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Asymmetric Cascaded Switched Capacitor Multi-level Inverter
Based on Improved Particle Swarm Optimization Algorithm

ZHANG Fengxin, YE Yuanmao
(School of Automation, Guangdong University of Technology, Guangzhou 510006, China)

Abstract: Aimed at the problem that the particle swarm optimization (PSO) algorithm has a poor global search
capability and is easy to fall into local optimum when it is applied to the selective harmonic elimination pulse width
modulation (SHEPWM) of an inverter, an improved PSO algorithm is proposed. The vertical crossover operation of
genetic algorithm is introduced to the search process, and the elite retention strategy is used to improve the global and local
search capabilities of the algorithm and retain excellent individuals, thereby increasing the accuracy of switching angle and
improving the performance of SHEPWM. This algorithm is used to solve the SHEPWM nonlinear transcendental equation
of a novel asymmetric cascaded switched capacitor multi-level inverter, which overcomes problems such as the high
dependence of traditional numerical methods on initial value and the low accuracy of the traditional PSO algorithm in
solving the switching angle. Finally, the feasibility of the proposed topology and the effectiveness of the proposed
algorithm applied to SHEPWM were verified by simulation and experimental results.

Keywords: Switched capacitor; multi-level inverter; asymmetric cascaded; selective harmonic elimination pulse
width modulation (SHEPWM); improved particle swarm optimization (PSO) algorithm
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Tab. 1 Working statuses of low-voltage unit

TAERE AL G HAR G fbHEE
Sy Sy Si Sy T, T Ty T Sbi Spbi
w1 0 1 1 0 0 1 1 0 0 1 JiCH, THCHE, 3E
W2 0 1 0 1 0 1 1 0 1 1 FEH i GE) 2E
W3 1 0 1 0 0 1 1 0 0 0 JICH, FOH 2E
W4 1 0 0 1 0 1 1 0 1 0 JECH, FOH E
W5 1 0 0 1 1 0 1 0 1 0 FEH FH 0
w6 1 0 0 1 0 1 0 1 1 0 FEH FEH 0
w7 1 0 0 1 1 0 0 1 1 0 FLH FOH _E
w8 1 0 1 0 1 0 0 1 0 0 L FEHL 2F
w9 0 1 0 1 1 0 0 1 1 1 FEH i GE) 2E
W10 0 1 1 0 1 0 0 1 0 1 T TR, -3E
T FEEREIY 17 R “0” A IF R SHE AT
T2 FZHBHAR
Tab. 2 Cascaded scheme
Us
L FE BT 0 +E +2F +3E +4E +5E +6E +7E +8E +9E  +10E
T 0 0 0 0 +7E +7E +7E +7E +7E +7E +7E
R HIT 0 +E +2F +3E F3E F2E FE 0 +E +2F +3E
U,

FEf 21 BB EATEOL R, 40 H
BRIk 2 i Wi AR B T B R 3 A ELIRFL IE AT 12
ANFESAE ST AR SCAr I AR 28 B0 3 2
FLHLTR . 2 DHARSA 14 MR, SE4%8 H
PR AR B A EL, 2T 2 A FL AR A 2
MNFRE, HEA T 1A BRI

B R AT T PR R, Hcim T LA g
49 HAEAS L, (HFFEA R 2 550

10E

SE

—5E F

-10E

3 Bt EE
Fig. 3 Output voltage of stepped wave



54 G T

% iR 2%

BERHRE . RS ITOCE A SO R XS
787 S UYL AR S 5 =T K7 T I WA N v A S
HARM A THASAIOCEMMH, @&k 1
W T
1.4 FXRBEMA

B Va=TN=TE I, BOERRA Cr. C WY
FRLEIR, RESITH S1~Sa Fl Spi~Spa HIERK
FHWTHL - MBV(maximum blocking voltage)} E,
Ti~T4 19 MBV 2 3E; @ RHICH Hi~Hs i) MBV
N TE. e . ARESIT 14 DM BRZ
i, W 7] TSV (total standing voltage ) 46E
1.5 WESEFR S

oIk % A DO EPTIDTI ST TWNEI DS =N 39
R B TTRIE ) A Y RS SR IR B 753 B0 s) S
HilE M=>0.3 I, X728 gt s R B b iR T
Bl AT

U,=10EM

. 3
U,,,=7TEMsin| arccos 1
" [ (1mwj} )
Up=U,-Uy,

K Uy Ry R RSB IR U A R PRLIT
i P PR SR MR U WA i HE H RS
R

S0 2 N A A=Y A R L s SN T 7
i (A Y P PR DR R R R . 25 A (DAl
B YYEHIE MAEXTR(0, 0.3, AR 4
FRIR AR RoTER B Y M 7EIXTR](0.32, 0.83]
BF, 39 g TR N R BT TR, IR

100

80 - B e
> B A7
]E 60 A
2 40t / I
= T — — R
o0k “’ ————— TR
N i
20 F AN
0 0.2 0.4 0.8 1.0

0.6

P LM
B4 AEAEHLETHHHEBERRIEEXR

Fig. 4 Relationship of base wave amplitude of output

voltage with different M

BT AFLE DA ;4 MEIX 81(0.3,0.32141(0.83,
L, R TR T T T, A
TEAE R R

2 HFEENHRRE

SE MR 1 MUK SER RO, &
BT bR O F BRI
K o OB AT B -SRI T 45

V(wt) = iVﬂ sin(nwt) (2)

o VoS n UOBIRAOHL R o 3,
i T BRIEIE T 127 Fl 1/4 7 XFFR, L
(BB SR 00V, AT LA N

4—E[cos(m9l) +---+cos(nf,)] nNEE
n

V.=1n
0 nNAEEL
(3)
oselsezsu-sezsg (4)
Xrh, 6, 6,, -, 6. WIFEMIMAIE.

FrRE W I BRIA Y FAR TSR A TG A
X L PR A AU R ELA 00 AR SCALHE HAH 21
PR, ILEERE TER 3. 5. 7. 9. 11, 13,
15, 17, 19 YGEPEIEATIFER . 0 i e
TERYARL BT 72
cos(6,) +cos(d,) +---+cos(6,,) —10M =0
cos(8,) +cos(8,) +---+cos(6,,)=0
cos(36,) +cos(56,) +---+cos(6,,)=0 (5)

c0s(196,) + cos(196,) +---+cos(196,,)=0

— Ul
4NE/n

A, N BB R A I R

(6)

3 MUHBNFEREZX

JEU R LR A RUEOK BT S S M e Ak



F

StEE, . SET AR TR AR A AR PRI TT G L A 2 P AR 4% 55

f L
Ji ek
bR

[ GE AR 3 RE e 111 K Rl D R AR 193 Y 3
GUNASE V)

Vit +D)=v (O)F e[ pig = X D]+ 1 Py — X4 ()]

(7)

X, (t+1) = x, (1) +v, (1 +]1) (8)
o, R EEY 3 AN R eE TR AR
T2 B RS RAE 1. 46 13050 via(0), T A4
SRS RREST; 5 2 W9 pu, HTFRRRIF i
Z AN, Mok EAA R 0 R R G
55 3393 pea, FHTFEASR FAERAR R 1 B O
ok FRENS S BILEE; o Fl e, MR T BN w50
r M, A ARTELO, 1189 2 ABEHLEL

JEUf R B SR AR SR AR 5 AN BRI T
SRS AR, HRHERAES AR, AT
TR T REA B S, Shi Y ZE0OHE A A B
P w ) PSO B3, AU w AOE AT LJE 3% PSO
)4 R AR ER AL RE FT o 5 FERSHEA TR A
FEH RN AT AR N

vyt +D)=wv () +chlpy —xq (O] +

N, BT, AL M
KA, BRSPS A S

SN AN
P

c2r2[pgd _xid(t)] (9)
— _ (a)max — a)min )t
w= a)max T (10)

KA wmin Fl @max 8RR R 19 55/ IME R R
KAE; ¢ FUHTERIREL Toax HEFIERIREL

WA w AR BRI AR L M e
TR 5 B AR, PRIA SR 1 Fhek
PR PSO Bk, B IELL PSO HEMK, 5IA GA
MY TE BAE XGa5E, AERREA S BENLIEBE— T s kL
TFHAT A, A ST 23 A i A
B L BE

AR AR JF N R 5 iR, el
PSO WYFARE AN 6 FizR . Horb r F 1-r R firiks
TFHILLBIRE, SE bs R XARIE BRBER Y
Hel, S8 be A MRS . IRIRE P —E
B ARVE R EAS, BRI 2 kT —E L

BIBEAT A, SRR E R G T o TR sE X
A A — RS R BB TR, TEdRA i
R PR S O P SRR A A 5 L E e IS, T Ay
AR R I RE

o
2wk XXX XX XXX [X
AN AR AR AR AR AR AR A NN
AL ‘ BEACKER ERAN
rX, = = (I-nY, rXH1-rY,
rX, = @« (1-nY, X +H1-rY,
X, = e (1-nY, X H1-r)Y,
X, > e (1-n)Y, X +H1-rY,
X, %;—* oy, | B XAy,
X, #i 7 (1-n)Y, mal X, +H(1-r)Y,
P R A e
X, [ e (1-nY, X +H(1-)Y,
X, e -9y, X +H(1-P)Y,
X, [ 1-nY, X H(1-P)Y,,

5 EHIRE

Fig. 5 Vertical crossover operation

N WIRE SR ¢\ c,. bs. bc. M
FEATLAE A . FIRER /N . AR AL

| i‘M?iWEiWFﬁ%*H‘E@iMETQ |
lﬁ%ﬁTﬂﬁgﬁm%|
‘<ﬂ¢a>£—___
|ﬁ%ﬁﬁﬁﬁil@ﬁ|
| ﬁ@;ﬁrs.-jaﬁjﬁﬂﬁ%ﬁ@%mﬁ b

6 BUER PSO HiZiRE
Fig. 6 Flow chart of improved PSO algorithm

e A G E eI E S H kT, 25
HRLTBCH

n =ronnd(bsxN) (11)
1, be A

TC ST T B A X=(x40, X1, **+,
FIEFE V=(v40, Va1, **, Vita0) o

Xof T A B AL T 5

s,, = floor[rand( )x (n—1)]+1 (12)

WAL EBORE 14T (57 M B2 H0T , R4 11X

Xn+40)



56 H, IR

% iR 2%

7T A B
x, = ppx, +(1=py)x,, (13)

_ (vs] +v, )norm(vxl)

a

norm(vxl + vsz)

(14)
XA p, MO, DEEPLEG x, .« x, v, v, AT
AR AR BC LR =3

4 FE&£R

BATRERER, RIS RN 7 Fi 7 i (e 8 )
e M AE(0.9, 118k R PSO JT-5¢ £ BE i Bhaie h £,
DL 8 BTz i 3 AN TR) Bk o H e R I

375 % THD(total harmonic distortion ) ZEfLHHZE .
80

0.91 0.95 1.00
WL Eep

7 01~61 FEHE

Fig. 7 Trajectories of angles 01-610

— W HEIPSO- - = -PSO - -o -GA

—_ —
oo o )

(=)}

A AR ZETHD/%

0.91 0.95 1.00
WA IR Le M,

8 3 &% THD ET ik
Fig. 8 THD curves under three algorithms

i 7RI, e h 2 S 30— RS e PE A
ek, Hie(4). & 8 v, GA il PSO 7
ASBIEAEE H R 8 THD %1%, BAE8 R IR{E
il EL G B G TY PSO - BE S - Hiu T PR ARV S
AR E L RE

T B UE bR IS A BT i E B, R
MATLAB/Simulink #4705 FLIRUE, FLIE AL 53]
9210 V30 V, FEHFE 100 Q, fHiH T
W% R 50 Hz, S HBUIRAE M §] H M=1.0. & 9 K
A PSO i HURIEIE , B 10 o8 3 ROk
HLFR AR o At BT, ASCRT R G PSO
JITASH T 5 A1 BE AP Hb T BR AU I

400
300

_400 1 1 1 1 1
0 0.0 0.02 0.03 0.04 0.05 0.06

t/s
E 9 HiE PSO Hith ER
Fig. 9 Output voltage waveforms obtained using

improved PSO algorithm

X
=
& THD=6.42%
o
= 497%
pus s
= $ & oS ey
% S5 Q‘f’o N QO‘OQQ“? v
e 1S S w0 8 S°S
i 0 s 10 15 20
E . _ 1 L
< 5 10 15 20
131203
(a)GA
THD=7.31%

AR T B R B0 7 43 L/ %

5.34%
o a8 e g o
| SESEEe a8
S YR N DI
i B s S 0
0= 10 15 20
-_—
3 1015 20
TR B
(b)PSO
X
< 100 Tl
g
& g0l THD=5.26%
fz
£ 60 - 2.95%
?1% S Q® o Q8
= 4or ’\% < J ’5\053% < "?\?’\
% OIQIII¢%..§Q—
1Y 5 1 1 20
< 0 5 10 15 20
1220 €4
(o)l AIPSO

10 e ESRE(M=1.0)
Fig. 10 Output voltage spectrum when M =1.0



55 6 1]

StEE, . SET AR TR AR A AR PRI TT G L A 2 P AR 4% 57

5 SIS

R T R i P 3 A 2SR F N R AT A A
B SEPRIE I HBRSCR , SR 1 5 21 iR
XIFRGIR T R A AR R S P 6 . X F AR
TMS320F28335 #4745, FF &4 Si~Sa Fl Spi~Sp2
1 Mosfet IRF540, T1~T4 % Mosfet IRF640B,
H~H4 %4 Mosfet IRF740, kLN 100 Q,
iy AR ON 50 Hz, &, (R B EIREE E
SRk 210 V #130 V.,

B 11 FEL 12 450086 . M=1.0 F1 M=0.3
ff, S AR . IR s
TR TG o SIREI G M=1.0 I, 378 g8id it s
RERITRR, F R 21 5 2RI L
M=0.3 i}, WARZV AR SR oTH b d e, mT
7 PR

o

, U, /(500 V/H%)
U, /(200 V/H%)

u,/(200 V/H%)
1J)(5 A/K%),
[
-3
|
‘ |
|

#(10 ms/H%)
E11 GfsE ARRRNEREATHHEEM=1.0)
Fig. 11 Load voltage, load current and output voltage from

high- and low-voltage unit when M =1.0

£~
—§ € ol U e 1
] i
gef v
=g
S 1,

=)
= = A,
== — — —
> S F Y -
o < - L U! r B r
S wn |- = 0 BT L I
e - -
=3

/(10 ms/H%)
12 HiFHEE. AHFERENSKERATHHBEM=0.3)

Fig. 12 Load voltage, load current and output voltage from

high- and low-voltage unit when M =0.3
K13 R 14 23050098 H M=1.0 1 M=0.3
W, RLAAY CoM Co R RSGN . AT ULAE 2 FiAN[R]
PRI, AHRIEELE 0.5 RIS A 4
flir, HELEHAHIE

N KNS NN
¥ VAR \/ \ / \
\ ' \ \

\ \ \ \

30V~

. u Q2 VI

\u{
2

u

/(10 ms/k%)

13 EEFEELR(M=1.0)
Fig. 13 Capacitor voltage ripple when M=1.0

29

£ N,

N 1

o™

::‘ 2 yai \ \
ANVANVANANTA
|/ \ \ / [\
x \ ‘\M(z\\ \\\ \ |

[N NN

#(10 ms/H%)
14 BEBELR(M=0.3)
Fig. 14 Capacitor voltage ripple when M =0.3

1 15 P 16 435 I L M=1.0 F M=0.3 I,
BRI AR RN ) o TP ALY IT
KAREZ AL R R BT B IR LAY 1 55T
FORALIRHUER) 3 4% RS AIT R a T A K
SRR HCA R SOT B IR R 1A%, SR
3R

— \\
< ~ Vs, DS, ~N T)I
= )
(=3 oL
S Ul U=ty Uutduy
<
E4
Ny V{lrm

Voo 0 VIKE), Vi o/(50 V/E)

#/(10 ms/k%)

15 FRERERI(M=1.0)
Fig. 15 Voltage stress of switches when M =1.0

Vu,‘n\/(100 V/H’?)

oo

Veyos/ (20 VIKE), Vs /(50 VIK)

#(10 ms/H%)
16 FXRERERSI(M=0.3)
Fig. 16 Voltage stress of switches when M =0.3

B 17 RS AERTH E M=1.0 B} 3 FhE LAY



58 G o 2 M 502 %
s IR SRIC ST CE R Z MW R RIE e FE.

L AT . AT, 3 RPRAEXE S, 7.9, 11, 13,
15, 17 F1 19 YKiEH A EARTEBRSCRIEARFE, H
ASC IR HER PSO X 3 YRS 4 T IRl R e -

SN SN N LR AR
o,‘;;"\‘1,r'\__"/.:“1
8 ¥ V2 \‘-.r’l \/ W \/
)

FFIA]/(10 ms/k&)

(a)f£4:PSO
£ A
> / \ f
=3 I/ SNt 1
S | \
ISAY,
S
2

IFE]/(10 ms/4%)

(b)H A FEwHIPSO

=) AN r’\\ ‘r’\\ N /\‘-.
Z‘f \/ A/ / \/ \\/
S \/ v v/ \
—EJ \

IFE]/(10 ms/4%)
(o) EAIPSO

17§ B RS 4347 (M=1.0)
Fig. 17 Output voltage spectrum analysis when M =1.0

6 4it

ARSCHE 1 R PSO Bk, NHTIREG
PR Z B P AR B, 8RR T K T PR A
THEG . IR (RIS EE R R

(DA SRR E R PSO SV AEAE4E PSO ik
MIFERE L, BIAT GA BIEMEEL L, BERFFT
PSO MR & RE S, O T kRl PSO vk
14 SR R e T 5 RSO SRME 5 | AT LAAE A
TR R AR, A AR THD B

(2 )3 3 R R U UK T VR s O DGR,
1515 R ITAE SN T TAE, IR ICAE SRE T
TAE, AT TF AR [ B e s A

(3) GG a NS L, AR SCRIr i
AR ] 2 AR 14 DTSR, mTIA
B 21 RAPRUE, AR SOTIF A RS2 1 R

WIS, A R AR R A

SE Lk

(1]

(3]

(4]

(6]

(8]

Haw L K, Dahidah M S A, Almurib H A F. SHE-PWM
cascaded multilevel inverter with adjustable DC voltage
levels control for STATCOM applications [J]. IEEE
Transactions on Power Electronics, 2014, 29(12): 6433-6444.
Chattopadhyay S K, Chakraborty C. A new asymmetric
multilevel inverter topology suitable for solar PV applications
with varying irradiance [J]. IEEE Transactions on Sustainable
Energy, 2017, 8(4): 1496-1506.

Franquelo L G, Rodriguez J, Leon J I, et al. The age of
multilevel converters arrives [J]. IEEE Industrial Electronics
Magazine, 2008, 2(2): 28-39.

Gupta K K, Ranjan A, Bhatnagar P, et al. Multilevel
inverter topologies with reduced device count: A review
[J]. IEEE Transactions on Power Electronics, 2016,
31(1): 135-151.

SR, AR, XAk, S SRHITOCHA /TG
2 B RS MIT TR SRR (D], E AL T Ay
%, 2020, 40(1): 222-233, 389.

Wu Xuezhi, Qi Jingjing, Liu Jingdou, et al. Review of
multilevel inverter topology research using switched
capacitor/switched inductor [J]. Proceedings of the
CSEE, 2020, 40( 1): 222-233, 389 (in Chinese).

Raman S R, Cheng K W E, Ye Yuanmao. Multi-input
switched-capacitor multilevel inverter for high-frequency
AC power distribution [J]. IEEE Transactions on Power
Electronics, 2018, 33(7): 5937-5948.

Meraj M, Rahman S, Igbal A, et al. A new variable
frequency control of 49-level cascaded packed U-cell
voltage source inverter [J]. IEEE Transactions on
Industry Applications, 2019, 55(6): 7537-7548.

ZERN, TERER, HGRUR. T M-S SE I
1Y = HLF- SHEPWM[J]. HLJEZ#R, 2021, 19(4): 55-62.
Li Yingchuan, Wang Chenchen, Dong Zhigiang. Realization of
three-level SHEPWM based on Fourier series fitting [J].



H StEE, . SET AR TR AR A AR PRI TT G L A 2 P AR 4% 59

(9]

[10]

[1

—_

[12]

[13]

(14]

Journal of Power Supply, 2021, 19(4): 55-62 (in Chinese).
Lou Huibo, Mao Chengxiong, Wang Dan, et al. Fundamental
modulation strategy with selective harmonic elimination for
multilevel inverters [J]. IET Power Elec-tronics, 2014,
7(8): 2173-2181.

MR, R BIE, 5K, AF. SR T MR L R
LR 2 ) B SHEPWM FER[J]. AL TH A
2, 2015,30(16): 111-119.

Ye Manyuan, Zhou Qiqi, Cai Hong, et al. Multiple population
genetic algorithm based on multi-band SHEPWM control
technology for multi-level inverter [J]. Transactions of China
Electrotechnical Society, 2015, 30(16): 111-119 (in Chinese).
Lee S S, Chu Bing, Idris N R N, et al. Switched-battery
boost-multilevel inverter with GA optimized SHEPWM
for standalone application [J]. IEEE Transactions on
Industrial Electronics, 2016, 63(4): 2133-2142.

Dahidah M S A, Agelidis V G. Selective harmonic elimination
PWM control for cascaded multilevel voltage source converters:
A generalized formula [J]. IEEE Transactions on Power
Electronics, 2008, 23(4): 1620-1630.

Taghizadeh H, Tarafdar Hagh M. Harmonic elimination of
cascade multilevel inverters with nonequal DC sources
using particle swarm optimization [J]. IEEE Transactions on
Industrial Electronics, 2010, 57(11): 3678-3684.

LR, SRR, EMY. B R 0 el S e
PR RN, LS T TR, 2017, 45(7):

1252-1255, 1293.

Ma Famin, Zhang Lin, Wang Jinbiao. Improvement of
particle swarm algorithm and its application in optimization
function [J]. Computer & Digital Engineering, 2017, 45(7):
1252-1255, 1293 (in Chinese).

MR, kR, B, AF RS HARGURZ i
i D AR M 73k (9] ROBLS PR AR 4, 2018,
22(12): 54-61.

Ye Manyuan, Xiao Yunhuang, Kang Xiang, et al. Power
balance control scheme of cascaded multilevel inverters
with hybrid H-bridge units [J]. Electric Machines and
Control, 2018, 22(12): 54-61 (in Chinese).

Shi Y, Eberhart R. A modified particle swarm optimizer
[C)/ 1998 IEEE International Conference on Evolutionary
Computation Proceedings. IEEE World Congress on
Computational Intelligence. Anchorage, AK, USA, 1998:
69-73.

EER-N:
TN EE(1995— ), B, WA,

— % s w50 &8, E-mail:
- 577063754@qq.com,
MIC(1984— ), Y3, (1R, 1
&, ez WO IR TSR
3. E-mail: eeyeym@gdut.edu.cn,
IS





