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Fig.1 Topology of capacitor-clamped

hybrid five-level inverter
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Table 1 Switch states of inverter corresponding to output level
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Fig.4 Commutation paths of switch state under

traditional modulation strategy
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Fig.5 Single carrier and dual-moudulation waves PWM strategy
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H 20 (5) PAT B R 2 A — A 20k S 40 ) AR
FURCHE A A W RE S B H A R A, M 3Rk
FU A A iR i T) — 28 38t J) 9 A0 908D ol e R £ 2 R A T
I PRFEANAS | 25 L T 9 2 2 A B FE
Ik PE) R E N T A 4 TR 7 2 T AR — R A I
HTF SRS ERL L

7 AR AR 0~ T2 BrBEAT AR A



128 P R AL S R SR 0 @
ot R FF SR T 6 L R S5 2 e
AN 2 B A GRS T IS T 1A
N ] L A
. = Sl W W W W
S, i !—! : i _%88 Jﬁ " f\
Sz : 1 ]
A T S AVAVAVAVAY
c[1 | | . 360
DU — R P — eee———
4L 2] t 1y ts %) 100 p—""
B 7 FE KR EEERES 0 0(')2 0(')4 O(I)6 O(I)S 0'10
Fig.7 Control of clamped-capacitor voltage under ' ' Js ' ' '
novel modulation strategy 60 -
4E( T g
U, = _Ts[t_ZJ ( 11 ) %
W u, A1) ATFFTFE S, A Sl I ] A ;% 307
ty u,T H_'
EaT (12) 2 Hh,
0
44 (6) TRIHBTFE S, Y S ]y P
7
=g = (13) Hs foms s TR HEER
4k Fig.8 Simulative results under traditional modulation strategy
LT o
1y =1, +s (14) % 0 llmll 'I"I“n I,n.' ._..I._ Jllh :
S
N I A e A 5 LA P . i
ST S 0 s B 3 b 7o L S OAVAPANPN
WA — BV PR 7. [ (% s VERVERVERY
PAH M b T BRI AT SR SRR B > 200 ——
4 0k, BT LA S R s 9 S RO SR AR = 1 1A S
AR T N LR A A PR ° 002 004 006 008 010
BEAh, 5 AT ALZ I SR OCR T 1 = tls
14

AR, I HT DSP B B 14 ePWM AH g fE
SCHZIR A AR SR S, A4 T DSP R
PEIR RS T 2 S ePWM ARLER 2 ] 4 [5) 4 1) |
2.3 {FEXL

R T URBHAR SO PR R SRS R AR T 2
AN [R) VA 1) SR T 45 BT L

P ESHOE N AR IR RN 200 V56
HAN 5 kHz; 2 C=470 wF; WIH4HE K 100 V;
o RL 7148, i R=10 Q,L=2 mH, &8 }C
k017 ] H TR R SR s R A0 LA R, ) B4
AT HIZ I 1 5 s A BE 7820 A FH T 2 I TU AR A X
BRI T AR, A R TR R R RS e
R 2GR AN = L 7E = PR T, ki &
AR, R AR I IR AR 2 (THD ) -y 112.3%
&1 9 &5t T A SC T 8 ) 3R s 1) 0 EL IR R | PR A
ZESLRIH H A R REAR i b AR E 7E 100 V 247, HL
W s/ EL R B THD N 34.22% , Hodhdg K
PAVRIE B IR AR 129% 224, HAT UGS I ¥ 7 6% LA

HEXE TR B AR IRE %
=

0 n Al “ “‘u “"‘Wumm
20 40 60 80 100
SRR kHz

B9 FiEHRETHHESR

Fig.9 Simulative results under novel modulation strategy
3 WA RKEIE

SR T U BH AR ST AR R ) SR W 1 L B R AT AT
P, LA DSP28335 M4 il 05 TIRIR & 1
WiARES I SC V-4 . DSP Hth 3 BRIKEN (55,2 B
MG H ePWM S8, JE00 (5 5 i GPIO [
b {5l LR A AR B K B, SR BN (55 S,
S, .S, F1S, . Sg M Sy F AN, BUS a3 T 7 A 1 H fi%



Fiog) & 0 8 % w it %

EIRLE

SEEL BEIX AR 1.5 s,

Y 7 A5 B 2 SR e E DSP B IR G |
L 25 T HR AR 10 Frs . A EE
R i SR R RIS SR T 11 ePWM BEHR
AFFEZA ePWM B 0] (i [a] 25 [l [m] B A~
el B RS 1AW RS F#2)F ISR (Interrupt
Service Routines) , H.i%k M HATRCRE &, it s g
TR il iptz 978 ) 5 s e R PR BE ML 249 1 DSP [ I
ANEE TR, ff A DSP ot A RE 3K B B 2 25 LI
b,

BUR GPIO MR,
FREFTER
fiC & AQ itk

T2

Y

#EA ISR , 1RE
BEE SR EEH
T B A, 1R HER

(6) EHHELaae B

|

B 10 HERER

Fig.10 Software flowchart

SCESE E O R IR R 30 VB
HL A% A 50 Hz; G %l 5 kHz; FLZE € =470
pF, WG H R 15 Vi 7o RL 7148, Hrp R=10
Q,L=2mH, K 11 REEIEE m=0.9 B SEIR 2,

SRR ZE BRI T A SC R4 B I R T U5 7
TS RE PR UE B 4P 9 3 8 B b, s R U, 1
THD & 35.14% , H 3t i, B9 THD & 4.15%, [W A 7E
LR A W T H 2 H R A — A 2 R R

2
=
>
S
S
£:10 ms/div
(a) HHHERIE

14

FAXT TR
B %
~

0.4 0.8 1.2 1.6 2.0
i /kHz
(b) %t e A

i:S A/div

:10 ms/div

(c) HRBIE

AR THEBE A
B 5%
(=)

0.2 0.4 0.6 0.8 1.0
S /kHz
(d) HFHaE

3
>
=
)
t:10 ms/div
(e) fhERA R EHIY
I8 —r|
g 4
>
5}
t:10 ms/div
(f) S0 A B ENTY

11 EHIE m=0.9 R ER

Fig.11 Experimental results when m=0.9
iy, F AR LR B B
4 £Hik

A SCHFSE T H A4 AR A T S 0 AR 2 Y T
A S BHURT 25 R P 1 ST A 4 o ) B, 2 8 T — b
PR BRI LR i ] o) S s, 32 R il SR EL AT LA
TRERL

a. AERETE— Uk A I PO (A5 H 45 e HL B ] 5
JHC FEL B R AF 86 | i 1 P 2 P Y £l ] 3

b. HF DSP i FAY 14 ePWM A5 B 5t fE 52
PR A TR AR 28 I FE ), NAFTEZ A ePWM AR
ez [ A [R) A5 [m) L, By fay o TR 25 5 S

Sk

[ 1] KOURO S,MALINOWSKI M, GOPAKUMAR K, et al. Recent ad-
vances and industrial applications of multilevel converters [ J ].
IEEE Transactions on Industrial Electronics,2010,57 (8) :2553-
2580.

[ 2 ] MALINOWSKI M,GOPAKUMAR K,RODRIGUEZ J,et al. A survey
on cascaded multilevel inverters[ J ]. IEEE Transactions on Industrial
Electronics,2010,57(7) :2197-2206.

[ 3] IRV, 2800, APk 2 o 778 T v 04 PR R 42 ol 0 TR - 981 1l



& 12 1 B TR T S ) Y 2 UL o 109

[1]. W1 B3 fbif s ,2012,32(4) :63-66.

HE Daqing, CAI Xu. Limitation control and hybrid modulation of
modularized multilevel converter [ J]. Electric Power Automation
Equipment,2012,32(4) :63-66.

[ 4] WHEE, R KT H AR A2 S8 SPWM ik
AR ER (D], 1 B Ak, 2017,37(7) : 148-154.
ZHANG Yonggao ,XIONG Jian. Pulse distribution strategy for IPD-
SPWM of cascaded multi-level H-bridge inverter[ J]. Electric Power
Automation Equipment,2017,37(7) ;148-154.

[ 5] BATSCHAUER A L,MUSSA S A,HELDWEIN M L. Three-phase
hybrid multilevel inverter based on half-bridge modules[ J]. IEEE
Transactions on Industrial Electronics,2011,59(2) :668-678.

[ 6 ] MANJREKAR M D,LIPO T A. A hybrid multilevel inverter topology
for drive applications[ C] // Applied Power Electronics Conference
and Exposition, 1998. Anaheim,USA ;IEEE,1998.523-529.

[ 7] THLARS S, BRBOE, 45, — o7 B SRR AN X T F - 306 28 4%
[J]. PEHEAHLT R ,2004,24(11) : 116-120.

DING Kai,ZOU Yunping,CAI Zhengying, et al. A novel single-
phase asymmetric 5-level inverter[ J]. Proceedings of the CSEE,
2004,24(11) :116-120.

[ 8 ] FME P07, RRUT, 45 BB s R A AKX FR 2 10 P e i

RS 4[1]. AL T R4, 2009,29(33) 18- 14

SUN Xingtao,SUN Li, WU Fengjiang, et al. Topology and control of

single power source hybrid asymmetrical multilevel converter[ J].

Proceedings of the CSEE,2009,29(33) :8-14.

RUIZ-CABALLERO D A,RAMOS-ASTUDILLO R M,MUSSA S A,

et al. Symmetrical hybrid multilevel DC-AC converters with reduced

[9

[

number of insulated DC supplies[ J]. IEEE Transactions on Indus-
trial Electronics,2010,57(7) :2307-2314.

[10] SILVA E R C D,MUNIZ J H G,SANTOS E C D,et al. Capacitor
balance in a five-level based halfbridge converter by use of a mixed
active-cell[ C] /2013 IEEE Energy Conversion Congress and Ex-
position. Denver, USA ;. IEEE,2013:414-419.

[11] Bk, i, 22 EH. R ZH P B BRI [T].
HL A7 BER 45 ,2011,31(10) :47-51.

YANG Xingwu, GAO Chun, JIANG Jianguo. Modulation technology
of hybrid multi-level inverter [ J ]. Electric Power Automation
Equipment,2011,31(10) :47-51.

[12] 3Kz, 900,850, 55, TG H FR G681 2 o 1 536 8 2 98 o] SR ms
Pkt [1]. sy A 3k s, 2010,30(5) :63-66.

ZHANG Yun,SUN Li,ZHAO Ke,et al. Optimized control of modu-
lation strategy for hybridH-bridge cascaded multilevel inverter[ J].
Electric Power Automation Equipment,2010,30(5) ;63-66.

[13] sk, I3, SRR, 45, 0 56 o 1 306 738 i 19 80000 32 4
SPWM #ilJ7ik [J]. HL T H AR ,2010,25(2) :101-106.
ZHANG Yun,SUN Li, WU Fengjiang, et al. Carriers-staggered SP-
WM control method based on a five-switch five-level inverter[ J].
Transactions of China Electrotechnical Society,2010,25(2) :101-
106.

[14] sk, AEXSFRIE G 2 AL P30 18 45 A il SR e D 2 Ky P il F 5
[D]. W&JRIEE /R I Tl K, 2010.

ZHANG Yun. Research on modulation strategies and power balance
control of asymmetric hybrid multilevel inverter [ D ]. Harbin:
Harbin Institute of Technology,2010.

[15] BRfb P X =, 45, AXFRFEAIC H A ZRIBE A 25 )R

FRB PWM TPk (0], P E AL T R 22 iz, 2016, 36 (20)
5584-5593.
CHEN Zhong, XU Yaming, LIU Yayun,et al. A PWM method based
on the hybrid carriers for an asymmetric inverter with two cascaded
h-bridge cells[ J]. Proceedings of the CSEE,2016,26(20) ;5584-
5593.

[16] XU Shuai,ZHANG Jianzhong, HU Xing,et al. A novel hybrid five-
level voltage source converter based on T-type topology for high-effi-
ciency applications[ C] /2016 IEEE Energy Conversion Congress
and Exposition. Milwaukee , USA :IEEE,2017.1-8.

[17] AFZEA SRARAR, TR PR, T X008 it 96 14 B AR = FL S - 100 39 A
S ERI L], BT EOR 4 ,2012,27(3) :159-163.
FU Jiacai, GUO Songlin, SHEN Xianqing. Dual-modulation waves
based single-phase three-level grid-connected inverter and current
improvement control[ J]. Transactions of China Electrotechnical So-

ciety,2012,27(3) :159-163.

EE BN
B EZ(1991—), % w3 = A AR
TR AE BEEE, EEMRETEGAE S
=1 e ek s 5% (E-mail liaolei2016@
- cqu.edu.com) ;
ZH3E (1962—) , 4, Wl & A, #
B HERR A IR, BB O @ A2

B B CTHRAEC ARG TR,

# 4% 7 & ¥ % ( E-mail ; houshiying@163.com) ;
AR (1987—), B, HALHRNA L, 2R FT @
P 3 E K5 % DC/DC % # 2 49463 ( E-mail  ¢jf6221@163.

com) ,

Single-carrier and dual-modulation waves PWM strategy for hybrid five-level inverter

LIAO Lei,HOU Shiying, CHEN Jianfei, RAO Rao,SUN Tao
(State Key Laboratory of Power Transmission Equipment & System Security and New

Technology , Chongging University , Chongqing 400044 , China )

Abstract ; Based on analyzing the working principle of the capacitor-clamped hybrid five-level inverter and the vol-

tage balance control of capacitor,a single-carrier and dual-modulation waves PWM ( Pulse Width Modulation) stra-

tegy applied to the capacitor-clamped hybrid five-level inverter is introduced. By controlling the charging capacity

equal to the discharging capacity in one carrier period ,the voltage balance of capacitor is kept,and the control of the

hybrid five-level inverter is achieved with only one ePWM module of DSP ( Digital Signal Processor) ,which reduces

the control difficulty and minimizes the DSP consumption. Experimental results verify the correctness and feasibility

of the proposed strategy.

Key words: hybrid five-level inverter; capacitor voltage balance; single-carrier and dual-modulation waves; pulse

width modulation ;voltage control ; digital signal processors



