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Performance comparison of the efficiency and power density among
multilevel converter topologies for a PV inverter by the Pareto-front curve
Yugo Kashihara™, Student Member, Jun-ichi Itoh™, Member

(20XX 2@ H @ H3ZAf, 20XX 4@ H @ H H31t)

The present paper discusses the optimize design method of efficiency and power density for a multilevel converter based on
the implementation of system integration of power electronics. The performance of a five-level ANPC inverter is compared with
a conventional two-level inverter, a three-level NPC inverter, and a three-level T-type NPC inverter. Within the range of
switching frequency of from 1 kHz to 500 kHz, the comparison results indicate that the five-level ANPC inverter achieves the
highest efficiency, and the highest power density converter.
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Fig.4 Afive- level ANPC inverter.
Table 1 Experimental condition.

Rated power 10 kW Output frequency 50 Hz
Input voltage 350V Output voltage 200V
Carrier frequency 20 kHz Output current 29 A

Switching
device

ANPC

Celll | MOSFET:IRFP4668pBF(IR)

Cell2 | MOSFET:IXFB170N30P(IXYS)

Flying capacitor

EEUEE2C331 (Panasonic)

330 uF, 1250 mA, 200 V, 2 parallel connection

DC smoothing

ESMQ251VSN182MA45S (Nippon chemi-con)

capacitor 1800 uF, 4550mA, 250 V, 2 parallel connection
Table 2 Device parameters

(a) IRFP4668pBF
MOSFET:IRFP4668pBF(IR)
Vbss 200 V Ip 130 A
Rps 8 mQ (typ.) Vg 1.3V (Max.)
tr 41 ns trr 130 ns
tp 74 ns

(b) IXFB170N30P
MOSFET:IXFB170N30P(IXYS)
Vbss 300 V In 170 A
Rps 18 mQ (Max.) Vi 1.3 V (Max.)
t, 29 ns trr 200 ns
1% 16 ns

' ‘-Output line voltage: [200V/div] -

N

¥ Flying capacitor voltage [50V/div]
“Output current [S0A/div]®

sy

Fig.5 Experimental waveform of a five-level ANPC inverter.
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Specification
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: 3-phase, 10-kW rating
: 10kHz

1350V, 200V (line)

: Electrolytic capacitor

2-parallel connection

120 DC smoothing Capacitor :

100} (DCSC)

801
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Loss[W]

© Experimental results of tolal loss
Calculation results of tolal loss
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2-parallel connection
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Fig.6. Loss of ANPC inverter.

4000

6000
Power[W]

8000

10000

IEEJ Trans. @@, Vo.0®,N0.®, 000




FZ 17 TN TRIBL L7 (FEFKES, i)

HF 52 EnTcx, @2E75,
1T i

T, TEE Y U TAM, A lTERY V7 xR
DY FNVEETHD,

332 XL AMBEKEES

F oy XU F DK Pegp 1£, v 730 & OZEAREFIHEHT(LL
T ESRNCHAET D, Pegpld, Fr SvZiZiindERLY
@3 R THEFTE 5O,

Pras = Lims_cap RESR +vseressersssessnsssinsssssnsssssssessanssssssnsssessnsenns (43)

ZIZT, s cap lEF ¥ /8 ZITHEND U 7 VETRERME,
Resp 1ZF ¥ X3 Z D ESR Th D, FX U FITHHRY v
EIRARD BTN D T2, lims_cap 115 ¥ 733 X DIEE DB
WCHEBEE D, AL v T U7 RGO Y 7 IVERIED
EIXERE TH LD, —BEEELZLIXRETHY,
FEMERRIIERAN TR, 7740 T XX X2 OE
Wik, AWARLEFROBML Y, T HIEEATT
HDHZEICEHER LT, BIRENEMRE Ke ZEAL, 44X
I2C, BRENHEERD D,

L _cap = Kot Lo (44)
EIRSMIARE K I EHE L7z R = b—va g &
D, UTNVERFEDE, AR EEREOMKRERD D,
Kt lZBER SOOI DT, EMBELENR, FEBICTFD

PHEATE D,

X 8 | I FENELREL K D b2~ T, Krld, A a
LARINFEAIC Lo TRESNSD, £z, K8 LY, ZH
Rain05705 06 DL X, Kyldik K065 L7325, iE-T
Ky=0.65 & LT, HEFLTRIFIEL W,

3.3.3 FoNTADOFEHEE

AEITIEF ¥ S Z OERFEIEICOWTHAT 2, ¥
¥RV ORIEE, A—=TORRBT ) — X5 RET S,
V74 NLLaVToYy

T 4L T Y DIRFE Vol 130 R L B — 55 BRI HL A
THOTUS)RTHEMT L EnTEx 0,

501
VOliy = 16des ZCUE oo (45)

STy Necr X7 A v AT T U ORISR, CeldT
AN DA T UV ORE, Uk oY oHINEETH
Do
QEMaVTUY

EBffa T O Wl 1X, Bffar T30 7
EIRFEEICHAIL, @) THRELD,

VOl oe = Jmice L C.RMS cvereerrerereereeseseeessesesereeeseeeseeeeeareesseans (46)
22T, ploce lXEM LT U OBRTEREL, lcpws 1XE
fR=a T IR D EIR Y TNVEETH .
(3-4y JF7Y FILOHE

AUETEDY TNVERA ZRETIIL, 2 LobAg N
—H DA ETH Ly 1Z@T)RKT, n LrUbAf Lon—F O
BA U FTH g8 TR BN D,

Experimental results of tolal

o

loss .
. Calculation results of tolal loss
9

Specification : 3-phase, 10-kW rating
0 08.8r Switching frequency : 10kHz
Input / Output voltage  : 350V, 200V(line)

98.6r Flying Capacitor : Electrolytic capacitor

(FC) 2-parallel connection
98.4 DC smoothing Capacitor : Electrolytic capacitor
(DCSC) 2-parallel connection

98.2 : : : : : : : : : ‘
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Power[W]

Fig.7. Efficiency of ANPC inverter.
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Fig.8. Current coefficient of flying capacitor.
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KU, ANPCTEA v N—F DT T, TFx /v X3 7
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Table 3 the converter specification of the PV system and
devices.

Rated power [ 10 kW Output frequency 50 Hz
Input voltage [ 350V Output voltage 200V
Output current 29A
2-level - MOSFET:IRFP4668pBF(IR)
DC - MOSFET(S;,52):IXFB170N30P(IXYS)
Switching | T-type Celll | MOSFET:IXFB170N30P(IXYS)
device NPC Cell2 | IGBT:1MBH50D-060S (Fuji Electric)
ANpC | Celll | MOSFET:IRFP4668pBF(IR)
Cell2 | MOSFET:IXFB170N30P(IXYS)
Heatsink CSPI 10
Electroly | LXS series (Nippon chemi-con)
-tic 13500 pF, 23.4 A, 315V, 5 parallel connection

Flying capacitor | Ripple Voltage 30 %

capacitor TACD series (Nippon chemi-con)

3.3 uF-88 uF, 22.5 A, 315V, 4 parallel connection
Ripple Voltage 30 %

LXS series (Nippon chemi-con)

9000 pF, 17.9 A, 400 V 5 parallel connection

Film
capacitor

DC smoothing

capacitor Ripple Voltage 5 %

Ripple Current 5%

Constant value 17.9
Inductor Window utilization factor 0.5

Flux density 08T

current density 5.7A/mm?

Table 4 Device parameters
(a) IRFP4668pBF
MOSFET:IRFP4668pBF(IR)
Vbss 200V Ip 130 A
Rps 8 mQ (typ.) Vi 1.3 V (Max.)
1, 41 ns trr 130 ns
t 74 ns
(b) IXFB170N30P
MOSFET:IXFB170N30P(IXYS)
Vbss 300 V Ip 170 A
Rps 18 mQ (Max.) Vi 1.3 V (Max.)
t, 29 ns trr 200 ns
tr 16 ns
(c) IXFB132N50P3
IXFB132N50P3(IXYS)
Vbss 500 V Ip 132 A
Rps 39 mQ (Max.) Vi 1.5V (Max.)
. 9ns trr 250 ns
t 8 ns
Efficiency  96.7% 98.1% 97.8% 98.3% 98.5%
Total loss ~ 333.3W 1942W 2272W 166.4W 147.9W
350 .
DC smoothing 7:\\

300 capacitor loss

Switching loss

250 Flying capacitor
= Conduction loss loss
2200
2]
8 150+ Inductor loss —
— (copper loss) \ N
100
50 [ I
0 2-level 3-level 3-level S-level S-level
inverter DC T-type ANPC ANPC
inverter ~ NPCinverter  inverter inverter
(Electrolytic (Film

Capacitor)  Capacitor)

Fig.9. Loss comparison among the inverter topologies.

SV, TRV TNVEBRNBRKEN, 774 T F x5y
BT ANy T Y EHERH L5 L~ ANPC A
NI 2 OHEEE 7 4V a v T U ORI —F L
TWNDHZEnD, MEAHNRE L THRIEOEBEIMEIRT
ETCWB, —FT, 7947 X XU F|LEMarT v

IEEJ Trans. @@, Vo.0®,N0.®, 000



FZ 17 TN TRIBL L7 (FEFKES, i)

PEHERA L5 LUV ANPC A > 3—2 1L, &RV 7L
BEEZKELSLTYH, ERarT % 1 DY) OFREY
TIEIIT/INE T2, fIERD Y FOVERZ w01
BT o OWHIENEL oD, FORR, A5
AR — F U7 OERBPMERBESNTY, 79407 F %
NRUZDERDO TR REL 2D, FRE LU TNMURIZIEHF
LW, #oT, BEEORERLOBENE, 5 L)L
ANPC oA L N—B DT 54 T F X /XU ZITIET 4 VA
2T U OFERAPEYTH D,

WIZ, 2 DD 3 Loybf UN—F|ZERT 5, 3 UL
DCIEA v /3—% & 3 L~UL T-type NPC JEA o 73— % DIAFE
X, HROMITRERE BV, 3L~V DCA v /X—HD
EREAKEV, Zhux, 11249720 0EKIE, 3100
DC oA v X—H3/h &L, 3 L~UL T-type NPC JEA > /3 —
ZIIREN, LLAaRD, LYY OERETHIT,
3L UL DCIEA U NN—=FDFENRRKRENTD, BE—F vy
DENEL 72D, TR, 3 L~ULDCIEA " —F DIk
FEIZ 3 UL T-type NPCIEA o N—X DFFEL Y b REL
25,

B 1LICAA v T F RS % 1 kHz 2> 5 500 kHz & T
fLERTGEORERIEEDO L — T ay N —T %5,
T, TIA VTR NNV RIT 4 AT YRR
FAL725 L~UL ANPC JEA V= Z (AL v F o 7 Jak %
% 5kHz 7°5 500 kHz & T LI ®TW5, F£/z, R5I1C%
BHIRDONL— b T7vy F =T8T, RNU—FERN
WKIZRDRDAAL v T TR L S e T — %
TRT, 2 Lo UL A U R—EZ DS — N T a b — T R LY
LTV EICHBIL TN — T Y =T D%
RENRU—BEORRKENEL RoTND I ERNbn5,

290D 3 LA U R—HIZBNT, 2 LaULA LN —H
ONRL—h7ay b =T LT 5L, 31L-~ULDCEA
VON=F TN, 3 LUL Ttype NPC oA 23— (3%
U —BENENENEN ENbND, ZhiE, 3 L-UL
DCJEA v =&, 2 L~UbA =4 10 HARIHE T
AP P ERFE L EEATE L LD, BHEBEOR
REARHEEN K E < @R R ZER TE D, BIFEE
RFE T BN NS —BEENMEL 225, £, 3101
T-type NPC JEA L /=2 1%, —EDT /3 A ZADEEFMD 2
LAyLAf N —Z LR T2 B % if, 3 L~V DCIBA /3
— X X0 b EIEHERE TR DT, @R U—EES
B TE D,

51T, 5 VUL ANPC A 3 —H(F, 2 LU, 3L
A U R—E ) BIETHED Y EEZETFAFHTE L7129
ENEEER LTS, e, EAAEBMEL LA
N=R2E YL RoTh, FEEFE S 1 DH72) 0K
LANEWED, E— T OFRBENNSLTE, B,
RO —BER ST ONRT A —=F B ETED, £, 5 LU
ANPC JEA U R—HIZBWTC T 74 7 Xy U X DEE
VINERELSEEL, 740 bharTrdaEZ i
X0, R200ETIEIT IS Ty VX IERa LT

1.8 volume 1.45dm? 1.52dm? 1.16dm’ 1.55dm’ 1.00dm?
: Flying capacitor
1.6
DC smoothing ——
L4 Canaci =
pacitor
o [
e 1.2 Induct
E 1 nductor ~ —
(3]
E 0.8 Switching —
[ device
> 0.6 S~
Heatsink —
0.4
0.2
0 2-level 3-level 3-level 5-level S-level
inverter DC T-type ANPC ANPC
inverter ~ NPC inverter  inverter inverter
(Electrolytic (Film
Capacitor)  Capacitor)
Fig.10. Volume analysis of the inverter topologies.
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Fig.11. Pareto front curve of the inverter topologies.

CHEMARE LI EE LD bR —BEERRK 15 fH(AA v

F o 7 W ERFE L) ETE 5,
TNENOFEENS, 5 L~ ANPC JEA o N—Z 03

ERNEIR BRI AR RETH D T e b hoTt,

5. #&am

K Tlx, B xRN AL F LAV EBREED T R
—HREHEERE L, T LT, NI A—FERFHEEZHW
TPV VAT AHRMKESRA 3 —H ZiEH L, XL— 7
7 M EAEBIEMREIC DWW THRE L=, FOfEE, 51
~JL ANPC JEA N —=Z P bR, mNY —EERE
MR ARG R TH D Z ¥ bnolz,

IEEJ Trans. @@, Vo.0®,N0.®, 000



F A 17 LFLAN T L7z (

B RES, fth)

X

Lin Ma, Tamas Kerekes, Remus Teodorescu, Xinmin Jin, Dan Floricau,
Marco Liserre : [ The High Efficiency Transformer-less PV Inverter
Topologies Derived From NPC Topology |, EPE 2009-Barcelona , pp.1-10
(2009)

A. Nabae, I. Takahashi, H. Akagi, “A new neutral-point-clamped PWM
inverter”, IEEE Trans.Industry Applications, Vol.1A-17, 1981, pp.518-523.
F. Z. Peng : “A Generalized Multilevel Inverter Topology with Self Voltage
Balancing”, IEEE Transactions on industry applications, Vol.37, No.2, pp.
2024-2031 (2001)

Barbosa, P.; Steimer, P.; etc: “Active Neutral-point-Clamped Multilevel
Converter”, Power Electronics Specialists Conference, 2005. PESC '05.
IEEE 36th16-16 June 2005 Page(s):2296 — 2301

Gateau, G., Meynard, T.A., Foch, H.: “Stacked multilcell converter
(SMC) : properties and design”, Power Electronics Specialists Conference
(2001), 2001, IEEE 32nd Annual

Y. Kashihara, J. Itoh: “Parametric design of a Five-level Active NPC
inverter”, IEEJ Trans. D, Vol. 131, No. 12, pp. 1383-1392 (2011)
BIRAE, Gt — (5 LLT 25 4 7 NPC A W /8—F D35
A—Z G, @5 D, Vol 131, No. 12, pp.1383-1392 (2011)

J. W. Kolar, J Biela and J. Minibock : [Exploring the Pareto Front of Multi
—Objective Single-Phase PFC Rectifier Design Optimization -99.2%
Efficiency vs. 7kW/dm® Power Density], the 2009 IEEE International
Power Electronics and Motion, Wuhan, China (2009)

Kolar, J.W., Drofenik, U., Biela, J., Heldwein, M.L., Ertl, H., Friedli, T.
and Round, S.D., “PWM Converter Power Density Barriers,” Proceedings
of the 4th Power Conversion Conference (PCC'07), Nagoya, Japan, April 2
- 5; furthermore published in condensed form in IEEJ Transactions on
Industry Applications, No. 4, pp. 468 - 480.

Wm. T. Mclyman: “Transformer and inductor design handbook”, Marcel
Dekker Inc. (2004)

Drofenik, U., Laimer, G., Kolar, J. W., “Theoretical Converter Power
Density Limits for Forced Convection Cooling”., Proceedings of the
International Power Conversion Intelligent Motion (PCIM) Europe 2005
Conference, Nuremberg, Germany, June 7 - 9, pp. 608 - 619  (2005).

(1 1)Y. Kashihara, J. Itoh: “Parametric design of a Five-level Active NPC
inverter”, SPC-10-025 (2009) (in Japanese)
BRA S, FRE— (7774 7R 7 T~ AT LA
N—Z OBEKICET H—F L) |, SPC AR, SPC-10-025 (2009)
(1 2) Y. Kashihara, J. Itoh: “A Consideration about Parameters Design of
Efficiency and Volume of Multilevel Converter for a PV System”, JIASC,
No. 1-23 (2012) (in Japanese)
BEA S, HiiE— [PV I~ F LUVEER D) L AT
HL7ENRT A= ZEEHEICBET 2B, PR 24¢F@1+AF‘%
S HFRPE R 22, No. 1-23 (2012)

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

10

R

gr

|

¥

=

(#/£8) 1986 4F 3 H 24 A Eh, 2011 4E 3
H 5 WA R 22 R 2B T2 Je e 3R E
ML HERIE T, FFE 4 HRRFERE
[ T.% ﬂ%ﬂﬁt%%&&izw# b L
FHBIET, = PRI B D AFSE
e,

=iE

IZE

(IFEEB) 197241 A 6 HAFh, 1996 43 A,
EI‘_J#?ﬁﬂ#ﬁ?’jﬁ“?’ﬁ%liﬁ%ﬂﬂi‘iéﬁ%
BT, FFE4H, SLEE B Atk 2004 4
4 A, Eﬂﬁfﬁﬂ%j@é?é?%(&’ﬁ&o BUEIZ
B, LICENLHEREEE, EEREEIE ORI
e, W (%) (RMEEINRART), 2007
45 63 MBS AR EEAE = H, 2010 4
Takahashi Isao Award (IPEC Sapporo), Zf 58

BREFFHASERNE, 2012 4EA 0T U Vv ha AT RGERE,
2013 ECCE-Asia Third Paper Prize, 52, |EEE, HBjHEEMEEE,

IEEJ Trans. @@, Vo.0®,N0.®, 000



