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Abstract: In high-power traction converter, SiC devices with many advantages such as fast switching speed,
high temperature resistance and low switching loss are used to replace Si devices. The three-level active neutral-point-
clamped (3L-ANPC) converter based on SiC devices can reduce the burden of heat dissipation system of the converter,
realize the lightweight of the traction system,and improve the power density and overall efficiency of the converter.
Four three-level ANPC converter topologies, including two SiC+Si hybrid 3L-ANPC topologies,all SiC 3L-ANPC
topologies,all Si 3L-ANPC topologies and modulation strategies applicable to different topologies, were analyzed in
detail. Combining the commutation process of the four topologies working under their respective optimal modulation
strategies, the power loss and thermal balance characteristics of the different topologies were quantitatively analyzed
and compared by simulation. The results show that the full SiC 3L-ANPC topology has the most balanced loss
distribution and the highest working efficiency, and the 2-SiC hybrid 3L-ANPC topology has lower cost on the basis
of ensuring performance,so it is a cost-effective choice for traction converters using SiC devices.

Key words: three-level active neutral-point-clamped (3L-ANPC) converter;loss analysis;pulse-width modulation
(PWM);SiC
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Fig.1  Traction drive system
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(modulation strategy 1)
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Fig.5 The generation of PWM pulse schematic

(modulation strategy 2)
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Fig.6 The generation of PWM pulse schematic
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(modulation strategy 3)
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Fig.7 The generation of PWM pulse schematic

(modulation strategy 4)

IR T, 25w >u, I, S, G, S, I ;
2w, < u, B, S, 567, S, T 5 2w >Su, I, S, F1 S, &
i, SIS, T 5 2 u, < u, I, S, F1 S KW, SIS,
FiE . AT AR B i SR T TR AR E Y
DIk 17 2 VE . 7E4: Si i = Hi - ANPCHh
MDA B 4 SiC A = H1 S ANPC AR N T, I8 ) 5
W FhLRE 43 A1 B X481, {H MOSFET £ [7] 45 3% 37 4
P, fifi 75 4 SiC A = H1 S ANPC 41 1 9 P FE JL-F
A TEMOSFET A & |

(DR S v R 7 Bl s Ve 4 o i B3 A o S |
W1, 5 PO FE TR R ST S,. 42 SiC
I = H S ANPC $F0 R FH 8 il 55 1 3 780178 il 5% s
4 15 T N A () T DGR R/ N IEAS AR A5 . (HI Il 5

20

W& 3 FFAE AT IR , W 7E 4 SicC A = HL S ANPC
T A,

4= Si A = H1 S ANPC 1 $7E BE IR 1 SR s T
FF o shAE 4y HUE 6 4~ Si g fF Lo {H.Si IGBT #714
AR B FF A FE =, [R) B A7 6400 G P o, 50
PURE FE LA = Fh AR Fh & . PRI, 4 Fh AR 514
4 Si = B ANPC # I R i ke ey, TAE
&S5

3 WA AME

LU #E 1 3A 4 Fl = H S ANPC A8 e 2 51 FE 2>
A LA K TAERUCR 2 5, ARSI AE A TR T S A5 % A
DI HECT AT IR TIRE T, 45 Hh 4 Fh = L
ANPC A8 a5 41 F M DR PFE A T 00 o
31 HFHER

P 400 R AL B 2 R A 1) 04 T 3K )
550 A, A PRUERENLZ ] SEisfT , AT T80
JE LR 3300V BFUE HLIE 600 A [ Si g I 2
L 3 300 VA G FELIAL 750 A B9 SiC A, LS
FK2IN

F2 BH®E

Tab.2 Device selection

LSl Y EitEes WOERLE/N - BUE FUALA
Si IGBT CM600DA-66X 3300 600
SiC MOSFET ~ FMF750DC-66A 3300 750

FE L ER PR B LR 1, 45 T 4R = L
ANPC AR FMGEH T £ FF A8 B9 IE 8, R 3 s .
A LA, 42 SiC 8 ANPC B AH 3 FME 6 4> Sic
MOSFET ##4F , EUBUAS e i o 2-SiC IR A % ANPC
YA FHFME R T 24 SiC MOSFET 2§44 F1 4 4~ Si
IGBT 284 , WA J2 i ] SiC #8819 =R b i

A
£3 IRIEIEAR

Tab.3  Topological component composition

NS Si IGBT SiC MOSFET
45 Si% ANPC $,,5,,5:,5,,55,S, o
4> SiC %1 ANPC o $1,5,,5:,5,,55,S,
2-SiCIRA R . .
ANP(? S,,8,,S5,5 S,,S,
SiCIR&
4-SiCTRS S,.8, S,.5,,54.5

ANPC

32 MEERME
oA HL A 4 T ANPC 373 NG5 A 7E O 73
A1 LIS TAERCR I PL B s, A T R AR AR TR



x4 & T SIiC 449 =& F ANPC 27| TR B MALS AT

W AAEZy 20235 F53K FH2H

A AR A

Ao 138 A A FE R R A AR Sl T R el
A7 0 R o8 RT3 L BEL TG 7= A Y RS R E
bR E R EAT LUR g 2 32
B 43 B 4 M AL 0L A B R SR e R IR i, T LA
15 5] IGBT, Diode A K MOSFET () 18 25 i & 41 #&
Nl W)

3.2.1

_ . P
P con_IGBT — Viole + 7ol (1)
_ . )
P, Diede = Violp T Tyl (2)
_ )
P vos = Upst (3)

K2V, 0 IGBT W) b 160 AR5 5, IGBT (1)
T3 7, H IGBT A A5 R0 T8 L B 5 Vi S
BRI TR AUERE i, S 1 S sl
OB B A8 H B s v, o MOSFET B9 A0
[ ;i >h MOSFET F)- 558 FL 37
322 JFRPFERLAY
TFRRERAFEE,, 0 TR 0K
Wi HL R U, GRS TR T, DL S B BE R A5 D&,
Ry TR AT A 40 RE TR 45 SR T L AT SR M
FL BH 55 4 1 245 T 5 5 50 T 0 v e i 5 2R
PR —3%, A7

Ui
E o=y, 0tk o i+ky, )"
- o T U
(4)
2 U,
Eo o=k, 0+ ko, L+kswff)'U7
de_ref
(5)
U,
E. =(k,, - *+Fk, , -i+k, ) (6)
- - = U

Uy At PR P P A I 5 B,
B IFHR AR A 14 B 1l YK A2 B8 R 0 RE 5 e
E oy ot oo ange 70 R T T AA A T AR S T
i e ADFE S A T LR A LA AR G IBTRE
T PFE S A A R A L AR LA S AR
B PRI e B A AE 5 I 2 s R T B UL R A

e R ARSI SR I T A T G AR A T
R SRS, 5 210 2% A B 2R I SR 0T A9 °F- 24
TFRAFE

4 ARAESI A LI

AR Hi SRR TR A R , AT Ll 7 1
BRAFE 2 = P ANPC S D AR FET T 7 1
B g HUAE 4 Fh DA E MW DRG0 T /Y
F G L Eh RGP BRI O, B A 51 28

T A R DU SRR AR R ), AT O B b A, AR
TR TAESECh - REZ B R LV, =3 600V,
X I A # S, = 500 Hz/2 000 Hz, # 41 H m=0.8 ,
fiy LRI AE 550 A, TR B PF = 1/-1, 451
T=150 C.

Si i A F SiC g 15 38 5 T AR 70 A v 45 R
T=150 CF o XFPFRAT 45 2 1 POF iy 25 544
SERM . RIIRAG UGB R G, DA
TF IR IAK (250~550 Hz) . R 3850 F T Sic £
T 1 s R A TR B v A R A T 4540 1
SEA AR 73 AT RE L, B4R T 500 Hz F12 000 Hz
PARNF S R PR 2R FH R ) SR et 4 1) =
- ANPC 41 40 LA PR £ T AERT, B AH
HA 2f BRRAENT % . PR, 76 R R i S s 4 1)
—HLP- ANPC $1 4 ) 22 D8 A0 5 0] oAy At 8 ) 54
W& B 1/2. T TE X 4 Fh = 5 SF ANPC #1 FM A 5 FE
o3 A LA A TR AT

TE = HLF ANPC AR He g 45 48 v, Ak =4y
L URHRE, B R ERE SRR A S FE AR TR .
PR, R0 EE i 5 T R e . 1818 &
T4 A L RS AR ZE A3 8 2 000 Hz  J) 2% K 5K
F BT 480 =S ANPC i FMESS F et
()R T SRR T PR AE S A 18, RIS ATLAE

1200

> BREBFE WA
2 800F
3_:;:
3 400p
° 0 1 1 1 ' ]
S1 DI S2 D2 S5 D5
(a)2-SiCIR A&
;200' WEEAEE WA
2 800F
_}I‘é:
3 400F
=
0 L 1 L 1 J

S1 DI S2 D2 S5 D5
(b)4-SiCiR 42

; 2000 woummie  moERHE
2 800f

=

3 400F

=

= 0 1 1 I L L . 1

S1 DI S2 D2 S5 D5

(c)4SiCHl
; 200r wegmpre mIEHUE
2 800f
41":?:
¥ 400F
=

0
S1 DI S2 D2 S5 D5
(d) &S

B8 —HL - ANPCARHudi DI B FE 734 &1 (£,=2 000 Hz, PF=1)
Fig.8 Power loss distribution of 3L.-ANPC
converter (f,.=2 000 Hz, PF=1 )

21



WA AR 20235F 534 24

45 & KT SiC B4 69 =& -F ANPC £ 5| TR B BT

4-SiC iR & % 3L-ANPC 2% e 2% Fll 2-SiC R & !
3L-ANPC 72 # #8% B ¥ S FE 3 A 23R 42 rp 21 SiC
MOSFET #8141, 4> SiC % 3L-ANPC 2% #a 2% Fl1 4>
Si 8 3L-ANPC 25 3 25 1) ¥ A FE 43 A 70 8, 7E 6
ANET AR {H 4 SiC & 3L-ANPC 25 e #5 45
RO . SHENS T A R —E

P19 S 7E i HH A HL R A A7 45T 4 2 000 Hz,
BF, SRR B 508 1R -1 A5 B , 4 Fh =
P ANPC #1FNE 25 A S U 1) 1 1 36 g T 1 S
FEAr A %t L IR, T SiC MOSFET #8124 ity = Fh
3L-ANPC #i$h 54 Si 8 = B3, 5F ANPC #i M 1,
DR G, STl SRR KR A, ARSI 3
BTl EI T AT ,4-SiC R4 % 3L-ANPC 25
P85 2-SiCIRA M 3L-ANPC 5 #2540 1L , T4
FEFEA AR ST, (EA0FE 43 A1 T X, {H 2-SiC IR & 5
3L-ANPC S 28 1 2 VI AEAE P> SiC MOSFET
kLo %R SiC 2R F R IR AN
{81 SiC MOSFET F1 Si IGBT 14 25 Wi A 45 - , Th %
PAREAN AN L [, 4 FhdFhal Al v, 4 Si Al
= HLSF ANPC #1150 T S 30 FE 2 5 19, 42 SiC
B = H1 S ANPC 3 M S DR SRR S 1K, HLFE 2
A S A (EANAS IS fi i

3000 msi mDl @S2 @D2@S5 ODS
2500F o
bt
Z2000f

%
=1500F

M E—
= 1000f ] E
ol i i

0
2-SiCHI  4-SiCH  4SiCH 4SiT
iRl
(a)I R K PF=1
3000p @Sl WDl @S2 @D2ES5 OD5S
2500F |
Z2000F —
E1500F o B
# O e KO
RL000F | R berer
S00f | 7 ?/
iif 1 1 L / J
2-SiCHY 4-SiCHY 42SiCHY 4=Sil
FihZe Al
(b)Y A EPF=-1

B9 =T ANPCAE Bas DR RE 53 117
(f,=2 000 Hz,PF=1/-1)
Fig.9 Power loss distribution of 3L-ANPC
converter(f,=2 000 Hz, PF=1/-1)

P51 10 J2 78 i HAH HL A9 ALFE 43 2%k 500 Hz

IF, SR PUBO 50 0 11 BT, 4 Fh = g F

ANPC #i4ME B S 1 SR T 1 A5 RE Sy

X EEE . B 10 0] LI Y ZERJT ST,
22

42 SiC A = HL 5 ANPC #1 F M) L D) R FE RE 5
I 3] 4> Si 8 = 1 S ANPC 4R $ME 50% , $AF- 17 45
PEUE I B . {H 4-SiC IR A5 & 3L-ANPC 25
8N 2-SiC IR A 1Y 3L-ANPC 28 # 28 4H L, 3 I B

AR
1500F @S mplE@s2 @D2@sSs ODS
1200F
z
@ 900f
_:.[_:;’
¥ 600
R
-
L / L
2-SiCH 4-SiCHY 4SicH 4Sify
EE =
()1 HPF=1
1500r  ms; mpl @s2 OD2 @S5 ODS
1200F
kS
2 900
3_‘:3:
M 600F S
R i
300 ?
1 / 1 J
2-SiCHl  4-SiCHl  4SiCHl
EE !
(b RHEPF=-1

B0 = AP ANPCAE M gR DA TRE 53 A1i 4]
(f:=500 Hz, PF=1/-1)
Fig.10  Power loss distribution of 3L-ANPC
converter(f,=500 Hz, PF=1/-1)

5 %%

-2

AR AP TAE T 45 H B AR IR T SRS T 0 =
B - ANPC 41 $h 254 (2-SiC IR & 1 L 4-SiC IR &
R 4 SiC RURI4 Si Y ) B 28 55 LA B FE 0 A LA
B TAERCR A RETR AR HEAT T 3E 401 L3 43T o
e 45 3R

1) T SiC 2411 3L-ANPC 28 #5550 4
Si %1 3L-ANPC A% 4 2 AH Lt , o HAE i JF A0 R
IR B AR, TARRCR KRR T, oA
PR B

2)WFP IR A 4 D RF G AR L Tl B FE LY
FEARAFE, TAERBCREEAR AN, 4-SiC IR A
3L-ANPC 22 4 2% 1) B RE PR T 2-SiC TR & Al
3L-ANPC 8 4 & o (HAEARIF AT ,4-SiC IR
A8 3L-ANPC B #a 28 L S IF A . AR
FERIR T, 25 BT RE AL AR | 2-SiC IR & 7Y
3L-ANPC 84 2 e L 3 4 5

INIEARFT EA TR WG M T, 4 Sic &l
3L-ANPC S 4fds TAERCE S , AP HATSCR B0

25 b, BT SiC AR 14 ) 3L-ANPC 28 e 28 & —



x4 & KT SIiC #4849 =8 F ANPC 5| iR B4

2HT

W AAEZy 20235 F53K FH2H

ol 2005 EL e DR T A L R R AN TE AR S 1AL 3
Z YL A W

(3]

[4]

B0k

B N A AR A L SiC R U S E AT P Y
JSE L] WL LS 50, 2020(1) : 38-44.

ZHAO Xuan, JIANG Dong, LIU Zicheng, et al. Application of
silicon carbide power devices in rail transit[J]. Electric Drive
for Locomotives,2022(1) :38-44.

MILLAN J, GODIGNON P, PERPINA X, et al. A survey of
wide bandgap power semiconductor devices|]]. IEEE Transac-
tions on Power Electronics,2014,29(5) :2155-2163.

BRI RN e, 45 . 2 s st A NS 2k K
JEEE(T]. LS FE 254, 2020,24(9) - 1-12.

LI Yongdong, XU Jieyan, YANG Handi, et al. Overview and
prospect of multilevel converter topology[J]. Electric Machines
and Control ,2020,24(9) : 1-12.

BRUCKNER T, BERNET S, GULDNER H. The active NPC
converter and its loss-balancing control[J]. IEEE Transactions
on Industrial Electronics,2005,52(3) : 855-868.

FLORICAU D, POPESCU C-L, POPESCU M-O, et al. A com-
parison of efficiency for three-level NPC and active NPC volta-
ge source converters[C]//2009 Compatability and Power Elec-
tronics,2009:331-336.

GUAN Q X,LI C,ZHANG Y, et al. An extremely high efficient
three-level active neutral-point-clamped converter comprising
SiC and Si hybrid power stages[J]. IEEE Transactions on Power
Electronics,2018,33(10) :8341-8352.

ZHANG D, HE J B,PAN D. A megawatt-scale medium-voltage
high-efficiency high power density "SiC + Si" hybrid three-level
propulsion systems[J]. IEEE Transactions on Industry Appli-

cations,2019,55(6) :5971-5980.

(8]

[

[10]

[11]

[12]

[13]

[14]

HE J B,ZHANG D,PAN D. PWM strategy for MW-scale "SiC+
Si" active NPC converter in electric aircraft propulsion applica-
tions[J]. IEEE Transactions on Industry Applications, 2021, 57
(3):3077-3086.

ZHANG L,LOU X T, LI C S, et al. Evaluation of different
Si/SiC hybrid three-level active NPC inverters for high power
density[J]. IEEE Transactions on Power Electronics, 2020, 35
(8):8224-8236.

FENG 7 J, ZHANG X, WANG ] X, et al. A high-efficiency
three-level ANPC inverter based on hybrid SiC and Si devices
[J]. Energies, 2020, 13(5):1159.

BARATER D, CONCARI C, BUTICCHI G, et al. Performance
evaluation of a three-level ANPC photovoltaic grid-connected
inverter with 650-V SiC devices and optimized PWM[]]. IEEE
Transactions on Industry Applications, 2016, 52 (3) : 2475—
2485.

FENG Z J,ZHANG X, YU S L, et al. Loss analysis and mea-
surement of ANPC inverter based on SiC &amp; Si hybrid mod-
ule[C]//2018 TEEE International Power Electronics and Appli-
cation Conference and Exposition (PEAC),2018:1-6.

BB . IGBT I ARBEHAF Ay BUMHABIE[D]. K FPER
%,2012.

LU Guangzhu. A study on the lifetime prediction technique for
the IGBT power module[D]. Chongqing: Chongqing University,
2012.

BT RTT, R AF . — R R T AT R Y IGBT 45 1
it Ikl %30, 2022,52(19) :53-59.

LI Zhe, LI Chengyuan, YUAN Yuan, et al. An IGBT junction
temperature estimation method based on the thermal impedance

model[J]. Electric Drive,2022,52(19) :53-59.

Wk H 3. 2022-09-29
R H 91 :2022-10-20

23





