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Abstract

Partial shading on a photovoltaic (PV) module consisting of multiple cells is known to trigger
significant reduction in power yield and occurrence of multiple maximum power points (MPPs).
Various kinds of voltage equalizers have been proposed to address these issues.

Switched capacitor converters (SCCs) that consist of switches and capacitors are one of the most
popular voltage equalizers achieving not only simplified circuit but also circuit miniaturization. To
achieve even simpler circuit, a capacitorless SCC voltage equalizer utilizing diffusion capacitance of
PV cells has been proposed. Capacitors in ordinary SCCs are replaced with diffusion capacitances, a
parasitic element of PV cells, realizing simpler and more compact circuit design. The conventional
capacitorless SCC equalizer, however, has to operate at a high frequency even under unshaded
condition, naturally increasing losses associated with high frequency switching operations.
Additionally, this conventional capacitorless equalizer is only applicable to modules comprising odd
number cells.

This paper proposes a novel voltage equalizer based on the capacitorless SCC. The equalizer not
only reduces losses associated with high frequency switching operations especially under unshaded
conditions, but also can be applicable to modules consisting of even number cells. The result of the
analysis showed the proposed equalizer could reduce losses compared with the conventional
equalizer. Furthermore, a novel MPP tracking (MPPT) technique is also proposed to realize the
optimal operation of the proposed equalizer. Experimental verifications were performed using actual

PV cells, demonstrating the efficacy of the proposed equalizer and its MPPT technique.
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Fig. 2.1. Typical Nyquist plots of (a) RL series circuit, (b) RC series circuit, (c) RL parallel
circuit and (d) RC parallel circuit.
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i=1,3,5 i=2,4,6

% Mode (28T, ZTNZEND RIS Efmf &I Fig. 4.1 L0 |

Grsi-a=d'l; —q;
{&A (4.8)

Grsi—p = dl; +4;
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A

L,
Mo

b ’{”"T

Fig. 4.2. Image of pulsating current due to switching operation.

ExRSh, WAL Y BT EZEICERT 5,

IRsz A~ ] _%
4.9)
q;
Tpoi-g Ii+g
FoT, 2TORINIBITAY = — )VHBROFN Prs 1
5
=D (' I+l 5" )R, (4.10)
i-1

TERIND, @10, Fig A2 R LT R X A A EZ R T, BT LIZXK D
HERITMHESRN BV SICB W THRAET D EFEK PRy TH D2, MiELRIZER L=
HRITAE. 10)”:# LEFERSTD PRy 75 LW B E L 72 5,

P i o= Uw,) (.11)
42. $25597:0

4.2.1. BB ENEAT

BEZ T ROMIEIL Fig. 4.3 127757 2 OD Mode (2531 B 5, itk & FEEICA Mode
BT DEM 7 v —% Fig. 43 DX HIZEFE L, Mode A D A~D SIZBITHF/LERY 70D
Rz RSN
0=-9c+91-4=9,-4
0:_‘]3_‘]6+‘1c_‘IL-A+d'(13+16)

(4.12)
0:—612+C]3_‘I5+C]6+d’(12_13+15_Is)

0=—q+q,~qy+qs +d (I, = I, + I, = I5)
[FAEIZ. Mode B IZBWT A~E’ HIZF /L e Ry 7 OEFRAIZEHET S &,
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R

0=qc+9,5-9,5

0=q;+qs—qs—qc +d (I + 15~ 1)
025]2_‘13+‘I4_‘I5+d(12_13+l4_15)
0=q~qy—qu+d(L, 1, ~1,)
0=q¢—q, 5 +dl

A BT F a2 AL B RIS E— FOR SITHHIT 5720,

0=d 'quA - qufg

(b)
Fig. 4.3. Operation modes of proposed equalizer: (a) Mode A, (b) Mode B.

Ry

(4.13)

4.14)

aT oY C~Cs & C DEEFNI—ETHD ENE L., Ry~R \Z X DELERE T 2 EMHT 5

&
0:q1+q2+(J3+(Jc

RO @.12)~@.15) X275 THERT L

0] fo 0 0 0 0 0 -1 1
0/ [0 0 -1 0 0 -1 1 -l
0o/ {0 -1 1 0 -1 1 0 0
o |[-1 1 0 -1 0 0 0
0/ 0 0 0 0 0 0 1 0
of Jo 0 1 0 1 -1 -1 0
0/ J0 1 -1 1 -1 0 0 0
0/ |1 -1 0 -1 0 0 0 0
0/=f0 0 0 0 0 1 0 0
0/ |0 0 0 0 0 0 0 d
o/ |1 1 1 0 0 0 1 0
1/]0o 0 0 0 0 0 0 0
1/ ]o 0 0 0 0 0 0 0
1/ 0 0 0 0 0 0 0 0
1/]0 0 0 0 0 0 0 0
1/]0o 0 0 0 0 0 0 0
1] o 0o 0 0 0 0 0 0

S O O = O O O O

L L

S O O O O O O

|
—

(== e = = = = = = = =l = - -
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d'
—-d'
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d'
—-d'
0
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422,V a—UABRKDOEH
e T & FIRRIC A R I D BRI 2 I S ARET 5, Fig. 4305, HAAL v
FATFAL D FERT R,
g1 =94 —d'ly
dsy =44 +dl,
Gs3 ==y +qs +d'(I,~15)
Gss =—q4 +4s +d (=1, +15) .17)
dss =~qs +qs +d'(Is 1)
Gse =5 + 45 +d (=15 +15)
As7==qs =44 +d'Ig
LRI, KAUTK Y B ELZEBMICEHBTE D,

qsi .
= (i=L3,5,7
w( )

Ig = q (4.18)
Si s
= (i=2,4,6
d ( )

EoT, AL v FITBIT LY a2 —HAKOKRIIL
Rywitch =d' Z iSizRon +d Z iSizRon (419)

i=1,3,5,7 i=2,4,6
THRIND,
% Mode (28T, EILEND R T D EM &L Fig. 4.3 £ 0,
{qui—A =d'l,—q,
Groip =4l + ¢,
R, WRIZ XV EMELERICERLT 5,

(4.20)

(4.21)

Lo T, BTORINIEBIT DY 2 — BROBRTIIX
6

= Z (d']Rsi—A Pl 5" )Rsi (4.22)
)
THRIND, FIC, #ERFREFRICEFERISO PR #71L51< &,

6
PRsi_ex= Z(PRsi - ]isti) (4.23)

i=1
RBRGNTIE, A v F | RDOBRET L OFEMEFHHT r, X C OFMIESTHHT rcllh
WTH Y a— LERRNBET D20, TOY 22—V ERHEHT 5, 4 Mode [\ TA
VHETE LIS EMEIL qra 7 DN qus THDHT29, % Mode [251F 5 EI
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o qd' (4.24)
I, p= ZB

THRIND, LoT, nllBFHYVa2—EBERPIT

P, :(d'lL,Az +d1L,32)rL (4.25)
% Mode IZBWT a7 % Co3h D B &EIL gc ThH D72, 4 Mode |Z31F D BEEHRIL,
—

L (4.26)
8=,

TERIND, LoT, rellBiF 5V 2 — LK Peld

Po=(d'Te_ +dlc_g” ) (4.27)

4.3. TR

R FA O NHERF DY 2 — 5% Table 4.1 DK /NT A —H ZHWCEHE LT,
7o, MAFRIIEATHIEAENELRD -0, BEORIEZELVETHRTLZETRD D
NHWADOIESLELZFH L a7 -7,

Normalized Loss = __TotalLoss (4.28)
Numberof Cells

Y ART R BT DR TR EREFT RO d 1281 DK% Fig 4.4 17T, fEk
FRTILd=0.50 THROLIEHEKLLE 2D, 0.50 OB I >N THREAN ER LT\, Zh
(XXPFRIE & FEORIFEAR R T d 2 723D XPRENE & 72 5 d = 0.50 DG IZFEE D FEEME A e/
ERBIEOTHD, — . BEFXTIHEANELD, d=012E3<IZONTRIZEHHE
RIHMET L7z, Mode 1 OB RUVME EHKRITIA AL, 3 B 2 WAHIE D 2 — /L O
LD d=01CBWTHKITR/NE e odz, 12 ERFTROBRDER/IMEIX d =0.50 T 0.21
Wicell TH2DDIZH L, $-EHTRITd=0 T0.18 W/eell TH V|, LA EROBLEICE
WTEMTHDLZ EBHLNE ST,

Table 4.1. Parameters used for loss comparison.

Series Resistance, R, 5.0 mQ
On Resistance, R , 13.4 mQ
Resistance of L, 7, 3.6 mQ
Resistance of C, 7 » 1.0 mQ

22



= P Inductor i
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Fig4.4. Normalized loss of (a) conventional and (b) proposed equalizers under unshaded condition.
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Unshaded Condition
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Duty Cycle d

(@)

01 02 03 04 05 06 07 08 09

Unshaded Condition

0 01
Duty Cycle o Duty Cycle
(a) (b)

02 03 04 05 06 07 08 09

01 02 03 04 05 06
Duty Cycle o

(b)

—_ " Shaded Condition u_ Shaded Condition Erll
g 08 - (1. by a1y 151 = (2.5, 5,5, 5, 5] g 08 L El[rz‘rzé fg« ‘;_-«b ;s‘sfﬁg] Inductor
g0 EM
T 04 o4
= =
E 02 7 £02
z °= z
0 - = 0 =
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Fig. 4.5. Normalized loss of (a) conventional and (b) proposed equalizers under PV shaded condition.

WA EST R DI LY PV ORASEIRAMO B /L & R TEFICR ST EIcBT 2
Wi DK A Fig. 4.5 1R T, WHFRILC PV, 2HET 5720, MR AERICLRT
ALy FR RATIRNDERPBIEM LI Z LN E . BTO dIZBWTHEEPHEM L7, 16k
FROERDOF/IMEIL d=0.30 T 0.30 Weell Tdb 2 DIt L, $EEHFROHER DR IMEIT d
=0.20 T0.29 W/cell Tdh > 7o, BIZ ARRD IR/ & 70 D 5l d 13 o R I AR & S 7n o~ 72,
ZOFRIE, RORAERRIIIE U TR d 326U, BRER/MET H720101T d &
TOMEND D e D, £ T, kil d TOBEIC K BROER/IMEZER T6E
72 2 T MPPT il & kB TRET 2,
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5. 2 B MPPT fH{#
5.1. d DAL LT3GEICBITT Ay 2 —/ VR ORE

PRRMERIIG2)RN TR LE L DI Vi DN d I X > TET 5, BT, 438 TRLIE K
T dIT L > THESROBRNDZENT B, Lii-> T, IEMEROT Y = — VEEIT Fig.
50T R dICEsTHDBRNENT 52 L 2R T 5, £72, 43 HiTRLE
INHE R DI % T/ MET DA d 135 ORAERDIC K - TE(LT 5, Fig. 5.2 (K
HIRTRETE /1 D d & AF M % 7”4, Case 1 1% Fig. 5.1 ([ZB 1) B KAt /T 6EE N D d it % %
L. fitll d 13 d; 12T 5, —F, Case 2 IXIREHF ORI AR Z I A

(Fig. 44(b)ZMR) NOIE SN DRI ATREE O dikFEEZE L, Kl d1T0 &5z
bId, ZDRITEORERIIC K > TE(T Dl d % 2 B MPPT il LV BET
%,

5.2. 2 E MPPT HIEIOBES

2 # MPPT il CTlZ. PV ¥ AT A TR WO N FE 3 L R_R—Z DIrp O HE
IR LTH MPPT 21795 Z & T, fifEsOBEKEE/IMET 25 d TEESE-OEY
2 — VEED MPP B2 7 %, Fig. 5.3 127 1 v 7 X% =4, 2 SOl — 7 TR S

Optimal d

Module Power

{jl;ll'-_l d"_\ ffj C:'_; C«fj
Module Voltage

Fig. 5.1 Notional module characteristics under shaded condition.

) Case 2 Shading
Optimald  condition[Fig. 4.4(b)]

Casc | Shading

Optimal ¢ Condition |Fig. 5.1]

Maximum Power

d, édj d; d, ds
Duty Cycle d

Fig. 5.2. Maximum power versus duty cycle d of proposed equalizer.
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PV Module
. with Boost
[_“‘P“f‘ed Converter Load
Equalizer (D
() '
[mm’
! MPPT_1 }-

MPPT 2

Fig. 5.3. Dual MPPT control block diagram.

D

I N )
5 D, —“e=» Optimal d
o g
=T
2 A\ N \Highe
§ Low-d\

d\ d)\ d;\ d,\ ds

Module Voltage

Fig. 5.4. Notional module characteristics with dual MPPT control under shaded condition.

A, MPPT 2 (12X D EY 22—V MPP TEMET 2 K O AEa L "—=2 DT 2—7F 1 D &
ET %, [RIFIZ MPPT 112 XL 0 fifE#R 03 it d CEVMET D X O HilEI45, £72. 2 2Ol
N—TOFWEIET 572012, MPPT 1 O 7Y 7 X MPPT 2 ®Z41 L0 % 10
ERERSERET D,

2 B MPPT il T2} 5EY 2 — WO S % Fig. 5.4 (O~ d, ZOHA. &KEH
WEDND ds Mk d (TS5, 2 B MPPT Hlfl T, &Y a— WEENREE 72D d

(=d;) THERZEESE SO, FEa L RN—F20D D 28+ 5 Z &L TEY 2 —/LD MPP
wiBRT 5,
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6. SEHEMRGIE
6.1. FAAERIE

Table 6.1 |27~ 9 561 % H T Fig. 6.1 ([Z 9 sl ElRlE 2 BU0E U 7o, $e RmiE R XIRI R
PWM 2 N—ZENIFIY T 5= RAR— K& F v 8 % LA SCC HICARY 3 D JEiE AR —
RiZk ik Ens, =2 RBR— R EBAEIDE UM OIER — K& 2 Ik » T8
9 52 & TR OMBER M TE D, FlE LT, 6 BAAMERT L o= K
R— R & 3MDIERAR— R TR IS, Mx T, =¥ FAR— K&2HY 492 & CFig 6.2
W TIERFHD 6 B/VHERE G [FERICHILTE 5,

TERAEL X MR B, A v FOBMNRRD, 2T, Fig. 63 (R 7—HF K7

Table 6.1.  Circuit elements used for prototype.

Switches IRF9910, R, = 13.4 mQ,
Vosay =255V

Gate Driver ISL6596
L 4.7 uH, 7.0 mQ
C 660 pF, 1.0 mQ
Capacitor Inductor

Dual MOSFET

O &

Dual MOSFET

30 mm

75 mm : 150 mm

(a) (b)
Fig. 6.1. Photograph of the proposed equalizer prototype: (a) end board, (b) extension board.

Fig. 6.2. Conventional capacitorless SCC for six cells.
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T VIN
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ISL6596

HO
° VLVDD

sv@ 1

Fig. 6.3. Gate drive circuit in the proposed equalizer.

TPS28225
HO A k Q.
vop—T#3V  Rg
' '
i1 VIN 1 Ry |
Caon i{ i
D, LO Al
D | gnp T Yy B Q
] - _(~_: ] G
TPS28225
HO ~ ik Q
VDD $5V Rq
i} VIN il R |
1T | Iﬂ
Cop : D :
%D . _T.() | ”] 1 i ~ ik Q,
GDh GND. : : RG

Fig. 6.4. Improved gate drive circuit.

ATEREIZE > TAAL v T BB LTz, 5V OFBEELIZa T Y Cop EXFAA—FR
Dop D& N2 K> TEMDERL 7 —F R Z 43 (ISL6596) [ZAhEhbd, ¥—hF R4
NOANS VIN AT ENDHEIEEILED Low (2725 &, DapldA 12720, 7—F T4
/30 GND AL & Cop ICHIMEN D EBIEIXFELL 725, —J7, JERIELEN High 12725 &
Dep 347 L7200 =B RIANICSVEANTDHZENTED, £z, F—FRIFA4 N
FHEPRITAEF AC-DC =12 73— % (DRL10-12-1, TDK Lambda)Zf#ifl L7z, L#>L. Fig. 6.3
WCR LI — b RIA TREIEIER L, ¥~ RITANRNEFT T LoowHETAL v T &
WAL THZ LI TERY, = RIAREFTFTEHDITET— N RIARNEHE
PICHEEZAL v F O — b=V —AMBRE Cx & BT HIHEND D,
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Fig. 6.5. Voltage waveforms of Vs, Vps, and Vv in the improved gate drive circuit.

Fig. 6.4 27— N RTA RNEF T LODHEEZAA v FE WAV AIRER 7 — M R A
T AR T, AU Fig. 6.3 IR L7z — b RI A TR CHENT-F 280
TAERRCH D, 77— b KT A 30D ISL6596 1 LFER ML D 7= 3D TPS28225 ICAH LTz, £z,
TPS2822513 > ¥ v NE U B ZFF 072, ZHUCLowE R 2 AJT 52 L TH 7 TE 5,
T—=RRITANRNDY %y N T EAZ Low [E5E AN LTZSHE. Ry ReETLTCL G
X5SVITAA T ASIND, VINIZEBIE SN2 & LO OEHEIC Cr B LV C, DEEN
RLEDLENTEENS— MIHMESND Z L2253, DIBXOD I LY 7 — MNEED
RKEIZSV T 70785, 2LV 7 — 205V TEREIT 2 2 R HkD,

V¥ RETE U Low BEEAN LTELGEOGEEEZFAAL T O Vs 72 HLTNT K
A = —AMEE Vps DIE % T VXN~ TF A —2 2 HOTHIE LT, VesiFB LZE S5V T
boTclod, =K RITANENSTIZ CsMIEESNT-, £72, VpslT 4l mV ThoTo7
W, FAEETALA v TFRERA LI e MR L, £/2, v v F¥ U BT High
EEEAN LERAICERICAL v F v 7T 50 E 5 D% TRt L7z, Fig. 6.510d =
0.10 & L2/ OFEE T AA v F D Vas, Vs, Vin DI ERT, DI OEEIZTL > T Vs

WCEMR DN EE SNT, EFICAAS vy F 7 L, LEXY | Fig. 64 D5 — KRNI 47
B DA IED R STz,

6.2. HEEtltL
S L NE S & AT B T DI AN R TR Tl U . 2 12 OB B R BT

Conslant Current Source

ol ___ Linier LA ',\1}&_0
+V,, Regulator : 5 +V,,
Isolated b
DC-DC D =C, SR,
Converter
D
_Vin _Vom
Ot O

Fig. 6.6. Circuit configuration of PV cell emulator for up to three cells.
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(b)

Front Rear

(c)
Fig. 6.7. Prototype of PV cell emulator for up to three cells: (a) screenshot of schematic, (b) screenshot

of board, (c) photograph of prototype.
CRELEBEZT D, TOTD, BEMEFOM 21T O B, B AL EHWTEE 5
HEEET DI ERE LV, RFETIX, B VOBIFFELER LoV (DR, ##2
) BRIELE, BEENMIERT 2R FOERELEET L2 & CRIFLTEICHRET
5T LINTE D, WIOITHEE /L Z AV GRS K 0 IREAMESS OBIE 2 iRl L=,
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10 T
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=
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Fig. 6.8. Cell characteristics of PV cell emulator for up to three cells.

KN ERN-T7 4 — VKT A NEERTH & TEEDERN L2 R -7, KETIE, #
Ll L D[RR OBEFHI DWW TR 5,

1~3 B /L OB A g TR 2 B2 L D B  & Fig. 6.6 (27, sk DC-DC =1 >
R—2% (MGS30, COSEL) . DS CTHENTZI ML X2 1L —X (LM338T) i ko
XA F— K D OEFIBEREE RO TR/LVOEMEIR & FETH 5, IREMERICBIT
JVIEPV Z RV T GND BN TWNWD 728 PVo~PVeld 7 a—F 4 7 éﬂié%%rﬁ%é (Fig.
312/, LoT, #lerz e —7 4 7 352D DC-DC 22 2 /N — & & Af
MU, 3L ¥ o b— X IEBRREZERET H72OICHW ., 3L ab—Z0DH
D& GND ICHHT Ry 21 A L, Ry DIEAEE 25 Z & TEBRRKOEREZEEIZ
RETE D, 320D #EFBHE LB L, #BEle v ORKEEL 3 BEFFICAET T 5 X
T B ThD, DOEIEREEZY 2 — h—TUVEXSZ LT, 1~3 B/LOBHK
BIEEZBE CTE 5, £/, B | OBMEEAHEET 2720 IEH Mk TEE Veds 1.03V
DD (BYV29) #fEH L7z,

Bl HAREREF Y 7 b Eagle & HVTHAMRER R 21T > 72, Eagle (3 Schematic & FEIAL 2 [
TEIFE Z VERL L. Board [ CHEbah DELE /N F — VEREHE1T 9 2 L3 TE %, Fig. 6.7(a)
& Fig. 6.7(b)IZH L& /VBEIZ -V 2 Schematic & Board & £ Z41~ 7, Fig. 6.6 225530
% X OITHE S RE DD I Te s AR Z B L7z, Fig. 6.7(b)D BT — v %
KLTWD, E—= MU ZITEEENDPREV I IHFLF 2 L—Z KO D OMEEIT I,
ZHUCEY, BRERTEMESE 220N TE5, 320D X1 2O —ho 7 &3FL
TWb, E—hrr 723G L THEAT 56T — ho v E R T — NETHE
&I OMENDH D, Ry Ry Rp IEAERICEFT T L7720, F—IF A7y bV %
FIALUTHA L, F£72. RylllImK 5 A DEBRPHRINDT2D. BIEKDOE N —1 —
ﬁﬁﬁ%ﬁﬁﬁﬁﬁ“é%\%ﬁ&bé Fig. 6.7(c)\WZHUE L 7=l BV &2 7R,

B L7l e v OB SEFFE % Fig. 6.8 I~ T, > a— MN—IZ XD D OFaZE R
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AZETIB3BNLVOESEMEZERTETHDL I E MR LT,
6.3. FESAmERs D FEHERRTIE

6.3.1. fifEZs DA M2 K 5 Rt i

T Z T PVITH 50%DE N o TRIEZ L 727 4 —/V R T A M & FE i L
7= (Fig. 6.9), EVa— VICETAMEBELHER L, AMOfiz~Af/7rnar ba—7
(Arduino Uno) IZX > THEWICAA =7 FTHZ L TEY 22— REZ TS LT (RS
), F7=, 7—%vA— (NR-500, KEYENCE) O% > 7V > 7 &% 10 ms & LT Viea
RO NG Inoa WG LT AA v F o ZJEBEHE A 40kHz, d=0.10 & L72HEDEY 2—/1
KM% Fig. 6.10 (2”7, D720, fiffmmz A2 ngGs (Bt Z2EdER L. A
INAFA F— REMH) OFY 2 —VRES O THAS Lz, ME#RE L 0SS TITEEK
D MPP 23 /E L, Ix K rTRESE 12 5.38 W Th oo, —J7, EMMEREHWDZ LT
MPP (I 1 JFICHOR L, Ho, m A AIREE )T 6.73 W L THM LI Z &0 6, 1REME
ze;@ﬁsdyiz‘»méﬂf:o

ARS mun

Prototype

Fig. 6.9. Photograph of field test setup.
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T

Power, P,,,; [W]
o &

v/ Equalization|w/o Equahzatlon;;
(471 Wm?)  |(455 W/m?) 3

0 1 2 3 4 5
Voltage, V.4 [V]

<

Fig. 6.10. Measured module characteristics with/without proposed equalizer.
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Fig. 6.11. Current waveform flowing through the cable.

o, BElE LA W TENTER L2 ERBREECB W T, B L iR EZ ST 57
®@5_7W@%$4V§7&Vxﬁﬁﬁ_%%@%&&ﬁ LGy ote, —T7 D
FHA L H 7 H o ATAERTE Z 2 EM BB AT S0, MBI DR T A &L
kmgaumx4y%yﬁﬁﬁﬁwuﬁkbk BD A —T NI D BRI % 7T,
r—T7 VAT D B RLC BRI O@ER S TR OSBRI Y L, %4k
AVE I B ADEBEERMEATE RN ERB IR, Lo T, F—7/VIXAEERIRY
BRI L, Ho, HFEA v H I 2 AL CoOIRAWE TAAL v F o 73D ENE
F LU,

6.3.2. fERTT A& DFFPEH e

PERF A EREFH O ATREE 1 &2 T 57201, W AHFRDE Y 2 — VAR~
ﬁd?ﬁ%bh&ﬂ%?ﬁbki5Kinﬁ—F%ﬁ@%?’kf%%ﬁﬁ@6?wﬁ
B EFB L, A4 v T U ZJEMEEIT 15kHz & L, PVsITH 50%D 0 - 72k EE
B L=, £/, V77 L XL ORES RIRHCEE L7 (Fig. 6.12Z ),

d=030 28T B HFROF Y 2 — /VEHEE Fig.6.12(b)\ZR T, W OFHEIZE S D MPP

IRAE LR -T2 LD, BRI ;5%%@%%¢Lfm5_&mmﬁémkoﬁg
6.12(c)Z W 7 A D e KA P REFE /1 D d AT E 2 7R3, $R R D I KA rTRESE /71 31T &
A ED d DFPHIZINTHER G E D b EElo7z, BT, %%ﬁﬁ@mk%mT%% I3d
=0.01 ® 811 W THDLDIZHK LIERF UL d=030 D 83IIW Th-o7-, AEXV | ##EH
KOFEMEIRENT,

Fro. KREREHCRT 51570 KEGEMAHRIL d=0.30 TOHIH ATEEE /) 8.31 W
VT 7 LU RABAOEENS, 82.9%[=100 x 8.31 W/(1.82 W x 5 cells + 0.93 W x 1 cell)]
LR SR,

32



(0.61,1.82) |

g 2.0p Unshaded

(4 1.0t Shaded (0.59, 0.93)

(0.61,2.98)

Unshaded

r / 0.59, 1.57
! Shaded ¢ ?\

O 1 L
0.0 0.2 0.4 0.6 0.8
Voltage [V]

Current [A]
)

(a)
10 . . | T | _ 90mn W(d=001)' 8§31 W 600'“._ 2
831 W Proposed 2 85k _~(d=0.3) ]
— - = B e o—0—0%q
E 8 (@=0.3) g 3.0 e Sl N . Proposed
3 6f E < fL
Qf :: 7.5+ n._\n\ . -
5 4 ] 2 70} N A
% Conventional = : / * R
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Fig. 6.12. (a) Reference cell characteristics. (b) Measured representative P—V characteristics at
d = 0.30. (c) Extractable maximum power as a function of duty cycle d of PV module with

conventional and proposed equalizers.

6.3.3. DORAEIRMN T Y 2 — )VEHEIZ 5 2 5 8

AR R LI LD, KM AREENT dIC L > TELT D, 22T, EORAERN
DIRERESR DE Y 2 — VR RIET L MR T 272010, BRkx 2252 O FARI A A%
Bl 7 4 — /v KT A NEFE LTz, EBRIFFIZEBT 2EORARILE T ORFO 05 &%
Table 6.2 |Z7~9, £72, REL T Case A THUG L72E Y 2 —/LFHEZ Fig. 6.13 127”77, 5.1

Table 6.2. Irradiance and shading condition for experiments.

Irradiance [W/m’] Partial Shading
Case A 785 30% of PV, and PV;
Case B 600 50% of PV
Case C 880 50% of PV
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Case A~C DI KIMH FTREE /1D d 171 % Fig. 6.14 127”7, Case A (28T A AJ
REENLd M 03 DEFAITHRKRERD, dN 03 DLEEND IO TR Lz, Z o)
S d 1302 <d<0.4 OFPFHAICHFIET D EPREB Iz, Case BIZEBWTE Case A &
RO R 545 —F, Case C DFcilll d 13 0.01 Thoto, ZOFERITHRGE d D35 D%
ANESLHFREICL > TETHZLERLTND,

F7-, Fig. 6,14 1Z/”7F Case BO X /i, HIH. d=030 DIx RKES R TEY 2 — /L2 @fE
SR EBITBIT 5 PVI~PVs DEIE % 78 7 1 — 7 (P5202A, Tektronix) Z VN THIE L7,
HERER%E Fig. 61512737, £V OBEIIMR—ETHY ., BEY 7VTIR LN
720 ZORERIIAA v F v TEWEIZR W TSI S5 Cq DRNZHEAL 2 B ASE T T H

12

104W e
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Fig. 6.13. Measured characteristics of modules with proposed equalizer under Case A partial

shading condition.
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Fig. 6.14. Extractable maximum powers as a function of duty cycle d of PV module with

proposed equalizer under partial shading conditions.
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Fig. 6.15. Measured cell voltage under Case B partial shading condition.

HELEZTELTWD, LER-T, 412 LT 422 HIZBWTHE L2 & FB I
AEMEIENZY THAZ ENRBINT,

6.4. 2 FE MPPT fllffIoD SEMk 3T

ABFFETIX, 2 B MPPT i1 217 5 72 DIZFEHT & > — (LTS-6NP) 72 b N T P Ly
77 a4 (DSP: Digital Signal Processor, TMS320F28335, Texas Instruments) % L
2o 6.4.1 HTHIEL — T ORI OV THI L7z R, 6.4.2 IHTEBRHRICOW TIN5,

6.4.1. HEIL— 7 DRERR

2 # MPPT #I#liC R 1T 5 2 SOl — 713 Fig. 6.16(a) X KON~ T1F 5[0 & O DSP
OFIET 7 v 71K VEREID o Viea 782 5 ONE Lioa DEFEIEE RO 7 2~ 7 218 L
MPPT_1 72 5 TNZ MPPT 2 IZ A&, EH DA FEIZ d ITEENE 2 b,

B =0 B IXERBE LRI SWIBIEERH I END B, TOELEL Vi
X DSP DEKEIE3 VEZBZHBNDH DD HERIEEZFFA L TWD, Mx T, @EkE
A R RET DO EREOZEIC D — /AT 4 V2 A LT,

DSP OHlfHl 7 v v 7 Tk o ERIE &K OBt o — ORIEZITVO D DIED Lya 72 H N
Vinoa \ZFFEHL L, BRA > 7L AU (FIR: Finite Impulse Response) 7 « VX IZ AT 5,
FIR 7 4 LV Z IIBEN T ORI EE SN 7 4 V2 TH Y | BUHE & 82 n 155 OO %
n CRRLIZMEEH T2, AL, @Ea RSO FEENRHISND, fléE LT .n=1&L
723 E O FIR 7 4 V2 ORE&% Fig. 6.17 12777, FIR 7 4 /L% O IMEIL, BIFEOATIE &

W5 1 B OEOFEMEITHEY U, BIEIR Viea 72 D NS Lia DEEBNZINHIT 5 Z LN TX
Do

MPPT 1 72 & ONZ MPPT 2 D% > 7Y > 7 JE#IIZE v kA —/L R(ZOH: Zero Order Hold)

IZE > TIREARETH D, 2 SOHIHNL— T DTG 729IC, MPPT_1 & MPPT 2 O+
YTV TREEIEENEIL10s, 100 ms & L=, £72, MPPT ®7 /L3 U X ALY L
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Fig. 6.16. MPPT loop configuration: (a) signal circuit, (b) control block of DSP.
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Fig. 6.17. Notional FIR filter.
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Block r Number of Input/Output Ports

Name: |Equa|zser ] Input: j 2 Output: | 1

B | Eitimece | [~ Enable Fixed Point
Variables | Insert GetPsimvaiue | Check Code |

Following variables are valid: t, delt
Input x1, x2
Output yl

static double vp_eq = 0, vc_eq, ip_eq =0, ic_eq, pp_eq, pc_eq, duty_eq = 0.2, dduty_eq = 0.05;
INp, ip, pp ->v{k-1], ifk-1], plk-1}ERIDIE)
INc, ic, pc->vik], i[K], plK], GR7Z(E)

ic_eq=1x1;
vC_eq=x2;

0O ~J O N & W M) =

9 pc_eq=vc_eq*ic_eq;
10! pp_eq=vp_eq*ip_eq;
12 IMPPT algorism /i
135 if(pp_eq = pc_eq X
14 | dduty_eq=-1" dduty_eq;

}
16) duty_eq += dduty_eq;
17 duty_eq=(duty_eq>0.99) 7 0.99 : ((duty_eq < 0.06) ? 0.06 : duty_eq)/Limiter/f

19) wp_eq=vc_eq,
20; ip_eq=ic_eq;
21, y1=duty_eq;

Fig. 6.18. Program of perturb and observe MPPT technique.

6.4.2. FERAL R

Table 6.2 ® Case A & [REED AT 2 # MPPT #l#ID 7 ¢ —/L KT A s &3 L7=, Fig.
619 I FDEBARERT, T—Fa =Y 7)o TEMIT 2ms & LT,

2 T MPPT il 0 FEBRAE R % Fig. 6.20 12777, Fig. 6203 X 912 d O D O HE
I£d=025, D=040 & L7z, D DBRA2ITHEINT D & I Puoa M LTZ, D=0.73 IZiET
HEDIEBEZE3I LN TENL, Vied KX Lo b D OEEHNZGOETEL LT, —F. d
1% 0.25 7S IERETRGE & LITHIN L 0.3~0.45 OFPHCEEN L=, F/-. EFIRREICARD &
Fig. 6.20(b)IZ/ R T L DI Proa 13X 10.2 W IZEE L7, ZHUE, Fig. 6.13 TR L7=Hkili 72 d D#i
(02<d<04) KOIRKE (104W) ERW—FKZEZR LT,

Electronic Boost
Load St < Converter

R« Micro-

controller

_,_..-"! . : Covered with
| Reference Cells | Posteard

Fig. 6.19. Experimental setup for dual MPPT control.
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Dual MPPT Fixedd
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Fig. 6.20. Experimental results of dual MPPT control under partial shading condition (a) from
cold start and (b) at the moment when MPPT for the proposed equalizer was disabled.
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BHEIZ L O RN Poa 77 98 W E TS L72 2 £705 2 T MPPT B0 A
Shiz, e, ZOEMEITd KO Ad %7 o — SVEBICRE L CEI L, Ja— A
BT 52T, ERFICd 2RSS 4d % 012 TX %, Fig. 6.18 [T 71
7T BB WT d I3 duty eq. Ad 1T dduty eq ([ZHHY L, W% static &\ D ERfiF %221
TEHETHZ T — U EHICTX 5,
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7. £&0

ARIFFETIE, 207 IO EBIBNCHNRRE72 L0 Cq 2RI LI alifE R O
HRZERE LTz, BEHNT, 1ERGTROME TH 2 50 5 ARFE AR I T KO
R OMBEEH e LV ~DE % EBTE 5,

CaDEZERD D=8, 125125 mm DO HE M5 L TRWA v B —& o AME % FEie L,
MPP fHIIZEBWT 6 mF THh D Z & &gl LT, HHAMNT ORER, 0 ERBAERIZE TS
BERGFADOY 2 — VBRI ALY bIRERTHD 2 kﬂréhtoit %%ﬁ@

FROBREROMET DI d DEOREAERDUC K > T T 2720, #lilEdR %2 & 1Tk d
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F LA RO TEREME LR 5 ONT 2 B MPPT HiIl 0 FZHERREE 2 0 L 7=, fhifEss0f
HEDRENE 2 Hle U721, @i 21795 2 & TMPP X 1 ISR L, fli aTHEE /123 KiEiC
L7, EfekhA s bR %i%w&btﬁ% R RO E ) B0k ST
# blalotz, 2o ORERN DIREMEROF NN RS, 2 B MPPT #ili# &2 Fv 5 Z
LT, IREMESRIIRE Jd TEMEL, BRI TRREN A/ LN &vD 2 H MPPT
HIE DA ER R STz,
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8. il &

8.1. EEAAEEE 2 VT ASHA o e o ATE O RS EERRLE

T A EARER IR LIOREBTRIRA v E— X U RMEEIT 7B R, AR
NEH S (FRA KONA R—F &) OEHKE LR 5EBRARBET L2106 THD, —7H,
AN EVLE A E O E I HRHE A A TH B - O ERE IR SN H - T-, £ T,
B AMEEE AW GE OREME L A R—FERZ A5 E ONEME T 5 2
L CRERERITo 7o, £, BLOEMKERE NA R— T EBROERZ LR G720 X9
2T 570, BEES IR 50 Wm? (23 CTHIE 2 S L7z,

BAFAMEBR KON, R—FEREZHANTRSG LT A F A M7 2y & Fig. 8.1 1ZRT,
TP AL R —FEIR, BRENEFARMEEONERRETHY . XGOMEIIRN—F%
RUTZ0 Voias=0.55V OFFIZEBWTOT MR A LRA LN, ZHUTERAED -1
A LSRN EFAMEBOLAER e —7, "M FR—FBROEEY ¥~ M T
Hol-WBLEZ WD, Table 81 IZHFLNT-T A XA M T ry MBEIHLEZELDE S
T A =B HTRT, Viias=0.55V LISV TITE/RT A —Z DFEEFREN T1%LUNTH S22 L0 b,
BAMEBEZAVZEAICBOTHRYRMEEZRIGTE 5 LM LT,

Dashed Line: Electronic Load
Solid Line: Bipolar Power Supply
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—
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= -04
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o«

£ 02

0

0 02 04 06 08 1
Real Z [Q]

Fig. 8.1. Nyquist plots obtained by using electronic load and bipolar power supply.

Table 8.1. Parameters of PV cell obtained by AC impedance measurement.

" C, [mF] R, [mQ] R, [mQ)]

C | BFEW MRS BFEHN SMME—F| EFEF MK-5
0.62 13.25 12.5 98.1 97.8 4.1 43
0.6 93 10.0 179.5 193.7 45 4.9
0.58 6.0 6.4 339.6 329.1 5.4 5.6
0.55 1.6 3.4 906.4 835.7 7.9 7.6
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82. vf/uzay bua—7 L AL —TEKE AN -BHEIAAL —7

AWFFETIE, Bix7p d ICBITDEY 2 — VRHEOZEL 2R T D720, < DEV 2
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JEAE % Arduino (IZ K> THEIMICEE 252 & THEIAAS — T 2FHBTX 5,

AA — 7l & Flg 83 TR T, AA —TEIEK ORI 2 FZERIZHEH L7z Arduino O 7w 7
7 . (Fig. 84 2M) IZih-> THAT 5, ¥7 hAA v F &A% Z & Tpin7 IZ Low [57
H#lﬁéﬂékwmﬁﬁESV@ﬁﬁﬁﬁfﬂmﬁéﬂé o SRR EEIT S
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%ITWMéﬁé ETCHEWICAERIRECTH D, 7 — N RTA NI K 0 EEZHIE L7
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s, AROME%EBIKRD bRERK £ T LS EZWEAITIE 10 VICHE L, B EE
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Fig. 8.2. System for automatic sweep.
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Fig. 8.3. Sweep circuit :(a) schematic, (b) photograph.

_1Et10taruduino_electronic_load_automatical_contral

int i = 0
int wal = 03 A2 o FPANE SVERTET 28D
void setupi) {

pindode (7, INFUTY; /&S bEa LS
1

vold loop() {
val = digitalRead(7);
ifival == HIGH){
delay(200);

1

elsef
forfi=0; i<=1603 i++){
analoghritell, i;
delay(100);
1
forCi=180; i>=0; i--3{
amalozWritel(f. i)
delay(1007;
1

1

}
Fig. 8.4. Screenshot of Arduino software.
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BTCEENVETFITELOXNRET D, £/o, VYIalb—ra VENICLVERELOX
ZRODLGE, BEEAA v F U T EITOMBERDH DDV I 2 b—ra VRN EL e
LMER S D, £Z T, YIalb—a CRFHEZERL OB ELVEEDOIXSL DE 2R
% 7o DI B R A S L7,

E AT 7 L D

SCC DZAMEIEET WMITEAE R T v A L EMIREL GRS D Z ERM BTV BH[9],
I EFEIE N U E SR O B EM R T 7 L % Fig. 8.5(a)Ind, AEAMEIEK LT

8.3.1.

IVEEMIRIZ, PWM BEJE T o N—H B X 1d OB N7 VR ICEEHEZ TS, F
¥ /3 LA SCC ERDZAMEDL Regry Reqrt IFLL T DR TE SN DH[9],
1+exp 7_dL’H
C,Rf
R, ;= (8.1)
L f (ﬂLJ
1—exp
C,Rf
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T, Ca=10mF, R=5mQ, Ro=1mQ, f=15kHz DRI T dy & ZALESETZBED Regrnn @

“Capacitorless SCC
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Fig. 8.5. DC equivalent circuit model for the proposed equalizer: (a) circuit configuration, (b) equivalent

resistance of capacitorless SCC.
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FeME% Fig. 8.5(b)0ZRT, MiFHEIX dy= 0.5 ZERITHFRTH Y . dp230 b L <UL 11IZE5<
(2O TR BUEIX KT 5,
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Fig. 8.6. Comparison of cell voltages in the original and DC equivalent circuit.
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Fig. 8.7. Current flowing through even-numbered switches.
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Fig. 8.8. Simulation results: (a) standard deviation versus duty cycle, (b) extractable maximum

power versus duty cycle.
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Fig. 8.11. Equivalent circuit for the 3-cell model.
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