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Abstract—This paper proposes an indirect input-series output-
parallel (I2SOP) dc–dc full-bridge converter system based on
asymmetric pulsewidth modulation (APWM) control strategy for
high input voltage applications. When a short-circuit fault occurs
in a high input voltage dc bus, the proposed I2SOP system can
disconnect from the dc bus effectively and avoid the input filter
capacitors of constituent modules discharge compared with the
traditional ISOP system, facilitating fault handling and protecting
the input filter capacitors. Moreover, with the proposed I2SOP
structure, it is easy to achieve redundancy design when one or
a few constituent modules fail. The APWM control strategy is
introduced to the I2SOP system rather than the classical phase-
shifted control strategy for the basic full-bridge module to reduce
the voltage stress of power switch and the filter requirement.
The characteristics of input voltage sharing and output current
sharing of the I2SOP system are also analyzed. A three-module
I2SOP system prototype was built, and the experimental re-
sults verify the correctness and effectiveness of the proposed
solution.

Index Terms—Asymmetric pulsewidth modulation (APWM)
control strategy, full-bridge converter, fault handling, indirect
input-series output-parallel (I2SOP).

I. INTRODUCTION

A SERIES–parallel combined power conversion system, in
which multiple standardized modules are connected in

series and/or parallel at the input and output sides, is an ef-
fective approach to improve the voltage and/or current rat-
ings of power electronics equipment. Generally, the series–

Manuscript received December 25, 2017; revised May 7, 2018; accepted June
29, 2018. Date of publication July 11, 2018; date of current version February
20, 2019. This work was supported in part by the National Key R&D Program
of China under Grants 2018YFB0904100 and 2018YFB0904103, in part by the
National Natural Science Foundations of China under Grant 51677028, and in
part by the Natural Science Foundation of Jiangsu Province, China, under Grant
BK20161418. Recommended for publication by Associate Editor Prof. T. Qian.
(Corresponding author: Wu Chen.)

W. Chen, X. Fu, C. Xue, H. Ye, W. A. Syed, L. Shu, and G. Ning are with
the Center for Advanced Power-Conversion Technology and Equipment, School
of Electrical Engineering, Southeast University, Nanjing 210096, China
(e-mail:, chenwu@seu.edu.cn; fuxinghe@seu.edu.cn; xue_chen_yang@126.
com; yehannjust@163.com; waqar_azeem11@hotmail.com; 18362961507@
163.com; ningguangfu@163.com).

X. Wu is with NR Electric Co., Ltd., Nanjing 211102, China (e-mail:,
wuxd@nrec.com).

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

Digital Object Identifier 10.1109/TPEL.2018.2855205

parallel systems can be divided into following four categories:
input-parallel output-parallel (IPOP), input-parallel output-
series (IPOS), input-series output-parallel (ISOP), and input-
series output-series (ISOS) [1]. These specific connection ar-
chitectures are suitable for different applications, e.g., ISOP
conversion systems are suitable for high input voltage and large
output current applications.

A large number of circuit topologies and control strategies
have been proposed for the series–parallel combined power
conversion systems to realize steady-state operation and supe-
rior performance [2]–[14]. Recently, considerable attention has
been paid to the ISOP system, in which input voltage sharing
(IVS) and output current sharing (OCS) are the key issues for
the stable operation [2]–[14]. Giri et al. [2] first proposed a
common-duty-ratio control strategy relying on the inherent self-
correcting characteristics to achieve IVS and OCS for an ISOP
system comprising two forward converters. Besides the natural
voltage/current sharing method, some control strategies with
special voltage/current sharing control loops are also proposed.
Input voltage feed-forward methods with different inner current
loops are often used to realize IVS for the ISOP systems [3]–[5].
Moreover, the information of output currents of the constituent
modules can also be employed to realized IVS and OCS for
the ISOP systems [6]–[8]. In [9] and [10], a decentralized IVS
control strategy for the input-series-connected dc–dc converters
was proposed to achieve a fully modular design, which does not
require any control communication link among the constituent
modules.

Besides the unidirectional ISOP dc–dc power conversion sys-
tems mentioned above, the ISOP structure has also been widely
used in bidirectional dc–dc power conversion systems, such
as solid-state transformer (SST) and energy storage systems
[15]–[19]. The ISOP systems with a dual active bridge con-
verter as the basic module not only provide galvanic isolation
and bidirectional energy flow but also provide large voltage ratio
between the medium-voltage and low-voltage dc sides.

It is noteworthy that almost all the ISOP systems are con-
structed by directly connecting the input filter capacitors of the
constituent modules in series and forming a concentrated capac-
itor [2]–[19]. The advantage of a concentrated capacitor is that
the dc bus voltage ripple can be reduced with interleaved control
of the constituent modules; however, the concentrated capacitor
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voltage will collapse and experience discharge, leading to high
transient current under dc bus short-circuit fault condition [20].
If this high transient current is not limited, the stored energy
in the capacitors will cause hazard to capacitors as well as con-
nected equipment. Moreover, a much higher break capability
of the dc breakers will be required if the discharging current
from the concentrated capacitor is not limited [21]. In order to
alleviate the damage caused by the discharging concentrated
capacitor, it is desirable to disconnect the concentrated capacitor
as soon as the fault is detected. In [21], a semiconductor switch
(such as IGBT with an antiparallel diode) is connected in series
with the capacitor, and under normal condition, the IGBT is
always turned ON to flow ripple current of the capacitor. When
the short-circuit fault is detected, the IGBT is turned OFF and
the capacitor will not discharge. This dc fault protection method
is also effective when it is used to each constituent modules of
the ISOP system [22]. Zhao et al. [23]–[25] proposed a solution
based on half-bridge switched capacitor submodule to address
the aforementioned issue. One terminal of a constituent module
is connected to the dc terminal of a half-bridge switched
capacitor submodule and all the ac terminals of the half-bridge
switched capacitor submodules are connected in series to
interface the dc bus voltage. It can be seen that there is no single
concentrated capacitor, and when the dc short-circuit fault
is detected, the IGBTs of all half-bridge switched capacitor
submodules are turned OFF and the discrete capacitors will not
discharge. These methods solve the dc bus fault issues at the
price of external switches, drivers, and conduction and switching
losses.

For the ISOP system, the input terminal of the faulted mod-
ule has to be shorted to keep the remaining modules operate
normally and the dc capacitor of the faulted module will be
short-circuited [26], [27]. In [26], a protection circuit for fault-
tolerant operation using a thyristor was proposed, and a current
limiting inductor was also required to suppress the large tran-
sient discharge current of the capacitor. In [27], an active gate
controlled power transfer switch using SiC-MOSFET to suppress
the surge current was proposed to achieve the fault-tolerant op-
eration of the ISOP system. It can be seen that additional active
devices and/or passive components are required in order to sup-
press the large transient discharge current of the capacitor of the
faulted module.

With a special focus on issues of the concentrated capacitor
discharge under dc bus fault and the discrete capacitor discharge
under fault-tolerant operation of the ISOP system, this paper
proposes an indirect ISOP (I2SOP) system with a full-bridge
converter as the basis module. Compared with the aforemen-
tioned solutions, the proposed I2SOP structure is a very simple
approach with almost no additional device and component.
Furthermore, an asymmetric pulsewidth modulation (APWM)
control strategy [28] is introduced for the basic full-bridge
module to decrease the voltage stress of power switch compared
with the traditional phase-shifted (PS) control strategy [29],
which will be thoroughly discussed in the following section.
The analysis and comprehensive experimental results are
provided in this paper.

Fig. 1. Topology of the proposed I2SOP system.

II. CIRCUIT CONFIGURATION AND

OPERATION PRINCIPLES

A. Description of the Proposed I2SOP System and
Control Strategy

The topology of the proposed I2SOP system with a full-bridge
converter as the basic module is shown in Fig. 1. The main circuit
consists of N series-connected full-bridge modules, compared
with the traditional ISOP system where the positive terminal
of system input voltage is directly (or through a filter inductor)
connected to the positive electrode of the filter capacitor of the
first module [3], [12], the positive terminal of I2SOP system
input voltage is connected to a midpoint (A1) of a bridge leg
of the first full-bridge module through a filter inductor, and the
negative electrode of the filter capacitor of the first module is
connected to a midpoint (A2) of a bridge leg of the second full-
bridge module; thus, in this way, all the full-bridge modules are
indirectly connected, as shown in Fig. 1. It can be seen that un-
like the traditional ISOP system where all the filter capacitors of
modules are directly connected in series to form a concentrated
capacitor, in the I2SOP system, there is no physical connec-
tion among the filter capacitors of modules, and the electrical
connections are achieved by the switches.

In Fig. 1, Vin and Iin are the system input voltage and current,
respectively. Vo and Io are the system output voltage and
current, respectively. Vdj and Vhvj are the input terminal voltage
and bridge leg midpoint voltage of each full-bridge module,
respectively, and Vhv is the sum of all Vhvj (j = 1,. . . ,N).
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Fig. 2. Main waveforms of the APWM control strategy. (a) #1 control method.
(b) #2 control method.

VL in is the voltage across the input filter inductor. Turns ratios
of all transformers are the same and are equal to 1:K.

In order to analyze the operation principle of the proposed
structure, the following conditions are assumed.

1) All the switches, diodes, inductors, and capacitors are
ideal.

2) The input inductance Lin is large enough so that the input
current Iin is considered as a constant current at steady
state.

3) The output filter capacitors Coj (j = 1,. . . ,N) are large
enough so that the output voltage Vo is considered as a
constant voltage at steady state.

4) The leakage inductance of transformers Trj (j =
1,. . . ,N) is small enough so that can be ignored.

Fig. 2 shows the main waveforms of the APWM control
strategy [28], where switches Qj1 and Qj2 are switched out
of phase and Qj3 and Qj4 are switched out of phase. TS is
the switching period and Da is the duty cycle to regulate the

system output voltage to a desired value. VAjBj is symmetrical
as Qj2 and Qj4 are gated with the same duty cycle.

According to [28], two gating signal methods can be applied
to Qj1 ∼ Qj4 to obtain the same output voltage for a single
full-bridge converter. The first method is shown in Fig. 2(a),
where the duty cycle of Qj1 is controlled as 0.5 ≤ D1 < 1,
which is called as #1 control method. The second method is
shown in Fig. 2(b), where the duty cycle of Qj1 is controlled as
0 < D1 ≤ 0.5, which is called as #2 control method. Although
both control methods can be used to obtain the same output
voltage for a single full-bridge converter, they have total
different effects on the I2SOP system, which will be discussed
at present. Assuming the duty cycles of all the full-bridge
modules are identical and the input voltages of modules are the
same, i.e., Vd1 = Vd2 = · · · = VdN = Vd .

Then, we have

Vhv1 = Vhv2 = · · · = VhvN = D1Vd. (1)

For the input filter inductor Lin, the average voltage across it
during one period can be derived as follows:

VL in = Vin −
N∑

j=1

Vhvj = Vin − ND1Vd. (2)

At steady state, the average voltage across Lin is zero. Thus,
the following equation is obtained:

Vd =
Vin

ND1
. (3)

For the full-bridge module, ignoring the duty cycle loss, the
system output voltage is

Vo = VdDaK (4)

where Da is the duty cycle of VAjBj and Da = 2(t4 − t3)/Ts .
For the #1 control method [see Fig. 2(a)], we have

D1Ts + 0.5DaTs = Ts. (5)

From (3)–(5), we have

Vo = 2(1 − D1)K
Vin

ND1
, (0.5 ≤ D1 < 1). (6)

For the #2 control method [see Fig. 2(b)], we have

D1Ts = 0.5DaTs. (7)

From (3), (4), and (7), we have

Vo = 2K
Vin

N
, (0 < D1 ≤ 0.5). (8)

Combining (6) and (8), the system output voltage can be
expressed as

Vo =

⎧
⎨

⎩

2(1 − D1)K V in
N D1

, (0.5 ≤ D1 < 1)

2K V in
N , (0 < D1 ≤ 0.5).

(9)

From (9), it can be seen that the system output voltage is
directly proportional to the system input voltage when #2 control
method is used. In other words, the system output voltage cannot
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Fig. 3. Main waveforms of the PS control strategy.

be regulated to a constant desired value in system input voltage
range with #2 control method, while the system output voltage
can be regulated to a constant desired value with a variation of
D1 when #1 control method is used. Hence, only #1 control
method is effective for the I2SOP system with the full-bridge
converter as the basic module, which is different from [28].

From (3), it can be seen that compared to the traditional ISOP
system, the voltage rating of devices and capacitors in each mod-
ule is boosted up. Therefore, there might be some limitations in
the proposed scheme in terms of the duty cycle range or step
gain range in a practical application, when comparing it with the
traditional ISOP system, assuming the transfer gain and module
numbers are the same for cost and loss concerns. So, to keep the
voltage rating of devices and capacitors constant, more modules
are needed, but the transfer power of each module is reduced at
the same time.

B. Comparison Between the APWM Control Strategy and
the PS Control Strategy

Fig. 3 shows the main waveforms of the PS control strategy
for a full-bridge converter, in which the duty cycle of each switch
is fixed to be 50%, i.e., D1 = 0.5.

According to (3), the input voltage of full-bridge module of
the I2SOP system with the PS control strategy can be expressed
as

Vd p = 2
Vin

N
. (10)

Then, the system output voltage can be expressed as

Vo p = Vd pDaK = 2DaK
Vin

N
. (11)

Equation (10) indicates that the module input voltage is pro-
portional to the system input voltage with the PS control strategy,
while for the APWM control strategy, according to (3) and (6),
the module input voltage is related to not only with the system
input voltage but also with the duty cycle of the switch.

A simple example is given here to compare the effects of
the different control strategies on the module input voltage. The

Fig. 4. Comparison of the module input voltages with two different control
strategies in the system input voltage range.

number of modules is N = 3, the system input voltage Vin

ranges from 210 to 350 V, the system output voltage is 70 V,
and the transformer turns ratio is K = 0.5. For both control
strategies, the duty cycle Da is designed to be 1 at the minimum
system input voltage.

According to (10), we have

Vd p = 2
Vin

3
. (12)

Combining (3) and (6), we have

Vd a =
2KVin + VoN

2KN
= 70 +

Vin

3
. (13)

Fig. 4 shows the curves of module input voltages with dif-
ferent control strategies in the system input voltage range. Note
that 210 V is the minimum input voltage with closed-loop con-
trol. It can be seen that with the introduction of the APWM
control strategy, the voltage stress of switches can be effectively
reduced compared with that with the PS control strategy.

Furthermore, a comparison of duty cycle Da in two different
control strategies is also presented.

According to (11), the duty cycle of the PS control strategy
can be expressed as

Da p =
NVo

2KVin
=

210
Vin

. (14)

Combining (5) and (6), the duty cycle of the APWM control
strategy can be expressed as

Da a =
NVo

KVin + 0.5NVo
=

420
Vin + 210

. (15)

Fig. 5 shows the curves of duty cycle Da with different control
strategies in the system input voltage range. Note that 210 V
is the minimum input voltage with closed-loop control. It can
be seen that the duty cycle of the APWM control strategy is
obviously larger than that of the PS control strategy. For the
APWM control strategy, the basic full-bridge module has lower
input voltage and larger duty cycle, leading to much smaller
input/output voltage/current ripples, and the filter requirement
can be decreased.
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Fig. 5. Comparison of the duty cycles with two different control strategies in
the system input voltage range.

Fig. 6. Key waveforms of the jth full-bridge module.

C. Operation Principle

In [28], the operation principle of a new zero-voltage and zero-
current switching full-bridge converter with the APWM control
strategy has been presented. In this subsection, the operation
principle of a traditional full-bridge converter (the basic module
of the I2SOP system) with the APWM control strategy will be
simply analyzed. The key waveforms are shown in Fig. 6, and
the equivalent circuits of each operation stages are shown in
Fig. 7. It should be noted that to realize the soft-switching for
power switches, extra capacitors are connected in parallel with
power switches, which are not shown in Figs. 1 and 7.

1) Stage 1 [t0 , t1 ] [see Fig. 7(a)]: At t0 , Qj2 is turned OFF

and Qj1 is turned ON with a certain dead time, and Qj1
is turned ON with zero-voltage condition due to Lrj and
Loj . During this stage, the voltage VAjBj = 0 and the
primary current of the transformer freewheels through
Qj3 and body diode of Qj1 . The input terminal voltage
Vhvj = Vdj , and the input capacitor Cdj is charged.

2) Stage 2 [t1 , t2 ] [see Fig. 7(b)]: At t1 , Qj3 is turned OFF

and Qj4 is turned ON with a certain dead time, and Qj4
is turned ON with zero-voltage condition (also depends

Fig. 7. Equivalent circuits of all operation stages. (a) Stage 1 [t0 , t1 ].
(b) Stage 2 [t1 , t2 ]. (c) Stage 3 [t2 , t3 ]. (d) Stage 4 [t3 , t4 ].

on the load condition) due to Lrj . During this stage, Cdj

powers the load. Vhvj = Vdj , and Cdj is discharged.
3) Stage 3 [t2 , t3 ] [see Fig. 7(c)]: At t2 , Qj4 is turned OFF

and Qj3 is turned ON with a certain dead time, and Qj3
is turned ON with zero-voltage condition due to Lrj and
Loj . The full-bridge module operates in freewheeling
state in this stage. Vhvj = Vdj , and Cdj is charged.

4) Stage 4 [t3 , t4 ] [see Fig. 7(d)]: At t3 , Qj1 is turned OFF

and Qj2 is turned ON with a certain dead time, and Qj2
is turned ON with zero-voltage condition (also depends
on the load condition) due to Lrj . During this stage, Cdj

powers the load. Vhvj = 0, and Cdj is discharged.
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From the above-mentioned analysis, it is concluded that Qj1
and Qj3 are easy to realize zero-voltage turn-ON, and Qj2 and
Qj4 are relatively difficult to realize zero-voltage turn-ON. While
for the PS control strategy, Qj1 and Qj2 (or Qj3 and Qj4) are
easy to realize zero-voltage turn-ON, while Qj3 and Qj4 (or Qj1
and Qj2) are relatively difficult to realize zero-voltage turn-
ON [28]. Hence, the APWM control strategy has the similar
soft-switching characteristics compared with those of the PS
control strategy. It also should be noted that due to the shorter
conduction times of Qj2 and Qj4 compared to those of Qj1
and Qj3 in the APWM control strategy, the conduction losses
of Qj2 and Qj4 are lower than those of Qj1 and Qj3 . While for
the PS control strategy, the conduction losses of four switches
are approximately the same.

For the control of the I2SOP system, a fixed phase shift of
2π/N is added between adjacent full-bridge modules to reduce
the input and output current ripples. Fig. 8 shows the main
waveforms of a three-module I2SOP system. The operation can
be divided into the following two states.

1) 0.5 � D1 � 2/3

Vhv(t) =

{
Vd t ∈ [

kTs

3 , kTs

3 +
( 2

3 − D1
)
Ts

]

2Vd t ∈ [
kTs

3 +
( 2

3 − D1
)
Ts,

(
k+1

3

)
Ts

]

k = 0, 1, 2. (16)

2) 2/3 < D1 < 1

Vhv(t) =

{
2Vd t ∈ [

kTs

3 , kTs

3 + (1 − D1) Ts

]

3Vd t ∈ [
kTs

3 + (1 − D1) Ts,
(

k+1
3

)
Ts

]

k = 0, 1, 2. (17)

Similarly, for N modules, we have

Vhv(t)=

⎧
⎨

⎩
(N − m − 1)Vd t ∈ [

kTs

N ,
(

k−m
N + 1 − D1

)
Ts

]

(N − m)Vd t ∈ [(
k−m

N + 1 − D1
)
Ts,

(
k+1
N

)
Ts

]

k = 0, 1, 2, . . . , N − 1
(18)

where m is an integer.
When N is an odd number, D1 ∈ [ 1

2 , N +1
2N ) ∪ [1 − m+1

N ,

1 − m
N )m ∈ [0, N −3

2 ].
When N is an even number, D1 ∈ [1 − m+1

N , 1 − m
N ) m ∈

[0, N −2
2 ].

The current ripple of the input filter inductor can be derived as

ΔIp = Imax − Imin

= − [Vin − (N − m) Vd ]
Lin

[
m + 1

N
− (1 − D1)

]
Ts

=
Vin (1 − D1) Ts

Lin

×
{

[N (1 − D1) − m] [m + 1 − N (1 − D1)]
(N − ND1) (ND1)

}
.

(19)

According to (19), the current ripple still changes with D1 . It
can be seen from Fig. 8 that with the same switching frequency,

Fig. 8. Key waveforms of the three-module I2SOP system. (a) 0.5 � D1 � 2/3.
(b) 2/3 < D1 < 1.

the ripple frequencies of Vhv and Iin increase by N times, thus
decreasing the input current ripple. Besides the input current
ripple, the output current ripple is also decreased due to the
fixed phase shift control among the constituent modules.

If no phase shift angle existed between the modules, based on
(2), the current ripple of the input filter inductor can be derived as

ΔI ′p = I ′max − I ′min =
Vin(1 − D1)

Lin
Ts. (20)

Based on (19) and (20), GP is defined as the current ripple
ratio as follows:

GP =
ΔIp

ΔI ′p
=

[N (1 − D1) − m] [m + 1 − N (1 − D1)]
(N − ND1) (ND1)

.

(21)
Fig. 9 shows the curves of the current ripple ratio Gp vary-

ing with the duty cycle D1 . It can be seen that Gp is always
smaller than 1/N, which means that the current ripple is reduced



3170 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 4, APRIL 2019

Fig. 9. Curves of the current ripple ratio GP with the duty cycle D1 .

TABLE I
MAIN PARAMETERS

dramatically with the phase shift angle between modules. Thus,
the voltage ripple and current impact are also decreased, which
can reduce the volume of the input filter inductor with the same
standard for the current ripple in the I2SOP system. Further-
more, as the input current ripple is reduced, the current ripple
of the input capacitor can also be reduced, which is beneficial
for its lifespan.

III. BALANCE ANALYSIS AND CONTROL STRATEGIES

A. Balance Characteristic Analysis

For the traditional ISOP system, a plenty of control strategies
were proposed aiming at the balance operation of the system,
i.e., IVS and OCS [2]–[14]. By power conservation, the fol-
lowing conclusion can be obtained for the ISOP system: If the
module input voltages are equal, the module output currents will
be nearly equal, and, on the other hand, if the module output cur-
rents are equal, the module input voltages will be nearly equal;
in other words, once IVS is achieved, OCS is nearly achieved
automatically and vice versa [1]. However, for the proposed
I2SOP system, the input currents of modules are not necessarily

equal due to their input terminals are not directly connected in
series, unlike the ISOP system in which the input currents of
modules are naturally equal. Hence, the balance characteriza-
tion of the I2SOP system will be somewhat different from that
of the ISOP system.

At steady state, since both the input voltage and the output
voltage are constant, by power conservation, we have

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Vd1IinD1η1 = VoIo1

Vd2IinD2η2 = VoIo2

...

VdN IinDN ηN = VoIoN

(22)

where η1 , η2 , . . . , ηN are the conversion efficiencies of
the modules, and D1 , D2 , . . . , DN are the duty cycles of
Q11 , Q21 , . . . , QN 1 , respectively.

In practice, as the topologies of the modules are identical,
the mismatches in the power stages are not so large, so the
difference among the module efficiencies is negligible, and we
assume η1 = η2 = · · · = ηN = η. When Qj2 is ON and Qj1 is
OFF, the jth full-bridge module is bypassed from the system
input current, and when Qj2 is OFF and Qj1 is ON, the system
input current flows through the jth full-bridge module; hence,
IinDj and Vdj IinDj are regarded as the input current and input
power of the jth full-bridge module, respectively. And, (22) can
be rewritten as

Vd1D1 : Vd2D2 : · · · : VdN DN = Io1 : Io2 : · · · : Ion (23)

where VdjDj is regarded as the equivalent input voltage of jth
full-bridge module.

From (23), we can see that if the module output currents are
controlled to be equal, the module equivalent input voltages
(VdjDj ) will be equal, while the module real input voltages
(Vdj ) are not necessarily equal. One may say that if the module
output currents are controlled to be equal and in the meantime
keeping all the duty cycles Dj the same, then the module real
input voltages will be equal. However, we should know that the
duty cycles Dj are used to regulate the module output currents
to be equal; hence, the duty cycles Dj are impossible to be
equal when the modules are unmatched to a certain extent,
especially some key parameters such as the turns ratios of the
power transformers in the individual modules are different. In
other words, the module output currents and duty cycles Dj are
impossible to be equal at the same time. Hence, if the module
output currents are controlled to be equal, the module real input
voltages (Vdj ) are not necessarily equal. Similarly, if the module
real input voltages (Vdj ) are controlled to be equal, the module
output currents are not necessarily equal. It can be seen that
the balance characteristic is different from that of the traditional
ISOP system.

In order to validate the balance characteristic analysis, an
I2SOP system with three full-bridge modules is simulated, and
the specifications of the system are presented in Table I. The
turns ratios of the three transformers are purposely made to
have a difference of about 8%. In the simulation, the OCS con-
trol strategy is changed to the IVS control strategy (the control
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strategies are presented in the following section) at instant 1 s.
Fig. 10 shows the simulation results of input voltages, output
currents, duty cycles of Qj1 (j = 1, 2, 3), and system output
voltage of the three modules. It can be seen that before 1 s, the
OCS of the three modules is achieved, while the input voltages
and duty cycles of Qj1 of three modules are not equal; however,
the products of VdjDj (j = 1, 2, 3) are equal. After 1 s, the
input voltages of the three modules converge due to the function
of the IVS control strategy, while the output currents of the three
modules diverge. At about 4 s, the system enters the new steady
state, and the input voltages of three modules are equal, while
the output currents are not equal.

B. Balance Control Strategies

According to the aforementioned analysis, both the OCS con-
trol strategy and IVS control strategy can be used for the I2SOP
system. In the viewpoint of power balance or thermal balance
of all constituent modules, the OCS control strategy is a better
option, while the IVS control strategy is a better option if the
voltage stress balance of the active switches is of more concern.

Fig. 11(a) and (b) shows the IVS and OCS control strategies
of the I2SOP system, respectively. In Fig. 11(a), the output
voltage regulator takes the difference value between the
sampled voltage vo and reference value Vref to a PI controller,
and the output vo EA is used as the basic common duty cycle of
all Qj1 . The IVS controller samples the module input voltage
Vdj and compares it with Vd ave to calculate the correcting
value vd EAj , where Vd ave is the sampled average value and
Vd ave = (Vd1 + Vd2 + · · · + VdN )/N . The actual duty cycle
of Qj1 is the summation of vo EA and vd EAj . Compared with
the IVS control strategy, in Fig. 11(b), the difference is that
the output currents of modules are sampled and used as for the
OCS control loop.

IV. FAULT CHARACTERIZATION OF THE I2SOP SYSTEM

The ISOP power conversion system is usually used in high-
voltage applications, such as dc grids. For the dc grids, no matter
at what voltage level, protections against dc short-circuit fault
still remain a big challenge due to lower impedance in dc systems
and fast development of dc fault. It has been proved that the
discharging current of the dc bus capacitor plays an important
role in the initial stage of short-circuit current [21]. For the
traditional ISOP system, the concentrated capacitor formed by
the input filter capacitors of modules is directly connected to
the dc bus and the concentrated capacitor will collapse and
experience discharge, leading to high transient current under dc
bus short-circuit fault condition, which causes more difficulty
in fault handling, while for the proposed I2SOP system, there
is no single concentrated capacitor directly connected to the dc
bus. When a dc fault is detected, all the switches should be
turned OFF; hence, the input filter capacitors of the modules are
disconnected fully from the dc bus and these capacitors will
not be discharged, resulting in no additional transient current
from the I2SOP system to the fault position and facilitating
fault handing. If the fault is cleared promptly in a short time,

Fig. 10. Simulation results of the OCS control versus IVS control. (a) Input
voltages Vd1 , Vd2 , and Vd3 . (b) Output currents Io1 , Io2 , and Io3 . (c) Duty
cycles of Qj 1 D1 , D2 , and D3 . (d) Output voltage Vo .
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Fig. 11. Control strategies of the I2SOP system. (a) IVS control strategy.
(b) OCS control strategy.

the voltages of the input filter capacitors will remain almost
unchanged and the I2SOP system can rapidly recover the normal
operation, eliminating the soft startup process of the traditional
ISOP system. An example circuit of an I2SOP system with three
full-bridge modules to handle the dc fault is shown in Fig. 12.
Fig. 13 shows the simulation results of a three-module I2SOP
system responding to a dc bus short-circuit fault at 1 s and
cleared at 2 s. At 1 s, all the three modules are locked and
their input voltages Vd1 , Vd2 , and Vd3 are kept constant, and
the system output voltage Vo falls rapidly to zero. At 2 s, the
short-circuit fault is cleared and the I2SOP system can rapidly
recover the normal operation.

One of the advantages of the ISOP or I2SOP system is the
high system reliability, i.e., the systems can still run normally
when one or a few constituent modules fail. In [30]–[32], the
detailed methods to detect the failures within a single module
are presented. In the proposed I2SOP system, when the jth mod-
ule failure is detected, Qj1 , Qj3 , and Qj4 are turned OFF and
Qj2 is turned ON immediately; then, the jth module is switched
out from operation, the input capacitor Cdj will not discharge,

Fig. 12. Equivalent circuit under dc bus short-circuit fault.

Fig. 13. Simulation waveforms of the I2SOP system responding to a dc bus
short-circuit fault. (a) Vd1 , Vd2 , and Vd3 . (b) Vo .

and the system can still run normally. Actually, the switch Qj2
may also be damaged in some cases, then an additional bypass
contactor S is required to be connected in parallel with Qj2 , and
when a failure occurs in the jth module, the bypass contactor is
turned ON. Fig. 14 shows an example of an I2SOP system when
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Fig. 14. Equivalent circuit under the first module fault.

the first module fails. Fig. 15 shows the simulation waveforms
of the I2SOP system responding to the first module switched out
and in. Before 1 s, all three modules are in balance state. At 1 s,
assuming a failure occurs in the first module, then the fault con-
trol strategy makes the first module switched out through turning
OFF Q11 , Q13 , and Q14 and turning ON Q12 . It can be seen that
the voltage Vd1 remains constant, and both the input voltages
Vd2 and Vd3 increase to sustain the system input voltage, and
Vd2 and Vd3 still remain equal. The system output voltage Vo

recovers 70 V after a short time of regulation. The transformer
current of the first module reduces to zero and the transformer
currents of second and third modules increase accordingly to
supply the load. At 3 s, the first module is switched into the sys-
tem and the I2SOP system returns to the normal operation. From
the simulation results, the I2SOP system can operate well when
submodule failure occurs and the reliability can be improved.

V. EXPERIMENTAL RESULTS

In order to verify the effectiveness of the proposed I2SOP
structure, a 1-kW system with three full-bridge modules was
built in the laboratory. The system input voltage ranges from 175
to 350 V, the output voltage is 70 V, the input filter inductance
is 1.2 mH, the input capacitors Cd1 = Cd2 = Cd3 = 470 μF,
the turns ratios of three transformers are 1:0.6, and the switch-
ing frequency fs = 10 kHz. For the prototype, the IVS control
strategy was used.

Fig. 16 shows the experimental waveforms of the I2SOP sys-
tem at steady state. It can be seen the three full-bridge modules

Fig. 15. Simulation waveforms of the I2SOP system responding to the
first module switched out and in. (a) Vd1 , Vd2 , and Vd3 . (b) Vo . (c) Vhv.
(d) Transformer currents of the three modules IT r 1 , IT r 2 , and IT r 3 .

are interleaved controlled. It is easy to find that the system
reaches a well voltage balance state due to the positive am-
plitude of VAjBj equals the module input voltage. The ripple
frequency of the input current is three times of the switching fre-
quency, leading to much lower input current ripple. The system
output voltage stays steadily at 70 V.
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Fig. 16. Experimental waveforms of the I2SOP system at steady state.
(a) VA 1B 1 , VA 2B 2 , VA 3B 3 , and Vhv. (b) Vhv, Iin, Vo , and Io . (c) IT r 1 ,
IT r 2 , and IT r 3 .

Fig. 17. Experimental waveforms of the I2SOP system when the whole system
is disabled and enabled.

Fig. 18. Experimental waveforms of the I2SOP system when the first module
is switched out and in. (a) Vd1 , Vd2 , Vd3 , and Vhv. (b) Vin, Iin, Vo , and Io .
(c) IT r 1 , IT r 2 , and IT r 3 .

Due to the danger and damage caused by the dc bus short-
circuit fault to the input voltage source and other equipment
in the lab, the real short-circuit fault experiment is not done.
However, the I2SOP system responding to a short-circuit fault
was simulated by disabling the system, and the system is
enabled again when the fault is cleared; the experimental results
are shown in Fig. 17. At t1 , the I2SOP system is disabled, the
input voltages of three modules remain almost unchanged, and
the system output voltage reduces to zero. At t2 , the I2SOP
system is enabled again and we can see that there is no soft
startup process to charge the input capacitors, and the system
output voltage recovers rapidly at 70 V.
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Fig. 19. Voltages across Qj 2 with the APWM control strategy and the PS
control strategy under different input voltages. (a) PS control strategy with
Vin = 190 V. (b) APWM control strategy with Vin = 190 V. (c) PS control
strategy with Vin = 350 V. (d) APWM control strategy with Vin = 350 V.

Fig. 18 shows the experimental waveforms of the I2SOP sys-
tem when the first module is switched out and in to simulate
whether a failure has occurred and repaired, respectively. At
t3 , Q11 , Q13 , and Q14 are turned OFF and Q12 is turned ON

to simulate the failure of the first module. It can be seen that
Vd1 remains constant, both Vd2 and Vd3 increase to sustain the
system input voltage, and Vd2 and Vd3 still remain equal. The
transformer current of the first module reduces to zero and the
transformer currents of second and third modules increase ac-
cordingly to keep the system output voltage constant. At t4 , the
first module is switched into the system and the I2SOP system
returns to the normal operation.

Both the APWM control strategy and PS control strategy are
applied to the I2SOP system to compare their effects on the
voltage stress of power switches of full-bridge module. The
voltage waveforms across Qj2 with the APWM control strategy
and the PS control strategy under different input voltages are
shown in Fig. 19. Fig. 19(a) and (b) shows the voltage waveforms
when Vin = 190 V; the duty cycles Da are both close to 0.5 for
the two control strategies when Vin = 190 V, and the voltage
stresses of switches are almost the same with the two control
strategies. Fig. 19(c) and (d) shows the voltage waveforms when
Vin = 350 V; the duty cycles Da are both much lower than 0.5
for the two control strategies, and the voltage stresses of switches
with the APWM control strategy are 45 V lower than those with
the PS control strategy, which agrees well with the theoretical
analysis. Hence, with the introduction of the APWM control
strategy, the voltage stress of power switch can be effectively
reduced.

VI. CONCLUSION

The ISOP system is very suitable for high input voltage, low
output voltage, and high output current applications. This paper
proposes a novel I2SOP dc–dc power conversion system with a
full-bridge converter as the basic module based on the APWM
control strategy. Through the indirect series method, the concen-
trated capacitor of the traditional ISOP system is eliminated and
the input filter capacitors of modules of the I2SOP system will
not discharge under a dc bus short-circuit fault. Moreover, the
fault module can be easily switched out from the system with the
indirect series method. However, compared to [23], the I2SOP
system requires less devices at the expense of voltage regulation
flexibility and modular voltage control independence. With the
introduction of the APWM control strategy, the voltage stress
of switch can be decreased compared to that with the traditional
PS control strategy. Simulation and experimental results have
verified the feasibility of the I2SOP system.

REFERENCES

[1] W. Chen, X. Ruan, H. Yan, and C. Tse, “DC/DC conversion systems con-
sisting of multiple converter modules: Stability, control and experimental
verifications,” IEEE Trans. Power Electron., vol. 23, no. 6, pp. 1463–1474,
Jun. 2009.

[2] R. Giri, V. Choudhary, R. Ayyanar, and N. Mohan, “Common-duty-ratio
control of input-series connected modular dc-dc converters with active
input voltage and load-current sharing,” IEEE Trans. Ind. Appl., vol. 42,
no. 4, pp. 1101–1111, Jul./Aug. 2006.



3176 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 4, APRIL 2019

[3] J. Kim, J. You, and B. Cho, “Modeling, control, and design of input-series-
output-parallel-connected converter for high-speed-train power system,”
IEEE Trans. Ind. Electron., vol. 48, no. 3, pp. 536–544, Jun. 2001.

[4] K. Siri, M. Willhoff, and K. Conner, “Uniform voltage distribution control
for series connected DC-DC converters,” IEEE Trans. Power Electron.,
vol. 22, no. 4, pp. 1269–1279, Jul. 2007.

[5] X. Ruan, W. Chen, L. Cheng, C. Tse, H. Yan, and T. Zhang, “Control
strategy for input-series-output-parallel converters,” IEEE Trans. Ind.
Electron., vol. 56, no.4, pp. 1174–1185, Apr. 2009.

[6] D. Sha, Z. Guo, and X. Liao, “Cross-feedback output-current-sharing
control for input-series-output-parallel modular dc–dc converters,” IEEE
Trans. Power Electron., vol. 25, no. 11, pp. 2762–2771, Nov. 2010.

[7] Z. Guo, D. Sha, X. Liao, and J. Luo, “Input-series-output-parallel phase-
shift full-bridge derived dc–dc converters with auxiliary LC networks to
achieve wide zero-voltage switching range,” IEEE Trans. Power Electron.,
vol. 29, no. 10, pp. 5081–5086, Oct. 2014.

[8] L. Qu, D. Zhang, and Z. Bao, “Output current-differential control
scheme for input-series–output-parallel-connected modular DC–DC con-
verters,” IEEE Trans. Power Electron., vol. 32, no. 7, pp. 5699–5711, Jul.
2017.

[9] W. Chen, G. Wang, X. Ruan, W. Jiang, and W. Gu, “Wireless input-
voltage-sharing control strategy for input-series output-parallel (ISOP)
system based on positive output-voltage gradient method,” IEEE Trans.
Ind. Electron., vol. 61, no. 11, pp. 6022–6030, Nov. 2014.

[10] W. Chen and G. Wang, “Decentralized voltage-sharing control strategy for
fully modular input-series–output-series system with improved voltage
regulation,” IEEE Trans. Ind. Electron., vol. 62, no. 5, pp. 2777–2787,
May 2015.

[11] X. Ruan, W. Chen, L. Cheng, C. K. Tse, H. Yan, and T. Zhang, “Con-
trol strategy for input-series-output-parallel converters,” IEEE Trans. Ind.
Electron., vol. 56, no.4, pp. 1174–1185, Apr. 2009.

[12] T. Meng, H. Ben, Y. Song, and C. Li, “Analysis and design of an input-
series two-transistor forward converter for high-input voltage multiple-
output applications,” IEEE Trans. Ind. Electron., vol. 65, no. 1, pp. 270–
279, Jan. 2018.

[13] T. Meng, Y. Song, Z. Wang, H. Ben, and C. Li, “Investigation and imple-
mentation of an input-series auxiliary power supply scheme for high-input-
voltage low-power applications,” IEEE Trans. Power Electron., vol. 33,
no. 1, pp. 437–447, Jan. 2018.

[14] A. Mohammadpour, L. Parsa, M. H. Todorovic, R. Lai, R. Datta, and
L. Garces, “Series-input parallel-output modular-phase dc–dc converter
with soft-switching and high-frequency isolation,” IEEE Trans. Power
Electron., vol. 31, no. 1, pp. 111–119, Jan. 2016.

[15] F. Gao et al., “Prototype of smart energy router for distribution DC grid,”
in Proc. 17th Eur. Conf. Power Electron. Appl., 2015, pp. 1–9.

[16] L. Wang, A. Q. Huang, and Q. Zhu, “Multi-objective optimization of
medium voltage SiC dc-dc converter based on modular input-series-
output-parallel (ISOP) architecture,” in Proc. 3rd IEEE Int. Future Energy
Electron. Conf. ECCE Asia, 2017, pp. 627–632.

[17] C. Gammeter, F. Krismer, and J. W. Kolar, “Comprehensive conceptualiza-
tion, design, and experimental verification of a weight-optimized all-SiC 2
kV/700 V DAB for an airborne wind turbine,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 4, no. 2, pp. 638–656, Jun. 2016.

[18] P. Zumel et al., “Modular dual-active bridge converter architecture,”
IEEE Trans. Ind. Appl., vol. 52, no. 3, pp. 2444–2455, May-Jun.
2016.

[19] P. Barrade, E. Coulinge, and A. Rufer, “Control of a modular DC-DC
converter dedicated to energy storage,” in Proc. 17th Eur. Conf. Power
Electron. Appl., 2015, pp. 1–9.

[20] Y. Shi, R. Li, and H. Li, “Modular multilevel dual active bridge DC-DC
converter with ZVS and fast dc fault recovery for battery energy stor-
age systems,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2016,
pp. 1675–1681.

[21] C. Peng and A. Q. Huang, “A protection scheme against DC faults VSC
based DC systems with bus capacitors,” in Proc. IEEE Appl. Power Elec-
tron. Conf. Expo., 2014, pp. 3423–3428.

[22] B. Zhao, Q. Song, J. Li, Q. Sun, and W. Liu, “Full-process operation,
control, and experiments of modular high-frequency-link dc transformer
based on dual active bridge for flexible MVDC distribution: A practical
tutorial,” IEEE Trans. Power Electron., vol. 32, no. 9, pp. 6751–6766, Sep.
2017.

[23] B. Zhao, Q. Song, J. Li, W. Liu, G. Liu, and Y. Zhao, “High-frequency-
link dc transformer based on switched capacitor for medium-voltage dc
power distribution application,” IEEE Trans. Power Electron., vol. 31,
no. 7, pp. 4766–4777, Jul. 2016.

[24] Y. Wang, Q. Song, Q. Sun, B. Zhao, J. Li, and W. Liu, “Multilevel MVDC
link strategy of high-frequency-link dc transformer based on switched
capacitor for MVDC power distribution,” IEEE Trans. Ind. Electron.,
vol. 64, no. 4, pp. 2829–2835, Apr. 2017.

[25] B. Zhao, Q. Song, J. Li, and W. Liu, “A modular multilevel DC-link
front-to-front DC solid-state transformer based on high-frequency dual
active phase shift for HVDC grid integration,” IEEE Trans. Ind. Electron.,
vol. 64, no. 11, pp. 8919–8927, Nov. 2017.

[26] V. Choudhary, E. Ledezma, R. Ayyanar, and R. M. Button, “Fault tolerant
circuit topology and control method for input-series and output-parallel
modular dc-dc converters,” IEEE Trans. Power Electron., vol. 23, no. 1,
pp. 402–411, Jan. 2008.

[27] Y. Hayashi, Y. Matsugaki, T. Ninomiya, and H. Ohashi, “Active gate
controlled SiC transfer switch for fault tolerant operation of ISOP multi-
cellular dc-dc converter,” in Proc. IEEE Int. Conf. Power Electron., Drives
Energy Syst., 2016, pp. 1–6.

[28] V. R. K. Kanamarlapudi, B. Wang, P. L. So, and Z. Wang, “Analysis,
design, and implementation of an APWM ZVZCS full-bridge dc–dc con-
verter for battery charging in electric vehicles,” IEEE Trans. Power Elec-
tron., vol. 32, no. 8, pp. 6145–6160, Aug. 2017.

[29] X. Ruan and Y. Yan, “Soft-switching techniques for PWM full bridge
converters,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2000,
pp. 634–639.

[30] H. Wang, X. Pei, Y. Wu, and Y. Kang, “A general fault diagnosis strategy
for modular DC-DC converter system,” in Proc. IEEE Energy Convers.
Congr. Expo., 2017, pp. 1143–1147.

[31] H. Wang, X. Pei, Y. Wu, and Y. Kang, “A new fault diagnosis method
for input-series-output-parallel modular dc-dc system based on magnetic
component voltage,” in Proc. IEEE 8th Int. Power Electron. Motion Con-
trol Conf. ECCE Asia, 2016, pp. 3325–3329.

[32] X. Pei, S. Nie, and Y. Kang, “Switch Short-Circuit fault diagnosis and
remedial strategy for full-bridge DC–DC converters,” IEEE Trans. Power
Electron., vol. 30, no. 2, pp. 996–1004, Feb. 2015.

Wu Chen (S’05–M’12) was born in Jiangsu, China,
in 1981. He received the B.S., M.S., and Ph.D. de-
grees in electrical engineering from Nanjing Univer-
sity of Aeronautics and Astronautics, Nanjing, China,
in 2003, 2006, and 2009, respectively.

From 2009 to 2010, he was a Senior Research As-
sistant with the Department of Electronic Engineer-
ing, City University of Hong Kong, Kowloon, Hong
Kong. From 2010 to 2011, he was a Postdoctoral Re-
searcher with Future Electric Energy Delivery and
Management Systems Center, North Carolina State

University, Raleigh, NC, USA. Since September 2011, he has been an Asso-
ciate Research Fellow with the School of Electrical Engineering, Southeast
University, Nanjing, China, where he has been a Professor since 2016. His re-
search interests include soft-switching converters, power delivery, and power
electronic system integration.

Xinghe Fu received the B.S. degree in electric ma-
chines and drives from the Shenyang University of
Technology, Shenyang, China, the M.S. degree in
control theory and control engineering from North-
east University, Shenyang, China, and the Ph.D. de-
gree in electric machines and electric apparatus from
the Harbin Institute of Technology, Harbin, China.

He is currently an Associate Professor with the
School of Electrical Engineering, Southeast Uni-
versity, Nanjing, China. His research interests in-
clude small and special motors, motor control, and

industrial automation.



CHEN et al.: INDIRECT INPUT-SERIES OUTPUT-PARALLEL DC–DC FULL BRIDGE CONVERTER 3177

Chenyang Xue was born in Jiangsu, China, in 1993.
He received the B.S. degree in electrical engineering
from the China University of Mining and Technol-
ogy, Jiangsu, China, in 2016, and is currently work-
ing toward the M.S. degree in electrical engineering
at Southeast University, Nanjing, China.

His research interests include the series–parallel
full-bridge converters and the high-power high-
voltage dc/dc converters in MVDC systems.

Han Ye was born in Jiangsu, China, in 1995. He re-
ceived the B.S. degree in electrical engineering from
the Nanjing University of Science and Technology,
Jiangsu, China, in 2016, and is currently working
toward the M.S. degree in electrical engineering at
Southeast University, Nanjing, China.

His research interests include high-voltage dc sys-
tems and dc circuit breakers.

Waqar Azeem Syed was born in Kohat, Pakistan,
in 1989. He received the B.S degree in electrical en-
gineering from Northwestern Polytechinal Univer-
sity, Xi’an, China and the M.S degree from Xi’an
Jiaotong University, Xi’an, China, in 2013 and 2016,
respectively. He is currently working toward the
Ph.D. degree at Southeast University, Nanjing, China.

His research interests include full-bridge convert-
ers, soft-switching techniques, and high-power high-
voltage dc/dc converters.

Liangcai Shu was born in Jiangsu, China, in 1994.
He received the B.S. degree in electrical engineering
from the Nanjing University of Science and Technol-
ogy, Jiangsu, China, in 2016, and is currently work-
ing toward the M.S. degree in electrical engineering
at Southeast University (SEU), Nanjing, China.

His research interests include high-power high-
voltage converters and soft-switching techniques.

Guangfu Ning (S’17) was born in Jiangxi, China, in
1992. He received the B.S. degree in electrical engi-
neering from the University of Shanghai for Science
and Technology, Shanghai, China, in 2014, and is cur-
rently working toward the Ph.D. degree in electrical
engineering at Southeast University, Nanjing, China.

His research interests include full-bridge con-
verters, soft-switching techniques, and high-power
high-voltage dc/dc converters in MVDC collection
systems.

Xiaodan Wu was born in Jiangsu, China, in 1982.
He received the B.S. degree in electrical engineering
from Southeast University, Nanjing, China, in 2007.

He is currently working at the Research Institute of
NR Electric Co., Ltd., Nanjing, China. His research
interests include flexible ac transmission systems, re-
active power compensation technology, and new en-
ergy power generation.



<<
  /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 false
  /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


