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Current Integral Comparison-Based Power Loss
Balancing Control for Full-Bridge Modular
Multilevel Converters

Huailong Li"”, Fujin Deng

Abstract—Power loss management is one of the most impor-
tant challenges for improving the reliability of modular multi-
level converters (MMCs). This article proposes a current integral
comparison (CIC)-based power loss balancing control (PLBC) for
full-bridge submodule (FBSM)-based MMCs, where two types of
bypassed modes of the FBSM are selected by comparing the current
difference integral values of the semiconductors in the FBSM. The
proposed control can not only improve the power loss distribu-
tion in each FBSM, but also reduce the temperature fluctuation
of semiconductors, and accordingly, the proposed control signif-
icantly improves the lifetime of MMCs. Simulation studies with
professional tool PSCAD/EMTDC and experimental studies with
a downscale MMC prototype are conducted, and their results
confirm the effectiveness of the proposed CIC-PLBC.

Index Terms—Full-bridge submodule (FBSM), modular multi-
level converter (MMC), power loss, reliability, temperature
fluctuation.

I. INTRODUCTION

ODULAR multilevel converters (MMCs) have become
M increasingly attractive for medium-/high-voltage and
high-power applications owing to the advantages of modular
design, low switching frequency, and low harmonics [1], [2], [3],
[4]. The full-bridge submodule (FBSM)-based MMC is much
preferred in high-voltage direct-current (HVdc) applications,
since it offers an invaluable feature of dc fault current limiting
[5], [6], [7]. In addition, the negative voltage state of FBSM can
be utilized to boost the ac voltage and decrease SM capacitor
ripples [8].
Power loss distribution among the semiconductors in each
SM is normally unbalanced [9], due to the dc components in the
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arm currents and asymmetric switching signals of the semicon-
ductors, which will affect the overall reliability of the MMC.
Therefore, it is vital to improve the power loss distribution
among semiconductors in each SM.

So far, several methods have been presented to balance the
power losses among semiconductors, which can be divided
into SM design-based method, control strategy-based method,
and modulation optimization-based method. SM design-based
method can improve the power loss distribution in each SM.
Hohmann and Bakran [10] presented a half-bridge (HB) SM
topology with an additional antiparallel diode, which can reduce
the power loss of bottom diode. Li et al. [11] presented an
HBSM topology with a bypass thyristor, which can reduce the
power loss differences between the top and bottom IGBT/diode
in each HBSM. However, the SM design-based method would
complicate the hardware design.

Control strategy-based method also plays an important role
in balancing the power loss distribution in each SM. Merlin
and Mitcheson [12] presented an active power loss distribution
control for HBSMs based on an added dc voltage offset in
the converter voltage waveform. Zhao et al. [13] presented an
optimum circulating current injection control, which can reduce
the maximum power loss in each HBSM. Qiu et al. [14] pre-
sented a device-level loss balancing control, which can balance
the power losses in HBSMs through regulating the capacitor
voltages. However, all above methods only focus on balancing
power losses in the HBSMs.

Modulation optimization-based method is another solution to
regulate power losses among semiconductors in each FBSM.
Sheng et al. [15] presented a rotation bypassed mode (BM)
modulation to improve the power loss distribution. However,
the power losses among the semiconductors are still unbalanced.
Li et al. [16] presented an improved phase-shifted carrier-based
modulation for FBSMs, where two types of BMs are selected
in rotation. However, the control in [16] cannot eliminate the
power loss differences and would cause severe temperature fluc-
tuation of semiconductors, which would deteriorate the MMC
reliability.

In this article, the power loss distribution among semiconduc-
tors in the FBSM under various switching modes is analyzed in
details. A current integral comparison-based power loss balanc-
ing control (CIC-PLBC) is proposed to balance the power losses
in the FBSM, where two types of BMs are selected by comparing
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Fig. 1. (a) Three-phase MMC. (b) FBSM unit.
TABLE I
OPERATION OF FBSMS

S; Ugmi Mode T T, Ts T,
1 Uequi 1 ON OFF OFF ON
-1 “Ueaui -1 OFF ON ON OFF
0 0 0A OFF ON OFF ON

0B ON OFF ON OFF

the current difference integral values of semiconductors in the
FBSM. The primary contributions of this article are as follows:

1) it reveals that the power loss distribution in FBSMs is

unbalanced with traditional rotation BM method;

2) itreveals that the temperature fluctuation of semiconduc-

tors is severe with traditional rotation BM method;

3) it balances the power loss distribution and reduces the

temperature fluctuation of semiconductors in FBSMs;

4) it significantly improves the lifetime of MMC:s.

The rest of this article is organized as follows.
Section II demonstrates the operation of the FBSM-based
MMC. Sections III and IV analyze the power loss distribution
in the FBSM. Section V proposes the CIC-PLBC for the
FBSM-based MMC. System simulation and experimental tests
are presented in Sections VI and VII, respectively, to verify
the effectiveness of the proposed control. Finally, Section VIII
concludes this article.

II. OPERATION PRINCIPLE OF MMCs
A. MMC Structure

A three-phase MMC is shown in Fig. 1(a). Each phase of the
MMC consists of two arms and each arm comprises N identical
SMs and an inductor L. Fig. 1(b) shows the ith SM in the upper
arm of phase A, which is an FB structure and made up of a
storage capacitor Cg, and four switches/diodes 7'1/D1—T4/D,
[17]. The ith FBSM’s output voltage ug;,; is

Usmi = Sz s Ucaui (1)

where u .4 1 the capacitor voltage and S, is switching function,
as given in Table I. When S; = 1, t44; = U¢qus, and the FBSM
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TABLE II
RELATIONSHIP BETWEEN I7;(Ipj) AND Peon_75(Peon_pDj)

IT/ (ID/) Pwn,T/ (Pt‘urLD/)
1 il
| !

works in Mode 1, where the 74 and 7, are switched ON and T
and T3 are switched OFF. When S; = —1, ugn; = —Ucqui» and
the FBSM works in Mode -1, where the T and T3 are switched
ON and 77 and T, are switched OFF. When S; = 0, the FBSM
works in one of the following two types of BMs, as follows.
1) Mode OA: To and T, are switched ON and T;, T3 are
switched OFF, and accordingly u,,; = 0.
2) Mode OB: T, and T3 are switched ON and 75, T, are
switched OFF, and accordingly u,,; = 0.

B. SM Conduction Loss

The conduction losses Pgon 71—Pcon 74 corresponding to
T,-T,, respectively, and the conduction losses Pcon pi—
Pcon_pa corresponding to D;—Dy, respectively, are [15], [18]

P T = VTCD"IT‘
{ =123 @)

VDeon
Pcon_Dj = %f IDj

with

Ty .
{IT]’ = fO 4 ZTjdt (3)

T .
Ipj = Jy " ipjdt

where Vpeon and Vpeo, are the drop voltages on switch and
diode, respectively. Tyis the fundamental cycle and Ty = 27/wq.
I7jand Ipjare the integrals of the currents i 7; and i p; during one
fundamental period T, respectively. The Pco, 7j (Pcon_pj) of
T; (Dy) is proportional to I7; (Ip;), which increases along with
the increase of /7; (Ip;) and vice versa, as given in Table II.

C. SM Switching Loss

The switching losses Pgy 71—Psw_74 corresponding to 77—
T4, respectively, and the switching losses Pyy, p1—Psw_p4 COI-
responding to D1—Dy, respectively, are [18]

T . .
Poy i = 72 320" Bon 1 (i;) + Bott 15 ()]

T .
Py _pj = T% > 0" Erec_pj(in;)

“

where £, _7jand E,g_7;are the turn-ON energy and turn-OFF en-
ergy of the switch, respectively. Eyc._p; is the reverse-recovery
energy of the diode.

D. SM Total Power Loss

The total power losses Pr,qss_7j and Pr,oss_pj of the switch T
and diode Dj, respectively, are

(&)

PLoss_Tj = Lcon_Tj + Psw_Tj
PLoss_Dj = {Lcon_Dj + Psw_Dj .
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Fig. 2. Conduction situation with only Mode 0A-based BM. (a) Mode 1
(S; = 1). (b) Mode -1 (S; = —1). (c) Mode 0A (S; = 0).

III. POWER LOSS ANALYSIS OF FBSM WORKING WITH ONLY
MoDE 0A-BASED BM

With only Mode 0A-based BM, when §; = 1, the FBSM works
in Mode 1; when §; = —1, the FBSM works in Mode -1; when
S; = 0, the FBSM works in Mode 0A, as shown in Fig. 2, as
follows.

1) Mode 1 (S; = 1), as shown in Fig. 2(a): When i,, > 0,

the i, flows through D4 and D, and the D;’s current is
ip1 = Iqy and Dy’s current i ipg = i4,. When iy, < 0,
the i, flows through T and Ty, and ip; = ipy = -igy-

2) Mode -1 (S; = —1), as shown in Fig. 2(b): When i, > 0,
the i, flows through T and T3, and i7o = i3 = igy.
When i,, < 0, the i,, flows through Do and D3, and
ip2 =1ip3 = —lqu-

3) Mode 0A (S; = 0), as shown in Fig. 2(c): When iy, > 0,
the i, flows through 75 and Dy, and ipo = ipy = igy-
When i, < 0, the iy, flows through 7, and Ds, and
iT4 =ip2 = —lgy.

A. Power Losses Analysis of T1 and Ty

Based on Fig. 2, when the FBSM works with only Mode
0A-based BM, the currents flowing through 7', and 7 are

. —igu Si=1landi,,<0

i = L (6)
0 other situations
—dgu Si=1landig,<0

174 = § —ig, S;=0andiz,<0 (7)
0 other situations.
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TABLE IIT
POWER LOSSES WITH ONLY MODE 0A-BASED BM
Semiconductor Current integral Conduction loss
T1 and T4 [T]<1T4 Pcon7T1<Pcon7T4
D1 and D4 ID]<1D4 Pcon7D1<Pcon7D4
T, and T3 In3<Ip Peon 13<Pecon 12
D, and Ds Ip3<Ip Peon 03<Peon p2
500
2 375 — :
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Fig.3. Conduction losses and switching losses of 77 and 74 under various (.
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Fig.4. Conduction loss difference APcon 714 under various ¢ and various .

It can be observed that 7} takes less current in comparison
with T4, and therefore, the current integral of 7; is smaller
than that of T4 as /71 < I74, which causes that the conduction
loss of T is smaller than that of T4 as Pcon_ 71 < Pcon_ T4,
as given in Table III. Fig. 3 shows the conduction losses and
switching losses of Ty and T in the FBSM of MMC working at
the rated apparent power listed in Table VI and various power
factor angles ¢, which is derived from the simulation system
in Section VI. In Fig. 3, the modulation index m = 0.8. The
Infineon IGBT module FZ1200R17HP4 is adopted. The power
losses are calculated based on (2)—(4) and the semiconductor
specifications are provided by the datasheet [19]. It also shows
that Peon 71 < Pcon_74- In addition, compared with conduction
losses, the switching losses of T; and T, have little effect on
power loss unbalancing due to low switching frequency of MMC
with numerous SMs, as shown in Fig. 3.

Fig. 4 shows the conduction loss difference AP.on 714 be-
tween T and T under various ¢ and various m, which is derived
from the simulation system in Section VI. In Fig. 4, the MMC
working with overmodulation as m > 1 is also considered and
APcon 114 = Peon_11-Pcon_74. It can be observed that the
APcon_T14israted to p and m, and APy, 714 < 0 when FBSM
works with only Mode 0A-based BM, which also indicates that
Pcon7T1 < Pcon7T4~
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Fig.6. Conduction loss difference APcon_p14 under various o and various m.

B. Power Losses Analysis of D1 and D4

Based on Fig. 2, when the FBSM works with only Mode
0A-based BM, the currents flowing through D, and D, are

) lqu Si;=landig, >0 ®
o= 0 other situations

lou Si=1landig, >0
D4 tau Sz =0andig,> 0 9)

0 other situations.

It can be observed that the D takes less current in comparison
with Dy, and therefore, the current integral of D is smaller than
that of D4 as Ipy < Ip4, which causes that the conduction loss
of D; is smaller than that of Dy as Peon_p1 < Pcon_p4, as given
in Table III. Fig. 5 shows the conduction losses and switching
losses of Dy and D, under various ¢ and m = 0.8. Fig. 6 shows
the conduction loss difference APcon, p14 = Pcon_D1-Peon_Da
under various ¢ and various m. Figs. 4 and 5 show that the
Pceon p1 < Peon_pa when FBSM works with only Mode 0A-
based BM and the switching losses have little effect on power
loss unbalancing.

C. Power Losses Analysis of Ty and Ts

Based on Fig. 2, when the FBSM works with only Mode
0A-based BM, the currents flowing through 75 and T are:

fgu Si = —land iy, >0

o = lau Sz =0andig, >0 (10)
0 other situations
) S; = —landig, >0

irg= Q0 (11)
0 other situations.
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It can be observed that T3 takes less current in comparison
with 75, and therefore, the current integral of T3 is smaller than
that of Ty as I3 < I, which causes that the conduction loss
of T3 is smaller than that of T2 as Pcon 73 < Pcon_72, s given
in Table III. Fig. 7 shows the conduction losses and switching
losses of Ty and T3 under various ¢ and m = 0.8. Fig. 8 shows
the conduction loss difference APcon 723 = Peon_12-Peon_73
under various ¢ and various m. Figs. 7 and 8 show that the
Pcon 73 < Pcon_72 When FBSM works with only Mode 0A-
based BM and the switching losses have little effect on power
loss unbalancing.

D. Power Losses Analysis of D and D3

Based on Fig. 2, when the FBSM works with only Mode
0A-based BM, the currents flowing through Dy and D3 are

—lgu S;i=—1landig,<0
ip2 = § —ig, Si=0andig,<0 (12)
0 other situations
. —lgu Sz = —landi,<0 (13)
D3 = 0 other situations.

It can be observed that D3 takes less current in comparison
with Do, and therefore, the current integral of D3 is smaller than
that of Dy as Ip3 < Ipo, which causes that the conduction loss
of D3 is smaller than that of Ds as Peon_p3 < Peon_D2, as given
in Table III. Fig. 9 shows the conduction losses and switching
losses of Do and D3 under various ¢ and m = 0.8. Fig. 10 shows
the conduction loss difference APcon p23 = Pcon_D2-Pcon_D3
under various ¢ and various m. Figs. 9 and 10 show that the
Pceon p3 < Pcon_p2 when FBSM works with only Mode 0A-
based BM and the switching losses have little effect on power
loss unbalancing.
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Fig. 11.  Conduction situation in FBSM with mode 0B. (a) i g4, > 0. (b) i, < 0.

IV. POWER L0OSS ANALYSIS OF FBSM WORKING WITH ONLY
MODE 0B-BASED BM

With only Mode O0B-based BM, when §; = 1, the FBSM works
in Mode 1; when S; = —1, the FBSM works in Mode —1; when
S; =0, the FBSM works in Mode 0B. The conduction situation
in FBSM with Mode 0B is shown in Fig. 11, as follows.

1) igy > 0, as shown in Fig. 11(a): The i,, flows through T

and D¢, and the T3/s current is i 73 = i,,, and D1’s current

is iDl = iau~

2) iqy < 0, as shown in Fig. 11(b): The i, flows through
T:1 and D3, and the T4’s current iS i1 = —i4,, and D3’s
current is ip3 = —igy.

Similar to the analysis in Section III, the power loss distri-
bution in the FBSM with only Mode 0B-based BM is given in
Table IV, as follows.

1) T7 and T,: The T; takes more current in comparison with
T4, and I71 > I74, which causes Pcon 71 > Peon_ T4
according to (2).

2) D; and Dy: The D; takes more current in comparison
with Dy, and Ip; > Ip4, which causes Peon _p1 > Peon_D4
according to (2).

3) T2 and Ts: The T3 takes more current in comparison with
T3, and I3 > I7a, which causes Peon 73 > Peon_ 12
according to (2).

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 12, DECEMBER 2023

TABLE IV
POWER LOSSES WITH ONLY MODE 0B-BASED BM
Semiconductor Current integral Conduction loss
Ty and T} Ir>Iry Peon 11>Peon s
Dy and D, Ipi>Ipy Peon p1>Peon 4
T> and T; Ir>1 Peon 13>Peon 12
D, and D; Ips>Ipy Peon 03>Peon D2

4) Dy and D3: The D3 takes more current in comparison
with Dy, and I p3 > I ps, which causes Peon ps3 > Peon D2
according to (2).

V. PROPOSED POWER L0OSS BALANCING CONTROL
FOR FBSMs

A. Analysis of Current Difference Integral

The current differences Aip14 between T; and Ty, Aipia
between Dy and D4, Airso between T5 and To, and Aipss
between D3 and D5 are

A1y = i1 — 14

AZ:DM = ?m - jiD4 (14)
Airzy = i73 — T2

Aipsy = ip3 — ip2.

The current difference integrals Al714, Alp14, AlTse, and

Alps3s are
toa
Alpyy = [ Nipyadt
Alpiy = [ Aipradt
toa
Alrss = [y Nipsadt

Alpss = f(f Aipsodt.

5)

According to Figs. 2 and 11, the semiconductor currents in
the FBSM have the relationship as

iT1 =i74,ip1 = ipa,iT3 = iT2,9p3 = ip2(S;= £ 1)
i1 =1ip3,ip1 = iT3,iT4 = ip2,ipa = i72(5;=0).
(16)
Substituting (14) and (15) into (16), there is
Alris = Alpso

(17)
Alrss = Alpia.

The conduction loss differences AP, 714 between T7 and
T4, APcon p14 between Dy and Dy, AP.o, 732 between T3 and
Ts, and AP.o, p32 between D3 and D, can be expressed as

APeon_114 = Peon_11 — Peon_T4
APeon_p14 = Peon_p1 — Peon_pa (18)
APeon_132 = Peon_13 — Peon_12
APeon_p32 = Peon_p3 — Peon_p2-
Substituting (2) and (17) into (18), the relationship between
current difference integrals and conduction loss differences can
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TABLE V
RELATIONSHIP BETWEEN BM, Alt (AIp), AND APcox T (APcox D)

BM Al7iy Alr3; APon 114 APon 132
(Alps) | (Alpia) | (APeon p32) | (APcon pia)
Mode 0A ! | ! !
Mode 0B 1 1 1 1
Si Lau
v
Figs. 2 & 11 ‘
i1 |in |ir3 |ims
Equ. (14) |
Airyy Airs;
Equ.(15) |
Alris (Alpsy) | Alrsa (Alpia)

Avoid A

additional  §.=1—0? _— BM unchanged
switching : I/ No 7g‘
Yes

v
Yes

li ‘AIT14|2lﬂy?/ No—l

? Al73,>0?
Yesf AIT]EO/ ‘lNo Yesl» 732_/, —lNo

Mode 0A | Mode 0A
Based BM Based BM

Mode 0B

Mode 0B
Based BM J

Based BM J

Fig. 12.  Diagram of proposed CIC-PLBC for the ith FBSM.

be expressed as

APeon 114 = (Vrcon/T¥) - Alr14
APeon p14a = (Vbeon/Ty) - Alpia
APeon 132 = (Vreon/Ty) - Alpss
APeon_p32 = (Vpeon/T¥) - Alpsa

19)

with

{ApconT14 = (VTcon/VDcon) . AI)c0n7D32 (20)

A]Dct)n7T32 = (VTcon/VDcon) . APc0n7D14o

According to (17), (19), (20), and Tables III and IV, the re-
lationship between selected BM and current difference integral,
conduction loss difference can be obtained, as given in Table V,
as follows.

1) Mode OA: The AIT14, AID?)Q, AIT32, and AID14 would
be reduced, which results in that the conduction loss
differences APcon 7145 APcon D32, APcon 732, and
APcon_p14 wWould be reduced.

2) Mode 0OB: The AIT14, AID:;Q, AIT?,Q, and AID14 would
be increased, which results in that the conduction loss
differences APcon 714, APcon D32, APcon 732, and
APcon_p14 would be increased.

B. Proposed Power Loss Balancing Control

Based on above analysis, a CIC-PLBC for the ith FBSM is
proposed, as shown in Fig. 12, which can make AP.o, 714,
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Fig. 13.  Diagram of BM selection with proposed CIC-PLBC.

APcon D145 APcon 132, and AP.o, pse close to 0 through
selecting Mode OA or Mode 0B for BM, so as to make 77 ’s loss
close to T4’s loss, T5’s loss close to T3’s loss, D’s loss close
to Dy4’s loss, and D2’s loss close to D3’s loss, and accordingly
improve the power loss distribution in the FBSM.
In Fig. 12, based on the switching function §;, the arm current
iqau, and Figs. 2 and 11, the currents i 1—ip4 of switches T1—T4
can be obtained. Then, the current differences Ai 714 and Airszo
can be obtained based on (14). Afterward, the current difference
integrals Alp14 (Alpse) and Alpss (Alpi4) can be obtained
based on (15). At the moment when S; is switched from 1 to 0,
the Mode OA or Mode OB are selected for BM based on Al 714
and Alrss, so as to balance the power losses in the FBSM, as
follows.
D) If |Alpia| > |Alpss| and Alpig > 0: |APeon_114] >
|APc0n_T32|’ |APcon_D32| > |APcon_D14|’ APcon_T14 >
0, and AP.on_ps2 > 0 based on (19) and (20). According
to Table V, Mode 0A should be selected for BM. As a re-
sult, the Al 114 will be reduced, which reduces APcon 714
and APcon_D32-
2) If |Alr1a| > |Alrse| and Al < 0: |APcon_714] >
|APcon7T32|s |APcon7D32| > |APcon7D14|s APcon7T14 <
0, and AP.on_ps2 < 0based on (19) and (20). According
to Table V, Mode OB should be selected for BM. As
a result, the Al14 will be increased, which increases
Apcon_Tlél and APcon_D32~

3) If |Alria| < |Alss| and Alpsy > 0: |APeon 14| <
|APcon7T32|, |APCOH7D32| < |APcon7D14|, AIJCOILTZSQ >
0, and AP.on_p14 > 0based on (19) and (20). According
to Table V, Mode 0OA should be selected for BM. As a re-
sult, the Al 132 will be reduced, which reduces APcon 732
and APcon_D14~

4) If |Al7ia| < |Alrss| and Alrsy < 0: [APeon_114] <

|APcon7T32|’ |APCOI]7D32| < |APCon7D14|a APconfTSQ <
0, and AP.on_p14 < 0based on (19) and (20). According
to Table V, Mode OB should be selected for BM. As
a result, the Alp3o will be increased, which increases
APcon_T32 and APcon_D14-

To avoid introducing additional switching loss, if the S; is
unchanged or switched from 0 to 1 during two adjacent control
cycles, the selected BM should be kept invariable, as shown
in Fig. 12. Fig. 13 shows an example of the BM selection.
With the proposed CIC-PLBC, the conduction loss differences
APconleéls APcon7T32, APconfDléls and AP(:on7D32 would be
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Fig. 14.  Conduction losses with proposed CIC-PLBC. (a) Conduction losses
of T1-T4. (b) Conduction losses of D1-Dy.

TABLE VI
SYSTEM PARAMETERS FOR SIMULATION

Parameter Value
Rated power 10 MVA
DC link voltage Ve 20 kV
Grid frequency 50 Hz
Transformer leakage reactance ~ 10%

Number of FBSM per arm N 20

Rated SM capacitance C 10 mF

Arm inductance L; 5 mH

Filter inductance ; 3mH
Semiconductor FZ1200R17HP4

controlled close to 0. Since the switching loss of the MMC with
numerous SMs is quite small and it has little effect on power
loss unbalancing [10], as shown in Figs. 3-10, the proposed
CIC-PLBC can effectively balance the power losses in the
FBSM.

C. Conduction Loss Analysis of FBSM

Fig. 14 shows the conduction losses of semiconductors in
the FBSM of MMC working at rated apparent power listed in
Table VI and m = 0.8, which is derived from the simulation
system in Section VI. Here, the proposed CIC-PLBC method
is adopted. Compared with Figs. 3—10, where the FBSM works
with only Mode 0A-based BM, the proposed CIC-PLBC can not
only effectively balance conduction losses in the FBSM, but also
reduce the maximum conduction loss among semiconductors.

D. Switching Loss Analysis of FBSM

Fig. 15 shows the switching losses in the FBSM of MMC
working at rated apparent power and ¢ = 0. In Fig. 15, m = 0.8
and the FBSM works with only Mode OA-based BM, only Mode
0B-based BM, and proposed CIC-PLBC, respectively. From
Fig. 15, the switching loss distribution in the FBSM is also
improved with proposed CIC-PLBC. In addition, the proposed
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Fig. 16. Thermal network of the semiconductor.

CIC-PLBC does not introduce additional switching loss, where
the total switching loss of the FBSM is 93 W with proposed
CIC-PLBC, which is close to 96 W with only Mode 0A-based
BM and 99 W with only Mode 0B-based BM.

E. Temperature Fluctuation Analysis

Fig. 16 shows the equivalent thermal network of the semicon-
ductor, where Rin(s.c) is the thermal resistance from junction
to case, Ry (c-p) is the thermal resistance of thermal interface
material (TIM) from case to heat sink, and 7¢y,( ;- ¢) is the thermal
time constant from junction to case [20], [21]. Ty, T., and Tz are
the temperature of junction, case, and heat sink, respectively. To
simplify the analysis, the T is considered as a constant value
50 °C [22]. Based on this model, the junction temperature of
semiconductors in the FBSM can be obtained.

Fig. 17 shows the junction temperatures of the switches 71—
T4 and diodes D1—D, in the FBSM of MMC working at rated
apparent power listed in Table VI and ¢ = 0, which is derived
from the simulation system in Section VI. Here, the proposed
CIC-PLBC is enabled at 2.2 s. Before 2.2 s, the control in [16]
is adopted, where the Mode OA and Mode OB are selected in
rotation for BM, and the rotation cycle is one fundamental cycle.
Compared with control in [16], both the junction temperature
fluctuations and the maximum temperature of semiconductors
are effectively reduced with proposed CIC-PLBC, as shown in
Fig. 17. It can be observed that T7’s temperature fluctuation is
reduced from 2.09 to 1.35 °C, with a 35.4% reduction, and its
maximum temperature is reduced from 56.76 to 56.38 °C, with
a 0.7% reduction. Similarly, the temperature fluctuation and the
maximum temperature of T, are reduced by 64.2% and 3.5%,
respectively; those of T3 are reduced by 63.7% and 3.4%; those
of T, are reduced by 35.7% and 0.8%; those of D are reduced by
21.5% and 0.9%; those of D5 are reduced by 51.7% and 1.3%;
those of D3 are reduced by 51.2% and 1.3%; those of D, are
reduced by 21.5% and 0.7%, respectively.
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F. Reliability Analysis

The number of power cycles to failure Ny of the semiconductor
is [23]

N,= A B1 ( ﬁ? ) (tlest)ﬂg
F=AAT)" -exp | m—— | - 1)

Crmax +273 1.5

where A, 31, 2, and (3 are fitting parameters. A = 1.42 x 1012,
B1 = —17.14, 5 = 5154, and B3 = —0.3, and #;.s ranges from
0.1to 60 s. AT is the junction temperature fluctuation, and Ty,ax
is the maximum junction temperature.

The consumed lifetime per year of the semiconductor is [21]

365 x 24 x 3600 x 50

Cr N,

(22)
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The reliability function R .,.,,(?) of the semiconductor can be
expressed as [24], [25]

Rcom (t) - 67CLt~ (23)

According to the reliability block diagram [23], the failure
function Fynvic(f) of the MMC can be expressed by semicon-
ductors’ reliability functions R .., (1), as

N 8

6
Fave(t) =1- T |11
k=1

i=1 |j=

Rcomkij (t) (24)
1

Based on above analysis, the lifetime of the MMC can be
obtained, as shown in Fig. 18. Here, the control in [16] and
proposed CIC-PLBC are adopted, respectively. In Fig. 18, the
MMC’s lifetime with proposed CIC-PLBC is set as the base
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Fig. 19.

Block diagram of the MMC simulation system.
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(c) Harmonic spectrum of i, with proposed CIC-PLBC.

value. Due to the reduced temperature fluctuation and the maxi-
mum temperature, as shown in Fig. 17, the proposed CIC-PLBC
has significant effects on the improvement of the MMC'’s life-
time. Compared with the control in [16], the lifetime of MMC
with proposed CIC-PLBC is improved from 0.34 to 1 per unit,
with a 194.1% increase.

VI. SIMULATION STUDIES

To verify the effectiveness of proposed CIC-PLBC, the simu-
lation studies of the three-phase MMC system are performed
with the time-domain simulation tool PSCAD/EMTDC, as
shown in Fig. 19. The main simulation parameters are listed
in Table VL.

A. MMCs Working at m = 0.8 and ¢ = 0

Fig. 20(a) shows the grid currents i,, i3, and i, of MMC
working at m = 0.8 and ¢ = 0. Here, the proposed CIC-PLBC is

70
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Fig.21. Power loss distribution when m = 0.8 and ¢ = 0. (a) With only mode
0A-based BM. (b) With control in [16]. (c) With proposed CIC-PLBC.

enabled at 1.5 s. Before 1.5 s, the FBSM works with control in
[16]. Fig. 20(b) and (c) shows the spectrum of i, with control in
[16] and proposed CIC-PLBC, respectively. It can be observed
that the proposed CIC-PLBC has little impact on the output
current of the MMC.

Fig. 21(a)—(c) shows the power loss distribution in the FBSM
of MMC working at m = 0.8 and ¢ = 0, where the FBSM works
with only Mode 0A-based BM, the control in [16], and proposed
CIC-PLBC, respectively. From Fig. 21(a), the power losses in the
FBSM with only Mode OA-based BM is extremely unbalanced.
From Fig. 21(b), the power losses between 77 and Ty, T and
T3, D1 and Dy, and D5 and D3 are still unbalanced with the
control in [16]. Compared with Fig. 21(a) and (b), the proposed
CIC-PLBC can effectively improve the power loss distribution
in the FBSM, as shown in Fig. 21(c).

B. MMCs Working at m = 0.8 and ¢ = 7/2

Fig. 22(a) and (b) shows the power loss distribution in the
FBSM of MMC working at m = 0.8 and ¢ = 7/2, where the
FBSM works with the control in [16] and proposed CIC-PLBC,
respectively. Compared with Fig. 22(a), Fig. 22(b) shows that
the proposed CIC-PLBC can effectively improve the power loss
distribution in the FBSM.

C. MMCs Working atm = 0.8 and ¢ =

Fig. 23(a) and (b) shows the power loss distribution in the
FBSM of MMC working at m = 0.8 and ¢ = m, where the
FBSM works with the control in [16] and proposed CIC-PLBC,
respectively. Compared with Figs. 23(a) and (b) shows that the
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proposed CIC-PLBC can effectively improve the power loss
distribution in the FBSM.

D. MMCs Working at m = 0.8 and ¢ = 37/2

Fig. 24(a) and (b) shows the power loss distribution in the
FBSM of MMC working at m = 0.8 and ¢ = 37/2, where the
FBSM works with the control in [16] and proposed CIC-PLBC,
respectively. Compared with Fig. 24(a), Fig. 24(b) shows that
the proposed CIC-PLBC can effectively improve the power loss
distribution in the FBSM.

E. MMCs Working atm = 1.5 and ¢ = 0

Fig. 25(a) and (b) shows the power loss distribution in the
FBSM of MMC working at m = 1.5 and ¢ = 0, where the
FBSM works with the control in [16] and proposed CIC-PLBC,
respectively. Compared with Fig. 25(a), Fig. 25(b) shows that
the proposed CIC-PLBC can also effectively improve the power
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loss distribution in the FBSM when the MMC works with
overmodulation.

VII. EXPERIMENTAL STUDIES

A three-phase MMC is built in the laboratory to verify the
proposed CIC-PLBC method, as shown in Fig. 26(a) and (b).
The dc-side voltage of the MMC is supported by a dc source
SGA600/10 paralleled with a resistor, and the ac-side of the
MMC is connected to the grid via an autotransformer (AT). The
system parameters are listed in Table VII.

A. MMCs Working at ¢ =0

Fig. 27 shows the power loss distribution in the FBSM of
MMC working at the rated apparent power and ¢ = 0. Before
enabling the proposed CIC-PLBC, the FBSM works with control
in [16]. Fig. 27(a) shows the loss energy differences AE 14
between 77 and Ty, AE 193 between To and T3, AE p14 between
Dy and Dy, and AEp,3 between Dy and Ds, respectively. The
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TABLE VII

EXPERIMENTAL SYSTEM PARAMETERS

Parameter Value
Rated Power (kW) 1
DC-link voltage Vy. (V) 200
RMS value of line-to-line (V) 100
Rated frequency (Hz) 50
Number of SM per arm N 4

SM capacitance (mF) 2.35
Arm inductance L, (mH) 3
Filter inductance L,(mH) 3
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Fig. 27. (a) Loss energy differences AE 714, AET23, AEpi4, and AEpos3

when ¢ = 0. (b) Power loss distribution with control in [16]. (c) Power loss
distribution with proposed CIC-PLBC.

loss energy differences are

ABEris = [} (Pioss.m1 — Pross.m4)dt
AErs3 = [o (Pross. 2 — PLoss.73)dl
AEp1s = [y (PLoss.p1 — PLoss_pa)dl
AEpss = [y (Pross_p2 — Pross p3)dt.

(25)

-

From (25), taking AE714 as an example, if AEry4 in-
creases, the power losses between 77 and T, are unbalanced
and Pross 71 > Pross_14; if AE 14 decreases, the power losses
between 74 and T4 are unbalanced and Pross 71 < PrLoss_74; if
AE 714 remain unchanged, the power losses between 77 and Ty
are balanced and Pr,oss_ 71 = Pross_74. Fig. 27(b) and (c) shows
the power loss distribution in the FBSM with control in [16] and
proposed CIC-PLBC, respectively.

From Fig. 27(a), the loss energy differences AEp93 and
AEp14 change drastically with the control in [16], which in-
dicates that the power losses between 75 and T3, and D and Dy
are unbalanced, as shown in Fig. 27(b).

After the proposed CIC-PLBC is enabled, the loss energy
differences AE 714, AE 193, AEp14, and AEpo3 are almost
unchanged, which indicates that the power losses of 77 and 74,
T and T3, D1 and Dy4, and D> and D3 are close to each other,
as shown in Fig. 27(c).

B. MMCs Working at p = 1/2

Fig. 28 shows the power loss distribution in the FBSM of
MMC working at rated apparent power and ¢ = 7/2. Before
enabling the proposed CIC-PLBC, the FBSM works with the
control in [16]. Fig. 28(a) shows the loss energy differences
AET14, AET23, AED14, and AED23. Flg 28(b) and (C) shows
the power loss distribution in the FBSM with control in [16] and
proposed CIC-PLBC, respectively.

From Fig. 28(a), the loss energy differences AEp93 and
AEpy4 change drastically with the control in [16], which in-
dicates that the power losses between 75 and T3, and D and Dy
are unbalanced, as shown in Fig. 28(b).

After the proposed CIC-PLBC is enabled, the loss energy
differences AE 714, AE 193, AEp14, and AEpo3 are almost
unchanged, which indicates that the power losses of 77 and 74,
T and T3, D1 and Dy4, and D> and D3 are close to each other,
as shown in Fig. 28(c).

C. MMCs Working at p =7

Fig. 29 shows the power loss distribution in the FBSM of
MMC working at rated apparent power and ¢ = 7. Before
enabling the proposed CIC-PLBC, the FBSM works with control
in [16]. Fig. 29(a) shows the loss energy differences AE 14,
AE 793, AEp14,and AE pos. Fig. 29(b) and (c) shows the power
loss distribution in the FBSM with control in [16] and proposed
CIC-PLBC, respectively.

From Fig. 29(a), the loss energy differences AEp14 and
AEpos change drastically with the control in [16], which in-
dicates that the power losses between 77 and T4, and Dy and
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D3 are unbalanced, as shown in Fig. 29(b). After the pro-
posed CIC-PLBC method is enabled, the loss energy differences
AEqp14, AE793, AEp14, and AEps3 are almost unchanged,
which indicates that the power losses of 77 and Ty, T2 and T3,
D1 and Dy, and D5 and Ds are close to each other, respectively,
as shown in Fig. 29(c).

D. MMCs Working at ¢ = 37/2

Fig. 30 shows the power loss distribution in the FBSM of
MMC working at rated apparent power and ¢ = 37/2. Before
enabling the proposed CIC-PLBC, the FBSM works with control
in [16]. Fig. 30(a) shows the loss energy differences AE 4,
AE 193, AEp14,and AE po3. Fig. 30(b) and (c) shows the power
loss distribution in the FBSM with control in [16] and proposed
CIC-PLBC, respectively.

From Fig. 30(a), the loss energy differences AE o3 and
AEp14 change drastically with the control in [16], which in-
dicates that the power losses between T, and T3, and D1 and Dy
are unbalanced, as shown in Fig. 30(b). After the proposed CIC-
PLBC is enabled, the loss energy differences AE 14, AE 123,
AEp14, and AE pog are almost unchanged, which indicates that
the power losses of T and Ty, T2 and T3, Dy and Dy, and D,
and D3 are close to each other, as shown in Fig. 30(c).
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VIII. CONCLUSION

This article analyzed the power loss distribution of the semi-
conductors in the FBSM of the MMC in details. The uneven
power loss distribution in the FBSM would affect the reliability
of MMC. A current integral comparison-based power loss bal-
ancing control for the FBSM was proposed in this article, where
two types of BMs of the FBSM can be selected by comparing the
semiconductor current difference integral values in the FBSM.
The proposed control can not only balance the power losses
in the FBSM, but also reduce the temperature fluctuation of
the semiconductors, which significantly improves the reliability
of the MMC. Simulation and experimental results verify the
proposed control.

REFERENCES

[1] C. Liu, E Deng, J. Zhang, X. Cai, Z. Chen, and F. Blaabjerg, “Power
loss reduction control for modular multilevel converters based on resistor
controllable submodule,” IEEE Trans. Power Electron., vol. 37, no. 8,
pp. 9767-9776, Aug. 2022.

[2] F. Deng, C. Liu, Q. Wang, R. Zhu, X. Cai, and Z. Chen, “A currentless
submodule individual voltage balancing control for modular multilevel
converters,” IEEE Trans. Ind. Electron., vol. 67, no. 11, pp. 9370-9382,
Nov. 2020.

[3] H. Li, F. Deng, J. Zhao, J. Tian, Y. Lu, and G. Li, “Variable sam-
pling frequency-based SM power loss balancing control for MMCs with
bypassed faulty SMs,” IEEE Trans. Power Electron., vol. 38, no. 7,
pp- 9006-9018, Jul. 2023.

[4] F. Deng, Q. Yu, Q. Wang, R. Zhu, X. Cai, and Z. Chen, “Suppres-
sion of DC-link current ripple for modular multilevel converters under
phase-disposition PWM,” IEEE Trans. Power Electron., vol. 35, no. 3,
pp. 3310-3324, Mar. 2020.

[5] S. Wenig, M. Goertz, C. Hirsching, M. Suriyah, and T. Leibfried, “On
full-bridge bipolar MMC-HVDC control and protection for transient
fault and interaction studies,” IEEE Trans. Power Del., vol. 33, no. 6,
pp. 2864-2873, Dec. 2018.

[6] F.Dengetal., “Protection scheme for modular multilevel converters under
diode open-circuit faults,” IEEE Trans. Power Electron., vol. 33, no. 4,
pp. 2866-2877, Apr. 2018.

[7]1 C. Zhao, Y. Li, Z. Li, P. Wang, X. Ma, and Y. Luo, “Optimized design
of full-bridge modular multilevel converter with low energy storage re-
quirements for HVdc transmission system,” /[EEE Trans. Power Electron.,
vol. 33, no. 1, pp. 97-109, Jan. 2018.

[8] J. Hu, M. Xiang, L. Lin, M. Lu, J. Zhu, and Z. He, “Improved design
and control of FBSM MMC with boosted AC voltage and reduced DC
capacitance,” IEEE Trans. Ind. Electron., vol. 65, no. 3, pp. 1919-1930,
Mar. 2018.

[9] F. Deng et al., “Power losses control for modular multilevel converters

under capacitor deterioration,” IEEE J. Emerg. Sel. Topics Power Electron.,

vol. 8, no. 4, pp. 4318-4332, Dec. 2020.

F. Hohmann and M. Bakran, “Improved performance for half-bridge cells

with a parallel presspack diode,” IEEE Trans. Power Electron., vol. 34,

no. 4, pp. 3091-3097, Apr. 2019.

W. Li et al., “Thermal optimization of modular multilevel converters with

surplus submodule active-bypass plus neutral-point-shift scheme under

unbalanced grid conditions,” IEEE J. Emerg. Sel. Topics Power Electron.,

vol. 7, no. 3, pp. 1777-1788, Sep. 2019.

M. M. C. Merlin and P. D. Mitcheson, “Active power losses distribution

methods for the modular multilevel converter,” in Proc. IEEE 17th Work-

shop Control Model. Power Electron., 2016, pp. 1-6.

J. Zhao, F. Deng, C. Liu, Q. Yu, Q. Wang, and J. Zhang, “Harmonic

circulating current injection based power loss optimization control of

bottom switch/diodes for modular multilevel converters,” CSEE J. Power

Energy Syst., vol. 7, no. 6, pp. 1213-1226, Nov. 2021.

H. Qiu, J. Wang, P. Tu, and Y. Tang, “Device-level loss balancing control

for modular multilevel converters,” IEEE Trans. Power Electron., vol. 36,

no. 4, pp. 47784790, Apr. 2021.

J. Sheng et al., “Active thermal control for hybrid modular multilevel

converter under overmodulation operation,” IEEE Trans. Power Electron.,

vol. 35, no. 4, pp. 42424255, Apr. 2020.

[10]

[11]

[12]

[13]

[14]

[15]

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 12, DECEMBER 2023

[16] K.Li, Z.Zhao, L. Yuan, S. Lu, and G. Feng, “An improved phase-shifted
carrier-based modulation and loss distribution analysis for MMC using
full-bridge sub-modules,” in Proc. IEEE 8th Int. Power Electron. Motion
Control Conf., 2016, pp. 1252—1258.

R. Zeng, L. Xu, L. Yao, and B. W. Williams, “Design and operation of
a hybrid modular multilevel converter,” IEEE Trans. Power Electron.,
vol. 30, no. 3, pp. 1137-1146, Mar. 2015.

S. Rohner, S. Bernet, M. Hiller, and R. Sommer, “Modulation, losses,
and semiconductor requirements of modular multilevel converters,” I[EEE
Trans. Ind. Electron., vol. 57, no. 8, pp. 2633-2642, Aug. 2010.

Infineon Technologies, “FZ1200R17HP4, datasheet,” Infineon Technol.,
Neubiberg, Germany, [Online]. Available: https://www.alldatasheetcn.
com/datasheet-pdf/pdf/397167/INFINEON/FZ1200R 1 7HP4.html

Y. Dong, H. Yang, W. Li, and X. He, “Neutral-point-shift-based active
thermal control for a modular multilevel converter under a single-phase-
to-ground fault,” IEEE Trans. Ind. Electron., vol. 66, 1n0. 3, pp. 2474-2484,
Mar. 2019.

D. Zhou, F. Blaabjerg, T. Franke, M. Tgnnes, and M. Lau, “Comparison
of wind power converter reliability with low-speed and medium-speed
permanent-magnet synchronous generators,” IEEE Trans. Ind. Electron.,
vol. 62, no. 10, pp. 6575-6584, Oct. 2015.

F. Deng, J. Zhao, C. Liu, Z. Wang, X. Cai, and F. Blaabjerg, “Temperature-
balancing control for modular multilevel converters under unbalanced grid
voltages,” IEEE Trans. Power Electron., vol. 37, no. 4, pp. 4614—4625,
Apr. 2022.

Y. Zhang, H. Wang, Z. X. Wang, F. Blaabjerg, and M. Saeedifard, “Mis-
sion profile-based system-level reliability prediction method for modu-
lar multilevel converters,” IEEE Trans. Power Electron., vol. 35, no. 7,
pp. 6916-6930, Jul. 2020.

J. Guo, J. Liang, X. Zhang, P. D. Judge, X. Wang, and T. C. Green,
“Reliability analysis of MMCs considering submodule designs with indi-
vidual or series-operated IGBTSs,” IEEE Trans. Power Del., vol. 32, no. 2,
pp. 666677, Apr. 2017.

P. Tu, S. Yang, and P. Wang, “Reliability- and cost-based redundancy
design for modular multilevel converter,” IEEE Trans. Power Electron.,
vol. 66, no. 3, pp. 2333-2342, Mar. 2019.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Huailong Li received the B.Eng. degree in electri-
cal engineering from Jiangsu University, Zhenjiang,
China, in 2021. He is currently working toward the
Ph.D. degree in power electronics with the School
of Electrical Engineering, Southeast University, Nan-
jing, China.

His main research interests include multilevel con-
verters, high-voltage direct-current technology, and
reliability of power devices.

Fujin Deng (Senior Member, IEEE) received the
B.Eng. degree in electrical engineering from the
China University of Mining and Technology, Jiangsu,
China, in 2005, the M.Sc. degree in electrical engi-
neering from Shanghai Jiao Tong University, Shang-
hai, China, in 2008, and the Ph.D. degree in energy
technology from the Department of Energy Technol-
ogy, Aalborg University, Aalborg, Denmark, in 2012.

In 2017, he joined the Southeast University and is
currently a Professor with the School of Electrical
Engineering, Southeast University, Nanjing, China.
From 2013 to 2015 and from 2015 to 2017, he was a Postdoctoral Researcher
and an Assistant Professor, respectively, with the Department of Energy Tech-
nology, Aalborg University, Aalborg, Denmark. His research interests include
wind power generation, multilevel converters, HVdc technology, dc grids, and
offshore wind farm-power systems dynamics.


https://www.alldatasheetcn.com/datasheet-pdf/pdf/397167/INFINEON/FZ1200R17HP4.html
https://www.alldatasheetcn.com/datasheet-pdf/pdf/397167/INFINEON/FZ1200R17HP4.html

LI et al.: CIC-BASED POWER LOSS BALANCING CONTROL FOR FULL-BRIDGE MODULAR MULTILEVEL CONVERTERS

Jie Tian was born in 1969 in Guizhou, China. He
received the Ph.D. degree in electrical engineering
from Zhejiang University, Hangzhou, China, in 1996.

In 2001, joined the NR Electric Company, Ltd.,
Nanjing, China, and is currently a Professor Engineer
and Chief Expert of State Grid Corporation of China.
His research interests include UHVdc, VSC-HVdc,
and flexible ac transmission.

Yu Lu was born in Hubei, China, in 1979. He received
the M.Sc. degree in electrical engineering from the
Huazhong University of Science and Technology,
Wauhan, China, in 2003.

In July 2003, he joined the NR Electric Company,
Ltd., Nanjing, China, and is currently a Managing
Director. His research interests include high-voltage
direct current and UHVdc.

Gang Li was born in Henan, China, in 1983. He
received the M.Sc. degree in electrical engineering
from State Grid Electric Power Research Institute,
Nanjing, China, in 2009.

He joined the NR Electric, Company, Ltd., in 2009
and is currently a Senior Engineer. His research inter-
ests include VSC-HVdc and flexible ac transmission.

15981

Frede Blaabjerg (Fellow, IEEE) received the Ph.D.
degree in electrical engineering from Aalborg Uni-
versity, Aalborg, Denmark, in 1995.

From 1987 to 1988, he was with ABB-Scandia,
Randers, Denmark. He became an Assistant Professor
in 1992, an Associate Professor in 1996, and a Full
Professor of power electronics and drives in 1998.
In 2017, he became a Villum Investigator. He is
honoris causa with University Politehnica Timisoara
(UPT), Timisoara, Romania, and Tallinn Technical
University (TTU), Tallinn, Estonia. He has authored
or coauthored more than 600 journal papers in the fields of power electronics and
its applications, and is the coauthor of four monographs and editor of ten books
in power electronics and its applications. His current research interests include
power electronics and its applications, such as in wind turbines, PV systems,
reliability, harmonics, and adjustable speed drives.

Dr. Blaabjerg was the recipient of the 32 IEEE Prize Paper Awards, IEEE
PELS Distinguished Service Award in 2009, EPE-PEMC Council Award in
2010, IEEE William E. Newell Power Electronics Award 2014, Villum Kann
Rasmussen Research Award 2014, Global Energy Prize in 2019, and 2020 IEEE
Edison Medal. He was the Editor-in-Chief of the IEEE TRANSACTIONS ON
POWER ELECTRONICS from 2006 to 2012. He has been a Distinguished Lecturer
for the IEEE Power Electronics Society from 2005 to 2007 and for the IEEE
Industry Applications Society from 2010 to 2011 as well as 2017 to 2018.
In 2019-2020, he is the President of IEEE Power Electronics Society. He is
the Vice-President of the Danish Academy of Technical Sciences too. He is
nominated in 20142019 by Thomson Reuters to be between the most 250 cited
researchers in engineering in the world.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


