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Input Current Ripple-Free DC-DC Converter With

Wide ZVS Range and Auto-Voltage-Sharing
for Bipolar DC Microgrids

Zhangjie Liu

Abstract—A dual-active-bridge (DAB)-based bipolar dc-dc con-
verter with auto-voltage-sharing is proposed for dc microgrids
in this article, where an integrated interleaved boost cell with a
fixed duty cycle of 0.5 for the primary active-bridge is utilized.
As a result, the input current ripple-free is realized. The primary
and secondary active bridges are connected by two high-frequency
transformers. Two primary windings are in series directly, whereas
two secondary windings are across the secondary active-bridge and
bipolar output, respectively. There are two operation modes for the
proposed converter. One is single phase shift mode, which is the
same as the traditional DAB converter. The other one is the equiv-
alent voltage match (EVM) mode, where the auto-voltage-sharing
and wide zero-voltage-switching for all switches can be achieved.
The operation principles and characteristics of the EVM mode are
analyzed in detail. Finally, a 1-kW prototype is built to verify the
feasibility and advantage of the proposed converter.

Index Terms—Auto-voltage-sharing, bipolar dc system, current
ripple-free, zero-voltage-switching (ZVS).

I. INTRODUCTION

HE distribution energy sources, electric vehicles, and en-
T ergy storages are with dc properties. With their rapid
development, dc microgrids are increasingly attractive for fewer
power conversion stages and higher reliability [1], [2], [3].
According to the number of voltage levels, the dc distribution
network system can be divided into unipolar and bipolar systems
[4]. As shown in Fig. 1, the bipolar system provides two voltage
levels, which can provide higher reliability while reducing the
voltage to ground, and can connect dc loads with different bus
voltage [5]. In addition, even if one dc pole fails, the power
supply can still be allocated to the other functioning dc pole to
improve the reliability of the system [5], [6], [7]. However, the
bipolar system has the challenge of output voltage unbalance.
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Fig. 1.  Structure of bipolar DC microgrid.

The difference between line parameters and loads may lead to
deviations from rated bus voltages for both polarities [8].

To achieve bipolar voltage balance, additional circuits are
utilized for the bipolar output [9], [10], [11], [12], including
the current branch circuit and the independent voltage balanc-
ing circuit. A series LC branch circuit is introduced into the
bipolar dc—dc converter to achieve voltage sharing in [9]. A
dual-Buck structure is proposed in [10] in which two inductors
can achieve the voltage sharing. In [11] and [12], the Buck/Boost
type balancer is introduced and roles as the independent
voltage balancer to eliminate the imbalance of bipolar output.
However, additional circuits or independent voltage balancer
bring lower efficiency and power density.

To avoid extra circuits, some researchers integrate them into
or remove them from the original bipolar converters [13],
[14], [15], [16], [17], [18], [19], [20], [21]. The interleaved
Buck/Boost circuit is integrated into dual-active-bridge (DAB)
type converters, where four switches are shared by Buck/Boost
and DAB units [13], [14]. Moreover, the auto-voltage-sharing
is realized. The triple-active-bridge (TAB) converter with the
coupled inductor in series on the secondary windings was studied
in [15] and [16], which can achieve voltage balancing naturally
with the help of the tightly coupled inductor. However, the
TAB converter requires many switches. In [17], a single-stage
bipolar dc—dc converter is proposed based on the three-level
natural-point-clamped circuit. Nevertheless, the converter pro-
posed in [17] needs to sample bipolar voltage individually and
adopt an extra voltage-balancing control loop. A family of
multiport converters based on voltage-multiplying rectifiers with
auto-voltage-sharing is proposed in [18]. The concept of the
coupled-inductor-based Buck-type bipolar converter is proposed
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in [19], and a phase-shift full-bridge bipolar converter with
rectifiers and two LC filters is derived. By coupling the two
filter inductors, the auto-voltage-sharing is realized. However,
the converters both in [18] and [19] are unidirectional, leading
the applications to be limited. The bipolar dc—dc converter in
[20] has the same components as the conventional DAB con-
verter. Two secondary windings are adopted on the secondary
side, and the auto-voltage-sharing is achieved with the fixed
duty cycle of 0.5 for secondary switches. In [21], a series of
bipolar output active rectifiers with a center-tapped winding is
proposed; however, the soft-switching is hard to achieve under
the extremely unbalanced load.

Furthermore, some efforts are made to improve the soft-
switching of the bipolar dc—dc converters. The soft-switching
range for switches is broadened in [22] by replacing the high-
frequency transformer with the coupled inductor and properly
designing the magnetizing inductance. To increase the range of
input voltage of the bipolar dc—dc converter, a couple-inductor-
based dc—dc converter with bipolar voltage output is proposed in
[23]. However, [22] and [23] did not solve the dc bias problem of
the magnetic components. In [24], the dc bias suppression for the
high-frequency transformer is studied based on the conventional
dual-active-half-bridge converter with an additional inductor
and capacitor. However, the above mentioned converters did not
achieve zero input current ripple.

Some efforts are made to achieve the ripple-free input current
[25], [26], [27], [28], [29]. The current-fed full bridge dc—dc
converter can eliminate the input current ripple [25], [26]. To
reduce the input current ripple further, the interleaved current-
fed half-bridge converter is proposed [27], [28], [29]. In [27],
the interleaved boost structure working in the discontinuous
current mode is used to reduce the current ripple of each boost
structure. In [28], a three-phase current-fed full bridge structure
is proposed to reduce the input current ripple. In [29], the
interleaved boost structure working in the continuous current
mode is used to realize the input current ripple-free.

Based on the DAB structure, a current-fed bipolar dc—dc
converter is proposed to achieve auto-voltage-sharing, as well as
the input current ripple-free. On the primary side, an integrated
interleaved boost cell with the fixed duty cycle of 0.5 for
the primary active-bridge is utilized, then the input current
ripple-free can be realized. The primary and secondary active
bridges are connected by two high-frequency transformers. Two
primary windings are in series directly, whereas two secondary
windings are across the secondary active-bridge and bipolar
output, respectively. Equivalently, there is a Buck/Boost cell on
the secondary, and the secondary magnetizing inductor roles as
the Buck/Boost inductor. As a result, the auto-voltage-sharing
is achieved under any load conditions. Based on the proposed
equivalent-voltage-match (EVM)-based control, there are
two different phase-shift angles between the primary and
secondary active-bridges. By regulating them properly, the wide
zero-voltage-switching (ZVS) of all switches can be achieved.
Moreover, the proposed converter has another operation mode,
namely the single-phase-shift (SPS) mode, which is the same as
the traditional DAB converter. By setting two operating modes,
the converter can work in two different applications.

2075
o
o1 T
— — +
Sk SEE o Ve
Ve, Vef.
c LN N l
=V, bp =" g—0
Ce i Ly s Al Ticle T, U fT
S fEd SRR ot e
i o ol
02
. o
Fig. 2. Topology of the proposed converter.

The rest of this article is organized as follows. Section Il intro-
duces the topology and working principle in detail. Section III
analyzes the soft switching conditions, the power transmission
capability of the proposed converter, and the control strategy of
the proposed converter. Section IV provides the experimental
verification. Finally, Section V concludes this article.

II. PROPOSED TOPOLOGY AND MODULATION PRINCIPLES

The proposed converter is shown in Fig. 2. The primary side is
composed of an interleaved boost cell with two inductors, L; and
Lo, afull-bridge cell of switches Q1—Q4, and a clamped capacitor
C¢, where Q1—Q,4 are multiplexed as the primary active-bridge.
The secondary side is composed of an active-bridge cell of
switches S1—S4 and two bipolar output capacitors C\; and Cls.
The primary and secondary active-bridge cells are connected
through two high-frequency transformers, 7,1 and 7). The
primary windings of 7,1 and 7}, are in series directly with a
blocking capacitor Cy,, and L, can be derived by the primary
leakage inductor of them. The secondary winding of 7.1 in series
with a blocking capacitor Cj is connected to the midpoints of Sy
and Ss, S5 and Sy, and that of 7.5 is connected to the midpoints
of S3 and Sy, Cp1 and Cye. V;,, is the input voltage, V. is the
voltage across C¢, V,1 and V5 are voltages across C,q and Co,
and V,, is defined as the sum of V,,; and V5. T}.; and T} have
the same secondary to primary turns ratio of N.

The proposed converter has two different operation modes.
The first mode is named EVM mode, where all the duty cycles
of switches are 50%, as shown in Fig. 3. Q7 and Q4 have the
same gate signal, as well as Q2 and Q3. The gate signals of O,
and Q9 are complementary with enough dead time, as well as
S1 and Ss, and S5 and S,4. The gate signal of O, leads that of S
for 1T while the gate signals of S3 lead that of S} for 975,
where T is the switching cycle and the switching frequency f
= 1/T;. The second mode is SPS mode, where Cy, roles as a
voltage source, S; is always OFF, and S» is always ON, whereas
all the other switches have the same drive signals as in EVM
mode, as shown in Fig. 4.

The voltage v, across the nodes a and b, and the voltage v
across the nodes c and b are as shown in Fig. 5. As can be seen, the
SPS mode is exactly the SPS modulation of the traditional DAB
converter, which is well-known. Hence, this article will focus
on the EVM mode, and the SPS mode will be briefly analyzed
if needed.
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Fig. 3. Typical waveforms of EVM mode.

A. Operation Principles

According to Fig. 3, one switching cycle can be divided into
six stages. Only the first three stages shown in Fig. 6 will be
analyzed because of the symmetry, where the voltages of Cy,
and Cs are small and can be ignored.

Stage 1(ty9-11): At tg, Q1 and Q4 are turned ON. Hence, v,y
equals V., and the current i7; of L, decreases linearly while the
current ¢ 5 of Lo increases linearly. So and Sy are kept ON while
S and S3 are kept OFF, thus, the voltage v, across the nodes d
and e equals zero, and the voltage v,y across the nodes e and f
equals —V/,/2. Hence, by reflecting vge and v,y to the primary
side, the primary current 7, can be expressed as

’L'Lr(t) ZiLr(to)+(‘/;+0.5VO/N)(t—t0)/LT te [t07 tl].
(1)

Stage 2(t1-t2): At t1, Sy is turned OFF, and S5 is turned ON.
The sum of secondary currents, ¢4 plus iy, is negative. Thus,
the ZVS of S3 can be achieved and the ZVS condition can be
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Fig. 6. Operation modes. (a) to-t1. (b) t1-t2. (c) ta-t3.

expressed as
id(t1)+if(t1) < 0. )

After t1, So is kept ON while Sy and Sy are kept OFF. Thus, vg,
equals —V, and v,y equals V, /2. For Q7 and Q4 are still ON,
vap Still equals V., and i71 and i1 still decrease and increase
linearly, respectively.

Thus, i1, can be expressed as

iL7-(t):iLT(t1)+(Vc—1.5 VO/N)(t—tl)/LT te [tl, tQ].
(3
Stage 3(ta-t3): At t2, So is turned OFF, and S is turned ON. 74
is positive. Thus, the ZVS of S; can be achieved and the ZVS

condition for S; can be expressed as
iq(t2) > 0. 4

After 19, S3 is kept ON while Sy and Sy are kept OFF. Thus,
Vge turns to zero, whereas v, s still equals V, /2. For Q; and Q4
are still ON, v, still equal V., and 77,1 and io still decrease and
increase linearly, respectively. Thus, i, can be expressed as

’iLr(t) = iLr(t2> + (ch — 0.5V0/N)<t — tg)/LT te [tz,ﬁ;;}.
&)

At t3, Q1 and Q4 are turned OFF. To achieve the ZVS of Q-,
the current of it should be negative, which means the difference
between iy, and ¢1,; should be positive. Similarly, to achieve the

ZVS of Q3, the sum of iy, and i1,5 should be positive. Thus, the
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TABLE 1
ZVS CONDITIONS FOR SWITCHES
Switches Currents
O l‘Lr(tO)iiLl(IO)<0
Q2 i/_/—(t3) - iLI (13) >0
Q3 iLr' (t3) + iLZ (t}) > 0
04 i, (1) +1,(8,) <0
S i,(t,)>0
S Iy (ts) <0
S3 i, () +i,(4)<0
Sy i, (t)+i (2,)>0
ZVS conditions for Q2 and Q3 can be expressed as
Z'Lr(tg) —iLl(tg) >0 for QQ (6)
ire(t3) +ira(ts) >0 for Qs

According to the analysis above and the symmetry, all
switches can be summarized in Table I.
According to Fig. 3, ty—t3 can be expressed as

to=0, t1 =piTs, ta= ((,01 + (pQ)TS, t3 =05T,. (7)

Based on the above analysis and the symmetry of the pro-
posed converter, iz, under the balanced load condition can be
expressed as

iLr(tO) = (4()02V0+Vo_4(p1‘/0_2N‘/c)Ts/ (SNL’I‘>
ire(t1) = (4paVo+V,+8Np1 V. —2NV, )T,/ (8N L,)

iLr<t2) = {(1—8@2)V0+8N@2VC

BN Ve—2NV,|Ts/ (8N L)

®)

14 and 7y under the balanced load condition can be expressed as

ig=ip = —ip./N. )

Moreover, 77,1 and i1 can be expressed as

(10)

ir1(to) =ir2(ts) = Po/2 Vin + VinTs/ (4L1)
ir1(ts) = ir2(to) = Po/2 Vin — VinTs/ (4L1)

where P, is the transferred power.

B. Principle of Voltage Balancing

The equivalent circuit of the auto-voltage-balancing function
is shown in Fig. 7. S3 and S4 have the same duty cycle of 0.5.
When S5 is ON and S, is OFF, the secondary magnetic inductor
L,, of T,5 is charged by V,;. Similarly, L,, is discharged by
V52 when Sy is ON. Applying the voltage—second balance theory
on L,, during steady state, V,; and V5 should be the same,
indicating the auto-voltage-sharing realized.
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C. Principle of Input Current Ripple-Free

For the duty cycle of primary switches is 0.5, one can have
V. = 2Vj,. Hence, when Q; and Q, are ON, the voltages across
Ly and Ly are Vi, — V., = —-V,, and V., — V}, =V}, respec-
tively. As a result, the variations of 71 and 715 just offset each
other with the input current constant. The condition is the same
when Q; and Q4 are OFF. To conclude, the input current is
ripple-free.

III. DESIGN CONSIDERATION AND PROPOSED CONTROL
A. Principle of Equivalent-Voltage-Match

The waveforms of vqp and vep (Vep = (Ve — Vge)/N) are
shown in Fig. 5(a), where S, and S, are the voltage—second
products of v, and v.p in a half cycle, respectively. S, and Sy
can be expressed as

So = 0.5V, T

. (11)
Sy = (p2 +0.25)T,V, /N
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As is well known, the voltage match is preferred for DAB
converters [30]. Hence, the EVM is adopted for the proposed
converter, namely S, = .S, and one can obtain

NV, 1

VT (12)

P2
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B. Power Expressions

Since v, equals V. from 7y to 3, the power transferred by i ;-
in a half cycle can be expressed as

ts

ts
0.5P, = 2f, / Ve (B)in ()t = 2f, Ve / i ()dt. (13)

to tO

By substituting (1), (3), (5), and (7) into (13), one can obtain

Po=(—p740.501+20102+93—0.502) TsVeVo/ (N Ly).
(14)
Define Py as P,N L, /(TsV.V,). To distinguish the Py in two
operating modes, Py in the EVM mode is named Py gy s, and
Py in the SPS mode is named P gpg, where

Pi gvm = —¢7 +0.501 + 20102 + 93 — 0.502.  (15)

Similarly, the transfer power of the SPS mode can be obtained
as

VeV TsPr sps

P,
NL,

(16)
where Py sps = ¢1(1 — 2¢1).

C. Control Strategy and Closed-Loop Parameter Design

Based on (12) and (15), the EVM-based control is shown in
Fig. 8, where (; can be obtained through a simple PI controller.
To design the PI controller, the transfer function of the proposed
converter should be derived first. In this part, the model in EVM
mode is provided.

Substituting (12) into (14), the output power P, of the pro-
posed converter can be expressed as

o =

272
(03— o1+ e + I - 55 - Z) VL
NL, '
A7)
P, is the sum of P, and P,» and P, = V141, Poo = Viaia,
where i; and iy are the currents flowing into the bipolar out-
put capacitor and load. Because of the self-balance of output
voltage, V1 = Voo =V, /2 and P, = V, (i1 + i2). Thus, ij+is
can be calculated as P,/V,,. Introducing perturbation at phase
shift Y1 = Cbl + (,511’@1 —‘r:ZQ = Il + IQ + il + ig, the transfer
function from ¢; to i1 + i can be expressed as
G.. = %1 +%2 - 8(21 +22)|
P1io @1 - 6901 p1=>1

(20— 1+ 35) TV,
- NL (18)

where V., V,, ®1, I1, and I, are the quiescent values of
Ve,y Vo, 1, 11, and io. @1 and I + I> can be expressed as

2
NVe 3 NV, NV, A4P,NL,
e [1ea(8e) o (35 - s
P =
2
2P,
L+ 1 = v (19)

o
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Ignoring the dynamics of the voltage balancing inductor, the
transfer function from 77 and ¢ 12 to ¥, can be calculated as

Rol o Ro2
Roi1Cor1s+1 Ry2Co25 + 1

Dy = D1 + Dy = i3 (20)

Since the magnetizing inductor of 7.5 is only involved in
balancing V,; and V,2, which does not affect V,, the transfer
function from iy + iz to ¥, can be designed by using a current
source model [31], [32]. V1 equals to %, V2 equals to
% ,and V,; = V5. Thus, two output ports can be treated
as parallel, whereas the transfer function can be simplified as

‘ R02
Ry1Co18+ 1" RyoCpas+1

Uy = (%1 + %2) (
Ro1 Rz >

_ (: + 4
(21 22) (RolROQ(Col + 002)5 + Rol + R02
(2D

Rol

Thus, the transfer function from ¢; to 9, can be derived as

Gvﬁol (S)
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Fig. 17.  Waveforms of V1, V2, 151, and I2. (a) Condition A. (b) Condition
B. (¢) Condition C.

Qm_\/iJrg(m)? NV _ 4P,NL,
_ Vo 4 Vo 01 1 Ts‘/c
NL; ((Cor +Con) s + 7 + 75

(22)

Designing the compensator as a PI controller and can be
expressed as

k.

Ge(s) =kp + ? (23)

Then, according to (22) and (23), the transfer function of the
closed-loop system can be derived as

GC(S)GUgol(s) B 1

G(s) = = (24)
1+ Ge(8)Gupi(s) % 1
where
2
NV. 3 NV, NV. _ 4P,NL,
27, _\/4+2(Vo) 2Ty 1
A= 1 1 TsVe
NL, (Rim + Roz)
R01R02
B=—"(Co1 +Cy2). 25
Rt RO2( 1 2) (25)
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While a simple way to design PI parameters is to set the
closed-loop system as a first-order inertial link, and another rule
is to set the cutoff frequency less the one-fifth of the switching
frequency to avoid the influence of switching action, the relation
between A, B, k,,, and k; can be expressed as

B _ 1
Ak, — Ak;
Ao (26)
B 5T

To ensure the response speed, the cutoff frequency should be
set as high as possible. Finally, the PI parameter can be derived
as

ko — 5BT,
P rA
. @7)
5T,
ki = TA

D. Soft-Switching Conditions

1) Under Balanced Load Condition: Based on the above
analysis and the symmetry of the proposed converter, Q1 and

Fig. 19.
(e) S3. (f) S4.
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ZVS waveforms of Condition C. (a) Q1. (b) Qs. (¢) S1. (d) Sa.
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ZVS waveforms under 14.44% load condition. (a) Q1. (b) Q2. (c) S1.
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TABLE II
ZVS CONDITIONS FOR SWITCHES

Switches Conditions
01, 05 -V, T,/@NL)-P,/V,=V,T [(4L,) <0
02, 04 -oV,T./@NL)+P,[V,-V,T [(4L) <0
81, S, ~0, +205 +200, +¢,/2<0
83, 84 ¢ <0
TABLE III
EXPERIMENTAL PARAMETERS
Parameters Value
Input voltage (V) 40—60 V
Output voltage(V,1, Vo) 190 V
Rated output power (P,) 1 kW
Leakage inductor (L,) 43 uH
Boost inductor (L, L) 30 uH
Turns ratio (N) 3.5
Switching frequency (f;) 50 kHz

Q3 have the same ZVS condition, as well as Qs and Q4, S; and
S5, and S3 and S4. The ZVS conditions of all switches can be
obtained as Table II by substituting (8), (9), (10), and (12) into
(2), (4), and (6).

Obviously, the ZVS of 01, O3, S3 and S4 can be always ob-
tained, and the ZVS of Q> and Q4 can be achieved by designing
L1 and Ly as

Ly = Ly < 0.25V;,, TSV, / P,. (28)

Referring to (12) and (15), the ZVS condition of S; and S»
can be expressed as

3 NV, N2V2

8V, 12

NV, [\ NVE
2V, V2 v,

NV, 3
°+ 1 4P gy < 0.

(29)

Fig. 9 shows the ZVS region with P¢ gy s and V. and V,,
as variables, where the black dashed line is the critical form of
the inequality (29). According to the experimental parameters in
Table II, NV ./V,, varies from 14/19 to 21/19. The green dashed
line in Fig. 9 is the working point under the full load conditions,
Py gy varies from 0 to the green dashed line, and then the
green box in Fig. 9 can be obtained. As a result, the ZVS of §;
and Sy can always be realized as well.

Similarly, the ZVS region of SPS mode under the balanced
load condition can be shown in Fig. 10, where the black dashed
line is the critical form of the ZVS conditions under SPS mode.

As can be seen, when the output power is small, a wide range
of the ZVS region can be derived under the EVM mode.

When output power is high, a wide range of ZVS region can
be derived under the SPS mode.

2) Under Unbalanced Load Condition: While under the un-
balanced load condition, assuming that P,; > P,o, a dc bias ;.
will be added to i y. The current 7y under the unbalanced load
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condition can be expressed as

7:f(t) = lge — iLr(t)/N‘ (30)

When S3 is ON and Sy is OFF, the energy transferred from
Troto P,y is

ta
Elz/ Vip(t)/2 dt. 31)

ty

When S3 is OFF and Sy is ON, the energy transferred from
Troto P, is

t t

1 6
FEy = Voip(t)/2 dt + Voir(t)/2 dt. (32)
to t4
The difference between P,; and P,; can be derived by
AP, = (E) — Es)/ T (33)
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extremely unbalanced condition P, = 0 and P, = P,

where AP, is the power difference between P,y and Pys. It is
worth noting that AP, can be totally balanced by 7.5, thus, no
dc bias will be added to i4 and i 1,,.. Hence, the ZVS conditions of
01—-04 and S; and S5 can still be obtained under the unbalanced
mode.

By (8), (31), (32), and (33), 4. can be derived as

Iy = —2AP,/V,. (34)

According to Table I, (8), (12), (30), and (34), the ZVS
conditions of S3 and S, as

—2AP,/V, — p1(4p2 + )V, T,/ (N?L,) <0 for Sy
—2AP,/ Vot ¢1(dps + DV, T,/ (N2L,) > 0 for Sy °

(35)
As can be seen, the ZVS of S3 can always be obtained.
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TABLE IV
COMPARISON WITH OTHER CURRENT-FED CONVERTER TOPOLOGIES

Topologies [27] [28] [29] Proposed converter
Number of magnetic components 4 9 4 4
Number of switches 4 6 10 8
Number of diodes 4 6 0 0
Primary: ZVS Primary: ZVS Primary: ZVS Primary: ZVS

Secondary: ZCS
Range: Partial

Soft switching

Secondary: ZCS

Secondary: ZVS
Range: Full range

Secondary: ZVS

Range: Partial Range: Full range

Auxiliary switch for ZVS Not needed Not needed Needed Not needed
Input voltage 28-43 V 26-39 V 24-36 V 40-60 V
Output voltage 380V 370 V 400 V 380V
Rated power 1.2 kW 1 kW 1 kW 1 kW
Peak efficiency 94 % 96 % 96% 96.5%
Ability of bipolar output No No No Yes
TABLE V
COMPARISON WITH OTHER BIPOLAR OUTPUT CONVERTER TOPOLOGIES
. Proposed
Topologies [14] [17] [22] converter
Number of magnetic 4 ) 3 4
components
Number of switches 8 12 6 8
Number of diodes 0 6 0 0
ZVS Range Partial Partial Full range Full range
Complexity of control Low High Low Low
Input voltage 380V 600 V 32-53V 40-60 V
Output voltage 380 V 600 V 400 V 380 V
Rated power 3 kW 3 kW 750 W 1 kW
Peak efficiency 97 % 95 % 97 % 96.5 %
Input current ripple-free No No No Yes
Substituting (12) and (15) into (35), the ZVS condition of S5  Qoss as
can be expressed as C.V
. Lo > %dma (39)
NV, NYV, NYV, 3
VOC - \/2< VOC) -2 < V;) + 1 4Py — 2AP; > 0 Vemax of S1 and Sy are the largest ones among all of the switches,

(36)
where APy = NAP,L, [ (T;V.V,).

When the load is extremely unbalanced, namely when AP, =
P, and APy = Py, the ZVS region of Sy with Py and V. and V,
as variables can be shown as Fig. 11, where the black dashed
line is the critical form of the inequality (36). It can be seen that
ZVS of S5 can be obtained in this operating region.

3) Magnitude Criteria of ZVS by Considering the Para-
sitic Capacitance: Considering the parasitic capacitor of the
switches, to achieve ZVS, the charge of the parasitic capacitor
Coss should be released before the switches turned ON. The
charge Q.5 stored by Cygs can be expressed as

Qoss = C’oss chmax

where V_.,.x is the voltage across the switches. The charge
released during the deadtime can be expressed as

Qrel = LoitTy

where T is the dead time of the switches. To discharge Cls, the
charge @, released during the deadtime should be more than

37

(38)

which means S; and Sy are the most difficult to achieve the
magnitude criteria of ZVS. In the prototype, IRFP340 is chosen
as S7 and Sy, whose Cgs is 400 pF. According to the parameters
of the proposed converter shown in Table III, V.« of S and
Sy is 380 V. Ty is set to 2 x 10~%. Then, according to (39),
1o Oof 1 and Sy should be bigger than 0.304 A, which can be
easily achieved by the proposed converter. In conclusion, all the
switches can achieve ZVS even taking the parasitic capacitor
into consideration and the ZVS condition can refer Table II for
convenience.

E. Switching Process Between EVM Mode and SPS Mode

By combining the EVM mode and SPS mode, a wider ZVS
range can be obtained, as shown in Fig. 12.

To switch the operating mode of the proposed converter, one
can select the operating mode by a hysteresis comparator, as
shown in Fig. 13, where ¢; and ¢, are ¢; in the SPS mode and
EVM mode, correspondingly, and can be expressed as

1-/1-8F;

o= — (40)
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2V, 2\ V, 2V, 16 1)

NV, \/ 1(NV.\?> NV, 3
. N YT TN
There are two switching points P; and P;, where the power
transferred in SPS mode when P, = P, is a bit lower than the
power transferred in EVM mode when P, = P;,. The operation
mode will depend on the power transferred by the converter
and the change direction of the power transferred by the con-
verter. However, it is not convenient to measure the transferred
power. According to (16) and (17), the transferred power can be
reflected by the phase shift value ¢, thus, two thresholds are
preset as ¢; when P, = P, in SPS mode and ¢}, when P, = P, in
EVM mode. For example, assuming the converter is operating
in EVM mode, the converter will switch from EVM mode to
SPS mode when the load of the converter increases to a specific
value while ¢; > 5. Assuming the converter is operating in
SPS mode, the converter will switch from SPS mode to EVM
mode when the load of the converter increases to a specific value
while ¢1 < ;.

IV. EXPERIMENTAL VERIFICATION

A 1-kW hardware prototype of the proposed converter is built
and tested to verify its performance as shown in Fig. 14. Table III
shows the experimental parameters.

To verify the performance of the proposed converter, three
different load conditions were tested: Condition A of P,y = P,9
= 500 W, Condition B of P,; =500 W and P,, = 72 W, and
Condition C of P,; =500 W and P,; = 0 W. Fig. 15 shows the
waveforms of primary 47,1, ¢12, Vep, and iz, and Fig. 16 shows
secondary vge, Ve, @4, and iy under three conditions. As can
be seen, i7; and i are interleaved, and if,,, 74, and 7y have
the same or complementary shape. It has a good agreement with
the theoretical analyses.

Fig. 17 shows the waveforms of V,1, Via, 1,1, and I,2 and
Fig. 18 shows I;, under Conditions A—-C. As can be seen,
regardless of the load condition, both of V,; and V,2 can
naturally maintain at 190 V, realizing the auto-voltage-sharing.
Meanwhile, the input current ripple-free can be achieved.

Based on the theoretical analysis, the ZVS can always be
realized. Hence, only the ZVS under Condition C is presented,
as shown in Fig. 19. As can be seen, all switches achieve ZVS.

To validate the ZVS under light load condition, the ZVS
performance under light load condition is also tested. Fig. 20
shows the ZVS turn-ON under 14.44% load (500 £2) conditions.
It can be seen that ZVS turn-ON can always be achieved for all
switches.

Figs. 21 and 22 show the experimental results when P,;
changes from full load to no load and back to full load.
Under the step load change, it can be observed that V,;
and V,, are well-regulated to maintain voltage balancing
rapidly.

Fig. 23 shows the experimental results when V;,, changes from
60 to 40V and back to 60 V. Under the step input voltage change,
it can be observed that V,,; and V5 are also well-regulated to
maintain voltage balancing rapidly.
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The histogram of the theoretical loss is shown in Fig. 24. As
can be seen, the transformer losses and boost inductors losses
account for the majority of the total losses. When the load is
unbalanced, due to the Cy,, and Chs, the losses of primary side
components remain unchanged. But the copper losses of ;. and
the conduction losses of S3 and S, increased. Therefore, the total
losses under the unbalanced load are greater than those under
the balanced load.

Fig. 25(a) shows the measured efficiency curves of different
P, and V, under balanced load conditions. The maximum
efficiency is 96.4%. When V;,, is 40V, the efficiency is slightly
lower than that at 60 V. Fig. 25(b) shows the efficiency curve
when one output portis no load and the other port power changes.
It can be seen that when P, is same, under extremely unbalanced
load conditions, the efficiency slightly decreases.

V. COMPARISON

To show the advantage compared to the prior art, the input
current ripple cancellation methods proposed in [27], [28], and
[29] are taken as examples, where the current-fed structure is
used to reduce the input current ripple. In [27], to control the
output power of the converter, the duty cycle of the primary
side is not 0.5. Thus, the ripple of two boost inductors is not
complementary. A small current ripple still exists in the input
current. In [28], due to the three-phase structure, more switches
and transformers are needed, and the duty cycle of the primary
side is also not 0.5, so that the transfer power can be adjusted.
In [29], the duty cycle of the primary side switches is 0.5. Thus,
the ripple of the input current can be cancelled by the current-
fed structure. However, to achieve a wider range of ZVS turn-
ON, two auxiliary switches are added to achieve the extended
voltage match, leading to a more complex control strategy. In
the proposed converter, the ripple of the input current can also
be cancelled, and with two different operating modes, full-range
ZVS can be achieved with fewer switches and an easier control
strategy. In Table IV, the comparison of the proposed converter
with the other three solutions is provided.

A comparison between the proposed converter and those
having an output bipolar voltage with self-balancing ability
is provided. In [14], with the help of two voltage-balancing
inductors, the bipolar voltage can be balanced with no auxil-
iary structures. However, as the number of inductors increases,
the power density of the converter decreases. Furthermore, the
full-range ZVS turn-ON cannot be achieved for [14]. In [17],
to balance the bipolar output voltage, an extra control loop is
added, which makes the control strategy of the converter more
complex, and this converter increases the number of switches,
which increases the cost. Moreover, the full range of ZV'S cannot
be achieved. In [22], to reduce the number of inductors, this
topology uses the magnetizing inductor of the transformer to
balance the bipolar output voltage. However, a dc bias exists
in the transformer, which may cause magnetic saturation. And
all three of these topologies cannot reduce the input current
ripple. In the proposed converter, with a full-range ZVS re-
gion, the bipolar output voltage can be balanced, and the input
current ripple can be cancelled. In Table V, the comparison
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of the proposed converter with the other three solutions is
provided.

VI. CONCLUSION

In this article, a novel DAB-based bipolar dc—dc converter
is proposed, which can achieve current ripple-free on the input
side and auto-voltage-balancing on the bipolar output side. By
adjusting the phase shift angles between the primary and sec-
ondary switches, all of the switches can achieve ZVS in a wide
range, as well as a wide range of power transmission. Finally,
all the theoretical analysis results are well verified by the built
1-kW prototype.

(1]

[2]

(3]

[4]

(5]

[6]

(71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

REFERENCES

J. Ma, M. Zhu, Y. Li, and X. Cai, “Monopolar fault reconfiguration of
bipolar half bridge converter for reliable load supply in DC distribution
system,” IEEE Trans. Power Electron., vol. 37, no. 9, pp. 11305-11318,
Sep. 2022.

Y. Chen, J. Ma, M. Zhu, and J. Liu, “Dual-mode wide-voltage-range
operation of hybrid triple active bridge converter for bipolar DC distri-
bution systems,” IEEE Trans. Ind. Appl., vol. 60, no. 6, pp. 8998-9014,
Nov./Dec. 2024,.

J. Ma, Y. Li, M. Zhu, and X. Cai, “Parallel operation of distributed
voltage balancers for bipolar DC system with improved reliability and
efficiency,” in Proc. 43rd Annu. Conf. IEEE Ind. Electron. Soc., Oct. 2017,
pp. 1387-1392.

E. Rodriguez-Diaz, F. Chen, J. C. Vasquez, J. M. Guerrero, R. Burgos,
and D. Boroyevich, “Voltage-level selection of future two-level LVdc
distribution grids: A compromise between grid compatibility safety and
efficiency,” IEEE Electrific. Mag., vol. 4, no. 2, pp. 20-28, Jun. 2016.

S. Hasanpour and T. Nouri, “New coupled-inductor high-gain DC/DC
converter with bipolar outputs,” IEEE Trans. Ind. Electron., vol. 71, no. 3,
pp. 2601-2613, Mar. 2024.

J.-Y. Lee and J.-H. Jung, “Modified three-port DAB converter employing
voltage balancing capability for bipolar DC distribution system,” /EEE
Trans. Ind. Electron., vol. 69, no. 7, pp. 6710-6721, Jul. 2022.

J. Lago, J. Moia, and M. L. Heldwein, “Evaluation of power convert-
ers to implement bipolar DC active distribution networks — DC-DC
converters,” in Proc. IEEE Energy Convers. Congr. Expo., Sep. 2011,
pp. 985-990.

J. Ma, Y. Li, M. Zhu, and X. Cai, “Parallel operation of distributed
voltage balancers for bipolar DC system with improved reliability and
efficiency,” in Proc. 43rd Annu. Conf. IEEE Ind. Electron. Soc., Oct. 2017,
pp. 1387-1392.

Y. Lei, Y. Zhuang, F. Liu, X. Diao, and Y. Huang, “A general four-port
converter with series LC voltage balancer for bipolar DC microgrid,” IEEE
Trans. Ind. Electron., vol. 70, no. 12, pp. 12311-12321, Dec. 2023.

X. Zhang and C. Gong, “Dual-buck half-bridge voltage balancer,” IEEE
Trans. Ind. Electron., vol. 60, no. 8, pp. 3157-3164, Aug. 2013.

F. Wang, Z. Lei, X. Xu, and X. Shu, “Topology deduction and analysis of
voltage balancers for DC microgrid,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 5, no. 2, pp. 672-680, Jun. 2017.

H. Kakigano, Y. Miura, and T. Ise, “Low-voltage bipolar-type DC micro-
grid for Super high quality distribution,” /EEE Trans. Power Electron.,
vol. 25, no. 12, pp. 3066-3075, Dec. 2010.

B. Li et al., “DC/DC converter for bipolar LVdc system with integrated
voltage balance capability,” IEEE Trans. Power Electron., vol. 36, no. 5,
pp. 5415-5424, May 2021.

J.-Y. Lee, H.-S. Kim, and J.-H. Jung, “Enhanced dual-active-bridge DC—
DC converter for balancing bipolar voltage level of DC distribution
system,” IEEE Trans. Ind. Electron., vol. 67, no. 12, pp. 10399-10409,
Dec. 2020.

N. Naseem and H. Cha, “Triple-active-bridge converter with automatic
voltage balancing for bipolar DC distribution,” /IEEE Trans. Power Elec-
tron., vol. 37, no. 7, pp. 8640-8648, Jul. 2022.

S. Lee, H. Cha, and D.-C. Lee, “Voltage balancing for triple-active-bridge
converter using integrated transformer,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 13, no. 2, pp. 2027-2035, Apr. 2025.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 2, FEBRUARY 2026

J.-Y. Lee, Y.-P. Cho, and J.-H. Jung, “Single-stage voltage balancer with
high-frequency isolation for bipolar LVDC distribution system,” /EEE
Trans. Ind. Electron., vol. 67, no. 5, pp. 3596-3606, May 2020.

Q. Tian, X. Zhang, G. Zhou, X. Wang, B. Guo, and H. Ma, “A family
of symmetrical bipolar output converters based on voltage-multiplying
rectifiers for interfacing renewable energy with bipolar DC microgrid,”
1IEEE Trans. Power Electron., vol. 38, no. 7, pp. 9157-9172, Jul. 2023.
G. Ning, J. Chen, Y. Liu, G. Xu, W. Xiong, and M. Su, “Coupled-
inductor-based buck-type converter with autonomous voltage balancing
for bipolar DC microgrid,” IEEE Trans. Power Electron., vol. 39, no. 10,
pp. 11937-11942, Oct. 2024.

M. Lee, D. Choi, J. Chae, S. Cheon, and G.-W. Moon, “Voltage-balancing
dual-active-bridge (VB-DAB) converter for bipolar DC distribution sys-
tem,” IEEE Trans. Ind. Electron., vol. 70, no. 3, pp. 2461-2471, Mar. 2023.
Q. Tian, G. Zhou, H. Li, Y. Yang, and D. Zhou, “Symmetrical bipolar
output isolated four-port converters based on center-tapped winding for
bipolar DC bus applications,” IEEE Trans. Power Electron., vol. 37, no. 2,
pp. 2338-2351, Feb. 2022.

Y. Lin, F. Zhou, G. Xu, W. Xiong, and G. Ning, “Bipolar current-fed
DC-DC converter with automatic voltage balance and full range ZVS
for bipolar DC system,” IEEE Trans. Power Electron., vol. 39, no. 4,
pp. 4248-4259, Apr. 2024.

W. Xiong, Q. Xie, G. Xu, G. Ning, and M. Su, “Coupled inductor-based
DC-DC converter with bipolar self-balancing voltage and full load range
of ZVS,” IEEE Trans. Power Electron., vol. 40, no. 5, pp. 6951-6962,
May 2025.

K. Kim and H. Cha, “Dual-active-half-bridge converter with output voltage
balancing scheme for bipolar DC distribution system,” /EEE Trans. Ind.
Electron., vol. 69, no. 7, pp. 6850—-6858, Jul. 2022.

X. Kong and A. Khambadkone, “Analysis and implementation of a high ef-
ficiency, interleaved current-fed full bridge converter for fuel cell system,”
IEEE Trans. Power Electron., vol. 22, no. 2, pp. 543-550, Mar. 2007.
U.R. P and A. Rathore, “Extended range ZVS active-clamped current-fed
full-bridge isolated dc/dc converter for fuel cell applications: Analysis,
design, and experimental results,” IEEE Trans. Ind. Electron., vol. 60,
no. 7, pp. 2661-2672, Jul. 2013.

S. Jang, C. Won, B. Lee, and J. Hur, “Fuel cell generation system with
a new active clamping current-fed half-bridge converter,” IEEE Trans.
Energy Convers., vol. 22, no. 2, pp. 332-340, Jun. 2007.

J. Choi, H. Cha, and B. M. Han, “A three-phase interleaved dc—dc converter
with active clamp for fuel cells,” IEEE Trans. Power Electron., vol. 25,
no. 8, pp. 2115-2123, Aug. 2010.

D. Sha, Y. Xu, J. Zhang, and Y. Yan, “Current-fed hybrid dual active
bridge DC-DC converter for a fuel cell power conditioning system with
reduced input Current ripple,” IEEE Trans. Ind. Electron., vol. 64, no. 8,
pp. 6628-6638, Aug. 2017.

G. Xu, D. Sha, Y. Xu, and X. Liao, “Hybrid-bridge-based DAB converter
with voltage match control for wide voltage conversion gain application,”
1IEEE Trans. Power Electron., vol. 33, no. 2, pp. 1378-1388, Feb. 2018.
S.Kulasekaranand R. Ayyanar, “Analysis, design, and experimental results
of the semidual-active-bridge converter,” IEEE Trans. Power Electron.,
vol. 29, no. 10, pp. 5136-5147, Oct. 2014.

S. P. Engel, N. Soltau, H. Stagge, and R. W. De Doncker, “Dynamic and
balanced control of three-phase high-power dual-active bridge DC-DC
converters in DC-grid applications,” IEEE Trans. Power Electron., vol. 28,
no. 4, pp. 1880-1889, Apr. 2013.

Zhangjie Liu (Member, IEEE) was born in Hunan,
China, in 1991. He received the B.S. and Ph.D. de-
grees in control science and engineering from the
School of Automation, Central South University,
Changsha, China, in 2013 and 2018, respectively.

He is currently an Associate Professor with the
School of Automation, Central South University. His
research interests include dc microgrids, power sys-
tem stability, complex networks, and nonlinear cir-
cuits.



Shucheng Ma was born in Liaoning, China, in 2002.
He received the B.S. degree in intelligence science
and technology in 2024 from Central South Univer-
sity, Changsha, China, where he is currently working
toward the Ph.D. degree with the School of Automa-
tion, Central South University, Changsha, China.

His research interests include machine learning
methods in modeling and controlling the electrical
power electronic converter.

LIU et al.: INPUT CURRENT RIPPLE-FREE DC-DC CONVERTER WITH WIDE ZVS RANGE AND AUTO-VOLTAGE-SHARING 2087

Guangfu Ning (Member, IEEE) was born in Jiangxi,
China, in 1992. He received the B.S. degree from the
University of Shanghai for Science and Technology,
Shanghai, China, in 2014, and the Ph.D. degree from
Southeast University, Nanjing, China, in 2020, both
in electrical engineering.

Since 2024, he has been an Associate Professor
with the School of Automation, Central South Univer-
sity, Changsha, China. His research interests include
full-bridge converters, soft-switching technique, and
high-power high-voltage dc-dc converters in MVdc
collection systems.




<<
  /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 true
  /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 true
  /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


