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Proposal of Coupled Model Using Current FB to
Reproduce the Temperature Distribution of PV
Cells with Hot-Spot
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Abstract

Since the use of photovoltaics in the domestic and industrial sector is increasing, the reliability and safety of photovoltaic
systems is becoming more and more important. One of the crucial issues for safety is the formation of a hot-spot, which can
reach several hundred degrees Celsius in less than thirty minutes. For this reason, a fire may occur under prolonged exposure.
However, a method for hot-spot detection during operation, based solely on current-voltage characteristics, has not yet been
established because the detailed formation mechanism of these hot-spots is different for every sample. We have proposed
electro-thermal coupled model to reproduce the temperature distribution in a solar cell with a hot-spot that is caused by a

reverse bias voltage due to a local partial shade. This time, we propose an improved model using current FB (feedback).

Keywords: Photovoltaics system, Hot-spot, Partial shade, Simulation, Feed Back

X—IJ—F: KR EV AT L, Ay FAKRy b, 858, YIalb—var, 74— y7

1. [XC®IC MTERNEWVWIFED Do T-. 2T, FralXilmtR
FHo X v 3AE LAy b ARy b OIRESG & BESA %

BAEMRET AL —ThH L REHERI AT LOEAN  FHTLERETVERELL Y. LinL ZO#KET v
ﬁ_ﬁﬁoo%é FIUTPEY, KBWERES AT LD IXERETNVOEEELRDLEE, A v aT XTORED
EENFEEHIN TN D D). 200D 1 225, PR ) Tk &> TV, Sy PARy bDOY I 2L
jt[% gtz PV L) RICRETIHRY PARY R TH —3 g U CIIEFIRIETE L LT 100°CLL EDIREZENE
549 Ry PARy MIFASTHEC ORI D. i A7, ZhaFH L TELAOIRELS S 2 LIZIFRIE
ST, By FARy MINVTHOWMEZFE, KED 733‘2&?;07‘: TR TIEEMR 7 «— Xy 7 (FB) & H
WA, KN DAHEMNEN S D 9. KBFEMO S Y AR DB LIEETET VEIREL, B TR WIS LR
v bDOY I a2 b=y a UBRIIAAE LTS, TORBEDT  HIB XY, WA T ABEEIC LY REIRIC R S
EREIEBETHDVLENDH DD, PVEADLVEE Ay ARy NOERER L IEKT 5. S HIC5HOPY &
DRELBNEZERB LAY FARY b Ialb—gr A7 AMEZWIIRICKRER NS A —2 5T 5.

*1  Advanced course, NIT, Ube College * T LERSEEMPR AEEV AT LA TYHR
*2  Former advanced course, NIT, Ube College *) LT T SRR EEV AT AT EHR
*3  Associate Professor, Faculty of Engineering, Osaka Electro- *3 RIRESGBERT: T HeEds
Communication University *4 TR T SR R TR BdE (T755-8555 1L
*4 Professor, Department of mechanical engineering, NIT, Ube [ LS R4 2-14- 1

College, 2-14-1 Tokiwadai, Ube-shi, Yamaguchi 755-8555, Japan
te-mail: nanno@ube-k.ac.jp fe-mail: nanno@ube-k.ac.jp

Received: October 8 2021, Accepted: October 27 2021 (URRSZRE 2021 4210 73 8 1, S2FRLH 2021 4710 A 27 H)

_69_



Takuma KAWASAKI, Takayuki YAMAMOTO, Daisuke WAGI, Toshiyuki HAMADA and Tkuo NANNO

2. Ry FRRY FRERE

A NA[EF(BPC) B E L, Fig. 1(@)D L 5T

22—V BICEASRERNE L, A TFMAD PV BANERIZARY,
Fig. 1(b)D & 9 IZZ D PV B /LDIE B D/ SRR ICEA
PG S AL7RRE G R LIRS LT T D) I D &,

Fig. 2 O X IZEREEE X D05/ A 7 ABEDH]
MEd, By bARy MIFETH. Fig. 2 IT7-T L2128k
TREF A ICBIRSEP L, BEES ARG LY KREL 2
DVIRENEL RDINDLTHD.

(a) (b)
Fig. 1 Schematic diagrams of (a) Partial shade of the module (b)
Partial shade of cell

Calorific value of
light-irradiated
) § part

Vv, AV
Fig. 2 Heat generation principle of the light irradiation part at
partial shaded PV cell

3. WEEDERETILOIEE

31 HERERETILOBME
PERDERTET V% Fig. 3 \ORd. KEF VL, 1 LD
VU arRRGEMO -V FEN O FEEEEZ R T 5 EX
ETINVE, BEAEELICGRESMERENT2IREET LV E
WMAGDOETEKRET VL THD. WENBERET VIZT 4
— Ry 7 ENLHT0, BILVOIRERM L BSOS
EEHLETAE LTRREIND. Z2C, PVELEY I
L—a 35D E S BAL A A > & = (mesh) &
@gzamﬁé.fyvlﬁ@%%kﬁg@ﬁﬁ%ﬁ%ﬁ
, BIEE 12x12 D 144, 3 Tn=432HDO A v 21
“ﬁb WHREE nfT13OXT hLvEed5. ETALOA
NE, A v 2ORHBEH (01T 15101751) LBl
TATDERICTHD. ETNVOHDIE, BEETHA v
2 L DBTFWENSK A v 2 DIREOITH TR SN D
BESATHD. B, KETTLOERICIX
MATLAB/Simulink % A %. Fig. 4 ({2 &V OMEEEZ RS
AETNTIEMBLOD, KBEROAL X axs X

Journal of Japan Solar Energy Society

_’70_

(interconnector)X° 7 ¢ 4 —Ei(electrode fingers) % 24 I L
TW3., BRETAVOHEIE Y aVE@oh e LTN5.
HERDEBEXRET VT, Fig. S IORT LI 22Dy I T
v 7T =T LUT)DOESFEE THE SN TW5S. 1 2HD
LUT 1L, -V ¥ ZERAD - BEH & L2 LUTL T, 2
DOHITXEEAT - B E L7 LUT2 Th 5.

3.2 EKERETIDEE

LUT2 1%, HAMRERT, A v = EIBEEANTS
7=, L, LUTLIE, Fig.6 D3 Ay ad
BNZRT XD '|AIEA v =2 DWHNEER D T= D H S H3 A
BT —OBET, BN 127200 LUT & V2 MERN
%D,Unlwﬁﬁkﬁ%lﬁk&otthWﬁﬁkﬁ
ZEAL TV, Z0ORE, FRANEL, EitiasL
720 Ay afl Eﬁémf%ﬁ%ﬁﬁ CHETERVER
o7, FlzIE, TATER In PR E WAL Fig. 7 D
OIRT LS ICEERSHIBEIICH v, ERGHOERH)
ORI L D CHRIER . L L L 2V
SWGE, @0 X 5 ICEMERBIEREHIIEICH 5 729 Fig.
TICRT L DIT3 A v ¥ 2 OEGROFEEES & FERE D
BIE@IZENET D, Fig 8133 A v aDHREE
FAWTHEEIT S 128D L \ZxPT 2382 L (In - SL) DB %
KLTWD. - T, WEROEXRTT VO EITEESN
RIS D & THENRE L. £, A4 —FR
FetEa LUT O X 9 Bl L2 2 L Ic K 2382
AU Tz, Pl & 23828134 1 A — RRre & 7
NT v = RO IERIE BB A M A iA T Z & CUGED RLIA
ENDHHLOO, O TEERED LUT OF F Tk
SDICREARBAENEL D Z LRI N,

H >+

Solar intensity fin P P T D
- Scope
1 E model T medel

Current
(scalar)

Fig. 3 Block diagram of the coupled model

Glass

\"\// ’ ‘ Silicon, Glass
PV cell
\/ Backsheet

Fig. 4 Schematic of PV cell structure

I 1 Ts
L I meshl L I mesh2 k mesh3 v

| ] [

Fig. 6 Parallel connection of 3mesh

Vol47, No.6, 2021



Proposal of Coupled Model Using Current FB to Reproduce the Temperature Distribution of PV Cells with Hot-Spot

H ka
C:}*tgg,/

HH

I
T '(i;: o X D
P
Amount of heat

g

Fig. 5 Structure of electric model

T=T'I» T: 1[A]

1
¥ 3 1in= Large

1
N>T>T & =I;,= Small
1 3 \ﬁ'i 3 3lin

i

‘ VIv]

®© @

Fig. 7 Principle of current error generation due to average
temperature

05
04
.03
<
o2
01
0 . ‘ . . . .
0 1 2 3 4 5 6 7 8
I[A]
Fig. 8 Current error due to average temperature 3mesh
(Simulation)

4, THRFBELSERETIL

4.1 BEETIVEE

A LTIk DK T 7 /L OREOMI B HIFTE 5
Bt FB MOEBRET NV ERET H. BETHEMET IV
DR E72MERIT Fig. 3 LRIL T, BRET AT NERD.
RET D FB #AET VEAWD Z & CIERIERRBEEICH
KIRATRE & 72 5. FEAEDR In & AFHER T (= THDHFIZ—
H9 5L 512 FB filffl LEAENMEHT 20 ThDH. 7272
L FB 7 A Y (Kp) W KREWMEINIIRLEEL 72D, Kp B/ S
U BR OB 2 EENE LD REND DH. REEIC

Vol47. No.6

_71_

D REDORMEE LT, Fox BBEICIRE LB IS
<HALER 2% W 5.

4.2 RETHBRETIL

R HBELTET/VIT Fig. 9 DKM EMOSAMEIES & ks
\Z9%. Fig. 10 ICBEKET LD 7 1w 7 #I¥, Fig. 11, 12,
1312 PV Ay adh T AT A(Mss)R N Mss ZAERLT
L7 vy Z#M , Fig. 14, 15 1ZHBALE (L) 2R, Lazr
% FB 2 ZE(LEE 5700, #AEITO VT AT AT
5. Fig. 11,12, 131X 7 3T o ¥ = BPEE 5L 19(Avalanche
mode) TH Y, ()L QDEkEME T 7y 7HRITERL
-HDTHS.

.,

Id:]0 {eKbT - 1} +Ishunt (1)
Lo = 2414 (1 V’)_m 2
shunt — Rsh a - Vbr ( )

BRET VL, BN HHRE H 2 HKIC& A v v =2 24E
U7 L (N7 MV) #BEHT 5. Fig. 10 O Lm T E/V
DEKRMEITER, NIFT U a o8 Ths. KRIC I
N5 L ABE LRI FB 7 A > Kp 2 HNI O EHE L
WLIZDDEEA Y aOIRE T LHER LD, Lz lZA
HEND. Lz DS VICy ) ardr v 2 DT z4s
ET DT HH ZHNI2bDERA vV aDRET E,
Fifiaw Mss ICATTBHZ L TEA YV 2 DEBIOERR (-
7 WV EEMT L. RICERIZAFL, WAEG I, &

I.’
g
ORA

Fig. 9 Schematic of equivalent circuit of solar cell

Kb A F—



Takuma KAWASAKI, Takayuki YAMAMOTO, Daisuke WAGI, Toshiyuki HAMADA and Tkuo NANNO

bm/N -. .
m L
Is

lin

0=

FB gain

Zli

sum

[ P
v I : Current X _
T Product B
Integrator
Lz

’—V ~FF/Né# u

Fig. 10 Structure of E model with current FB

—HESEHOFBT5. BRI EEEVEHIAGDED
TLETEA YT aDRIEP (X7 V) Z#RG)LVEHE
L, BEETIVERS.

P=V-I 3)

G

I=

Dricde model

Fig. 11 Mesh sub system (Mss)

Abararnzhe rmodel

Fig. 12 Diode model

e 12t

ap
I=
2 ) ) 1
lin v 4@
3 i AT
BT

D Linearizer

Fig. 14 Linearizer (Lzr)

Journal of Japan Solar Energy Society

_72_

P ©
P S e e
B0 55

Fig. 15 D Linarizer

[-]

4.3 BEETIL

Fig. 16 IZIREET NV OMIEE Y. ZOET /ML, £F°
RENEP (=[P, Py, ~, P, =, PJ0)&, BMAE - BLE -
BRSO 3 DOEHMN LR HEEEHFETH. ZOBRIC
BUREATH VE Z8MNF, BiNT52&8 T, Ay 2Dl
EERENTS. 22T, MR, BMRE, BEITENT
A7 — Y = (Fourier) DIERl], = = — b > (Newton) DI HI Dk
A, A7 77 v « RV~ (Stefan-Boltzmann) DyERIIZ F
S AEOY I 2 L—3 g TPV RAREN S
L EEBRE L, MEFD D OBMAE, BVES 2 E LT\ D.

Heat capacity Intsgrator

Cutl It

Heat corduction

Convection

Heat radiation

Fig. 16 Structure of thermal model

BERGIFIBEFREEZERT 5. BEEOWEITI E %
IR,

Vol47, No.6, 2021



Proposal of Coupled Model Using Current FB to Reproduce the Temperature Distribution of PV Cells with Hot-Spot

B 0 0
E,
1 ! 0
— = E
E :2 | “)
0 0 !
I E,]
ZIT, AV aOBER EATIRATRD S 9.
E=cpd2t %)

s

5, Yzal—Y3uiER

51 ¥3aLb—YavgE#

SRR EBR T, PV B2 2 — /L 3 80 (4% 25 #eodt L)
L PV BAEEINCESREL, PV BEADE A (EHEELK
6%) \[ZE R ERS. 02 & T, BMREELZBZS
WHWANA T ABEE 3HDOEY 2=/ L HERICKY,
BGHBIZ ARy hARy FEREIHTL 0. EV2—L 1L
OAFBBGEEI 16.1V, XM IENRIZ 8.57A, PV /L
DOFAREBIEIT-25.8V, BIRELELL ETOEREIL 1.4A/V
T, FEBRIFHIIE 1500s (25 47), EBRIFORIRIL 25°C FREE,
AEBRE T IkW/m2 BBETH 5. ik~ —T 0 MiifRE
L IO OFEBROBREEIEA L7c K37 A —H &R
T BRI L ARG OWER Y, 0, WL & BMRE R
AL Ay a Bl RO LEET 5.

= ©

ZDOVIalb—ya COUIGHE, WAERD 6.4A1,
AEOAEIREEE D> ) 3 U EA 1kW/m?, L3
0kW/m? Th 2. £, &A v aOFHIREIL 25°CTH
5. Fl, BT~ A2 L OB THEO WEEME L B 5
D, W~ AT FM O OBBENH 5720, BURE - #4
RET O IOy & Rl—& Uiz, IREOFEET % Fig.
17 \ 2R

Sunlight irradiation part
+ |
X ™

@

5 Shade

; ®

Fig. 17 The three-temperature measurement point on the cell

5.2 B LFDOME

Fig. 18 IZHIBALER OB MAAATEZ LT X DT T 7 D%
IEAMHIZ R % FB 7 A Kp=5 OB L TRy, #
TeAL#R 2 AATe = & T FB DR M. Th HIEB 2 HH14 5%

Vol47. No.6

_73_

R PHER S LD,
0.5
04 ——No Lar
03
< —With Lzr
=

Time[s]

Fig. 18 Current error due to Feed Back (Simulation)

5.3 EFFBOBHE

Fig. 19 ICfERET VLB FB 2 AW ET L& i L
TLREWR R 2T, IR OB, Fig. 17 @ 3 5O,
@, @)THB. Fig. 19 MHDOND K I In = 6.4A DRFT
LUT OEWESDEIZHIAC & 5 72 HDRAETFTTR V. Lk
L I = 0.6A 1272 % & LUT OBWES D IERIEHRICH 5 7=
® Fig. 20 TRT EifatAENRE & 720 Fig. 21 © L 9 IR
FEICRRENELD. RbEWIREEIEKLZ7 T 7 % Fig.
22 (R,

54 BREHOHMR

KIZ LUT 2R(1) &EQUIRT T RT v = fE 2 Etem
WU AEE L7 VORER %" T. Fig. 23 12 LUT &
ERBEMTT 4 v T 4 v 7 LEERER e = -3225) D il &
Y. Fig. 24 [T L 5 IERDET )V &, FB ET /VITH
RBEEE SR FRA A TESE OIRTE % LUl L= 455, fEkoE
TIVDRy ARy ML 244°CT FB 7 LV OHEIE
252°C L EMA LD Z LDy o 72, Fig. 25 12 1500s OFF
@ Fig.24 @ FB &7 /VOIREE/AA, Fig. 26 12 et 5 F5R
WD A&7~ 9. Fig.25 ® FB R OET )L ClIFER &
ol U CHREIC AT O CIRIFEZEO 2 WIRE 2 HHT 5
TENRTER., SEVIIBRELINC & HRAEER 4 PR
% Z & T 8°C(=252°C244°C) R IEfE 7R IR & TR 83 5 2
ENRFB OFHIEIZHDEEZD.

240

210
Pig0 @
E
150
] ®
d120 )
= = = = Comventional model

90

& —— FBmodd

30

0 . . . ‘
0 300 600 900 1200 1500

Timel[s]

Fig. 19 Temperature /i» = 6.4A (Simulation)

N e S




Takuma KAWASAKI, Takayuki YAMAMOTO, Daisuke WAGI, Toshiyuki HAMADA and Tkuo NANNO

01

008

0.06

Te[A)

0.04

002

Lin[A]

Fig. 20 Error due to average temperature 100mesh (Simulation)

120
100
g
u
g %0
L
60
g
40
20
0 . . . .
0 300 600 900 1200 1500
Time[s]
Fig. 21 Temperature /i» = 0.6A (Simulation)
140
135 pemmT TS
% ’ ’
’
g 130 g
ﬁ — = - Comventional model
=1
125 —FB model
¥
f
120 s L L L L
0 300 600 %00 1200 1500
Time[s]
Fig. 22 Temperature /i» = 0.6A enlarged view (Simulation)
10
9
8
7
- = =LuT
6
<
E 5
4 Higher-order function
3
2
1
0
-33 -28 -23 -18 -13 -8 -3

VIV]

Fig. 23 Avalanche characteristics fitting (Simulation)

Journal of Japan Solar Energy Society

_74_

------------- @
@
®

— — —Comventional medel
———FE model
0 ‘ . . .
] 300 600 900 1200 1500
Time[s]
Fig. 24 Temperature with higher-order function /i» = 6.4A
(Simulation)

Fig. 26 The thermal image with an infrared camera (Experiment)
6. BBbYIZ

4[a], BPD BRSPS I LV BAE LA v
ARy N OWRESA & BT 5% FB BUERE T V%
BEL, INEAVWTCERT—¥ L OWKE{ToT-. ZD
FEROEKDE T VALIERIE OB R T & Ao o 7228,
Bt FB ZHWA Z L2 L0 IR REICRIE TE 5 L)
W7oz, ZTDORE FB 25 2 & TEMOEZEN2L
720, IRE AT 23028 L P BRI LT
72 FB 7 A VU EBINSERLZEIC /2 HHE GBI L%
fAEbELZ LI VEESINE. Sy I T v
T—=7LUDEHAWT, TAT v = fik 2 & IERE
OKGEMOER-BEHEREHND Z b AREL 2V,
X0 IEMERE AL ER Lz, £/, FB W oK
TEET 4T 4T LIRT A—HL PV T AT Al
RFOBEBXFHEDOHH L FRETH Y, AS®BEEZW e & DRl
ORI HISAREAT 5.

Vol47, No.6, 2021



Proposal of Coupled Model Using Current FB to Reproduce the Temperature Distribution of PV Cells with Hot-Spot

HiEE

AHF421E IST, A-STEP, JPM, JTM20G6 D% L JSPS
B2, JP21HO01580, JP17K06331, JP15K 13935 DBk %%

SE Xk
1) D. Stellbogen, Use of PV circuit simulation for fault detection in

F=bDThHD.
2)
fEFEES & iE 3
OEH
L U HAL
Qu BRI X BB W 4)
0, BMAEEIC X D ER W
0 BRI I & B BT w 5)
Yan MBE OB EL W/K
Yn BMBEOBRIL O EL W/K
Y, BN O BUIHL O WK 0
T,T,T, | Ay a0 K
QREHE K
k=2 EUS filf & Hip7
T, JE PR 298K
n Ay a2 DoyERK 12x12x3
d R = I 15.6%10° m 8
f Y arpEs 0.2x10° m
t BT ADEE 3.2x10° m
t Ny 7 o—hDES 1.0x10° m 9)
Ay Ay OWERTEAT () = | 3.12x10° m?
> )
Ag Ay ¥ OMHEWETRR (7 A | 4.99x10° m?
&) 10)
Ay Ay ¥ OMmEEERE (Sy 27 | 1.56x10° m?
>— hE)
4, A 3 = 0 EERCFE) 243x10° m? 1
& VU A ORER 0.70
& T A DR 0.92
& Ry 7 — DR 0.90 12)
QEE
| Bk fil & BT 13)
o AT T 7 RV UER | 5.67x10° W/(m?*K?)
o | YV ol 6771/(kgK)
o W T A D 500J/(kg-K)
e | Ny — bOHE 12507/(kg'K) 14)
pi L a L DB 2330kg/m?
pr | HIRADERE 3000kg/m’
ps | Ny s v— Lo 1200kg/m’® 13)
A V) a L OBRER 148W/(m'K)
Ja 7T A DBYRESR 1.8 W/(m'K) 16)
s | Ny 7 v— FOBMRER 0.2 W/(m-K)
Vol47. No.6 - 75 -

PV array fields, 23rd IEEE PVSC (1993), 1302-1307, Louisville,
KY, USA.

S. Chu, A. Majumdar, Opportunities and challenges for a
sustainable energy future, Nature, 488 (8), 294-303 (2012).

N. G. Dhere, N. S. Shiradkar, Fire hazard and other safety concerns
of photovoltaic systems, Journal of Photonics for Energy, 2 (1), 1-
13 (2012).

S. Kurtz, N. Haegel, R. Sinton, R. Margoils, The future of photonics,
Nature Photonics, 11 (1), 3-5 (2017).

W. He, F. Liu, J. Ji, S. Zhang, H. Chen, Safety Analysis of Solar
Module under Partial Shading, International Journal of Photoenergy,
2015 (2), 1-8 (2015).

K. Okada, S. Yamanaka, D. Tioka, H. Ohno and H. Kawamura, An
investigation into hot-spot in PV module, JSES/JWEA Joint
Conference (Nov. 2010), 535-538, Koriyama, Fukushima.

I. Geisemeyer, F. Fertig, W. Warta, S. Rein, M. C. Schubert,
Prediction of silicon PV module temperature for hot spots and worst
case partial shading situations using spatially resolved lock-in
thermography, Solar Energy Materials & Solar Cells, 120 (1), 259-
269 (2014).

T. Yamamoto, D. Wagi and 1. Nanno, The coupled model for
prediction of the temperature distribution in a PV cell with hot spot
induced by partial shading, Jornal of Japan Solar Energy Society,
45(3), 99-104 (2019)

K. Yamamoto, I. Nanno, T. Hamada, M. Fujii, T. Hirata, S. Oke and
N. Ishikura, Proposal of Reproduced I-V Characteristics of a
photovoltaic systems Linerrisation Method to suppress vibration of
FB model, 2020 ££EE(5 71 [E)AE A « 17w B 22 oy ] S
EPAN

J.W. Bishop, Computer simulation of the effects of electrical
mismatches in photovoltaic cell interconnection circuits, Solar
cells,25(1988) 73-89

K. Kawagoe, Y. Hishikawa and N. Yamada, Feasibility study of
Outdoor STC performance evaluation of photovoltaic modules
based on sun shading technique, JSES/JWEA Joint Conference
(Nov. 2016), 33-36, Matsuyama, Ehime.

1. Nanno, N. Matsunaga and S. Kawaji, Feedback type model of
thermal system and its application to noninterference control,
Journal of the Institute of Electrical Engineers, 127 (12), 373-379
(2007).

I. Nanno, Study of Uniform Temperature Control for Thermal
Process, Ph.D. Thesis, 63 (2007), (Nov. 2018).
http://reposit.lib.kumamoto-u.ac.jp/bitstream/2298/11059/3/24-
0359.pdf

M. N. Sabry, Compact thermal models for electronic systems, IEEE
Transactions on Components and Packaging Technologies, 26 (3),
179-185 (2003).

HAMMES, REVISE, 7-10 (2005), AL RRERRSAL,
AL,

K. Yamashita and I. Nanno, Electric and temperature characteristic
in a hot spot in PV module, JSES/JWEA Joint Conference (Nov.
2015), 93-96, Miyazaki, Miyazaki.

N EX SE





