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Abstract— A single-stage differential-mode current-fed
zero-current-switching inverter has been designed. This inverter
has two modules of dc/dc converters that are connected
differentially to the input source. This inverter does not require
60-Hz transformer, front-end dc/dc converter, and can boost a
low-voltage input to ac output using a compact low-turns-ratio
transformer because of the added voltage gain of the topology.
Main switches of the inverter are soft switched. The inverter
requires a smaller high-frequency transformer because of
high-frequency switching, bipolar transformer current, and
voltage in every switching cycle, and because the transformer
sees only half of the input current. The modularity of the
inverter extends the scope of the topology to be used as a
dc/dc converter, single-phase inverter, and also the possibility
of extending the topology to both split phase and three phase.
A harmonic-compensation control is designed and implemented
to reduce the total harmonic distortion of the output waveform
using a proportional-resonant controller. The design and the
analysis of the inverter have been validated using simulation
results in the Saber simulator.

Index Terms— Current-source inverter, differential mode,
high-frequency link, modulation, renewable/alternative energy,
switch-mode power supply.

I. INTRODUCTION

SEVERAL single-stage inverters, both isolated and
nonisolated inverters have been proposed in the past

for applications, including solar energy. One of the single-
stage topologies outlined in [1] achieves dc/ac conversion by
connecting the inputs of two identical dc/dc boost converters in
parallel with a dc source and the load is connected across the
outputs of the two dc/dc converters. As opposed to a conven-
tional buck voltage source inverter, this topology can generate
an output voltage higher than the input voltage. However, the
topology has a nonisolated architecture, the switches operate
at a low switching frequency, and the size of the magnetics is
large leading to a larger footprint for a nonisolated topology.
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A differential buck–boost inverter, proposed in [2], operates
similar to the differential boost inverter in [1]. This inverter can
produce an output voltage either higher or lower than the input
dc voltage. Another single-stage buck–boost topology was
outlined in [3] and overcomes the disadvantage of small input
voltage range of the buck–boost topology proposed in [2].
However, this inverter requires a split input dc voltage source.
Two sets of input voltage sources and buck–boost chopper type
circuits are connected in antiparallel to the output capacitor,
which generates the output. Both the chopper circuits are
operated at fixed-frequency in a discontinuous conduction
mode. Both the buck–boost topologies do not provide a high-
frequency galvanic isolation and operate at a low switch-
ing frequency; however, they have lower component count.
Overall, one of the common challenges with the buck–boost
derived topologies is the high peak inductor current stress due
to the sudden transfer of energy through the inductors from
source to load during each switching cycle. A single-stage
flyback inverter topology was described in [4]. It comprised
bidirectional flyback converters that are connected in parallel
to the input voltage source and the load is connected across
the two converters. The major advantage of this topology over
the above-mentioned topologies is the galvanic isolation pro-
vided by the high-frequency transformers in both the flyback
converters. However, the galvanic isolation in this topology
requires an increased footprint. The switches also incur the
switching losses and, hence, are limited to low switching
frequency operation. In [5], a single-stage full-bridge
buck–boost inverter is outlined. Even though the inverter
topology has four power switches and two diodes, only
two switches are soft switched. In addition, the generated
sinusoidal waveform consists of quasi-sinusoidal pulses. This
topology also does not isolate the source and the load or
grid. A single-stage buck–boost pulsewidth modulation power
inverter is provided in [6]. It has two buck–boost choppers
forming a four switch bridge and an additional two more
power switches for synchronous commutation in each half
cycle of the output. The major advantage of this topology is
the galvanic isolation provided by the high-frequency trans-
former. However, this topology is only suitable for low-power
applications with a reported maximum power of 140 W.
Finally, another single-stage topology, employing differen-
tial Ćuk topology [7] achieves a direct dc/ac conversion by
connecting the load differentially across two bidirectional
dc/dc Ćuk converters and by modulating them sinusoidally
with 180° phase difference. This topology utilizes only four
main switches, making the inverter topology simple and
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Fig. 1. (a) and (b) Architecture and topology of the proposed differential-mode ZCS inverter.

reducing the cost. The differential Ćuk inverter also has room
for magnetics integration, thereby reducing the footprint of
the inverter. However, this topology while employing contin-
uous modulation scheme does not employ any loss-mitigating
techniques for the main switches and need special care for
alleviating voltage spikes.

Several single-stage direct-power-conversion architectures
proposed in the past [8]–[19] have increased footprint, no
galvanic isolation, lower boost capability, stresses in the
power switches due to hard switching, and stress in the
components due to spikes that arise because of difference
in the energies between the source and the load and are
not suitable for medium-power applications. The proposed
inverter [shown in Fig. 1(b)] is based on such a topolog-
ical approach. It is a differential-mode [Fig. 1(b)] current-

fed zero-current-switching (ZCS)-based voltage-doubling pho-
tovoltaic (PV) inverter. This inverter has the following
features:

1) boosts low-voltage (30–60 V) input to a 120 V
[root mean square (rms)]/60-Hz output;

2) does not require a bulky line transformer;
3) does not require a front-end dc/dc converter;
4) has inherent voltage boost/gain property, thereby reduc-

ing the reliance on the transformer turns ratio;
5) voltage-doubling half-bridge reduces the need to two

secondary switches and the transformer turns ratio
to half;

6) a smaller isolation transformer is needed because the
inverter switches at 100 kHz, the transformer voltage
and current are bipolar in every switching cycle, and
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only half the input current flows through the transformer
at any given instant of time;

7) since the operation of the inverter is in differential mode,
the ZCS scheme for individual dc/dc converters [20]
retains in effectiveness for the inverter.

II. PRINCIPLE OF OPERATION

The basic inverter has two individual dc/dc converter mod-
ules, as shown in Fig. 1(a). The primaries of the two individual
dc/dc converters, sourced by the PV energy source, are con-
nected in differential mode and the output of the proposed
current-sourced inverter is the difference in the outputs of
the two individual dc/dc converter modules. Each module has
two primary-side switches, namely, S1 and S2 and S3 and S4
and corresponding secondary-side switches Sr1 and Sr2 and
Sr3 and Sr4, respectively. The switching frequency of the
inverter is 100 kHz. The switches in each module are modu-
lated, so that the individual converters produce a dc-biased sine
wave output, so that each converter only produces a unipolar
voltage. The modulation of each converter is 180° out of phase
with the other, so that the voltage excursion at the load is max-
imized. That is, switch pairs S1 and S2 and S3 and S4 are oper-
ated in the same way but with a phase difference of 180°. Since
the load is connected differentially across the converters, the
dc-bias appearing at either end of the load with respect to
ground gets cancelled and the differential dc voltage across
the load is zero. Switch pairs S1–Sr1, S2–Sr2, S3–Sr3, and
S4–Sr4 are triggered with complementary pulses. Under hard-
switching condition, the output voltages of the individual
converters are given by the following equations:

Vo1 = 2nVPV

1 − d1
, Vo2 = 2nVPV

1 − d2

where d1 and d2 are the duty ratios of the primary-
side switches of the first and second modules, respectively,
described in Section III-B. The symbol n represents the turns
ratio of the transformers in both the modules. The output
voltage of the inverter is the difference in the output voltages
of the individual dc/dc converter modules and is given by the
following equations:

Vo = Vo1 − Vo2, Vo = 2nVPV

1 − d1
− 2nVPV

1 − d2

Vo = 2nVPV

[
d1 − d2

(1 − d1)(1 − d2)

]
.

Let d1 = D + D
′
sin(ωt) and d2 = D − D

′
sin(ωt), then the

voltage gain of the inverter is given by the following equation:
Vo

VPV
= 4n sin(ωt)

[
D

′

(1 − D)2 − D′2 sin2(ωt)

]
.

The voltage gain of the inverter depends on the transformer
turns ratio and the duty ratio. Thus, an optimum balance
between the turns ratio (n) and the duty ratio is the key. The
primary-side switches have a duty ratio range of 50%–100%.
The inverter cannot be operated below a duty ratio of 50%
to avoid a condition of inconsistency in the input inductors
currents. Finally, the overall timing sequence of the inverter
[shown in Fig. 1(a)] is shown in Fig. 2. Using that as a
reference, the hard- and soft-switching modes of the inverter
are shown.

A. Hard-Switched Inverter Modes

The hard-switched modes of the topology in Fig. 1(b) are
presented in Fig. 3(a)–(f). When S1 and S2 or S3 and S4
of each of the modules are turned ON simultaneously, the
boost mode of the individual converter is initiated. During
this mode, the output capacitors of one module feed energy
to the output capacitors of the other module through the load.
For all other switching configurations, there is an exchange of
power between the primary and the secondary of the individual
dc/dc converter module as well as from one dc/dc converter
module to another. In addition, in these modes, there is a local-
ized charging of output capacitor of one of the dc/dc converter
modules. The direction of power flow between the individual
modules depends on the time-domain voltage and current
waveforms. For instance, for a unity-power-factor passive load,
during a positive line cycle of the output voltage (across the
load), power flows from the PV source via the upper module
to the bottom module, while during the negative half cycle,
power flows via bottom module to the upper module. The
operation of the inverter in the positive half cycle of the output
is analyzed by the following modes.

Mode 1: Fig. 3(a) represents the hard-switched mode of the
inverter. During this interval, the primary-side switches of both
the modules, S1, S2, S3, and S4, are turned ON. Hence, current
in both the transformers is zero. Power to the load is supplied
by the output capacitors of the upper module Co1 and Co2.
The output capacitors of the lower module, Co3 and Co4, are
charged in this mode. The lower dc/dc converter acts as the
receiving module in this mode. The input current in the upper
and lower modules from the PV source is given by iin1 and iin2,
respectively. The currents through the primary-side switches
are given by the following equations:

is1 = is2 = iin1

2
, is3 = is4 = iin2

2
.

Mode 2: Fig. 3(b) represents the hard-switched mode of
the inverter. In this interval, the primary-side switches of the
upper and lower modules, S1 and S3, respectively, and the
secondary-side switches of the upper and lower modules,
Sr2 and Sr4, respectively, are turned ON. The negative cur-
rent raises through the leakage of the upper module’s trans-
former, Ls1, and the current through switch S1 raises with the
same slope as the current through Ls1. Output capacitor Co2
of the upper module is charged and capacitor Co1 discharges
through the load Co3 and the secondary of the transformer
of the lower module. Output capacitor Co4 of the lower
module is also charged in this mode. The current through
the leakage inductance Ls2 of the transformer in the lower
module is positive and begins to increase with the same slope
as the current through the leakage inductance Ls1. The currents
through the primary-side switches and the leakage inductors
are given by the following equations:

iLs1 = − Vo1

2nLs1
(�t), iLs2 = Vo2

2nLs2
(�t)

is1 = iin1

2
+ iLs1, is3 = iin2

2
+ iLs2

where �t is the time interval for Mode 2.
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Fig. 2. Timing diagram of the inverter shown in Fig. 1b during one switching cycle for positive half cycle of the load.

Mode 3: Fig. 3(c) represents the hard-switched mode
of the inverter. This mode is similar to the mode1 where
all of the primary-side switches in both the modules are
turned ON and all of the secondary-side switches in both
the modules are turned OFF. The current through the trans-
formers in both the modules is zero. The output capac-
itors of the upper module feed the load and the lower
module.

Mode 4: Fig. 3(d) represents the hard-switched mode of
the inverter. In this mode, the primary-side switches of the
upper and lower modules, S2 and S4, respectively, and the
secondary-side switches of the upper and lower modules,
Sr1 and Sr3, respectively, are turned ON. The current through
the primary-side switch in the upper module, S1 in Mode 3,
is diverted to Ls1 due to the voltage across the primary of
the upper transformer, which in turn, is due to the voltage
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Fig. 3. Hard-switching modes of the inverter shown in Fig. 1(b). (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f) Mode 6.

across the output capacitor of the upper module, Co2. Output
capacitors Co1 and Co3 are charged by the PV source. Output
capacitor Co2 discharges through the load, the transformers’

secondary, and Co4. The current through S2 and the negative
current through Ls2 rise with the same slope as the current
through Ls1. The currents through the primary-side switches
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TABLE I

POSSIBLE SWITCHING STATES OF THE INVERTER
UNDER HARD-SWITCHED OPERATION

and the leakage inductors are given by

iLs1 = Vo1

2nLs1
(�t), iLs2 = − V02

2nLs2
(�t)

is2 = iin1

2
+ iLs1, is4 = iin2

2
+ iLs2.

Mode 5: Fig. 3(e) represents the hard-switched mode of the
inverter. In this mode, the primary-side switches of the upper
module, S1 and S2, the primary-side switch of the lower mod-
ule, S3, and the secondary-side switch of the lower module,
Sr4, are turned ON. The current through the transformer in the
upper module is zero. Output capacitors of the upper module,
Co1 and Co2, discharge through the load, the output capacitor
of the lower module, Co3, and the secondary of the transformer
of the lower module. Output capacitor Co4 of the lower module
is also charged in this mode. The current through the leakage
inductance of the lower module, Ls2, is positive. The currents
through switches S3 and Ls2 are given by

is3 = iin2

2
+ iLs2, iLs2 = Vo2

2nLs2
(�t).

Mode 6: Fig. 3(f) represents the hard-switched mode of
the inverter. In this mode, the primary-side switches of the
upper module, S1 and S2, the primary-side switch of the lower
module, S4, and the secondary-side switch of the lower mod-
ule, Sr3, are turned ON. The current in the transformer of the
upper module is zero. Output capacitors of the upper module,
Co1 and Co2, discharge through the load, the secondary of the
transformer of the lower module, and capacitor Co4. Output
capacitor of the lower module, Co3, is also charged in this
mode. The currents through Ls2 and switch S4 are given by

iLs2 = − Vo2

2nLs2
(�t), is4 = iin2

2
+ iLs2.

Modes 5 and 6 determine the maximum point and the zero
crossing of the output. The zero crossing occurs when dif-
ference in the output of the two modules is zero; while the
maximum point occurs when the difference of the individual
outputs is maximum. The feasible switching states of the
inverter are provided in Table I. The first set of three switching
states (i.e., a–c) forms major part of a switching cycle. The
last set of four switching states (i.e., d–g) exists for a shorter
duration and may exist either in the positive half cycle or in
the negative half cycle. Switching states, d–g, occur in the
vicinity of the maximum, the minimum, or the zero-crossing
point of the output voltage.

B. Zero-Current-Switching Inverter Modes

For the ZCS-based soft-switched operation, in between
Modes 1–6, every time a primary switch has to be turned
OFF, one secondary switch is also turned ON for a very short
duration, leading to additional modes, as shown in Fig. 4.
For instance, secondary-side switch Sr2 is turned ON before
the turn-OFF of primary-side switch S1 in the upper module.
The duration for which Sr2 has to be turned ON depends
on the current through switch S1. The following modes are
the additional ZCS modes of the inverter. The ZCS inverter
modes build on [20], which addresses dc/dc converter; for the
differential-mode inverter outlined in this paper, there are some
operational differences since each dc/dc module is subjected
to time-varying operation.

Mode 1→2 [Fig. 4(a)]: This mode is introduced to turn-OFF

primary-side switches S2 and S4 in the top and bottom mod-
ules, respectively, before Mode 2. Secondary-side switches
Sr1 and Sr3 are turned ON to aid the ZCS of S2 and S4
in Mode 2. When Sr1 is turned ON, the voltage across
output capacitor Co1 is applied across the secondary of the
transformer. This causes a voltage at the primary of the
transformer, and hence, the current through switch S2 is
diverted to leakage inductor Ls1, allowing the switch to
turn-OFF in ZCS condition. Capacitor Co2 discharges through
the load, Co3, and the secondary of the transformer.

Mode 3→4 [Fig. 4(b)]: This mode is introduced to turn-OFF

primary-side switches S1 and S3 in the top and bottom
modules, respectively, before Mode 4. Secondary-side
switches Sr2 and Sr4 are turned ON to aid the ZCS of
S1 and S3. When Sr2 is turned ON, the voltage across output
capacitor Co2 is applied across the secondary of the trans-
former. This causes a voltage at the primary of the transformer,
and hence, the current through switch S1 is diverted to leakage
inductance Ls1, allowing the switch to turn-OFF in ZCS
condition. In this mode, capacitor Co1 discharges through the
load, capacitor Co3, and the secondary of the transformer.

Mode 4→5 [Fig. 4(c)]: This mode is introduced to turn-OFF

primary-side switch S4 in the bottom module by turning ON

secondary switch Sr3 before Mode 5. When switch Sr3 is
turned ON, the voltage across output capacitor Co3 is applied
across the secondary of the lower transformer. This causes
voltage across the primary of the transformer, and hence,
the current through primary switch S4 is diverted to leakage
inductance Ls2. Thus, S4 turns OFF in ZCS condition.

Mode 5→6 [Fig. 4(d)]: This mode is introduced to turn-OFF

the primary-side switch of the bottom module S3 by
turning ON Sr4 before Mode 6. When switch Sr4 is turned ON,
the voltage across output capacitor Co4 is applied across the
secondary of the lower transformer. This causes voltage across
the primary of the transformer, and hence, the current through
switch S3 is diverted to leakage inductor Ls2, thereby enabling
ZCS turn-OFF of switch S3. This additional duty ratio of the
secondary-side switches is represented as dr .

III. INVERTER POWER-STAGE DESIGN

The power-stage specifications of the differential inverter
are as follows:

1) input voltage (VPV): 36 V;
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Fig. 4. Soft-switching modes of the inverter shown in Fig. 1(b). (a) Mode 1→2. (b) Mode 3→4. (c) Mode 4→5. (d) Mode 5→6.

2) rms output voltage (Vorms): 120 V;
3) output power (Po): 500 W;
4) switching frequency ( fs): 100 kHz.
The lower limit of the duty ratios of the two modules,

d1 and d2, is 0.5 to avoid a condition of inconsistency in the
currents through the input inductors. For further analysis, the
constant offset D is fixed at 0.64 and the upper and lower
limits of d1 and d2 vary between 0.5 and 0.78. The key factors
that influence the design of the inverter are outlined below.

A. Input Inductors

The design of the input inductors for the current-source
inverters has important tradeoff with regard to the size. The
larger the input inductors, the lower the current ripple and,
hence, the PV average power loss. The input inductors in both
the modules are identical. The average energy stored in the
inductors is given by the following equation:

EL = 1

2
Li2

L

where iL is the current through the input inductor. Larger
energy storage (lower current ripple) ensures a lower average

Fig. 5. Input inductor versus input current ripple versus number of turns in
the input inductors.

PV power loss. But, larger the input inductor, the size and the
losses associated with the inductor also increase. Fig. 5 shows
the various values of input inductors as a function of input
current ripple and size (number of windings for a given wire
dimension). The optimum value of input inductor is chosen
as 500 μH.
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Fig. 6. Current through a primary-side switch.

B. Primary-Side Switches

The primary-side switches S1, S2, S3, and S4 of both the
modules are operated in a sinusoidal manner with a duty ratio
range of 50%–100% having a constant dc offset. The duty
ratios of the primary-side switches are given by the following
equations:

d1 = D + D
′
sin(ωt), d2 = D − D

′
sin(ωt)

where D is the constant dc offset in the duty ratios. For the
analysis, the dc offset D is fixed and the upper and lower
limits of d1 and d2 vary between 0.5 and 0.78. The maximum
voltage across the primary-side switches in both the modules
is given by the following equations:

Vsw1 = Vo1

2n
, Vsw2 = Vo2

2n

where Vo1 and Vo2 are the output voltages at Module 1
and Module 2, respectively. The current through the primary-
side switches in both the modules is given by the following
equations:

is1 = iin

2
+ iLs1, is2 = iin

2
+ iLs1

is3 = iin

2
+ iLs2, is4 = iin

2
+ iLs2

where ILs1 and iLs2 are the currents through the leakage
inductances and iin is the current input to the inverter. Fig. 6
shows the current through the primary-side switch during one
switching cycle under hard-switching condition. The turn-ON

time of the switches during one switching cycle can be divided
into three intervals for the ease of the analysis, namely, TI, TII,
and TIII. Thus, the duty ratio, d1 (or d2), of the primary-side
switches can be represented as the following equation:

TON = TI + TII + TIII.

The switches are modulated such that

(1 − TON) = TII.

Some important factors that govern the selection of a semicon-
ductor device are the maximum voltage across the switch, the
conduction and switching losses, and the switch capacitance.
The conduction loss is the energy lost in the switch during
the ON-state and it depends on the voltage across the switch
and the current through it. The power loss associated with

a semiconductor device during conduction is given by the
following equation:

Pcond,loss = 1

TSW

∫ TSW

0
rONisw(t)2dt

where rON is the ON-state resistance of the switch, TSW is
the switching period, isw(t) is the instantaneous value of the
current through the switch, and isw,rms is the rms value of the
current through the switch.

The rms current of any one of the primary-side switches in
Module 1 and Module 2 is derived as follows:

Isw,rms,Primary =
√

1

Tsw

[∫ TON

0
(Isw)2dt +

∫ TOFF

TON

(Isw)2dt

]
.

Between the time interval TON to TOFF, the switch current
is 0. The time interval between 0 and TON is divided into
three intervals. Between the time interval 0 and TI, the current
through the switch is half the input current to the particular
module. The switch current between time interval TI and TII
is ((iin1/2) + iLS1). The switch current between intervals
TII and TIII is half the input current to the particular module.
Furthermore

dI = TI

Tsw
, dII = TII

Tsw
, dIII = TIII

Tsw
.

Substituting these, the rms switch current through each pri-
mary switch in each module is obtained as follows:

isw,rms,Primary1 =
√(

iin1

2

)2

dIII + iLs1(iLs1 + iin1)[dII − dI]

isw,rms,Primary2 =
√(

iin2

2

)2

dIII + iLs2(iLs2 + iin2)[dII − dI]

where isw,rms,Primary1 is the rms switch current through each
primary-side switch in Module 1, iLs1 is the current through
the leakage inductance of the transformer in Module 1,
isw,rms,Primary2 is the rms switch current through each primary-
side switch in Module 2, and iLs2 is the current through
the leakage inductance of the transformer in Module 2. The
chosen switch is IPP200N25N3 G, with an ON-state resis-
tance of 20 m�, maximum continuous drain current (ID)
of 64 A, and drain–source breakdown voltage (VDS) of 250 V.
Table II shows the theoretical and simulated conduction loss
for the primary switches. Fig. 7 shows the conduction loss
in all the primary-side switches for both modules for a
single IXTP50N25T switch, single IPP200N25N3 G, and four
IPP200N25N3 G switches in parallel. The switch number
IXTP50N25T has a 50-m� ON-state resistance, while the cho-
sen switch IPP200N25N3 G has a 20-m� ON-state resistance.

C. Leakage Inductance

When both the primary-side switches in a module are ON,
the current through the transformer (or leakage inductance)
is zero. For all other cases, the current through the leakage
inductance is given by the following equations:

iLs1 = Vo

2nLs1
(�t), iLs2 = Vo

2nLs2
(�t)
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TABLE II

THEORETICAL [21] AND SABER SIMULATED VALUES OF THE CONDUCTION LOSSES IN THE PRIMARY-SIDE SWITCHES
CALCULATED FOR A 500-W INVERTER WITH A 0.64 CONSTANT DC OFFSET IN DUTY RATIO

Fig. 7. Conduction loss in the primary-side switches for a 500-W load.

where Ls1 and Ls2 are the leakage inductance of Module 1 and
Module 2, respectively, and n is the transformers’ turns ratio.
The leakage inductance of the transformer must be designed
to divert the current through one of the primary-side switches
within the additional ZCS duty ratio (dr ) of the secondary-
side switches. The lower limit of the leakage inductance is
primarily influenced by the ZCS duty ratio and the load.
The difference in the energies between the input inductors
and the leakage inductance restricts the use of a higher value
of leakage inductance. The leakage inductance of individual
modules is given by the following equation:

Ls = Vodr

niin1 fs

where n is the transformer turns ratio, iin1 (iin2) is the input
current through Module 1 (Module 2), fs is the switching
frequency of the inverter, Vo is the output voltage, and dr is
the soft-switching duty ratio. From the above equation, it can
be seen that the leakage inductance affects the soft-switching
duty ratio (dr ) and Fig. 8 shows the leakage inductance as
a function of the soft-switching range. A leakage inductance
of 1 μH is chosen for the analysis of the inverter.

D. Transformer

Apart from providing a galvanic isolation to the source
from the load, the transformer also affects two aspects of
the inverter. The transformer’s turns ratio influences the
conduction losses in the switches and the total harmonic
distortion (THD) of the output. A higher turns ratio in the
transformer reduces the voltage across the switches on the
primary side, thereby eliminating the need for higher voltage
switches. This reduces the ON-state resistance of the primary-
side switches, thereby bringing down the conduction losses

Fig. 8. Duty ratio of secondary-side switches, dr , in percentage as a function
of leakage inductance, L S (for a 500-W load).

Fig. 9. THD of the output current in percentage versus transformer turns
ratio, n (for a 500-W load).

on the primary-side, where the switches are turned ON for a
longer duration when compared with those at the secondary-
side. On the contrary, higher turns ratio results in higher
switch current and also increased THD at the load, apart
from increasing the size of the magnetics and the transformer
losses. One of the major advantages of this topology is that the
transformer sees a bipolar voltage and current whose average
is zero, thereby reducing the size of the transformer. As the
turns ratio increases, the loss in the device also increases.
From Figs. 9 and 10, an optimum value of n is found to
be 2. Fig. 10 shows the conduction losses in the primary-side
switches as a function of transformer turns ratio.

E. Secondary-Side Switches

The secondary-side switches are operated complementarily
to the primary-side switches. When the modules are operated
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Fig. 10. Conduction losses in a single primary-side switch as a function of
the transformer turns ratio for a 500-W load under soft-switching conditions.
Each switch is a single chosen switch having an ON-state resistance of 0.02 �.

Fig. 11. Current through a secondary-side switch during a switching cycle.

as dc/dc converters, the secondary switches are only turned ON

during the turn-OFF of the primary-side switches (to aid
the ZCS of the primary-side switches), whereas in the
inverter operation, there is considerable conduction loss in
the secondary-side switches, since they are turned ON for a
longer duration. Maximum voltage across the secondary-side
switches is Vo. Fig. 11 shows the current through a secondary-
side switch during one switching cycle under hard-switched
condition. The rms current of any one of the secondary-side
switches in Module 1 and Module 2 is derived as follows:

Isw,rms,Secondary =
√

1

Tsw

[∫ TON

0
(Isw)2dt +

∫ TOFF

TON

(Isw)2dt

]
.

Between the time interval TON to TOFF, the switch current is 0.
Between the time interval 0 and TON, the current through
the switch is iLS/n. Furthermore, TON,sec = 1 − TON,pri,
where TON,pri is the time for which any primary-side switch is
turned ON and TON,sec is the time for which its complimentary
switch is turned ON. Solving further, the rms current through
any secondary-side switch is obtained

irms,Secondary =
√(

iLs

n

)2

[1 − d1]

where iLs is the current through the leakage inductance of
the transformer in any module and d1 (or d2) is the duty
ratio of the Module 1 (or Module 2). The chosen switch is
STY60NM50, with an ON-state resistance of 45 m� and a

Fig. 12. Conduction loss in the secondary-side switches (for a 500-W load).

Fig. 13. Output voltage versus output capacitance of the inverter for a 500-W
load.

Fig. 14. Estimated switching losses for a switching frequency of 100 kHz
(for a 500-W load). The chosen primary-side switch is IPP200N25N3 G and
the chosen secondary-side switch is STY60NM50.

drain–source breakdown voltage (VDS) of 500 V. Table III
shows the theoretical and simulated conduction losses for the
secondary-side switches. Fig. 12 shows the conduction loss
in all the secondary-side switches for both modules for a
switch (IXFB100N50P) with an ON-state resistance of 50 m�,
single STY60NM50 switch, and two STY60NM50 switches in
parallel.

F. Output Capacitors

The voltage across the output capacitances is given by the
following equations:

VCo1 = VCo2 = Vo1

2
, VCo3 = VCo4 = Vo2

2
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TABLE III

PROJECTED CONDUCTION LOSSES IN THE SECONDARY-SIDE SWITCHES ARE CALCULATED FOR A 500-W INVERTER

TABLE IV

IMPEDANCES OFFERED BY DIFFERENT VALUES OF CAPACITORS, FOR VARIOUS ORDERS OF HARMONICS OF THE INVERTER FOR A 500-W LOAD

Fig. 15. Output voltage in volts (vertical axis) as a function of time in seconds (horizontal axis) for the inverter operating in open-loop condition. It shows
distortion in the output voltage due to nonlinear gain of the open-loop inverter.

where Vo1 and Vo2 are the output voltages of the individual
modules. Output capacitors are chosen to balance the THD
of the load current as well as aid the control strategy by not
forming a low impedance path for the high-frequency compo-
nents. A larger capacitor mitigates higher order harmonics at
the output. But, a very large output capacitor provides a low
impedance path for the fundamental frequency component. For
a 500-W load, Table IV shows the impedances offered by
different values of capacitors in an open loop for various orders
of harmonics. Symbol Xc represents the impedance offered
by the output capacitor and n represents the fundamental
frequency, 60 Hz. Fig. 13 shows the rms output voltage of
the inverter as a function of the output capacitor.

G. Switching Losses

Switching losses refer to the energy losses that occur during
the switching transient as the conducting semiconductor device
is changed from ON-state to OFF-state or vice versa. These
losses depend on the voltage across the switch during the
switching transient, the current through the switch during
the transient, and the time taken to move from one state to
another (or the switching time). The energy associated with
the turning ON of a switch is given by the following equation:

EON =
∫ Tri+Tfv

0
VDS(t)iD(t)dt

where VDS(t) is the instantaneous value of the drain–source
voltage of the switch, iD(t) is the drain current of the switch,
Tri is the time taken for the current to rise from zero to iD , and
Tfv is the time taken for the voltage to drop from VDS to zero.
The energy associated with the turning OFF of a switch is
given by the following equation:

EOFF =
∫ Trv+Tfi

0
VDS(t)iD(t)dt

where Trv is the time taken for the voltage to rise from zero to
VDS and Tfi is the time taken for the current to drop from ID

to zero. The power loss during the switching of the devices is
given by the following equation:

Psw = (EON + EOFF) fs

where fs is the switching frequency of the inverter. Fig. 14
shows the estimated switching losses in all the primary-side
switches and the secondary-side devices in both the modules.

IV. INVERTER CONTROL SCHEME

Fig. 15 shows the output voltage of the inverter under
open-loop control condition. The clear distortion evident in
the output voltage is reflective of the nonlinear gain of the
inverter. Therefore, to reduce the THD of the load current



500 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 04, NO. 2, JUNE 2016

Fig. 16. Closed-loop control scheme of the differential-mode inverter. One module of an experimental inverter operated using a DSP controller, which is
currently underway, is shown on the top right.

of the inverter, which has a nonlinear dc gain, a harmonic-
compensation control is implemented using a proportional-
resonant (PR) controller. Furthermore, the control scheme
accounts for the dynamics of the primary-side inductors and
the secondary-side capacitors. Essentially, and as implied
in Fig. 16, a sinusoidal voltage reference yields additional
harmonic components in the actual feedback. Therefore, while
the fundamental current reference is extracted from the voltage
loop, a zero reference is set for the higher order harmonics
that have tangible impact on the output voltage. The PR
controller with harmonic compensators achieves high gain at

the fundamental and harmonic frequencies, thereby yielding
a low steady-state error and nonsinusoidal perturbation in
the duty ratio, thereby yielding a low THD output. The
PR controller is represented as follows:

G(s) = k p + kos

[s2 + (n2ω2)]
where ω(= 2πn ∗ 60) represents the line or fundamental
(n = 1) frequency and n (= 3, 5, ..) represents the higher order
harmonics. For n = 1, the feedback voltage is compared with
a reference 60-Hz sinusoidal voltage and the error is passed
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Fig. 17. Gate signals of switches S1, Sr2, S2, and Sr1 (starting from the top) as a function of time (in milliseconds) of Module 1 under soft-switched
condition.

Fig. 18. Load current (top) and output voltage (bottom) of the inverter operating under closed-loop control condition.

Fig. 19. Left: leakage-inductance currents of Module 1 (top trace) and Module 2 during the negative half cycle of the load voltage. Middle: output-capacitor
voltages of the two inverter modules. Right: ZCS of S1 for (waveforms are scaled for clarity).

through a PR controller, which is tuned at the line frequency.
The current command of this voltage loop is compared with
a differential-current feedback and passed through a PR con-
troller with harmonic compensators achieves high gain at the
fundamental and harmonic frequencies, thereby yielding a low
steady-state error and nonsinusoidal perturbation in the duty
ratio, thereby yielding a low THD output. The PR controller
is represented as follows:

G(s) = k p + kos

[s2 + (n2ω2)]
where ω(= 2πn ∗ 60) represents the line or fundamen-
tal (n = 1) frequency and n (= 3, 5, ..) represents the
higher order harmonics. For n = 1, the feedback voltage
is compared with a reference 60-Hz sinusoidal voltage and
the error is passed through a PR controller, which is tuned
at the line frequency. The current command of this voltage

loop is compared with a differential-current feedback and
passed through a PR controller which is tuned at the fun-
damental frequency. The differential current is synthesized by
taking the difference in the input currents (iin1 and in2) of
Modules 1 and 2. To mitigate the higher order (odd) harmonics
(i.e., n = 3, 5, ..), separate control loops are implemented that
emulate the structure of the fundamental frequency control
loop. However, for the harmonics compensation, the current
reference is set to 0 and the PR controller is tuned at a
frequency that matches the harmonic frequency. The pertur-
bation outputs of the fundamental and high-order harmonic
controllers are added to a dc offset, such that the duty ratio
of the (primary-side) inverter switches do not fall below 0.5.
This duty-cycle signal and a 180° phase-shifted signal of
the same are then used to generate the pulse trains for
switches S1 and S2 and S3 and S4, respectively. The signals
for secondary-side switches Sr1 and Sr2 are generated by
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Fig. 20. Comparison of the inverter output voltage during start-up with and without proportional gain for the PR compensator. Blue trace: with proportional
gain. Green trace: without proportional gain. The difference in the time to reach the steady state for the controlled inverter with and without proportional gain
for the PR compensator is about two 60-Hz line cycles. It is noted that, the voltage reference is ramped up in 150 ms to the desired steady-state magnitude.

complementing the binary switching signals of primary-side
switches S1 and S2, respectively, and then adding to the pulse
train information (dr ) for achieving soft switching. The signals
for secondary-side switches Sr3 and Sr4 are generated by
complementing the binary switching signals of primary-side
switches S3 and S4, respectively, and then adding to the pulse
train information (dr ) for achieving soft switching. Fig. 17
shows the switching signals of Module 1. Fig. 18 shows the
inverter output voltage and the output current using the closed-
loop control scheme described above. Comparing the results of
Figs. 15 and 18, it is evident that the harmonic-compensation-
based closed-loop control shown in Fig. 16 addresses the
harmonic distortion of the open-loop inverter effectively. For
this condition, Fig. 19 shows the leakage-inductance current
and output-capacitor voltages of the two modules, and ZVS
turn-ON of S1. Finally, Fig. 20 shows the acceptable dynamic
response of the inverter during start-up. The presence of the
proportional gain of the PR compensator yields better transient
response at the cost of slightly higher distortion.

V. CONCLUSION

This paper describes a current-source high-frequency-link
inverter. It comprises two dc/dc isolated converters that
are connected in a differential-mode configuration, thereby
yielding an inverter output. The inverter has several key
features including the following: 1) single-stage topology;
2) high-frequency instead of bulky line transformer; 3) inher-
ent voltage boost/gain capability; 4) voltage-doubling sec-
ondary reduces transformer turns ratio to half; 5) reduced
transformer core size due to bipolar flux at the origin; and
6) soft switching of most of the inverter switches. However,
the inherent nonlinearity of the inverter yields harmonic dis-
tortion under open-loop condition. To mitigate that problem,
a harmonic-compensation-based control scheme is outlined.
The resultant closed-loop-controlled inverter significantly
reduces the harmonic distortion of the inverter output voltage
and current and yields acceptable dynamic response. Finally,
work in underway currently to synthesize an experimental
inverter. A preliminary prototype module is shown in Fig. 16.

The following are the projected performance parameters for
such an inverter at 500-W output: 1) efficiency of 94%
(device conduction and switching losses of 2%, transformer
losses: 2%, filter losses: 1.5%, and additional losses: 0.5%);
2) output voltage THD of ∼2%; and 3) dynamic time lag
between reference and feedback voltage using proportional-
gain-based PR compensator of up to one 60-Hz line cycle.
An adaptive tracking controller as outlined in [22] for a
differential-mode inverter will also be pursued to reduce the
time lag.
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for a differential-mode Ćuk inverter,” IEEE Trans. Power Electron.,
vol. 30, no. 3, pp. 1242–1254, Mar. 2014.

[20] A. K. Rathore and S. K. Mazumder, “Novel zero-current switching
current-fed half-bridge isolated DC/DC converter for fuel cell based
applications,” in Proc. IEEE Energy Convers. Congr. Expo., Sep. 2010,
pp. 3523–3529.

[21] P. T. Sivasubramanian, “A differential-mode current-sourced high-
frequency-link photovoltaic inverter,” M.S. thesis, Dept. Elect. Comput.
Eng., Univ. Illinois, Chicago, IL, USA, 2013.

[22] S. K. Mazumder and H. Soni, “Modular control of a differential-mode
inverter,” in Proc. IEEE Energy Convers. Conf. Expo., Sep. 2015,
pp. 3831–3837.

Priyadharshini T. Sivasubramanian received the
B.E. degree in electrical and electronics engineering
from Anna University, Chennai, India, and the
M.S. degree in electrical and computer engineering
from The University of Illinois at Chicago (UIC),
Chicago, IL, USA, in 2013. Her M.S. thesis
project was on a differential-mode current-sourced
high-frequency-link photovoltaic inverter at UIC.

She is currently a Business Intelligence
Consultant.

Sudip K. Mazumder (S’97–M’01–SM’03–F’15)
received the Ph.D. degree from Virginia Tech,
Blacksburg, VA, USA, in 2001.

He has over 24 years of professional experience,
has held research and development and design posi-
tions in leading industrial organizations, and has
served as a Technical Consultant for several indus-
tries. He is currently a Professor with The University
of Illinois at Chicago (UIC), Chicago, IL, USA, and
the President of NextWatt LLC, Hoffman Estates,
IL, USA. He has authored about 200 refereed papers

and delivered over 70 invited presentations.
Dr. Mazumder was a recipient of the UIC’s Inventor of the Year Award

in 2014, the University of Illinois’ University Scholar Award in 2013, the
ONR Young Investigator Award in 2005, the NSF CAREER Award in 2003,
and the IEEE TRANSACTIONS ON POWER ELECTRONICS (PELS) Paper
Award in 2002. He was invited to serve as a Distinguished Lecturer of
the IEEE PELS in 2016. He served as the Guest Editor-in-Chief/Editor
of the IEEE TRANSACTIONS ON POWER ELECTRONICS/TRANSACTIONS

ON INDUSTRIAL ELECTRONICS from 2013 to 2014, and the first Editor-
in-Chief of Advances in Power Electronics from 2006 to 2009, and has
served as an Associate Editor of the IEEE TRANSACTIONS ON INDUSTRIAL

ELECTRONICS since 2003, the IEEE TRANSACTIONS ON POWER ELEC-
TRONICS since 2009, and the IEEE TRANSACTIONS ON AEROSPACE AND
ELECTRONIC SYSTEMS since 2008. He serves as the Chair of the IEEE PELS
Technical Committee on Sustainable Energy Systems.

Harshit Soni (S’14–M’15) received the B.E. degree
in electronics and communication engineering from
the PES School of Engineering, Bengaluru, India,
in 2012, and the M.S. degree in electrical and com-
puter engineering from The University of Illinois
at Chicago (UIC), Chicago, IL, USA, in 2015. His
M.S. thesis project was on modular control of
differential mode Cuk inverter at UIC.

He is currently with Tagore Technology Inc.,
Arlington Heights, IL, USA. His current research
interests include high frequency link inverter,

dc/dc converters, control engineering, and GaN-based switching power con-
verters.

Ankit Gupta (S’07) received the B.E. degree in
electrical engineering from the Delhi College of
Engineering (DCE), Delhi, India, in 2011. He is
currently working toward the Ph.D. degree with
the University of Illinois at Chicago, Chicago, IL,
USA.

He served as the Technical Head of the IEEE DCE
Student Branch in 2010. From 2011 to 2013, he
was an Engineer with Heavy Electricals Equipment
Plant, Hardwar Unit, Bharat Heavy Electrical Ltd.,
Haridwar, India, a supercritical turbo-generator man-

ufacturing facility. In 2013, he joined the Laboratory of Energy and Switching
Electronics System, The University of Illinois at Chicago, Chicago, IL, USA.
In 2015, he was selected as the IEEE Region 4 Student Representative. His
current research interests include power converters, high frequency power
transmission, microgrid, and grid integration of renewable energy.

Mr. Gupta serves as a Reviewer of the IEEE TRANSACTIONS ON
POWER ELECTRONICS and the IEEE TRANSACTIONS ON INDUSTRIAL

ELECTRONICS.

Nikhil Kumar (S’14) received the B.E. degree
in electrical engineering from the Delhi College
of Engineering, Delhi, India, in 2011, and the
M.S. degree in electrical and computer engineering
from The University of Illinois at Chicago (UIC),
Chicago, IL, USA, in 2015, where he is currently
pursuing the Ph.D. degree. His M.S. thesis project
was on developing frequency-dependent criterion to
mitigate effects of transmission line terminated with
linear loads at UIC.

He was an Executive Engineer with Larsen &
Toubro, Mumbai, India, from 2011 to 2013. His current research interests
include high frequency link inverter, signal integrity issues in high frequency
power transfer, dc/dc converters, and GaN-based switching power converters.



<<
  /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
  /CreateJDFFile false
  /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
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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

  /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 "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


