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Abstract

In recent years, with the continuous advancement of global energy electrification, the new
energy industry represented by solar power generation technology develops rapidly. The
photoelectric conversion device is an important part of the solar cell module, and the solar cell is
the core component of the photoelectric conversion device. Its quality will directly affect the
service life and photoelectric conversion efficiency of the entire solar cell module. In this study,
aiming at the problem that the internal defects of the products can not be detected after the single
crystal battery is coated, a defect detection system was built and the quality detection system was
improved. Firstly, the near infrared imager was used to collect the photoluminescence
characteristic map of solar cells. Then the flat-field correction technology based on the product
image and frequency-domain filtering were used to smooth the brightness of the image. Then the
defects were located and classified by the improved Faster RCNN algorithm. Finally, the defect
screening algorithm based on the traditional image algorithm is used to screen and judge the
classified defects for the second time. The concrete research work of this paper is as follows:

(1) Collection of photoluminescence image of a solar panel. 808 nm near infrared detector, a
near infrared array camera, a near infrared anti-reflection lens and a 920 nm high-pass filter were
used to combine the acquisition platform into optical imaging system. The imaging system used a
near infrared camera with a resolution of 512 pixels, and the camera used a chip with an indium
gallium arsenide material as a photosensitive substrate for imaging, so that the high sensitivity to
a 1150 nm spectrum was ensured, the scanning speed required for on-line detection was met under
the condition that the high resolution is possessed, and the defects in a cell slice can be better
represented at the same time.

(2) Construction of testing system. Firstly, the operation scheme and workflow of the
detection system were determined. Secondly, the photoluminescence image acquisition system,
control circuit and communication system were designed. At last, the design idea and running
process of the software were introduced.

(3) Pretreatment of cell slice image. In view of the situation that the color calibration plate
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can not be used for flat field correction, a brightness correction method based on product image
was proposed. In actual operation, the near-infrared camera was used for shooting, and the images
include several dark-field infrared images and near-infrared images shot by the same product for
many times; Finally, the correction coefficient of luminance flat field was calculated by using the
captured images. This method solved the problems of uneven image brightness caused by uneven
line laser power and difference of imaging brightness between different devices, and improved the
applicability and detection stability of threshold parameters.

(4) Design of the defect detection algorithm. The inspection system used in this research
needs to inspect about 20 different types of product defects. This system used convolutional neural
network to locate and classify defects, and combines with traditional algorithm to screen them. In
the aspect of convolution neural network, a Faster RCNN algorithm framework was adopted, in
which ResNet101 was used as the feature extraction network, and Mish activation function was
used in the network to enhance the nonlinear characteristics of the algorithm network. In RPN area
extraction network, different candidate frame sizes and aspect ratios were used, and the number of
the candidate frames was appropriately increased to meet the conditions of different sizes and
aspect ratios of defective targets. The foreground 0.9 and background 0.1 were adopted to
distribute the IoU ratio in the network, which improves the accuracy of the defect location. The
interpolation method in ROI Pooling was modified to bilinear interpolation, which effectively
reduced the deviation of ROI.

(5) System commissioning and test analysis. A complete detection system was built, and the
image detection algorithm was studied. The experimental results showed that the accuracy rate of
defect identification and classification was 94%, and the accuracy rate of defect location and
labeling was 95%. The processing time of a single image in the system was 300 milliseconds to
350 milliseconds. The experimental results showed that compared with the traditional Faster
RCNN algorithm, the improved Faster RCNN algorithm has higher classification accuracy and
location accuracy.

Key words: Solar cell; Photoluminescence; Machine vision; Defect detection; Convolutional

neural networks; Faster RCNN
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Fig.2.1 Production process of solar cell
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Fig.2.2 Silicon ingots and slices
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Fig.2.3 Microstructure of suede
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Fig.2.4 Diagram of the P-N junction
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Fig.2.6 Solar cell after PECVD
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Fig.2.7 Solar cell with electrodes printed on the surface
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Fig.2.9 Process defect
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Fig.2.10 Material defect
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Fig 3.1 Hardware system architecture
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Fig 3.3 Installation of camera obscura
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Fig 3.4 Internal structure of camera obscura
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Fig 3.5 Acquisition system signal circuit
3.3.3 BIERFKT

AT FEAE FH X 2 A D T8 TR AR A, 1 25 1) i AR , — Sm R AT,
75— S TP LA ASE AP i 4 ) B o 8 ) 2% i 11 o GERAE XU I [ SE ) TP ik AT
St 11 H ] 5 At X AR S LA # XU IS AT PR R, JFIRIE IR IREIAT =
BRIz AT B . Kl 3.6 Jy AL PN EAE

[EE=LI €L SN T4 Wi ) 45 B2
R RARR B 52
. Il s 151 ! N I 52 51
Rk REE 51 TR L1 ! Rk REE 52 RS2
— " PLC
Ly L M
SR SRS R | ERFFHRIL RS 2
47 5 R 47 54 B2

K 3.6 @1z JF 4

Fig 3.6 Communication
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Fig 3.7 Sensitivity contrast
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Table 3.1 Camera parameters
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Fig 3.8 Parameters of the schematic
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Fig 3.9 Size specification of line scan camera
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Table 3.2 Lens parameters
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Fig 3.10 Lens picture
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Fig.3.11 Absorption depth of silicon wafer in different wavebands
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Table 3.3 Light source parameters
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Fig 3.13 Schematic diagram of main interface of software
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Fig 3.14 Schematic diagram of parameter adjustment interface
26



LLI KA A AR S

3.5.2 B BITRIERIT

AR LRI T, 5B B R SR R B A B AR TR . ks
ATIAR I 3.15 Fios, AR AFESIRASRS, ML/ fesh i a4, s
TE 5 IR N SERRIRAS R BB A IRSAE B . Bk BB B LIs 4T, DAME—
PR ID 5 A4 RN, MBS RIFEHEREL.

WAEHENTEZRIRTS
[
v ) v
FEREAHML 25 42
THER T U2
el CORRE T
Eg1 Hiz2
I SR A R FG R 51 B R4 52
\ |

SBR[+ <GB 7 B ] NSRS

B 3.15 STz A

Fig 3.15 Software operation flow chart
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Fig 3.16 Experimental platform
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Fig 4.1 Faster RCNN network structure
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35



H£F Faster RCNN K FHAE B A 4 BRI A I R GeT 7T

50 (PR 7k PRGOS 55 5 R AR BE A A 1] 4.9 B, B sk R 28—k K
BREVIREE I3 AT, RN T 5 ik EIBRG R K BE 73 A1 o ARG 3 R 2K 525
AU 4.10 Fros. Bk AT IER T R ME ER 5 58 =5k BHGAR IR LA 2 BR A
WURIRENE , $E55 T BT W 5K ™ i R AT BB S B e b 38, Je ok 28 — sk MR
PR 77 B BB AR AL B, SR 5K P il BRI A 2R AT X8 5, o i LR g Ak
0 #7roR-F 1, Ba ¥ R R IS 5 58— MG AH IS 13 P I R IE R . 1K
B 512 MERBEEAR, KZATEBY EE 512 JIrTHR g 512%512 K&
18 A BUF IE G I BRI 4.11 Fos . 7 I I i, 55 ZRAE
20 3 HEMG, FIBCFIIE . LR R — IR BRI 75 248 F i a T 1R K

BT IE .

36

IKFEAE

&%
B 4.9 3756 89 B AR A& BT B

Fig 4.9 Grey distribution map of the aligned image

19.8 4
17.6 1
15. 4
13.2
11.0
8.8
6.6
4.4+
2.2
0.0

TRIEA]

%%
B 4.10 ARHURE % B K Z oA B

Fig 4.10 Grey distribution map of the dark frame



A PNE 2 T VA7 9'E

K51 FHLEE S R El152
l
y PG AR K AH IR
o MR B 1~ PR Bt 2 T3
Y
puikz 3 el IES: A S
Uk 3alll]
|
T LG 5
TR e
Y
KGR
P 5 A%
HrIE B 5
g

B 4.11 £ RHAE R HERALR
Fig 4.11 Generate algorithm flow chart of correction image
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Fig 4.12 Correction algorithm effect display
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% 4.1 ResNetl01 M5 £&

Table 4.1 ResNet101 network parameters

AR EARR T B4R IEE £

convl 7X7, 64, stride=2

3X3, max pool, stride=2

conv2_ X
[1X1, 64; 3X3, 64; 1X1, 256]X3
conv3_x [1X1, 128; 3X3, 128; 1X1, 512]1X4
conv4_x [1X1, 256; 3X3, 256; 1X1, 1024]X23
convs x [1X1, 512; 3X3, 512; 1X1, 2048]X3
X
Y
1*1,64 X
RelLU
Y Y
3*3,64 1*1,256
ReLU
Y
1*1,256 x’
F(x)
H(x)=F(x)+x’
ReLU

B 4.14 R EBI LM E
Fig 4.14 Structure diagram of residual block structure
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Fig 4.17 Box selection diagram of RPN network
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Fig 4.18 Bilinear interpolation schematic diagram
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PLE REWSERDH
5.1 BHEEEL

AW ST I A Sl i BT IR A R BR 2 =] R R e DAL Py R 44 H
MR T R AR R A SR R S, R an e S TR AL 28037 sKkIE A,
BERF FAOEL AR BURIARS . TOA . 2], BH. Xifi. R0 B
BRI BT e SeBE. THRED. AOR. JKED. ZKEN, RS RO, FHED
520 Ak, BRSSP REG RSN 5124512,

5.2 MRIFE

BRI 25K FH 3R 828 Ubuntu 16.04 245, WIEAN 16GB. REM SN
NVIDIA GTX1080,

ISEHOE S S R BECE ISR 5.1 iR B el R AR SR B R AT R 4, 80% K
NG, 20% R AInREE, BEATWIE ISR, #E ESH. 2 EEd k-
P58 XA ) 77 AR HEATIZ A BE J3 VP A, e AR B m X 2 D9 k &6, FIH
FA ) k-1 A E A, RIRE— Vel gE, & o i k M BYLE I AR
RZEEF I M S BT T R AR 2

251 BAERKELH

Table 5.1 Number distribution of data sets

HRfg £ A LEE 2§ 3 =
B 1200 300
2K 480 120
R 480 120

o 4 6P 800 200

PEINE 480 120

T % 67 400 100
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%51 (%)

it %) 400 100
g :2 800 200
X145 800 200
3 5% 400 100
R 400 100
BRI 480 120
AR 400 100
LRAR 400 100
F15¢p 400 100
KR 480 120
KEp 400 100
%K e 800 200
JE 75 480 120
£ 3145 480 120
Sep 480 120

5.3 SERRTEMHERR

FEIRFE 5 ST 2% BRI Ry, Do 28 PR 200 R T 3o 401 SR B R DK /N Ut B, /)N 1)
PRRAG, ARRRLT (P L8, RIS HZAE nT A5 A B 55 o 30 A8 FR A ok
PREfS i, Faster RCNN [0 45 RPN 4328445, RPN AE[FJH 4325 ROI
Oy ROIALE [ A4 2% .

mAP fHHH P. R. AP {HilHAH, P (precision) {HIFHIZKEHZR, I
DR b SEPRIEAE A SR AT IEREAELAIME . R Crecal) {EIRAIZ HRIZ, &
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R TR A v S o TR AR H 5 DL AT IO AR BB, — R UL, K A
A%, AP (average precision) {HTRIZ FRIREHE, AP {E2% PR sk
£ 0 2 1 Z IR IAR73H - mAP 48 Fir A S0 (11135 k5 FE SR LA A 20 B0
MR ANG) (52 KRR A B2 1575

TP
= 5.1
P TP+ FP 1)
TP
= 5.2
R TP+ FN (5-2)

~AH, TP IR IR ISR IEF TN IESS, TN fi5 A2 5 SR w T oy
728, FP 4R AR R EHR TN Y IESE, N Hi5 B2 4 1E A 1 iy 11 2K164

Rk, PR AP (average precision) FITHE 750/ 20(5.3) 7w,

1
AP = f P(R)dR (5.3)
0
mAP B HHE ARG FTR.
AP AP (5.4)
mAP = — .
|Qr|

mAP & H ATAE H ARl SR I8k & A e PR RESR br, HEUMEVEERZ 0
F 1, ®f mAP BRI R IR R, MRS

5.4 T RIFFERENMILE T B MR

il i FEI A PL BB B 46X Faster RCNN A5 iR £ 47 4)1| 5 . X Faster RCNN
T RFIE SR I 28 AT B 40T L, 73 i VGG16 5 ResNet101 RHAESEHL N 2%
BEATHERR LI, mAP H LK 5.2,
% 5.2 mAP stk

Table 5.2 mAP comparative analysis

R % £ A MAP / %
VGG16 88.73%
ResNet101 91.1%

ResNet101 #HEL T VGG16, HMLERH BRI K, HFTHRAEFHRE .
ResNet101 iz T 7R ZE W28 AR, T 22 ARHORE o 28 iy n HH FH H )28 N F(x)=H (x)-
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x, W T RIERR R 2 O IR RN EECE SRR R IR, $R T WL R
fEHEELAE 77 1 ResNet101 M2 ZEMIIREE 1, AHALT Faster RCNN H1 545 1
VGG16 M4k, mAP{HIRE | 2.4% /4, X1 ResNet101 7£ HL 7 PL BBt
W PR 2L T VGG16. [RIILAE Fth v PL R B ar il iy i 2 H , 1268 ResNet101
TEARFAESR L 45 .

5.5 XHFEER BN 4R 1% BE A O

A5 SCAd 9 Miish B0 B80RE LE T ReLU 4 S I I AR LR PR ARAE,  Seit R ]
EEXTERIEA AR 2 (N 4E, BefS TELF R BRIAHET 7028, 7ER 53 iR, BT
i S BRI AEON IR BB, BT LAER SR, AR BN 10 FRELIE UG
A DLF HAERA R AR a4 o 8 B Mish 3035 B 550000 00 48 5ot T g A K086 i 114 5
BN UEER R M A RAE N 0.1%, 8] ReLU 5 B8 50 19X 48 - Gl g et 238
TG, HER S BE G SRIG AR RIS N T TR, B2 TR 0.5%. P NMIE R
FHT FIHER R Z A0 3N 0.9% 1% 1.4%- 1.7%, B SR ZRA8 i, {5
Mish 0% S IUE A ReLU B0 BR 500 0 28 HE R 2 22 (E AN TG R . 4Rl
FIG 2 mF, (] Mish B0E R U 28 A L ReLU B0l R ECE RS 8, X T-7E 20 28
R FR) S 56z ) Mish 80 BRI 26 B AU ] ReLU 0% BB = 1 1.7%.

% 5.3 TR ERKFITE

Table 5.3 Different activation functions comparative analysis

Rk Mish i & o 24/ 2 % RelU i & o 44/ /f 5% %
5 98.2% 97.3%
10 92.1% 91.1%
15 92.4% 91%
20 92.3% 90.6%

£ 20 KA, BT EREE T B SRER A IS DL RS ZE RO, B
Z I HER R AFAE R 25, R AR 5.4 B2 7 A SRER I A PRI E R R . FL
P FLLE L BB FREL ZUKED. WREED . AR, THGEL. R0, FRRifE 12
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BT EN S BEERI 7 SRERIEHER R A E .

5.4 & RERFGHEHE

Table 5.4 Accuracy of various defects

JKENS BEVS S AFED,

Bl £ A UEE S &2 Bl HE VEAES
R 1200 300 96%
2R 480 120 100%
N 480 120 100%
R AP 800 200 99.5%
Sk A % 480 120 90.5%
TR Ep 400 100 98%
it %) 400 100 93%
2 5 800 200 99%
X\ 1% 800 200 96%
345 400 100 100%
i, 400 100 87%
JEBER % 480 120 83.3%
W ER 400 100 90%
FA5ep 400 100 80%
KR 480 120 98.3%
K Ep 400 100 90%
2K ep 800 200 99%

51



H£F Faster RCNN K FHAE B A 4 BRI A I R GeT 7T

%54 (4)
Ik 75 480 120 80%
F X1 480 120 100%
Hep 480 120 95%

5.6 %F RPN 4% X ROI Pooling 14 §& B9 iH

TERA N EL TR VERE AT SR T, I I DU 2R BRIAIEAT /IR SE58, 43512 400
5K R AL, 100 5KZ44, 100 FKREEEERIVG, 100 FKIKED, o = SEEE 7 HIAC R = Fl
BB RS ARG, BA— e AR

RPN % (I Rt R, (I EARE ToU {EAR 7 NP, AERIIRIEAL, 24
IoU 1 > 0.7 B g2 AHT S, M oU {H < 0.3 B AT 5. BT PL B E
TR, A PR PR 5t ToU (B MAT S0 LoU A v] DUE SR B Ntk it (st
HE, PR U SIBUR % ToU E R TARERE I, SIS >4 ToU (A HX 0.9 A1 0.1 I
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Fig 5.1 Loss comparative analysis
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CSCHE I 17 I 28 B A8 SR 0T /DN RS S5k g 1740 E 246 o i 14 o
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K52 (O izl B 52 GO By B5.2 (o BEERIG. B 5.2 (o) KER,
Bl 5.2 () JRED, SREATHIANK BN r 8L, ST IXSurEE, Reisil/b /N Z#)
X, foth TREIEHERATE .

3G INAE S HE ff P R — 5B AR FE HOBR T o R HE R 1, ikl 2% (4
HEWRIEE T 1.7%, EET 94%.
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Fig 5.3 Filtering algorithm calculation results
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v 7RI P HER I
K53 (o)« K53 (d) NH—HE A RIEEE, FIERK AL Faster RCNN
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S AR 2EAT Blob 20, SEHUHEAR A SBngii, AR BRIE IS I X I8, SO
WP AFILE, BCETRESk, e 7l i HEm i

5.8 FE/E

AR EE LG BRI IR T SR S PR U o B e IR T R R IR B K S R
B, 5 UL T IR EE  YIZRT7 ik B & sk R I 2R 5 R A 1 Bk d s oy
e, mea UEEA T IR 1 PN HE AR o

LM E R IRIE, LT RPN ML ToU B AL, i HOE AT A it
FBONTEIRRE S R T AFRRHMER DN Z%: VGG16 5 ResNet101 157 #E
B3R, SZIREM ResNetl01 #HELT VGGl6 HAELFHIAERTE, LT
2.4%.

A3 AN TR TR B 2 S M P PSR 2 ReLU 5 Miish AROTRAIHERfZE
SIS W] Mish WOE B EURE NS CEBRIFFI R I 2 (RS B0 T CREFECF I HERR =2, 1M
ReL U W0 bR 401 v B 2 i 5 SR B R 3 A ZE B R 0 R e e 20 28
SRR IHER M, {8 Mish Wom BB EE T ReLU B0 bR B0 32 2942 7+
1.7%.

i3S % RPN P28 IROHE RS, S 1 B b X HoHE 2 R 28 - 44 ROI Pooling
) ZE B SRS U RN ZEME, (S A5H05 06 A RE % T 407 1) Rk LGRS AR AT
SR B AR 108, S0 50 TIE OIS (0 S R A 0 45 PR R AR UE R PE SR 51 1.7%

B RN T IR IR A I SERR PR AR, I IKORIE, REREAE R P b
AR E S, W HeE . TR KSR, LUK B e ik st
BT H b o
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ARSCEE B SGTE AR B Bt Fr P S B RS 458 1) 2 R 7 o A3 A
FHL Y PR BOR G SR B, O] it Y6 BUROE MR AR & S BUR
B BRIERE AT RAEFNIAZE, 5 R BRI B34 T W

AT R TAE G R LU LA 43

1. BRI FER PR A A 4 7= T 25 DL ROBEUR Y B R s R A, 4y
BT I ORI SELE B, R ASGEUR O BB A 1 BRI ST H R RS R AE 3
AT VAR o RS RG M THEDR, SHEE R BUERERE T RS 23T,
RGUBATIMAEAT BT T EECRER, EH 512%1 B ER LT InGaAs
ITLLAMENL, 25mm P L ARG ES L, 25W ML LMo . Wit AEAE
G DA SR A B 2 ELRAR B AT B RS B DL AR IR AR A T A P

AN
= o

2. WHABTIZM LS IR R RFINLE AL DA TV AU R, 4586300
PR SRR R AR IR EEARAER L B2 i s, HL 7R B A JFHE R IR G
M TR, %M Faster RCNN SVEAE AR BEAT K B BE FL I 0 S B ko ) Do £ HE 42
FESCBRE R RE b, G55 it B G BUROG BB RHIE DL R A 8RB I T S FURAT
Xf JE 4R 1) Faster RCNN BEAT B0, P A4 100 28 TR 31 gk o P HEAff 26

3. fFFEE T 7= i BRI 1E 7Rt B ith e S BUR G UG AT S B A I
ffpe T DO IR . AL | e iR 22 A TR TR i ) BB S FE AN 38 50 il
FER BRI A FH LA 25 S P AR R A a0 DR R T 5 MRS AN 35 3 SO AU e 43R,
A T BRIE IR 43 28 B I o

4. EEXFIRARH) Faster RCNN 248 45 & f ity G BUR G MR S L B R4 A0
AR T Faster RCNN BT 5 AT H T ResNet101 AR pHEE /Y 2% 3£ 47
FAOESRIL, AHLL TG VGG16, 142 T RREES RIS, TR 15 B 52 8,
HERRIRTT 1 2.4%. M8 Mish 35075 s 80U R AR I ReLU Um0 %, BEW A
P AELIERRE, FESRBERI SR TGO T, REWEIR & 7 R HERAIE, YRR
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T T 1.7%. AL 7 RPN RIZ8 i) ToU (70 BT, A & T S0y il 5 Rt
FroRBEREIN . %R RPN R4 AR RO BC B AR, LG S HLR Fr RRE R R 0
Ao HoeJa il 2R 1 22 (H 5L 2508 ROT Pooling ) 248 775, (3L RE 6% 5 nitk
Bt e TSR FEAL L, G5 BRI T S HER R 52TT 1.7%.

6.2 BE

BEEYCIRRFHBER A JE,  FLit R IR /SR EBORBOR, i B B RMORI Ry, il
ASAE R4 X T B S LK 7336 1) 75 SRBOR s, S8 BURO ek
T AL 7 SRR . BEE LA AL BOAR DL SR SR I R e, PR L
bR AR B FPSE LSASIN R 2% FE (KI5 T, £ T A 7 ik IS AR A 22 I 2 24T
SR BG4 75 SRR A R o AR SR RS AR 22 0 2% B K FH e L R e B0k
Je MR SR AL L, I8 I SER R 7T KO 5 A R B LA TRl RSt SR
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