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Abstract: Open-end winding motors are used extensively in ship electric propulsion systems, in which medium-voltage

high-power inverters are a critical component. To increase the system voltage and power density, a dual five-level active neutral-point

clamped (ANPC) inverter is proposed herein to drive medium-voltage open-end winding motors for ship electric propulsion. Each

phase of this inverter comprises two five-level ANPC bridges and all the phases are powered by a common direct-current link. A

hybrid modulation method is proposed to control this inverter. The series-connected switches in all the five-level ANPC bridges are

operated at the fundamental frequency, and the other switches are controlled with a phase-shifted pulse-width modulation (PWM),

which can achieve a natural balance between the neutral-point voltage and flying capacitor voltages in a carrier period. A closed-loop

capacitor voltage balancing method based on adjusting the duty ratios of the PWM signals is proposed. The neutral-point voltage and

flying capacitor voltages can be controlled independently and balanced without affecting the output phase voltage. Simulation and

experimental results are presented to demonstrate the validity of this method.

Keywords: Multilevel inverter, active neutral-point clamped (ANPC), capacitor voltage balance, open-end winding motor drive

1 Introduction

All-electric ships are the future trend in modern
ships owing to their advantages of high fuel efficiency,
high power density, and high dynamic response (=31
Medium-voltage direct current (MVDC) systems
offers many advantages over medium-voltage
alternating current systems; therefore, the former are
regarded as the next-generation ship integrated power
aps) "2,

inverters are crucial as a critical component in MVDC

system High-power medium-voltage
electric propulsion systems. With the continuously
increasing demand for power and grid voltage,
conventional two-level dc-ac inverters are no longer
suitable . In fact, multilevel converters have received

increasing attention in recent years owing to their

Manuscript received November 19, 2020; revised January 22, 2021;
accepted August 26, 2021. Date of publication December 31, 2021; date of
current version November 27, 2021.

* Corresponding Author, E-mail: wangkui@tsinghua.edu.cn

Digital Object Identifier: 10.23919/CJEE.2021.000039

merits of low voltage stresses, reduced common-mode
voltage, high operating voltage, and high harmonic
performance. =~ Among  multilevel  topologies,
neutral-point-clamped (NPC), flying-capacitor (FC),
and cascaded H-bridge (CHB) multilevel converters
are the earliest and most classic topologies in the
industry 57,

Three-level NPC converters, which were first
proposed in 1981 Bl arca competitive and extensively
used topology for medium-voltage applications (891,
Compared with FC and CHB converters, it features the
highest power density 1% However, limited by the
blocking voltages of the present semiconductors, it
cannot be readily applied to high-voltage drives
exceeding 6 kV 7). When the number of voltage levels
increases to four or more, NPC converters are affected
by the neutral-point (NP) voltage imbalance problem,
which impedes their application in the industry ()
Although

techniques can be used to solve this problem, such

some new modulation and control
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as carrier-overlapped PWM [12-13]’

PWM [14]’ and model-predictive control [

virtual-vector
1 they
present increased power losses and harmonics.

Compared with multilevel NPC inverters, FC
multilevel converters use fewer switches and are not
confronted by the NP voltage balance problem (0. 16]
The main drawback of this topology is the large
number of FCs, which increases the system volume,
weight, and control complexity significantly. CHB
converters are extensively used in high-voltage
applications U7 The shortcoming of this topology is
that numerous isolated DC sources are required; hence,
it is not suitable for MVDC ship IPSs.

The modular multilevel converter is an emerging
multilevel converter topology that has garnered

18-20
[18-201 However,

increasing attention in recent years
affected by

fluctuations in
[19-20]

it is low-frequency  capacitor

voltage medium-voltage  drive

applications , and it requires significant numbers
of switches and capacitors; therefore, the power
density of the entire system is decreased.

To further increase the voltage levels and reduce
the number of devices, numerous new multilevel
topologies are investigated based on combinations of
present topologies, which are classified as hybrid
multilevel topologies. The stacked multicell (SMC)
converter is one of the earliest hybrid multilevel

topologies [21-221,

it is configured as a two FC
multilevel converters stacked together. The five-level
active neutral-point clamped (SL-ANPC) converter is
another hybrid multilevel topology that combines a
three-level ANPC converter and a two-level cell %,
Compared with a S5L-SMC converter, a S5L-ANPC
converter uses fewer capacitors and hence the power
density will be higher. Many other hybrid topologies

d B*? A four-level nested

have been investigate
neutral-point clamped (NNPC) inverter is proposed in
Ref. [24], which is an extension of the 3L-NPC
converter that can operate at higher voltages.
Furthermore, a five-level NNPC inverter is proposed
in Ref. [25].
hybrid-clamped (HC) converters are proposed in
Refs. [26-27], and they can be regarded as the
variation of FC multilevel converters with reduced
flying capacitors. However, both the NNPC and HC
topologies require more flying capacitors than the

Subsequently, four- and five-level

SL-ANPC converter.

To improve the DC-link voltage utilization,
fault tolerance, and harmonic performance, one
promising configuration is to use an open-end
winding motor fed by two inverters at each end.
Several power circuit configurations have been
reported for open-end winding induction motor drive,
such as the dual two-level inverter [28], dual three-
level NPC inverter [29'30], and dual three-level ANPC

B1321 Similarly, to further extend the power

inverter
and voltage range, the abovementioned SMC, ANPC,
NNPC,

configured into an H-bridge structure to drive the

and HC multilevel topologies can be
single phase of an open-end winding motor. As
ANPC

structure offers the best cost performance and highest
[33]

previous mentioned, the dual five-level

power density among all these solutions
Additionally, a dual five-level inverter with reduced
Ref. [34]. For this

inverter, only eight switches and two diodes are used

switch-count is proposed in

per bridge and no FCs are required. However, its
DC-link is powered by four separated DC sources to
solve the NP voltage balance problem, which is the
main drawback of this topology.

Another solution for open-end winding motor
DC-link (MLDCL)
inverters °°!, which can be regarded as an H-bridge
with a multilevel DC-link voltage. An MLDCL can be
a diode-clamped phase leg, a flying-capacitor phase

to use multilevel
135

drive is

leg, or cascaded half-bridge cells B35 Based on this
idea, a hybrid cascaded multilevel converter for
electric vehicles is proposed in Ref. [36], and it can be
extended to more levels owing to the modular
structure. However, each submodule of this topology
must be powered by a battery or an isolated DC source;
hence, it is not suitable for a ship IPS with a single DC
bus. Another MLDCL topology named “symmetrical
hybrid multilevel inverter” is proposed in Ref. [37]. Its
DC-link is a five-level DC/DC converter; as such, the
output phase voltage comprises nine levels. The
common shortcoming among all MLDCL topologies is
that the H-bridge cell will bear the total DC-link
voltage, and this necessitates the series connection of
power devices.

The structure of the dual 5L-ANPC inverter is

shown in Fig. 1. Each phase of this inverter is
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composed of two SL-ANPC bridges and drives an
isolated load. Therefore, the phase voltage comprises a
maximum of nine voltage levels. A key issue
pertaining to this inverter is the voltage unbalance of
the FCs and DC-link capacitors, which may worsen

Left SL-ANPC bridge

DC-link

the harmonic and result in the

over-voltage of semiconductors and capacitors. This

performance

may arise from the dispersion of capacitor parameters,
drive signal delay, dead-time effect, unbalanced load

current, etc.

Right SL-ANPC bridge
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Fig. 1

Many modulation methods can be used to control
this converter, such as selective harmonic elimination
PWM P¥ gpace vector PWM (SVPWM) 1041
hybrid modulation S phase-disposition PWM
(PDPWM) !, and phase-shifted PWM (PSPWM) 1.

SVPWM affords good control performance in
terms of NP voltage balance by selecting the
appropriate  redundant vectors and switching
sequences. However, it is more complex for higher
voltage levels owing to the rapid increase in voltage
vectors and redundant switching states [40-441 o
alleviate this problem, a hybrid modulation method
that combines the three-level SVPWM and PSPWM is
proposed in Ref. [44]. The NP voltage is balanced with
three-level SVPWM and the FC voltages are balanced
with PSPWM. Hence, the modulation process is
simplified significantly.

Compared with multilevel SVPWM schemes,
carrier-based PWM schemes are simpler and more
suitable for converters with high voltage levels. Both
PDPWM and PSPWM can be used to control the
SL-ANPC converter ¥ The FC voltages can be
balanced by selecting the appropriate redundant
switching states when using PDPWM 451 or adjusting

the dwell time of two redundant switching states when

A single phase of the dual SL-ANPC inverter

using PSPWM 1l However, the NP voltage is
balanced by the same zero-sequence voltage injection
method, which is only suited for star-connected loads
without a neutral line.

This paper is a major revision of Ref. [33]. To
solve the capacitor voltage balancing problem of the
dual 5L-ANPC inverter, a hybrid modulation method
based on PSPWM is proposed, which permits the
fundamental frequency switching of series-connected
switches and equal frequency switching of other
switches. Moreover, mathematical models of the NP
current and FC current based on this modulation
method is derived, in which the average values of both
the FC currents and NP current are zero in a carrier
period. Furthermore, a closed-loop capacitor voltage
balancing method is proposed, which does not require
a zero-sequence voltage and only adjusts the four
PWM signals slightly. Simulation and experimental
results are presented to demonstrate this method.

2 Modulation method and natural voltage
balance ability

As shown in Fig. 1, each 5L-ANPC bridge
comprises two half-bridge cells and a three-level FC
cell. If the DC-link voltage is assumed to be a constant
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and equal to 4F, then the voltage stresses of the
switches in the half-bridge cells and FC cell are 2E
and E, respectively. Switches Sixy-Saxy and Sy, =S4y
are operated complementarily, and S3xy, and Ssy are
always switched synchronously, where the symbol x
represents phase a, b, or ¢ and y represents the left or
right half-bridge L or R, respectively.

Each 5L-ANPC bridge can output five voltage
levels with eight switching states. All the switching
states are summarized in Tab. 1, where iy and inxy are
the corresponding FC current and NP current,
respectively, and ioxy is the phase current.

Tab. 1 Switching states of the SL-ANPC bridge

Switching
Say Sy Sny Sy Ity Inxy Vory states
o 0 0 0 0 0 2E \
0 0 0 1 foxy 0 -E Vi
0 0 1 0 ~loxy foxy -E vz
0 0 1 1 0 loxy 0 V3
1 1 0 0 0 loxy 0 V4
1 1 0 1 foxy Loxy E Vs
1 1 1 0 —loxy 0 E Ve
1 1 1 1 0 0 2E &

The main defect of the SL-ANPC topology is that
) and (S4XY3 SA;
the DC-link voltage and requires two switches

switches (Saxy, S5 ) bear one-half of

Xy Xy

connected in series for medium-voltage applications;
this may reduce the reliability of the inverter. Hence,
the series-connected switches can be controlled to
operate at the fundamental frequency such that the
switching time can be extended appropriately. As
shown in Tab. 1, S3,y and Suxy are turned off when the
output voltage is negative and turned on when the
) and
(Sixys Siy ) can be operated at the fundamental

output voltage is positive. Therefore, (S3xy, S,
frequency based on the polarity of the reference
voltage.

Furthermore, the FC cell can be controlled by the
classic PSPWM. The phase-shifted angle of the two
carriers of each FC cell is 180° . Moreover, to
generate more voltage levels, the carriers of the two
FC cells must be phase shifted. To achieve the best
harmonic performance, the four carriers should be
evenly distributed such that the phase-shifted angle

between the two FC cells is 90° .

In this study, the switching functions of switches
S1xy-Saxy are Stixy-Spaxy are defined. As shown in Tab. 1,
two conditions apply for the instantaneous voltage Voxy
of bridge y in phase x, i.e.,

(1) When the output voltage is negative, S3x, and
Sixy are turned off. Subsequently, the output bridge
voltage Voxy can be written as

I/oxy = _ZE + (Sﬁxy + Sflxy) : E (1)

(2) When the output voltage is positive, Sixy and
Sixy are turned on. Subsequently, the output bridge
voltage Voxy can be written as

Voxy = (Sﬁxy + Sﬂxy) ’ E (2)

By combining the two conditions above, the

output voltage Vo, can be simplified to

V :[2-(SBXy —1)+Sf2xy +Sﬂxy]-E 3)

oxy

Therefore, the output voltage Vox for phase x can

be written as

V.=V V.

ox oxL oxR T

[2(Sf3xL - SBXR) + (szxL - szxk) + (Sfle - SflxR )] E (4)

If E is selected as the base voltage value, then the
voltage range of a single bridge is [-2, 2]. The
switching function of the series-connected switches
can be defined as follows

1 0<u,, <2
Sfjxy = Sf4xy = 0 —2<M <O (5)

where uoyy is the reference voltage of a single bridge,
whose value range is -2 to 2.
To operate the left and right bridges
symmetrically, 1.y, can be expressed as follows
Uge = Upy /2
DR
where ux is the reference phase voltage, whose value
range is —4 to 4.
When (Siyy, S5
at the

) and (Sixy, S,

fundamental

) are operated

Xy Xy

frequency, the reference

modulation voltage urn for (Sixy, S{Xy) and (Sayy,

S3,, ) can be written as follows

Uy /2 0=u,, <2
= 7
Uy +2)/2 2=, <0 2
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Based on Egs. (5)-(7), the diagram of the hybrid
modulation method is shown in Fig. 2.
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Fig. 2 Hybrid modulation method for dual SL-ANPC inverter

The NP voltage and FC voltages can only be
balanced by regulating the NP current and FC currents.
Therefore, the current model should be derived first.

For the DC-link capacitors, the load current flows
out of the NP when S;'Xy and $»,y are switched on or
Syyand Sy, are switched on. Because Ssxy and Sy
are turned on and off simultaneously, the instantaneous
NP current of a single SL-ANPC bridge can be written

as follows

=8, )i, 0=<u <2
iny—{ P )

Sty “loxy —2<u Oxy<0

Based on Eq. (8), the instantaneous NP current of

a single phase can be written as

. . . _(SDXL + Si2xR - 1) : iox 0< uox <4

1l =1 +1 =

ML R (S S — D i, —4<u, <0
©

iox. If
the carrier frequency is sufficiently higher than the

where iy is the phase current and ioxp = —ioxr =

fundamental frequency, then the reference modulation

voltage and phase current can be assumed as constant
in a carrier period. Based on Eq. (9), the average NP
current of a single phase in a carrier period can be

written as

- - " {_(dZXL + dsz - l) ’ iox O<u <4
INx =INxL +INxR =
(d2xL + dsz -1 lox “ <0
(10)
where day. and doxr are the duty ratios of Spyr and Spyr
in a carrier period, respectively. Because switches Sixy
and S»y are controlled with PSPWM, the duty ratio of
Stixy and Spyy in a carrier period can be written as
Ay = oy =l (11)
(6), (7), and (11), the following

equation can be obtained

=U

Using Egs.

d,. +d

2xL wR = Uy, TU

=(u0xL +u0xR)/2+1=1
(12)
Substituting Eq. (12) into Eq. (10), it can be

concluded that the average NP current of a single

refxR

phase is zero, which implies that the NP potential can
be naturally balanced in a carrier period using the
proposed hybrid modulation method under ideal and
steady-state conditions.

For the FC Cpgy, the instantaneous flying

capacitor current can be written as
ifxy = (Sflxy - Sﬂxy) ' ioxy (13)

The average FC current in a carrier period is

expressed as
iy = (dyy = dyyy) i (14)

Substituting Eq. (11) into Eq. (14), it can be
concluded that the average FC current is zero, and the
FC voltages can be balanced naturally in a carrier
period under ideal and steady-state conditions.

3 Voltage balancing method

Although the NP voltage and FC voltages can be
balanced naturally in a carrier period using the hybrid
modulation method, it may diverge under non-ideal
and dynamic conditions without closed-loop control.
Based on Egs. (10) and (14), the NP and FC currents
can be adjusted by adjusting dixy, and db., without
affecting the output phase voltage.

Based on Eq. (4), the average phase voltage uox in

a carrier period can be written as
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0ox

B {z +(dy —dy)+dyy —d ) 0<u, <4

2+(d,, —d,z)+(d, —d ) —4<u, <0

ox

(15)
The voltage deviations of the FCs and NP are

defined as follows

Aufo = ufo -E
Aufo = ufo -E (16)

Auy =uy, —uy

where u4; and ug; are the voltages across the upper and
lower DC-link capacitors, respectively; E is the
nominal voltage of the flying capacitors and is defined
as Vao/4. To eliminate voltage deviations, the proposed
voltage balancing method can be segregated into the
following three steps.

Step 1: For the left bridge flying capacitor Cg, if
sign(Aug) % sign(ioxL) > 0, then based on Eq. (14), the
duty ratio of Spix should be increased, whereas the
duty ratio of Spyr should be decreased. To ensure that
the output voltage and other capacitor currents are
unaffected, the modified duty ratios of Stixy and Spxy

can be written as
dlle = dle + Ade
, 1
deL = d2xL - EAde

17
dllxR = dlxR +%Ade (17

'
dZXR

=d

1
xr T 5 Ade

By substituting Eq. (17) into Eq. (14), the average
current of the left bridge flying capacitor Cgr is
expressed as follows

. 4
ifXL = (dlle - d2’xL) ’ ioxL = gAde : ioxL (1 8)

Substituting Eq. (17) into Egs. (10), (14), and
(15), it is demonstrated that the average NP current,
average current of the FC in the right bridge, and
average phase voltage are unaffected.

Step 2: Similar to Cgq, for the right bridge flying
capacitor Cxr, if sign(Augr) X sign(iexr) > 0, then
based on Eq. (14), the duty ratio of Sexr should be
increased, whereas the duty ratio of Spyxr should be
decreased. To ensure that the output voltage and other
capacitor currents are unaffected, the modified duty

ratios of Srixy and Spyy can be written as

dll;L =d lle + %Ad xR

14 ’ 1
deL = d2xL + gAde (19)
dI,;R = dllxR + Ade

" ' 1
dZXR = dZXR - gAde

Substituting Eq. (19) into Egs. (10), (14), and
(15), it is demonstrated that the average NP current,
average current of the FC in the left bridge, and
average phase voltage are unaffected.

Substituting Eq. (19) into Eq. (14), the average
current of the right bridge FC Cxr is expressed as
follows

N " " . 4 .
IR = (dlxR - dsz) o T EAde “loxr (20)

Step 3: For the NP voltage, if sign(Aun) X
sign(iox) X sign(uex) > 0, then based on Eq. (10), the
sum of dyq and dhxr should be decreased. To ensure
that the output voltage and other capacitor currents are
unaffected, the modified duty ratios of Stixy and Spyy

can be written as
mo_ gn
dle - dle - Ade
mo_gn
d2xL - deL - Ade
mo_ gn
dlxR - dlxR —-Ad

xN
mo_gnr
d2xR - d2xR Ade

21

Substituting Eq. (21) into Eqgs. (14) and (15), it is
demonstrated that the average flying capacitor currents
and the average phase voltage are unaffected. In this
case, the average NP current is as follows

ine =2Ad -0 (22)
where Adx, Adgr, and Adyn are extremely small and
can be controlled using a PI regulator.

Based on Egs. (17), (19), and (21), the final duty

ratio variations can be written as follows

Ad, = Ad, +%Ade —Ad

Ad,, = —%Ade + %Adm —Ad,
23)

Ad, , = éAde +Ad , —Ad

1 1
Ay = A ——Ad —Ad

xN

Subsequently, the four adjusted duty ratios are
dixL + AdixL, daxt + Adaxi, dixg + Adixg, and daxr +
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Adsxr. To minimize the effect of the voltage balancing
method on the total harmonic distortion (THD) of the
output voltage, the boundaries of Adix, Adaxr, Adixr
and Ad were limited to within £10% of urercy. The
block diagram of the voltage balancing method is
shown in Fig. 3. As presented in Fig. 3, the voltage
deviations of the FCs and NP were measured first and
input to the respective PI regulators. Subsequently, the
three duty ratio variations Adyr, Adgr, and Adxy can be
generated. As shown, the voltage balancing of the two
FCs and NP were decoupled and independent of each
other. The final duty ratios can be obtained by the
linear combination of Adyr, Adxr, and Adxn, based on
Eq. (23). To avoid over-modulation, the maximum and
minimum final duty ratios were set to 1 and 0. In other
words, when the original duty ratios are extremely
small or large, the final adjustments must be further
restricted to ensure that the four duty ratios are
between 0 and 1.

fox = Voltage | ,
si
; |;gn| Ad balancing dlxy ’ d2xy Adyy
fxL Pl |} xL of Cpy. I
Get the
E Adoy1
Voltage | gr 3y final |—=5

UfR Ad,g| balancing duty
ﬁ_"@ of Cpxr- ratios by ﬂ
£ Eq. (23)

Adrxr
Voltage dix ,dé” XK
Hd2 @ Ad balancing ————>
g1 of Cq1 and
Ca.

Fig. 3 Block diagram of the voltage balancing method

4 Simulation results

A three-phase dual SL-ANPC
simulated in the Matlab/Simulink environment, and

inverter was

the associated circuit configuration is shown in Fig. 4.
The simulation parameters are shown in Tab. 2.

Phase C, left bridge
Phase B, right bridge
Phase B, left bridge
Phase A, right bridge
Phase A, left bridge
S Sk

.
Cal=m2E  Spy M

)
S3xL
L

(D Vae :7

Open-winding motor

Fig. 4 Circuit configuration of the three-phase dual
5L-ANPC inverter

Tab. 2 Circuit parameters used for the simulation

and experiments

Parameter Value
DC-link voltage Uy./V 200
DC-link capacitor Cy;, Cgo/uF 4700
Flying capacitor Ciy,/uF 470
Carrier frequency f./kHz 2
R-L load R=20 Q, L=5 mH

Figs. 5 and 6 present the steady-state simulation
results under different modulation indexes. Fig. 5a
shows the left and right bridge voltages, phase
voltage, and phase current with modulation index
m = 0.9. The two bridge voltages are out of phase
and each comprises five voltage levels. The phase
voltage is the difference of the two bridge voltages
and comprises nine levels because of PSPWM.
Fig. 5b shows the FC voltages and the DC-link
capacitor voltages. As shown, all the capacitor
voltages were well balanced around their nominal
voltages when the proposed voltage balancing
method was used.

Because the FC voltages can be balanced within a
carrier period, the voltage ripples depend on the
maximal charging/discharging time in a carrier period.
Therefore, the maximal voltage ripple Aug can be

written as follows

Auy, = ooyl (24)
2C,  2fC,

where Ct is the capacitance of the FCs, T the carrier
period, and f; the carrier frequency. The simulation
result shown in Fig. 5 is consistent with the theoretical
analysis.

Fig. 6 shows the simulation results with m =
0.2. Both the left and right bridge voltages comprise
three levels, whereas the phase voltage comprises
only three levels. This is because the reference
voltage is extremely small, and a three-level voltage
is sufficient to synthesize it. The simulation results
demonstrate that the DC-link and FC voltages can
be balanced under both high and low modulation

indexes.
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Fig. 6 Simulation results with the modulation index m=0.2

Figs. 7 and 8 present the harmonic spectra of
the bridge voltage, phase voltage, and phase current
under m = 0.9 and m = 0.2, respectively. First, it is
clear that the primary harmonic components were the
carrier-frequency and multiple carrier-frequency
components. Second, a significant number of double
carrier-frequency (4 kHz) components appeared in
the bridge voltage, which was caused by the two
180 ° phase-shifted carriers in a single bridge.
However, owing to the phase-shifted angle between
the two bridges, the double -carrier-frequency
components in the phase voltage reduced
significantly. Therefore, the primary harmonics in
the phase voltage and phase current were quadruple
carrier-frequency components, and all the double
carrier-frequency components were eliminated.

Figs. 9 and 10 show the dynamic-state results
under m = 0.9 when the capacitor voltage balancing
method was deactivated. The capacitances and

equivalent series resistances of the two DC-link
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capacitors were differently. As shown in Fig. 9, when

the capacitor voltage balancing method was
deactivated at 0.2 s, the two DC-link capacitor
voltages deviated from the reference values rapidly,
thereby resulting in a higher voltage stress on the
capacitors and switches. Moreover, the harmonic
performance of the phase current deteriorated. As
shown in Fig. 10, the THD of the load current
increased significantly compared with the results

shown in Fig. 7c.
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5 Experimental results

dual 5L-ANPC
inverter was built to demonstrate the validity of the

A downscaled three-phase
proposed modulation and voltage balancing method,
as shown in Fig. 11. The control board was based on a
DSP chip (TMS320F28335) and a CPLD chip
(EPM1270T144CS5). The experimental parameters

were the same as the simulation parameters.

=gt Two bridges of phase A
Two bridges of phase B

7 Two bridges of phase C

DSP/CPLD
control board

DC-link capacitors

Fiber board

The down-scaled prototype of
the dual SL-ANPC inverter

Fig. 11

Figs. 12 and 13 present the experimental results
09 and m = 0.2,
respectively. Similar to the simulation results, the

with modulation index m =

phase voltage comprised nine levels when m = 0.9 and
0.2. The DC-link
capacitor and FC voltages were balanced well under

was reduced to three when m =

these two modulation indexes.
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Figs. 14 and 15 present the harmonic spectra
of the bridge voltage, phase voltage, and phase
current under m = 0.9 and m = 0.2, respectively. The
THD from the experimental results was similar to
the simulation results. Similar to the simulation
results, it was clear that a significant number of
double carrier-frequency (4 kHz) components
existed in the bridge voltage, as shown in Figs. 14a
and 15a. However, they were almost completely
both

conditions, as shown in Figs. 14b and 15b. The

eliminated in the phase voltage under

main harmonic component in the phase voltage and
phase current was the quadruple carrier-frequency

(8 kHz) component.
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Fig. 14 Experimental harmonic spectrums with the

modulation index m=0.9
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Fig. 15 Experimental harmonic spectrums with the

modulation index m=0.2

Fig. 16 shows the dynamic experimental results
of the DC-link capacitor voltages, FC voltages, and
phase currents under an abrupt load change. The load
resistance changed abruptly from 20 Q to 150 Q and
then returned to 20 Q. During the entire process, the
DC-link capacitor voltages and the FC voltages
remained balanced.

Fig. 17 shows the dynamic-state performance of
the capacitor voltage balancing method. As shown in
Fig. 17a, the reference voltages of the upper and lower
DC-link capacitors were set to 10% higher and 10%
lower than the nominal value first, respectively;
subsequently, they were set to the nominal value 5 s
later. The two DC-link capacitor voltages traced the
new reference values accurately. As shown in Fig. 17b,
the reference voltages of the three FCs were set to
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Fig. 16 Dynamic-state experimental result when the load

resistance is suddenly changed
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Fig. 17 Dynamic-state experimental results when the

reference voltages are suddenly changed

20% higher than, equal to, and 20% lower than the

nominal value first and then reset to the nominal value

5 s later. Similarly, the three FC voltages traced the
new reference values accurately. The dynamic-state
results demonstrate that the proposed voltage
balancing method can control the NP and FC voltages
effectively. Moreover, the NP voltage and FC voltages
can be controlled independently without affecting the

other voltages.

6 Conclusions

To fulfill the demands of ship electric propulsion
systems for medium-voltage high-power inverters, a
dual 5SL-ANPC inverter for open-end winding motors
Two SL-ANPC bridges
constitute an H-bridge for driving an isolated load, and

was proposed herein.

a nine-level phase voltage can be obtained. A hybrid
modulation method based on PSPWM was proposed
to control this inverter; it permits the fundamental
frequency switching of series-connected switches and
equal frequency switching of other switches. Moreover,
mathematical models of the NP current and FC
currents based on this modulation method was derived.
The average values of both the FC currents and NP
current were zero in a carrier period under ideal
conditions. Therefore, the voltage ripples of both the
NP voltage and FC voltages were of high frequency. A
closed-loop capacitor voltage balancing method based
on adjusting the duty ratios of the PWM signals was
results

proposed. Simulation and

validated this method.

experimental

References

[1] J F Hansen, F Wendt. History and state of the art in
commercial electric ship propulsion, integrated power
systems, and future trends. Proceedings of the IEEE, 2015,
103(12): 2229-2242.

[2] C Su, K Lin, C Chen. Power flow and generator-converter
schemes studies in ship MVDC distribution systems.
1IEEE Trans. Ind. Appl., 2016, 52(1): 50-59.

[3] J S Thongam, M Tarbouchi, A F Okou, et al. All-electric
ships: A review of the present state of the art. 2013 Eighth
International Conference and Exhibition on Ecological
Vehicles and Renewable Energies (EVER), 2013: 1-8.

[4] K Thantirige, A K Rathore, S K Panda, et al. Medium
voltage multilevel converters for ship electric propulsion
drives. 2015 International Conference on Electrical

Systems for Aircrafi, Railway, Ship Propulsion and Road



90

Chinese Journal of Electrical Engineering, Vol.7, No.4, December 2021

[11]

[13]

[14]

[15]

[16]

[17]

(18]

Vehicles (ESARS), 2015: 1-7.

S Kouro, M Malinowski, K Gopakumar, et al. Recent
advances and industrial applications of multilevel
converters. [EEE Trans. Ind. Electron., 2010, 57(8):
2553-2580.

H Abu-Rub, J Holtz, J Rodriguez, et al. Medium-voltage
multilevel converters: State of the art, challenges, and
requirements in industrial applications. /EEE Trans. Ind.
Electron., 57(8): 2581-2596.

J Rodriguez, S Bernet, B Wu, et al. Multilevel
topologies
medium-voltage drives. [EEE Trans. Ind. Electron., 2007,
54(6): 2930-2945.

A Nabae, 1 Takahashi, H Akagi. A
neutral-point-clamped PWM inverter. IEEE Trans. Ind.
Appl., 1982, 17(5): 518-523.

J Rodriguez, S Bernet, P Steimer, et al. A survey on

IEEE Trans. Ind.

voltage-source-converter for  industrial

new

neutral-point-clamped  inverters.
Electron., 2010, 57(7): 2219-2230.
S Fazel, S Bernet, D Krug, et al. Design and comparison
of 4-kV neutral-point-clamped, flying-capacitor, and
series-connected H-bridge multilevel converters. /EEE
Trans. Ind. Appl., 2007, 43(4): 1032-1040.

J Pou, R Pindado, D Boroyevich. Voltage-balance limits
in four-level diode-clamped converters with passive front
ends. IEEE Trans. Ind. Electron., 2005, 52(1): 190-196.

K Wang, Z Zheng, Y Li. A novel carrier-overlapped PWM
method for four-level neutral-point clamped converters.
IEEE Trans. Power Electron., 2019, 34(1): 7-12.

K Wang, Z Zheng, L Xu,

carrier-overlapped PWM method for

et al. A generalized
neutral-point
clamped multilevel converters. /EEE Trans. Power
Electron., 2020, 35(9): 9095-9106.
S Busquets-Monge, S Alepuz, J Rocabert, et al. Pulse
width modulations for the comprehensive capacitor
voltage balance of n-level three-leg diode-clamped
converters. [EEE Trans. Power Electron., 2009, 24(5):
1364-1375.
V Yaramasu, B Wu, J Chen. Model-predictive control of
grid-tied  four-level diode-clamped inverters for
high-power wind energy conversion systems. /[EEE Trans.
Power Electron., 2014, 29(6): 2861-2873.
T A Meynard, M Fadel, N Aouda. Modeling of multilevel
converters. [EEE Trans. Ind. Electron., 1997, 44(3):
356-364.
M Malinowski, K Gopakumar, J Rodriguez, et al. A
survey on cascaded multilevel inverters. /EEE Trans. Ind.
Electron., 2010, 57(7): 2197-2206.

R Marquardt, A Lesnicar. A new modular voltage source

[19]

[20]

[21]

[22]

[23]

[24]

[29]

[30]

inverter topology. European Conference on Power
Electronics and Applications (EPE), 2003: 1-10.

M Hagiwara, K Nishimura, H Akagi. A medium-voltage
motor drive with a modular multilevel PWM inverter.
1IEEE Trans. Power Electron., 2010, 25(7): 1786-1799.

K Wang, Y Li, Z Zheng, et al. Voltage balancing and
fluctuation-suppression methods of floating capacitors in
a new modular multilevel converter. /EEE Trans. Ind.
Electron., 2013, 60(5): 1943-1954.

M Y M Ghias, J Pou, V G Agelidis. An active
voltage-balancing method based on phase-shifted PWM
for stacked multi-cell converters. /EEE Trans. Power
Electron., 2016, 31(3): 1921-1930.

M Y M Ghias, J Pou, P Acuna, et al. Elimination of
low-frequency ripples and regulation of neutral-point
voltage in stacked multi-cell converters. /EEE Trans.
Power Electron., 2017, 32(1): 164-175.

P Barbosa,
neutral-point-clamped (ANPC) multilevel

P Steimer, J Steinke, et al. Active
converter
technology. European Conference on Power Electronics
and Applications (EPE), 2005: 1-10.

K Tian, B Wu,
voltage-balancing method for
clamped (NNPC) inverter. [EEE Trans. Power Electron.,
2016, 31(3): 2575-2583.

M Narimani, B Wu, N Zargari. A novel five-level voltage

M Narimani, et al. A capacitor

nested neutral point

source inverter with sinusoidal pulse width modulator for

medium-voltage applications. [EEE Trans. Power
Electron., 2016, 31(3): 1959-1967.

K Wang, Z Zheng, L Xu, et al. Voltage balancing control
of a four-level hybrid-clamped converter based on
zero-sequence voltage injection using phase-shifted PWM.
IEEE Trans. Power Electron., 2016, 31(8): 5389-5399.

K Wang, Z Zheng, L Xu, et al. Topology and control of a
five-level hybrid-clamped converter for medium-voltage
high-power conversions. /[EEE Trans. Power Electron.,
2018, 33(6): 4690-4702.

M R Baiju, K K Mohapatra, R S Kanchan, et al. A dual
two-level inverter scheme with common mode voltage
elimination for an IEEE
Transactions on Power Electronics, 2004, 19(3): 794-805.

J Holtz, N Oikonomou. Optimal control of a dual

induction motor drive.

three-level inverter system for medium-voltage drives.
IEEE Transactions on Industry Applications, 2010, 46(3):
1034-1041.

D Wu, X Wu, L Su, et al. A dual three-level inverter based
open-end winding induction motor drive with averaged
zero-sequence voltage elimination and neutral-point
[EEE  Transactions

voltage balance. on Industrial



Xiaohui Xu et al.: Modulation and Voltage Balancing Control of Dual Five-level ANPC Inverter for Ship

Electric Propulsion Systems 9]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Electronics, 2016, 63(8): 4783-4795.

A Mayor, M Rizo, A R Monter, et al. Commutation
behavior analysis of a dual 3L-ANPC-VSC phase-leg
PEBB using 4.5-kV and 1.5-kA HV-IGBT modules. /EEE
Trans. Power Electron., 2019, 34(2): 1125-1141.

L Zhang, Z Zheng, C Li, et al. A Si/SiC hybrid five-level
active NPC inverter with improved modulation scheme.
IEEE Trans. Power Electron., 2020, 35(5): 4835-4846.

X Xu, K Wang, N Liu, et al. A nine-level ANPC/H-bridge
inverter for open-winding motor drive system. [0th
International Conference on Power Electronics-ECCE
Asia, 2019: 1166-1170.

G Mondal, K Gopakumar, P N Tekwani, et al. A
reduced-switch-count five-level inverter with
common-mode voltage elimination for an open-end
winding induction motor drive. /EEE Transactions on
Industrial Electronics, 2007, 54(4): 2344-2351.

G Su. Multilevel DC-link inverter. I[EEE Trans. Ind. Appl.,
2005, 41(3): 848-854.

Z Zheng, K Wang, L Xu, et al. A hybrid cascaded
multilevel converter for battery energy management
applied in electric vehicles. [EEE Trans. Power Electron.,
2014, 29(7): 3537-3546.

K Wang, Z Zheng, D Wei, et al. Topology and capacitor
voltage balancing control of a symmetrical hybrid
nine-level inverter for high-speed motor drives. IEEE
Transactions on Industry Applications, 2017, 53(6):
5563-5572.

S Pulikanti, V Agelidis. Hybrid flying capacitor based

active-neutral-point-clamped five-level converter operated

with SHE-PWM. [EEE Trans. Ind. Electron., 2011, 58(10):

4643-4653.

M S A Dahidah, G Konstantinou, V G Agelidis. A review
of multilevel selective harmonic elimination PWM:
Formulations, solving algorithms, implementation and
applications. /[EEE Trans. Power Electron., 2015, 30(8):
4091-4106.

G Tan, Q Deng, Z Liu. An optimized SVPWM strategy
for five-level active NPC (5L-ANPC) converter. /[EEE
Trans. Power Electron., 2013, 29(1): 386-395.

Z Liu, Y Wang, G Tan, et al. A novel SVPWM algorithm
for five-level active neutral-point-clamped converter.
IEEE Trans. Power Electron., 2016, 31(5): 3859-3866.

Q A Le, D C Lee. Reduction of common-mode voltages
for five-level active NPC inverters by the space-vector
modulation technique. [EEE Transactions on Industry
Applications, 2017, 53(2): 1289-1299.

[43] Q A Le, D Lee. Elimination of common-mode voltages
based on modified SVPWM in five-level ANPC inverters.
IEEE Trans. Power Electron., 2019, 34(1): 173-183.

[44] C Li, S Wang, Q Guan, et al. Hybrid modulation concept
for five-level active-neutral-point-clamped converter.
1IEEE Trans. Power Electron., 2017, 32(12): 8958-8962.

[45] K Wang, Z Zheng, Y Li, et al. Neutral-point potential
balancing of a five-level active neutral-point-clamped
inverter. [EEE Trans. Ind. Electron., 2013, 60(5):
1907-1918.

[46] K Wang, L Xu, Z Zheng, et al. Capacitor voltage
balancing of a five-level ANPC converter using
phase-shifted PWM. IEEE Trans. Power Electron., 2015,
30(3): 1147-1156.

Xiaohui Xu received his B.S. degree and M.S.
degree in Mechatronics from Huazhong
University of Science and Technology, Wuhan,
China, in 2004 and 2007 respectively. He has
been working in Wuhan Electric Propulsion
Research Institute since 2007. His research
interests include multiphase permanent magnet motor control and high

power inverter design.

Xingchi Song received his B.S. degree and
M.S. degree in Mechatronics from Wuhan

\ 4 University of Technology, Wuhan, China, in
2015 and 2018 respectively. He has been

‘ working in Wuhan Electric Propulsion
Z Research Institute since 2018. His research

interests include structure design of marine propulsion inverters and

high power density inverters.

Kui Wang (M’11-SM’19) received his B.S.
and Ph.D. degrees in Electrical Engineering
from the Department of Electrical Engineering,
Tsinghua University, Beijing, China, in 2006

,‘.'/ and 2011, respectively. From 2018 to 2019, he
ﬂ was a Visiting Scholar at the Center for
Ultra-wide-area Resilient Electric Energy Transmission Networks
(CURENT), University of Tennessee, Knoxville, TN. He is currently an
Assistant Researcher with the Department of Electrical Engineering,
Tsinghua University. His research interests include topology and control
of multilevel converters, renewable energy generation and wide

band-gap semiconductor applications.



92 Chinese Journal of Electrical Engineering, Vol.7, No.4, December 2021

Nianzhou Liu received his B.S. degree in

Electrical Engineering from Wuhan University,

( Wauhan, China, in 2001 and M.S. degree from
&

iyl Wauhan Institute of Marin Electric Propulsion,
‘ 1 Wuhan, China, in 2004. He is current a Senior

) Engineer with Wuhan Institute of Marin

Electric Propulsion. His research interests include topology and control

of multilevel converters, and high-performance motor control systems.

Wenfeng Long received his B.S. degree and
M.S. degree in Mechatronics from Wuhan
University of Technology, Wuhan, China, in
1996 and 2005 respectively. He is current a
Research Fellow with Wuhan Electric

Propulsion Research Institute. His research

interests include the design of marine
high-power permanent magnet propulsion system, frequency converter

control, vibration and noise reduction technology, etc.

Zedong Zheng (M’09-SM’19) received his
B.S. and Ph.D. degrees in Electrical
Engineering from the Department of Electrical
Engineering, Tsinghua University, Beijing,
China, in 2003 and 2008, respectively. He is
currently an Associate Professor with the
Department of  Electrical Engineering,
Tsinghua University. His research interests
include power electronics transformers and
high-performance motor control systems.

Yongdong Li (M’08-SM’19) received the B.S.
degree in Electrical Engineering from Harbin
Institute of Technology, China, in 1982 and
the M.S. and Ph.D. degrees in Electrical
Engineering from the Department of Electrical

Engineering, Institut National Polytechnique

de Toulouse, Toulouse, France, in 1984 and
1987, respectively. Since 1996, he has been a Professor with the
Department of Electrical Engineering, Tsinghua University, Beijing,
China. His research interests include power electronics, machine control,

and transportation electrification.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


