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Abstract

Partial shading on photovoltaic (PV) strings consisting of multiple panels connected in series is
known to trigger severe issues, such as reduced energy yield and occurrence of multiple power point
maxima. Various kinds of differential power processing (DPP) converters have been proposed for
preventing the partial shading issues. Voltage stresses of capacitors, however, are prone to soar with
the number of panels connected in series, eventually resulting in increased circuit volume by using
large film capacitors.

This paper proposes the DPP converter using an LLC resonant voltage multiplier with a
capacitive voltage divider (VD) to reduce voltage stresses of capacitors. The reduced voltage
stresses of capacitors allow the employment of multi-layer ceramic capacitors (MLCCs), achieving
reduced circuit volume. The result of the analysis proved the proposed equalizer could miniaturize
the size of the circuit compared with the conventional LLC DPP converter. The experimental results
of the equalization test for four panels connected in series demonstrated the proposed DPP converter
successfully precluded the negative impacts of partial shading with mitigating the voltage stress

issues.
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Fig. 1 PV string characteristics under partial shading.
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(c) DPP converter using LLC resonant voltage multiplier.

Fig. 2-1. Basic circuits for proposed DPP converter.
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(a) Proposed DPP converter for four panels connected in series.
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(b) Voltage divider (VD).
Fig. 2-2.  Proposed DPP converter and its voltage divider.
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Fig. 3-1. Key operation waveforms when PV is shaded.
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Fig. 3-2.  Current flow directions when PV is shaded.
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BED VM E Y =2 — /M Ko THIESR 2T 2, £ OB, % VM E ¥ 2 — /LICERNC 2
TEIE/EREMR T H72OICE T 2— Rk L 8T A% 1 DT OMHT 5 (Fig. 3-4(b)
¢Tia#20ﬁ%%I@24@®CwQA®mm@ Eix, 7 RAOEBRENXGI) L
0 Ni:Na=2:1 > OFEIZ L0 &SRV OEENTERIC Ver liCHE b ST 5 EIRET
D EFENEI3Ver2, Verl2, Verl2, 3Vey2 & 725 2 E DN BEDOHIERIZ L VAL NI/ - T

14



FDy6 | i&\
o] T PV |
0 Co 7 |
D, ~A
X |
]:D ‘\
Cis 1+ %} R €7 \
Q() C6 JKDH C Pvé
< N,:N, ous |
3 i [e IED
Cips £ —ik %} L, ::Cr4 i 14 0
5 v/ & 'mg EE 9 Couxfr v
c % _ii 1D, <]7 string
ind — = 6"_‘ = v
4 z:D7 Cgm@
Cin3 = = KDE = |
@'E}} Co dﬁ:]} c BVs |
S Gz T “
Cin2 L L 1D, L “‘
T @'E}} TCy, 1o T, vy
D5 Cor T |
Cin L lQﬂlE C";‘Dz < %7 J
! 1 TD, CoutlE’YL J‘

(a) Proposed DPP converter for eight panels connected in series.

Cing \
N;:N, “on® |||
o \
CinS__ ;g T \‘
i |
o1 |
i |
Cina] 1 ‘
Cous
= 6 = ; T Vsm‘ng
Cin3 T
ot D BT |
I -
i Dy Module B |
Cin 1.7 b
3 1 ) |
T |
%D, |
J &
Cinr] T v /
Module A

(b) Proposed DPP converter using two VM modules for eight panels connected in series.
Fig. 3-4. Extension of the proposed equalizer using modularized VM.
WAH[12], CG~OEVNEENZ O X 512 58 H % Fig. 3-5 Z W THAT 5, filxi1E C
~OHINEEZRD S 72512, Model, 8 TD VM DEFMEE (Fig.3-5(a) 2B 5 F/L
ey 7OBEANC K DM EZEZ D L Verl2- Ve + Ver=0 LA TE, Zhaf &
Ver=3Vpyl2 £ 78¢5, Moded, 5 DA (Fig. 3-5(a)) b [FERIZ Ver/2 - Vey - Ver+ Ver=0 & 3L
NTE Ve =3Vp2 72 %, Fig. 3-4@)DHERD L DIZA MU 78 8 EHI RNV Th HY;
B, ARV T OBIKELE Vang=360V) BEHMEND & COBIEIX TVp/2=157.5V &
720, 100V ifHED MLCC ZHHARF & 72 %, ZHUTX L, Fig.3-4b)D X 5124 BdD VM
FEVa— e FT A BEINISRAND =670 TERIIZAG2)ED N/ No=2.66:
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4. 7&K LLC mifEgs & O 82 T DY A XL

4 EHASFLTHERISND A MY 7 (BARERE 180 V) 48 E L, Fig. 2-1()lTRd 1
KAt AR[12] & TREMER (n=4) ([ZBT2Z8HE A ADERLKEITS7T2, VM D
R IR — T 5728, T 2&BRWE 1 wIOZEHET-ICRE L“Ctt;ﬁfz’%ﬁo
7o MAESCB O CAN R a T o ORENFE— L7025 K5, [ERMHERICBITS
Cin=10 uF |Zxf L C, $REMIERR TIX Cu~Cins =40 uF & L7z,

BHE BT DHEAFZ T L T DY A X% Table4-1 (TR, WERMEL T Co DEE
MWI180V L@, T4 bar T U ORMICL Y FBFBREUT 5, —F, REMHES

TIHAHEIZEY Cin~Cing DFEEIT 45V L7220, Kifif £ T/ MLCC 2T 5 Z &0
TX5, F17, WMAERED CGIZT7 ANV AT o E2RANVER, R2HER T R
2 OWEETH Db ODIKIMEAIZ X D/ A ER TE 5, EMERIT2 DA &7
R BT LN, TNOOFEEERIT 0 ThHIO/NNURBZ A EZEENETH D, DO
R, REMEIRO 1 WRIERRIZB T 5 2B HE O FHARIIERMER L Tl L%
1/83 L7201, EMEIICT LV EIEO/NELE FEBTE 5 Z E0RB I N7,

Table 4-1. Comparison of component sizes.

Component Conventional Proposed

P (Ve Ver 1180 V) Vewr-Veuss VeV 45 V)

C. QXK2E106KTP, Film Capacitor,| C5750X7S2A106M230KB, MLCC,
mn 250 V,10 pF, 11800 mm? 100 V,10 pF, 65. 6( X 16) mm®

L 744281471, Inductor,

o 470 puH, 256( X 2) mm?

C ECQE2A104KF, Film Capacitor, | F161PU104K 100V, Film Capacitor,

r 250 V,100 nF, 1554( X 2) mm? 100 V,100 nF, 114( X 2) mm?
Total
Volume [mm’] 14908 1790
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5. SEREIRGIE

5.1. RAEE

4 EHND RV (ZENENVEAEEN 5.0A, PIMERE 45V BELEE) LoMlEnd
A2 MY TR L, SR BT IR D ERAETE /)2 70 W ORI 23k (F L7z,
FRED T E e b NCHAIERIEIC H V2581 % Fig. 5-1 & Table 5-1 IZENZEIRT,

CGEBREETOa YT U MLCC Z AW, CGIE N7 AD L L OHRIZHWS 7=
DERBEHZ /NS SIMZDHLENRH Y, MLCC $5H D DC EFBEDHEIIf E ) HEIK T
BB AT AT DI T 4V AT T o A T,

100 mm

Fig. 5-1. Photograph of 70 W-prototype.

Table 5-1. Components used for the prototype.

Component Value
Q-Q, | IRF644SPBF, V5=250 V, R,,= 0.28 Q, C, = 330 pF
Cin—Cina Ceramic Capacitor, 10 X 4 pF, 1.18 mQ, 100 V
L,L, Inductor, 470 pH
C-C, Ceramic Capacitor, 10 X 2 pF, 1.58 mQ, 100 V
Couti—Couts Ceramic Capacitor, 10 X 5 pF, 2.0 mQ, 50 V
D,-Dy Schottky Diode, SBRT20M60SP5, V,, = 0.57 V
C.,Cy Film Capacitor, 0.1 X 4 pF, 0.87 mQ, 100 V
I T

18



:DSC

out4

x D,

£ D,

t5

Gk,

£ D, |Cou

FDy | x vy

=
S 8
PRl
v
5
]

g

D

Fig. 5-2. Experimental setup for characteristic measurement.

FZ7 AL TIE, BRI 4EIISXVEZBEL TSR 33) LFUEL N
N>=2: 1 ZHFEE L, 34 fiChbiR_E X ICH A A — ROIEFHEE Vp b7 AD
BIREIT Ry, R XA LICKBITHEERTEBEL TN N =13:7 L LT, £72, £
BN RN K D B A RIS 5 72 01T 1 A OEHR % 4051, 2 YAl % 8 W51 L CTHRUE L 7=,

Hh{ERFIZ Fig. 3-1 & Fig. 3-22 1R LT OEEE— R CTEIfESE 572012, X (3.1)
74X 9, 164 kHz D filZxk L fs13 140 kHz & L7z, ZAUT XY, ic DIELIEERD
el A i LY ST (img & i & —ESHT) Mode 2, 6 ZHBLEESZ ENHKD, £
72, Mode3, 7IZTHE AL v FOHIIER Co DFIENFIRERREDT v ¥ A LA R
TOUERHDLD, T REZA LT 04ps & LT,

5.2. FAERFMEOHIE

Fig. 52 TR 3HER 2 AW CRIERIEE OB A F 72 b NS H e B3 217 -
2o SMNEBEIR Vin & IV CTHIERRICE N 2 LoD, # v 7 X BIOY &4 L TR
PU Rvar ZHERET 2 Z & CTHIVK FRARIC I 2 EIARE 285 Lz, flxiE, ¥ v 7 X
BPURFI Coun & WHNZARFHRIT Ryar 238208 S 41, PV HITHE T 23 U2 BRO B 2 1Eifie
TE%, —FH, ¥y 7Y ZRIRT D L PV, & PVLICHERRE O K F %A LRk
BTN TE D, ANEE Vi lL 1425V O350 1 K470 DO MPP EBIETH D
35.6 VIZARY) (Z[EE LT,

Irvar=1.5AIZHBIT 5% v 7 X IBIRGEOENERL I O B R % Fig. 5-3 1287, vosi & vpso
DI REEIIATELE 1425V OB L EH3IHE T 5713V THY, VD IZ K D0ENR
HEUNATHONTND Z LR SN,

SRR & R O BUSRE R % Fig. 5-4 (2R T, BEIND Veow 13 Count DFEEIETH

0, FEMRRHZRT DR SV OBEICHYE T 5, D Power 1% Vivar & Irvar DFET
&V, Efficiency 1E Vavarlrvar/ Vinlin \ZHS T 5, AR ) SpUITK T 2 G ER, 77005
Trvar DINZAEN Vi IZEFRANART L, RE ISRV EDB L NG (X v 7Y IR )
WCEBWTKY REREEETZR LT, WThoZ v 7RIRFIZBWTS VM I K 5 EE
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Fig. 5-3. Measured key waveforms at /gve- = 1.5 A with tap X selected.
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Fig. 5-4. Measured power conversion efficiencies and output characteristics.
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5.3. BB EER

FRFNLDORDVIZY—TF—T LA 2 Lb—4H (E4361A, Keysight Technologies) %
WTRA N T O 7R HIHE T 28 LoD, BRIERIE A2 AW CEIMEZIT -7,
Fig. 2-2 (281 D&+ (Load+ & Load-) I[ZEFAEMZHHE L, K22 b3E52
ETANY U TRERER LT, £, Wik LTS R Z A 4 — K (Fig. 1(a) & [AEED
) ZRWEBEOR N Y v RS RIS ER 21T o 72, FEBRICH W =& S L O R
% Fig. 5-5@)2rT, ZAUDHIE PV3 OABAEEIED 30%IK T L7REEAEE L CTkh, Z
DOEMTFIZHE T DA RNY > 7O MPP B OBEE (2335 /L0 MPP TEME L7254 DOE
71) 12 623W TH 5,

FERROA I T D A N U o TR ORISR R % Fig. -5 T . EEBED Poying ITA
iR 2ES, TROD Viring & Luring DFEITARE T 25, AifEEHE L (Fig. 1(a) & [FER
DR OBEITA Y 70 P-VEEIC 2 50 MPP 884 L, ARENIL 506 W TH
oz, —H, fiEEITO 2 L& TMPP X 1 AUCIRL, RREIL 21.9%HEML 617 W &
Ipotz, £, AERICBT DA MY 7 ORISR (Ml 4EE S OBEEIC KT DRk
BWHOEIE) 1399.0% (=617/623) Tholz, ZILHLDOFRMND, feFEmifEa0A M
maNT,

180 280 (143, 617)
__1s5or = <00l (108, 506)
E 1201 E w/o Equalization
= ook 4000 y
" 60k o 300F w/ Equalization
200F
301 100f
0 0
6 6
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(a) Individual panel characteristics. (b) String characteristics.

Fig. 5-5. Experimental results of equalization test.
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Fig. 5-6. Power redistribution in voltage equalization test.
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Fig. 5-7. Experimental setup for field test.
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Fig. 5-8. Photograph of four real PV panels connected in series used for the field test.
JE VovimVova & A N Y 2 T8 Lwing DHFFITIZT —# 77— (NR-500, KEYENCE) % [
Wiz,
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(a) Individual panel characteristics. (b) String characteristics.

Fig. 5-9. Experimental results of field test on four real PV panels connected in series.
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7. fii /&

7.1. 2L P O[] FE

ARIFFECIE, FREFEREEY 7 b EAGLE % W CHERERF 21T o 72, ERT — 21X
Schematic & FEIN D U A & R U TRIBEK AR L, £ D% Board 7 A > F 72T Schematic
DOEEXEZ S L ICE AR E L TERZRET 5, 8 ESI ST E L Tn=6 (AIH, Ci
LAAL v F a6 DFIE, VM A2 EY 2 — /UL M7 2% 2 OfH]) ORMEREIEK O
WERIEL, 4B SFTOFRFERICIT Fig. 5-1 DX H1Cn=4 L LTEELE,

Board |Z CTHEIB IR A SUET D8, TOREZZBE L TRIEL,

L NSO A XAOFREZMEIT L7201, 7I70y RE 1 mORELE S5

I NEZ—CORIICERTDFHEA X T ZADRERAA v F L= RIA

NIZELDZ L ZM<Te0l, = RITAROHNNOAAL v FOF—FET
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Input square voltage
for Gate driver

(a) Schematic.

Fig. 7-1.  Screen shot of 70 W-prototype’s schematic.
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Fig. 7-2.  Screen shots of 70 W-prototype’s Board.
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(global) Duty_Upper_Limit = 0.8;

Config F28335 —_——
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(a) Screenshot of simulation window on PSIM.
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Fig. 7-4  Screenshots on PSIM for generating the square voltage signals by DSP.
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