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Abstract: The current-voltage (1-V) characteristics of solar cells are an important means to accurately evaluate
their performance and diagnose their faults. In this context, five kinds of 1-V measurement methods for solar cells (e.g.,
variable resistance load method, electronic load method, DC-DC converter load method, four-quadrant power supply
method and capacitive load method) proposed in recent years are systematically summarized, and their advantages and
disadvantages are pointed out. Then, the applications of these 1-V measurement methods in extracting the cell
parameters and diagnosing the aging of cells and components, partial shading, dust accumulation and short-circuit faults
are analyzed. Finally, the development trend of -V measurement methods for solar cellsin the future is prospected, and
it is predicted that the DC-DC converter load method and capacitive load method will be the mainstream methods for

measuring the current-voltage characteristics.

Keywords: Solar cell; I-V curve; measurement method; parameter extraction; fault diagnosis

T4 A7 RV M AN T L35k LA S A T Ak £ RiE

Wefm B EA : 2022-04-30; f&[EI HER: 2022-07-02, 2022-07-26,
2022-08-05; sRFAEHA: 2022-08-15; MLEE A HHR: 2022-10-11
E&WB: WHRAKP LS 5O H (12064027,
62065014, 12464010) ; B5EA:B# £ 1i(Y C2022-113, Y C2022-
118); JUVTYAHEEA 1 H (JIXC2023032) ;. JLIT AL IFFTI0
H (2025)

Thiswork is supported by National Natural Science Foundation of
China under the grant 12064027, 62065014 and 12464010; Gra-
duate Innovation Project under the grant Y C2022-113 and Y C2022-
118; Jivjiang “Xuncheng Talents’ under the grant JIXC2023032;
Jivjiang Basic Research Program Project (2025)

TR B3 G 25 M AN 2, AT AR T fE
WS S RT AN SRIE R E L AR TS T BRI AR
AT, KRR T RIE T EINES
WEN, Hibae, WL EM . AR,
PR . R PESERRR, AU
SR EBCRIEAR, ERNEESG LK,
fEFE R4 H I, REHBER AR (1-V)
FEPERGIN - E B o A B 1-V R T A



310 H, S S 4 5523 %
ST AR B, TR R i —®
[RIOE ST ® M )i

FIRT. 1V AT DRI IE V. J
B 1, SO TR, 77T T
LT B MR SR A . IR (o HHARA R R
i AT ERL 75258 ) 34 A 1 R P 8 6 0 A 2 2R 5 ol
FRAEEY, 1V b AR S A I Bl 3| sana
Sty DA T R 25705 S B R 25 (S A B ) e W
AT TR A 3 A2 o BB e i 07 2t W
AR RT3 ] LA S B 6 A e vk (] (b) T Bl 7 2 L BEL I - )
A BEL AR . H T AR ) A DL B B |
(DC-DC Feffeitidik . UG R AR AL 25 0148 /;9
V). i, AR SCE SRR 1V U v RS v |
TR . HYR, 430 -V il i e SR EOR FH e RIHE Rzﬂ] R;HE &ﬁ] ng] ch]
S PR MR LRI 0 T 2 % 1V |
N7 I RS O HEAT B, JER HOR R R BT () 4 B 18 2 Ha i g !
i 7 T -

%

1 ELBRGFHMEE

AT AL S B A T G, Sl LY o
Sz 0 BRI AT 1V 2 D7 e L 6 e (@) 2 HEE LA MVl
B S L, T TS R L i J—
A SRR CIL
11 AT p: e

7 HL b ZH 256 1R PV (photovoltaic) i % 432 B Aégj'
AFHIBELAS PR R, WP 1(a) 0%, 44 R GBI AL/ W‘%m‘fﬁ E
(B (R AR | S0 702 e L o

HLR SO L, RS PV Sty 1-v ihZk.
TFhIA AR AS AR R AT E M, 2558
My -V gl <R, 1(b)BRe,
N T vk LRI, A BFFEUISR A3 I E
P 0.1 Q 3] 100 Q AEE 6 >rLBH 2%
R~R M HO 7, W 1(e)Fn . iRk di
FE3E, M PV Wi R SR 2L, ATIERAR
B ELBELAEXT R |-V pZE A RdE s, AR5 i
i At s SR VGE RS |-V ithZk, aniEl 1(d)Fr
N, ARRIZ LT DASRAR I DR s A PR

(&) R AAE T IF S 1l g ey s 10

500

400 o —
émo—
B 200}
100}
0 5 10 15 20

HLE/V
() SRS T JF % il - i !

B 1 FEmpEfaEKkE
Fig. 1 Variableresistance load method



%31 FERRE, 2. KEHAEE AR 2 RRrEI i3 MO FH RS B 311
Tl s £ 2% LS i RS, AR5 T O

SRS FISEhr T, HERE D, A
T TR ES  vE  e  BH B 2k 1 RS MR g
HLUBEL B Bk RS B, AT oE s | A Sl s sl 2k
v D) S L L s, 5l el 8 A BELAEIE iy
T BHCE 255 FPRHAERERS), AMUATLLA S,
PRAT T F BH A A REYE SR |-V IR
N T AR R, AR R A A
FHATHR S S], AIAE 1 ms PUAREC 1 ASHL I —HE R
Bl s, SCRE EANE 1(e)Fin . ZRGAE T E
i H B JFE MOSFET IRF540N 5l Arduino
Mega 2560, HLFLfEIEAT INA 219, HL R
TREEAZ R MAX 6675, P 1(D) IR 49 °C. fifif
B 900 Wim® FHy IV i<k, "LIEL, BTas
Uik N S Gl (N8 S NI Y SN SN S
il K2 5 L I B A I e A B, FH 3
HUETE A T | S BsseR ! | SR i AR N
T PR A ST e A T AT SE AR [N i
1-V {232 e s s B A e R B PR Ak, R
SR AR B BH 67 B3 T 2 A7, BB T I )
R, X T b ORI AR A A v B AR
D N T SRAE R D 3 H i PR ) S R A AR 1 O
HHAT,

1.2 BFh#E*

H, 7 28— MO P AR A (N 43 s ARk
SRR SRS MOSFET (metal-oxide-semicon-
ductor field effect transistor) )/ A 1 %%, MOSFET 7£
Lotk X BT AR AT T AR L RH A, RIR A -
VAN R Bl i s v o 225 Tl T A R 2 ] R L B R,
FFHLNTE 2(a)F7R o T vgg ATRLE S PIC18F46
K80 ] g itz il as il , AMIXS Ryg ROMEEATHR
PR, Bz AT AP PV RS Y LT A
I TRZN LR/ AR

SEBR E, BT Ryg FIHL M BHAY PR RS IR,
T R IE AR A, 5 MOSFET gk
FAL A RUR Y /{4248 BIT(bipolar junction tran-
sistor )t *Taf 4 2% M XU 8 445 IGB T(insulated-
gate bipolar transistor)!"”\, 5 BJT f#84f Ht, MOSFET
FIGBT g Sy il , AT A Al 22 B B LR

Y +

=

'_.
it
+

Vas

(a) HT"MOSFET {7~ 1 33 JiU B
NI USB-6212

_____ U
MOS%: R
RAE HLFH.
7P - - o) o\ o
FNELRT
(b) s )
0.030 F by
=
< k!
-
0.015 | :%
)
| %
0.5 1.0 1.5 2.0
HLE/V
() S prmlr-v ity 2
35F o .
30 o,
< 257
220t
LSE
1.0 | —— PID%%
o5l = P
|PIDE | | | L &, B
0 5 10 15 20 25 30 35
W R/ V

()R I 595 360 F 4Lyt 2
B2 mFHaE
Fig. 2 Electronic load method
B AAHGE R . ) MOSFET FIERAL HLFH g 71 2%
DIBCE R AR NI USB-6212 A%t 5 48 i1 kb RS
e | DhHLE 5 B it D VR s Al i v
W& 2(b) TP, SLEGLERANIE 2(c)FR. K 2(c)
Rl FR G F b R R TCTR R 0, BJCEE A
|, XJEHT MOSFET 45 5 fi BHRRAS: i B A7

sC

1, T IANRERS . 35 3380 PID(potential



312 L 5 il

s

induced degradation) I & & 41 7 5 1E & 24 I 3k
XA 2(d)FR, FTUE S, BTV
TR, SRR RS R PR AR
] LY,

L5 LR, BB T T SR bR T R
AN ARG A, Gl R LA T XU A4 . 5 (a) DC-DCHE3e g1 £y gm > (b)KDC-DCHE A BLAR
VORI 2 Ak . O FIRBHER, T s
T2 IR ; @A TF S v B LG | |
B, 1L V. WA B A i ] !
s @ TSk Ak A FIHUR R, P Bl {%SDY G Raf]
DR | ARSI T AT R, | §J ’

DC

DC

mL BB
2 FEMGENET WL

(c) E&iﬁBuck—Boost?y&j’ﬁ%ﬁ}Eﬁ[ZS]

DC-DC ¥effeas ik . PURBRA LA A

AR R AR B T T BRI TR L A 2 2 §6'
CERSICR T A, SRR L S R Ber
2.1 DC-DC E#ggfn# % 2

DC-DC 4 5507 318 S T e, S FR 2 245 7T o
P A AR P A RV e P 72, B Lo e T
) 308 TR ) b e v e P (el FLIAD ), SE B b B (d) B Buck-Boostht .38 52 Fratl 1- v iy 2>
FELFE B O 1 PR (F 25 £, 00 7 B e 28 1 00 1
SRS R HLAE, PAZE ] 1-V k. DC-DC F4ik 0.07 |
5B R SR AR R, A 3(a) 1 (b) F < 005 |
IR, {555 DC-DC HE ARSI 3 % T B oot ‘
JF %1 (Boost)DC-DC H4 282627 [ I3 Buck )DC- g:g? [ — igﬁ;ﬁwﬁéﬂ#
DC #H3 K FHHe I (Buck-Boost)DC-DC it 0 2 4 6 s 10 12 14 16 1I8l 20
TR S T ey 1V ik, SRl R E W/
WTEF5 KF 0 254k, SRTTISEHT L, HA Buck-Boost mw%#&%%&%%%%m
T ARRERETE R4 . Buck HEH ARG R ASAE o
0, #okemlEar | g ; Boost Hifdh 7t
[ RASRESIIEGT A, BT BB V. (25 5l
i i Buck-Boost e AN 3(c)FT R, # ;‘
h C WG RE R UM A A, MRS S Sl o gmew
B, B2 C REEGE L. C.. R IR IIH R e A
€1 T RN I oL A 15 2 - VA T S P wEve
B S SERAII , L I s — 4 D 20, Il (AL S KB HE i 2%

N . - B 3 DC-DC H#ffdii%
Bf C e &1 3(d) O CIRBRAE R 44 °C. $a Fig. 3DC-DC converter load method



34

FERIRE, A RPHBEH AR IR 5 SO B i 313

TR EE 830 W/m® R 1-V <k, nT I 1-V ek
Tt B 3(e) W AR BRHERUSRE T A Lt 1-V i
2P0 it 1 WU, BV A ARKRYS
3(F) % B R e 1-V kB, XS
EFAFO, PAEESEOV BUN L, (H TR
TREFARRICY, P, B4 P R A2 i
CERILE T BrI R N N (E N (N BAVALES S SR RS
SARRICH I, g T ARSI X R
B -V A |V, S R TR S P
SR B R A PR SRS R

2 TR, 7 R PR A RS 4 B 15 1
T, DC-DC 42 5 k4R 4L T /35 B R 1k .
{HH T DC-DC ##25 P9 T H A ) B 4 ) 7
B, IS | AR DR AT A et
MR AR 5 Y 1-V s B,

2.2 NKRBIRZE

DU 5 B H YR T 1 A Shy it 2 4 e R (TR
D), Wk e 7 R AL (R R ) B s o AT R
ERT AR K BHRE FL AR 28 — S IR Y 1-V ik,
M HF N IV TS R BRI MR BR A S th 2
W AT IS, BAT TR AT BT B AR f s o RE T A
FAEEIL I o K BHRE F b PO 52 BRI 235 SR A ] 4(a)
fr, 1-V &b AR R e DO eSO £, B
AT RSV A A BH A H 3t 1) 1 R AR U5
PR HL JEVE (T A B #5 02 Keithley 2400 )5
e, W 4(b)T7R o T LA FR it %) Hh 300 P P e
N 4(c)BrR™,

SR E, PG PR RS B O =T LU
Shr il POk v s IR CT . FE YRl fk K BH B
B -V I, S T IEREAE AR, BERE
DU — 5 A4 R R G0 5 R e R ek
P, SFEERRRE T I-ViIRE, UETLEL
IERRPPAL L PERE o BARECTIRR 5 a L Ty
(TR G UL )X R BHREHL I 1-V 130562,
AR (RS2 55 70 G B R R AP
2, PUGRREHE A 1-V R o T Al b R 4R
BT EBAE R . SRR A, T HERE K,
E T & B, RIGHARE, HRT{RF L

BRI Ei 1N
‘\ v
BERR EHIE

(a) 35— ARV ith 2k

wosl [T “**»\\
: -~
X o,
% \\
B2 N
2 X
\
O 1 1 1 1 I\
0 0.1 0.2 03 0.4 0.5 0.6
HLE/V
(c) S iVt 5!

B4 NKRERE
Fig. 4 Four-quadrant power supply method

I
2.3 BRREE

P B A e 2 PRV T A F L) L
PRUNEIS(a) 7R, FFIRES, WiF S,, MG S,, flif
B e B s BEIG IS S, Wi S,
H oA AT Te i, BEE PRI i, FAE
PR i L P T s 2 5 et e R A S S R T AR
FE; HATTHERUE, HIRAEN 0, KBRS,
TESRITHL R 1-V Bl mokedties 1-V thdk . FA
AL E N S(b)I R, RS s b B B
Raspberry Pi, H 5T SP110SS . HL I L AL/
i A TR R AR o T S (0) iR AR
HAEIREE 47.38 °C |, FEIREE 902.03 W/m® T il 1-V



314 i, T

E 4 $23 %

(a) LA S BRA B

‘ \ EETEY e
HH ¥ B

(b) FB
35 P e, S =
3.0 a
< 25F
@ 20f )
2 15¢
10 3
0.5 i
L
0 5 10 15 20
UV
(o) ST Vit 2+
151 ——P-SnO,(& Ii)
—— P-SnO, (Il

B AR E/(mA - cm™)

0 0!2 O.I4 016 O.IS lI.O 1.2
HLE/V
(d) YR U TE T 2 A T - !

B 5 BEANE
Fig. 5 Capacitive load method
M2k, MLk +oro B HoRFEREEARY 5],

F T ST R R PR, FELAS DA AR 1 Rl b -V
DAT7 %, HAT I Ta) AT LAGE i 0 8 e 2 g i F 2
FANFARI, A, F T rL A 3 Pl S 23 %8
SRARAE, TR BEE LA RS T B i, DALk
FIeak |-V L HOGH, &) TSl R
AR X e bR 4 R TS, AT

48]

AMARTAE |-V R RS R AR BORE B Y 1, AN
Vo fE, T EREACT RE MBSO, e T
K . (RIZIT AL AR : OFFZERIMYL
FL FEL R T R S AR A AR LA s @R T 1-v
R B ICTEAGER , DRI AN B S B B o 5 7T B
SZERU RS, i SR, 1w, inE
TG RHEA L L i 1V 28 2 S ek S
@XF T AU VIR K FHAE L A 2, F A1 R
SRR

3 #Hit

BEE R FHRE AT A A, 1V EE
BCAGAR A H RO RS AR o 1-V A
ACAT DLW 2= S OTFE R . R BRHLIR .
RTINS SR, 3 AT DA AR
PSR (FRAR R . HRICHIRE . JRICHLBH 55 ) i
b A AR, Tk R AR TP A AR
BV WEEE R, S T AR ARER -V #hk,
S s 70 2R N 12 R R A 67 230 B VA A R A

()M EEAG B . DU PR PR U5 L TR 25 07 200
I, HYORH A DC-DC Fdfhas 7712
2, EARAY TR H BH f ARk

()FH R . DU B A R A e 2 3k
HAHmral g T s A A LR, H ki
DC-DC Heffe i (g [mIAE R, Al i vl A2 Hy
BHLf7 381%

(3)SE B BH Al B Tt e KRN S BRI . HL s
32 DC-DC Hetfeds B o ., JEREH
Sy il A

(A Z . AT AE R BH A 305 A e Ik, 1
AR TRT AR, HYOE A Tk, i
28 DC-DC Fedfadi 0 #2: FH TH STl Fng el )y
T ) JCASRAR (e, UG B P R AR e

Sibr b, FRBTA S ORA . T AR
Ty B S ) 1-V U R G AAEAE o AR I
HOR R e S e T 5805 18 -V I = IR
TE P, DM it S 2 W 4 B L s A )



34

FERIRE, A RPHBEH AR IR 5 SO B i 315

(B ] A B AR 2kl TR TR R S
T2 BRI K, o Tk T IR B AR
AL SZ B, T DU SR R A Y ol T A i
BOMERE R H T i & R RREOKR, AR C BT
DC-DC Feffedi ikt — A s, PRI
HEER . RENE R Y TR, AT, BTk
TR R e p T AT AR R o 0 i P A Tl
)z

SE k-

(1] sKBEMH, 2P, ks, S5 NHTOUIREEIE RS

W7 i) DA-SOM SiE W52 [1]. HL IR, 2022, 20(2):
122-128.
Zhang Xiaoyang, Li Tianze, Zhang Hanrui, et al. Study
on DA-SOM algorithm applied to fault diagnosis of pho-
tovoltaic array [J]. Journal of Power Supply, 2022, 20(2):
122-128. (in Chinese)

[2] Yang Bo, Wang Jingbo, Zhang Xiaoshun, et al. Compre-
hensive overview of meta-heuristic algorithm applications
on PV cell parameter identification [J]. Energy Conver-
sion and Management, 2020, 208: 112595.

[3] Mehta H K, Warke H, Kukadiya K, et al. Accurate expre-
ssions for single-diode-model solar cell parameterization
[J]. IEEE Journal of Photovoltaics, 2019, 9(3): 803-810.

[4] Zhu Y, Xiao W. A comprehensive review of topologies
for photovoltaic |-V curve tracer [J]. Solar Energy, 2020,
196: 346-357.

[5] Sayyad J, Nasikkar P. Design and development of low
cost, portable, on-field |-V curve tracer based on capaci-
tor loading for high power rated solar photovoltaic modu-
les [J]. IEEE Access, 2021, 9: 70715-70731.

[6] Morales-Aragonés J 1, Davila-Sacoto M, Gonzélez L G,
et al. A review of |-V tracers for photovoltaic modules:
Topologies and challenges [J]. Electronics, 2021, 10(11):
1283.

[7] Willoughby A A, Omotosho T V, Aizebeokhai A P. A
simple resistive load |-V curve tracer for monitoring
photovoltaic module characteristics [C]/ 2014 Sth Inter-
national Renewable Energy Congress (IREC). Hamma-
met, Tunisia, 2014: 1-6.

[8] Mahmoud M M. Transient analysis of a PV power

generator charging a capacitor for measurement of the 1-V
characteristics [J]. Renewable Energy, 2006, 31(13): 2198-
2206.

[9] Rivai A, Rahim N A. Binary-based tracer of photovoltaic
array characteristics [J]. IET Renewable Power Genera-
tion, 2014, 8(6): 621-628.

[10] Amiry H, Benhmida M, Bendaoud R, et al. Design and
implementation of a photovoltaic -V curve tracer: Solar
modules characterization under real operating conditions [J].
Energy Conversion and Management, 2018, 169: 206-
216.

[11] Ma Xuan, Huang Weiheng, Schnabel E, et al. Data-driven
I-V feature extraction for photovoltaic modules [J]. IEEE
Journal of Photovoltaics, 2019, 9(5): 1405-1412.

[12] BiZE, w7, B, 45 JETHAES 1-v IRt

R STC MZINEHFFE]. A FIlit SRR A4, 2017,
31(2): 272-279.
Yan Yi, Huang Yu, Chen Ming, et al. Research on
photovoltaic STC curves fitting based on capacitors array
|-V tracer [J]. Journal of Electronic Measurement and
Instrumentation, 2017, 31(2): 272-279. (in Chinese)

[13] Bai Jianbo, Liu Sheng, Hao Yuzhe, et al. Development of
a new compound method to extract the five parameters of
PV modules [J]. Energy Conversion and Management,
2014, 79: 294-303.

[14] Humada A M, Hojabri M, Mekhilef S, et al. Solar cell
parameters extraction based on single and double-diode
models: A review [J]. Renewable and Sustainable Energy
Reviews, 2016, 56: 494-509.

[15] B 3Cif, XUsEHE, SR, 5. J£T Lambert W pREHR

SBOR BH H 1t TU 2580 12 KOGt el S50 i 1 LA ],
R IR, 2014, 59(36): 3615-3620.
Xiao Wenbo, Liu Mengmeng, Hu Fangyu, et al. Solar cell
five-parameter extraction method based on the Lambert
W function and characteristic parameters influenced by
light intensity [J]. Chinese Science Bulletin, 2014, 59(36):
3615-3620. (in Chinese)

[16] Vega A, Valifio V, Conde E, et al. Double sweep tracer
for 1-V curves characterization and continuous monitor-
ring of photovoltaic facilities [J]. Solar Energy, 2019, 190:
622-629.



316 i, b

E 4 $23 %

[17] Willoughby A A, Osinowo M O. Development of an
electronic load |-V curve tracer to investigate the impact
of Harmattan aerosol loading on PV module pern2tkfor-
mance in southwest Nigeria [J]. Solar Energy, 2018, 166:
171-180.

[18] Duran E, Piliougine M, Sidrach-de-Cardona M, et al.
Different methods to obtain the |-V curve of PV modules:
A review [C]// 2008 33rd IEEE Photovoltaic Specialists
Conference. San Diego, CA, USA, 2008: 1-6.

[19] Campos R E, Sako E Y, Moreira H S, et al. Experimental

analysis of a developed I-V curve tracer under partially

shading conditions [C]/ 2019 IEEE PES Innovative

Smart Grid Technologies Conference-Latin America (ISGT

Latin America). Gramado, Brazil, 2019: 1-5.

WG, MG, B, . ETEGERE R AT

B34 R BH BE R AR 22 R I AR e (0], o

2024, 50(2): 79-84.

—
[\
(==}

—_

Lei Jianpeng, Xiao Bangzhi, Xiao Wenbo, et al. Current-
voltage test system of solar cell based on data acquisition
card and electronic load [J]. China Measurement & Test-
ing Technology, 2024, 50(2): 79-84. (in Chinese)
g, skalrr, XE, 55 BT 1V Ry ek
AR AF SRR 2 T [0]. K BH RE“E 4L, 2021, 42(6):
130-137.

[21

—_

Ma Mingyao, Zhang Zhixiang, Liu Heng, et al. Fault
diagnosis of crystalline silicon photovoltaic module based
on |-V characteristic analysis [J]. Acta Energiae Solaris
Sinica, 2021, 42(6): 130-137. (in Chinese)

[22] Leite V, Batista J, Chenlo F, et al. Low-cost I-V tracer for
photovoltaic modules and strings [C]// 2014 International
Symposium on Power Electronics, Electrical Drives,
Automation and Motion. Ischia, Italy, 2014: 971-976.

[23] Sahbel A, Hassan N, Abdelhameed M M, et al. Experi-
mental performance characterization of photovoltaic mo-
dules using DAQ [J]. Energy Procedia, 2013, 36: 323-332.

[24] Spertino F, Sumaili J, Andrei H, et al. PV module
parameter characterization from the transient charge of an
external capacitor [J]. IEEE Journal of Photovoltaics,
2013, 3(4): 1325-1333.

[25] Pereira T A, Schmitz L, dos Santos W M, et al. Design of

a portable photovoltaic |-V curve tracer based on the DC-

DC converter method [J]. IEEE Journal of Photovoltaics,
2021, 11(2): 552-560.

[26] Gaiotto S, Laudani A, Fulginei F R, et al. An advanced
measurement equipment for the tracing of photovoltaic
panel |-V curves [C]// 2015 International Conference on
Renewable Energy Research and Applications (ICRERA).
Palermo, Italy, 2015: 1010-1014.

[27] 255, BRiflZz, BT, 5 —FMH TR RS

P Y RE G5 R L T B D] K B AE SR A, 2021,
42(10): 61-67.
Cai Hui, Chen Lihong, Wei Miaoyu, et al. Design of
energy feedback electronic load for photovoltaic system
characteristic testing [J]. Acta Energiae Solaris Sinica,
2021, 42(10): 61-67. (in Chinese)

[28] Garg P, Priyanshi, Bhuvaneswari G. Power electronic
circuit based implementation of a solar PV emulator
using a power factor corrected buck converter [C]// 2018
IEEMA Engineer Infinite Conference (eTechNxT). New
Delhi, India, 2018: 1-6.

[29] Banaei M R, Bonab H A F. A high efficiency nonisolated
Buck-Boost converter based on ZETA converter [J].
IEEE Transactions on Industrial Electronics, 2020, 67(3):
1991-1998.

[30] Rao A, Pillai R, Mani M, et al. Influence of dust depo-
sition on photovoltaic panel performance [J]. Energy Pro-
cedia, 2014, 54: 690-700.

[31] Sarikh S, Raoufi M, Bennouna A, et al. Fault diagnosis in
a photovoltaic system through |-V characteristics analysis
[C]// 2018 9th International Renewable Energy Congress
(IREC). Hammamet, Tunisia, 2018: 1-6.

[32] Zhang Zhixiang, Ma Mingyao, Wang Hai, et al. A fault
diagnosis method for photovoltaic module current mismatch
based on numerical analysis and statistics [J]. Solar Energy,
2021, 225: 221-236.

[33] Erkaya Y, Moses P, Marsillac S. On-site characterization
of PV modules using a portable, MOSFET-based capaci-
tive load [C]// 2016 IEEE 43rd Photovoltaic Specialists
Conference (PVSC). Portland, OR, USA, 2016: 3119-
3122.

[34] Duran E, Galan J, Sidrach-de-Cardona M, et al. A new

application of the Buck-Boost-derived converters to obtain



34

FERIRE, A RPHBEH AR IR 5 SO B i 317

the 1-V curve of photovoltaic modules [C]/ 2007 IEEE
Power Electronics Specialists Conference. Orlando, FL,
USA, 2007: 413-417.

[35] Pham B, Willinger D, McMillan N K, et al. Tin(IV) oxide
nanoparticulate films for aqueous dye-sensitized solar
cells [J]. Solar Energy, 2021, 224: 984-991.

[36] Malik A Q, Bin Haji Damit, Salmi Jan. Outdoor testing of
single crystal silicon solar cells [J]. Renewable Energy,
2003, 28(9): 1433-1445.

[37] Fernandez-Reche J, Cafadas I, Sanchez M, et al. PSA
solar furnace: A facility for testing PV cells under conce-
ntrated solar radiation [J]. Solar Energy Materials and
Solar Cells, 2006, 90(15): 2480-2488.

[38] Yang Xudong, Yanagida M, Han Liyuan. Reliable eval-
uation of dye-sensitized solar cells [J]. Energy & Envi-
ronmental Science, 2013, 6(1): 54-66.

[39] Andualem A, Demiss S. Review on dye-sensitized solar
cells (DSSCs) [J]. Edelweiss Applied Science and Tech-
nology, 2018: 145-150.

[40] &, WG, Rk, A5 D7 O R v
PEREMHA R[], R FHBES-AR, 2021, 42(1): 36-42.
Zhai Han, Xie Huaqing, Wu Zihua, et al. Influence of
measurement methods on photovoltaic parameters of
solar cells [J]. Acta Energiae Solaris Sinica, 2021, 42(1):
36-42. (in Chinese)

[41] Aguilar H M, Maldonado R F, Navarro L B. Charging a
capacitor with a photovoltaic module [J]. Physics Educa-
tion, 2017, 52(4): 045016.

[42] Basu Pal S, Das A, Das Bhattacharya K, et al. Design of a
low-cost measuring and plotting device for photovoltaic
modules [J]. Measurement and Control, 2019, 52(9-10):
1308-1318.

[43] Velilla E, Cano J B, Jaramillo F. Monitoring system to
evaluate the outdoor performance of solar devices consi-
dering the power rating conditions [J]. Solar Energy,

2019, 194: 79-85.

[44] Sayyad J K, Nasikkar P S. Capacitor load based I-V curve
tracer for performance characterisation of the solar pho-
tovoltaic system [J]. Applied Solar Energy, 2020, 56(3):
168-177.

[45] Chen Zhicong, Lin Wencheng, Wu Lijun, et al. A capac-
itor based fast |-V characteristics tester for photovoltaic
arrays [J]. Energy Procedia, 2018, 145: 381-387.

[46] Spertino F, Ahmad J, Ciocia A, et al. Capacitor charging
method for |-V curve tracer and MPPT in photovoltaic
systems [J]. Solar Energy, 2015, 119: 461-473.

[47] Spertino F, Ahmad J, Di Leo P, et al. A method for
obtaining the [-V curve of photovoltaic arrays from
module voltages and its applications for MPP tracking [J].
Solar Energy, 2016, 139: 489-505.

[48] Ye Jiajiu, Li Yuze, Medjahed A A, et al. Doped bilayer
tin(IV) oxide electron transport layer for high open-
circuit voltage planar perovskite solar cells with reduced

hysteresis [J]. Small, 2021, 17(5): 2005671.

{E&E T

FEHBE(1997— ), B, BREE
Ao WFFEDT I s JEARAE I o E-mail :
771717758@qq.com,

HOCHE(1975— ), B, EfE1ER,
i, Bz, Wi . RSOt
. E-mail: wbxiao@semi.ac.cn.

JAtE(1996— ), F, BUEBEA: .
WEFETT I P AL . E-mail .
zhlx625@163.com,

ZE(1999— ), F, BUEREA: .
WFFET5 1)« SEARAGHN . E-mail : 778453430
@qq.com,

INEZF(1998— ), L, WLATR
Az o WEFETT I BSERET R FHAE LD .
E-mail: 1648049064@qq.com.

RAEW(1975— ), B, ML, &
oz, WO AR AR .
E-mail: Cookeyl06@126.com,

(GiAEZeH . FLEL)





