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Fig.1 The proposed two-mode five-level step-up

grid-connected inverter
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Fig.3 The key waveforms of the proposed inverter
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Fig.4 Dual-mode modulation strategy schematic diagram
1.4 FBEIBHE

WG 1.2 T8, ETHERA D, THERE L,
TAE, WA Ly KRR A O, FRE T s R
W iny 70 PR TARREC: — Rl A R g,
Ab T4 S @A X, (Discontinous Conduction Mode,
DCM), W& 5a ffios: b5 —FE TH Hs UL ifp AL

TR & # X ( Discontinued-Continued-Discontinued
Mode, DCDM), Wil 5b fi7w.

0 EA/\MMI\A/\AAA/\AE -

K5 T AT B s o
Fig.5 Two modes in Boost mode

AR SCRE A AT IR AL 25 /5 DCDM K (1475 Ot o HL K
Ly, TAEYE DCDM N I, HL LR i B WHIEL 5b T
N, I R AR i, TAELE DCM B BL N (1) 1 8]
TG /N T 4 5 3 4 2 ( Continuous Conduction Mode,
CCM) MBIt Ta) o DA, W] BLZUEG /2 DCM e
BOK Ly AU G AR HURE A e &, 1K FLUEK Ly,
MAANAEZELE CCM B Beinf ] g0t L% C, 3047 78
o g6 4 ME S, s EMH ke RRA

(D

K, Ve h Cosi i s Ve A G iR . H
B 2 MRS SR Bl i, RS = rp, T A I
A C L B RO, I Vap=Vin/(2-2m),
B, MR C Al gL, e Vag=
Viol(2=2m), PRI PR AN T+ A5 51X 1] 1 H s 3§ 25 A
] o TT A H O R (R Ve K

2m—1 V.

2-2m
(2)

M3 DCDM R HLE#E 35 Gpep FIEA N

Vem =Q@m =) (Vg +Vey ) = @m =1V, =

2m—1
Gpcp =—— (3)
pep =5
M 20 (3) 7 %1 DCDM I HL RIS 85 Gpep 551
ML ZR, HRR &M 6 Prox.
1.5 HERBERDH
HAERR R W 7 Pror, AT FUR R R
54 JLBH . (Full Common-Mode Voltage, FCMV)
Viewm R, HRIEX N
Van +V5
Veent = AN2 BN

L—L (4)

+(Van _VBN)M

KA, Va5 Ven 200K 7 AL B PIRIE N i



40 B 12 1

PEELE T ORI M ARG RRE  TLHF THR I AR 8 3935

45
4.0
35

3.0 /
25 /
2.0
1.5

1.0
0.5

LR35 Gpepm

//

0
0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90
P tom

Kl6 DCD FHLEWZ G 5HHIEL m — 4kl 2k

Fig.6 Voltage gain G and modulation ratio m

two-dimensional graph at DCD
AP RS o R T 0 AR 5 ) A Je B A PR
SR, Li=Ly, Ly=0, fRARX (4) n[#¢
Van +V 1
AN BN (Van — VN )[—Ej =Vgn (5

A L

N\

N
T
—Cy
=

Viem =

Tem =
Bl 7 JUBESE AR B
Fig.7 Common mode equivalent circuit diagram

WL A A AR Cpy IR LR iem KRN

dr;
o = G I (6)

FH - BT & 0 v ST I 0 33 AR 3% 7F H A JE ST N 1 4
R R Veem B OV, PRI IR LR iem=0 A,
RIS 4 0 #8 F R 52 470 B s L O .

2 SHORIT IR LA

2.1 EBEEIT

TH ok Sk T B 3 AR 8 Y A JsUER AR B AR 4 A T
A, %I AR S IE T T AE{E DCM, B 1] T /£ 4 DCDM,
DT L AE 6 T e FL IR AT B TF I, B 8 L T4 DCM
H1 DCDM Py TAERE A I SRS T o Sei, 72—
ANTECJEIA . IR 46 B A5 oI 2y N U R 1
o0 2%, NI n] A3 460 N H K FL IR S 3 E 1, RIS

Ai

Aj = Vinfon (8)
L,

A, A O U HR AR R s fon A AN A

MRAR AT, =B B, £y, W] RIR A
ton =(2m =T |sin()| (9

K, TN TR
BN U IE L h

;o o=fn (10)
2

in
in

2: TR, DCM #il DCDM WA TAERL 11
FEEAE R I LA Ly RIS N
_ Via(@m-1)|sin(or)
B 2P, 1,
K, foNTF R .
DR Y R R Ly> Lo B, B AS 88 TR
DCDM, T & H g Ly, i HOE Y Ry
2B, f

0 <|sin(er)| <1 (11D

Ly

Ly,> L, = =0.6 mH (12)
22 BRI

9 HL 2 ) T A H 2 P ) B K SR A T A E
M 2%, B e AR, BT 0 ) i
REHLAY (Civ Gy F1 C3) AR & B I TAER M BN T
YELETF RANZR, DRI 3 AN 250 1) e K PR R 80 B o
T & B AN TF RS P 1) B K T8 HL I ) Toparge o

H& 1A%, C CACy eIl TRV T
PEXTA AR, 3 AN HLAAE & 1 A I IR) B ) 7 v I
(] 24y

7::hargel = T(2 - 2m) |Sin 91 | Cl
TchargeZ = T(2 - 2m)|Si1’1 02| C2 (13>
Tcharge3 = T(l - 27’}1) |Si1’l 93| C3

L, 0. 0. 6, & B AN 1) 25 M .
e WU, 3 AN EARWAV 25 7] H K
(14) 13, A6 hHmAERBHEME. 460 (13)
A (14>, wrBldd (15 /BEHEE C. G
Cs MHLESUE AV i~ AV AVeso 216155 53 1 A T/2
3m/2 Flarcsin[1/(2m)] i, AN HL 2% HL Hs SOk B

AQc _ 18I0 6, 5 3T haree1 23

AV, = (14>
ches Cios Cios
I_sin> 6T, 2-2m
AVCI _ m 1 cze'lrgel( )
1
I,,sin” O,T, 2-2m
Ach _ m 2 Zargez( ) (15)
2
[m Sin2 03Tcharge3 (1-2m)
AVey = C
3




3936 LN B S N

2025 % 6 H

WH, WAL SO B A A LR 2%
LA, BIEAV s AV AV 0 2 Va4V /T2 V,
Wik (13) ~20 (15 w1838 . G M Cs 45
92 uF. 151 uF F1 56 uF, Kk, 2% &2 W45 1 H
M, CiCy M Cs 73 Al £ 150 puF (i = 200 V) o
220 uF (i 5 400 V) Fl 56 pF Ciif = 200 V) [
il HL 2%

2.3 LCL JERFi&it
2.3.1 Ly it

LCL JEPEAFH Ly B BETE S 5080 L WL 8L
SR, Hd Ly s /MER T —ANHF R A
HLJE P 30 ) e KA A o

T — AN TAE AN, THRBET 1 HL s
WA RO, HAE SR AR, DA DE 2 A
PN AT Bt . ERE =T,
& Vag=(112-2m)Vyy, {EREAXDUT, M8 S th i s
Vag=Vins FIEH

1 I
] — V., -V, &=
Lf] dlLfl ={2_2m in C 4‘% (16)
Vo = Ve R DY
A Vel B8 H A el LS 5 7o Ve =V
—m

HTE—ANFFRBEIHN, Ve BN, Kt
AN Ly A 2R, P fERE = N 1S,
ERADY R RE, LA IR R B Rk
(l_zm) in_VC

2
T
Ly (1
Ve -V,

in

—=T

=)
Lfl

AiLf1(+) =

AiLfl(—) =

Ty = 2m—1)Tmsin(wt
{()(m YImsin(wr) (18)

Ti_y = (2-2m)Tmsin(wr)

s T T oA — D IF R AN Ly WL
IR B R I T

T 9 O BEARCL Y, TR HK Ly R Ly 1Y
HL S — AR D, R uE B R Cr L s Ve A4
T HE v, B

Ve %Vg :mmVin sin(wt) (19)
2m-1 VT _ _
Al sy = el = (1-msin(er)) msin(wr)
2o dn (20)
VeV, _
Ay = € (2 —2m)Tmsin(wt)

1

BEiIER (16) ~3 (26) HWHE A, Aigy B RE
AiLfl_maxj‘j

Q2D

KEP ’ yg?ﬁj/@ IEEE_519 E@iﬁ_ﬁfjﬁ“?@’ Ai[‘flimax #ﬁ&
T 1 20%~30%2%, 1 k%058 i i s iR Ly
() EL VA G D AT R, b ] SRAF K Ly M5 /ME
Lfliminyg

—. == i ~23mH (22)

Lo BOME B H WG B E Vo #0528, Vi BUE
WHEBIE Ve 5% A 47, R
S%Ve 5%V,

—==~6 mH (23)
ol g ol ;g

WA Loy 5 KAEM B ME, B Lp=5 mH.
232 Gt

LCL ¥ s Cr (it 25 I h L)
FNN, IR AR G B RE BAT € 1 T B By A i
BEST, BEA N Cr I NTC ) Ty 2 38 A% 25 A 1 A0 e AT
W2, AR RS IEITIRENE, — B
5%, W Ce ity B K AH K

Lflfmax =

q:ﬂwi;gz%ss uF (24)
X, P, ki 4t th D 2
M4 Bk, B C=5 pF.
233 Lpi&il
AR A I 0 A A 1 U 1 BRI B2 T Lgos I 09 HL R
i T M HLE Vap AR IS R BN

iip(s 1
GLCL(S): Lﬂ( ) — -
VAB(S) Lf]LQCfS +(Lﬂ +L1¢2)S
1 w?

T

(Lf1+Lf2)S'S2+CUr2 (25)

A, @ LCL JEBE A IR A, RIEAN
L L

o, = Zntln (26)
\ Lo L Ce

gt LCL 8 Y% 25 76 18 I A0 i A1 A A e A9 50

53 TRV IR 1) R0, T IR A 236 WK T 10 £ FE I AT 2R HL /]y

- 1 .
T 12 I RAHRE, A a)r:§fsy 153

Intlp 1,0 27
LflLfZCf 9 )

E Lf] %D Cf E"Jiﬁiﬂﬁﬁﬁ)ﬁ, EX Lf2:2 mH.



40 B 12 1

PEELE T ORI M ARG RRE  TLHF THR I AR 8

3937

24 FREEHR

X2 NEANFFRE R REN S A E AT
KA T o 2 J5 WG 2R 0 AN A 1E 2 J 0 B8 47
JIMITAE. WTRLEH, Siv Se F1 So I HL N )04
(12=2m)Vins S5 1 Sy LRI JJ4 Ve, S; 1 Ss
(R HL S S ) R (2/2-2m) Vi B R Vin 7 100V, S
Sy Al Sg MIHL B J 8wy, AR il TANLAE IR T
1B, BIETFRBFEIR. 55508, EH Siv S, S
74524 STW33N60M2, S>. Siv Ssv Ssv Sev So
F1 Sy 7524 IRFP460PBF .

FT2 FRBHBEMNN. FRMERIESR

Tab.2 Voltage stress, switching frequency and

selection of switching devices

IF 5% th JE [ ) IF % i 7

S4 Se 59 2 12 in SRR IRFP460PBF
—zm

83, 810 Vin fOEAMMAGER  IRFP460PBF

52, 85 2y, e LE IRFP460PBF
2-2m

1 - .

Ss [2+ 2_2m)Vin OB WAEER STW33N60M2
2

S1. 87 (“2_2,”)% FoEFIEER STW33N60M2

3 EHIRRIRIT

Sk VR T LI i N 0 RR HL R 2 TR] R A ) BTG B B
A, AR ISR 2R L D R DB I SR, AR SR
HHF LB P= (Proportional Resonant, PR) #4 iil
M0 E g g e, mE 8 Fiok. il
HEEFNNESFHAL P ML E O ZH1E

PRl iy dl A 5, A HEE A X5 H
Bt FL IR ) S B MR igm e IS E AN ZE @7 BE)S
T8 i WA ¥R (Phase Locked Loop, PLL) % B FE M 1]
AL, IEEE igm ret M@ THELHAE Proe F1 Orep T IIZ
W I g rers 0CJT, KT LU TR0 D S B R LR
is 5B L iy o 15 88 25, T PR 5 45,
I L S AR ot AR R R Y HE s B ST A T 446 X6
B, RS H AT BT, 2 AR R it AR R s s T
R HL IS, BRI L m>0.5: [z, BREIEEE
m<<0.5, 152FHNPFEGIE T X0 E R D 45 1l
HMEAALTH T Dy & R e v, 3G T
FRGEIR e N TR E M, b N RGN s AT
AT A ) PR .

B8 47 ol SR i AE
Fig.8 Control strategy block diagram

4 EEHR

AT VR BT3RS AR R (PR RE, ASTORE P 4R 0 AR
e 5 A R 2 WP AR g HEAT T A 1 BRI
TU 3T P AT IR A A AR A U R

R3 THBXPSHSMEXL

Tab.3 Improvement of wind direction characteristic for forecast performance
- i S bR RS R LR AR B
S VD L C ytie WEEER) FXHE  mA TR L THD(%)
(7] 9 0 2 2 =2 ljD (") 5 <1 2 K — 97.91 (2 kW)
(8] 6 2 1 3 2 2(J# 5E) 3 10 i K 2 98.1 (600 W)
[11] 7 2 3 2 p 2(J# 5E) 3 <1 i N — 97.1 (500 W)
[12] 10 0 2 4 & I—DD (AT 9H) 4 50 P N 0.1 97.5 (880 W)
[13] 9 0 2 2 2 ljD(ﬂiJﬁ) 4 <1 P /B 1.1 96.5 (1 kW)
[14] 9 1 3 2 & l—lD (AT 9H) 4 16.2 7 N 29  96.13 (220 W)
[18] 6 2 1 3 H %(Iﬁl JE) 3 —(%) & K 1.6 95.6 (1 kW)
FHRSAER 10 0 3 4 = -l Gy 3 <1 £ N 03 96.8 (0.35 kW)
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Tab.4 Experimental prototype parameters and selection

E BAE (BT)
MANBERHEE ViV 75~120
BE %R PJW 350
HUM LR Vy/Hz 110V /50
F U Ly/mH 2
C\/uF 150
BEZEHLZY Co/uF 220
Cs/uF 56
L¢/mH 5
8 LR
Lp/mH 2
YEYE HLZE Co/uF 5
JF R % fi/kHz 20

MOSFETs STW33N60M2

MO

SFETs IRFP460PBF

Diodes DSEI60-06A

600 V, 26 A, rs=125 mQ

500 V, 20 A, rs=270 mQ

600 V, 60 A, rp=47 mQ
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Fig.10  Output voltage, grid voltage and grid current
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Abstract In recent years, non-isolated inverters have gained widespread attention in commercial and
residential PV grid-connected systems due to their cost, efficiency, and flexibility advantages. However, in
practical applications, the output voltage of the PV panel is generally low. Due to the loss of the electrical
isolation of the transformer, the high-frequency switching action of the conventional inverter may produce a
common mode voltage applied to the parasitic capacitance between the PV array and the ground, resulting in a
common mode leakage current, which affects the safe operation of the system. This paper proposes a non-isolated
five-level Boost inverter with no leakage current and its dual-mode modulation strategy to enhance the
applicability and practicability of the inverter.

Firstly, the circuit structure combines the dual-output Boost converter with the five-level inverter to create a
five-level Boost inverter topology. The Boost capability is expanded, suitable for PV power generation
applications with low DC voltage on the input side. Secondly, the dual-mode modulation strategy of unipolar
carrier level shifted is studied, providing five-level output capability and increasing the equivalent switching
frequency under the same carrier frequency. By comparing the PV panel’s DC output voltage and the grid
voltage’s absolute value, two working modes of Boost voltage and buck voltage are realized, and the energy
transmission efficiency of the converter is improved. In addition, a five-level voltage is output on the side of the
bridge arm, and more levels make the output voltage closer to the sine wave, which is conducive to improving the
quality of incoming current. Furthermore, the negative polarity of the DC side of the topology is directly
connected to the voltage neutral of the AC side to eliminate the common mode leakage current of the stray
capacitor to the ground. Finally, the working principle of the inverter circuit and the realization method of the
specific modulation strategy are provided, and the key parameters are designed.

An experimental prototype was built. The experimental results show that: (1) The inverter’s two working
modes overcome the limitation that the traditional multilevel inverter can only step down, making it suitable for a
wide range of input voltage changes. (2) The common ground structure can effectively inhibit leakage current.
(3) The output voltage Vg of the bridge arm presents five voltage levels, and the energy storage capacitor can be
charged and discharged at a high switching frequency, ensuring the stationarity of the output voltage of each level.
Hence, the output voltage waveform is symmetrical in the positive and negative half cycles. At the same time, the
incoming current i, can accurately track the phase of the grid voltage V,, producing a smooth output waveform
with little distortion, which meets the requirements for grid-connected current quality. (4) The proposed inverter
can output reactive power output, which meets the requirements of non-unit power factor operation in IEEE
grid-connected standards.

Keywords: Non-isolated, common-ground, dual-mode modulation, five-level, Boost inverter
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