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Reduction of Power Electronic Elements
in Multilevel Converters Using a
New Cascade Structure

Rasoul Shalchi Alishah, Daryoosh Nazarpour, Seyed Hossein Hosseini, Member, IEEE, and
Mehran Sabahi, Member, IEEE

Abstract—In this paper, a new structure for cascade
multilevel converters is presented. The proposed structure
is based on a cascaded connection of submultilevel con-
verters. The proposed cascade structure can generate a
large nhumber of levels with reduced numbers of insulated-
gate bipolar transistors, gate drivers, antiparallel diodes, dc
voltage sources, and blocked voltage by switches. For the
proposed cascade converter, a new algorithm to determine
dc source values is presented. In addition, the optimal
structures are presented for different goals. The suggested
structure is compared with conventional cascade and other
topologies. The performance and operation of the sug-
gested submultilevel and cascade structures is verified
by experimental and simulation results. Validation of the
analytical conclusions is done using MATLAB/Simulink
software.

Index Terms—Cascade, full-bridge converter, multilevel
converter, optimal structure, total harmonic distortion
(THD).

|. INTRODUCTION

ULTILEVEL converter is a power electronic system

that synthesizes a desired output voltage from several
levels of dc voltages as inputs [1]. Recently, use of multilevel
converters has been extended for medium- and high-power
applications such as industrial electric vehicle applications, re-
newable energy systems, motor drives, flexible ac transmission
system, and so on [2]-[6]. Generally, multilevel converters are
classified into three classic structures: neutral point clamped
(NPC) converter [7], flying capacitor (FC) converter [8], and
cascade H-bridge converter (CHB) [9]. The unequal voltage
sharing among series-connected capacitors is the main draw-
back of the NPC converter. In addition, this structure needs a
large number of clamping diodes for higher levels. The FC con-
verter requires a great number of storage capacitors for higher
output voltage levels, and the capacitors’ voltage balancing is
difficult. The CHB converter is the most important structure
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Fig. 1. (a) Basic unit suggested in [12] and [13]. (b) Extended basic
units in [12] and [13].

among classical multilevel converters, because this structure
needs fewer number of power electronic components [10]. A
CHB converter consists of several H-bridges with separate dc
sources for each H-bridge. This topology can be symmetric or
asymmetric. In the symmetric topology, the values of dc voltage
sources of H-bridges are equal. In the asymmetric topology,
the values of dc sources are nonequal. An asymmetric CHB
structure increases the number of output voltage levels for
the same number of power electronic components. Two main
methods have been suggested for the determination of dc source
values in the CHB structure, which have been called binary and
trinary configurations. The trinary configuration can produce a
great number of levels in comparison with binary configuration
[11]. However, this structure needs a large number of dc voltage
sources and switches. In addition, the blocking voltage of
switches is high.

A new structure for the multilevel converter has been pro-
posed in [12] and [13]. Fig. 1(a) shows the basic unit structure,
and this basic unit can be extended as shown in Fig. 1(b), which
leads to increasing the number of levels. This structure reduces
the number of components such as power electronic switches
and dc voltage sources in comparison with a conventional
CHB structure. In this structure, the first until the kth unit
have mq,mo, ..., my capacitors, respectively. This converter

0278-0046 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. (a) Basic unit in [14]. (b) Multilevel converter recommended
in [14].

requires bidirectional switches, which needs conducting cur-
rent in both directions and needs two insulated-gate bipolar
transistors (IGBTs). In this topology, the total numbers of
levels and IGBTs are obtained by the following equations,
respectively,

k

Niever = [ Imi(ms +1) + 1] (1
zil

Nigprs = [ [ [2(mi + 1) )
1=1

However, this structure cannot generate all levels (odd and
even) at the output voltage waveform, and it is a disadvantage.
In addition, it needs many large numbers of IGBTs.

In [14], a new structure for the multilevel converter has been
introduced to overcome aforementioned disadvantages. This
structure generates all levels at the output voltage waveform.

Fig. 2(a) shows the basic unit of the recommended converter
in [14], and Fig. 2(b) shows k units that connected in series.
In this structure, the first, second, through the kth units have
ni,na, ..., N bidirectional switches, respectively. The total
numbers of output levels and IGBTs are calculated using

Nlevel:2(’n1 X N9 X"'Xnk;)—l (3)
Nigprs =2(n1 +n2 + - +ng) + 4. 4)

This structure uses only one full-bridge converter, which
is a restriction for high-voltage applications. In addition, this
structure requires a great number of bidirectional switches and
gate drivers. In addition, the blocked voltage by bidirectional
switches is high.

In [15], a new structure for the multilevel converter has been
proposed with a reduced number of power electronic compo-
nents. The structure of the proposed submultilevel converter in
[15]is shown in Fig. 3(a), which consists of a multilevel module
(MLM) and a full-bridge converter. As is shown in Fig. 3(b),
for increasing the number of levels in output voltage, the
proposed submultilevel converter has been extended in series.
The first until the kth MLM consist of ny,ns, ..., n; bidirec-
tional switches, respectively. In this structure, the number of
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Fig. 3. (a) Basic unitin [15]. (b) Proposed multilevel converter topology

in [15].

Basic unit

Full-bridge converter

Fig. 4. Proposed submultilevel converter.

levels and power IGBTs are given by the following equations,
respectively,

Nlevel = (2”1 + 1) X (2TL2 + 1) X oo X (an + 1) (5)
Nigers =2(n1 +ng + - - +nyg) + 4k. (6)

However, this topology requires a large number of power
IGBTs and gate driver circuits. In addition, the maximum
blocked voltage by bidirectional switches is high.

II. RECOMMENDED STRUCTURE

The recommended structure for a submultilevel converter
is shown in Fig. 4. This topology consists of a full-bridge
converter and a basic unit. The basic unit includes n bidi-
rectional switches and (n + 1) capacitors. For bidirectional
switches, several structures have been designed [14], [30]. For
the proposed topology, the common emitter configuration is
utilized, which is composed of two switches with each switch
having an antiparallel diode and an IGBT. This structure re-
quires only one gate driver circuit. In addition, the switches in a
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Fig. 5. Kind of output voltage waveform (V) for the proposed submul-
tilevel converter.

TABLE 1
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full-bridge converter are unidirectional, which consists of an
IGBT and an antiparallel diode.

The kind of output voltage waveform for the proposed sub-
multilevel converter is shown in Fig. 5.

The magnitude of output voltages (V,) for different switch-
ing states in the recommended submultilevel topology is pre-
sented in Table I. In this table, 1 means that the corresponding
switch is turned ON, and O indicates the OFF-state.

In the proposed submultilevel converter, the values of ca-
pacitor voltages are equal. Therefore, this converter is called

a symmetrical submultilevel converter. In this structure, the
number of levels can be calculated as follows:

Nievel = 2n + 3. @)

In addition, the total numbers of IGBTs (Nigprs) and
gate drivers (Ngyiver) are given by the following equations,
respectively:

NigpTs =2n +4 (®)
Ndriver =n+4 (9)

where n represents the number of bidirectional switches in the
basic unit. In the recommended submultilevel converter, the
maximum output voltage (V,__ ) is

Ve

e = (1) x V. (10)

Fig. 6(a) compares the number of IGBTSs versus the number
of levels in the recommended submultilevel converter with a
conventional symmetric cascade topology. This figure shows
that the proposed topology requires the least number of IGBTs.
Fig. 6(b) compares the number of drivers and indicates that the
recommended structure needs a minimum number of drivers
than conventional symmetrical topology.

It is noticeable that there are two types of power losses in a
multilevel converter, which are named as follows:

A. Conduction Losses

In a multilevel converter, the conduction losses are the losses
that occur while the power electronic elements are in the
ON-state and conducting current. In the proposed submultilevel
topology, depending on the output voltage, the number of
devices (IGBTs and diodes) that are in current path in any
instant of time varies between two and three, so that in the
worst case (from the view point of losses), two IGBTs and one
diode are in current path and in the best case, only two IGBTs
are in the current path. Generally, the power loss during the
conduction is evaluated by

Peona = Von(t)-[(t) (11)
where V,,,(¢) is the ON-state voltage drop by the current that
flows through the device, and I(t) is the conducting current.
Generally, conduction losses of a transistor (Peong,7) and diode
(Peona,p) are obtained as follows, respectively,

Pcond7T = [‘/OILT(t) + RTIﬂ(f/)] I(t)
Pcond,D = [Von,D(t) + RDI(t)] I(t)

(12)
13)

Von, 7 and V;,, p are the ON-state voltage of the transistor and
the diode, respectively. Ry and Rp are the equivalent resis-
tance of the transistor and the diode, respectively. Moreover,
[ is a constant related to the specification of the transistor. In
the proposed submultilevel topology, one IGBT and one diode
of the bidirectional switches are in current path in any instant
of time. It is noticeable that there is not a bidirectional switch
in the highest level. Using (11)—(13), the average conduction
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Fig. 6. Required number of (a) NigpTs; (b) Nariver t0 realize Nyi.ye1 Voltages in the proposed submultilevel and symmetric cascade converter.

power loss of the bidirectional switches of the proposed sub-
multilevel structure P4, 18 obtained as follows:

s

1
Pcond,B = ;/ [%n,T + Von,D
0
+ ReIP(t) + RDI(t)] x I()d(wt). (14)

If the proposed converter produces a high number of levels
at the output voltage, the output current can be assumed to be
sinusoidal. Therefore, it is clear that

I(t) = I, sin(wt). (15)

Using (14) and (15), the average conduction power loss of
the bidirectional switches is obtained as follows:
RDII?

2

™

/sinﬂ+1(wt)d(wt). (16)
0

In the H-bridge converter, one diode for a half cycle conducts
in ¢ rad. and one transistor conducts for (7 — ¢) rad., when ¢
is the power factor angle. Hence, the power conduction losses
of the unidirectional switches in the full-bridge (Peond,r) can
be evaluated as follows:

2
Pcond,B = ;Ip(von,T + Vvon,D) +
1
L B

™

@ T
1
Pcond,U = ; /Pcond,Dd(wt) + /Pcond,Td(Wt)
0 ®
Rpl2

| Von,p Iy (1—cos(p))+ =22 (2 —sin(2¢)

+ <V0n,TIp (1 + cos(yp))
+ RpIlT! / sinﬁ“(wt)d(wt))]. (17)
@

The total conduction losses of the proposed submultilevel
converter (P.onq) is obtained as follows:

Pcond = Pcond,B + Pcond,U' (18)

Fig. 7 shows the comparison between the conventional sym-
metrical CHB topology and the proposed submultilevel topol-
ogy in terms of the normalized conduction losses of switches
against Njeyel- As shown in this figure, the conduction loss
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Fig. 7. Normalized conduction losses of switches against Nieye;-

of the proposed submultilevel topology is much less than the
conventional symmetrical CHB topology. To draw this figure,
for all of the transistors, the ON-state resistance and voltage
drop are considered to be 0.33 Q (Ryr =0.33 ) and 2.7 V
(Vr = 2.7 V), respectively. The ON-state resistance and voltage
drop of the diodes are assumed to be 0.1 2 (Rp = 0.1 ) and
1.5 (Vp = 1.5 V), respectively. The voltage of each capacitor
is 80 V. The resistance of the load is 220 €2, and its inductance
is 250 mH, so that ¢ = 19.65°. It is important to note that the
base value for the per-unit losses is the converter rated output
power.

B. Switching Losses

First, the switching losses are evaluated for a typical IGBT.
Then, the results are extended for the recommended submul-
tilevel converter. For this aim, the linear approximation of the
current and voltage of a typical switch during turn-off (Eqg)
and turn-on periods are used [15], [16]. The energy loss during
the turn-off period of an IGBT is obtained as follows:

/O V(t).I(t)dt

Eoff =

tof

[l (e

_ VigeT I tost
6

19)
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where tog, I, and VigpT are the turn-off time of the IGBT, the
current through the IGBT before turning off, and the OFF-state
voltage on the IGBT, respectively. Moreover, the energy loss of
an IGBT (FE,,,) is obtained as follows:

ton

= 1) () o

_ ‘/IGBT -I-ton

(20)

In this equation, t,, and I are the turn-on time of the IGBT
and the current through the switch after turning on, respec-
tively. Using a fundamental frequency switching strategy, in
the recommended basic unit of the submultilevel inverter, each
bidirectional switch turns on two times and turns off two times
in every half cycle. Hence, considering (19) and (20), the
average switching power loss is evaluated by

n

Z (Eof'f + Eon)

i=1

2 n
= gfl(ton + tofr) Z VigBT,i-

i=1

PGW,B =2X 2f

21

In the full-bridge section of the recommended converter,
there are in total one turn-off and one turn-on every half cycle.
Hence, considering (19) and (20), the average switching power
loss of the full-bridge is evaluated as follows:

1
PSW,H - 2f X (Eoff + Eon) - g.f](ton + toff)-‘/IGBT-
(22)

The total switching loss of the proposed submultilevel con-
verter (Psy ) is obtained as follows:
P, sw —

sw,B + PSW,H- (23)

It is important to note that in the highest level, there are
in total two turn-off and two turn-on switches in the full-
bridge section every half cycle, and it is special case that
it is considered in the evaluations. The comparison between
the conventional symmetric CHB topology and the proposed
submultilevel topology in terms of the normalized switching
losses of switches against Njeyer is shown in Fig. 8. To draw
this figure, the values of ¢,¢ and t,,, have been considered 2 ps.
This figure shows that the value of normalized switching losses
of switches of the proposed submultilevel converter is lower
than the conventional symmetric CHB topology.

The proposed submultilevel topology requires multiple dc
voltage sources. Fig. 9 illustrates a new hardware to provide
several dc voltage sources. This circuit consists of an ac volt-
age source, a multitap transformer, and several rectifiers. In a
multitap transformer, the secondary windings are the same. In
fact, this method is suitable when only an ac voltage source is
available.

x1073
P Conventional Symmetrical Cascade _,-*”
on Le%”
£ “_?’
s ! '
=z
2”05 4

PropoSed Subi—multilg:vel Topology

0 H 1
10 20 30 40 50 60 70
Nlevel
Fig. 8. Normalized switching losses of switches against Njeye-

\ .
. SR o

Multi-tap Transformer
and Rectifiers

roposed Sub-multileve
Converter

Fig. 9. New hardware to create multiple dc sources using a multitap
transformer.

However, this topology uses only one full-bridge converter,
where switches of the full-bridge converter have to withstand
voltage equal to the sum of all of dc voltage sources, and it is
a restriction in industrial applications. Moreover, the proposed
submultilevel converter needs a large number of capacitors,
IGBTs, and drivers. Therefore, to generate the maximum num-
ber of output voltage levels with a minimum number of power
electronic components, a cascade multilevel converter can be
utilized. Fig. 10 shows a new structure for a cascade multilevel
converter based on the connection of submultilevel converters
in series. For the proposed cascade converter, the states of the
switches for each output voltage value are shown in Table II.

The output voltage of the proposed cascade converter is the
sum of output voltages of the submultilevel converters. In other
words, the overall output voltage of the proposed multilevel
converter is obtained as follows:

Vo=Vo1 + Voo + -+ V. (24)
In the proposed converter, the value of the dc voltage sources
in each stage or submultilevel converter are equal. However, to
generate odd and even levels in the output voltage waveform,
the values of dc sources for each submultilevel converter must
be determined using the following algorithm.
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OUTPUT VOLTAGE FOR DIFFERENT STATES OF SWITCHES

TABLE II

Proposed cascaded multilevel converter topology.

FOR THE SUGGESTED CASCADE TOPOLOGY

State Switches states Output voltage
1 B L lon lop -l U 0
2 Sub L 14 25,123, .- Tt T v
b S1,T12,T51, T3, ... Tgp, T =17
(2n+2) L Lo lon Loy It Lo (n+1)V
(2n+3) i s i g ool ey (n+)V
k k
l'[l(z" 73 T11T14T21, T2, ... Ty, Ty J{El(” 7l )XVJ
1= =
k
ﬁl(zni+3) Tip Iysi 022 0030 dvo. Ts [ ZI(" ), ]
= i
Stage 1:
Vi=V. (25)
In this stage, the maximum value of output voltage

(V01,max) is obtained as follows:

Stage 2:

=V + (2 X Vol,max) = [(277‘1 + 3)]

Vol,max =

(TL1+].) X

V.

x V.

(26)

27)

Therefore, the maximum magnitude of output voltage for this
stage can be obtained by

V02,max = (TLQ —+ ].) X ‘/2 (28)
Stage 3:
‘/2 =V + (2 X VOl,max) + (2 X V02,rnax)
=[(2n1 +3) x (2na +3)] x V. (29)
For the kth stage:
=[(2n1+3) x 2nga +3) X -+ X 2ng_1 +3)]| x V
k—
H 2n; + 3). (30)

Hence, considering equations (25)—(30), the total numbers of
levels can be obtained by using

k
= 31)

In this algorithm, the values of dc sources in different stages
are nonequal. Consequently, this structure is called an asym-
metric cascade converter. In the recommended structure, the
number of IGBTs is given by

Vk:(in +3)X (2n2—|—3) X X (2nk+3) =

Nigpr = 2(n1 +no + - - +ny) + 4k. (32)

In addition, the peak value of output voltage is calculated
using the following equation:

k

Vomax = Z(nl +1) x V.
i=1

(33)

I1l. OPTIMAL TOPOLOGIES

The main goal of this section is to determine the optimal
topology for various objectives. In other words, to maximize
the number of levels, the magnitude of n must be determined
considering different aspects. The parameter n is the number of
bidirectional switches in each basic unit.

A. Optimization of the Proposed Cascade Converter for
Maximum Number of Voltage Levels With Constant
Number of IGBTs

The product of numbers (whose summation is constant) will
be maximized when the number of bidirectional switches in
each basic unit is equal. In other words, we have

ny="nNg =--=nNg =nN. (34)
From (32) and (34), it is clear that
NiaBTs
= —0— 35
2n + 4 (35)
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(2n+3)l/(2n+4)

Fig. 11. Variation of (2n 4 3)/(27+4) against n.

The parameter of n must be determined. Using (31) and (34),
the maximum number of levels can be calculated as follows:

Niever = (20 +3)". (36)
Using (35) and (36), we have
N s
Nievel = (27’L + 3)1/(2n+4) IGBT a7

Fig. 11 shows the variation of (2n + 3)1/(2"*%) against n. It
is obvious that the maximum number of output levels can be
obtained for n = 1. It means a cascade topology, where each
submultilevel converter consists of one bidirectional switch
(i.e., two capacitors), can generate the maximum number of
output levels.

B. Optimization of the Proposed Cascade Converter for
Maximum Number of Levels With Constant Number
of Capacitors

As illustrated in Fig. 10, each stage of the recommended
cascade structure consists of n; bidirectional switches and n; +
1 capacitors (i = 1,2,. .., k). Hence, the number of capacitors
can be obtained as follows:

Neapacitor = (n1 +1) + (ng +1) + -+ (ng +1).  (38)
From (34), it is evident that
Neapacitor = (n+1) x k. (39)
Considering (36) and (39), the number of levels will be
Nievel = [(271 +3)1/n+h) Neapacter (40)

Fig. 12 shows the variation of (21 + 3)'/ (1) against n, and
it is obvious which n = 1 gives the optimal structure.

C. Optimization of the Proposed Cascade Converter for
Minimum Number of Power IGBTs With Constant
Number of Levels

Here, which structure can generate Nje..; Wwith the least
number of power IGBTSs should be calculated. Using (37), the

Fig. 12.  Variation of (2n + 3)1/(»+1) against n.

N =~
N L =1 a0
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ih B o i
e

(]
w
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W
o
-
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=l
>

Fig. 13. Variation of (2n 4 4)/In(2n + 3) against n.

total numbers of power IGBTs (NigpTs) can be calculated as
follows:

(2n +4)

In(2n +3)° “h

NigTs = In(Nievel) X

In this equation, Njeve is constant. Therefore, NigpTs

will be minimized when (2n +4)/In(2n + 3) is minimum.

Fig. 13 shows that the least number of power IGBTs is given
forn = 1.

D. Optimization of the Proposed Cascade Converter for
Minimum Number of Gate Driver Circuits With Constant
Number of Levels

In the recommended structure, each bidirectional and uni-
directional switch needs one gate driver circuit. In proposed
cascade converter, the number of gate drivers can be deter-
mined by

Nariver = (TL1 +ng+ -+ le) + 4k. 42)

Using (34)-(36) and (42), the number of gate drivers
(Nariver) is given by following equation:

(n+4)
In(2n +3)°

As shown in Fig. 14, the minimum number of drivers to
realize the maximum number of levels for output voltage is
obtained for n = 2. It is essential that the number of power
electronic components is an integer. Thus, if an integer number
is not achieved, the nearest integer number should be selected.

Ndriver - (n + 4)k - lIl(]vlevel) X (43)
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Fig. 14. Variation of (n 4 4)/In(2n + 3) against n.

E. Optimization of the Proposed Cascade Converter for
Minimum Blocking Voltage of Switches With Constant
Number of Levels

In the proposed multilevel converters in [12]-[15], the cur-
rent of all switches is equal to the rated current of the load.
However, this is not valid for the voltage. Here, the best topol-
ogy for minimizing the value of blocked voltage by switches
will be determined. In the recommended structure, the maxi-
mum magnitude of the blocking voltage on switches (Viwitch)
is given as follows:

Vaswiteh = Vawiteh, B + Viwiteh,U
k k
= ‘/Switch,b, i + Vvswitch,u, j (44)
J J
=1 =1

where Viwiten,p represents the value of blocked voltage by
bidirectional switches, and Vyitcn,u Tepresents the maximum
magnitude of the blocking voltage of unidirectional switches.
Moreover, Viwitch,b,; shows the maximum magnitude of the
blocked voltage by the bidirectional switches in the jth stage,
and Viwiteh,u,; 18 the maximum magnitude of the blocking
voltage of the unidirectional switches in the jth full-bridge
converter. Hence, for comparison of multilevel converters, (44)
can be a criterion from the point of view of the peak voltage on
the switches [14], [15]. Based on the aforementioned points and
according to Fig. 10, the following equations can be obtained:

Vawitenp,j = P X V;, j=1,2,... k. (45)
Hence, the maximum voltage of bidirectional switches in basic

units is given by

Viwiteh, g = P x (Vi + Vo + -+ + V). (46)
In the given equation, P is calculated as follows:
— 1
P=2 [n+(n—1)+(n—2)+- ot <n— (”2 3))] +%

3n?+2n—1
o ten— ] (If n is an odd number)

P:2[n+(n—1)+(n—2)+-~-+<n— (n;2)>}

_ 3n2 +2n

1 (If n is an even number).

(47)

(p/2 (nt1))+1

Fig. 15.  Variation of (P/2(n + 1)) + 1 against n.

According to (25)—(30), (34) and (46), (47), the maximum
voltage of bidirectional switches in basic units is

Viwiteh,5 = P x [L4+ (2n+3) + -+ (2n + 3)" 1] x Vie.
(48)

From (36) and (48), we have
Viwiten, 8 = P ¥ [1+(2n+3)+...
+ (2n + 3)10g(2n+3)(N1€ve171):| X Vie.  (49)

Since

(Nlevel - 1)
2(n+1)
(50)

14+(2n + 3) 4+ -+ (2n+3) 1082 Neva=1) —

Considering (49) and (50), it is clear that

P
‘/;wi C =
tch, B 2

YR chcfl c*
n+1)X( level )de

(S

In the jth full-bridge converter, the peak magnitude of the
blocking voltage on unidirectional switches can be determined
by the following equation:

n
Viwiteh,u,j =2 X Z Vii
=1
=2n+1)x (2n+3)7" ' x Vg j=1,2,...,k.
(52)

The maximum blocked voltage by switches of full-bridges
(Vawiten, ) is calculated by the following equation:

Viwiteh v = Y Viwitchuj
i=1
=Vie x [(2n+3)F —1]

- Vdc X [Nlcvcl - 1] (53)

Hence, for all switches of recommended structure, the peak
magnitude of the blocking voltage is

Vvswitch = ‘/switch,B + V;‘witch,U

P
= <2(n—i—1) + ].> X (Nlcvcl - 1) X Vie- (54)

Fig. 15 shows the variation of (P/2(n + 1)) + 1 against n. It
is clear that n = 1 gives the least magnitude of blocking voltage
of switches for the recommended structure.
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Fig. 16. Comparison of NigpTs in different structures.

IV. COMPARISON OF RECOMMENDED STRUCTURE
WITH OTHER TOPOLOGIES

A. Comparison of the Required Number of IGBTs and
Antiparallel Diodes

The most important part in multilevel converters is IGBTs.
Increasing the number of IGBTs leads to increasing cost and
circuit size, and the control of switches will be difficult. It
is noticeable that the recommended structures in [12]-[15]
have used bidirectional switches, and each bidirectional switch
has been arranged by two IGBTs in series. Fig. 16 compares
the number of power IGBTs against the number of levels for
recommended structure and structures recommended in [11]-
[15]. This figure illustrates that the recommended structure and
trinary configuration need the least number of power IGBTs. It
is noticeable that in the recommended structure and proposed
topologies in [11]-[15], the number of antiparallel diodes and
IGBTs are equal. Hence, the recommended structure and trinary
configuration need fewer numbers of antiparallel diodes in
comparison with other topologies.

B. Comparison of the Required Gate Driver Circuits

Gate driver circuits are the electronic part of the multilevel
converter structure, and reduction in the number of gate drivers
leads to simple control, lower cost, and smaller size. Fig. 17
compares the number of gate driver circuits against the number
of levels in the recommended structure and suggested structures
in [12]-[15]. This figure shows that the recommended structure
needs a minimum number of gate driver circuits.

C. Comparison of the Blocking Voltages on Switches,
Maximum Blocking Voltage of Bidirectional Switches,
and Stress Voltage of Switches

A lower magnitude of the blocking voltage on switches
shows that the applied voltage to the terminal of the switches in
a multilevel converter is small, and it is an advantage. The vari-
ation of the blocking voltage on bidirectional switches versus
generated levels at the output for different structures is shown
in Fig. 18. This comparison indicates that the blocking voltage
on bidirectional switches in the proposed cascade topology in
comparison with the presented topologies in [11]-[15] is low.

20
181
16
14
512
&
S
> 10}
8r -
= proposed topology in [15]
6 m— proposed topology and proposed topology in [12-13] |
e proposed topology in [14]
4 === Trinary Conventional Cascade In[11]

8]

20 40 60 80 100 120 140 160
Nievel
Fig. 17. Comparison of Ng,iver in different structures.
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400

Vswitch

200
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N
level

Fig. 18. Blocking voltages on bidirectional switch values in different
structures.

Based on the optimized topology for the maximum num-
ber of voltage levels with a constant number of IGBTs (see
Section III-A), each submultilevel converter has one bidirec-
tional switch. Therefore, the maximum blocking voltage on
bidirectional switches depends on Sk, (Vinax,s,,) switch and
can be calculated by

Vinax.5, = 5" P x V (55)

since

k = log(2n+3) Nlevel- (56)

For n = 1 and considering (55) and (56), the maximum blocked
voltage by Sy, switch is

Vmax,Skl = ngvel x V.

In the given equations, V' is the value of the dc source
in the first submultilevel converter. The maximum blocking
voltage of bidirectional switches in the different topologies
based on the optimized topology for the maximum number of
voltage levels with a constant number of IGBTs is shown in
Fig. 19. This figure shows that the maximum blocked voltage by
bidirectional switches in the proposed topology is significantly
less than that in other topologies.

For the proposed asymmetric cascade, based on the opti-
mized topology and with the assumption that the value of
voltages in the jth submultilevel converter is equal to V,
the maximum voltage stress of bidirectional and unidirectional
switches will be V; and 2V}, respectively. If this topology is
utilized as a symmetric structure (or the values of dc sources in

(57)
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Fig. 19.  Maximum blocking voltage of bidirectional switches in different
topologies.

submultilevel converters are equal to V), the maximum voltage
stress of bidirectional and unidirectional switches will be V
and 2 V, respectively. However, the maximum voltage stress of
bidirectional and unidirectional switches in [15] is equal to 2 V.
This comparison indicates that the value of maximum voltage
stress of bidirectional switch in the proposed topology is less
than that in the recommended topology in [15]. In addition,
the maximum voltage stress in a symmetric CHB topology is
equal to V. However, this structure requires many large numbers
of IGBTSs, drivers, and dc sources, and the number of output
voltage levels is low in comparison with the proposed topology.

Another parameter for comparison is the cost function (CF),
which is defined as follows:

CF = NigsT + OtVSpu' (58)

witch*

In this equation, « is the importance (weight) factor of the
blocked voltage of switches versus the number of IGBTs. This
equation shows that the CF depends on the number of IGBTSs
and the value of the blocked voltage of switches. If the value of
the blocked voltage be important, then the value of « should be
selected higher. However, if the number of IGBTs be important,
the value of « should be selected lower [17]. Using (41), (54),
and (58), the CF will be

(2n +4)
In(2n + 3)

fa [(2(511) ; 1) X (Nievel — 1)] 59)

Based on Figs. 13 and 15, itis clear that n = 1 gives the least
magnitude of blocking voltage of switches and used IGBTs to
realize the maximum number of levels for the recommended
structure. Fig. 20 compares the CF against the number of levels
in different topologies for different values of .. In all of these
figures, the cost of the recommended topology is lower than
that of other topologies, and it is an important advantage of the
recommended topology. These figures show that the importance
factor () affects the cost of multilevel converters. For instance,
the cost of a trinary asymmetric H-bridge topology is more than
that of other topologies for o = 0.5. However, the cost of the
trinary H-bridge topology and the proposed topologies in [12]-
[14] is similar.

CF = ln(Nlevel) X

100

Nevel
(a)
120 T T . - :
100 Trinary Asymmetric H-bridge Topology [13] L A

NIer:l
(b)

150

100

CF

50F

Nlevel
©)

200¢

Trinary Asymmetric H-bridge Topology and
[14] and [13-12]

150
& 100}

50F

0 10 20 30 40 50 60

Nlevel
(d

Fig. 20. Variation of CF against the number of output voltage levels
for different values of « in different topologies. (a) « = 0.5. (b) @ = 0.8.
(©)a=1.2.(d)a =1.6.

V. SIMULATION AND EXPERIMENTAL RESULTS

To analyze of the recommended submultilevel and cas-
cade structures, the simulation and experimental results for a
15-level converter based on a submultilevel converter and a
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25-level converter based on a cascade converter are presented,
and the results of the two topologies are analyzed. For all of
the studies, tests have been made on the R-L load with the
magnitude of 40 mH and 260 2. The value of output voltage
frequency is 50 Hz. For simulation, MATLAB/Simulink soft-
ware is used.

Several modulation strategies have been introduced for mul-
tilevel converters such as sinusoidal PWM [18], [19], space
vector PWM (SV-PWM) [20]-[22], selective harmonic elimi-
nation (SHE-PWM) [23], [24], fundamental frequency switch-
ing [25], and so on. For the presented structure, the fundamental
frequency switching method has been utilized, because the
fundamental frequency switching strategy has its low switching
frequency in comparison with other strategies, and it is an
advantage [26]. For power converters, the total harmonic dis-
tortion (THD) is a popular performance index, which evaluates
the quantity of harmonic contents in the output waveform [27]-
[29]. For sinusoidal waveform, the THD is obtained as follows:

(5 )
h=3,5,7,...

THD = =
1

v, 2
V.. > (60)

In this relation, h represents the order of the corresponding
harmonic, whereas subindex 1 corresponds to the fundamental
frequency. Therefore, V,,, and V,, are the rms of the nth-order
harmonic and fundamental of the output voltage waveform,
respectively. Moreover, V, represents the rms values of

rms

the output voltage. The magnitude of V,, and V,, . can be
obtained using the following relations, respectively:
vz g 2
2V2V = = cos(hb;)
Vo, == X J
= > (X 61)
h=1,3,5,... \ j=1
Nlevel
2v2
Vo, = vav X cos(6;) (62)
0
j=1

where the values of 61, 65, ..., 0., are switching angles and
calculated by the following equation:

0; =sin* <] — 0'5> . 7=1,2.3,..., Neye.  (63)
N level

Considering (60)—(63), it is clear that the value of THD depends
on the number of levels and switching angles. It is obvious that
increasing the number of levels leads to the multilevel converter
generating near-sinusoidal output voltage waveform and, as a
result, very low harmonic distortion. The objective of this paper
is not the calculation of the optimal switching angles to the
elimination of selected harmonics and reducing the THD.

A. 15-Level Proposed Submultilevel Converter

Fig. 21 shows a 15-level converter based on the proposed
submultilevel converter. In this topology, the values of dc
sources are equal, and for each one of them, 14.6 V has
been used.

L
14.6V Si
S>
14.6V N T, T, N
14.6V S
Sy —1
4.6V + 7, -
Ss
14.6V a A
T3 T4
14.6VT 0
14.6V'|'
Fig. 21. 15-level converter based on the proposed submultilevel
converter.
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Fig. 22.  Simulation and experimental results of a 15-level submultilevel
converter (Voltage/div =5 V by 1:10 probe). (a) Experimental output
voltage (Time/div = 2 ms). (b) Simulation output voltage and harmonic
spectrum (THD = 5.82%). (c) Experimental output current (Time/div =
4 ms). (d) Simulation output current and harmonic spectrum (THD =
1.34%).

The output voltage and current of the proposed 15-level
topology is shown in Fig. 22. The THD values of output voltage
and current based on simulation are 5.82% and 1.34%, respec-
tively. Based on this figure and the value of THD for current,
it is clear that the load current is almost sinusoidal, because the
R-L load of the submultilevel converter (R-L) behaves as a low-
pass filter for the current.

B. 25-Level Proposed Cascade Topology

Fig. 23 shows a 25-level structure according to the proposed
cascade topology. Fig. 24 shows a photo of the prototype. It
is noticeable that two lamps have been connected in parallel
and the values of dc sources are V; =8 V and V5, =40 V.
Therefore, the maximum output voltage is 96 V.

Fig. 25 shows the blocking voltage on Sy, Sa, (11 — T4), and
(Ts — Tg) switches, which are 8, 40, 16, and 80 V, respectively.
In addition, this figure indicates that the maximum blocked
voltage by bidirectional switches depends on Sy switch, which
is equal to 40 V. These results indicate that the theoretical
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Fig. 23. 25-level cascade converter.
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Fig. 24. Photo of archetype.
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Fig. 26. Simulation and measurement results and (Voltage/div =5 V
and by 1:10 probe). (a) Experimental output voltage (Time/div = 2 ms).
(b) Simulation output voltage and harmonic spectrum (THD = 3.35%).
(c) Experimental output voltage (Time/div =5 ms). (d) Simulation out-
put current and harmonic spectrum (THD = 0.85%).

TABLE 1II
MAGNITUDES OF VARIOUS POWER AND EFFICIENCY
OF THE CASCADE CONVERTER

Input Power to the Converter
Output .
By 1,1=8V |By V=8V |By V=407 |By V=407 | Power |Efficiency
Source | Source | Source Source
LW | 1.56W | 8.04W | 8.09W |I8.04W| %92.6

Fig. 26 shows the simulation and measurement results. THDs
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Fig. 25. Blocking voltage for different switches.

analysis (see Sections III-E and IV-C) is in full agreement with
the simulation results.

of the output voltage and current based on simulations are
3.35% and 0.85%, respectively.

In a multilevel converter, to evaluate the efficiency of the
converter (1) using measurements, it is important to measure
the total input power (Pipy) and output power (Poyiput)-
Then, the efficiency of a multilevel converter is evaluated by
the following equation:

_ P, output

K Rnput . (64)
In this relationship, P, py is the sum of the output power of
the dc sources. Table III shows the values of the different power
and the efficiency of the 25-level converter. The efficiency of the
converter is related to the applied control strategy. In this paper,
the fundamental frequency control strategy has been used.
Then, the converter has high efficiency. These measurements
show that the switching and conduction losses affect the value

of efficiency.

VI. CONCLUSION

Novel topologies for submultilevel and cascade multilevel
converters have been recommended in this paper. The proposed
cascade topology needs a minimum number of power electronic
components in comparison with other structures. Moreover, the
results of optimal structures have shown that the minimum
number of IGBTS, capacitors, and blocking voltage of switches,
to realize the maximum number of levels for output voltage,
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is obtained when each submultilevel converter consists of one
bidirectional switch, and it is an important advantage because
an optimal structure can provide several goals of optimal
structures. The operation of the recommended submultilevel
and cascade inverters have been verified by simulation and
experimental results.

[1]

[2]

[3]

[4

=

[5]

[6]

[7

—

[8

[t}

—
X2

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

REFERENCES

J. Rodriguez, J. S. Lai, and F. Z. Peng, “Multilevel inverters: A survey
of topologies, controls, applications,” IEEE Trans. Ind. Electron., vol. 49,
no. 4, pp. 724-738, Aug. 2002.

M. D. Manjrekar, P. K. Steimer, and T. A. Lipo, “Hybrid multilevel power
conversion system: A competitive solution for high-power applications,”
IEEE Trans. Ind. Appl., vol. 36, no. 3, pp. 834-841, May/Jun. 2000.

Z. Du, B. Ozpineci, L. M. Tolbert, and J. N. Chiasson, “DC-AC cascaded
H-bridge multilevel boost inverter with no inductors for electric/hybrid
electric vehicle applications,” IEEE Trans. Ind. Appl., vol. 45, no. 3,
pp. 963-970, May/Jun. 2009.

G. Buticchi, D. Barater, E. Lorenzani, C. Concari, and G. Franceschini,
“A nine-level grid-connected converter topology for single-phase trans-
formerless PV systems,” IEEE Trans. Ind. Electron., vol. 61, no. 8,
pp- 3951-3960, Aug. 2014.

N. A. Azeez, A. Dey, K. Mathew, and J. Mathew, “A medium-voltage
inverter-fed IM drive using multilevel 12-sided polygonal vectors, with
nearly constant switching frequency current hysteresis controller,” /[EEE
Trans. Ind. Electron., vol. 61, no. 4, pp. 1700-1709, Apr. 2014.

W. Song and A. Q. Huang, “Fault-tolerant design and control strategy for
cascaded H-bridge multilevel converter-based STATCOM,” IEEE Trans.
Ind. Electron., vol. 57, no. 8, pp. 27002708, Aug. 2010.

Y. Xiaoming and I. Barbi, “Fundamentals of a new diode clamping multi-
level inverter,” IEEE Trans. Power Electron., vol. 15, no. 4, pp. 711-718,
Jul. 2000.

M. N. Abdul Kadir, S. Mekhilef, and H. W. Ping, “Dual vector control
strategy for a three-stage hybrid cascaded multilevel inverter,” J. Power
Electron., vol. 10, no. 2, pp. 155-164, 2010.

J. Hunag and K. Corzine, “Extended operation of flying capacitor multi-
level inverters,” IEEE Trans. Power Electron., vol. 21, no. 1, pp. 140-147,
Jan. 2006.

K. K. Gupta and S. Jain., “A multilevel Voltage Source Inverter (VSI) to
maximize the number of levels in output waveform,” Elect. Power Energy
Syst., vol. 44, no. 1, pp. 25-36, Jan. 2012.

Y.-S. Lai and E. S. Shyu, “Topology for hybrid multilevel inverter,” Proc.
Inst. Elect. Eng.—Electron. Power Appl., vol. 149, no. 6, pp. 449458,
Nov. 2002.

M. T. Haque, “Series sub-multilevel voltage source inverters (MLVSIs) as
a high quality MLVSL,” in Proc. SPEEDAM, 2004, pp. F1B-1-F1B-4.

E. Babaei, S. H. Hosseini, G. B. Gharehpetian, M. T. Haque, and
M. Sabahi, “Reduction of DC voltage sources and switches in asymmet-
rical multilevel converters using a novel topology,” J. Elect. Power Syst.
Res., vol. 77, no. 8, pp. 1073-1085, Jun. 2007.

E. Babaei, “A cascade multilevel converter topology with reduced number
of switches,” IEEE Trans. Power Electron., vol. 23, no. 6, pp. 2657-2664,
Nov. 2008.

J. Ebrahimi, E. Babaei, and G. B. Gharehpetian, “A new multi-
level converter topology with reduced number of power electronic
components,” IEEE Trans. Ind. Electron., vol. 59, no. 2, pp. 655-667,
Feb. 2012.

M. F. Kangarlu, E. Babaei, and S. Laali, “Symmetric multilevel inverter
with reduced components based on non-insulated dc voltage sources,”
IET Power Electron., vol. 5, no. 5, pp. 571-581, May 2012.

M. F. Kangarlu, E. Babaei, M. Sabahi, and M. R. Alizadeh Pahlavani,
“Cascaded multilevel inverter using sub-multilevel cells,” J. Elect. Power
Syst. Res., vol. 96, pp. 101-110, Mar. 2013.

M. Rotella, G. Penailillo, J. Pereda, and J. Dixon, “PWM method to
eliminate power sources in a non-redundant 27-level inverter for machine
drive applications,” IEEE Trans. Ind. Electron., vol. 56, no. 1, pp. 194—
201, Jan. 2009.

S. Kouro, P. Lezana, M. Angulo, and J. Rodriguez, “Multicarrier PWM
with DC-link ripple feed forward compensation for multilevel inverters,”
IEEE Trans. Power Electron., vol. 23, no. 1, pp. 52-59, Jan. 2008.

O. Lopez et al., “Comparison of the FPGA implementation of two multi-
level space vector PWM algorithms,” IEEE Trans. Ind. Electron., vol. 55,
no. 4, pp. 1537-1547, Apr. 2008.

(21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

O. Lopez, J. Alvarez, J. Doval-Gandoy, and F. D. Freijedo, “Multilevel
multiphase space vector PWM algorithm,” IEEE Trans. Ind. Electron.,
vol. 55, no. 5, pp. 1933-1942, May 2008.

A. K. Gupta and A. M. Khambadkone, “A space vector modulation
scheme to reduce common mode voltage for cascaded multilevel in-
verters,” IEEE Trans. Power Electron., vol. 22, no. 5, pp. 1672-1681,
Sep. 2007.

V. G. Agelidis, A. I. Balouktsis, and M. S. A. Dahidah, “A five-level sym-
metrically defined selective harmonic elimination PWM strategy: Analy-
sis and experimental validation,” IEEE Trans. Power Electron., vol. 23,
no. 1, pp. 19-26, Jan. 2008.

C. Buccella, C. Cecati, M. G. Cimoroni, and K. Razi, “Analytical method
for pattern generation in five-level cascaded H-bridge inverter using se-
lective harmonic elimination,” IEEE Trans. Ind. Electron., vol. 61, no. 11,
pp. 5811-5819, 2014.

R. Shalchi Alishah, D. Nazarpour, S. H. Hosseini, and M. Sabahi,
“Switched-diode structure for multilevel converter with reduced number
of power electronic devices,” IET Power Electron., vol. 7, no. 3, pp. 648—
656, Mar. 2014.

E. Villanueva, P. Correa, J. Rodriguez, and M. Pacas, “Control of a
single-phase cascaded H-bridge multilevel inverter for grid-connected
photo-voltaic systems,” IEEE Trans. Ind. Electron., vol. 56, no. 11,
pp- 4399-4406, Nov. 2009.

Y. Liu, H. Hong, and A. Q. Huang, “Real-time calculation of switching
angles minimizing THD for multilevel inverter switch step modulation,”
IEEE Trans. Ind. Electron., vol. 56, no. 2, pp. 285-293, Feb. 2009.

R. Shalchi Alishah, D. Nazarpour, S. H. Hosseini, and M. Sabahi, “Novel
topologies for symmetric, asymmetric and cascade switched-diode multi-
level converter with minimum number of power electronic components,”
IEEE Trans. Ind. Electron., vol. 61, no. 10, pp. 5300-5310, Oct. 2014.

R. Shalchi Alishah, D. Nazarpour, S. H. Hosseini, and M. Sabahi, “New
hybrid structure for multilevel inverter with fewer number of components
for high-voltage levels,” IET Power Electron., vol. 7, no. 1, pp. 96-104,
Jan. 2014.

S.-J. Park, F.-S. Kang, M. H. Lee, and C.-U Kim, “A new single-phase
five-level PWM inverter employing a deadbeat control scheme,” IEEE
Trans. Power Electron., vol. 18, no. 3, pp. 831-843, 2003.

Rasoul Shalchi Alishah was born in Alishah,
Iran, in 1989. He received the B.Sc. degree
in power electrical engineering from Azad Uni-
versity of Tabriz, Tabriz, Iran, in 2011 and the
M.Sc. degree in power electrical engineering
from Urmia University, Urmia, Iran, in 2013.

He is the author of more than 20 journal
and conference papers. His current research
interests include power electronic converters,
multilevel converters, Z-source and matrix con-
verters, application of power electronics in re-

newable energy systems, harmonics, and power quality.

Mr. Shalchi Alishah has been a Member of Iran’s National Elites
Foundation since 2014. He is also a Reviewer and an Editorial Board
Member of several international journals.

Daryoosh Nazarpour was born in Urmia, Iran,
in 1958. He received the B.Sc. degree from Iran
University of Science and Technology, Tehran,
Iran, in 1982, and the M.Sc. and Ph.D. degrees
in electrical power engineering from the Faculty
of Engineering, University of Tabriz, Tabriz, Iran,
in 1988 and 2005, respectively.

He is currently an Assistant Professor with
Urmia University, Urmia. His research interests
include power electronics and flexible ac trans-
mission systems.



SHALCHI ALISHAH et al.: REDUCTION OF POWER ELECTRONIC ELEMENTS IN MULTILEVEL CONVERTERS 269

Seyed Hossein Hosseini (M'93) was born in
Marand, Iran, in 1953. He received the M.S.
degree from the Faculty of Engineering, Univer-
sity of Tabriz, Tabriz, Iran, in 1976 and the DEA
and Ph.D. degrees from the Institute National
Polytechnique de Lorraine (INPL), Vandoeuvre,
France, in 1978 and 1981, respectively, all in
: electrical engineering.
> In 1982, he joined the Department of Elec-
“‘3 \ trical Engineering, University of Tabriz, as an
Assistant Professor. From 1990 to 1995, he was
an Associate Professor with the University of Tabriz. Since 1995, he has
been a Professor in the Department of Electrical Engineering, University
of Tabriz. From September 1990 to September 1991, he was a Visiting
Professor with the University of Queensland, Brisbane, Australia. From
September 1996 to September 1997, he was a Visiting Professor with
the University of Western Ontario, London, ON, Canada. His research
interests include power electronic converters, matrix converters, active
and hybrid filters, application of power electronics in renewable energy
systems and electrified railway systems, reactive power control, har-
monics, and power quality compensation systems such as SVC, UPQC,
and FACTS devices.

Mehran Sabahi (M’09) was born in Tabriz, Iran,
in 1968. He received the B.Sc. degree in elec-
tronic engineering from the University of Tabriz,
Tabriz, in 1991, the M.Sc. degree in electri-
cal engineering from Tehran University, Tehran,
Iran, in 1994, and the Ph.D. degree in electri-
cal engineering from the University of Tabriz,
in 2009.

In 2009, he joined the Faculty of Electrical
and Computer Engineering, University of Tabriz,
where he has been an Assistant Professor since
2009. His current research interests include power electronic converters
and renewable energy systems.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /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 /LeaveColorUnchanged
  /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 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /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 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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 <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 [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


