this case, more conducted EMI noise is
generated.

B. Frequency-Domain Experimental Results

To investigate the conducted CM current reduction in the
frequency domain, spectral analyses are done. The data of the
CM currents were obtained by the DSOX3024 T Keysight
Oscilloscope in the experiments and the spectrum was obtained
with MATLAB software after the data were processed. The
conducted EMI spectra in the range of 10 to 100 MHz is shown
in Figs. 25-27 for three different load currents.

In Fig. 25 is shown the EMI spectra for a load current equal to
8 A. As can be seen, the proposed CGD configuration reduces
the conducted CM noise, practically, in all 1.5-40 MHz range.
The most notable improvements are ~13 dB in 1.6-1.8 MHz
range, ~10 dB in 8-10 MHz range, and ~13 dB at 30 MHz.

In Fig. 26, the EMI spectra for a load current equal to 18 A is
shown . The proposed CGD configuration reduces the conducted
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Fig. 27. Measured CM noises of the PSFB converter for TGD and CGD

configurations (IL = 28 A).

CM noise, practically, in all 1.5-40 MHz range. The most
notable improvements are ~10 dB in 8-10 MHz range, and
~16 dB at 30 MHz.

In Fig. 27, the EMI spectra for a load current equal to 28 A
is shown . In the same way, the proposed CGD configuration
reduces the conducted CM noise, practically, in all 1.5-40 MHz
range. An improvement of ~15 dB is achieved between 1.6 and
2 MHz. An improvement of ~10 dB is achieved, practically, in
all 2-10 MHz range. The most notable reduction is ~20 dB at
30 MHz.

In the three cases, from 30 to 40 MHz, the amount of noise
reduction decreases as a function of the frequency. Furthermore,
for frequencies <1.5 and >40 MHz, the noise reduction is
not so effective. In the 0-1.5 MHz range, both gate driver
configurations have similar performances. Maybe this is due
to the impedance provided by each configuration, which is not
so different from each other in the 0—1.5 MHz range. Therefore,
the CM currents have similar behaviors in both gate drive power
supply configurations. From 1.5 MHz, the difference between
the gate driver configuration impedances starts to be significant.
The TGD impedance starts to be smaller than the impedance
provided by the CGD configurations. In the 30-40 MHz range,
the TGD impedance reaches its minimum absolute value, and at
this point, the CGD impedance is much greater than the TGD
one. From 40 MHz, both gate driver configurations have similar
performances. This is due to the impedance of the gate drive
power supply, which drastically decreases in both gate driver
configurations [9], allowing that the CM currents circulate in
the control side.

It is clear that the control system could be damaged by a large
amount of the noise current that may flow through the control
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parts if the gate drive power supplies are not taken into account
in the system implantation. Efforts must be engaged not only
toward the design and implementation of gate drivers but also
toward the gate drive power supplies. The analytical analysis
and experimental results validate the proposition of this article.
The CGD configuration is an effective technique to reduce the
current noise in the control part and to increase the reliability of
the control system.

However, for optimal design the power rating of the dc/dc
converters has to be taken into account. The advantages offered
by the cascaded gate drive supply configuration must be mit-
igated by the increased complexity and the additional power
consumption due to the cascaded power supplies. The cascaded
gate drive power supplies must be designed carefully since their
power ratings are changing from one to another, specially for the
gate drive power supply 3, which must be designed to supply
all other drive circuits. Optimal design in terms of power rating,
volume, efficiency, and parasitic currents has been addressed
in [27].

V. CONCLUSION

This article presents a new gate driver configuration to de-
crease the CM currents in full-bridge topologies under phase-
shift modulation. In a first step, basics and concepts are ex-
plained: The new gate driver configuration modifies the path-
ways of the parasitic currents generated by high dV//dt in the
middle points of the inverter legs. To further investigate the
concept of the new gate driver configuration applied to PSFB
converters, an analytical analysis is proposed to predict the
behavior of the CM current in the control side. This first step
validates the interest of the proposed cascaded configuration
according to the peak-to-peak value of the CM current. There-
after, experimental results are provided in the same switching
conditions: Bus voltage of 800 V and a load current of 28 A. The
experimental results are in accordance with the analytical model
used to predict the behavior of the CM current in the control
side. The performance of the proposed gate driver configurations
under different switching frequencies remains as an expectation
of future works since some EMI characteristics are dependent
on the switching frequencies f,, such as the magnitude of first
peak of the spectrum that is located on the f,,, which should be
more or less attenuated depending on the EMI standard. In the
MHz range, the noise will be larger with the increased switching
frequency. Furthermore, the effectiveness of the proposed gate
driver configuration should be verified with total amount of CM
currents (power and control stages).

REFERENCES

[1] J. Biela, M. Schweizer, S. Waffler, and J. W. Kolar, “SiC versus Si-
evaluation of potentials for performance improvement of inverter and
DC-DC converter systems by sic power semiconductors,” [EEE Trans.
Ind. Electron., vol. 58, no. 7, pp. 2872-2882, Jul. 2011.

[2] J. Milldn, P. Godignon, X. Perpifid, A. Pérez-Tomas, and J. Rebollo,
“A survey of wide bandgap power semiconductor devices,” IEEE Trans.
Power Electron., vol. 29, no. 5, pp. 2155-2163, May 2014.

[3] L. F. S. Alves et al., “SiC power devices in power electronics: An
overview,” in Proc. Brazilian Power Electron. Conf., Nov. 2017, pp. 1-8.



4090

[4]

[3]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

L. E. S. Alves, P. Lefranc, P. Jeannin, and B. Sarrazin, “Review on SiC-
MOSFET devices and associated gate drivers,” in Proc. I[EEE Int. Conf. Ind.
Technol., Feb. 2018, pp. 824-829.

P. Lefranc, L. F. S. Alves, P. Jeannin, B. Sarrazin, V. Nguyen, and J.
Crebier, “A predictive model to investigate the effects of gate driver on
dv/dt in series connected SiC MOSFETS,” in Proc. PCIM Europe Int. Exhib.
Conf. Power Electron., Intell. Motion, Renewable Energy Energy Manage.,
May 2019, pp. 1-8.

L. Xie, X. Ruan, and Z. Ye, “Reducing common mode noise in phase-
shifted full-bridge converter,” IEEE Trans. Ind. Electron., vol. 65, no. 10,
pp. 7866-7877, Oct. 2018.

M. Shoyama, T. Okunaga, Ge Li, and T. Ninomiya, “Balanced switching
converter to reduce common-mode conducted noise,” in Proc. IEEE 32nd
Annu. Power Electron. Specialists Conf., 2001, vol. 1, pp. 451-456.

D. Cochrane, D. Y. Chen, and D. Boroyevich, “Passive cancellation of
common-mode noise in power electronic circuits,” in Proc. IEEE 32nd
Annu. Power Electron. Specialists Conf., 2001, vol. 2, pp. 1025-1029.

V. Nguyen, P. Lefranc, and J. Crebier, “Gate driver supply architectures for
common mode conducted emi reduction in series connection of multiple
power devices,” IEEE Trans. Power Electron., vol. 33, no. 12, pp. 10 265—
10 276, Dec. 2018.

V. Nguyen, L. Kerachev, P. Lefranc, and J. Crebier, “Characterization and
analysis of an innovative gate driver and power supplies architecture for
HF power devices with high dv/dt,” I[EEE Trans. Power Electron., vol. 32,
no. 8, pp. 6079-6090, Aug. 2017.

L.FE.S. Alves et al., “Gate driver architectures impacts on voltage balancing
of sic mosfets in series connection,” in Proc. 20th Eur. Conf. Power
Electron. Appl., Sep. 2018, pp. 1-9.

F. Sarrafin-Ardebili, B. Allard, and J. Crebier, “Analysis of gate-driver
circuit requirements for h-bridge based converters with gan hfets,” in Proc.
17th Eur. Conf. Power Electron. Appl., 2015, pp. 1-10.

Z.Zhang, H. Lu, D. J. Costinett, F. Wang, L. M. Tolbert, and B. J. Blalock,
“Model-based dead time optimization for voltage-source converters utiliz-
ing silicon carbide semiconductors,” IEEE Trans. Power Electron., vol. 32,
no. 11, pp. 8833-8844, Nov. 2017.

D. N. Dalal et al., “Impact of power module parasitic capacitances on
medium voltage SiC MOSFETS switching transients,” IEEE J. Emerg. Sel.
Topics Power Electron., vol. 8, no. 1, pp. 298-310, Mar. 2020.

L. F. S. Alves, P. Lefranc, P. Jeannin, B. Sarrazin, and J. Crebier, “Multi-
step packaging concept for series-connected SiC MOSFETS,” in Proc. 21st
Eur. Conf. Power Electron. Appl., 2019, pp. 1-10.

A. Marzoughi, R. Burgos, and D. Boroyevich, “Active gate-driver with
dv/dt controller for dynamic voltage balancing in series-connected SiC
MOSFETS,” IEEE Trans. Ind. Electron., vol. 66, no. 4, pp. 2488-2498,
Apr. 2019.

L. FE. S. Alves, P. Lefranc, P. Jeannin, B. Sarrazin, and V. Nguyen, “EMC
improvement with new architectures of gate drivers for SiC MOSFET
devices,” in PCIM Europe Int. Exhib. Conf. Power Electron., Intell. Motion,
Renewable Energy Energy Manage., May 2019, pp. 1-7.

B. Kennedy, “Implementing an isolated half-bridge gate driver,” Analog
Dialogue, vol. 46, 2012.

R. Herzer, “New gate driver solutions for modern power devices and
topologies,” in Proc. 9th Int. Conf. Integr. Power Electron. Syst., 2016.
D. Frey, J. L. Schanen, J. Roudet, and F. Merienne, “Dealing with common
mode current in power modules design and association,” in Proc. Conf.
Rec. IEEE Ind. Appl. Conf. 37th IAS Annu. Meeting, 2002, vol. 4, pp. 2603—
2608.

J. Schanen and J. Roudet, “Built-in EMC for integrated power electronics
systems,” in Proc. 5th Int. Conf. Integr. Power Electron. Syst., 2008,
pp. 1-10.

M. Mauerer, A. T ii ysiiz, and J. W. Kolar, “Low-jitter GaN E-HEMT gate
driver with high common-mode voltage transient immunity,” IEEE Trans.
Ind. Electron., vol. 64, no. 11, pp. 9043-9051, Nov. 2017.

D. Bortis, O. Knecht, D. Neumayr, and J. W. Kolar, “Comprehensive
evaluation of GaN GIT in low- and high-frequency bridge leg applica-
tions,” in Proc. IEEE 8th Int. Power Electron. Motion Control Conf., 2016,
pp. 21-30.

P. Musznicki, J. Schanen, P. Granjon, and P. J. Chrzan, “The wiener filter
applied to EMI decomposition,” IEEE Trans. Power Electron., vol. 23,
no. 6, pp. 3088-3093, Nov. 2008.

Murata Power Solutions Inc., Kyoto, Japan, “5.7 kVDC isolated
6 w gate driver sip/dip dc-dc converters,” 2019. [Online]. Available:
https://www.murata.com/products/productdata/8807030259742/kdc-
mgj6scde.pdf ?1583754812000

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 4, APRIL 2021

[26]

[27]

Z. Emami, M. Nikpendar, N. Shafiei, and S. R. Motahari, “Leading and
lagging legs power loss analysis in ZV'S phase-shift full bridge converter,”
in Proc. 2nd Power Electron., Drive Syst. Technol. Conf., 2011, pp. 632—
637.

V. Nguyen, P. Lefranc, and J. Crebier, “Benchmark of the gate driver
supplies’ architectures for “N” power devices in series connection,” in
Proc. 10th Int. Conf. Integr. Power Electron. Syst., 2018, pp. 1-6.

Luciano F. S. Alves (Student Member, IEEE) was
born in Campina Grande, Paraiba, Brazil. He re-
ceived the bachelor’s and master’s degrees in elec-
trical engineering from the Federal University of
Campina Grande (UFCG), Campina Grande, Brazil,
in 2016 and 2017, respectively. He is currently work-
ing toward the Ph.D. degree in electrical engineering
with the Grenoble Electrical Engineering Laboratory
(G2Elab), University of Grenoble Alpes, Grenoble,
France.

His research interests include wide-bandgap semi-

conductors, series-connected power devices, power module packaging design,
electromagnetic interference in power electronics, and gate drive circuits.

Pierre Lefranc received the M.S. degree from
Supélec, Paris, France, and PARIS XI, Orsay, France,
in 2002, and the Ph.D. degree in electrical engineering
from the Institut National des Sciences Appliquées de
Lyon, Villeurbanne, France, in 2005.

He was an Assistant Professor with the Energy
Department of the Supélec E3S Engineering School,
Paris, France, from 2006 to 2012. He is currently
with the ENSE3 Engineering School as Associate
Professor at INP Grenoble in the G2Elab Laboratory,
Grenoble, France. His research interests include mod-

eling, optimization, design of power electronic applications, and gate drivers for
semiconductor devices.

Pierre-Olivier Jeannin was born in 1973. He re-
ceived the Ph.D. degree in series association of com-
ponents from the Grenoble Institute of Technology,
Grenoble, France, in 2001.

He is Associate Professor with the University of
Grenoble Alpes, Grenoble, France. He is a Perma-
nent Researcher with Grenoble Electrical Engineer-
ing Laboratory (G2Elab) in the field of power elec-
tronics. His main research interests include the inte-
gration and the EMC of power electronics compo-
nents in power converters.

Benoit Sarrazin (Member, IEEE) was born in Greno-
ble, France. He received the B.S. and M.S degrees
from the Grenoble INP University of Electrical En-
gineering, Grenoble, France, in 2008, and the Ph.D.
degree from Grenoble INP University, Grenoble, in
2012, all in electrical engineering.

From 2012 to 2018, he was a Research Scientist
with the Technical Team at Grenoble Electrical En-
gineering Laboratory (G2Elab), Grenoble, France,
where, he has been the Head of the Mechatronics
Team, Technical Department, since 2018.


https://www.murata.com/products/productdata/8807030259742/kdc-mgj6scdc.pdf{?}1583754812000


<<
  /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


